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Part 1 – In vitro eff ect of mTOR pathway inhibitors on iNKT cells and regulatory T cells 

Chapter 1

Introducti on
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Regulatory T cells in renal cell cancer 
One of the hallmarks of cancer is the evasion of the immune system [1] and several evasive 
pathways have been proposed from which cancer growth can benefit. For instance, cancer 
cells can downregulate expression of tumor antigens, produce immunosuppressive cytokines, 
upregulate expression of inhibitory molecules and promote the expansion and infiltration of  
suppressor cells in the tumor environment [2]. One of these suppressor cells is the regulatory 
T cell (Treg). Tregs are defined as CD4+CD25hiFoxP3+ T cells and represent a functionally 
distinct lineage of immunoregulatory T cells, critically dependent on the transcription factor 
FoxP3 [3, 4]. Tregs can be categorized in three subsets, namely thymus derived Tregs (tTregs), 
peripherally derived Tregs (pTregs) and in vitro-induced Tregs (iTregs) [5]. Identification and 
isolation of Tregs remains a challenge, since no Treg specific marker has been identified and 
Tregs share all markers with other T cell subsets. However, the previously mentioned markers 
in combination with the absence of the surface marker CD127 and the presence of several 
other markers like CTLA-4 and Helios (the latter for thymus-egressed Tregs) can be used [6]. 
Tregs have been shown to suppress various types of immune responses, including antitumor 
immune responses. In murine models Tregs were shown to selectively accumulate in the 
tumor and maintain a suppressive microenvironment by inhibiting tumor-infiltrating 
cytotoxic lymphocytes. In addition, Tregs are overrepresented in melanoma metastatic lymph 
nodes and Treg frequencies were reported to be increased in the circulation and/or tumor 
microenvironment of patients with various cancers, including renal cell carcinoma (RCC) [7].  
 
RCC is the most common tumor arising in the kidney and according to cytoplasmic and 
architectural features, anatomic location and other characteristics this tumor type can be 
classified into more than 10 different subtypes of which clear cell, papillary and chromophobe 
RCC are the most common subtypes [8]. About 25% of the patients present with locally 
invasive or metastatic RCC (mRCC) and in addition distant metastases develop in one third of 
the patients who undergo curative surgery [9]. mRCC is highly resistant to chemotherapy and 
the first effective therapeutics administered were interferon-α and interleukin-2 with minor 
response rates of only 10-20% [10]. In 2006, sunitinib was approved for the treatment of 
(clear cell) mRCC, and this tyrosine kinase inhibitor of the vascular endothelial growth factor 
(VEGF) receptor was the first to get approval followed by several other VEGF-targeted 
therapeutic agents, like sorafenib and bevacizumab [11–13] and mTOR-inhibitor based 
treatment modalities [14, 15], starting a decade that would result in major changes in the 
treatment of mRCC.  
In 2009 everolimus was approved as a second line treatment for patients with good/ 
intermediate risk clear cell mRCC, after treatment failure on either sunitinib or sorafenib, as 
it was shown to prolong the progression free survival (PFS) from 1,9 months to 4,9 months 
(p<0.001) [14]. For patients with a poor prognosis, treatment with the mTOR inhibitor 
temsirolimus was reported to afford a PFS and overall survival (OS) benefit, providing an 
important additional therapeutic tool for this patient category [15]. 
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Chapter 1

Taking into account the fact that everolimus was originally introduced to the market as an 
immunosuppressive treatment after kidney transplantation to prevent transplant rejection 
[16], it is somewhat surprising that it was approved for the treatment of cancer, since a 
suppressed immune system can facilitate tumor growth [1] and mTOR inhibition might 
contribute to a further increase in the immunosuppressed state in cancer patients [17]. As a 
further instance of its immunosuppressive effects,  the mTOR inhibitor rapamycin is 
frequently added to in vitro Treg cultures in order to induce a preferential expansion of Tregs 
over conventional T cells (Tconv) [18, 19] by promoting selective apoptosis of Tconv [20]. In 
addition, mTOR inhibition was shown to result in Treg expansion in vivo [21, 22] and increased 
Treg frequencies have been associated with poor survival in cancer patients, including mRCC 
[23–25]. Therefore, strategies aiming to counteract this immunosuppressive effect could 
enhance the antitumor efficacy of mTOR based therapies. Several Treg depleting strategies 
have been explored, e.g. metronomic cyclophosphamide [26, 27], denileukin diftitox (Ontak) 
[28] and daclizumab [29], however the latter two did not show consistent results. 
Metronomic cyclophosphamide on the other hand showed additional beneficial effects on T 
and NK cell functionality [27].  
This thesis centers around the effects of mTOR inhibition on Treg differentiation and 
expansion, and metronomic cyclophosphamide as a clinical tool to reduce the Treg-inducing 
effects of the mTOR inhibitor everolimus. 
 

 
 
 
 
 
 
Figure 1. Intracellular signaling pathways 
associated with activation of Tregs. Note that (in 
contrast to conventional T cells) the JAK/STAT5 
pathway can take over from the mTOR pathway 
after its inhibition, explaining the relative 
resistance of Treg activation and expansion to 
mTOR inhibition. Adapted from [17].  
 

 
Outline of this thesis 
In the first part of this thesis we focus on the effects of mTOR pathway inhibitors on iNKT cells 
and Tregs versus Tconv. CD1d-restricted invariant NKT (iNKT) cells constitute a conserved 
immune cell subset capable of rapid production of both pro- and anti-inflammatory cytokines 
upon stimulation [30–32]. This plasticity of iNKT cells is of interest as it can be therapeutically 
exploited to modulate the outcome of immunological responses in e.g. cancer and 
autoimmunity. In Chapter 2 we investigated the effect of mTOR inhibition in combination 

with suppressive cytokines on iNKT cells and show that iNKT cells can acquire 
immunosuppressive properties upon culture with rapamycin, which is associated with nuclear 
translocation of FoxP3, a reduction in IFN- production, and active suppression of the 
proliferation of Tconv. 
In Chapter 3 we show that interference with different protein target intermediates of the 
mTOR pathway, results in differential effects on the expansion of Tregs versus Tconv. 
Inhibition of PI3K by BKM120 (Buparlisib) did not result in a proliferation advantage of Tregs, 
which contrasted with the relative expansion benefit for Tregs observed with dual PI3K/mTOR 
inhibition by BEZ235 (Dactolisib) or single mTOR inhibition (rapamycin and everolimus). See 
figure 1 for a graphical representation of the mTOR signaling pathway.   
 

 
Figure 2. Interplay between several immunological subsets in the tumor microenvironment (a) and 
their role in balancing tumor immunity (b) with on the right side of the balance the cells with pro- and 
on the left side the cells with anti-tumor capacities. Based on [33–35].  
 
In the second part of this thesis we focus on the clinical effects of mTOR inhibitor-based 
therapies. We initiated a phase I-II clinical trial to prevent the putative everolimus-induced 
detrimental Treg expansion by adding metronomic cyclophosphamide to the standard dosage 
of everolimus. The study protocol and rationale are outlined in chapter 4. 
The immunological effects of everolimus treatment in patients with mRCC are described in 
chapter 5; see figure 2 for a graphical overview of various immunological subsets and their 
immune stimulatory versus inhibitory role in the tumor microenvironment. In this hypothesis-
generating study a (non-significant) increase in Tregs and a significant increase in monocytic 
myeloid-derived suppressor cells (MDSC) was observed. Furthermore, a decrease in 
frequencies of immunoregulatory NK cells, cDC1 and cDC2 dendritic cells (DC) was observed, 
together with a decrease in the activation state of plasmacytoid DC and cDC1, indicating a 
more suppressed state of the immune system. Therefore, we aimed to increase the clinical 
efficacy of everolimus, by preventing the everolimus induced Treg expansion through 
addition of metronomic cyclophosphamide to the treatment regimen.  
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Chapter 1

The clinical results of the phase 1 clinical trial, designed to determine the optimal dose and 
schedule of metronomic cyclophosphamide for selective Treg depletion when combined with 
everolimus, are outlined in chapter 6. There we show that, when combined with the standard 
therapeutic dose of everolimus (i.e. once daily 10 mg orally), the optimal Treg depleting dose 
and schedule of cyclophosphamide is 50 mg once daily. This combination also led to similar 
rates and severity of adverse events in comparison with everolimus alone. The extensive 
immunological monitoring data of this trial are described in chapter 7, showing, in addition 
to the favorable effects on Tregs, a reduction in levels of circulating MDSC, a sustained level 
of the CD8+ T cell population, accompanied by an increased effector to suppressor ratio (CD8+ 
T cell:Treg), and reversal of everolimus-induced detrimental effects on the three peripheral 
blood DC subsets (i.e. cDC1, cDC2, and pDC). These modulatory effects on the immune 
response may contribute to improved survival, and this combination therapy was therefore 
further evaluated in a phase II clinical trial, described in chapter 8. Finally, in Chapter 9 we 
discuss the results of these studies in the context of recent clinical developments, most 
notably the advent of immune checkpoint inhibitors, which is transforming the treatment of 
many cancer indications, including that of RCC. 
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Introduction

1
The clinical results of the phase 1 clinical trial, designed to determine the optimal dose and 
schedule of metronomic cyclophosphamide for selective Treg depletion when combined with 
everolimus, are outlined in chapter 6. There we show that, when combined with the standard 
therapeutic dose of everolimus (i.e. once daily 10 mg orally), the optimal Treg depleting dose 
and schedule of cyclophosphamide is 50 mg once daily. This combination also led to similar 
rates and severity of adverse events in comparison with everolimus alone. The extensive 
immunological monitoring data of this trial are described in chapter 7, showing, in addition 
to the favorable effects on Tregs, a reduction in levels of circulating MDSC, a sustained level 
of the CD8+ T cell population, accompanied by an increased effector to suppressor ratio (CD8+ 
T cell:Treg), and reversal of everolimus-induced detrimental effects on the three peripheral 
blood DC subsets (i.e. cDC1, cDC2, and pDC). These modulatory effects on the immune 
response may contribute to improved survival, and this combination therapy was therefore 
further evaluated in a phase II clinical trial, described in chapter 8. Finally, in Chapter 9 we 
discuss the results of these studies in the context of recent clinical developments, most 
notably the advent of immune checkpoint inhibitors, which is transforming the treatment of 
many cancer indications, including that of RCC. 

References 
1. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 144:646–74. 

doi: 10.1016/j.cell.2011.02.013
2. Vinay DS, Ryan EP, Pawelec G, et al (2015) Immune evasion in cancer: Mechanistic basis and 

therapeutic strategies. Semin Cancer Biol 35 Suppl:S185–S198. doi: 
10.1016/j.semcancer.2015.03.004

3. Sakaguchi S (2005) Naturally arising Foxp3-expressing CD25+CD4+ regulatory T cells in 
immunological tolerance to self and non-self. Nat Immunol 6:345–52. doi: 10.1038/ni1178

4. van der Vliet HJJ, Nieuwenhuis EE (2007) IPEX as a result of mutations in FOXP3. Clin Dev 
Immunol 2007:89017. doi: 10.1155/2007/89017

5. Abbas AK, Benoist C, Bluestone J a, et al (2013) Regulatory T cells: recommendations to simplify 
the nomenclature. Nat Immunol 14:307–8. doi: 10.1038/ni.2554

6. Santegoets SJAM, Dijkgraaf EM, Battaglia A, et al (2015) Monitoring regulatory T cells in clinical 
samples: consensus on an essential marker set and gating strategy for regulatory T cell analysis 
by flow cytometry. Cancer Immunol Immunother. doi: 10.1007/s00262-015-1729-x

7. van der Vliet HJJ, Koon HB, Atkins MB, et al (2007) Exploiting Regulatory T-cell Populations for 
the Immunotherapy of Cancer. J Immunother 30:591–595. doi: 
10.1097/CJI.0b013e31805ca058

8. Moch H, Cubilla AL, Humphrey PA, et al (2016) The 2016 WHO Classification of Tumours of the 
Urinary System and Male Genital Organs-Part A: Renal, Penile, and Testicular Tumours. Eur 
Urol 70:93–105. doi: 10.1016/j.eururo.2016.02.029

9. Cohen HT, McGovern FJ (2005) Renal-cell carcinoma. N Engl J Med 353:2477–90. doi: 
10.1056/NEJMra043172

10. Garcia JA, Rini BI Recent progress in the management of advanced renal cell carcinoma. CA 
Cancer J Clin 57:112–25. 

11.  Motzer RJ, Michaelson MD, Redman BG, et al (2006) Activity of SU11248, a multitargeted 
inhibitor of vascular endothelial growth factor receptor and platelet-derived growth factor 
receptor, in patients with metastatic renal cell carcinoma. J Clin Oncol 24:16–24. doi: 
10.1200/JCO.2005.02.2574 

12.  Awada A, Hendlisz A, Gil T, et al (2005) Phase I safety and pharmacokinetics of BAY 43-9006 
administered for 21 days on/7 days off in patients with advanced, refractory solid tumours. Br 
J Cancer 92:1855–61. doi: 10.1038/sj.bjc.6602584 

13.  Yang JC, Haworth L, Sherry RM, et al (2003) A randomized trial of bevacizumab, an anti-vascular 
endothelial growth factor antibody, for metastatic renal cancer. N Engl J Med 349:427–34. doi: 
10.1056/NEJMoa021491 

14.  Motzer RJ, Escudier B, Oudard S, et al (2010) Phase 3 trial of everolimus for metastatic renal 
cell carcinoma : final results and analysis of prognostic factors. Cancer 116:4256–65. doi: 
10.1002/cncr.25219 

15.  Hudes G, Carducci M, Tomczak P, et al (2007) Temsirolimus, interferon alfa, or both for 
advanced renal-cell carcinoma. N Engl J Med 356:2271–81. doi: 10.1056/NEJMoa066838 

16.  MacDonald AS (2001) A worldwide, phase III, randomized, controlled, safety and efficacy study 
of a sirolimus/cyclosporine regimen for prevention of acute rejection in recipients of primary 
mismatched renal allografts. Transplantation. doi: 10.1097/00007890-200101270-00019 

17.  Thomson AW, Turnquist HR, Raimondi G (2009) Immunoregulatory functions of mTOR 
inhibition. Nat Rev Immunol 9:324–37. doi: 10.1038/nri2546 

18.  Battaglia M, Stabilini A, Roncarolo MG (2005) Rapamycin selectively expands CD4+CD25+FoxP3 
+ regulatory T cells. Blood 105:4743–4748. doi: 10.1182/blood-2004-10-3932 

19.  Strauss L, Whiteside TL, Knights A, et al (2007) Selective survival of naturally occurring human 
CD4+CD25+Foxp3+ regulatory T cells cultured with rapamycin. J Immunol 178:320–329. doi: 
178/1/320 [pii] 

20.  Strauss L, Czystowska M, Szajnik M, et al (2009) Differential responses of human regulatory T 
cells (Treg) and effector T cells to rapamycin. PLoS One 4:e5994. doi: 
10.1371/journal.pone.0005994 

21.  Battaglia M, Stabilini A, Migliavacca B, et al (2006) Rapamycin promotes expansion of 
functional CD4+CD25+FOXP3+ regulatory T cells of both healthy subjects and type 1 diabetic 
patients. J Immunol 177:8338–47. 

22.  Ruggenenti P, Perico N, Gotti E, et al (2007) Sirolimus versus cyclosporine therapy increases 
circulating regulatory T cells, but does not protect renal transplant patients given alemtuzumab 
induction from chronic allograft injury. Transplantation 84:956–64. doi: 
10.1097/01.tp.0000284808.28353.2c 

23.  Griffiths RW, Elkord E, Gilham DE, et al (2007) Frequency of regulatory T cells in renal cell 
carcinoma patients and investigation of correlation with survival. Cancer Immunol Immunother 
56:1743–1753. doi: 10.1007/s00262-007-0318-z 

24.  Shang B, Liu Y, Jiang S, Liu Y (2015) Prognostic value of tumor-infiltrating FoxP3+ regulatory T 
cells in cancers: a systematic review and meta-analysis. Sci Rep 5:15179. doi: 
10.1038/srep15179 

25.  Li JF, Chu YW, Wang GM, et al (2009) The prognostic value of peritumoral regulatory T cells and 
its correlation with intratumoral cyclooxygenase-2 expression in clear cell renal cell carcinoma. 
BJU Int 103:399–405. doi: 10.1111/j.1464-410X.2008.08151.x 

26.  Ghiringhelli F, Larmonier N, Schmitt E, et al (2004) CD4+CD25+ regulatory T cells suppress 

Inhoud Lotte Huijts v10.indd   17 5-8-2019   09:19:12



18 

Chapter 1

tumor immunity but are sensitive to cyclophosphamide which allows immunotherapy of 
established tumors to be curative. Eur J Immunol 34:336–44. doi: 10.1002/eji.200324181 

27.  Ghiringhelli F, Menard C, Puig PE, et al (2007) Metronomic cyclophosphamide regimen 
selectively depletes CD4+CD25+ regulatory T cells and restores T and NK effector functions in 
end stage cancer patients. Cancer Immunol Immunother 56:641–8. doi: 10.1007/s00262-006-
0225-8 

28.  Bacha P (1988) Interleukin 2 receptor-targeted cytotoxicity. Interleukin 2 receptor- mediated 
action of a diphtheria toxin-related interleukin 2 fusion protein. J Exp Med 167:612–622. doi: 
10.1084/jem.167.2.612 

29.  Queen C, Schneider WP, Selick HE, et al (1989) A humanized antibody that binds to the 
interleukin 2 receptor. Proc Natl Acad Sci U S A 86:10029–33. 

30.  Godfrey DI, Berzins SP (2007) Control points in NKT-cell development. Nat Rev Immunol 7:505–
18. doi: 10.1038/nri2116 

31.  Tupin E, Kinjo Y, Kronenberg M (2007) The unique role of natural killer T cells in the response 
to microorganisms. Nat Rev Microbiol 5:405–17. doi: 10.1038/nrmicro1657 

32.  van der Vliet HJJ, Molling JW, von Blomberg BME, et al (2004) The immunoregulatory role of 
CD1d-restricted natural killer T cells in disease. Clin Immunol 112:8–23. doi: 
10.1016/j.clim.2004.03.003 

33.  Hargadon KM (2013) Tumor-Altered Dendritic Cell Function: Implications for Anti-Tumor 
Immunity. Front Immunol. doi: 10.3389/fimmu.2013.00192 

34.  Zou W (2005) Immunosuppressive networks in the tumour environment and their therapeutic 
relevance. Nat Rev Cancer 5:263–274. doi: 10.1038/nrc1586 

35.  Colombo MP, Piconese S (2007) Regulatory T-cell inhibition versus depletion: the right choice 
in cancer immunotherapy. Nat Rev Cancer 7:880–887. doi: 10.1038/nrc2250 

 
 
 
 
  

Inhoud Lotte Huijts v10.indd   18 5-8-2019   09:19:12



tumor immunity but are sensitive to cyclophosphamide which allows immunotherapy of 
established tumors to be curative. Eur J Immunol 34:336–44. doi: 10.1002/eji.200324181 

27.  Ghiringhelli F, Menard C, Puig PE, et al (2007) Metronomic cyclophosphamide regimen 
selectively depletes CD4+CD25+ regulatory T cells and restores T and NK effector functions in 
end stage cancer patients. Cancer Immunol Immunother 56:641–8. doi: 10.1007/s00262-006-
0225-8 

28.  Bacha P (1988) Interleukin 2 receptor-targeted cytotoxicity. Interleukin 2 receptor- mediated 
action of a diphtheria toxin-related interleukin 2 fusion protein. J Exp Med 167:612–622. doi: 
10.1084/jem.167.2.612 

29.  Queen C, Schneider WP, Selick HE, et al (1989) A humanized antibody that binds to the 
interleukin 2 receptor. Proc Natl Acad Sci U S A 86:10029–33. 

30.  Godfrey DI, Berzins SP (2007) Control points in NKT-cell development. Nat Rev Immunol 7:505–
18. doi: 10.1038/nri2116 

31.  Tupin E, Kinjo Y, Kronenberg M (2007) The unique role of natural killer T cells in the response 
to microorganisms. Nat Rev Microbiol 5:405–17. doi: 10.1038/nrmicro1657 

32.  van der Vliet HJJ, Molling JW, von Blomberg BME, et al (2004) The immunoregulatory role of 
CD1d-restricted natural killer T cells in disease. Clin Immunol 112:8–23. doi: 
10.1016/j.clim.2004.03.003 

33.  Hargadon KM (2013) Tumor-Altered Dendritic Cell Function: Implications for Anti-Tumor 
Immunity. Front Immunol. doi: 10.3389/fimmu.2013.00192 

34.  Zou W (2005) Immunosuppressive networks in the tumour environment and their therapeutic 
relevance. Nat Rev Cancer 5:263–274. doi: 10.1038/nrc1586 

35.  Colombo MP, Piconese S (2007) Regulatory T-cell inhibition versus depletion: the right choice 
in cancer immunotherapy. Nat Rev Cancer 7:880–887. doi: 10.1038/nrc2250 

 
 
 
 
  

Inhoud Lotte Huijts v10.indd   19 5-8-2019   09:19:12



Inhoud Lotte Huijts v10.indd   20 5-8-2019   09:19:12



Part 1 – In vitro eff ect of mTOR pathway inhibitors on iNKT cells and regulatory T cells 

Charlott e M. Huijts, Famke L. Schneiders, Juan J. Garcia-Vallejo, Henk M. Verheul, 
Tanja D. de Gruijl, Hans J. van der Vliet 
J Immunol September 1, 2015,  195 (5) 2038-2045 

Charlott e M. Huijts, Tanja D. de Gruijl, Hans J. van der Vliet 
J Immunol December 1, 2015,  195 (11) 5101-5102

Response to Comment on “mTOR Inhibiti on Per Se Induces Nuclear Localizati on 
of FOXP3 and Conversion of Invariant NKT (iNKT) Cells into Immunosuppressive 
Regulatory iNKT Cells”. 

mTOR Inhibiti on Per Se Induces Nuclear 
Localizati on of FOXP3 and Conversion 
of Invariant NKT (iNKT) Cells into 
Immunosuppressive Regulatory iNKT Cells

Chapter 2

Inhoud Lotte Huijts v10.indd   21 5-8-2019   09:19:12



Abstract  
CD1d-restricted activation of invariant NKT (iNKT) cells results in the abundant production of 
various types of cytokines and the subsequent modulation of immune responses. This has 
been shown to be relevant in several clinical disorders, including cancer, autoimmunity, and 
graft tolerance. Although it is well known that the suppressive function of regulatory T cells 
is critically dependent on the FOXP3 gene, FOXP3 can also be expressed by conventional 
human T cells upon activation, indicating the lack of specificity of FOXP3 as a marker for 
suppressive cells. In this study, we report that the mammalian target of rapamycin (mTOR) 
inhibitor rapamycin and IL-10, but not TGF-β, can induce FOXP3 expression in iNKT cell lines. 
Importantly, however, FOXP3+ iNKT cells only acquired suppressive abilities when cultured in 
the presence of the mTOR inhibitor rapamycin. Suppression of responder T cell proliferation 
by FOXP3+ iNKT cells was found to be cell contact–dependent and was accompanied by a 
reduced capacity of iNKT cells to secrete IFN-γ. Notably, imaging flow cytometry analysis 
demonstrated predominant nuclear localization of FOXP3 in suppressive FOXP3+ iNKT cells, 
whereas nonsuppressive FOXP3+ iNKT cells showed a predominance of cytoplasmically 
localized FOXP3. In conclusion, whereas IL-10 can enhance FOXP3 expression in iNKT cells, 
mTOR inhibition is solely required for promoting nuclear localization of FOXP3 and the 
induction of suppressive FOXP3+ iNKT cells. 
 
Introduction 
Invariant NKT cells (iNKT) constitute a specific T cell subset that is restricted by the 
nonpolymorphic CD1d Ag-presenting molecule and is characterized by the expression of an 
invariant TCR α-chain, Vα24-Jα18 in humans and Vα14-Jα18 in mice, preferentially paired 
with Vβ11 in humans and Vβ8.2, Vβ7, or Vβ2 in mice. Certain glycolipid Ags, such as α-
galactosylceramide (α-GalCer), can be presented by CD1d to iNKT cells, resulting in their 
activation. Upon activation, iNKT cells rapidly produce a wide variety of pro- and anti-
inflammatory cytokines, and it is the balance between these immunostimulatory and 
immunoregulatory cytokines that appears to determine the outcome of ensuing immune 
responses, for example, in the setting of autoimmunity, infection, transplantation, and cancer 
[1–3]. Of interest, recent studies demonstrated the induction of FOXP3 expression in iNKT 
cells upon exposure to TGF-β [4, 5] and the induction of an immunosuppressive phenotype in 
the additional presence of the mammalian target of rapamycin (mTOR) inhibitor rapamycin 
in iNKT cells derived from cord blood or PBMC [6]. Although expression of FOXP3 is classically 
associated with CD4+CD25hiFOXP3+ regulatory T cells (Tregs), which represent a functionally 
distinct lineage of immunoregulatory T cells that is critically dependent on this transcription 
factor [7, 8], human conventional T cells can transiently express FOXP3 upon activation 
[9, 10], as can iNKT cells upon exposure to TGF-β, as mentioned above [4–6]. 
In this study, we undertook a comparative investigation of the influence of the suppressive 
cytokines IL-10 and TGF-β, alone or combined with the mTOR inhibitor rapamycin, on the 
expression and localization of FOXP3 in differentiated iNKT cell lines, taking into account 
phenotypic and functional characteristics of these differentially conditioned iNKT cells to 
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Abstract  
CD1d-restricted activation of invariant NKT (iNKT) cells results in the abundant production of 
various types of cytokines and the subsequent modulation of immune responses. This has 
been shown to be relevant in several clinical disorders, including cancer, autoimmunity, and 
graft tolerance. Although it is well known that the suppressive function of regulatory T cells 
is critically dependent on the FOXP3 gene, FOXP3 can also be expressed by conventional 
human T cells upon activation, indicating the lack of specificity of FOXP3 as a marker for 
suppressive cells. In this study, we report that the mammalian target of rapamycin (mTOR) 
inhibitor rapamycin and IL-10, but not TGF-β, can induce FOXP3 expression in iNKT cell lines. 
Importantly, however, FOXP3+ iNKT cells only acquired suppressive abilities when cultured in 
the presence of the mTOR inhibitor rapamycin. Suppression of responder T cell proliferation 
by FOXP3+ iNKT cells was found to be cell contact–dependent and was accompanied by a 
reduced capacity of iNKT cells to secrete IFN-γ. Notably, imaging flow cytometry analysis 
demonstrated predominant nuclear localization of FOXP3 in suppressive FOXP3+ iNKT cells, 
whereas nonsuppressive FOXP3+ iNKT cells showed a predominance of cytoplasmically 
localized FOXP3. In conclusion, whereas IL-10 can enhance FOXP3 expression in iNKT cells, 
mTOR inhibition is solely required for promoting nuclear localization of FOXP3 and the 
induction of suppressive FOXP3+ iNKT cells. 
 
Introduction 
Invariant NKT cells (iNKT) constitute a specific T cell subset that is restricted by the 
nonpolymorphic CD1d Ag-presenting molecule and is characterized by the expression of an 
invariant TCR α-chain, Vα24-Jα18 in humans and Vα14-Jα18 in mice, preferentially paired 
with Vβ11 in humans and Vβ8.2, Vβ7, or Vβ2 in mice. Certain glycolipid Ags, such as α-
galactosylceramide (α-GalCer), can be presented by CD1d to iNKT cells, resulting in their 
activation. Upon activation, iNKT cells rapidly produce a wide variety of pro- and anti-
inflammatory cytokines, and it is the balance between these immunostimulatory and 
immunoregulatory cytokines that appears to determine the outcome of ensuing immune 
responses, for example, in the setting of autoimmunity, infection, transplantation, and cancer 
[1–3]. Of interest, recent studies demonstrated the induction of FOXP3 expression in iNKT 
cells upon exposure to TGF-β [4, 5] and the induction of an immunosuppressive phenotype in 
the additional presence of the mammalian target of rapamycin (mTOR) inhibitor rapamycin 
in iNKT cells derived from cord blood or PBMC [6]. Although expression of FOXP3 is classically 
associated with CD4+CD25hiFOXP3+ regulatory T cells (Tregs), which represent a functionally 
distinct lineage of immunoregulatory T cells that is critically dependent on this transcription 
factor [7, 8], human conventional T cells can transiently express FOXP3 upon activation 
[9, 10], as can iNKT cells upon exposure to TGF-β, as mentioned above [4–6]. 
In this study, we undertook a comparative investigation of the influence of the suppressive 
cytokines IL-10 and TGF-β, alone or combined with the mTOR inhibitor rapamycin, on the 
expression and localization of FOXP3 in differentiated iNKT cell lines, taking into account 
phenotypic and functional characteristics of these differentially conditioned iNKT cells to 
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acquire insight into possible uses of these cells for adoptive transfer in transplantation 
medicine on the one hand and consequences for the treatment of cancer on the other hand. 
In contrast to an earlier study in which, instead of established cell lines, freshly isolated 
peripheral blood iNKT cells were used, we found that IL-10 rather than TGF-β induced FOXP3 
expression. Moreover, we report that whereas IL-10 can enhance FOXP3 expression in iNKT 
cells, rapamycin is solely required for nuclear localization of FOXP3 and the induction of 
suppressive FOXP3+ iNKT cells (iNKTregs). 
 
Materials and Methods 
Generation of monocyte-derived dendritic cells 
Monocytes were isolated from PBMC by MACS with the use of CD14 MicroBeads (Miltenyi 
Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s instructions. After 
isolation, monocytes were cultured for 5–7 d at 37°C in a humidified atmosphere under 5% 
CO2 in the presence of 10 ng/ml recombinant human (rh)IL-4 (R&D Systems, Minneapolis, 
MN) and 100 U/ml rhGM-CSF (Genzyme/Bayer HealthCare Pharmaceuticals, Seattle, WA) in 
RPMI 1640 (Lonza, Basel, Switzerland) supplemented with 100 IU/ml sodium penicillin 
(Astellas Pharma, Leiden, the Netherlands), 100 μg/ml streptomycin sulfate (Radiumfarma-
Fisiofarma, Napels, Italy), 2.0 nM L-glutamine (Life Technologies, Bleiswijk, the Netherlands), 
10% FBS (HyClone, Amsterdam, the Netherlands), and 0.05 mM 2-ME (Merck, Darmstadt, 
Germany), hereafter referred to as complete medium. Immature monocyte-derived dendritic 
cells (moDC) were matured with 100 ng/ml LPS (Sigma-Aldrich, St. Louis, MO) for 24–48 h. 
moDC were harvested with 5 mM EDTA in PBS (Braun Melsungen, Melsungen, Germany), 
irradiated (5000 rad), and used for surface marker expression by flow cytometry and iNKT cell 
line cultures. 
 
Generation of iNKT cell lines 
As previously described [11], iNKT (defined as Vα24+Vβ11+) cell lines were generated from 
PBMC by MACS sorting using the 6B11 mAb (a gift of Mark Exley, Beth Israel Deaconess 
Medical Center, Harvard Medical School, Boston, MA), or the murine anti-human TCR Vα24-
chain mAb (Beckman Coulter), combined with a polyclonal goat anti-mouse Ab labeled with 
magnetic beads (Miltenyi Biotec). iNKT cells were then cocultured in complete medium with 
mature moDC that were pulsed with 100 ng/ml α-GalCer (Funakoshi, Tokyo, Japan) during 
maturation and 50–100 U/ml rhIL-2 (Proleukin, Novartis, Arnhem, the Netherlands). Purified 
cells were cultured by weekly restimulation with α-GalCer–loaded mature moDC in a 1:5–1:10 
ratio. Purity of iNKT cell lines used for experiments was >90%. 
 
Effects of IL-10, TGF-β, and rapamycin on iNKT cell lines 
Resting iNKT cells (defined as ≥6 d after restimulation) were cultured in complete medium in 
a 48-well plate with immature moDC loaded for 24 h with α-GalCer (2 × 105 iNKT and 4 × 104 
moDC) and 50 U/ml rhIL-2 in the presence of 50 ng/ml rhIL-10 (eBioscience, San Diego, CA), 
5 ng/ml rhTGF-β1 (BioVision, Milpitas, CA), and/ or 20 nM rapamycin (Calbiochem, Merck, 

Darmstadt, Germany). After 7 d, iNKT cells were harvested for further analyses. 
 
Flow cytometry 
moDC were analyzed by flow cytometry using FITC- or PE-labeled Abs against IgG1, CD14, and 
CD1a (BD Biosciences, East Rutherford, NJ). iNKT cells were stained with FITC-labeled Vα24, 
PE-labeled Vβ11 (both from Beckman Coulter), PE-labeled CD25, PerCP-Cy5.5–labeled CD4, 
allophycocyanin-labeled CD25 (BD Biosciences), allophycocyanin-labeled latency-associated 
peptide (LAP; R&D Systems), and FITC-labeled Helios (BioLegend, San Diego, CA). Stainings 
were performed in PBS supplemented with 0.1% BSA and 0.02% sodium azide for 30 min at 
4°C. Intracellular staining was performed after fixation and permeabilization using a 
fixation/permeabilization kit according to the manufacturer’s protocol (eBioscience). For 
staining of CTLA-4, a PE-labeled Ab against CTLA-4 (BD Biosciences) was used, and FOXP3 was 
stained with either PCH101 PE (eBioscience) or 259D Alexa Fluor 488 (BioLegend) anti-FOXP3 
mAbs. 
For intracellular IFN-γ staining, iNKT cells were stimulated for 4 h with 50 ng/ml PMA and 500 
ng/ml ionomycin in the presence of brefeldin A (1:500; GolgiPlug, BD Biosciences) and stained 
for CD25, CD4, FOXP3, and IFN-γ (BD Biosciences) using the eBioscience fixation/ 
permeabilization kit. Live cells were gated based on forward and side scatter and analyzed on 
a BD FACSCalibur (BD Biosciences) using CellQuest or Kaluza analysis software (Beckman 
Coulter). 
 
Suppression assay 
The capacity of cultured iNKT cells to suppress proliferation of allogeneic CD8+ T responder 
cells was determined by labeling responder T cells with 1 μM CFSE (Sigma-Aldrich) cultured 
in a 96-well round-bottom plate at a concentration of 5 × 104 cells/well in complete medium 
in the presence of 1 μg/ml anti-CD3 mAb, 1 μg/ml anti-CD28 mAb (clones 16A9 and 15E8, 
provided by Dr. René van Lier, Sanquin, Amsterdam, the Netherlands), and 20 U/ml rhIL-2 
with or without the addition of cultured iNKT cells in an iNKT/T responder ratio of 1:1 and 1:2. 
After 4 d of coculture, cells were stained with allophycocyanin-labeled CD8 (BD Biosciences), 
and proliferation of CD8+ responder T cells was analyzed by assessing CFSE dilution. For 
Transwell assays, 7.5 × 105 CFSE-labeled CD8+ responder T cells were cultured in 24-well 
plates (lower compartment) with 7.5 × 105 iNKT cells in the Transwell insert (0.4 μm pore size, 
Costar Corning) for 4 d. After 4 d, cultures were stained with allophycocyanin-labeled CD8, 
and proliferation of responder T cells was assessed as described above. Relative proliferation 
was calculated by the equation % proliferation = (% responder T cells that proliferated when 
cultured in the presence of iNKT cells/% responder T cells that proliferated when cultured 
alone) × 100 and relative suppression was calculated by the equation % suppression = 100 − 
[(% responder T cells that proliferated when cultured in the presence of iNKT cells/% 
responder T cells that proliferated when cultured alone) × 100]. 

Inhoud Lotte Huijts v10.indd   24 5-8-2019   09:19:13



 25

Rapamycin-induced nuclear FoxP3 converts iNKT into iNKTregs

2

acquire insight into possible uses of these cells for adoptive transfer in transplantation 
medicine on the one hand and consequences for the treatment of cancer on the other hand. 
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cells (moDC) were matured with 100 ng/ml LPS (Sigma-Aldrich, St. Louis, MO) for 24–48 h. 
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cells was determined by labeling responder T cells with 1 μM CFSE (Sigma-Aldrich) cultured 
in a 96-well round-bottom plate at a concentration of 5 × 104 cells/well in complete medium 
in the presence of 1 μg/ml anti-CD3 mAb, 1 μg/ml anti-CD28 mAb (clones 16A9 and 15E8, 
provided by Dr. René van Lier, Sanquin, Amsterdam, the Netherlands), and 20 U/ml rhIL-2 
with or without the addition of cultured iNKT cells in an iNKT/T responder ratio of 1:1 and 1:2. 
After 4 d of coculture, cells were stained with allophycocyanin-labeled CD8 (BD Biosciences), 
and proliferation of CD8+ responder T cells was analyzed by assessing CFSE dilution. For 
Transwell assays, 7.5 × 105 CFSE-labeled CD8+ responder T cells were cultured in 24-well 
plates (lower compartment) with 7.5 × 105 iNKT cells in the Transwell insert (0.4 μm pore size, 
Costar Corning) for 4 d. After 4 d, cultures were stained with allophycocyanin-labeled CD8, 
and proliferation of responder T cells was assessed as described above. Relative proliferation 
was calculated by the equation % proliferation = (% responder T cells that proliferated when 
cultured in the presence of iNKT cells/% responder T cells that proliferated when cultured 
alone) × 100 and relative suppression was calculated by the equation % suppression = 100 − 
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Intracellular FOXP3 localization experiments 
To determine the intracellular FOXP3 localization, iNKT cells were cultured with 50 ng/ml rhIL-
10, 5 ng/ml rhTGF-β1, and/or 20 nM rapamycin for 4–7 d, stained with Hoechst and FOXP3–
Alexa Fluor 488 using the eBioscience fixation/permeabilization kit as previously described 
[12], and subsequently analyzed using imaging flow cytometry (ImageStream X-100, Amnis-
Millipore). A CD4+CD25+ Treg isolation was performed resulting in two fractions, 
CD4+CD25−/intT cells (conventional T cells), which were used as a negative control, and 
CD4+CD25hi T cells (Tregs), which were used as a positive control. Both fractions were 
activated, stained, and analyzed. At least 5000 cells per sample were acquired. For the 
analysis, a mask to delineate the nucleus was made based on the Hoechst signal denoting the 
nuclei. The ratio of the amount of FOXP3 in the entire cell versus the nuclear mask was 
calculated and this ratio was log transformed and termed “nuclear translocation score” (see 
also Supplemental Fig. 1). 
 
Statistical analysis 
One-way or two-way repeated measures ANOVA was used to determine statistical 
significance of differences between groups with Bonferroni posttests. Findings were 
considered statistically significant when p values were ≤0.05. Statistical analyses were 
performed using GraphPad Prism software version 5.02. 
 
Results 
Effect of IL-10, TGF-β, and rapamycin on iNKT cell FOXP3 and CTLA-4 expression 
As IL-10 and TGF-β are known to be involved in the induction of Tregs [13], we assessed the 
relative ability of these cytokines to induce FOXP3 expression in iNKT cell lines (Fig. 1), 
generated as described previously [11]. In the evaluated iNKT cell lines, CD4 was expressed 
by 49% (mean; range, 4.3–96%; n = 10) of the iNKT cells, whereas CD161 was expressed by 
42% (mean; range, 15–76%; n = 3) of the iNKT cells. iNKT cell lines were cultured with α-
GalCer–loaded immature moDC and IL-2 for 7 d with or without the addition of 50 ng/ml IL-
10, 5 ng/ml TGF-β, and/or 20 nM rapamycin. FOXP3+ iNKT cells were defined as CD25hi, 
excluding CD25int/lowFOXP3+ iNKT cells, which might rather be activated iNKT cells than 
potentially suppressive iNKT cells (Fig. 1A), in analogy to the established gating strategy used 
for the identification of bona fide Tregs [14]. Compared to iNKT cells cultured in medium (iNKT 
control), FOXP3 expression increased when iNKT cells were cultured with IL-10, rapamycin, or 
the combination of IL-10 and rapamycin. Of note, and in contrast to previous reports [4–6], 
FOXP3 expression did not increase when iNKT cells were cultured with TGF-β. Compared to 
the iNKT control, a slight increase in FOXP3 expression was observed when iNKT cells were 
cultured with TGF-β and rapamycin, although this increase was not statistically significant (Fig. 
1B).  
 

 
 
 
 
 
 
 
 
Figure 1. IL-10 and rapamycin upregulate FOXP3 
and CTLA-4 expression in iNKT cells. FOXP3 and 
CTLA-4 expression was determined after 7 d of 
coculture of iNKT cells with α-GalCer–loaded 
immature moDC and IL-2 in the presence of 
medium (iNKT control), rapamycin, IL-10, IL-10 
and rapamycin, TGF-β, or TGF-β and rapamycin. 
(A) Representative dot plots illustrating the 
gating of CD25hiFOXP3+ iNKT cells after culture of 
iNKT cells in medium (iNKT control, left dot plot) 
or in the presence of rapamycin (right dot plot). 
(B and C) The percentages of CD25hiFOXP3+ and 
CD25hiCTLA-4+ iNKT cells were assessed by flow 
cytometry according to the gating strategy 
shown in (A). Means ± SEM are shown. (B) n = 
10, (C) n = 4; one-way repeated measures 
ANOVA with Bonferroni posttest. *p ≤ 0.05, 
**p < 0.01, *** p < 0.001. 

 
To evaluate whether this observed relative increase also represented an increase in the 
absolute number of FOXP3+ iNKT cells in the culture, the mean (±SEM) expansion factor of 
absolute numbers of CD25hiFOXP3+ iNKT cells was calculated for all six conditions: control, 0.6 
(±0.2); rapamycin, 1.4 (±0.6); IL-10, 2.0 (±0.6); IL-10 plus rapamycin, 2.2 (±0.9); TGF-β, 0.8 
(±0.4); TGF-β plus rapamycin, 0.8 (±0.3). These data show that in the three conditions with a 
significantly increased frequency of CD25hiFOXP3+ iNKT cells compared with the control 
condition as shown in Fig. 1B, that is, rapamycin, IL-10, and IL-10 plus rapamycin, there was 
also an increase in the absolute number of CD25hiFOXP3+ iNKT cells, indicating the true 
induction and expansion of FOXP3+ iNKT cells and not merely selective survival. 
Additionally, when determining the expression of another marker constitutively expressed on 
Tregs, that is, the key costimulatory molecule CTLA-4 [15], we observed a similar expression 
pattern as for FOXP3, with a significant increase of CTLA-4 expression in iNKT cells cultured 
with IL-10 and rapamycin (Fig. 1C). FOXP3 induction was assessed both in CD4low (n = 4) and 
in CD4hi (n = 6) iNKT cell lines. CD4low iNKT cell lines had a mean (±SEM) expression of CD4 of 
7.3 (±1.2%) and CD4hi iNKT cell lines of 79.4 (±5.6%). Because both CD4hi and CD4low iNKT cell 
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Intracellular FOXP3 localization experiments 
To determine the intracellular FOXP3 localization, iNKT cells were cultured with 50 ng/ml rhIL-
10, 5 ng/ml rhTGF-β1, and/or 20 nM rapamycin for 4–7 d, stained with Hoechst and FOXP3–
Alexa Fluor 488 using the eBioscience fixation/permeabilization kit as previously described 
[12], and subsequently analyzed using imaging flow cytometry (ImageStream X-100, Amnis-
Millipore). A CD4+CD25+ Treg isolation was performed resulting in two fractions, 
CD4+CD25−/intT cells (conventional T cells), which were used as a negative control, and 
CD4+CD25hi T cells (Tregs), which were used as a positive control. Both fractions were 
activated, stained, and analyzed. At least 5000 cells per sample were acquired. For the 
analysis, a mask to delineate the nucleus was made based on the Hoechst signal denoting the 
nuclei. The ratio of the amount of FOXP3 in the entire cell versus the nuclear mask was 
calculated and this ratio was log transformed and termed “nuclear translocation score” (see 
also Supplemental Fig. 1). 
 
Statistical analysis 
One-way or two-way repeated measures ANOVA was used to determine statistical 
significance of differences between groups with Bonferroni posttests. Findings were 
considered statistically significant when p values were ≤0.05. Statistical analyses were 
performed using GraphPad Prism software version 5.02. 
 
Results 
Effect of IL-10, TGF-β, and rapamycin on iNKT cell FOXP3 and CTLA-4 expression 
As IL-10 and TGF-β are known to be involved in the induction of Tregs [13], we assessed the 
relative ability of these cytokines to induce FOXP3 expression in iNKT cell lines (Fig. 1), 
generated as described previously [11]. In the evaluated iNKT cell lines, CD4 was expressed 
by 49% (mean; range, 4.3–96%; n = 10) of the iNKT cells, whereas CD161 was expressed by 
42% (mean; range, 15–76%; n = 3) of the iNKT cells. iNKT cell lines were cultured with α-
GalCer–loaded immature moDC and IL-2 for 7 d with or without the addition of 50 ng/ml IL-
10, 5 ng/ml TGF-β, and/or 20 nM rapamycin. FOXP3+ iNKT cells were defined as CD25hi, 
excluding CD25int/lowFOXP3+ iNKT cells, which might rather be activated iNKT cells than 
potentially suppressive iNKT cells (Fig. 1A), in analogy to the established gating strategy used 
for the identification of bona fide Tregs [14]. Compared to iNKT cells cultured in medium (iNKT 
control), FOXP3 expression increased when iNKT cells were cultured with IL-10, rapamycin, or 
the combination of IL-10 and rapamycin. Of note, and in contrast to previous reports [4–6], 
FOXP3 expression did not increase when iNKT cells were cultured with TGF-β. Compared to 
the iNKT control, a slight increase in FOXP3 expression was observed when iNKT cells were 
cultured with TGF-β and rapamycin, although this increase was not statistically significant (Fig. 
1B).  
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To evaluate whether this observed relative increase also represented an increase in the 
absolute number of FOXP3+ iNKT cells in the culture, the mean (±SEM) expansion factor of 
absolute numbers of CD25hiFOXP3+ iNKT cells was calculated for all six conditions: control, 0.6 
(±0.2); rapamycin, 1.4 (±0.6); IL-10, 2.0 (±0.6); IL-10 plus rapamycin, 2.2 (±0.9); TGF-β, 0.8 
(±0.4); TGF-β plus rapamycin, 0.8 (±0.3). These data show that in the three conditions with a 
significantly increased frequency of CD25hiFOXP3+ iNKT cells compared with the control 
condition as shown in Fig. 1B, that is, rapamycin, IL-10, and IL-10 plus rapamycin, there was 
also an increase in the absolute number of CD25hiFOXP3+ iNKT cells, indicating the true 
induction and expansion of FOXP3+ iNKT cells and not merely selective survival. 
Additionally, when determining the expression of another marker constitutively expressed on 
Tregs, that is, the key costimulatory molecule CTLA-4 [15], we observed a similar expression 
pattern as for FOXP3, with a significant increase of CTLA-4 expression in iNKT cells cultured 
with IL-10 and rapamycin (Fig. 1C). FOXP3 induction was assessed both in CD4low (n = 4) and 
in CD4hi (n = 6) iNKT cell lines. CD4low iNKT cell lines had a mean (±SEM) expression of CD4 of 
7.3 (±1.2%) and CD4hi iNKT cell lines of 79.4 (±5.6%). Because both CD4hi and CD4low iNKT cell 
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lines responded to IL-10, TGF-β, and rapamycin in a similar pattern, their results are 
collectively shown in Fig. 1. 
 
Expression of LAP and Helios in FOXP3− and CD25hiFOXP3+ iNKT cells 
To investigate whether the iNKT cells cultured in the presence of IL-10, TGF-β, and/ or 
rapamycin shared further subset-defining markers with Tregs [16], we analyzed additional 
markers associated with regulatory function, that is, LAP and Helios. Because a previous 
report showed no effect of GITR blockade on the suppressive capacity of iNKT cells [6], GITR 
expression was not analyzed. 
No major differences were observed in expression of LAP on FOXP3− versus 
CD25hiFOXP3+iNKT cells; however, CD25hiFOXP3+ iNKT cells showed a higher LAP expression 
compared with FOXP3− iNKT cells when TGF-β was added to the culture (Fig. 2A). 
 

 
 
 
 
 
 
 
Figure 2. Expression of LAP and Helios in 
FOXP3− and FOXP3+ iNKT cells in response to IL-
10, TGF-β, and/or rapamycin. Expression of LAP 
(A) and Helios (B) was determined after 7 d of 
culture of iNKT cells with α-GalCer–loaded 
immature moDC and IL-2 in the presence of IL-
10, TGF-β, and/or rapamycin. Percentages of 
LAP and Helios expression were assessed on 
FOXP3− and CD25hiFOXP3+ iNKT cells by flow 
cytometry. Means ± SEM are shown. n= 4; one-
way and two-way repeated measures ANOVA 
with Bonferroni posttests. *p ≤ 0.05. 
 

 
Overall LAP levels were low. Expression of Helios on CD25hiFOXP3+ iNKT cells was significantly 
increased compared with FOXP3− iNKT cells when rapamycin or TGF-β and rapamycin were 
added (Fig. 2B). Moreover, addition of IL-10 and rapamycin resulted in a significant decrease 
in Helios expression in CD25hiFOXP3+ iNKT cells compared with CD25hiFOXP3+ iNKT cells 
cultured in the presence of rapamycin. Altogether, cytokine- or rapamycin-mediated FOXP3 
induction in iNKT cells was not associated with a clear induction of Treg-defining marker 
expression levels. 
 
  

Rapamycin reduces iNKT cell IFNγ production 
iNKT cells are well known for their capacity to produce high levels of IFN-γ upon stimulation, 
resulting in enhanced cell-mediated immunity [1–3]. Because FOXP3 expression is rather 
associated with suppressive functions, we examined IFN-γ production by iNKT cells cultured 
in the presence of IL-10, TGF-β, and/or rapamycin. As shown in Fig. 3, the addition of 
rapamycin resulted in a decreased capacity of iNKT cells to produce IFN-γ in response to a 4-
h stimulation with PMA and ionomycin. This effect was irrespective of the presence of IL-10 
or TGF-β, indicating that rapamycin skewed iNKT cells into a less proinflammatory phenotype 
consistent with a conversion to a more Treg-like state. Because the activation induced by the 
4-h PMA/ionomycin stimulation resulted in FOXP3 expression in all iNKT cells, it was 
impossible to perform specific gating on FOXP3− and CD25hiFOXP3+ iNKT subsets in these 
experiments. Interestingly, however, when comparing IFN-γ production by CD25int and 
CD25hi iNKT cells, we noted that especially the CD25hi iNKT cell subset expressed reduced 
levels of IFN-γ (data not shown), suggesting that especially this subset had acquired a Treg-
like state. 
In contrast to a previous report, we found no evidence that exposure of iNKT cells to TGF-β 
alone resulted in decreased iNKT cell IFN-γ production [6]. Therefore, although culture of iNKT 
cells in the presence of IL-10, rapamycin, or the combination of IL-10 and rapamycin resulted 
in an increase in iNKT cell FOXP3 expression, this expression of FOXP3 was not directly 
correlated with a decrease in IFN-γ production, as FOXP3 was similarly induced in iNKT cells 
cultured with just IL-10 (Fig. 1), whereas no reduction in IFN-γ production was observed in 
this condition. 
 
 

 
Figure 3. Rapamycin reduces iNKT cell IFN-γ 
production. (A) Bar graph showing the mean 
fluorescence intensity (MFI) of IFN-γ relative to 
the production of IFN-γ in the control condition. 
Means ± SEM are shown. n = 4; one-way 
repeated measures ANOVA with Bonferroni 
posttest. *p ≤ 0.05. (B) Representative histo- 
grams of IFN-γ production in iNKT cells cultured 
with IL-10 without a 4-h PMA/ionomycin 
stimulation (left histogram), iNKT cells cultured 
with IL-10 (middle histogram), or IL-10 and 
rapamycin (right histogram) after a 4-h 
stimulation with PMA/ionomycin. MFI of IFN-γ 
expression is indicated. 
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lines responded to IL-10, TGF-β, and rapamycin in a similar pattern, their results are 
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Rapamycin is required for the induction of suppressive function of iNKT cells 
To assess whether the iNKT cells cultured in the presence of IL-10, TGF-β, and/or rapamycin 
were able to suppress proliferation of conventional effector T cells, iNKT cells were cultured 
with α-GalCer–loaded immature moDC and IL-2 in the presence of IL-10, TGF-β, and/or 
rapamycin for 7 d, and subsequently harvested and cocultured with CFSE-labeled 
CD8+responder T cells. Of note, for suppression assays CD4hi iNKT cell lines were used with a 
mean (±SEM) CD4 expression of 76.9 ± 11.6%. Cell division of the responder T cells was 
assessed after a 4-d culture period of responder T cells with different ratios of iNKT cells in 
the presence of 1 μg/ml anti-CD3 mAb, 1 μg/ml anti-CD28 mAb, and 20 U/ml IL-2. 
iNKT cells cultured with α-GalCer–loaded immature moDC and IL-2 (iNKT control) were not 
able to suppress proliferation of responder T cells, and neither were iNKT cells cultured in the 
presence of IL-10 or TGF-β. In contrast, iNKT cells cultured in the presence of rapamycin, with 
or without the addition of IL-10 or TGF-β, were able to suppress the proliferation of responder 
T cells with statistically significant suppression observed for all rapamycin conditions as 
compared with the control, or compared with the corresponding cytokine conditions (Fig. 4). 
 
 

Figure 4. Rapamycin induces suppressive 
functionality of iNKT cells. iNKT cells were 
cultured with α-GalCer–loaded immature 
moDC and IL-2 in the presence of IL-10, TGF-β, 
and/or rapamycin. Their capacity to suppress T 
cell proliferation was tested by measuring CFSE 
dilution of stimulated CD8+ responder T cells 
using anti-CD3 mAb, anti-CD28 mAb, and IL-2. 
(A) Representative histograms showing CFSE 
dilution of responder T cells alone (left 
histogram) or in the presence of medium-
cultured (middle histogram) or rapamycin-
cultured iNKT cells (right histogram). 
Percentages of responder T cell proliferation 
are indicated. (B) Bar graph showing the 
proliferation of responder T cells cultured with 
iNKT cells in the presence of medium (iNKT 
control), IL-10, TGF-β, and/or rapamycin 
relative to responder T cells alone. Means ± 
SEM are shown. n = 3; one-way repeated 
measures ANOVA with Bonferroni posttest. 
**p < 0.01, ***p < 0.001. 

 
Furthermore, a significant correlation was observed between the percentages of 
CD25hiFOXP3+iNKT cells within the differentially conditioned bulk cultures and their 
suppressive activity (Supplemental Fig. 2), underscoring that CD25hiFOXP3+ iNKT cells are 

most likely responsible for the observed suppression. Because a previous report studying iNKT 
cell conditioning directly ex vivo did not analyze the induction of FOXP3 expression or the 
induction of suppressive functionality caused by rapamycin alone (6), we additionally studied 
the effects of rapamycin on freshly isolated iNKT cells from peripheral blood and found a 
similar dominant effect of rapamycin on ex vivo iNKT cells in terms of induction of FOXP3 
expression and suppressive activity as observed in iNKT cell lines (Supplemental Fig. 3). 
Therefore, rapamycin is responsible for the induction of iNKT cell suppressive functions, 
irrespective of the addition of the other putative immunosuppressive cytokines. To formally 
exclude a possible effect of serum- or iNKT cell–derived TGF-β on the induction of FOXP3 
expression, we additionally performed experiments in which a neutralizing TGF-β mAb was 
added to rapamycin-conditioned iNKT cultures and found that neutralization of TGF-β did not 
interfere with either the induction of FOXP3 in iNKT cells or their suppressive potential (data 
not shown). Furthermore, it is clear that expression of FOXP3 per se does not reflect the 
suppressive potential of iNKT cells, because FOXP3 was induced in the IL-10 only condition 
(Fig. 1) without the apparent acquisition of suppressive capacity or phenotype. 
 

Figure 5. iNKT cells predominantly suppress T 
cell proliferation via a cell contact–dependent 
mechanism. iNKT cells cultured with α-GalCer–
loaded immature moDC and IL-2 for 7 d in the 
presence of rapamycin, IL-10, and rapamycin or 
TGF-β and rapamycin in coculture (●) with 
CD8+ responder T cells or cultured in the 
Transwell insert (▪) with responder T cells in the 
well of a 24-well plate (lower compartment). 
After 4 d, CFSE dilution of responder T cells was 
evaluated by flow cytometry. Each symbol 
represents one condition; horizontal bars 
indicate mean. n = 3; one-way repeated 
measures ANOVA with Bonferroni posttest. 
*p ≤ 0.05, **p < 0.01. 

 
iNKT cells predominantly suppress T cell proliferation in a cell contact-dependent mechanism 
Several mechanisms have been shown to be involved in Treg-mediated suppression, and 
despite intensive research, the exact mechanism still remains unclear [17]. Tregs have been 
shown to be able to exert suppression in a contact-dependent and contact-independent 
manner, with the involvement of cell surface molecules, for example, CTLA-4 or LAP [18–20], 
or secreted cytokines, for example, TGF-β or IL-10 (reviewed in Ref. 21), respectively. To 
investigate the mechanism of suppression by iNKT cells, Transwell assays were performed. 
CFSE-labeled responder T cells were cultured in a 24-well plate, whereas iNKT cells were 
cultured in the Transwell insert, thereby only allowing exchange of soluble factors. Compared 
to conditions in which iNKT cells were in direct contact with responder T cells, transwell 
experiments showed a significant reduction in the capacity of iNKT cells to inhibit proliferation 

Inhoud Lotte Huijts v10.indd   30 5-8-2019   09:19:16



 31

Rapamycin-induced nuclear FoxP3 converts iNKT into iNKTregs

2
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presence of IL-10 or TGF-β. In contrast, iNKT cells cultured in the presence of rapamycin, with 
or without the addition of IL-10 or TGF-β, were able to suppress the proliferation of responder 
T cells with statistically significant suppression observed for all rapamycin conditions as 
compared with the control, or compared with the corresponding cytokine conditions (Fig. 4). 
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and/or rapamycin. Their capacity to suppress T 
cell proliferation was tested by measuring CFSE 
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dilution of responder T cells alone (left 
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cultured (middle histogram) or rapamycin-
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relative to responder T cells alone. Means ± 
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measures ANOVA with Bonferroni posttest. 
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suppressive activity (Supplemental Fig. 2), underscoring that CD25hiFOXP3+ iNKT cells are 

most likely responsible for the observed suppression. Because a previous report studying iNKT 
cell conditioning directly ex vivo did not analyze the induction of FOXP3 expression or the 
induction of suppressive functionality caused by rapamycin alone (6), we additionally studied 
the effects of rapamycin on freshly isolated iNKT cells from peripheral blood and found a 
similar dominant effect of rapamycin on ex vivo iNKT cells in terms of induction of FOXP3 
expression and suppressive activity as observed in iNKT cell lines (Supplemental Fig. 3). 
Therefore, rapamycin is responsible for the induction of iNKT cell suppressive functions, 
irrespective of the addition of the other putative immunosuppressive cytokines. To formally 
exclude a possible effect of serum- or iNKT cell–derived TGF-β on the induction of FOXP3 
expression, we additionally performed experiments in which a neutralizing TGF-β mAb was 
added to rapamycin-conditioned iNKT cultures and found that neutralization of TGF-β did not 
interfere with either the induction of FOXP3 in iNKT cells or their suppressive potential (data 
not shown). Furthermore, it is clear that expression of FOXP3 per se does not reflect the 
suppressive potential of iNKT cells, because FOXP3 was induced in the IL-10 only condition 
(Fig. 1) without the apparent acquisition of suppressive capacity or phenotype. 
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mechanism. iNKT cells cultured with α-GalCer–
loaded immature moDC and IL-2 for 7 d in the 
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iNKT cells predominantly suppress T cell proliferation in a cell contact-dependent mechanism 
Several mechanisms have been shown to be involved in Treg-mediated suppression, and 
despite intensive research, the exact mechanism still remains unclear [17]. Tregs have been 
shown to be able to exert suppression in a contact-dependent and contact-independent 
manner, with the involvement of cell surface molecules, for example, CTLA-4 or LAP [18–20], 
or secreted cytokines, for example, TGF-β or IL-10 (reviewed in Ref. 21), respectively. To 
investigate the mechanism of suppression by iNKT cells, Transwell assays were performed. 
CFSE-labeled responder T cells were cultured in a 24-well plate, whereas iNKT cells were 
cultured in the Transwell insert, thereby only allowing exchange of soluble factors. Compared 
to conditions in which iNKT cells were in direct contact with responder T cells, transwell 
experiments showed a significant reduction in the capacity of iNKT cells to inhibit proliferation 
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of responder T cells (Fig. 5). These data indicate that suppression of proliferation by iNKT cells 
is primarily mediated by cell contact–dependent mechanisms. 
 
IL-10 and rapamycin differentially affect intracellular FoxP3 localization in iNKT cells 
Our data showed that whereas IL-10 and rapamycin both promote FOXP3 expression in iNKT 
cells, rapamycin was required for the induction of the contact-dependent suppressive 
capacity of iNKT cells and was also responsible for a decreased capacity of iNKT cells to 
produce IFN-γ in response to PMA/ionomycin stimulation. This implies that expression levels 
of FOXP3 alone do not reflect the suppressive potential of iNKT cells. Because it was recently 
reported that activated conventional T cells mainly expressed FOXP3 in the cytoplasm, 
whereas in Tregs FOXP3 was predominantly expressed in the nucleus [12], we evaluated 
whether this difference in intracellular FOXP3 localization in iNKT cells could be responsible 
for the observed functional differences in FOXP3-expressing iNKT cells. 
Localization of FOXP3 in activated conventional T cells and Tregs obtained after CD4- and 
CD25-based Treg isolation was determined by imaging flow cytometry. As described 
in Materials and Methods, a nuclear translocation score was calculated per cell 
(see Supplemental Fig. 1) based on the amount of FOXP3 in the entire cell versus the Hoechst 
signal. As shown in Fig. 6A, a low nuclear translocation score corresponds to cytoplasmic 
localization of FOXP3 and a high score corresponds to colocalization of FOXP3 and the nuclear 
Hoechst staining, as demonstrated in activated conventional T cells (i.e., CD4+CD25−/int T cells) 
and Tregs (CD4+CD25hi T cells), respectively. To evaluate the localization of FOXP3 in iNKT 
cells, cells were stained with FOXP3 and Hoechst and the nuclear translocation score was 
calculated. Our results indicate that iNKT cells cultured with rapamycin, IL-10 and rapamycin, 
or TGF-β and rapamycin have a higher nuclear translocation score compared with iNKT cells 
cultured with medium (control), IL-10, or TGF-β, respectively, demonstrating increased 
nuclear localization of FOXP3 in the presence of rapamycin (Fig. 6B). Because iNKT cells 
cultured with rapamycin (either with or without the addition of IL-10 or TGF-β) also showed 
suppressive functionality, these data strongly suggest that rapamycin induces suppressive 
capacity in iNKT cells by promoting nuclear localization of FOXP3. 
 

 
Figure 6. FOXP3 localization in conventional CD4+ T cells, Tregs, and iNKT cells by imaging flow 
cytometry. Based on the Hoechst signal, a mask delineating the nucleus was made. The nuclear 
translocation score was estimated based on the log-transformed ratio of the amount of FOXP3 in the 
entire cell versus the nuclear mask. (A) FOXP3 localization was determined in activated conventional 
T cells (Tconv) and Tregs, showing a differential subcellular localization in the two cell subtypes. A low 
nuclear translocation score corresponds to cytoplasmic localization of FOXP3 (activated Tconv cells) 
and a high score to nuclear localization (Tregs). (B) IL-10 and rapamycin differentially affect 
intracellular FOXP3 localization in iNKT cells. Culture of iNKT cells in the presence of rapamycin, but 
not of IL-10 or TGF-β alone, results in nuclear localization of FOXP3. Means ± SEM are shown. Data are 
representative of two independent experiments. 
 
Discussion 
In this study, we show that both IL-10 and rapamycin promote FOXP3 expression in iNKT cell 
lines, whereas in contrast to previous reports using ex vivo cells [4–6], stimulation of these 
lines in the presence of TGF-β did not result in increased levels of FOXP3 in iNKT cells. 
Complementing recent data [6], we show that a suppressive phenotype was only induced 
when iNKT cell lines were cultured in the presence of rapamycin, irrespective of the additional 
presence of IL-10 or TGF-β. This suppressive phenotype was accompanied by a reduced IFN-
γ–producing capacity in iNKT cells and nuclear translocation of FOXP3. Of note, rapamycin 
alone was also sufficient to induce FOXP3 expression and accompanying suppressive activity 
in ex vivo iNKT cells (Supplemental Fig. 3). 
In agreement with a previous study on iNKT cells [6] and several other reports describing the 
expression of FOXP3 in activated T cells without the acquisition of suppressive functions 
[9, 10], our data confirm that expression of FOXP3 alone does not reflect the suppressive 
potential of iNKT cells, but appears to be more indicative of the iNKT cell activation status. 
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Discussion 
In this study, we show that both IL-10 and rapamycin promote FOXP3 expression in iNKT cell 
lines, whereas in contrast to previous reports using ex vivo cells [4–6], stimulation of these 
lines in the presence of TGF-β did not result in increased levels of FOXP3 in iNKT cells. 
Complementing recent data [6], we show that a suppressive phenotype was only induced 
when iNKT cell lines were cultured in the presence of rapamycin, irrespective of the additional 
presence of IL-10 or TGF-β. This suppressive phenotype was accompanied by a reduced IFN-
γ–producing capacity in iNKT cells and nuclear translocation of FOXP3. Of note, rapamycin 
alone was also sufficient to induce FOXP3 expression and accompanying suppressive activity 
in ex vivo iNKT cells (Supplemental Fig. 3). 
In agreement with a previous study on iNKT cells [6] and several other reports describing the 
expression of FOXP3 in activated T cells without the acquisition of suppressive functions 
[9, 10], our data confirm that expression of FOXP3 alone does not reflect the suppressive 
potential of iNKT cells, but appears to be more indicative of the iNKT cell activation status. 
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We showed that FOXP3 could be induced in iNKT cells upon culture with IL-10 and rapamycin 
but not upon culture with TGF-β as previously described [6]. There are several reasons that 
may account for this observed discrepancy. First, Moreira-Teixeira et al. used iNKT cells 
derived from cord blood and freshly isolated PBMC, whereas we used iNKT cell lines. Freshly 
isolated PBMC, and cord blood cells in particular, have been suggested to be more plastic and 
perhaps easier to convert into a Treg phenotype with TGF-β compared with iNKT cell lines 
[6, 22]. In this study, we focused on the use of iNKT cell lines, as these are more reflective of 
the iNKT cell populations eventually used for future in vivo adoptive transfer studies. Second, 
results might be different due to an apparent difference in the flow cytometric gating strategy 
that was used to define FOXP3+ iNKT cells. We defined the FOXP3+ iNKT cells as CD25hi and 
thereby excluded CD25int/lowFOXP3+ iNKT cells, which might be, in analogy to the established 
gating strategy used for the identification of Tregs [14], activated iNKT cells rather than 
potentially suppressive iNKT cells. Our present data are in line with results previously 
reported by our group, showing upregulation of the activation marker CD25 on iNKT cells 
cultured in the presence of IL-10 and downregulation in the presence of TGF-β [23]. 
Furthermore, only in conditions where rapamycin was present was an effect on the IFN-γ 
production seen, whereas neither IL-10 nor TGF-β affected IFN-γ production by iNKT cells. The 
reduced capacity of rapamycin-exposed iNKT cells to produce IFN-γ could contribute to a less 
proinflammatory activity of these iNKT cells. Additionally, Monteiro et al. [4] also cultured 
iNKT cells in the presence of anti–IFN-γ mAbs, which may explain the possible induction of 
FOXP3. However, it was not shown that these FOXP3+ iNKT cells were able to suppress other 
T cell subsets, so it could rather reflect an activation-related induction of FOXP3. 
Tregs have been shown to be able to suppress other immune subsets by both contact-
dependent as well as contact-independent mechanisms, exerted by natural and induced 
Tregs (nTregs and iTregs), respectively [24]. Our data show a predominant contact-dependent 
suppression mechanism of iNKT cells, because they were not able to exert their suppressive 
effect when cultured with responder T cells in a Transwell system. The cell-bound factor 
responsible for the observed contact-dependent suppression as yet remains unidentified. 
Because our results (Fig. 1C) showed comparable CTLA-4 expression in both suppressive and 
nonsuppressive iNKT cells and no major differences in the expression of LAP between FOXP3− 
and CD25hiFOXP3+ iNKT cells (Fig. 2A), both markers were not considered to be responsible 
for the observed cell contact–dependent suppression. Of note, we found granzyme B levels 
to be significantly increased in iNKT cells cultured with IL-10 (data not shown), whereas levels 
were decreased in the additional presence of rapamycin. Therefore, because we did not find 
a correlation between granzyme B expression and suppressive capacities, we consider it also 
unlikely that granzyme B is responsible for the observed cell contact–dependent suppression. 
The combined absence of IFN-γ production and the ability to exert contact-dependent T cell 
suppression points to the acquisition of an nTreg-like state by the mTOR-inhibited iNKT cells 
rather than an iTreg-like state, which is characterized by simultaneous IL-10 and IFN-γ 
production and contact-independent T cell suppression [25]. 
To investigate whether iNKT cells share other phenotypic characteristics with nTregs, we 

determined the expression of several markers associated with conventional Tregs. We show 
that the expression of CTLA-4 was induced in iNKT cells upon culture with IL-10 and 
rapamycin, as seen for FOXP3, similar to the results previously described in nTregs [9]. 
Because LAP is a marker found on the surface of activated nTregs, associated with latent TGF-
β, and possibly involved in cell contact–dependent immunosuppression [20, 26], its 
expression on iNKT cells was determined. We found low percentages of LAP, which could be 
associated with a more resting status of the iNKT cells, and no major differences between 
FOXP3− and CD25hiFOXP3+iNKT cells were observed. However, addition of TGF-β did lead to a 
significant increase of LAP expression on CD25hiFOXP3+ iNKT cells compared with 
FOXP3− cells. Nevertheless, iNKT cells cultured in the presence of TGF-β did not acquire 
suppressive capacity. Helios is a marker shown to be expressed in all immature thymocytes 
whereas only small numbers of mature T cells still express Helios in the periphery [27]. 
However, nTregs were shown to maintain Helios expression in the periphery [28], and 
therefore absence of Helios could be used as an indication of the generation of iTregs [29]. 
Our data indicate that addition of rapamycin and the combination of TGF-β and rapamycin 
result in a significant increase of Helios expression in CD25hiFOXP3+ iNKT cells compared with 
FOXP3− iNKT cells, which may indicate a selective survival of a specific subset of iNKT cells 
with possibly preexisting suppressive capacities, consistent with nTregs. Furthermore, Helios 
expression was significantly decreased in CD25hiFOXP3+ iNKT cells upon culture with the 
combination of IL-10 and rapamycin compared with CD25hiFOXP3+ iNKT cells cultured in the 
presence of rapamycin only, indicative of an iTreg conversion rather than nTreg survival. 
However, these differences were not reflected in the mechanism of suppression because all 
rapamycin conditions, with or without the addition of IL-10 and TGF-β, showed suppression 
in a cell contact–dependent mechanism. 
Strikingly, we did observe a difference in localization of FOXP3 between activated 
FOXP3+ iNKT cells and suppressive FOXP3+ iNKT cells by cytoplasmic and nuclear FOXP3 
expression, respectively, as previously described in Tregs [12]. As nuclear localization was only 
observed when iNKT cells were exposed to rapamycin, we conclude that mTOR inhibition by 
rapamycin is responsible for the induction of suppressive capacities in iNKT cells, regardless 
of the presence of suppressive cytokines such as IL-10 or TGF-β, resulting in the induction of 
iNKTregs. 
iNKT cells can play a diverse role in the tissue microenvironment by rapidly producing 
stimulatory or inhibitory cytokines [1–3]. Additionally, in the tumor microenvironment iNKT 
cells can play an important role by modulating myeloid cells, thus achieving the abolishment 
of suppressor activity of myeloid-derived suppressor cells by CD1d- and CD40-dependent 
interactions [30]. Alternatively, as our data also indicate, iNKT cells can have direct 
suppressive capacities similar to Tregs and myeloid-derived suppressor cells. Highly 
proliferative tumors can cause amino acid deprivation that can lead to inhibition of mTOR 
[31], resulting in a possible contribution to a more suppressive tumor microenvironment and 
leading to conversion of iNKT cells into suppressor cells. This should be taken into 
consideration when thinking about the use of iNKT cells in the treatment of cancer. 
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but not upon culture with TGF-β as previously described [6]. There are several reasons that 
may account for this observed discrepancy. First, Moreira-Teixeira et al. used iNKT cells 
derived from cord blood and freshly isolated PBMC, whereas we used iNKT cell lines. Freshly 
isolated PBMC, and cord blood cells in particular, have been suggested to be more plastic and 
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results might be different due to an apparent difference in the flow cytometric gating strategy 
that was used to define FOXP3+ iNKT cells. We defined the FOXP3+ iNKT cells as CD25hi and 
thereby excluded CD25int/lowFOXP3+ iNKT cells, which might be, in analogy to the established 
gating strategy used for the identification of Tregs [14], activated iNKT cells rather than 
potentially suppressive iNKT cells. Our present data are in line with results previously 
reported by our group, showing upregulation of the activation marker CD25 on iNKT cells 
cultured in the presence of IL-10 and downregulation in the presence of TGF-β [23]. 
Furthermore, only in conditions where rapamycin was present was an effect on the IFN-γ 
production seen, whereas neither IL-10 nor TGF-β affected IFN-γ production by iNKT cells. The 
reduced capacity of rapamycin-exposed iNKT cells to produce IFN-γ could contribute to a less 
proinflammatory activity of these iNKT cells. Additionally, Monteiro et al. [4] also cultured 
iNKT cells in the presence of anti–IFN-γ mAbs, which may explain the possible induction of 
FOXP3. However, it was not shown that these FOXP3+ iNKT cells were able to suppress other 
T cell subsets, so it could rather reflect an activation-related induction of FOXP3. 
Tregs have been shown to be able to suppress other immune subsets by both contact-
dependent as well as contact-independent mechanisms, exerted by natural and induced 
Tregs (nTregs and iTregs), respectively [24]. Our data show a predominant contact-dependent 
suppression mechanism of iNKT cells, because they were not able to exert their suppressive 
effect when cultured with responder T cells in a Transwell system. The cell-bound factor 
responsible for the observed contact-dependent suppression as yet remains unidentified. 
Because our results (Fig. 1C) showed comparable CTLA-4 expression in both suppressive and 
nonsuppressive iNKT cells and no major differences in the expression of LAP between FOXP3− 
and CD25hiFOXP3+ iNKT cells (Fig. 2A), both markers were not considered to be responsible 
for the observed cell contact–dependent suppression. Of note, we found granzyme B levels 
to be significantly increased in iNKT cells cultured with IL-10 (data not shown), whereas levels 
were decreased in the additional presence of rapamycin. Therefore, because we did not find 
a correlation between granzyme B expression and suppressive capacities, we consider it also 
unlikely that granzyme B is responsible for the observed cell contact–dependent suppression. 
The combined absence of IFN-γ production and the ability to exert contact-dependent T cell 
suppression points to the acquisition of an nTreg-like state by the mTOR-inhibited iNKT cells 
rather than an iTreg-like state, which is characterized by simultaneous IL-10 and IFN-γ 
production and contact-independent T cell suppression [25]. 
To investigate whether iNKT cells share other phenotypic characteristics with nTregs, we 

determined the expression of several markers associated with conventional Tregs. We show 
that the expression of CTLA-4 was induced in iNKT cells upon culture with IL-10 and 
rapamycin, as seen for FOXP3, similar to the results previously described in nTregs [9]. 
Because LAP is a marker found on the surface of activated nTregs, associated with latent TGF-
β, and possibly involved in cell contact–dependent immunosuppression [20, 26], its 
expression on iNKT cells was determined. We found low percentages of LAP, which could be 
associated with a more resting status of the iNKT cells, and no major differences between 
FOXP3− and CD25hiFOXP3+iNKT cells were observed. However, addition of TGF-β did lead to a 
significant increase of LAP expression on CD25hiFOXP3+ iNKT cells compared with 
FOXP3− cells. Nevertheless, iNKT cells cultured in the presence of TGF-β did not acquire 
suppressive capacity. Helios is a marker shown to be expressed in all immature thymocytes 
whereas only small numbers of mature T cells still express Helios in the periphery [27]. 
However, nTregs were shown to maintain Helios expression in the periphery [28], and 
therefore absence of Helios could be used as an indication of the generation of iTregs [29]. 
Our data indicate that addition of rapamycin and the combination of TGF-β and rapamycin 
result in a significant increase of Helios expression in CD25hiFOXP3+ iNKT cells compared with 
FOXP3− iNKT cells, which may indicate a selective survival of a specific subset of iNKT cells 
with possibly preexisting suppressive capacities, consistent with nTregs. Furthermore, Helios 
expression was significantly decreased in CD25hiFOXP3+ iNKT cells upon culture with the 
combination of IL-10 and rapamycin compared with CD25hiFOXP3+ iNKT cells cultured in the 
presence of rapamycin only, indicative of an iTreg conversion rather than nTreg survival. 
However, these differences were not reflected in the mechanism of suppression because all 
rapamycin conditions, with or without the addition of IL-10 and TGF-β, showed suppression 
in a cell contact–dependent mechanism. 
Strikingly, we did observe a difference in localization of FOXP3 between activated 
FOXP3+ iNKT cells and suppressive FOXP3+ iNKT cells by cytoplasmic and nuclear FOXP3 
expression, respectively, as previously described in Tregs [12]. As nuclear localization was only 
observed when iNKT cells were exposed to rapamycin, we conclude that mTOR inhibition by 
rapamycin is responsible for the induction of suppressive capacities in iNKT cells, regardless 
of the presence of suppressive cytokines such as IL-10 or TGF-β, resulting in the induction of 
iNKTregs. 
iNKT cells can play a diverse role in the tissue microenvironment by rapidly producing 
stimulatory or inhibitory cytokines [1–3]. Additionally, in the tumor microenvironment iNKT 
cells can play an important role by modulating myeloid cells, thus achieving the abolishment 
of suppressor activity of myeloid-derived suppressor cells by CD1d- and CD40-dependent 
interactions [30]. Alternatively, as our data also indicate, iNKT cells can have direct 
suppressive capacities similar to Tregs and myeloid-derived suppressor cells. Highly 
proliferative tumors can cause amino acid deprivation that can lead to inhibition of mTOR 
[31], resulting in a possible contribution to a more suppressive tumor microenvironment and 
leading to conversion of iNKT cells into suppressor cells. This should be taken into 
consideration when thinking about the use of iNKT cells in the treatment of cancer. 
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Furthermore, mTOR inhibitors are frequently used in the treatment of various types of cancer, 
for example, metastatic renal cell cancer, advanced breast cancer, and others [32, 33], and it 
has been shown to result in the expansion of Tregs both in vitro and in vivo [34–36]. Because 
our data indicate that iNKT cells can also be converted into suppressor cells, the putative 
detrimental immune effects that mTOR inhibitors may have in light of cancer treatment [37] 
could be more extensive and include iNKT cells. In keeping with this notion, regulatory γδ T 
cells were also recently shown to be induced upon culture with rapamycin [38]. 
Taking the immunosuppressive properties of iNKTregs into account, it could be possible to 
apply iNKTregs in the treatment of immune-mediated inflammatory diseases. The most 
efficacious therapy for hematological malignancies is allogeneic hematopoietic stem cell 
transplantation (HSCT). Unfortunately, a major complication of HSCT is graft-versus-host 
disease (GVHD), induced by the donor-derived T cells. Because it has been shown that iNKT 
cell numbers can predict the incidence of GVHD after HSCT [39], our data suggest that mTOR 
inhibitors could have additional value during HSCT or in the treatment of GVHD by inducing a 
more suppressive microenvironment, possibly in part by the induction of suppressive iNKT 
cells. 
In conclusion, we show that rapamycin induces a contact-dependent suppressive capacity in 
iNKT cells, regardless of the addition of suppressive cytokines. We show that in this setting 
FOXP3 is primarily localized in the nuclear compartment of iNKT cells whereas in other cases, 
where iNKT cells are activated or cultured in the presence of IL-10, cytoplasmic FOXP3 
expression predominates. This effect of rapamycin should be taken into account as possibly 
detrimental in the treatment of cancer patients (e.g., with mTOR inhibitors) and vice versa as 
possibly beneficial for adoptive transfer of regulatory iNKT cells in the treatment of 
inflammatory disorders. 
 
 
References 
1.  Godfrey, D. I., and S. P. Berzins. 2007. Control points in NKT-cell development. Nat. Rev. 

Immunol. 7: 505–18. 
2.  Tupin, E., Y. Kinjo, and M. Kronenberg. 2007. The unique role of natural killer T cells in the 

response to microorganisms. Nat. Rev. Microbiol. 5: 405–17. 
3.  van der Vliet, H. J. J., J. W. Molling, B. M. E. von Blomberg, N. Nishi, W. Kölgen, A. J. M. van den 

Eertwegh, H. M. Pinedo, G. Giaccone, and R. J. Scheper. 2004. The immunoregulatory role of 
CD1d-restricted natural killer T cells in disease. Clin. Immunol. 112: 8–23. 

4.  Monteiro, M., C. F. Almeida, M. Caridade, J. C. Ribot, J. Duarte, A. Agua-Doce, I. Wollenberg, B. 
Silva-Santos, and L. Graca. 2010. Identification of regulatory Foxp3+ invariant NKT cells induced 
by TGF-beta. J. Immunol. 185: 2157–63. 

5.  Engelmann, P., K. Farkas, J. Kis, G. Richman, Z. Zhang, C. W. Liew, M. Borowiec, M. a Niewczas, 
H. Jalahej, and T. Orbán. 2011. Characterization of human invariant natural killer T cells 
expressing FoxP3. Int. Immunol. 23: 473–84. 

6.  Moreira-Teixeira, L., M. Resende, O. Devergne, J.-P. Herbeuval, O. Hermine, E. Schneider, M. 
Dy, A. Cordeiro-da-Silva, and M. C. Leite-de-Moraes. 2012. Rapamycin combined with TGF-β 

converts human invariant NKT cells into suppressive Foxp3+ regulatory cells. J. Immunol. 188: 
624–31. 

7.  Sakaguchi, S. 2005. Naturally arising Foxp3-expressing CD25+CD4+ regulatory T cells in 
immunological tolerance to self and non-self. Nat. Immunol. 6: 345–52. 

8.  van der Vliet, H. J. J., and E. E. Nieuwenhuis. 2007. IPEX as a result of mutations in FOXP3. Clin. 
Dev. Immunol. 2007: 89017. 

9. Allan, S. E., S. Q. Crome, N. K. Crellin, L. Passerini, T. S. Steiner, R. Bacchetta, M. G. Roncarolo, 
and M. K. Levings. 2007. Activation-induced FOXP3 in human T effector cells does not suppress 
proliferation or cytokine production. Int. Immunol. 19: 345–54. 

10.  Tran, D. Q., H. Ramsey, and E. M. Shevach. 2007. Induction of FOXP3 expression in naive human 
CD4+FOXP3 T cells by T-cell receptor stimulation is transforming growth factor-beta dependent 
but does not confer a regulatory phenotype. Blood 110: 2983–90. 

11.  Schneiders, F. L., R. C. G. de Bruin, S. J. a M. Santegoets, M. Bonneville, E. Scotet, R. J. Scheper, 
H. M. W. Verheul, T. D. de Gruijl, and H. J. van der Vliet. 2012. Activated iNKT cells promote 
Vγ9Vδ2-T cell anti-tumor effector functions through the production of TNF-α. Clin. Immunol. 
142: 194–200. 

12.  Magg, T., J. Mannert, J. W. Ellwart, I. Schmid, and M. H. Albert. 2012. Subcellular localization 
of FOXP3 in human regulatory and nonregulatory T cells. Eur. J. Immunol. 42: 1627–38. 

13.  Sakaguchi, S., T. Yamaguchi, T. Nomura, and M. Ono. 2008. Regulatory T cells and immune 
tolerance. Cell 133: 775–87. 

14.  Miyara, M., Y. Yoshioka, A. Kitoh, T. Shima, K. Wing, A. Niwa, C. Parizot, C. Taflin, T. Heike, D. 
Valeyre, A. Mathian, T. Nakahata, T. Yamaguchi, T. Nomura, M. Ono, Z. Amoura, G. Gorochov, 
and S. Sakaguchi. 2009. Functional delineation and differentiation dynamics of human CD4+ T 
cells expressing the FoxP3 transcription factor. Immunity 30: 899–911. 

15.  Takahashi, B. T., T. Tagami, S. Yamazaki, T. Uede, J. Shimizu, N. Sakaguchi, T. W. Mak, and S. 
Sakaguchi. 2000. Regulatory T Cells Constitutively Expressing Cytotoxic T Lymphocyte – 
associated Antigen 4. 192. 

16.  Schmetterer, K. G., A. Neunkirchner, and W. F. Pickl. 2012. Naturally occurring regulatory T 
cells: markers, mechanisms, and manipulation. FASEB J. 26: 2253–76. 

17.  Josefowicz, S. Z., L.-F. Lu, and A. Y. Rudensky. 2012. Regulatory T cells: mechanisms of 
differentiation and function. Annu. Rev. Immunol. 30: 531–64. 

18.  Takahashi, T., T. Tagami, S. Yamazaki, T. Uede, J. Shimizu, N. Sakaguchi, T. W. Mak, and S. 
Sakaguchi. 2000. Immunologic self-tolerance maintained by CD25(+)CD4(+) regulatory T cells 
constitutively expressing cytotoxic T lymphocyte-associated antigen 4. J. Exp. Med. 192: 303–
10. 

19.  Read, S., V. Malmström, and F. Powrie. 2000. Cytotoxic T lymphocyte-associated antigen 4 
plays an essential role in the function of CD25(+)CD4(+) regulatory cells that control intestinal 
inflammation. J. Exp. Med. 192: 295–302. 

20.  Nakamura, K., A. Kitani, and W. Strober. 2001. Cell contact-dependent immunosuppression by 
CD4(+)CD25(+) regulatory T cells is mediated by cell surface-bound transforming growth factor 
beta. J. Exp. Med. 194: 629–44. 

21.  Schmidt, A., N. Oberle, and P. H. Krammer. 2012. Molecular mechanisms of treg-mediated t 
cell suppression. Front. Immunol. 3. 

22.  Kadowaki, N., S. Antonenko, S. Ho, M. C. Rissoan, V. Soumelis, S. A. Porcelli, L. L. Lanier, and Y. 
J. Liu. 2001. Distinct cytokine profiles of neonatal natural killer T cells after expansion with 

Inhoud Lotte Huijts v10.indd   36 5-8-2019   09:19:18



 37

Rapamycin-induced nuclear FoxP3 converts iNKT into iNKTregs

2

Furthermore, mTOR inhibitors are frequently used in the treatment of various types of cancer, 
for example, metastatic renal cell cancer, advanced breast cancer, and others [32, 33], and it 
has been shown to result in the expansion of Tregs both in vitro and in vivo [34–36]. Because 
our data indicate that iNKT cells can also be converted into suppressor cells, the putative 
detrimental immune effects that mTOR inhibitors may have in light of cancer treatment [37] 
could be more extensive and include iNKT cells. In keeping with this notion, regulatory γδ T 
cells were also recently shown to be induced upon culture with rapamycin [38]. 
Taking the immunosuppressive properties of iNKTregs into account, it could be possible to 
apply iNKTregs in the treatment of immune-mediated inflammatory diseases. The most 
efficacious therapy for hematological malignancies is allogeneic hematopoietic stem cell 
transplantation (HSCT). Unfortunately, a major complication of HSCT is graft-versus-host 
disease (GVHD), induced by the donor-derived T cells. Because it has been shown that iNKT 
cell numbers can predict the incidence of GVHD after HSCT [39], our data suggest that mTOR 
inhibitors could have additional value during HSCT or in the treatment of GVHD by inducing a 
more suppressive microenvironment, possibly in part by the induction of suppressive iNKT 
cells. 
In conclusion, we show that rapamycin induces a contact-dependent suppressive capacity in 
iNKT cells, regardless of the addition of suppressive cytokines. We show that in this setting 
FOXP3 is primarily localized in the nuclear compartment of iNKT cells whereas in other cases, 
where iNKT cells are activated or cultured in the presence of IL-10, cytoplasmic FOXP3 
expression predominates. This effect of rapamycin should be taken into account as possibly 
detrimental in the treatment of cancer patients (e.g., with mTOR inhibitors) and vice versa as 
possibly beneficial for adoptive transfer of regulatory iNKT cells in the treatment of 
inflammatory disorders. 
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Supplementary material 

 
Supplementary fig. 1. Determination of FoxP3 nuclear translocation in T cells by imaging flow 
cytometry. FoxP3 localization was determined by intracellular staining with Hoechst and FoxP3-AF488 
using the eBioscience fixation/permeabilization kit. Cells were analyzed using imaging flow cytometry. 
Based on the Hoechst signal a mask delineating the nuclei was designed. Subsequently the ratio of the 
amount of FoxP3 in the entire cell versus the nuclear mask was calculated. This ratio was log-
transformed and termed ‘nuclear translocation score’.  
 
 

 
Supplementary fig. 2. Correlation between the frequency of CD25hiFoxP3+ iNKT cells and the relative 
proliferation of responder T cells. FoxP3 expression was determined after 7 days of co-culture of iNKT 
cells with α-GalCer loaded immature moDC and IL-2 in the presence of medium alone or 
supplemented with IL-10, TGFβ and/ or rapamycin. Percentages of CD25hiFoxP3+ iNKT cells were 
assessed by flow cytometry according to the gating strategy shown in Fig. 1A. CFSE dilution of CD8+ 
responder T cells was determined and represented as proliferation of responder T cells relative to the 
iNKT (medium) control. Each point represents an individual data point, symbols represent the 
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Supplementary material 

 
Supplementary fig. 1. Determination of FoxP3 nuclear translocation in T cells by imaging flow 
cytometry. FoxP3 localization was determined by intracellular staining with Hoechst and FoxP3-AF488 
using the eBioscience fixation/permeabilization kit. Cells were analyzed using imaging flow cytometry. 
Based on the Hoechst signal a mask delineating the nuclei was designed. Subsequently the ratio of the 
amount of FoxP3 in the entire cell versus the nuclear mask was calculated. This ratio was log-
transformed and termed ‘nuclear translocation score’.  
 
 

 
Supplementary fig. 2. Correlation between the frequency of CD25hiFoxP3+ iNKT cells and the relative 
proliferation of responder T cells. FoxP3 expression was determined after 7 days of co-culture of iNKT 
cells with α-GalCer loaded immature moDC and IL-2 in the presence of medium alone or 
supplemented with IL-10, TGFβ and/ or rapamycin. Percentages of CD25hiFoxP3+ iNKT cells were 
assessed by flow cytometry according to the gating strategy shown in Fig. 1A. CFSE dilution of CD8+ 
responder T cells was determined and represented as proliferation of responder T cells relative to the 
iNKT (medium) control. Each point represents an individual data point, symbols represent the 
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presence of cytokines e.g. no addition of cytokines (iNKT control; ○), addition of TGFβ (□) or IL-10 (∆). 
Presence of rapamycin is visualized with filled symbols. p-value <0.05, R=-0.61. 
 
 

 
Supplementary fig. 3. Induction of FoxP3 and suppressive functionality in ex vivo iNKT cells. A, FoxP3 
expression was determined after a 7 day co-culture of iNKT cells, purified from peripheral blood, α-
GalCer-loaded immature moDC and IL-2 in the presence of medium (iNKT control), rapamycin, or TGFβ 
and rapamycin. The percentages of CD25hiFoxP3+ iNKT cells were assessed by flow cytometry 
according to the gating strategy shown in Fig. 1A. Means+SEM are shown; p-values are indicated with 
asterisks; * p ≤ 0.05, n=4; One way repeated measures ANOVA with Bonferroni post-test. B, 
Histograms showing CFSE dilution of CD8+ responder T cells cultured alone or stimulated using anti-
CD3 mAb, anti-CD28 mAb, and IL-2 in the presence of iNKT cells pretreated with medium (iNKT 
control), rapamycin or TGFβ and rapamycin. Percentages of CD8+ responder T cell proliferation are 
indicated.  
 

  

Response to Comment on “mTOR Inhibition Per Se Induces Nuclear Localization of FOXP3 
and Conversion of Invariant NKT (iNKT) Cells into Immunosuppressive Regulatory iNKT 
Cells” 
 
We thank Drs. Moreira-Teixeira and Leite-de-Moraes for their interest in our paper. From 
their additional data, it was concluded that FOXP3 was induced in ex vivo invariant NKT (iNKT) 
upon in vitro exposure of iNKT to TGF-β, rapamycin, and particularly the combination of TGF-
β and rapamycin [1]. Unresolved in their data as presented is the intracellular localization of 
FOXP3. Clearly, an analysis thereof would have been instrumental when connecting to our 
recently published paper. Key in our paper was the observation that suppressive iNKT were 
characterized by nuclear localization of FOXP3 and that this was only observed when iNKT 
were cultured in the presence of rapamycin. Though we acknowledge, as was already 
discussed in our manuscript, that the overall plasticity of iNKT might be higher in ex vivo iNKT 
cells compared with iNKT cell lines, it is important to realize that a suppressive function was 
not documented by Moreira-Teixeira et al. using iNKT cultured in the presence of TGF-β alone 
[2]. From our studies, it has become clear that regardless of the presence of TGF-β, mTOR 
inhibition is sufficient to confer iNKT into FOXP3+ iNKT with suppressive functions (as was also 
discussed in our manuscript and demonstrated in ex vivo iNKT in supplemental figure 3). 
Finally, we fully agree with the conclusion of Moreira-Teixeira et al. [1] that a better 
understanding of the factors controlling iNKT cell functions has the potential to have 
substantial impact on patient care. 
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Cordeiro-da-Silva, M. C. Leite-de-Moraes. 2012. Rapamycin combined with TGF-β converts human 
invariant NKT cells into suppressive Foxp3+ regulatory cells. J. Immunol. 188: 624–631. 
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Abstract 
The PI3K/mTOR pathway is commonly deregulated in cancer. mTOR inhibitors are registered 
for the treatment of several solid tumors and novel inhibitors are explored clinically. Notably, 
this pathway also plays an important role in immunoregulation. While mTOR 
inhibitors block cell cycle progression of conventional T cells (Tconv), they also result in the 
expansion of CD4+CD25hiFOXP3+ regulatory T cells (Tregs), and this likely limits their clinical 
antitumor efficacy. Here, we compared the effects of dual mTOR/PI3K inhibition (using 
BEZ235) to single PI3K (using BKM120) or mTOR inhibition (using rapamycin and everolimus) 
on Treg expansion and functionality. Whereas rapamycin, everolimus and BEZ235 effected a 
relative expansion benefit for Tregs and increased their overall suppressive 
activity, BKM120 allowed for similar expansion rates of Tregs and Tconv without altering their 
overall suppressive activity. Therefore, PI3K inhibition alone might offer antitumor efficacy 
without the detrimental selective expansion of Tregs associated with mTOR inhibition. 
 
Introduction 
CD4+CD25hiFoxP3+ regulatory T cells (Tregs) represent a functionally distinct lineage of 
immunoregulatory T cells that have been shown to be important regulators of immunological 
tolerance [1]. Tregs are critically dependent on the transcription factor FoxP3 [2], and play a 
diverse but crucial role in autoimmunity, transplantation and cancer [3]. They can be 
categorized in three subsets, thymus derived Tregs (tTregs) which were previously named 
natural Tregs, peripherally derived Tregs (pTregs) and in vitro-induced Tregs (iTregs) together 
previously named induced Tregs [4]. Besides CD3, CD4, CD25 and FoxP3, the absence of the 
surface marker CD127 and the presence of several other markers like CTLA-4 and Helios can 
be used to define Tregs [5]. Previous reports have shown that for the in vitro culture of Tregs 
it is preferable to add rapamycin, since this would lead to a preferential expansion of Tregs 
over conventional T cells (Tconv) [6-8], possibly due to selective apoptosis of conventional T 
cells [9]. In addition, Treg enriched cell populations cultured in the presence of rapamycin 
retained stable FoxP3 expression after in vivo transfer in a murine model [10]. Moreover, in 
vivo treatment with rapamycin was shown to lead to the expansion of Tregs [11]. 
Since the mTOR pathway is commonly deregulated in cancer and mTOR inhibitors have 
shown efficacy in the treatment of metastatic renal cell cancer [12], pancreatic 
neuroendocrine tumor (pNET) [13] and advanced hormone receptor-positive HER2-negative 
breast cancer [14], mTOR inhibitors are now widely used in the treatment of cancer. However, 
this could result in the detrimental expansion of Tregs thereby potentially limiting their 
clinical antitumor effect. 
At this moment, novel inhibitors of the PI3K/mTOR pathway (like BEZ235 and BKM120) are 
being explored clinically [15], though their immunological effects have not been extensively 
studied. Therefore we set out to study the effects of dual PI3K/mTOR inhibition compared to 
single inhibition of PI3K or mTOR on the expansion and functionality of Treg enriched cell 
populations. Our data indicate that whereas single mTOR inhibition and dual PI3K/mTOR 
inhibition both effected a relative expansion benefit for CD25hiFoxP3+ Tregs and increased 
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Abstract 
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expansion of CD4+CD25hiFOXP3+ regulatory T cells (Tregs), and this likely limits their clinical 
antitumor efficacy. Here, we compared the effects of dual mTOR/PI3K inhibition (using 
BEZ235) to single PI3K (using BKM120) or mTOR inhibition (using rapamycin and everolimus) 
on Treg expansion and functionality. Whereas rapamycin, everolimus and BEZ235 effected a 
relative expansion benefit for Tregs and increased their overall suppressive 
activity, BKM120 allowed for similar expansion rates of Tregs and Tconv without altering their 
overall suppressive activity. Therefore, PI3K inhibition alone might offer antitumor efficacy 
without the detrimental selective expansion of Tregs associated with mTOR inhibition. 
 
Introduction 
CD4+CD25hiFoxP3+ regulatory T cells (Tregs) represent a functionally distinct lineage of 
immunoregulatory T cells that have been shown to be important regulators of immunological 
tolerance [1]. Tregs are critically dependent on the transcription factor FoxP3 [2], and play a 
diverse but crucial role in autoimmunity, transplantation and cancer [3]. They can be 
categorized in three subsets, thymus derived Tregs (tTregs) which were previously named 
natural Tregs, peripherally derived Tregs (pTregs) and in vitro-induced Tregs (iTregs) together 
previously named induced Tregs [4]. Besides CD3, CD4, CD25 and FoxP3, the absence of the 
surface marker CD127 and the presence of several other markers like CTLA-4 and Helios can 
be used to define Tregs [5]. Previous reports have shown that for the in vitro culture of Tregs 
it is preferable to add rapamycin, since this would lead to a preferential expansion of Tregs 
over conventional T cells (Tconv) [6-8], possibly due to selective apoptosis of conventional T 
cells [9]. In addition, Treg enriched cell populations cultured in the presence of rapamycin 
retained stable FoxP3 expression after in vivo transfer in a murine model [10]. Moreover, in 
vivo treatment with rapamycin was shown to lead to the expansion of Tregs [11]. 
Since the mTOR pathway is commonly deregulated in cancer and mTOR inhibitors have 
shown efficacy in the treatment of metastatic renal cell cancer [12], pancreatic 
neuroendocrine tumor (pNET) [13] and advanced hormone receptor-positive HER2-negative 
breast cancer [14], mTOR inhibitors are now widely used in the treatment of cancer. However, 
this could result in the detrimental expansion of Tregs thereby potentially limiting their 
clinical antitumor effect. 
At this moment, novel inhibitors of the PI3K/mTOR pathway (like BEZ235 and BKM120) are 
being explored clinically [15], though their immunological effects have not been extensively 
studied. Therefore we set out to study the effects of dual PI3K/mTOR inhibition compared to 
single inhibition of PI3K or mTOR on the expansion and functionality of Treg enriched cell 
populations. Our data indicate that whereas single mTOR inhibition and dual PI3K/mTOR 
inhibition both effected a relative expansion benefit for CD25hiFoxP3+ Tregs and increased 
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overall immunosuppressive activity, the PI3K inhibitor BKM120 allowed for similar expansion 
rates of Tregs and Tconv and did not alter the overall immunosuppressive activity. In keeping 
with this observation, BKM120 also induced lower, although not significant, levels of the 
tTreg-related markers CTLA-4 and Helios than the mTOR single or PI3K/mTOR dual inhibitors. 
Therefore, inhibition of PI3K might offer antitumor efficacy without the detrimental selective 
Treg expansion that is associated with the downstream inhibition of mTOR. Apart from 
potentially increasing the antitumor efficacy of inhibitors of the PI3K/mTOR pathway, this 
knowledge could be relevant when considering combination therapy of inhibitors of this 
pathway with immunotherapeutic approaches. 
 
Materials and methods 
Cell purification 
Peripheral Blood Mononuclear Cells (PBMC) were isolated from buffy coats or heparinized 
blood of healthy donors by density-gradient centrifugation with Lymphoprep (Axis-Shield, 
Olso, Norway). CD4+ T cells were isolated using the untouched CD4+ T cell isolation kit 
(Miltenyi Biotec, Bergisch Gladbach, Germany), according to the manufacturer's protocol with 
a mean (± SEM) purity of 93.9% (± 2.3). Next, CD4+CD25+ cells were isolated over two 
consecutive magnetic columns using CD25 MicroBeads (Miltenyi Biotec) according to the 
manufacturer's protocol with a mean (± SEM) purity of 87% (± 2.1) CD4+CD25+ cells and 63.8% 
(± 2.9) CD25+FoxP3+ cells. 
 
Cell cultures 
MACS purified CD4+CD25+ T cells were cultured according to a modified version of a 
previously described protocol by Battaglia et al. [16] CD4+CD25+ T cells were plated at 
0.1 × 106/ml in RPMI 1640 (Lonza, Basel, Switzerland) supplemented with 100 I.E./ml sodium 
penicillin (Astellas Pharma, Leiden, the Netherlands), 100 μg/ml streptomycin 
sulphate (Radiumfarma-Fisiofarma, Naples, Italy), 2.0 nM L-glutamine (Life Technologies, 
Bleiswijk, the Netherlands), 10% pooled human AB serum (MP Biomedicals, Ohio, USA) and 
0.02 mM pyruvic acid (Sigma, St. Louis, USA), hereafter referred to as culture medium, with 
anti-CD3/anti-CD28 Ab-coated magnetic Dynabeads (CD3/CD28 beads, Dynal 
Biotech/Invitrogen Life Technologies) with a bead to cell ratio of 1:2 in the presence or 
absence of rapamycin (Calbiochem, Merck Millipore, Darmstadt, Germany), the mTOR 
inhibitor (everolimus), the dual PI3K/mTOR inhibitor BEZ235 or the single pan PI3K 
inhibitor BKM120 (received from Novartis, Basel, Switzerland) at the indicated 
concentrations. At day 2 post activation IL-2 (500 IU/mL, Proleukin, Novartis, Arnhem, The 
Netherlands) was added. Cultures were split and provided with fresh medium containing IL-2 
with or without drugs on day 6 and day 9. On day 10 cells were harvested, washed and rested 
in culture medium containing 5% pooled human AB serum and low dose IL-2 (50 IU/mL). After 
three days cells were harvested and used for functional and phenotypic analysis. In the 
cultures, Tregs were defined as CD3+CD4+CD25hiFoxP3+ cells and Tconv were defined as all 
other CD3+CD4+ cells present in the cultures. 

Flow cytometry 
Cells were analyzed by flow cytometry using FITC labeled antibodies against CD4 and CD25 
(both BD Biosciences, New Jersey, USA), PE labeled antibodies against CD147 (eBioscience, 
San Diego, USA), CD45RA (BD Biosciences) CD121b and Tim-3 (both R&D systems, 
Minneapolis, USA), PerCP-Cy5.5 labeled antibodies against CD3 and CD4 (BD Biosciences) 
and APC labeled antibodies against CD25 (BD Biosciences), CCR7, LAP (both R&D systems), 
and PD-1 (BD Biosciences). Stainings were performed in PBS supplemented with 0.1% BSA 
and 0.02% sodium-azide for 30 min at 4 °C. Intracellular stainings were performed after 
fixation and permeabilization using a fixation/ permeabilization kit according to 
manufacturer's protocol (eBioscience). FoxP3 was stained with either PCH101 PE 
(eBioscience) or 259D Alexa Fluor 488 (Biolegend, San Diego, USA) anti-FoxP3 mAbs. 
Intracellular stainings for Helios, CTLA-4 and Ki-67 were performed using FITC labeled Helios 
(Biolegend) and PE-labeled CTLA-4 (BD Biosciences) and Ki-67 (BD Biosciences). Before 
intracellular IL-2 staining, cells were stimulated for 4 h with 50 ng/mL PMA and 
500 ng/mL ionomycin in the presence of brefeldin A (1:500; Golgiplug, BD Biosciences) and 
subsequently stained for CD25, CD4, FoxP3 and IL-2 (BD Biosciences), using the eBioscience 
fixation/permeabilization kit. Live cells were gated based on forward and side scatter and 
analyzed on a BD FACSCalibur (BD Biosciences) using CellQuest or Kaluza Analysis Software 
(Beckman Coulter). 
 
Western blot 
The expression of PI3K/mTOR pathway proteins was determined in freshly isolated 
CD4+CD25+ T cells, cultured in the presence of rapamycin, RAD001, BEZ235 or BKM120, IL-2 
100 IU/mL and anti-CD3/anti-CD28 Ab-coated magnetic Dynabeads. After 24 h cells were 
harvested, washed with PBS and lysed with Sample Diluent Concentrate 2 (R&D systems) 
supplemented with Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, Life 
Technologies). After sonication (Soniprep 150, amplitude 18, for 3 times 5 s with 10 s time 
intervals, on ice) cells were centrifuged at 10,000g for 10 min at 4 °C. The supernatant was 
collected and protein concentration was determined using the Pierce BCA Protein Assay Kit 
(Thermo Scientific, Life Technologies). Equal amounts (10–20 μg) of protein from each sample 
were separated on 10% SDS polyacrylamide gels and subsequently transferred 
to PVDF membranes (Immobilon-FL, Millipore, Carrigtohill, Ireland). Membranes were 
incubated with primary antibodies phospho-Akt (Ser473, mouse) total Akt (rabbit), phospho-
p70S6K (Thr389, mouse), and total p-70S6K (rabbit, all from Cell Signaling, Danvers, 
Massachusetts) as specified in the manufacturer's protocol, and specific binding was 
visualized by using species-specific HRP conjugated immunoglobulin G, followed by enhanced 
chemiluminescent detection and exposure to ECL X-ray film. Anti-β-actin (A5441) (Sigma-
Aldrich, St. Louis, USA) was used as a loading control. Bands were quantified by analysis of 
films using the Image J Program, and values were corrected using the corresponding β-
actin protein band and normalized to untreated samples. 

Inhoud Lotte Huijts v10.indd   46 5-8-2019   09:19:19



 47

Effects of PI3K/mTOR pathway inhibition on Tregs

3

overall immunosuppressive activity, the PI3K inhibitor BKM120 allowed for similar expansion 
rates of Tregs and Tconv and did not alter the overall immunosuppressive activity. In keeping 
with this observation, BKM120 also induced lower, although not significant, levels of the 
tTreg-related markers CTLA-4 and Helios than the mTOR single or PI3K/mTOR dual inhibitors. 
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anti-CD3/anti-CD28 Ab-coated magnetic Dynabeads (CD3/CD28 beads, Dynal 
Biotech/Invitrogen Life Technologies) with a bead to cell ratio of 1:2 in the presence or 
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inhibitor BKM120 (received from Novartis, Basel, Switzerland) at the indicated 
concentrations. At day 2 post activation IL-2 (500 IU/mL, Proleukin, Novartis, Arnhem, The 
Netherlands) was added. Cultures were split and provided with fresh medium containing IL-2 
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in culture medium containing 5% pooled human AB serum and low dose IL-2 (50 IU/mL). After 
three days cells were harvested and used for functional and phenotypic analysis. In the 
cultures, Tregs were defined as CD3+CD4+CD25hiFoxP3+ cells and Tconv were defined as all 
other CD3+CD4+ cells present in the cultures. 

Flow cytometry 
Cells were analyzed by flow cytometry using FITC labeled antibodies against CD4 and CD25 
(both BD Biosciences, New Jersey, USA), PE labeled antibodies against CD147 (eBioscience, 
San Diego, USA), CD45RA (BD Biosciences) CD121b and Tim-3 (both R&D systems, 
Minneapolis, USA), PerCP-Cy5.5 labeled antibodies against CD3 and CD4 (BD Biosciences) 
and APC labeled antibodies against CD25 (BD Biosciences), CCR7, LAP (both R&D systems), 
and PD-1 (BD Biosciences). Stainings were performed in PBS supplemented with 0.1% BSA 
and 0.02% sodium-azide for 30 min at 4 °C. Intracellular stainings were performed after 
fixation and permeabilization using a fixation/ permeabilization kit according to 
manufacturer's protocol (eBioscience). FoxP3 was stained with either PCH101 PE 
(eBioscience) or 259D Alexa Fluor 488 (Biolegend, San Diego, USA) anti-FoxP3 mAbs. 
Intracellular stainings for Helios, CTLA-4 and Ki-67 were performed using FITC labeled Helios 
(Biolegend) and PE-labeled CTLA-4 (BD Biosciences) and Ki-67 (BD Biosciences). Before 
intracellular IL-2 staining, cells were stimulated for 4 h with 50 ng/mL PMA and 
500 ng/mL ionomycin in the presence of brefeldin A (1:500; Golgiplug, BD Biosciences) and 
subsequently stained for CD25, CD4, FoxP3 and IL-2 (BD Biosciences), using the eBioscience 
fixation/permeabilization kit. Live cells were gated based on forward and side scatter and 
analyzed on a BD FACSCalibur (BD Biosciences) using CellQuest or Kaluza Analysis Software 
(Beckman Coulter). 
 
Western blot 
The expression of PI3K/mTOR pathway proteins was determined in freshly isolated 
CD4+CD25+ T cells, cultured in the presence of rapamycin, RAD001, BEZ235 or BKM120, IL-2 
100 IU/mL and anti-CD3/anti-CD28 Ab-coated magnetic Dynabeads. After 24 h cells were 
harvested, washed with PBS and lysed with Sample Diluent Concentrate 2 (R&D systems) 
supplemented with Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, Life 
Technologies). After sonication (Soniprep 150, amplitude 18, for 3 times 5 s with 10 s time 
intervals, on ice) cells were centrifuged at 10,000g for 10 min at 4 °C. The supernatant was 
collected and protein concentration was determined using the Pierce BCA Protein Assay Kit 
(Thermo Scientific, Life Technologies). Equal amounts (10–20 μg) of protein from each sample 
were separated on 10% SDS polyacrylamide gels and subsequently transferred 
to PVDF membranes (Immobilon-FL, Millipore, Carrigtohill, Ireland). Membranes were 
incubated with primary antibodies phospho-Akt (Ser473, mouse) total Akt (rabbit), phospho-
p70S6K (Thr389, mouse), and total p-70S6K (rabbit, all from Cell Signaling, Danvers, 
Massachusetts) as specified in the manufacturer's protocol, and specific binding was 
visualized by using species-specific HRP conjugated immunoglobulin G, followed by enhanced 
chemiluminescent detection and exposure to ECL X-ray film. Anti-β-actin (A5441) (Sigma-
Aldrich, St. Louis, USA) was used as a loading control. Bands were quantified by analysis of 
films using the Image J Program, and values were corrected using the corresponding β-
actin protein band and normalized to untreated samples. 
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Suppression assay 
The capacity of Treg enriched cell populations to suppress proliferation of allogeneic CD8+T 
responder cells was determined by labeling responder T cells with 1 μM CFSE (Sigma-Aldrich) 
for a subsequent culture in a 96 well round-bottom plate at a concentration of 
5 × 104 cells/well in culture medium in the presence of 1 μg/mL anti-CD3 mAb, 1 μg/mL anti-
CD28 mAb (clones 16A9 and 15E8, kindly provided by Dr. René van Lier, Sanquin, Amsterdam, 
the Netherlands) and 20 U/mL rhIL-2 with or without the addition of Treg enriched cell 
populations in a Treg enriched cell/T responder ratio of 1:1, 1:2 and 1:4. After 4 days of co-
culture, cells were stained with APC labeled CD8 (BD Biosciences) and proliferation of 
CD8+ responder T cells was analyzed by assessing CFSE dilution. Relative proliferation was 
calculated by the equation % proliferation = (% responder T cells that proliferated when 
cultured in the presence of Treg enriched cells/% responder T cells that proliferated when 
cultured alone) × 100 and relative suppression was calculated by the equation % 
suppression = 100 – [(% responder T cells that proliferated when cultured in the presence of 
Treg enriched cells/% responder T cells that proliferated when cultured alone) × 100]. 
 
Statistical analysis 
One-way or two-way repeated measures ANOVA was used to determine statistical 
significance of differences between groups with Bonferroni or Dunn's post-tests. Findings 
were considered statistically significant when p-values were ≤ 0.05, as indicated with asterisks 
(* p ≤ 0.05, ** p < 0.01, *** p < 0.001). Statistical analyses were performed using GraphPad 
Prism software (version 5.02, 2008). 
 
Results 
Blocking efficacy of PI3K/mTOR inhibitors 
CD4+CD25+ Treg enriched cell populations with a mean CD4 purity (± SEM) of 93.9% (± 2.3), 
and a mean FoxP3 purity (± SEM) of 63.8% (± 2.9) were cultured in the presence of three 
PI3K/mTOR pathway inhibitors that are either clinically approved or in clinical testing. 
The mTOR inhibitor RAD001 (everolimus), the dual PI3K/mTOR inhibitor BEZ235 and the 
single pan PI3K inhibitor BKM120 were used in order to investigate the effect of inhibiting 
different proteins of the PI3K/mTOR pathway on the in vitro expansion and functionality of 
Treg enriched cell populations. Since these inhibitors were not previously described as used 
for the culture of Tregs or other T cells, Treg enriched cell populations were first cultured in a 
concentration range of each of these drugs to assess what concentration resulted in maximal 
purity and highest intensity of FoxP3 expression. For RAD001, BEZ235 and BKM120 this 
optimal concentration was 100 nM, 1 μM and 1 μM respectively (data not shown). The effects 
of these three inhibitors were then compared with rapamycin (100 nM), the mTOR 
inhibitor most commonly used for the in vitro culture and expansion of Tregs [6-9], and to a 
condition where Treg enriched cell populations were cultured in the presence of medium 
alone (control condition). To confirm the blocking efficacy of the inhibitors at the selected 
concentrations, western blots were performed. The blocking efficacy on PI3K was assessed 

by the amount of phosphorylation of the downstream protein Akt while the blocking efficacy 
of the mTOR protein was measured by assessing phosphorylation of one of its downstream 
proteins p70S6K. As shown in Fig. 1, both the dual PI3K/mTOR inhibitor BEZ235 and the single 
pan PI3K inhibitor BKM120 efficiently blocked PI3K as shown by reduced expression of 
phosphorylated Akt compared to the control condition (Fig. 1A upper panel and Fig. 1B). All 
inhibitors effected efficient blocking of mTOR as shown by reduced expression of the 
phosphorylated form of the downstream protein p70S6K compared to the control condition 
(Fig. 1A fourth panel and Fig. 1C). In conclusion, the inhibitors were shown to effectively block 
their targets in the tested concentrations and therefore these concentrations were used for 
subsequent experiments. 
 

 
Figure 1. Western blots of mTOR signaling proteins. The blocking efficacy of the four PI3K/mTOR 
pathway inhibitors were determined in freshly isolated CD4+CD25+ T cells cultured for 24 h in the 
presence of medium (control), rapamycin 100 nM, RAD001 100 nM, BEZ235 1 μM or BKM120 1 μM, 
IL-2 100 IU/mL and anti-CD3/anti-CD28 Ab-coated magnetic Dynabeads. A, Immunoblots for phospho-
Akt (Ser473), total Akt, phospho-p70S6K (Thr389) and total p70S6K. β-actin was used as a loading 
control. B–C, Bands were quantified by analysis of films using the Image J Program, and values were 
corrected using the corresponding β-actin protein band and normalized to untreated samples; B, 
quantification of phospho-Akt and total Akt; C, quantification of phospho-p70S6K and total p70S6K. 
Data shown are representative for 2 independent experiments. 
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different proteins of the PI3K/mTOR pathway on the in vitro expansion and functionality of 
Treg enriched cell populations. Since these inhibitors were not previously described as used 
for the culture of Tregs or other T cells, Treg enriched cell populations were first cultured in a 
concentration range of each of these drugs to assess what concentration resulted in maximal 
purity and highest intensity of FoxP3 expression. For RAD001, BEZ235 and BKM120 this 
optimal concentration was 100 nM, 1 μM and 1 μM respectively (data not shown). The effects 
of these three inhibitors were then compared with rapamycin (100 nM), the mTOR 
inhibitor most commonly used for the in vitro culture and expansion of Tregs [6-9], and to a 
condition where Treg enriched cell populations were cultured in the presence of medium 
alone (control condition). To confirm the blocking efficacy of the inhibitors at the selected 
concentrations, western blots were performed. The blocking efficacy on PI3K was assessed 

by the amount of phosphorylation of the downstream protein Akt while the blocking efficacy 
of the mTOR protein was measured by assessing phosphorylation of one of its downstream 
proteins p70S6K. As shown in Fig. 1, both the dual PI3K/mTOR inhibitor BEZ235 and the single 
pan PI3K inhibitor BKM120 efficiently blocked PI3K as shown by reduced expression of 
phosphorylated Akt compared to the control condition (Fig. 1A upper panel and Fig. 1B). All 
inhibitors effected efficient blocking of mTOR as shown by reduced expression of the 
phosphorylated form of the downstream protein p70S6K compared to the control condition 
(Fig. 1A fourth panel and Fig. 1C). In conclusion, the inhibitors were shown to effectively block 
their targets in the tested concentrations and therefore these concentrations were used for 
subsequent experiments. 
 

 
Figure 1. Western blots of mTOR signaling proteins. The blocking efficacy of the four PI3K/mTOR 
pathway inhibitors were determined in freshly isolated CD4+CD25+ T cells cultured for 24 h in the 
presence of medium (control), rapamycin 100 nM, RAD001 100 nM, BEZ235 1 μM or BKM120 1 μM, 
IL-2 100 IU/mL and anti-CD3/anti-CD28 Ab-coated magnetic Dynabeads. A, Immunoblots for phospho-
Akt (Ser473), total Akt, phospho-p70S6K (Thr389) and total p70S6K. β-actin was used as a loading 
control. B–C, Bands were quantified by analysis of films using the Image J Program, and values were 
corrected using the corresponding β-actin protein band and normalized to untreated samples; B, 
quantification of phospho-Akt and total Akt; C, quantification of phospho-p70S6K and total p70S6K. 
Data shown are representative for 2 independent experiments. 
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Figure 2. mTOR inhibition results in expansion of Tregs. A, Representative dot plots illustrating the 
percentages of CD25hiFoxP3+ Tregs determined after two weeks of culture of Treg enriched cell 
populations with IL-2 and anti-CD3/anti-CD28 Ab-coated magnetic Dynabeads in the presence of 
medium (control), rapamycin, RAD001, BEZ235 or BKM120. B–C, The percentages (B) of 
CD25hiFoxP3+ Tregs were assessed by flow cytometry and the mean fluorescence intensity (C) of 
FoxP3 was determined. Means + SEM are shown; p-values are indicated with asterisks; * p ≤ 0.05, 
*** p < 0.001; n = 13; One way repeated measures ANOVA with Bonferroni post-test. 
 
mTOR pathway inhibition results in expansion of CD25hiFoxP3+ Tregs 
To investigate the effect of rapamycin, RAD001, BEZ235 and BKM120 on the expansion of 
Treg enriched cell populations, CD4+CD25+ T cells were cultured for two weeks in the 
presence of these inhibitors and anti-CD3/anti-CD28 Ab-coated magnetic Dynabeads 
(CD3/CD28 beads, Dynal Biotech/Invitrogen Life Technologies) and IL-2 as described in the 
materials and methods section. After two weeks the percentage of CD25hiFoxP3+ Tregs was 
determined for each drug condition. As illustrated in Fig. 2A, compared to the control 
condition in which Treg enriched cell populations were cultured without the addition of a 
specific inhibitor, the presence of any PI3K/mTOR pathway inhibitor resulted in a higher purity 
of CD25hiFoxP3+ T cells, with a mean (± SEM) percentage of 42.1% (± 3.7) in the control 
condition, 72.3% (± 2.4) with rapamycin (p < 0.001), 76.5% (± 2.8) with RAD001 (p < 0.001), 
71.3% (± 4.2) with BEZ235 (p < 0.001), and 61.1% (± 3.6) with BKM120 (p < 0.001) (Fig. 2B). 
The MFI of Foxp3 (Fig. 2C) followed the same trend as shown for the percentages. 
Interestingly, the single pan PI3K inhibitor BKM120 resulted in a lower purity of 
CD25hiFoxP3+ cells compared to culture conditions where either the mTOR protein alone was 
inhibited (i.e. in rapamycin and RAD001 conditions), or where the dual PI3K/mTOR inhibitor 

BEZ235 was used, indicating a more dominant role for mTOR in the selective expansion of 
Tregs. 
 
mTOR inhibition results in a relative expansion benefit for Tregs 
The in vitro culture of Tregs from peripheral blood is complicated by the fact that both CD4 
and CD25, surface markers commonly used for isolation of CD4+CD25+ Tregs, can also be 
expressed by activated Tconv resulting in a starting population containing both cell types. 
However, previous studies have shown that addition of rapamycin to CD4+CD25+ T cell 
cultures leads to a selective expansion of Tregs, due to the apoptosis of Tconv in the presence 
of rapamycin [9]. To assess whether the various PI3K/mTOR pathway inhibitors resulted in a 
preferential expansion of Tregs over Tconv cells, the expansion factors of absolute numbers 
of both Tregs, defined as CD25hiFoxP3+ T cells, and Tconv, defined as all other cells present in 
the cultures, were calculated and a ratio was determined. As shown in Fig. 3, while culturing 
Treg enriched cell populations in the presence of medium and IL-2 alone (control condition) 
resulted in the predominant expansion of Tconv (mean ratio of 0.5 (± 0.07)), both single mTOR 
inhibition using rapamycin (mean ratio of 1.6 (± 0.2), p < 0.001) or RAD001 (mean ratio of 2.2 
(± 0.3), p < 0.001) and dual PI3K/mTOR inhibition using BEZ235 (mean ratio of 2.3 
(± 0.6), p < 0.01) supported the preferential expansion of Tregs. Interestingly, culturing Treg 
enriched cell populations in the presence of BKM120 resulted in similar expansion rates of 
Tregs and Tconv (mean ratio of 1.1 (± 0.2), p = n.s.), indicating that inhibition of the mTOR 
pathway upstream of the protein kinase mTOR diminishes the selective expansion benefit for 
Tregs. 
 

Figure 3. mTOR inhibition results in a relative 
expansion benefit for Tregs. Treg enriched 
cell populations were cultured for two weeks 
with IL-2 and anti-CD3/anti-CD28 Ab-coated 
magnetic Dynabeads in the presence of 
medium (control), rapamycin, RAD001, 
BEZ235 or BKM120. Expansion factors of 
absolute numbers of both Tregs, defined as 
CD25hiFoxP3+ T cells, and Tconv, defined as all 
other cells present in the cultures, were 
calculated and a ratio was determined. 
Means + SEM are shown; p-values are 
indicated with asterisks; ** p < 0.01, *** p < 
0.001; n = 13; One way repeated measures 
ANOVA with Friedman post-test. 

 
 
Phenotypic analysis of expanded Tregs 
To investigate the phenotypic characteristics of Tregs cultured in the presence of the different 
PI3K/mTOR pathway inhibitors, CD25hiFoxP3+ Tregs were analyzed for several Treg-
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To investigate the phenotypic characteristics of Tregs cultured in the presence of the different 
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associated markers, as shown in Fig. 4. The tTreg markers CTLA-4 and Helios were more 
abundantly (though not statistically significant) expressed by Tregs cultured in the presence 
of an mTOR pathway inhibitor compared to Tregs cultured in the control condition, with 
similar expression levels of KI-67. An analysis of the expression of two markers associated 
with activated Tregs, i.e. CD147 and CD121b [17, 18], revealed that both markers were 
equally expressed by the CD25hiFoxP3+ Tregs in all five culture conditions. Interestingly, while 
we indeed observed high expression of CD147, the level of CD121b was substantially lower 
than was expected based on a previous report studying activated human regulatory T 
cells [17, 18]. In addition, the expression of Latency Associated Peptide (LAP), a marker 
frequently expressed by activated Tregs and associated with cell contact-dependent 
immunosuppression was determined [18-20]. Analyses revealed a more abundant, but still 
relatively low expression of LAP on CD25hiFoxP3+ Tregs cultured in the presence of BKM120. 
Compared to the control condition, CD45RA was significantly higher expressed by Tregs 
cultured in the presence of BEZ235 indicating the presence of more phenotypically naïve 
CD25hiFoxP3+ Tregs [21]. No major differences were observed between the different mTOR 
pathway inhibitors with respect to the expression of the inhibitory receptors Tim-3 and 
programmed death-1 (PD-1) or the lymphoid migratory chemokine receptor CCR7. 
 

 
Figure 4. Phenotypic analysis of expanded Tregs. Treg enriched cell populations were cultured for two 
weeks with IL-2 and anti-CD3/anti-CD28 Ab-coated magnetic Dynabeads in the presence of medium 
(control), rapamycin, RAD001, BEZ235 or BKM120. After two weeks the expression of several Treg 
associated markers was assessed on CD25hiFoxP3+ Tregs by flow cytometry. Means + SEM are 
shown; p-values are indicated with asterisks; * p ≤ 0.05; n = 3–4; One-way repeated measures ANOVA 
with Bonferroni post-tests. 
 

Cytokine production by expanded Tregs 
Tregs are known to be highly dependent on IL-2 [22] and can, in contrast to Tconv, hardly 
produce this cytokine themselves [23]. To evaluate the production of IL-2 in our cultures, 
intracellular stainings for IL-2 were performed. To discriminate between activated Tconv and 
Tregs, two populations were gated based on the gating strategy that is shown in Fig. 2A 
(i.e. activated Tconv: CD25hiFoxP3− T cells (upper left quadrants); Treg: CD25hiFoxP3+ T cells 
(upper right quadrants)). Representative dot plots of IL-2 production in CD25hiFoxP3−Tconv 
and CD25hiFoxP3+ Tregs cultured in the presence of medium (control) or rapamycin are shown 
in Fig. 5A. As shown in Fig. 5B, in all five conditions intracellular IL-2 was primarily produced 
by Tconv, with only very low levels being detectable in Tregs. No significant differences 
between the different mTOR pathway inhibitors were observed with respect to intracellular 
IL-2 production. 
 

 
 
 
 
 
 
 
 
 
 
Figure 5. IL-2 production of expanded Tregs.  
A, Representative dot plots of IL-2 production in 
CD25hiFoxP3− Tconv and CD25hiFoxP3+ Tregs, 
cultured in the presence of medium (control) 
or rapamycin. B, Bar graph showing the 
percentage of IL-2 positive cells in Treg enriched 
cell populations cultured in medium (control), 
rapamycin, RAD001, BEZ235 or BKM120. 
Means + SEM are shown; p-values are indicated 
with asterisk; ** p < 0.01, *** p < 0.001; n = 3; 
two-way repeated measures ANOVA with 
Bonferroni post-test. 
 
 
 

mTOR inhibition results in Tregs with suppressive functionality 
To evaluate the capacity of the Treg enriched cell populations, cultured in the presence of 
one of the four different mTOR pathway inhibitors, to suppress other T cells, Treg enriched 
cell populations were cultured for two weeks with anti-CD3/anti-CD28 Ab-coated magnetic 
Dynabeads and IL-2. Subsequently Treg enriched cell populations were harvested and co-
cultured with CFSE labeled CD8+ responder T cells (Fig. 6A). Cell division of the responder T 
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(control), rapamycin, RAD001, BEZ235 or BKM120. After two weeks the expression of several Treg 
associated markers was assessed on CD25hiFoxP3+ Tregs by flow cytometry. Means + SEM are 
shown; p-values are indicated with asterisks; * p ≤ 0.05; n = 3–4; One-way repeated measures ANOVA 
with Bonferroni post-tests. 
 

Cytokine production by expanded Tregs 
Tregs are known to be highly dependent on IL-2 [22] and can, in contrast to Tconv, hardly 
produce this cytokine themselves [23]. To evaluate the production of IL-2 in our cultures, 
intracellular stainings for IL-2 were performed. To discriminate between activated Tconv and 
Tregs, two populations were gated based on the gating strategy that is shown in Fig. 2A 
(i.e. activated Tconv: CD25hiFoxP3− T cells (upper left quadrants); Treg: CD25hiFoxP3+ T cells 
(upper right quadrants)). Representative dot plots of IL-2 production in CD25hiFoxP3−Tconv 
and CD25hiFoxP3+ Tregs cultured in the presence of medium (control) or rapamycin are shown 
in Fig. 5A. As shown in Fig. 5B, in all five conditions intracellular IL-2 was primarily produced 
by Tconv, with only very low levels being detectable in Tregs. No significant differences 
between the different mTOR pathway inhibitors were observed with respect to intracellular 
IL-2 production. 
 

 
 
 
 
 
 
 
 
 
 
Figure 5. IL-2 production of expanded Tregs.  
A, Representative dot plots of IL-2 production in 
CD25hiFoxP3− Tconv and CD25hiFoxP3+ Tregs, 
cultured in the presence of medium (control) 
or rapamycin. B, Bar graph showing the 
percentage of IL-2 positive cells in Treg enriched 
cell populations cultured in medium (control), 
rapamycin, RAD001, BEZ235 or BKM120. 
Means + SEM are shown; p-values are indicated 
with asterisk; ** p < 0.01, *** p < 0.001; n = 3; 
two-way repeated measures ANOVA with 
Bonferroni post-test. 
 
 
 

mTOR inhibition results in Tregs with suppressive functionality 
To evaluate the capacity of the Treg enriched cell populations, cultured in the presence of 
one of the four different mTOR pathway inhibitors, to suppress other T cells, Treg enriched 
cell populations were cultured for two weeks with anti-CD3/anti-CD28 Ab-coated magnetic 
Dynabeads and IL-2. Subsequently Treg enriched cell populations were harvested and co-
cultured with CFSE labeled CD8+ responder T cells (Fig. 6A). Cell division of the responder T 
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cells was assessed after a 4-day co-culture period of responder T cells with different ratios of 
Treg enriched cell populations, in the presence of 1 μg/mL anti-CD3 mAb, 1 μg/mL anti-CD28 
mAb and 20 U/mL IL-2 (Fig. 6B). Cells cultured in the presence of Dynabeads and IL-2 alone 
(control condition, Fig. 6A lower left panel) already reduced the proliferation of responder T 
cells compared to the stimulation control condition (Fig. 6A, upper right panel) in which 
responder T cells were stimulated in the presence of anti-CD3, anti-CD28 mAb and 20 U/mL 
IL-2 without the addition of other cells. This could be explained by the presence of a minor 
percentage of Tregs as noted in Fig. 2, combined with a competition of Tconv in the control 
bulk cultures with the responder T cells for growth factors and nutrients. 
Treg enriched cell populations cultured in the presence of an mTOR inhibitor, either a single 
mTOR inhibitor (rapamycin or RAD001) or the dual PI3K/mTOR inhibitor (BEZ235), resulted in 
a significant decrease in responder T cell proliferation compared to the control condition (p-
value compared to control for rapamycin condition p < 0.01, for RAD001 and 
BEZ235 p ≤ 0.05). In contrast, Treg enriched cell populations cultured in the presence of the 
PI3K inhibitor BKM120 were not able to suppress the proliferation of responder T cells to a 
similar extent as cells cultured in the presence of an mTOR inhibitor, as shown in Fig. 6B (p-
value of control condition compared to BKM120 was not significant). 
Interestingly, when relating the observed suppression of responder T cell proliferation to the 
percentage of Tregs present in the culture, we found that all four mTOR pathway inhibitors 
as well as the control condition showed a similar suppression per Treg (Fig. 6C), indicating 
that mTOR inhibition does not appear to enhance the suppressive capacity per Treg. In 
addition, a significant correlation between the percentage of CD25hiFoxP3+ cells within the 
differentially conditioned cultures and their suppressive activity (Fig. 6D) was found, 
indicating that inhibitors of the PI3K/mTOR pathway modulate immunosuppression via their 
effects on the frequency of Tregs. 
 

 
 
Figure 6. mTOR inhibition results in Tregs with suppressive function and suppression is related to 
percentage of Tregs in expanded cultures. Treg enriched cell populations were cultured for two weeks 
with IL-2 and anti-CD3/anti-CD28 Ab-coated magnetic Dynabeads in the presence of medium 
(control), rapamycin, RAD001, BEZ235 or BKM120. Their capacity to suppress T cell proliferation was 
tested by measuring CFSE dilution of stimulated CD8+ responder T cells using anti-CD3 mAb, anti-
CD28 mAb, and IL-2. A, Representative histograms showing CFSE dilution of responder T cells in the 
various conditions. Unstimulated CD8+ responder T cells without the addition of anti-CD3 mAb, anti-
CD28 mAb, and IL-2 and CD8+ responder T cells stimulated with anti-CD3 mAb, anti-CD28 mAb, and 
IL-2, both without the addition of cultured Treg enriched cell populations (upper two panels) were 
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differentially conditioned cultures and their suppressive activity (Fig. 6D) was found, 
indicating that inhibitors of the PI3K/mTOR pathway modulate immunosuppression via their 
effects on the frequency of Tregs. 
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with IL-2 and anti-CD3/anti-CD28 Ab-coated magnetic Dynabeads in the presence of medium 
(control), rapamycin, RAD001, BEZ235 or BKM120. Their capacity to suppress T cell proliferation was 
tested by measuring CFSE dilution of stimulated CD8+ responder T cells using anti-CD3 mAb, anti-
CD28 mAb, and IL-2. A, Representative histograms showing CFSE dilution of responder T cells in the 
various conditions. Unstimulated CD8+ responder T cells without the addition of anti-CD3 mAb, anti-
CD28 mAb, and IL-2 and CD8+ responder T cells stimulated with anti-CD3 mAb, anti-CD28 mAb, and 
IL-2, both without the addition of cultured Treg enriched cell populations (upper two panels) were 
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used as control conditions. Lower panels show the CFSE dilution of responder T cells cultured with 
Treg enriched cell populations that were generated in the presence of medium (control), rapamycin, 
RAD001, BEZ235 or BKM120. B, Bar graph showing the proliferation of responder T cells cultured with 
Treg enriched cell populations generated in the presence of medium (control), rapamycin, RAD001, 
BEZ235 or BKM120, relative to responder T cells alone in different ratios of cultured Treg enriched cell 
populations versusresponder T cells (1:1, 1:2, 1:4). Means + SEM are shown. Statistics were performed 
on the 1:1 ratios of cultured Treg enriched cell populations versus responder T cells. p-values are 
indicated with asterisks; * p ≤ 0.05, ** p < 0.01; n = 3; One way repeated measures ANOVA with 
Bonferroni post-test. C-D, Percentages of CD25hiFoxP3+ Tregs were assessed by flow cytometry. CFSE 
dilution of CD8+responder T cells was determined and represented as suppression of responder T cells 
relative to CD8+responder T cells stimulated with anti-CD3 mAb, anti-CD28 mAb, and IL-2. C, The ratio 
of the percentage of suppression and the percentage of Tregs. D, Correlation between the frequency 
of CD25hiFoxP3+ Tregs and the relative suppression of responder T cells. Each point represents an 
individual data point, symbols represent the different conditions e.g. open bullet points: no addition 
of an inhibitor (control ○), black bullet points: Treg enriched cell populations generated in the 
presence of BKM120 (●), grey bullet points: Treg enriched cell populations generated in the presence 
of mTOR inhibition, both single mTOR and dual PI3K/mTOR inhibitors ( ). p-value < 0.01, R = 0.65. 
 
Discussion 
Novel PI3K/mTOR pathway inhibitors are currently under clinical investigation for the 
treatment of various malignancies [15], however, suppressive effects on the immune 
system could be detrimental and contribute to tumor survival instead of the intended tumor 
rejection. Therefore, studying the effect of targeted therapies on the immune system could 
be of additional value. 
mTOR inhibitors were originally designed to target the immune system for prevention 
of transplant rejection by inhibiting the activation of T cells [24]. Although patients treated 
with these mTOR inhibitors showed reduced cancer risks [25], it is still quite remarkable that 
these inhibitors are now actually used in the treatment of cancer taking into account the 
already suppressed state of the immune system in this disease and the fact that mTOR 
inhibitors have been shown to induce in vitro [6-8] as well as in vivo [11] expansion 
of immunosuppressive Tregs which are associated with poor prognosis in cancer patients [26, 
27]. In addition, we found a more suppressed state of the immune system with an increase in 
circulating Treg frequencies in renal cell cancer patients treated with everolimus (Huijts CM 
et al., manuscript in preparation). As low dose metronomic cyclophosphamidehas been 
reported to deplete Tregs in cancer patients [28], we are currently conducting a phase 1–2 
clinical trial in patients with metastatic renal cell cancer in which standard second line 
treatment with everolimus is combined with low dose metronomic cyclophosphamide in 
order to assess whether preventing the potentially detrimental mTOR inhibitor associated 
increase in Tregs can result in an enhanced clinical antitumor efficacy of everolimus [29]. As 
several PI3K/mTOR pathway inhibitors are currently under development for the treatment of 
cancer [15], we analyzed three relatively novel PI3K/mTOR pathway inhibitors for their effects 
on Tregs in vitro. Our data show that CD25hiFoxP3+ Tregs have an expansion benefit over 
Tconv when cultured in the presence of an mTOR inhibitor while more upstream inhibition of 

the mTOR pathway using a PI3K inhibitor, leads to similar expansion rates for Tregs and Tconv. 
Tregs cultured in the presence of either an mTOR inhibitor, a PI3K inhibitor or a dual 
PI3K/mTOR inhibitor show an overall similar phenotype characterized by the expression of 
CTLA-4, Helios, KI-67 and CD147 with intermediate/low expression of CD121b, TIM-3, PD-1 
and CCR7 and a low capacity to produce IL-2. The main difference in marker expression that 
was observed between the investigated inhibitors was the induction of LAP expression on 
Tregs cultured in the presence of BKM120. As LAP is a marker found on the surface of 
activated tTregs [18], it is hard to explain the more abundant expression of this marker on 
Tregs cultured in the presence of BKM120, since these Tregs did not show other 
characteristics of activated tTregs, such as an increase in suppression. However, BKM120 also 
induced lower, although not significantly so, levels of the tTreg-related markers CTLA-4 and 
Helios than the mTOR single or PI3K/mTOR dual inhibitors pointing towards the survival of 
tTregs in the presence of an mTOR inhibitor. 
When analyzing the suppressive capacities of the Treg enriched cell populations, we observed 
that Treg enriched cell populations cultured in the presence of a single mTOR or dual 
PI3K/mTOR inhibitor displayed an increase in their overall suppressive capacity, while Treg 
enriched cell populations cultured in the presence of the PI3K inhibitor did not. These data 
indicate that the target site used for inhibiting the PI3K/mTOR pathway determines the 
immunosuppressive effect of these compounds. While inhibition of mTOR results in the 
preferential expansion of Tregs over Tconv, it is possible to shift this balance in favor of Tconv 
upon more upstream inhibition of the pathway, as shown by the use of the PI3K inhibitor 
BKM120. Whether this is due to the inability of Tregs to expand or the relative insensitivity of 
Tconv for PI3K inhibition remains to be elucidated. 
Tregs and Tconv differ in their intracellular signaling pathways. Activation of Tconv results in 
downregulation of phosphatase and tensin homolog deleted on chromosome 10 (PTEN), 
which negatively regulates PI3K, facilitating the activation of the pathway via Akt and mTOR. 
However, Tregs are less dependent on the PI3K/mTOR pathway compared to Tconv due to 
the constitutive expression of PTEN, even after activation [30]. In addition, Tregs were shown 
to express the protein kinase PIM2 in a FoxP3 dependent manner [31], allowing them to 
progress through cell cycle by the use of the JAK/STAT5 pathway without the need for the 
mTOR pathway. This could be an explanation for the ability of Tregs to proliferate in the 
presence of an mTOR inhibitor while Tconv cannot. Interestingly however, we observed that 
culture of Treg enriched cell populations in the presence of a PI3K inhibitor resulted in similar 
expansion rates for Tregs and Tconv, so the proliferation benefit for Tregs seen in the 
presence of an mTOR inhibitor was lost in the presence of PI3K inhibition, indicating a more 
important role for the PI3K protein in the proliferation of Tregs. This is in line with previously 
published results, showing a critical role for PI3K in the function of Tregs, and in particular 
the p110δ isoform of PI3K [32]. Additionally, it was shown that the proliferation and 
differentiation of Tregs in vivo is dependent on PI3K activation and that inhibition of PI3K 
exerts a stronger effect on Tregs compared to Tconv or cytotoxic CD8+ T cells [33]. 
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BEZ235 or BKM120, relative to responder T cells alone in different ratios of cultured Treg enriched cell 
populations versusresponder T cells (1:1, 1:2, 1:4). Means + SEM are shown. Statistics were performed 
on the 1:1 ratios of cultured Treg enriched cell populations versus responder T cells. p-values are 
indicated with asterisks; * p ≤ 0.05, ** p < 0.01; n = 3; One way repeated measures ANOVA with 
Bonferroni post-test. C-D, Percentages of CD25hiFoxP3+ Tregs were assessed by flow cytometry. CFSE 
dilution of CD8+responder T cells was determined and represented as suppression of responder T cells 
relative to CD8+responder T cells stimulated with anti-CD3 mAb, anti-CD28 mAb, and IL-2. C, The ratio 
of the percentage of suppression and the percentage of Tregs. D, Correlation between the frequency 
of CD25hiFoxP3+ Tregs and the relative suppression of responder T cells. Each point represents an 
individual data point, symbols represent the different conditions e.g. open bullet points: no addition 
of an inhibitor (control ○), black bullet points: Treg enriched cell populations generated in the 
presence of BKM120 (●), grey bullet points: Treg enriched cell populations generated in the presence 
of mTOR inhibition, both single mTOR and dual PI3K/mTOR inhibitors ( ). p-value < 0.01, R = 0.65. 
 
Discussion 
Novel PI3K/mTOR pathway inhibitors are currently under clinical investigation for the 
treatment of various malignancies [15], however, suppressive effects on the immune 
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be of additional value. 
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with these mTOR inhibitors showed reduced cancer risks [25], it is still quite remarkable that 
these inhibitors are now actually used in the treatment of cancer taking into account the 
already suppressed state of the immune system in this disease and the fact that mTOR 
inhibitors have been shown to induce in vitro [6-8] as well as in vivo [11] expansion 
of immunosuppressive Tregs which are associated with poor prognosis in cancer patients [26, 
27]. In addition, we found a more suppressed state of the immune system with an increase in 
circulating Treg frequencies in renal cell cancer patients treated with everolimus (Huijts CM 
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clinical trial in patients with metastatic renal cell cancer in which standard second line 
treatment with everolimus is combined with low dose metronomic cyclophosphamide in 
order to assess whether preventing the potentially detrimental mTOR inhibitor associated 
increase in Tregs can result in an enhanced clinical antitumor efficacy of everolimus [29]. As 
several PI3K/mTOR pathway inhibitors are currently under development for the treatment of 
cancer [15], we analyzed three relatively novel PI3K/mTOR pathway inhibitors for their effects 
on Tregs in vitro. Our data show that CD25hiFoxP3+ Tregs have an expansion benefit over 
Tconv when cultured in the presence of an mTOR inhibitor while more upstream inhibition of 
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PI3K/mTOR inhibitor displayed an increase in their overall suppressive capacity, while Treg 
enriched cell populations cultured in the presence of the PI3K inhibitor did not. These data 
indicate that the target site used for inhibiting the PI3K/mTOR pathway determines the 
immunosuppressive effect of these compounds. While inhibition of mTOR results in the 
preferential expansion of Tregs over Tconv, it is possible to shift this balance in favor of Tconv 
upon more upstream inhibition of the pathway, as shown by the use of the PI3K inhibitor 
BKM120. Whether this is due to the inability of Tregs to expand or the relative insensitivity of 
Tconv for PI3K inhibition remains to be elucidated. 
Tregs and Tconv differ in their intracellular signaling pathways. Activation of Tconv results in 
downregulation of phosphatase and tensin homolog deleted on chromosome 10 (PTEN), 
which negatively regulates PI3K, facilitating the activation of the pathway via Akt and mTOR. 
However, Tregs are less dependent on the PI3K/mTOR pathway compared to Tconv due to 
the constitutive expression of PTEN, even after activation [30]. In addition, Tregs were shown 
to express the protein kinase PIM2 in a FoxP3 dependent manner [31], allowing them to 
progress through cell cycle by the use of the JAK/STAT5 pathway without the need for the 
mTOR pathway. This could be an explanation for the ability of Tregs to proliferate in the 
presence of an mTOR inhibitor while Tconv cannot. Interestingly however, we observed that 
culture of Treg enriched cell populations in the presence of a PI3K inhibitor resulted in similar 
expansion rates for Tregs and Tconv, so the proliferation benefit for Tregs seen in the 
presence of an mTOR inhibitor was lost in the presence of PI3K inhibition, indicating a more 
important role for the PI3K protein in the proliferation of Tregs. This is in line with previously 
published results, showing a critical role for PI3K in the function of Tregs, and in particular 
the p110δ isoform of PI3K [32]. Additionally, it was shown that the proliferation and 
differentiation of Tregs in vivo is dependent on PI3K activation and that inhibition of PI3K 
exerts a stronger effect on Tregs compared to Tconv or cytotoxic CD8+ T cells [33]. 
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How the proliferation and immunosuppressive function of Tregs is exactly affected by the 
inhibitors of the PI3K/mTOR pathway remains to be elucidated. For example, 
counterintuitively both upstream inhibition in the PI3K/mTOR pathway, by inhibiting 
PI3K [32], as well as over-expression of the more downstream protein Akt [34], have been 
shown to negatively impact Tregs, whereas inhibition of the downstream protein 
mTOR results in Treg expansion in vitro and in vivo [6], [11], suggesting that there is probably 
a certain window in the range in the level of activation of the PI3K/mTOR pathway in which 
optimal Treg expansion and function is maintained (also reviewed in Ref. [35]). The 
apparently opposing roles of PI3K and mTOR in Tregs were proposed to be explained by a 
feedback loop in which mTOR inhibition results in PI3K-dependent Akt activation [36]. 
Importantly, in our study dual inhibition of both PI3K and mTOR by BEZ235 resulted in the 
preferential proliferation of Tregs (as was also observed with mTOR inhibition alone), 
indicating that inhibition of mTOR is dominant over PI3K inhibition in inducing expansion of 
Tregs. In line with this observation are data reporting comparable effects of rapamycin and 
BEZ235 on Treg differentiation [37]. Together, these data therefore indicate that the 
proposed feedback loop cannot completely explain the observed effects. Other possible 
explanations include direct interactions between PI3K and STAT5, as observed in hematologic 
malignances, whereby inhibition of PI3K can result in the inhibition of STAT5, thereby 
inhibiting progression through cell cycle [38]. Alternatively, some of the observed results 
could be explained by effects of the inhibitors on Tconv instead of Tregs. Indeed, studies have 
also indicated that mTOR inhibitors may lead to selective Treg expansion due to apoptosis of 
Tconv [9]. Furthermore, recent observations showed Tregs to be more sensitive to PI3K 
inhibition compared to Tconv, which could give Tconv the opportunity to preferentially 
proliferate in the presence of PI3K inhibitors [36]. 
Interestingly, although mTOR inhibition resulted in an increase in the immunosuppressive 
capacity of the total Treg cell enriched population, this was caused by an increase in the 
frequency of Tregs and not by an increase in the suppressive capacity of individual Tregs, as 
we found that the suppression per Treg was similar in all culture conditions. 
In conclusion, therapies targeting the PI3K/mTOR pathway can result in detrimental 
immunological effects that may limit the development of effective antitumor immune 
responses. Here we demonstrate that PI3K-targeted inhibition of the PI3K/mTOR pathway 
using PI3K inhibition, is not accompanied by the preferential expansion of Tregs that we and 
others have observed using mTOR inhibitors, and thereby do not contribute to a more 
immune suppressive state. Therefore, PI3K inhibitors could be a suitable, perhaps clinically 
more effective, alternative for mTOR inhibition in the treatment of cancer, without 
detrimental predominant Treg expansion. 
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How the proliferation and immunosuppressive function of Tregs is exactly affected by the 
inhibitors of the PI3K/mTOR pathway remains to be elucidated. For example, 
counterintuitively both upstream inhibition in the PI3K/mTOR pathway, by inhibiting 
PI3K [32], as well as over-expression of the more downstream protein Akt [34], have been 
shown to negatively impact Tregs, whereas inhibition of the downstream protein 
mTOR results in Treg expansion in vitro and in vivo [6], [11], suggesting that there is probably 
a certain window in the range in the level of activation of the PI3K/mTOR pathway in which 
optimal Treg expansion and function is maintained (also reviewed in Ref. [35]). The 
apparently opposing roles of PI3K and mTOR in Tregs were proposed to be explained by a 
feedback loop in which mTOR inhibition results in PI3K-dependent Akt activation [36]. 
Importantly, in our study dual inhibition of both PI3K and mTOR by BEZ235 resulted in the 
preferential proliferation of Tregs (as was also observed with mTOR inhibition alone), 
indicating that inhibition of mTOR is dominant over PI3K inhibition in inducing expansion of 
Tregs. In line with this observation are data reporting comparable effects of rapamycin and 
BEZ235 on Treg differentiation [37]. Together, these data therefore indicate that the 
proposed feedback loop cannot completely explain the observed effects. Other possible 
explanations include direct interactions between PI3K and STAT5, as observed in hematologic 
malignances, whereby inhibition of PI3K can result in the inhibition of STAT5, thereby 
inhibiting progression through cell cycle [38]. Alternatively, some of the observed results 
could be explained by effects of the inhibitors on Tconv instead of Tregs. Indeed, studies have 
also indicated that mTOR inhibitors may lead to selective Treg expansion due to apoptosis of 
Tconv [9]. Furthermore, recent observations showed Tregs to be more sensitive to PI3K 
inhibition compared to Tconv, which could give Tconv the opportunity to preferentially 
proliferate in the presence of PI3K inhibitors [36]. 
Interestingly, although mTOR inhibition resulted in an increase in the immunosuppressive 
capacity of the total Treg cell enriched population, this was caused by an increase in the 
frequency of Tregs and not by an increase in the suppressive capacity of individual Tregs, as 
we found that the suppression per Treg was similar in all culture conditions. 
In conclusion, therapies targeting the PI3K/mTOR pathway can result in detrimental 
immunological effects that may limit the development of effective antitumor immune 
responses. Here we demonstrate that PI3K-targeted inhibition of the PI3K/mTOR pathway 
using PI3K inhibition, is not accompanied by the preferential expansion of Tregs that we and 
others have observed using mTOR inhibitors, and thereby do not contribute to a more 
immune suppressive state. Therefore, PI3K inhibitors could be a suitable, perhaps clinically 
more effective, alternative for mTOR inhibition in the treatment of cancer, without 
detrimental predominant Treg expansion. 
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Abstract 
For patients with metastatic renal cell cancer (mRCC) who progressed on vascular endothelial 
growth factor (VEGF) receptor tyrosine kinase inhibitor therapy, the orally administered 
mammalian target of rapamycin (mTOR) inhibitor everolimus has been shown to prolong 
progression free survival. Intriguingly, inhibition of mTOR also promotes expansion of 
immunosuppressive regulatory T cells (Tregs) that can inhibit anti-tumor immune responses 
in a clinically relevant way in various tumor types including RCC. This study intends to 
investigate whether the antitumor efficacy of everolimus can be increased by preventing the 
detrimental everolimus induced expansion of Tregs using a metronomic schedule of 
cyclophosphamide. 
This phase I-II trial is a national multi-center study of different doses and schedules of low-
dose oral cyclophosphamide in combination with a fixed dose of everolimus in patients with 
mRCC not amenable to or progressive after a VEGF-receptor tyrosine kinase inhibitor 
containing treatment regimen. In the phase I part of the study the optimal Treg-depleting 
dose and schedule of metronomic oral cyclophosphamide when given in combination with 
everolimus will be determined. In the phase II part of the study we will evaluate whether the 
percentage of patients progression free at 4 months of everolimus treatment can be 
increased from 50% to 70% by adding metronomic cyclophosphamide (in the dose and 
schedule determined in the phase I part). In addition to efficacy, we will perform extensive 
immune monitoring with a focus on the number, phenotype and function of Tregs, evaluate 
the safety and feasibility of the combination of everolimus and cyclophosphamide, perform 
monitoring of selected angiogenesis parameters and analyze everolimus and 
cyclophosphamide drug levels. 
This phase I-II study is designed to determine whether metronomic cyclophosphamide can be 
used to counter the mTOR inhibitor everolimus induced Treg expansion in patients with 
metastatic renal cell carcinoma and increase the antitumor efficacy of everolimus. 
 
Introduction 
Approximately 2% of all adult malignancies are kidney tumors and these account for about 
116.000 deaths worldwide per year [1]. Renal cell carcinoma (RCC) is the most common 
primary tumor arising in the kidney and can be classified into four histological subtypes, i.e. 
clear cell (60-80%), papillary (10-15%), chromophobe (5-10%) and collecting duct carcinoma 
(< 1%). Approximately 30% of all patients with RCC has metastatic disease at presentation 
and ~50% of patients undergoing curative surgery can be expected to experience relapse at 
distant sites [2,3]. 
The treatment of metastatic RCC (mRCC) has considerably changed over the last 5 years due 
to the antitumor efficacy of two groups of targeted agents, namely agents that inhibit vascular 
endothelial growth factor (VEGF)-signaling pathways and those that inhibit mammalian target 
of rapamycin (mTOR) [4]. The oral multi-targeted receptor tyrosine kinase inhibitor sunitinib 
displays a 31% objective response rate in mRCC patients with disease stabilization and an 
increase in median progression free survival from 5 to 11 months [5]. For patients with mRCC 
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to the antitumor efficacy of two groups of targeted agents, namely agents that inhibit vascular 
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that progressed on VEGF receptor tyrosine kinase inhibitor therapy, the orally administered 
mTOR inhibitor everolimus was recently shown to prolong progression free survival relative 
to placebo from 1.9 months to 4.9 months (p < 0.001), providing an important additional 
therapeutic tool for this patient category [6,7].  
As a derivative of rapamycin, everolimus acts as a signal transduction inhibitor that is selective 
for mTOR. mTOR is a key protein kinase present in all cells which regulates cell growth, 
proliferation, angiogenesis, and survival. The mTOR pathway also plays an important role in 
immunoregulation. It critically controls homeostasis and the balance between effector T cells 
and regulatory T cells [8-11]; inhibition of mTOR has been shown to result in expansion of 
immunosuppressive regulatory T cells in vitro and in vivo [12-14]. 
CD4+CD25+ regulatory T cells (Tregs) represent a functionally distinct lineage of 
immunoregulatory T cells crucial for the maintenance of tolerance. Tregs are critically 
dependent on the X-chromosome encoded FOXP3 gene. Mutations in this gene, that encodes 
the forkhead/winged-helix family transcriptional repressor Scurfin, cause a fatal human 
autoimmune disorder called IPEX (immune dysregulation, polyendocrinopathy, enteropathy, 
X-linked syndrome) [15]. Tregs have been shown to suppress anti-tumor immune responses. 
In murine models Tregs selectively accumulate in the tumor and locally maintain a 
microenvironment that suppresses the effector function of tumor-infiltrating cytotoxic 
lymphocytes. Furthermore, in melanoma Tregs are overrepresented in metastatic lymph 
nodes where they inhibit the function of infiltrating immune cells. The frequency of Tregs has 
also been reported to be increased in the circulation and/or tumor microenvironment of 
patients with various cancers, including RCC [16]. Of note, both the frequency of circulating 
as well as peritumoral Tregs are associated with adverse outcome in several tumor types [16-
18]. Importantly, depletion of Tregs can take the brake off of suppressed immune responses 
and result in a substantially potentiated antitumor immune response. E.g. Treg depletion can 
result in the rapid rejection of well-established tumors, can enhance natural tumor 
immunosurveillance and can enhance vaccine efficacy of weakly immunogenic melanoma 
cells [19-21]. Notably, metronomic administration of cyclophosphamide has consistently 
been reported to induce Treg depletion in both murine and human studies and to result in a 
restoration of T and NK effector functions [19,22-24]. 
Based on these data, the aim of the present study is to evaluate whether metronomic 
cyclophosphamide can be used to counter the mTOR inhibitor everolimus induced Treg 
expansion in patients with metastatic renal cell carcinoma and increase the antitumor efficacy 
of everolimus. 
 
Methods/design  
In the phase I part of the study we will determine the optimal Treg depleting dose and 
schedule of metronomic oral cyclophosphamide when given in combination with a fixed dose 
of everolimus. Patients will be enrolled in cohorts of 5 per dose level (see Figure 1). The dose 
level showing the most selective depletion of Tregs will be selected for phase II. In the phase 
II part of the study we will evaluate whether the number of patients who are progression free 

at 4 months can be increased from 50% [6,7] to 70% by adding metronomic 
cyclophosphamide to everolimus. 
 

 
Trial design. Patients will be enrolled in cohorts of 5 per dose level. The first 5 patients enrolled will 
be assigned to dose level 0 in order to assess immune and anti-angiogenic effects of everolimus 
monotherapy. In subsequent dose levels the cyclophosphamide dose will be increased up to a 
maximum of 150 mg cyclophosphamide twice daily. The dose level showing the most selective 
depletion of Tregs will be selected for phase II. Endpoints for the phase I part are safety, immunologic 
and angiogenesis parameters, response rate and drug levels. In the phase II part of the study patients 
will receive 10 mg everolimus per day in combination with the optimal Treg depleting dose 
cyclophosphamide. Endpoints for the phase II part are progression free survival, safety, immunologic 
and angiogenesis parameters and response rate. 
 
Primary objectives 
Phase I: Assessment of the recommended dosing and schedule for metronomic 
cyclophosphamide with respect to the optimal selective induction of CD4+CD25+ regulatory T 
cell depletion, when administered in combination with fixed dose (10 mg) oral everolimus in 
patients with mRCC. 
Phase II: To investigate the proportion of patients with mRCC receiving everolimus and 
metronomic cyclophosphamide that is progression free at 4 months. 
Phase I and II: To determine the safety and tolerability of the everolimus-cyclophosphamide 
combination. 
 
Secondary objectives 
- To assess the response rate, time to progression and overall survival of the combination of 
metronomic cyclophosphamide and fixed dose oral everolimus. 
- Assessment of the immunological effects of combining metronomic cyclophosphamide with 
everolimus focusing on its impact on the number and function of circulating and tumor-
infiltrating CD4+CD25+ regulatory T cells. 
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that progressed on VEGF receptor tyrosine kinase inhibitor therapy, the orally administered 
mTOR inhibitor everolimus was recently shown to prolong progression free survival relative 
to placebo from 1.9 months to 4.9 months (p < 0.001), providing an important additional 
therapeutic tool for this patient category [6,7].  
As a derivative of rapamycin, everolimus acts as a signal transduction inhibitor that is selective 
for mTOR. mTOR is a key protein kinase present in all cells which regulates cell growth, 
proliferation, angiogenesis, and survival. The mTOR pathway also plays an important role in 
immunoregulation. It critically controls homeostasis and the balance between effector T cells 
and regulatory T cells [8-11]; inhibition of mTOR has been shown to result in expansion of 
immunosuppressive regulatory T cells in vitro and in vivo [12-14]. 
CD4+CD25+ regulatory T cells (Tregs) represent a functionally distinct lineage of 
immunoregulatory T cells crucial for the maintenance of tolerance. Tregs are critically 
dependent on the X-chromosome encoded FOXP3 gene. Mutations in this gene, that encodes 
the forkhead/winged-helix family transcriptional repressor Scurfin, cause a fatal human 
autoimmune disorder called IPEX (immune dysregulation, polyendocrinopathy, enteropathy, 
X-linked syndrome) [15]. Tregs have been shown to suppress anti-tumor immune responses. 
In murine models Tregs selectively accumulate in the tumor and locally maintain a 
microenvironment that suppresses the effector function of tumor-infiltrating cytotoxic 
lymphocytes. Furthermore, in melanoma Tregs are overrepresented in metastatic lymph 
nodes where they inhibit the function of infiltrating immune cells. The frequency of Tregs has 
also been reported to be increased in the circulation and/or tumor microenvironment of 
patients with various cancers, including RCC [16]. Of note, both the frequency of circulating 
as well as peritumoral Tregs are associated with adverse outcome in several tumor types [16-
18]. Importantly, depletion of Tregs can take the brake off of suppressed immune responses 
and result in a substantially potentiated antitumor immune response. E.g. Treg depletion can 
result in the rapid rejection of well-established tumors, can enhance natural tumor 
immunosurveillance and can enhance vaccine efficacy of weakly immunogenic melanoma 
cells [19-21]. Notably, metronomic administration of cyclophosphamide has consistently 
been reported to induce Treg depletion in both murine and human studies and to result in a 
restoration of T and NK effector functions [19,22-24]. 
Based on these data, the aim of the present study is to evaluate whether metronomic 
cyclophosphamide can be used to counter the mTOR inhibitor everolimus induced Treg 
expansion in patients with metastatic renal cell carcinoma and increase the antitumor efficacy 
of everolimus. 
 
Methods/design  
In the phase I part of the study we will determine the optimal Treg depleting dose and 
schedule of metronomic oral cyclophosphamide when given in combination with a fixed dose 
of everolimus. Patients will be enrolled in cohorts of 5 per dose level (see Figure 1). The dose 
level showing the most selective depletion of Tregs will be selected for phase II. In the phase 
II part of the study we will evaluate whether the number of patients who are progression free 

at 4 months can be increased from 50% [6,7] to 70% by adding metronomic 
cyclophosphamide to everolimus. 
 

 
Trial design. Patients will be enrolled in cohorts of 5 per dose level. The first 5 patients enrolled will 
be assigned to dose level 0 in order to assess immune and anti-angiogenic effects of everolimus 
monotherapy. In subsequent dose levels the cyclophosphamide dose will be increased up to a 
maximum of 150 mg cyclophosphamide twice daily. The dose level showing the most selective 
depletion of Tregs will be selected for phase II. Endpoints for the phase I part are safety, immunologic 
and angiogenesis parameters, response rate and drug levels. In the phase II part of the study patients 
will receive 10 mg everolimus per day in combination with the optimal Treg depleting dose 
cyclophosphamide. Endpoints for the phase II part are progression free survival, safety, immunologic 
and angiogenesis parameters and response rate. 
 
Primary objectives 
Phase I: Assessment of the recommended dosing and schedule for metronomic 
cyclophosphamide with respect to the optimal selective induction of CD4+CD25+ regulatory T 
cell depletion, when administered in combination with fixed dose (10 mg) oral everolimus in 
patients with mRCC. 
Phase II: To investigate the proportion of patients with mRCC receiving everolimus and 
metronomic cyclophosphamide that is progression free at 4 months. 
Phase I and II: To determine the safety and tolerability of the everolimus-cyclophosphamide 
combination. 
 
Secondary objectives 
- To assess the response rate, time to progression and overall survival of the combination of 
metronomic cyclophosphamide and fixed dose oral everolimus. 
- Assessment of the immunological effects of combining metronomic cyclophosphamide with 
everolimus focusing on its impact on the number and function of circulating and tumor-
infiltrating CD4+CD25+ regulatory T cells. 
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- Assessment of the effect of the combination of metronomic cyclophosphamide and 
everolimus on selected angiogenesis parameters. 
- To assess the effect of cyclophosphamide on everolimus drug levels. 
 
Design 
This phase I-II trial is a national multi-center dose-escalation study of low-dose oral 
cyclophosphamide in combination with a fixed dose of everolimus in patients with mRCC not 
amenable to, or progressive after, a VEGF-receptor tyrosine kinase inhibitor containing 
treatment regimen. 
 
Setting 
The study is initiated by the department of medical oncology of the VU University Medical 
Center and will be conducted within the context of the Netherlands Working Group on 
Immunotherapy of Oncology (WIN-O) with a present participation of 13 hospitals. 
 
Eligibility criteria 
Inclusion criteria to be eligible for the trial 
1. Signed informed consent. 
2. Age ≥ 18 years. 
3. Histological or cytological confirmed clear-cell mRCC with progressive disease and not 
amenable to, or progressive on, or within 6 months of stopping treatment with a VEGF 
receptor tyrosine kinase inhibitor (sunitinib (or pazopanib) ± sorafenib). 
4. No other current malignant disease, except for basal cell carcinoma of the skin. 
5. WHO performance status 0-2. 
6. Life expectancy of at least 12 weeks. 
7. Adequate hematologic function: ANC ≥ 1.5 × 109/L, platelets ≥ 100 × 109/L, Hb ≥ 6.0 mmol/L. 
8. Adequate hepatic function: serum bilirubin ≤ 1.5 × ULN, ALT and AST ≤ 2.5 × ULN (or ≤ 5 
times ULN if liver metastases are present). 
9. Adequate renal function: calculated creatinine clearance ≥ 50 ml/min. 
10. Measurable or evaluable disease as defined by RECIST 1.1. 
11. Patients with reproductive potential must use effective contraception, negative 
pregnancy test for female patients. 
12. Able to receive oral medication. 
13. Prior therapy with cytokines (i.e. IL-2, interferon) and/or VEGF-ligand inhibitors (i.e. 
bevacizumab) is permitted. 
14. Patients with brain metastases are eligible if they have been stable for at least two months 
post-radiation therapy or surgery. 
  

Exclusion criteria 
1. Currently receiving chemotherapy, immunotherapy, or radiotherapy, or having received 
either one of these ≤ 4 weeks prior to visit 1. The wash-out period for sunitinib or sorafenib 
is at least 2 weeks. 
2. Known human immunodeficiency virus (HIV) or other major immunodeficiency. 
3. Treatment with immunosuppressive agents within 3 weeks of study entry, except for low 
dose corticosteroids. 
4. Active bleeding diathesis or oral anti-vitamin K medication. 
5. Patients with untreated CNS metastases with clinical symptoms or who have received 
treatment for CNS metastases within 2 months of study entry. 
6. Active infection or serious intercurrent illness, except asymptomatic bacteriuria. 
7. Presence of unstable angina, recent myocardial infarction (within the previous 6 months), 
or use of ongoing maintenance therapy for life-threatening ventricular arrhythmia. 
8. Macroscopic hematuria. 
9. Prior therapy with mTOR inhibitors. 
10. Known hypersensitivity to everolimus or other rapamycins (sirolimus/temsirolimus) or to 
its excipients. 
11. Pregnant or nursing women or women of childbearing potential not utilizing an effective 
contraceptive method. Men with partners of childbearing potential not using an effective 
method of contraception. (Use of effective contraceptives must continue for 3 months after 
the last dose of everolimus). 
12. Presence of any significant central nervous system or psychiatric disorder(s) that would 
hamper the patient's compliance. 
13. Uncontrolled diabetes as defined by fasting serum glucose > 2 ULN, severely impaired 
lung function. 
14. Cirrhosis/chronic active hepatitis/chronic persistent hepatitis, history of hepatitis B or C 
virus infection. 
15. Drug or alcohol abuse. 
16. Any other major illness that, in the investigator's judgment, substantially increases the 
risk associated with the subject's participation in the study. 
 
Ethics 
The study will be conducted in accordance with ethical principles that have their origin in the 
Declaration of Helsinki and are consistent with International Conference on Harmonisation 
(ICH) Guidelines for Good Clinical Practice. This protocol has been submitted and approved 
by the Medical Ethical Committee of the VU University Medical Center, Amsterdam, the 
Netherlands and the Central Committee on Research Involving Human Subjects (CCMO). 
Approval of independent medical ethics committees of participating hospitals is required 
before local initiation of the study protocol. Oral and written informed consent is obtained 
from all patients prior to trial participation. 
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- Assessment of the effect of the combination of metronomic cyclophosphamide and 
everolimus on selected angiogenesis parameters. 
- To assess the effect of cyclophosphamide on everolimus drug levels. 
 
Design 
This phase I-II trial is a national multi-center dose-escalation study of low-dose oral 
cyclophosphamide in combination with a fixed dose of everolimus in patients with mRCC not 
amenable to, or progressive after, a VEGF-receptor tyrosine kinase inhibitor containing 
treatment regimen. 
 
Setting 
The study is initiated by the department of medical oncology of the VU University Medical 
Center and will be conducted within the context of the Netherlands Working Group on 
Immunotherapy of Oncology (WIN-O) with a present participation of 13 hospitals. 
 
Eligibility criteria 
Inclusion criteria to be eligible for the trial 
1. Signed informed consent. 
2. Age ≥ 18 years. 
3. Histological or cytological confirmed clear-cell mRCC with progressive disease and not 
amenable to, or progressive on, or within 6 months of stopping treatment with a VEGF 
receptor tyrosine kinase inhibitor (sunitinib (or pazopanib) ± sorafenib). 
4. No other current malignant disease, except for basal cell carcinoma of the skin. 
5. WHO performance status 0-2. 
6. Life expectancy of at least 12 weeks. 
7. Adequate hematologic function: ANC ≥ 1.5 × 109/L, platelets ≥ 100 × 109/L, Hb ≥ 6.0 mmol/L. 
8. Adequate hepatic function: serum bilirubin ≤ 1.5 × ULN, ALT and AST ≤ 2.5 × ULN (or ≤ 5 
times ULN if liver metastases are present). 
9. Adequate renal function: calculated creatinine clearance ≥ 50 ml/min. 
10. Measurable or evaluable disease as defined by RECIST 1.1. 
11. Patients with reproductive potential must use effective contraception, negative 
pregnancy test for female patients. 
12. Able to receive oral medication. 
13. Prior therapy with cytokines (i.e. IL-2, interferon) and/or VEGF-ligand inhibitors (i.e. 
bevacizumab) is permitted. 
14. Patients with brain metastases are eligible if they have been stable for at least two months 
post-radiation therapy or surgery. 
  

Exclusion criteria 
1. Currently receiving chemotherapy, immunotherapy, or radiotherapy, or having received 
either one of these ≤ 4 weeks prior to visit 1. The wash-out period for sunitinib or sorafenib 
is at least 2 weeks. 
2. Known human immunodeficiency virus (HIV) or other major immunodeficiency. 
3. Treatment with immunosuppressive agents within 3 weeks of study entry, except for low 
dose corticosteroids. 
4. Active bleeding diathesis or oral anti-vitamin K medication. 
5. Patients with untreated CNS metastases with clinical symptoms or who have received 
treatment for CNS metastases within 2 months of study entry. 
6. Active infection or serious intercurrent illness, except asymptomatic bacteriuria. 
7. Presence of unstable angina, recent myocardial infarction (within the previous 6 months), 
or use of ongoing maintenance therapy for life-threatening ventricular arrhythmia. 
8. Macroscopic hematuria. 
9. Prior therapy with mTOR inhibitors. 
10. Known hypersensitivity to everolimus or other rapamycins (sirolimus/temsirolimus) or to 
its excipients. 
11. Pregnant or nursing women or women of childbearing potential not utilizing an effective 
contraceptive method. Men with partners of childbearing potential not using an effective 
method of contraception. (Use of effective contraceptives must continue for 3 months after 
the last dose of everolimus). 
12. Presence of any significant central nervous system or psychiatric disorder(s) that would 
hamper the patient's compliance. 
13. Uncontrolled diabetes as defined by fasting serum glucose > 2 ULN, severely impaired 
lung function. 
14. Cirrhosis/chronic active hepatitis/chronic persistent hepatitis, history of hepatitis B or C 
virus infection. 
15. Drug or alcohol abuse. 
16. Any other major illness that, in the investigator's judgment, substantially increases the 
risk associated with the subject's participation in the study. 
 
Ethics 
The study will be conducted in accordance with ethical principles that have their origin in the 
Declaration of Helsinki and are consistent with International Conference on Harmonisation 
(ICH) Guidelines for Good Clinical Practice. This protocol has been submitted and approved 
by the Medical Ethical Committee of the VU University Medical Center, Amsterdam, the 
Netherlands and the Central Committee on Research Involving Human Subjects (CCMO). 
Approval of independent medical ethics committees of participating hospitals is required 
before local initiation of the study protocol. Oral and written informed consent is obtained 
from all patients prior to trial participation. 
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Safety 
All adverse events encountered during the clinical study will be reported on case report forms 
(CRF). In case of a serious adverse event (SAE), the investigator has a legal requirement to 
inform the central data management office within 24 hr through the web 
portal ToetsingOnline. All SAEs must also be reported on the Adverse Event page of the CRF. 
The principal investigators are responsible for the management of the safety reporting 
according to local regulations and guidelines. The study drug license holder will be provided 
with copies of all report submissions to regulatory authorities and to the ethical committee 
that has approved the study by the principal investigators. All reported (serious) adverse 
events will be discussed by an independent data monitoring committee. Novartis is 
responsible to ensure that the latest investigator's brochure is used as the source document 
for determining the expectedness of a SAE. 
 
Monitoring 
The study progress, safety data and data quality will be monitored by an Independent Data 
(and safety) Monitoring Board (IDMB), which will be independent of the trial organizers. 
Safety analysis will be performed on a regular basis and the IDMB will report their findings to 
the principal investigators. Once a year throughout the clinical trial, the principal investigators 
will submit a safety report to the accredited METC, including a list of all suspected 
(unexpected or expected) serious adverse reactions, along with an aggregated summary table 
of all reported serious adverse reactions. In addition, a complete safety analysis and an 
evaluation of the balance between the efficacy and the harmfulness of the medicine under 
investigation will be submitted. 
 
Data quality assurance 
Data management and trial coordination will be performed via the use of OpenClinica®. This 
open source web-based software platform for clinical trial data is compatible with the cancer 
Biomedical Informatics Grid (caBIG®) from the U.S. National Cancer Institute to manage 
clinical research data in multi-site studies. 
 
Interim analysis 
In the phase II part of the study an interim analysis (IA) will be performed after treatment of 
24 patients that reached 4-month progression free survival (PFS) or that progressed within 
the first 4 months. If the number of patients progression free at 4 months is < 12 the study 
will be terminated due to lack of efficacy. In addition, the number of patients with 
combination treatment related grade ≥ 3 toxicity will be analyzed and if this number is 12 or 
higher, the study will be terminated because of unacceptable toxicity. 
Due to the time dependent nature of the outcome of interest, it is possible that there will not 
be sufficient evidence to either terminate or continue the trial at the time of enrollment of 
the 24th individual. In that case, the PFS rate at 4 months for the previously started patients 
will determine whether or not to halt the trial due to lack of efficacy. A decision must be made 

whether or not to halt enrollment until these 24 patients have been followed for 4 months or 
to continue enrollment and risk completing enrollment for the trial before the interim analysis 
is made. If only 3 of the first 24 patients have a response, then enrollment will be halted until 
the 4-month progression free survival interim analysis is completed. 
 
Statistical Analysis 
In the phase I part of the study, patients are defined as evaluable if they have completed a 
minimum of 2 weeks of combination therapy (i.e. allowing monitoring of immune effects at t 
= 2 weeks). Statistical analysis in the phase II part will be performed according to the 
intention-to-treat principle. All patients in this part of the study that have taken their study 
medication on at least one occasion are considered evaluable patients. 
The response rate will be determined as the proportion of treated patients who had a partial 
or complete response. Time to progression (TTP) and overall survival will be constructed by 
the use of Kaplan-Meier curves. TTP will be measured from enrollment and preferably be 
defined based on CT-scan imaging based on Response Criteria according to RECIST (version 
1.1) or alternatively based on clinical evaluation. For TTP analysis death is considered as 
progressive disease. Median TTP and overall survival will be calculated along with 95% 
confidence intervals. Statistical analyses of changes in immune and angiogenesis parameters 
and drug levels will be performed using paired Student t tests or Wilcoxon matched pairs tests 
as appropriate. P < 0.05 will be considered statistically significant. 
The sample size in the Phase I part of the study is expected to be 10-50 patients. Patients will 
be enrolled in cohorts of 5 per dose level. The first 5 patients will be assigned to dose level 0, 
to assess the effects of everolimus monotherapy. Subsequently, 8 combination therapy 
dosing levels are planned (see Figure 1). At the final dose level recommended for the phase II 
study a minimum of 10 patients will be treated. For phase II, a maximum of 56 patients will 
be included. The sample size for this part is determined based upon a Bryant Day Phase II 
clinical trial design, taking into account both activity as well as toxicity. Statistical calculation 
parameters for the phase II part of this study are: Probability of Accepting Poor Response (α-
r) = 0.1, Probability of Accepting Toxic Drug (α-t) = 0.1, Probability of Rejecting Good Drug (β) 
= 0.1, Unacceptable Response Probability (Pr0) = 0.5. Acceptable Response Probability (Pr1) 
= 0.7, Unacceptable Non-toxicity Probability (Pt0) = 0.5, Acceptable Non-toxicity Probability 
(Pt1) = 0.7, Early termination probability = Poor Response and Excessive Toxicity = 0.82, Poor 
Response and Acceptable Toxicity = 0.59, Good Response and Excessive Toxicity = 0.59 and 
Good Response and Acceptable Toxicity = 0.06. Taking these parameters into account, the 
limit for 1st stage rejecting of the drug due to inadequate response at interim analysis will be 
≤ 12 patients without being progression free at 4 months. The upper limit for 2nd stage (when 
total inclusion is completed) rejecting of the drug due to inadequate response is ≤ 32 patients 
without being progression free at 4 months. At least 32 patients should be without grade ≥ 3 
toxicity due to therapy, otherwise the combination therapy will be rejected due to excessive 
toxicity. 
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Safety 
All adverse events encountered during the clinical study will be reported on case report forms 
(CRF). In case of a serious adverse event (SAE), the investigator has a legal requirement to 
inform the central data management office within 24 hr through the web 
portal ToetsingOnline. All SAEs must also be reported on the Adverse Event page of the CRF. 
The principal investigators are responsible for the management of the safety reporting 
according to local regulations and guidelines. The study drug license holder will be provided 
with copies of all report submissions to regulatory authorities and to the ethical committee 
that has approved the study by the principal investigators. All reported (serious) adverse 
events will be discussed by an independent data monitoring committee. Novartis is 
responsible to ensure that the latest investigator's brochure is used as the source document 
for determining the expectedness of a SAE. 
 
Monitoring 
The study progress, safety data and data quality will be monitored by an Independent Data 
(and safety) Monitoring Board (IDMB), which will be independent of the trial organizers. 
Safety analysis will be performed on a regular basis and the IDMB will report their findings to 
the principal investigators. Once a year throughout the clinical trial, the principal investigators 
will submit a safety report to the accredited METC, including a list of all suspected 
(unexpected or expected) serious adverse reactions, along with an aggregated summary table 
of all reported serious adverse reactions. In addition, a complete safety analysis and an 
evaluation of the balance between the efficacy and the harmfulness of the medicine under 
investigation will be submitted. 
 
Data quality assurance 
Data management and trial coordination will be performed via the use of OpenClinica®. This 
open source web-based software platform for clinical trial data is compatible with the cancer 
Biomedical Informatics Grid (caBIG®) from the U.S. National Cancer Institute to manage 
clinical research data in multi-site studies. 
 
Interim analysis 
In the phase II part of the study an interim analysis (IA) will be performed after treatment of 
24 patients that reached 4-month progression free survival (PFS) or that progressed within 
the first 4 months. If the number of patients progression free at 4 months is < 12 the study 
will be terminated due to lack of efficacy. In addition, the number of patients with 
combination treatment related grade ≥ 3 toxicity will be analyzed and if this number is 12 or 
higher, the study will be terminated because of unacceptable toxicity. 
Due to the time dependent nature of the outcome of interest, it is possible that there will not 
be sufficient evidence to either terminate or continue the trial at the time of enrollment of 
the 24th individual. In that case, the PFS rate at 4 months for the previously started patients 
will determine whether or not to halt the trial due to lack of efficacy. A decision must be made 

whether or not to halt enrollment until these 24 patients have been followed for 4 months or 
to continue enrollment and risk completing enrollment for the trial before the interim analysis 
is made. If only 3 of the first 24 patients have a response, then enrollment will be halted until 
the 4-month progression free survival interim analysis is completed. 
 
Statistical Analysis 
In the phase I part of the study, patients are defined as evaluable if they have completed a 
minimum of 2 weeks of combination therapy (i.e. allowing monitoring of immune effects at t 
= 2 weeks). Statistical analysis in the phase II part will be performed according to the 
intention-to-treat principle. All patients in this part of the study that have taken their study 
medication on at least one occasion are considered evaluable patients. 
The response rate will be determined as the proportion of treated patients who had a partial 
or complete response. Time to progression (TTP) and overall survival will be constructed by 
the use of Kaplan-Meier curves. TTP will be measured from enrollment and preferably be 
defined based on CT-scan imaging based on Response Criteria according to RECIST (version 
1.1) or alternatively based on clinical evaluation. For TTP analysis death is considered as 
progressive disease. Median TTP and overall survival will be calculated along with 95% 
confidence intervals. Statistical analyses of changes in immune and angiogenesis parameters 
and drug levels will be performed using paired Student t tests or Wilcoxon matched pairs tests 
as appropriate. P < 0.05 will be considered statistically significant. 
The sample size in the Phase I part of the study is expected to be 10-50 patients. Patients will 
be enrolled in cohorts of 5 per dose level. The first 5 patients will be assigned to dose level 0, 
to assess the effects of everolimus monotherapy. Subsequently, 8 combination therapy 
dosing levels are planned (see Figure 1). At the final dose level recommended for the phase II 
study a minimum of 10 patients will be treated. For phase II, a maximum of 56 patients will 
be included. The sample size for this part is determined based upon a Bryant Day Phase II 
clinical trial design, taking into account both activity as well as toxicity. Statistical calculation 
parameters for the phase II part of this study are: Probability of Accepting Poor Response (α-
r) = 0.1, Probability of Accepting Toxic Drug (α-t) = 0.1, Probability of Rejecting Good Drug (β) 
= 0.1, Unacceptable Response Probability (Pr0) = 0.5. Acceptable Response Probability (Pr1) 
= 0.7, Unacceptable Non-toxicity Probability (Pt0) = 0.5, Acceptable Non-toxicity Probability 
(Pt1) = 0.7, Early termination probability = Poor Response and Excessive Toxicity = 0.82, Poor 
Response and Acceptable Toxicity = 0.59, Good Response and Excessive Toxicity = 0.59 and 
Good Response and Acceptable Toxicity = 0.06. Taking these parameters into account, the 
limit for 1st stage rejecting of the drug due to inadequate response at interim analysis will be 
≤ 12 patients without being progression free at 4 months. The upper limit for 2nd stage (when 
total inclusion is completed) rejecting of the drug due to inadequate response is ≤ 32 patients 
without being progression free at 4 months. At least 32 patients should be without grade ≥ 3 
toxicity due to therapy, otherwise the combination therapy will be rejected due to excessive 
toxicity. 
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Follow up 
Assessments during study treatment phase 
- Baseline evaluations are to be conducted within 2 weeks prior to the start of protocol 
therapy, and comprise medical history, physical examination, toxicity assessment, 
hematology, serum chemistry, immune and angiogenesis monitoring, ECG, tumor biopsy (not 
mandatory) and, in case of female participants, urine HCG. Abdominal and chest CT scans 
must be done within 4 weeks prior to start of therapy. 
- Patient visits will be scheduled at 2, 4 and 8 weeks and subsequently 4-weekly. At each visit 
medical history, physical examination, toxicity assessment, hematology and serum chemistry 
will be performed. 
- Immune monitoring on CD4+CD25+FOXP3+ regulatory T cells, conventional T cell subsets, NK 
cells, invariant CD1d-restricted NKT cells, dendritic cell subsets, myeloid-derived suppressor 
cells and cytokine levels will be performed at baseline and subsequently at 2, 4, and 8 weeks 
after the start of the study treatment period. 
- Angiogenesis monitoring on thrombospondin 1 (TSP-1), VEGF, circulating numbers of 
platelets and hematopoietic progenitor cells (HPCs) will be performed at baseline, week 4 and 
8. 
- Everolimus and cyclophosphamide drug levels will be measured during the phase I part of 
the study at week 4. 
- If patients agreed on a tumor biopsy, a second biopsy will be obtained at week 4. 
- CT images will be required at fixed time-points; baseline, 8 and 16 weeks, and thereafter 
every 8 weeks during treatment until progressive disease. 
- Adverse events will be reported during the study treatment phase. Medically significant 
adverse events considered related to the investigational product by the investigator will be 
followed until resolved or considered stable. 
 
Assessments during follow up phase 
- At the end of study treatment, medical history and toxicity will be assessed, and physical 
examination, hematology, serum chemistry, immune and angiogenesis monitoring, 
abdominal and chest CT scans will be performed. 
- Follow up will last till progressive disease and/or death of the patient. 
 
Study medication 
Everolimus 
Everolimus is a selective mTOR signal transduction inhibitor. It exerts its activity through high 
affinity interaction with an intracellular receptor protein, the immunophilin FKBP12. The 
FKBP12/everolimus complex subsequently interacts with the mTOR protein kinase, inhibiting 
downstream signaling events. mTOR is mainly activated via the PI3-kinase pathway through 
AKT/PKB and the tuberous sclerosis complex (TSC1/2). mTOR functions as a sensor of 
mitogens, growth factors and energy and nutrient levels, facilitating cell-cycle progression 
from G1-S phase in appropriate growth conditions. This pathway is also involved in the 

production of pro-angiogenic factors (i.e. VEGF) and stimulation of endothelial cell growth 
and proliferation. mTOR regulates protein translation through inactivating eukaryotic 
initiation factor 4E binding proteins and activating the 40S ribosomal S6 kinases, including the 
HIF-1 proteins [25]. 
Everolimus has been investigated in various indications, namely solid organ transplantation, 
hematologic and non-hematologic malignancies, and rheumatoid arthritis. Based on its 
potential to act directly on tumor cells by inhibiting tumor cell growth and proliferation and 
indirectly by inhibiting angiogenesis (via inhibition of tumor cell VEGF production and VEGF-
induced proliferation of endothelial cells), everolimus was also investigated as an anticancer 
agent. 
Everolimus has been evaluated clinically in patients with mRCC who failed a previous VEGF 
receptor tyrosine kinase inhibitor treatment and with several other solid malignancies in 
investigator sponsored studies. Daily doses of 5 and 10 mg have shown target inhibition with 
satisfactory tolerability in most patients. In general, everolimus is well tolerated and the 
safety profile is considered favorable and distinct from that of traditional chemotherapy [6,7]. 
 
Cyclophosphamide 
Cyclophosphamide is an alkylating agent that mediates crosslinking of DNA. It is frequently 
used in high doses in the treatment of several malignancies [26] and induces improved 
immune responses both in murine and human studies, when used in low doses due to 
induction of Treg depletion [19,22-24]. Furthermore, depletion of Tregs using metronomic 
oral cyclophosphamide restores T and NK cell effector functions in end stage cancer patients 
[22] and anticancer immunity and vaccine efficacy in multiple murine models [19,27]. 
Metronomic cyclophosphamide has also been reported to inhibit tumor angiogenesis, e.g. by 
reducing the mobilization and viability of HPCs and by inducing sustained apoptosis of 
endothelial cells within the vascular tumor bed [27-32]. TSP-1, a potent and endothelial cell 
specific inhibitor of angiogenesis, appears to be an important mediator of this process as the 
antiangiogenic and antitumor activity of metronomic cyclophosphamide was abolished in 
TSP-1 null mice [31]. In elderly breast cancer patients the addition of metronomic 
cyclophosphamide to letrozole resulted in lower levels of VEGF in the tumor [33]. 
In the present study, cyclophosphamide will be administered orally in the dose determined 
by the dose level to which the patient is assigned. As cyclophosphamide requires 4-
hydroxylation by cytochrome p450s including CYP3A4, and everolimus is mainly metabolized 
by CYP3A4 in the liver and to some extent in the intestinal wall, there is a potential interaction 
between the two drugs [34]. Therefore, everolimus and cyclophosphamide drug levels will be 
determined during this study. 
 
Treatment program 
Phase I 
Patients will be enrolled in cohorts of 5 per dose level. The first 5 patients enrolled will be 
assigned to dose level 0 in order to assess immune and anti-angiogenic effects of everolimus 
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Follow up 
Assessments during study treatment phase 
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after the start of the study treatment period. 
- Angiogenesis monitoring on thrombospondin 1 (TSP-1), VEGF, circulating numbers of 
platelets and hematopoietic progenitor cells (HPCs) will be performed at baseline, week 4 and 
8. 
- Everolimus and cyclophosphamide drug levels will be measured during the phase I part of 
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production of pro-angiogenic factors (i.e. VEGF) and stimulation of endothelial cell growth 
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Everolimus has been investigated in various indications, namely solid organ transplantation, 
hematologic and non-hematologic malignancies, and rheumatoid arthritis. Based on its 
potential to act directly on tumor cells by inhibiting tumor cell growth and proliferation and 
indirectly by inhibiting angiogenesis (via inhibition of tumor cell VEGF production and VEGF-
induced proliferation of endothelial cells), everolimus was also investigated as an anticancer 
agent. 
Everolimus has been evaluated clinically in patients with mRCC who failed a previous VEGF 
receptor tyrosine kinase inhibitor treatment and with several other solid malignancies in 
investigator sponsored studies. Daily doses of 5 and 10 mg have shown target inhibition with 
satisfactory tolerability in most patients. In general, everolimus is well tolerated and the 
safety profile is considered favorable and distinct from that of traditional chemotherapy [6,7]. 
 
Cyclophosphamide 
Cyclophosphamide is an alkylating agent that mediates crosslinking of DNA. It is frequently 
used in high doses in the treatment of several malignancies [26] and induces improved 
immune responses both in murine and human studies, when used in low doses due to 
induction of Treg depletion [19,22-24]. Furthermore, depletion of Tregs using metronomic 
oral cyclophosphamide restores T and NK cell effector functions in end stage cancer patients 
[22] and anticancer immunity and vaccine efficacy in multiple murine models [19,27]. 
Metronomic cyclophosphamide has also been reported to inhibit tumor angiogenesis, e.g. by 
reducing the mobilization and viability of HPCs and by inducing sustained apoptosis of 
endothelial cells within the vascular tumor bed [27-32]. TSP-1, a potent and endothelial cell 
specific inhibitor of angiogenesis, appears to be an important mediator of this process as the 
antiangiogenic and antitumor activity of metronomic cyclophosphamide was abolished in 
TSP-1 null mice [31]. In elderly breast cancer patients the addition of metronomic 
cyclophosphamide to letrozole resulted in lower levels of VEGF in the tumor [33]. 
In the present study, cyclophosphamide will be administered orally in the dose determined 
by the dose level to which the patient is assigned. As cyclophosphamide requires 4-
hydroxylation by cytochrome p450s including CYP3A4, and everolimus is mainly metabolized 
by CYP3A4 in the liver and to some extent in the intestinal wall, there is a potential interaction 
between the two drugs [34]. Therefore, everolimus and cyclophosphamide drug levels will be 
determined during this study. 
 
Treatment program 
Phase I 
Patients will be enrolled in cohorts of 5 per dose level. The first 5 patients enrolled will be 
assigned to dose level 0 in order to assess immune and anti-angiogenic effects of everolimus 
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monotherapy. The second 5 patients enrolled will be assigned to dose level 1. If there are ≤ 1 
dose-limiting toxicities (DLTs) experienced by the first 5 patients in a cohort during the first 
28 days after the first study treatment, patients will be entered in the next dose level. Entry 
of patients into the expansion cohort will not occur until at least 28 days after the last patient 
in the escalation phase received his/her first study treatment. At the final dose level 
recommended for the phase II study a minimum of 10 patients will be treated. Intra-individual 
dose escalation is not permitted in order to allow determination of any possible cumulative 
effect and to evaluate the inherent toxicity of the regimen at any given dose level. The 10 
patients that are being treated at the final dose level in the phase I part will be included in 
the subsequent phase II analyses. 
In case no depletion of Tregs is observed during the phase I part of the study, we consider the 
absence of an increase in Tregs as the minimally acceptable outcome for proceeding to the 
phase II part of the study. 
Phase II 
Up to 56 patients will be treated at the dose level that has been selected based on its capacity 
to most selectively deplete circulating Treg levels in the phase I part of the study. Treatment 
will be continued until disease progression and/or death of the patient. In case of progressive 
disease, the choice of subsequent therapy is at the discretion of the investigator. 
 
Discussion 
The mTOR inhibitor everolimus prolongs PFS in patients with mRCC from 1.9 months to 4.9 
months relative to placebo [6,7]. Although it thereby provides an important therapeutic tool 
for this patient category, mTOR inhibitors have also been shown to result in the expansion of 
immunosuppressive Tregs. Tregs are able to suppress antitumor immune responses in a 
clinically relevant way and therefore we hypothesize that depletion of Tregs can enhance the 
antitumor efficacy of everolimus. Cyclophosphamide has consistently been reported to 
induce Treg depletion, in both murine and human studies, when used in low doses [19,22-
24]. 
This phase I-II study is designed to a) obtain the optimal Treg depleting dose of metronomic 
cyclophosphamide when combined with the mTOR inhibitor everolimus in patients with 
mRCC and b) to determine whether this combined treatment results in enhanced antitumor 
efficacy of everolimus. The study intends to increase progression free survival at 4 months 
from 50% to 70% by adding metronomic cyclophosphamide to everolimus. 
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monotherapy. The second 5 patients enrolled will be assigned to dose level 1. If there are ≤ 1 
dose-limiting toxicities (DLTs) experienced by the first 5 patients in a cohort during the first 
28 days after the first study treatment, patients will be entered in the next dose level. Entry 
of patients into the expansion cohort will not occur until at least 28 days after the last patient 
in the escalation phase received his/her first study treatment. At the final dose level 
recommended for the phase II study a minimum of 10 patients will be treated. Intra-individual 
dose escalation is not permitted in order to allow determination of any possible cumulative 
effect and to evaluate the inherent toxicity of the regimen at any given dose level. The 10 
patients that are being treated at the final dose level in the phase I part will be included in 
the subsequent phase II analyses. 
In case no depletion of Tregs is observed during the phase I part of the study, we consider the 
absence of an increase in Tregs as the minimally acceptable outcome for proceeding to the 
phase II part of the study. 
Phase II 
Up to 56 patients will be treated at the dose level that has been selected based on its capacity 
to most selectively deplete circulating Treg levels in the phase I part of the study. Treatment 
will be continued until disease progression and/or death of the patient. In case of progressive 
disease, the choice of subsequent therapy is at the discretion of the investigator. 
 
Discussion 
The mTOR inhibitor everolimus prolongs PFS in patients with mRCC from 1.9 months to 4.9 
months relative to placebo [6,7]. Although it thereby provides an important therapeutic tool 
for this patient category, mTOR inhibitors have also been shown to result in the expansion of 
immunosuppressive Tregs. Tregs are able to suppress antitumor immune responses in a 
clinically relevant way and therefore we hypothesize that depletion of Tregs can enhance the 
antitumor efficacy of everolimus. Cyclophosphamide has consistently been reported to 
induce Treg depletion, in both murine and human studies, when used in low doses [19,22-
24]. 
This phase I-II study is designed to a) obtain the optimal Treg depleting dose of metronomic 
cyclophosphamide when combined with the mTOR inhibitor everolimus in patients with 
mRCC and b) to determine whether this combined treatment results in enhanced antitumor 
efficacy of everolimus. The study intends to increase progression free survival at 4 months 
from 50% to 70% by adding metronomic cyclophosphamide to everolimus. 
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Abstract 
The mammalian target of rapamycin (mTOR) is a crucial kinase present in all cells. Besides its 
role in the regulation of cell-growth, proliferation, angiogenesis, and survival of malignant 
tumors, mTOR additionally plays an important role in immune regulation by controlling the 
balance between effector T cells and regulatory T cells (Tregs). This critically affects the 
suppressive state of the immune system. Here, the systemic immunological effects of 
everolimus treatment were comprehensively investigated in five patients with metastatic 
renal cell cancer. In this hypothesis generating study, the immunological alterations in 
circulating immune subsets induced by everolimus included a (non-significant) increase in the 
frequency of Tregs, a significant increase in monocytic myeloid-derived suppressor cells, a 
significant decrease in the frequency of immunoregulatory natural killer cells, classical 
CD141+ (cDC1) and CD1c+(cDC2) dendritic cell subsets, as well as a decrease in the activation 
status of plasmacytoid dendritic cells and cDC1. These date indicate that the immunological 
effects of everolimus affect multiple immune cell subsets and altogether tip the balance in 
favor of immunosuppression, which can be considered a detrimental effect in the treatment 
of cancer, and may require combination treatment with agents able to negate immune 
suppression and boost T cell immunity. 
 
Introduction 
Kidney cancer is among the 10 most common cancers in both men and women and accounts 
for approximately 62,700 new cases and 14,240 estimated deaths in 2016 [1]. Renal cell 
carcinoma (RCC) is the most prevalent primary tumor arising in the kidney. The classification 
of RCC has changed recently, resulting in more than 10 subtypes, among which clear cell, 
papillary and chromophobe RCC have the highest incidence [2].  
In the past 10 years, the treatment of metastatic RCC (mRCC) has changed significantly. First 
with the introduction of targeted agents inhibiting the vascular endothelial growth factor 
(VEGF)–signaling pathway and the kinase mammalian target of rapamycin (mTOR) [3] and 
more recently with the introduction of nivolumab, a monoclonal antibody that targets the 
programmed cell death 1 (PD-1) immune checkpoint[4], and cabozantinib—a multi-tyrosine 
kinase inhibitor of MET, AXL, and VEGF [5, 6]. Both nivolumab and cabozantinib have been 
shown to be more effective than the mTOR inhibitor everolimus in clinical trials and have 
thereby replaced everolimus as the second-line therapy after VEGF-targeted therapy [7]. The 
combination of everolimus and the multitarget tyrosine kinase inhibitor lenvatinib has also 
been shown to improve progression-free survival in patients with mRCC compared to 
everolimus alone following one prior antiangiogenic therapy [8,9].  
Everolimus is a derivate of rapamycin, and it acts as an inhibitor of mTOR, a crucial kinase 
present in all cells, by regulating cell growth, proliferation, angiogenesis, and survival. 
Furthermore, it plays an important role in immune regulation by controlling homeostasis and 
the balance between effector T cells and regulatory T cells (Tregs) [10-13].  
CD4+CD25hiFoxP3+ Tregs are immunoregulatory T cells which express the transcription factor 
FoxP3 [14] and have been shown to be important regulators of immunological tolerance 
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Abstract 
The mammalian target of rapamycin (mTOR) is a crucial kinase present in all cells. Besides its 
role in the regulation of cell-growth, proliferation, angiogenesis, and survival of malignant 
tumors, mTOR additionally plays an important role in immune regulation by controlling the 
balance between effector T cells and regulatory T cells (Tregs). This critically affects the 
suppressive state of the immune system. Here, the systemic immunological effects of 
everolimus treatment were comprehensively investigated in five patients with metastatic 
renal cell cancer. In this hypothesis generating study, the immunological alterations in 
circulating immune subsets induced by everolimus included a (non-significant) increase in the 
frequency of Tregs, a significant increase in monocytic myeloid-derived suppressor cells, a 
significant decrease in the frequency of immunoregulatory natural killer cells, classical 
CD141+ (cDC1) and CD1c+(cDC2) dendritic cell subsets, as well as a decrease in the activation 
status of plasmacytoid dendritic cells and cDC1. These date indicate that the immunological 
effects of everolimus affect multiple immune cell subsets and altogether tip the balance in 
favor of immunosuppression, which can be considered a detrimental effect in the treatment 
of cancer, and may require combination treatment with agents able to negate immune 
suppression and boost T cell immunity. 
 
Introduction 
Kidney cancer is among the 10 most common cancers in both men and women and accounts 
for approximately 62,700 new cases and 14,240 estimated deaths in 2016 [1]. Renal cell 
carcinoma (RCC) is the most prevalent primary tumor arising in the kidney. The classification 
of RCC has changed recently, resulting in more than 10 subtypes, among which clear cell, 
papillary and chromophobe RCC have the highest incidence [2].  
In the past 10 years, the treatment of metastatic RCC (mRCC) has changed significantly. First 
with the introduction of targeted agents inhibiting the vascular endothelial growth factor 
(VEGF)–signaling pathway and the kinase mammalian target of rapamycin (mTOR) [3] and 
more recently with the introduction of nivolumab, a monoclonal antibody that targets the 
programmed cell death 1 (PD-1) immune checkpoint[4], and cabozantinib—a multi-tyrosine 
kinase inhibitor of MET, AXL, and VEGF [5, 6]. Both nivolumab and cabozantinib have been 
shown to be more effective than the mTOR inhibitor everolimus in clinical trials and have 
thereby replaced everolimus as the second-line therapy after VEGF-targeted therapy [7]. The 
combination of everolimus and the multitarget tyrosine kinase inhibitor lenvatinib has also 
been shown to improve progression-free survival in patients with mRCC compared to 
everolimus alone following one prior antiangiogenic therapy [8,9].  
Everolimus is a derivate of rapamycin, and it acts as an inhibitor of mTOR, a crucial kinase 
present in all cells, by regulating cell growth, proliferation, angiogenesis, and survival. 
Furthermore, it plays an important role in immune regulation by controlling homeostasis and 
the balance between effector T cells and regulatory T cells (Tregs) [10-13].  
CD4+CD25hiFoxP3+ Tregs are immunoregulatory T cells which express the transcription factor 
FoxP3 [14] and have been shown to be important regulators of immunological tolerance 
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[15]. It was shown in vitro [16-19] as well as in vivo [20] that inhibition of mTOR using 
rapamycin resulted in expansion of Tregs. In addition, two recent publications confirmed 
similar effects for the mTOR inhibitor everolimus [21, 22]. Of note, the effect of everolimus 
on other important immune subsets, like myeloid subsets and natural killer (NK) cells, has not 
been previously studied. 
Here, we set out to perform a more comprehensive analysis to study the systemic 
immunological effects of everolimus treatment in a small exploratory cohort of patients with 
mRCC. We report that treatment of mRCC patients with everolimus resulted in an expected 
increase in Treg percentages, and also in a significant increase in myeloid-derived suppressor 
cells (MDSC) and a significant decrease in the frequency and activation status of several 
dendritic cell (DC) subsets. Together these data indicate that treatment with everolimus 
results in a generalized suppressed state of the immune system, which can be considered to 
be a detrimental effect in the treatment of mRCC, and support the notion that reversing this 
immunosuppressive effect of everolimus could enhance its therapeutic efficacy. 
 
Materials and methods 
Study population 
Five patients with mRCC and disease progression during treatment with sunitinib were 
treated with everolimus monotherapy. Detailed patient characteristics are described in Table 
1. The study was conducted in accordance with the ethical principles that have their origin in 
the Declaration of Helsinki and are consistent with International Conference on 
Harmonization (ICH) Guidelines for Good Clinical Practice. The Medical Ethical Committee of 
the VU University Medical Center, Amsterdam, the Netherlands, and the Central Committee 
on Research Involving Human Subjects (CCMO) approved the study protocol. All patients gave 
written informed consent. The five patients were included from January until November 
2012. 
 
Immune monitoring 
Peripheral blood was collected for extensive monitoring at baseline and subsequently at 2, 4, 
and 8 weeks after the start of the study treatment period until disease progression. For 
immune monitoring, 60 mL heparinized blood was collected. In addition, whole blood was 
collected in PAXgene tubes (PreAnalytiX GmbH, Hombrechtikon, Switzerland). All materials 
were processed on the same day the blood was drawn. 
 
Cell isolation 
Peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood of patients 
by density-gradient centrifugation with Lymphoprep (Axis-Shield, Oslo, Norway). After 
isolation, PBMC were stored overnight at 4°C in RPMI 1640 (Lonza, Basel, Switzerland) 
supplemented with 100 I.E./mL sodium penicillin (Astellas Pharma, Leiden, The Netherlands), 
100 mg/mL streptomycin sulfate (Radiumfarma-Fisiofarma, Naples, Italy), 2.0 nM L-glutamine 
(Life Technologies, Bleiswijk, The Netherlands), 10% fetal bovine serum (FBS; HyClone, 

Amsterdam, The Netherlands), and 0.05 mM 2-ME (Merck; Darmstadt, Germany), hereafter 
referred to as complete medium. The next day, cells were stained for flow cytometric analysis. 
In case of sufficient cell numbers, cells were cryopreserved in liquid nitrogen for additional 
analysis. 
 
Flow cytometry 
PBMC were analyzed by flow cytometry using fluorescein isothiocyanate- (FITC), 
phycoerythrin- (PE), peridinin chlorophyll protein-Cy5.5- (PerCP), or allophycocyanin (APC)-
labeled Abs directed against human CD3, CD4, CD11c, CD14, CD15, CD16, CD19, CD25, CD56, 
CD86, CD123, CTLA-4, HLA-DR, Ki-67, TCR-pan γδ (all BD Biosciences, New Jersey, USA), CD33, 
CD40, TCR-Vα24, -Vβ11, -Vδ2 (Beckman Coulter Inc., California, USA), TCR-Vγ9 (Biolegend, 
San Diego, USA), CD56 (IQ Products, Groningen, The Netherlands), CD11b, CD147 
(eBioscience, San Diego, CA), and blood DC antigens BDCA1, BDCA2, BDCA3 (all from Miltenyi 
Biotec, Bergisch Gladbach, Germany), and matching isotype control antibodies. Stainings 
were performed in phosphate-buffered saline (PBS) supplemented with 0.1% bovine serum 
albumin (BSA) and 0.02% sodium azide for 30 min. Intracellular staining was performed after 
fixation and permeabilization using a fixation/permeabilization kit according to the 
manufacturer’s protocol (eBioscience). For staining of FoxP3, a PE-labeled Ab against FoxP3 
(clone PCH101, eBioscience) was used. 
For intracellular cytokine staining, PBMC from mRCC patients treated with everolimus were 
either left unstimulated or stimulated for 4 h with 50 ng/mL phorbol myristate acetate (PMA) 
and 500 ng/mL ionomycin in the presence of brefeldin A (1:500; GolgiPlug, BD Biosciences) 
and stained for CD3, CD4, IFN-γ, IL-4, TNF-α, IL-5, IL-2 (all BD Biosciences), and IL-17A 
(eBioscience) using the BD fixation/permeabilization kit. Live cells were gated based on 
forward and side scatter and analyzed on a BD FACSCalibur (BD Biosciences) using Kaluza 
Analysis Software (Beckman Coulter). 
 
Functional Treg analysis 
Cryopreserved PBMC from patients were thawed in complete medium supplemented with 10 
μg/mL DNase (Roche Diagnostics GmbH, Mannheim, Germany). As previously described 
[21], CD4+ T cells were isolated using the untouched CD4+ T cell isolation kit (Miltenyi Biotec) 
according to the manufacturer’s protocol. Next, CD4+CD25+ cells were isolated over two 
consecutive magnetic columns using CD25 MicroBeads (Miltenyi Biotec), as previously 
published [21]. After isolation, cells were rested overnight in RPMI 1640 (Lonza) 
supplemented with 100 I.E./mL sodium penicillin (Astellas Pharma), 100 μg/mL streptomycin 
sulfate (Radiumfarma-Fisiofarma), 2.0 nM L-glutamine (Life Technologies), 10% pooled 
human AB serum (MP Biomedicals, Ohio, USA), and 0.02 mM pyruvic acid (Sigma, St. Louis, 
USA) culture medium containing low-dose IL-2 (50 IU/ mL, Proleukin, Novartis, Arnhem, The 
Netherlands). The next day, the capacity of isolated CD4+CD25+ cells derived from patient 
PBMC to suppress proliferation of allogeneic CD8+ T responder cells was determined by 
labeling responder T cells with 1 μM carboxyfluorescein diacetate succinimidyl ester (CFSE; 
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[15]. It was shown in vitro [16-19] as well as in vivo [20] that inhibition of mTOR using 
rapamycin resulted in expansion of Tregs. In addition, two recent publications confirmed 
similar effects for the mTOR inhibitor everolimus [21, 22]. Of note, the effect of everolimus 
on other important immune subsets, like myeloid subsets and natural killer (NK) cells, has not 
been previously studied. 
Here, we set out to perform a more comprehensive analysis to study the systemic 
immunological effects of everolimus treatment in a small exploratory cohort of patients with 
mRCC. We report that treatment of mRCC patients with everolimus resulted in an expected 
increase in Treg percentages, and also in a significant increase in myeloid-derived suppressor 
cells (MDSC) and a significant decrease in the frequency and activation status of several 
dendritic cell (DC) subsets. Together these data indicate that treatment with everolimus 
results in a generalized suppressed state of the immune system, which can be considered to 
be a detrimental effect in the treatment of mRCC, and support the notion that reversing this 
immunosuppressive effect of everolimus could enhance its therapeutic efficacy. 
 
Materials and methods 
Study population 
Five patients with mRCC and disease progression during treatment with sunitinib were 
treated with everolimus monotherapy. Detailed patient characteristics are described in Table 
1. The study was conducted in accordance with the ethical principles that have their origin in 
the Declaration of Helsinki and are consistent with International Conference on 
Harmonization (ICH) Guidelines for Good Clinical Practice. The Medical Ethical Committee of 
the VU University Medical Center, Amsterdam, the Netherlands, and the Central Committee 
on Research Involving Human Subjects (CCMO) approved the study protocol. All patients gave 
written informed consent. The five patients were included from January until November 
2012. 
 
Immune monitoring 
Peripheral blood was collected for extensive monitoring at baseline and subsequently at 2, 4, 
and 8 weeks after the start of the study treatment period until disease progression. For 
immune monitoring, 60 mL heparinized blood was collected. In addition, whole blood was 
collected in PAXgene tubes (PreAnalytiX GmbH, Hombrechtikon, Switzerland). All materials 
were processed on the same day the blood was drawn. 
 
Cell isolation 
Peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood of patients 
by density-gradient centrifugation with Lymphoprep (Axis-Shield, Oslo, Norway). After 
isolation, PBMC were stored overnight at 4°C in RPMI 1640 (Lonza, Basel, Switzerland) 
supplemented with 100 I.E./mL sodium penicillin (Astellas Pharma, Leiden, The Netherlands), 
100 mg/mL streptomycin sulfate (Radiumfarma-Fisiofarma, Naples, Italy), 2.0 nM L-glutamine 
(Life Technologies, Bleiswijk, The Netherlands), 10% fetal bovine serum (FBS; HyClone, 

Amsterdam, The Netherlands), and 0.05 mM 2-ME (Merck; Darmstadt, Germany), hereafter 
referred to as complete medium. The next day, cells were stained for flow cytometric analysis. 
In case of sufficient cell numbers, cells were cryopreserved in liquid nitrogen for additional 
analysis. 
 
Flow cytometry 
PBMC were analyzed by flow cytometry using fluorescein isothiocyanate- (FITC), 
phycoerythrin- (PE), peridinin chlorophyll protein-Cy5.5- (PerCP), or allophycocyanin (APC)-
labeled Abs directed against human CD3, CD4, CD11c, CD14, CD15, CD16, CD19, CD25, CD56, 
CD86, CD123, CTLA-4, HLA-DR, Ki-67, TCR-pan γδ (all BD Biosciences, New Jersey, USA), CD33, 
CD40, TCR-Vα24, -Vβ11, -Vδ2 (Beckman Coulter Inc., California, USA), TCR-Vγ9 (Biolegend, 
San Diego, USA), CD56 (IQ Products, Groningen, The Netherlands), CD11b, CD147 
(eBioscience, San Diego, CA), and blood DC antigens BDCA1, BDCA2, BDCA3 (all from Miltenyi 
Biotec, Bergisch Gladbach, Germany), and matching isotype control antibodies. Stainings 
were performed in phosphate-buffered saline (PBS) supplemented with 0.1% bovine serum 
albumin (BSA) and 0.02% sodium azide for 30 min. Intracellular staining was performed after 
fixation and permeabilization using a fixation/permeabilization kit according to the 
manufacturer’s protocol (eBioscience). For staining of FoxP3, a PE-labeled Ab against FoxP3 
(clone PCH101, eBioscience) was used. 
For intracellular cytokine staining, PBMC from mRCC patients treated with everolimus were 
either left unstimulated or stimulated for 4 h with 50 ng/mL phorbol myristate acetate (PMA) 
and 500 ng/mL ionomycin in the presence of brefeldin A (1:500; GolgiPlug, BD Biosciences) 
and stained for CD3, CD4, IFN-γ, IL-4, TNF-α, IL-5, IL-2 (all BD Biosciences), and IL-17A 
(eBioscience) using the BD fixation/permeabilization kit. Live cells were gated based on 
forward and side scatter and analyzed on a BD FACSCalibur (BD Biosciences) using Kaluza 
Analysis Software (Beckman Coulter). 
 
Functional Treg analysis 
Cryopreserved PBMC from patients were thawed in complete medium supplemented with 10 
μg/mL DNase (Roche Diagnostics GmbH, Mannheim, Germany). As previously described 
[21], CD4+ T cells were isolated using the untouched CD4+ T cell isolation kit (Miltenyi Biotec) 
according to the manufacturer’s protocol. Next, CD4+CD25+ cells were isolated over two 
consecutive magnetic columns using CD25 MicroBeads (Miltenyi Biotec), as previously 
published [21]. After isolation, cells were rested overnight in RPMI 1640 (Lonza) 
supplemented with 100 I.E./mL sodium penicillin (Astellas Pharma), 100 μg/mL streptomycin 
sulfate (Radiumfarma-Fisiofarma), 2.0 nM L-glutamine (Life Technologies), 10% pooled 
human AB serum (MP Biomedicals, Ohio, USA), and 0.02 mM pyruvic acid (Sigma, St. Louis, 
USA) culture medium containing low-dose IL-2 (50 IU/ mL, Proleukin, Novartis, Arnhem, The 
Netherlands). The next day, the capacity of isolated CD4+CD25+ cells derived from patient 
PBMC to suppress proliferation of allogeneic CD8+ T responder cells was determined by 
labeling responder T cells with 1 μM carboxyfluorescein diacetate succinimidyl ester (CFSE; 
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Sigma–Aldrich) before subsequent culture in a 96-well round-bottom plate in culture medium 
in the presence of 1 μg/mL anti-CD3 mAb, 1 μg/mL anti-CD28 mAb (clones 16A9 and 15E8, 
kindly provided by Dr René van Lier, Sanquin, Amsterdam, The Netherlands) and 20 U/mL IL-
2 with or without the addition of CD4+CD25+ cells derived from patient PBMC in a 
CD4+CD25+ T cell/ CD8+ T cell responder ratio of 1:1 and, in case of sufficient cell numbers, 
also in a 1:2 ratio. After 4 days of co-culture, cells were stained with APC-labeled CD8 (BD 
Biosciences) and proliferation of CD8+ responder T cells was analyzed by assessing CFSE 
dilution. For both experiments, the same CD8+ effector T cell donor was used. Experiments 
for the individual patient were performed in parallel. 
 
RNA isolation, complementary DNA synthesis, and quantitative polymerase chain reaction 
RNA was isolated from the PAXgene tubes using the PAXgene RNA isolation kit (PreAnalytiX) 
according to the manufacturer’s protocols. A DNase (QIAGEN Benelux BV) step was included 
to remove any genomic DNA. RNA quantity and purity were determined using a NanoDrop 
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). An amount of 250 ng of 
RNA was used for complementary DNA (cDNA) synthesis, which was performed using the 
RevertAid H Minus cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA) according to 
the manufacturer’s protocol, as previously published [23]. The messenger RNA (mRNA) 
expression of IL-10, transforming growth factor β (TGFβ), and arginase was measured on 
cDNA by quantitative polymerase chain reaction (qPCR), performed at ServiceXS (ServiceXS 
B.V., Leiden, The Netherlands) using the 96.96 BioMark™ Dynamic Array for Real-Time PCR 
(Fluidigm Corporation, San Francisco, CA, USA) according to the manufacturer’s instructions. 
Thermal cycling and real-time imaging of the BioMark array were done on the BioMark 
instrument, and cycle threshold (CT) values were extracted using the BioMark Real-Time PCR 
analysis software. The following primers were used: Hs00174086_MI for IL-10, 
Hs00171257_MI for TGFβ, and Hs00968979_MI for arginase (genes IL10, TGFB1, and ARG1, 
respectively). To calculate arbitrary values of mRNA levels and to correct for differences in 
primer efficiencies, a standard curve was constructed. Expression levels of target genes were 
calculated relative to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH). 
 
Statistical analysis 
One-way repeated measures analysis of variance (ANOVA) was used to determine the 
statistical significance of differences between groups with Dunnett’s Multiple Comparison 
test as post-test. Data from week 8 could not be included due to missing values as a result of 
disease progression; therefore, statistics were calculated comparing week 0 to weeks 2 and 
4, respectively. Findings were considered statistically significant when P-values were ⩽0.05, 
as indicated with asterisks (*P ⩽ 0.05, **P < 0.01, ***P < 0.001). Statistical analyses were 
performed using GraphPad Prism software (version 7.0a, 2016). 
 
  

Results 
Patient characteristics 
Five patients with mRCC and disease progression after treatment with sunitinib received 
everolimus at the oral standard dose of 10 mg once daily. Patient characteristics are shown 
in Table 1. Mean treatment duration was 20.2 weeks, which is comparable to the previously 
published results by Motzer et al [24]. Four mRCC patients were treated with everolimus until 
disease progression, while one patient stopped treatment at his request, before disease 
progression occurred. At that point, he had not reported any major adverse events. One 
patient was treated with the standard dose throughout the complete study period; for two 
patients, study medication was interrupted for 1 or 3 days due to adverse events; and for one 
patient, medication was interrupted for 1 day due to a minor, not related, surgical procedure. 
One patient experienced adverse events leading to the decision of the treating physician to 
lower the daily dose to 5 mg after 8 weeks of study treatment. Two patients showed 
progressive disease before immune monitoring on week 8 could be performed. A 
comprehensive overview of the frequency of all monitored immune cell subsets at baseline 
and at weeks 2 and 4 after start of treatment is presented in supplementary Table 1. Immune 
cell subsets in which relevant changes were observed during treatment are discussed in more 
detail in the following sections. 
 

 
 
Treatment with everolimus benefits Treg rates with suppressive capacities 
As increased numbers of Tregs are associated with poor prognosis and survival and mTOR 
inhibitors were shown to enhance Treg proliferation, Treg percentages were determined in 
patient samples at baseline (t = 0), and at weeks 2, 4, and 8 after start of treatment. Tregs 
were defined as CD3+CD4+CD25hiFoxP3+ and percentages were determined according to the 
gating strategy shown in Figure 1(a). Compared to the Treg frequency at baseline, a slight, 
though not statistically significant, increase was seen during everolimus treatment (Figure 1b 
left panel). In contrast, the frequency of CD4+ T cells remained stable (Figure 1b right panel). 
Furthermore, while absolute numbers of CD4+ T cells showed a non-significant decrease 
during the first 4 weeks of treatment with everolimus (from 6.6 ± 1.9 × 105/mL (mean ± SEM) 
at week 0 to 4.0 ± 0.9 × 105/mL at week 2 and 5.1 ± 1.1 × 105/mL at week 4), Treg numbers 
did not significantly change (2.9 ± 0.7 × 104/mL at baseline, 1.8 ± 0.5 × 104/mL at week 2 and 
2.9 ± 0.9 × 104/mL at week 4). 

Table 1. Patients’ characteristics  

Sex Age WHO  
Performance 
status 

Date of primary 
diagnosis 
(month-year) 

Date metastatic 
disease 
(month-year) 

Histological 
subtype 

Previous 
treatment 

Treatment duration 
everolimus  
(weeks) 

Best clinical 
response 

Reason for 
EOT 

Dose modifications 

F 76 1 04-2006 04-2006 Clear cell  sunitinib 24 SD  progression Interruption of  
medication 1 day 

F 74 2 11-2011 11-2011 Clear cell sunitinib 4 PD progression Interruption of 
medication for 3 days 

M 77 1 01-2009 09-2011 Clear cell sunitinib 12 SD patient’s 
request 

Interruption of 
medication for 1 day 

M 58 1 03-2007 03-2007 Clear cell sunitinib 57 SD progression Dose lowered to 5mg 
daily after week 8 due to 
adverse event 

F 56 1 07-2012 07-2012 Clear cell sunitinib 4 PD progression none 
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kindly provided by Dr René van Lier, Sanquin, Amsterdam, The Netherlands) and 20 U/mL IL-
2 with or without the addition of CD4+CD25+ cells derived from patient PBMC in a 
CD4+CD25+ T cell/ CD8+ T cell responder ratio of 1:1 and, in case of sufficient cell numbers, 
also in a 1:2 ratio. After 4 days of co-culture, cells were stained with APC-labeled CD8 (BD 
Biosciences) and proliferation of CD8+ responder T cells was analyzed by assessing CFSE 
dilution. For both experiments, the same CD8+ effector T cell donor was used. Experiments 
for the individual patient were performed in parallel. 
 
RNA isolation, complementary DNA synthesis, and quantitative polymerase chain reaction 
RNA was isolated from the PAXgene tubes using the PAXgene RNA isolation kit (PreAnalytiX) 
according to the manufacturer’s protocols. A DNase (QIAGEN Benelux BV) step was included 
to remove any genomic DNA. RNA quantity and purity were determined using a NanoDrop 
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). An amount of 250 ng of 
RNA was used for complementary DNA (cDNA) synthesis, which was performed using the 
RevertAid H Minus cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA) according to 
the manufacturer’s protocol, as previously published [23]. The messenger RNA (mRNA) 
expression of IL-10, transforming growth factor β (TGFβ), and arginase was measured on 
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B.V., Leiden, The Netherlands) using the 96.96 BioMark™ Dynamic Array for Real-Time PCR 
(Fluidigm Corporation, San Francisco, CA, USA) according to the manufacturer’s instructions. 
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instrument, and cycle threshold (CT) values were extracted using the BioMark Real-Time PCR 
analysis software. The following primers were used: Hs00174086_MI for IL-10, 
Hs00171257_MI for TGFβ, and Hs00968979_MI for arginase (genes IL10, TGFB1, and ARG1, 
respectively). To calculate arbitrary values of mRNA levels and to correct for differences in 
primer efficiencies, a standard curve was constructed. Expression levels of target genes were 
calculated relative to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH). 
 
Statistical analysis 
One-way repeated measures analysis of variance (ANOVA) was used to determine the 
statistical significance of differences between groups with Dunnett’s Multiple Comparison 
test as post-test. Data from week 8 could not be included due to missing values as a result of 
disease progression; therefore, statistics were calculated comparing week 0 to weeks 2 and 
4, respectively. Findings were considered statistically significant when P-values were ⩽0.05, 
as indicated with asterisks (*P ⩽ 0.05, **P < 0.01, ***P < 0.001). Statistical analyses were 
performed using GraphPad Prism software (version 7.0a, 2016). 
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Five patients with mRCC and disease progression after treatment with sunitinib received 
everolimus at the oral standard dose of 10 mg once daily. Patient characteristics are shown 
in Table 1. Mean treatment duration was 20.2 weeks, which is comparable to the previously 
published results by Motzer et al [24]. Four mRCC patients were treated with everolimus until 
disease progression, while one patient stopped treatment at his request, before disease 
progression occurred. At that point, he had not reported any major adverse events. One 
patient was treated with the standard dose throughout the complete study period; for two 
patients, study medication was interrupted for 1 or 3 days due to adverse events; and for one 
patient, medication was interrupted for 1 day due to a minor, not related, surgical procedure. 
One patient experienced adverse events leading to the decision of the treating physician to 
lower the daily dose to 5 mg after 8 weeks of study treatment. Two patients showed 
progressive disease before immune monitoring on week 8 could be performed. A 
comprehensive overview of the frequency of all monitored immune cell subsets at baseline 
and at weeks 2 and 4 after start of treatment is presented in supplementary Table 1. Immune 
cell subsets in which relevant changes were observed during treatment are discussed in more 
detail in the following sections. 
 

 
 
Treatment with everolimus benefits Treg rates with suppressive capacities 
As increased numbers of Tregs are associated with poor prognosis and survival and mTOR 
inhibitors were shown to enhance Treg proliferation, Treg percentages were determined in 
patient samples at baseline (t = 0), and at weeks 2, 4, and 8 after start of treatment. Tregs 
were defined as CD3+CD4+CD25hiFoxP3+ and percentages were determined according to the 
gating strategy shown in Figure 1(a). Compared to the Treg frequency at baseline, a slight, 
though not statistically significant, increase was seen during everolimus treatment (Figure 1b 
left panel). In contrast, the frequency of CD4+ T cells remained stable (Figure 1b right panel). 
Furthermore, while absolute numbers of CD4+ T cells showed a non-significant decrease 
during the first 4 weeks of treatment with everolimus (from 6.6 ± 1.9 × 105/mL (mean ± SEM) 
at week 0 to 4.0 ± 0.9 × 105/mL at week 2 and 5.1 ± 1.1 × 105/mL at week 4), Treg numbers 
did not significantly change (2.9 ± 0.7 × 104/mL at baseline, 1.8 ± 0.5 × 104/mL at week 2 and 
2.9 ± 0.9 × 104/mL at week 4). 
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Dose modifications 

F 76 1 04-2006 04-2006 Clear cell  sunitinib 24 SD  progression Interruption of  
medication 1 day 

F 74 2 11-2011 11-2011 Clear cell sunitinib 4 PD progression Interruption of 
medication for 3 days 

M 77 1 01-2009 09-2011 Clear cell sunitinib 12 SD patient’s 
request 

Interruption of 
medication for 1 day 

M 58 1 03-2007 03-2007 Clear cell sunitinib 57 SD progression Dose lowered to 5mg 
daily after week 8 due to 
adverse event 

F 56 1 07-2012 07-2012 Clear cell sunitinib 4 PD progression none 
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Figure 1. Effect of everolimus treatment on the frequency of Tregs and their suppressive function. (a) 
Representative dot plots illustrating the gating strategy applied to analyze Tregs, defined as 
CD3+CD4+CD25hiFoxP3+, within the total isolated PBMC population. (b) Percentages of Tregs within 
CD4+ T cells (left graph) and CD4+ T cells within CD3+ T cells (right graph), determined in freshly isolated 
PBMC from five patients treated with everolimus at baseline and subsequently 2, 4, and 8 weeks after 
start of treatment. Mean ± SEM are shown. (c) For two patients, sufficient PBMC were available to 
perform CD4+CD25+ T cell isolation at two time-points. Their capacity to suppress T cell proliferation 
was tested by measuring CFSE dilution of CD8+ responder T cells stimulated with anti-CD3 mAb, anti-
CD28 mAb, and IL-2. Representative histograms showing CFSE dilution of CD8+ responder T cells in the 
various conditions, upper panels for patient 01 and lower panels for patient 04. Unstimulated 
CD8+ responder T cells without the addition of anti-CD3 mAb, anti-CD28 mAb, and IL-2 and 
CD8+ responder T cells stimulated with anti-CD3 mAb, anti-CD28 mAb, and IL-2, both without the 
addition of isolated CD4+CD25+ T cells (two panels on the left) were used as control conditions. Two 
panels on the right show the CFSE dilution of responder T cells cultured with CD4+CD25+ T cells isolated 
from PBMC drawn at time-point 0 and 4 weeks. 

In case sufficient PBMC numbers were stored in liquid nitrogen after immune monitoring, 
which was the case for patients 01 and 04, CD4+CD25+ T cells derived from baseline and week 
4 were isolated and suppression assays were performed to investigate Treg function. Isolated 
CD4+CD25+ T cells were co-cultured with CFSE-labeled CD8+ responder T cells. Cell division of 
the responder T cells was assessed after a 4-day co-culture period of Treg-enriched cell 
populations with responder T cells at a 1:1 ratio. For patient 01, the purity of CD4+CD25+ T 
cells was 90% on week 0 and 93.8% on week 4, with a purity of FoxP3+ cells of 59.1% and 
51.3%, respectively. For patient 04, the purity of CD4+CD25+ T cells was 85.1% on week 0 and 
76.9% on week 4 with a purity of FoxP3+ cells of 55.5% and 75.3%, respectively. The co-
cultures were performed in the presence of 1 μg/mL anti-CD3 mAb, 1 μg/mL anti-CD28 mAb, 
and 20 U/mL IL-2. As shown in Figure 1c, isolated CD4+CD25+ T cells from patient PBMC were 
able to suppress the proliferation of responder T cells both at baseline and at 4 weeks. For 
patient 04, an increase in suppression of responder T cells was observed at 4 weeks, possibly 
as a result of the increased purity of FoxP3+ cells after isolation in this patient. 
 
Overall cytokine production is not altered by everolimus treatment 
In order to determine which cytokines were produced by T cells from patients before start of 
treatment with everolimus and after 4 weeks of treatment, PBMC were thawed from liquid 
nitrogen and stained as described in the “Materials and methods” section for intracellular 
cytokines. Cytokine production was determined in CD4+ T cells as well as in CD8+ T cells. Both 
T cell populations showed similar cytokine production patterns and levels. In unstimulated 
conditions, low levels of intracellular cytokines were produced in CD4+ and CD8+ T cells, with 
a predominant production of IL-4 in both cell types (Figure 2a). However, when PBMC from 
mRCC patients treated with everolimus were stimulated with 50 ng/mL PMA and 500 ng/mL 
ionomycin, mainly Th1-type cytokines were produced, that is, IFN-γ, TNF-α, and IL-2 (Figure 
2b). There was no difference in cytokine production between baseline and week 4. 
As the cytokines IL-10 and TGFβ are both known for their immunosuppressive effects in the 
tumor microenvironment [25, 26], IL-10 and TGFβ mRNA levels were determined in whole 
blood with the use of PAXgene tubes (Figure 2c). Although results were not significant, for at 
least two patients, an increase in IL-10 and TGFβ levels was observed between t = 0 and t = 4, 
consistent with increased immune suppression. 
 
Everolimus treatment results in a decrease in NK cell rates 
NK cells are part of the innate immune system with cytotoxic capacity and the ability to 
produce immunoregulatory cytokines. Two distinct subsets can be defined, that is, the 
immunoregulatory CD56brightCD16dim/− and the cytotoxic CD56dimCD16+ subset [27], and rates 
of both subsets were determined in patient samples. As shown in Figure 3, a significant 
decrease in immunoregulatory CD56brightCD16dim/− NK cell percentages (within total PBMC) 
was observed when patients were treated with everolimus for 4 weeks, while the cytotoxic 
CD56dimCD16+ NK cell frequencies did not significantly change. No significant changes in 
absolute numbers were observed. 
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Figure 2. Overall T cell cytokine production is not altered by everolimus treatment. (a) Bar graph 
showing the percentage of IL-17, IFN-γ, IL-4, TNF-α, IL-5, and IL-2 positive cells in unstimulated PBMC 
from patients with mRCC. Upper panel shows cytokine production in CD4+ T cells, and lower panel 
shows cytokine production in CD8+ T cells, n = 3–4. (b) Bar graph showing the percentage of IL-17, IFN-
γ, IL-4, TNF-α, IL-5, and IL-2 positive cells in patient PBMC stimulated with PMA and ionomycin for 4 
h. Upper panel shows cytokine production in CD4+ T cells, and lower panel shows cytokine production 
in CD8+ T cells, n = 3–4. (c) Graphs showing relative quantification (RQ) values for IL-10 (left graph) and 
TGFβ (right graph) mRNA expression measured in whole blood in five patients. Each value is derived 
from three technical replicates. Mean ± SEM are shown. 

 
 
 
 

 
 
Figure 3. Everolimus treatment results in a decrease 
in the frequency of immunoregulatory NK cells. NK 
cell percentages present in patient PBMC. Upper 
panel shows CD56brightCD16dim/− immuneregulatory 
NK cells, and lower panel CD56dimCD16+ cytotoxic NK 
cells. Due to missing values, as a result of disease 
progression, statistics were performed on data from 
four patients, comparing week 0 to weeks 2 and 4, 
respectively. Mean ± SEM are shown; P-values are 
indicated with asterisk; *P ⩽ 0.05; n = 4 on weeks 0–
4; two-way repeated measures ANOVA with 
Dunnett’s post-test. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Increase in MDSC frequencies in response 
to everolimus correlates with increased arginase 
expression. (a) Percentages of mMDSC (upper 
graph) and gMDSC (lower graph) in patient PBMC as 
assessed by flow cytometry. Mean ± SEM are 
shown; P-value is indicated with asterisk; *P ⩽ 0.05; 
n = 5 at weeks 0–4; two-way repeated measures 
ANOVA with Dunnett’s post-test. (b) Correlation 
between the frequency of gMDSC and the RQ of 
arginase mRNA expression. Each point represents an 
individual data point. P < 0.05, R = 0.53. 
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Everolimus treatment results in an increase in the frequency of MDSC, and this correlates with 
increased arginase transcript levels 
Since MDSC are key players in the suppressive network, both systemically and within the 
tumor microenvironment [28], two MDSC subsets were analyzed; monocytic MDSC (mMDSC, 
defined as Lin−CD14+HLA-DR−) and granulocytic MDSC (gMDSC, defined as 
CD14−CD11b−CD33+CD15+). Both mMDSC and gMDSC percentages increased during 
treatment with everolimus; however, only the increase in gMDSC was significant when 
comparing gMDSC frequencies at baseline with week 4 (Figure 4a). Since gMDSC are known 
for the production of arginase, one of the important factors responsible for the 
immunosuppressive activity of gMDSC, arginase mRNA levels were measured with the 
PAXgene system. As shown in Figure 4b, a significant correlation between the detected 
arginase levels in whole blood and the percentages gMDSC was observed (Figure 4b) 
suggesting that the observed increase in gMDSC is accompanied by an increase in 
immunosuppression. 
 
Everolimus reduces monocyte and DC frequencies and activation status 
In order to assess the effect of everolimus treatment on circulating blood monocytes and 
myeloid DC (mDC) subsets, the frequency and activation status of several subsets were 
determined before start of treatment and subsequently after 2, 4, and 8 weeks of everolimus 
treatment. Monocytes were defined as CD14hiCD11c+, cDC1 as BDCA3+CD14−CD11c+, cDC2 as 
BDCA1+CD19−CD14−CD11c+, and pDC as BDCA2+CD123+. In addition, the activation status of 
these four cell types was determined by measuring the median fluorescence intensity (MFI) 
of CD40 and CD86. As shown in Figure 5, a significant decrease in the frequency of monocytes, 
cDC1, and cDC2 within total PBMC was observed during the first 2 weeks of treatment while 
for cDC1, a further decrease was noted at week 4. While no significant differences were 
observed in the activation status of monocytes and cDC2, a decrease in the activation status 
of cDC1 occurred as measured by a decreased expression of both CD40 and CD86. No 
significant differences were seen in pDC cell numbers, though expression of CD86 on this 
subset also significantly decreased during treatment with everolimus. 
 
Discussion 
As everolimus was originally introduced to the market as a compound to prevent transplant 
rejection by inhibiting T cell activation [29], it is somewhat surprising that it is now used in 
the treatment of cancer; nevertheless, it was already observed that patients treated with 
rapamycin showed a reduced incidence of de novo malignancies [30]. Since the tumor 
microenvironment is already in an immunosuppressed state and taking into account that 
rapamycin was shown to induce in vitro [16-19] and in vivo [20] expansion of Tregs, it is likely 
that treatment with everolimus contributes to a further increase in the immunosuppressed 
state in cancer patients. If this is the case, it is conceivable that strategies aimed at alleviating 
this immunosuppressive effect could enhance its antitumor efficacy. 

 
Figure 5. Frequency and activation of monocytes and three different circulating blood DC subsets. 
Percentages of monocytes (CD14+CD11c+), cDC1 (BDCA3+CD14−CD11c+), cDC2 (BDCA1+CD19−CD14− 

CD11c+), and pDC (BDCA2+CD123+) were assessed by flow cytometry, and the median fluorescent 
intensity (MFI) of CD40 and CD86 was determined. Mean ± SEM are shown; P-values are indicated 
with asterisks; *P ⩽ 0.05, **P < 0.01, ***P < 0.001; one-way repeated measures ANOVA with 
Dunnett’s post-test. 
 
As shown in this report and recently also by Beziaud et al. [22], treatment with everolimus 
indeed causes a shift in several parameters that are linked to increased immune suppression. 
While Beziaud and colleagues mainly focused on the effects of mTOR inhibition on Tregs, we 
performed more extensive immune monitoring on patient PBMC. Besides showing the effect 
of everolimus on Tregs, we analyzed the cytokine profile in whole blood and T cells and 
additionally assessed effects on NK cells, MDSC, monocytes, and peripheral blood DC subsets. 
We have confirmed that everolimus treatment results in an increase in Treg percentages, 
while CD4+ T cell percentages remain stable. These results confirm our previously published 
in vitro data [21]. The increased Treg frequency was accompanied by a non-significant 
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increase in mRNA levels of IL-10 and TGFβ. When analyzing ex vivo Tregs in an in vitro 
suppression assay, we found that the Treg population retained its suppressive function. For 
patient 04, the suppressive capacities of Tregs isolated at week 4 were even more 
pronounced compared to Tregs isolated at baseline. Although clearly anecdotal, this is 
consistent with an increased immune suppressive state post-treatment with everolimus. 
When determining cytokine production in CD4+ and CD8+ T cells, both cell types showed a 
similar cytokine production profile. Interestingly, in the unstimulated condition, both cell 
types predominantly produced IL-4, showing a Th2-type cytokine production profile, though 
the frequency of cytokine producing cells was overall very low. In contrast, when stimulated 
with PMA and ionomycin, a predominant Th1-type cytokine profile was observed, indicating 
that the T cells of these patients still had the capacity to contribute to a proinflammatory 
antitumor immune response when appropriately stimulated. 
During treatment with everolimus, a significant decrease in the frequency of 
immunoregulatory CD56brightCD16dim/− NK cells was observed. In contrast, the overall 
frequency of the cytotoxic CD56dimCD16+ NK cell population did not change significantly. As 
the NK cell population in cancer patients has already been shown to be compromised 
[31], treatment with everolimus likely further increases this effect, though this formally 
requires more extensive analyses which include functional analyses in addition to quantitative 
analyses. 
The immunosuppressive effect of everolimus is further underscored by the observed increase 
in MDSC frequencies, which correlated with increased arginase expression levels. These data 
are in accordance with a previous report in which the role of MDSC in a transplant setting was 
investigated, showing that mTOR inhibition using rapamycin resulted in expansion of MDSC 
[32]. Moreover, in our study, a decrease in monocytes, cDC1, and cDC2 was observed, with 
diminished activation of the cDC1 subset. These data are in line with earlier reports in which 
rapamycin was shown to negatively affect DC differentiation and functionality promoting 
apoptosis, the inhibition of CD86 expression, a decrease in the expression of antigen uptake 
receptors, and a suppressed anti-inflammatory gene expression by pDC [12, 33].  
The data presented here demonstrate that treatment of mRCC patients with everolimus 
affects several immune subsets resulting in an overall increased immunosuppressive state 
systemically. Together with the already suppressed state of the immune system in cancer and 
the notion that activation of the immune system is beneficial in the treatment of cancer, it is 
likely that these immunological effects of everolimus on Tregs, MDSC, NK cells, and myeloid 
subsets limit its effectiveness as an anti-cancer drug. It is tempting to speculate that therapies 
known to modulate these immunoregulatory cell populations may enhance the antitumor 
efficacy of everolimus. For example, metronomic cyclophosphamide [34, 35], denileukin 
diftitox (Ontak) [36], and daclizumab [37] have been reported to deplete Tregs. However, 
while metronomic cyclophosphamide was shown to have additional beneficial effects on T 
and NK cell functionality [35], effects of denileukin diftitox and daclizumab were not 
consistent [38, 39]. Alternatively, everolimus could be tested in combination with either low 
doses of IL-2 and IFN-α, as these have been shown to enhance NK cell cytotoxicity [40], or 

gemcitabine [41], indoleamine 2,3-dioxygenase (IDO) inhibitors [42] or histone deacetylase 
inhibitors (HDACi) [43] as these can result in MDSC depletion. Conversely, low-dose IL-2 
therapy could again promote Treg expansion, so comprehensive immune monitoring should 
be performed. 
In a currently ongoing phase 1–2 clinical trial, we aim to evaluate whether addition of low-
dose oral cyclophosphamide can counteract the detrimental immune effects of everolimus 
and thereby increase its therapeutic efficacy. 
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increase in mRNA levels of IL-10 and TGFβ. When analyzing ex vivo Tregs in an in vitro 
suppression assay, we found that the Treg population retained its suppressive function. For 
patient 04, the suppressive capacities of Tregs isolated at week 4 were even more 
pronounced compared to Tregs isolated at baseline. Although clearly anecdotal, this is 
consistent with an increased immune suppressive state post-treatment with everolimus. 
When determining cytokine production in CD4+ and CD8+ T cells, both cell types showed a 
similar cytokine production profile. Interestingly, in the unstimulated condition, both cell 
types predominantly produced IL-4, showing a Th2-type cytokine production profile, though 
the frequency of cytokine producing cells was overall very low. In contrast, when stimulated 
with PMA and ionomycin, a predominant Th1-type cytokine profile was observed, indicating 
that the T cells of these patients still had the capacity to contribute to a proinflammatory 
antitumor immune response when appropriately stimulated. 
During treatment with everolimus, a significant decrease in the frequency of 
immunoregulatory CD56brightCD16dim/− NK cells was observed. In contrast, the overall 
frequency of the cytotoxic CD56dimCD16+ NK cell population did not change significantly. As 
the NK cell population in cancer patients has already been shown to be compromised 
[31], treatment with everolimus likely further increases this effect, though this formally 
requires more extensive analyses which include functional analyses in addition to quantitative 
analyses. 
The immunosuppressive effect of everolimus is further underscored by the observed increase 
in MDSC frequencies, which correlated with increased arginase expression levels. These data 
are in accordance with a previous report in which the role of MDSC in a transplant setting was 
investigated, showing that mTOR inhibition using rapamycin resulted in expansion of MDSC 
[32]. Moreover, in our study, a decrease in monocytes, cDC1, and cDC2 was observed, with 
diminished activation of the cDC1 subset. These data are in line with earlier reports in which 
rapamycin was shown to negatively affect DC differentiation and functionality promoting 
apoptosis, the inhibition of CD86 expression, a decrease in the expression of antigen uptake 
receptors, and a suppressed anti-inflammatory gene expression by pDC [12, 33].  
The data presented here demonstrate that treatment of mRCC patients with everolimus 
affects several immune subsets resulting in an overall increased immunosuppressive state 
systemically. Together with the already suppressed state of the immune system in cancer and 
the notion that activation of the immune system is beneficial in the treatment of cancer, it is 
likely that these immunological effects of everolimus on Tregs, MDSC, NK cells, and myeloid 
subsets limit its effectiveness as an anti-cancer drug. It is tempting to speculate that therapies 
known to modulate these immunoregulatory cell populations may enhance the antitumor 
efficacy of everolimus. For example, metronomic cyclophosphamide [34, 35], denileukin 
diftitox (Ontak) [36], and daclizumab [37] have been reported to deplete Tregs. However, 
while metronomic cyclophosphamide was shown to have additional beneficial effects on T 
and NK cell functionality [35], effects of denileukin diftitox and daclizumab were not 
consistent [38, 39]. Alternatively, everolimus could be tested in combination with either low 
doses of IL-2 and IFN-α, as these have been shown to enhance NK cell cytotoxicity [40], or 

gemcitabine [41], indoleamine 2,3-dioxygenase (IDO) inhibitors [42] or histone deacetylase 
inhibitors (HDACi) [43] as these can result in MDSC depletion. Conversely, low-dose IL-2 
therapy could again promote Treg expansion, so comprehensive immune monitoring should 
be performed. 
In a currently ongoing phase 1–2 clinical trial, we aim to evaluate whether addition of low-
dose oral cyclophosphamide can counteract the detrimental immune effects of everolimus 
and thereby increase its therapeutic efficacy. 
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Supplementary table 1. Analyzed immunological subsets 
Subset Time point 

       Week 0                Week 2               Week 4 
                               Mean (± SEM) 

 
p-value 

Tregs1     
CD4+CD25+FoxP3+ 4.2 (0.5) 4.3 (0.4) 5.2 (0.4) n.s. 

Ki-67+ 34.7 (3.3) 19.2 (2.5) 31.3 (7.9) n.s. 
CD147+ 37.2 (2.5) 28.3 (8.0) 40.2 (12) n.s. 

CD4+CD25+CTLA-4+ T cells 3.6 (0.5) 3.3 (0.4) 4.3 (0.7) n.s. 
T Lymphocytes2     
CD4+ 53.7 (6.0) 51.5 (5.6) 53.1 (5.9) n.s. 

CD4+HLA-DR+ 11.9 (2.9) 10.5 (2.4) 11.7 (2.7) n.s. 
CD4+CD25+ 31.4 (6.9) 35.1 (7.9) 34.3 (5.7) n.s. 

CD8+ 37.2 (3.8) 38.7 (4.2) 40.2 (5.5) n.s. 
CD8+HLA-DR+ 29.1 (7.0) 25.1 (6.1) 25.9 (6.0) n.s. 
CD8+CD25+ 5.6 (3.4) 5.1 (2.8) 5.6 (3.0) n.s. 

B Lymphocytes3     
CD19+ 3.44 (0.9) 2.82 (0.7) 2.91 (0.8) n.s. 
NK cells3     
CD16-CD56+ NK cells 0.4 (0.2) 0.3 (0.2) 0.3 (0.2) <0.05 
CD56dimCD16+ NK cells 10.5 (1.7) 17.5 (3.0) 12.5 (1.3) n.s. 
Myeloid DC3     
CD14+CD11c+ 30.6 (4.3) 17.7 (2.9) 26.0 (5.2) <0.01 

MFI CD40 29.4 (9.3) 18.5 (5.7) 24.4 (5.9) n.s. 
MFI CD86 70.9 (22.1) 61.6 (18.7) 91.1 (37.6) n.s. 

BDCA1+CD19-CD14-CD11c+ 0.54 (0.07) 0.36 (0.04)  0.39 (0.05) <0.05 
MFI CD40 16.4 (4.2) 11.6 (3.5) 12.2 (2.6) n.s. 
MFI CD86 19.7 (1.9) 26.2 (4.3) 21.7 (2.9) n.s. 

BDCA3+CD14-CD11c+ 0.018 (0.001) 0.009 (0.002) 0.005 (0.001) <0.001 
MFI CD40 70.7 (29.9) 42.0 (13.7) 10.03 (4.2) <0.05 
MFI CD86 13.2 (3.6) 10.5 (3.6) 3.1 (1.2) <0.05 

BDCA2+CD123+ 0.19 (0.03) 0.23 (0.06) 0.17 (0.03) n.s. 
MFI CD40 6.1 (2.7) 6.4 (2.8) 3.5 (1.3) n.s. 
MFI CD86 3.8 (0.3) 2.8 (0.2) 3.3 (0.3) <0.05 

MDSC3     
Lin-CD14+HLA-DR- 0.10 (0.05) 0.13 (0.08) 0.22 (0.12) n.s. 
CD14-CD11b-CD33+CD15+ 0.31 (0.1) 0.35 (0.1) 0.46 (0.1) <0.05 
HPC3     
CD45dimCD34brightCD133+ 0.07 (0.03) 0.03 (0.01) 0.04 (0.01) n.s. 
iNKT cells2     
Vα24 Vβ11 0.03 (0.01) 0.02 (0.01) 0.02 (0.01) n.s. 

%CD4 31.6 (14.1) 24.9 (9.9) 22.3 (11.5) n.s. 
γ T cells2     
pan γ+ 3.3 (1.2) 3.7 (1.2) 3.5 (1.2) n.s. 

%CD4+ 17.1 (7.1) 8.4 (3.6) 10.5 (5.5) <0.05 
Vγ9+V2+ 1.1 (0.8) 1.2 (0.8) 1.1 (0.8) n.s. 

%CD4 10.3 (7.8) 12.8 (11.3) 2.5 (1.9) n.s. 
Determined within: 1CD3+CD4+ population, 2CD3+ population, 3total PBMC population 
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Abstract 
mTOR inhibitors are frequently used in the treatment of metastatic renal cell cancer (mRCC). 
mTOR regulates cell growth, proliferation, angiogenesis, and survival, and additionally plays 
an important role in immune regulation. Since mTOR inhibitors were shown to benefit 
immunosuppressive regulatory T-cell (Treg) expansion, this might suppress antitumor 
immune responses. Metronomic cyclophosphamide (CTX) was shown to selectively deplete 
Tregs. This study was, therefore, designed to determine the optimal dosage and schedule of 
CTX when combined with everolimus to prevent this potentially detrimental Treg expansion. 
In this national multi-center phase I study, patients with mRCC progressive on first line anti-
angiogenic therapy received 10 mg everolimus once daily and were enrolled into cohorts 
with different CTX dosages and schedules. Besides immune monitoring, adverse events and 
survival data were monitored. 40 patients, 39 evaluable, were treated with different doses 
and schedules of CTX. Combined with 10 mg everolimus once daily, the optimal Treg 
depleting dose and schedule of CTX was 50 mg CTX once daily. 23 (59%) patients experienced 
one or more treatment-related ≥ grade 3 toxicity, mostly fatigue, laboratory abnormalities 
and pneumonitis. The majority of the patients achieved stable disease, two patients a partial 
response. Median PFS of all cohorts was 3.5 months. In conclusion, the optimal Treg 
depleting dose and schedule of CTX, when combined with everolimus, is 50 mg once daily. 
This combination leads to acceptable adverse events in comparison with everolimus alone. 
Currently, the here selected combination is being evaluated in a phase II clinical trial. 
 
Introduction 
In 2017, 63,990 new cases and 14,400 deaths due to kidney cancer are estimated in the 
United States and thereby it belongs to the 10 most common cancers in both men and 
women [1]. The most common tumor arising in the kidney is renal cell carcinoma (RCC). Due 
to new techniques the histological classification has changed. Though clear cell, papillary and 
chromophobe RCC are still the most common subtypes, a total of more than 10 subtypes can 
now be identified [2]. The treatment of metastatic RCC (mRCC) has radically changed over 
the past 10 years. After years with limited treatment options, when interferon-α and 
interleukin-2 achieved response rates in only 10–20% of the patients, inhibitors of the 
vascular endothelial growth factor (VEGF)—signaling pathway and inhibitors of the 
mammalian target of rapamycin (mTOR), such as temsirolimus and everolimus, were 
introduced as first and second line treatment options respectively [3]. More recently an 
inhibitor of the PD-1 immune checkpoint, nivolumab [4], and cabozantinib, a multi-tyrosine 
kinase inhibitor of MET, AXL and VEGF [5, 6] were shown to be more effective in clinical trials 
compared to everolimus, thereby replacing everolimus as the standard second line therapy 
after VEGF targeted therapy [7]. In addition, the combination of everolimus and the multi-
target tyrosine kinase inhibitor lenvatinib improved progression-free survival (PFS) in 
patients with mRCC compared to everolimus alone following one prior anti-angiogenic 
therapy [8, 9]. 
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Everolimus was shown to be an effective inhibitor of mTOR, resulting in the inhibition of cell 
growth, proliferation, angiogenesis and survival of tumor cells. In addition, mTOR plays an 
important role in immune regulation, by balancing effector T cells and regulatory T cells 
(Tregs) [10-13]. Tregs are important regulators of immunological tolerance and dependent 
on the transcription factor FoxP3 for their immune suppressive functionality [14, 15]. mTOR 
inhibition was shown to result in Treg expansion [16-18] and increased levels of Tregs have 
been associated with poor survival in cancer patients, including mRCC [19-21]. Recently, we 
and others reported that everolimus leads to Treg proliferation, both in vitro and in vivo [22-
24]. Metronomic administration of CTX has been reported to result in Treg depletion, with 
possible beneficial effects on T- and NK-cell functionality [25, 26]. Therefore, we 
hypothesized that addition of metronomic CTX to therapy with everolimus in patients with 
mRCC might counteract the detrimental Treg expansion induced by everolimus and could 
thereby increase the antitumor efficacy. In this phase I study we aimed to determine the 
optimal dose of CTX that would result in the selective depletion of Tregs when combined 
with a fixed dose (10 mg) of everolimus, taking into account the safety and tolerability of the 
combination treatment. 
 
Patients and methods 
Patients 
Between January 2012 and August 2015, patients were enrolled in this clinical trial initiated 
by the department of medical oncology of the VU University Medical Center and conducted 
within the context of the Netherlands Working Group on Immunotherapy of Oncology (WIN-
O) with participation of 13 hospitals. Main inclusion criteria for this trial were an age of 
18 years or older, clear-cell mRCC and progression on treatment with a VEGF receptor 
tyrosine kinase inhibitor. In addition, patients had to have adequate hematologic, hepatic 
and renal function, measurable or evaluable disease as defined by RECIST 1.1 and a WHO 
performance status of 0–2. A more detailed description of in- and exclusion criteria can be 
reviewed in the previously published study protocol [27]. Follow-up was performed until 
death or at trial analysis, 2 years after inclusion of the last patient. 
 
Treatment 
Patients were treated with different doses and schedules of low-dose oral CTX in 
combination with a fixed dose of everolimus once daily. CTX was either given in a week-
on/week-off schedule or continuously and either once or twice daily. These doses and 
schedules were based on the CTX doses used by Ghiringhelli et al. [26]. Patients were 
enrolled in cohorts of five patients per dose level. In dose level 6, one patient stopped 
treatment because of several toxicities (highest grade 3 nausea) within 2 weeks of 
enrollment and was not evaluable. In case of severe toxicity dose reductions were allowed. 
The first five patients were enrolled in an everolimus only cohort with 10 mg everolimus. 
Subsequently five patients were treated in cohort 1 with the combination of 10 mg 
everolimus and 50 mg CTX once daily, week-on/week-off. In cohort 2 patients were treated 

with the combination of everolimus and 50 mg CTX once daily, continuously. In cohort 3 
patients received 50 mg CTX twice daily, week-on/week-off, and in cohort 4 patients 
received 50 mg CTX twice daily, continuously. In the last two cohorts, cohort 5 and 6, 
respectively, patients received 100 mg CTX twice daily, in cohort 5 in a week-on/week-off 
regimen and in cohort 6 continuously. 
 
Study objectives 
The primary objectives of the study were to determine a recommended dose and schedule 
for metronomic cyclophosphamide which, when combined with the standard once daily oral 
dose of 10 mg of everolimus, resulted in optimal and selective Treg depletion in patients 
with mRCC and to determine the safety and tolerability of this combination. Secondary study 
objectives included (a) assessment of effects on various immune cell populations, (b) effects 
on selected angiogenesis parameters, (c) the effect of cyclophosphamide on everolimus drug 
levels, and (d) clinical outcome measures such as response rate, time to progression, and OS. 
 
Evaluation of toxicity and clinical activity 
Patients were treated in cohorts of 5 patients per dose level. In case of no more than 1 dose 
limiting toxicity (DLT) in a cohort within the 28 days after start of the study treatment, it was 
allowed to proceed to the next dose level. DLTs were defined as febrile neutropenia, 
neutropenic infection, other grade ≥ 3 hematological toxicity, pneumonitis, nausea, 
vomiting, diarrhea, fatigue or any other grade ≥ 3 adverse event that, despite appropriate 
supportive care, failed to recover to grade ≤ 1 or baseline severity (or grade ≤ 2 at the 
investigator’s and sponsor’s discretion) after delaying the next cycle for up to 7 days. 
Response to treatment was assessed by the use of RECIST version 1.1. Evaluable patients 
were defined as those patients completing at least 2 weeks of combination therapy, i.e., 
allowing the monitoring of immunological effects at time point 2 weeks. Furthermore, 
patients were evaluated for their performance status, vital signs, general laboratory 
parameters and immune monitoring at baseline and after 2, 4 and 8 weeks of treatment and 
every 4 weeks for their clinical condition and general laboratory parameters until the end of 
study treatment. CT scans of the chest and abdomen were made at baseline and thereafter 
every 8 weeks. Patients receiving any study treatment were evaluable for safety. Adverse 
events were graded according to the National Cancer Institute Common Toxicity Criteria 
(CTC) grading system version 3.0 (NCI-CTCAE v3.0). 
 
Immune monitoring 
Peripheral blood was collected for extensive monitoring at baseline and subsequently at 2, 
4, and 8 weeks after the start of the study treatment period and at the end of study 
treatment. For immune monitoring 60 mL of heparinized peripheral blood was collected. All 
material was processed on the same day the blood was drawn. In this manuscript, we 
present immune monitoring data of the effects of the various treatment cohorts on the 
induction of Treg depletion, the primary objective of this study. The effects of the various 
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treatment cohorts on other immunological parameters will be comprehensively published 
separately. 
PBMC were isolated from heparinized blood of patients by density-gradient centrifugation 
with Lymphoprep (Axis-Shield, Oslo, Norway). After isolation PBMC were stored overnight at 
4 °C in RPMI 1640 (Lonza, Basel, Switzerland) supplemented with 100 IU/ml sodium penicillin 
(Astellas Pharma, Leiden, the Netherlands), 100 mg/ml streptomycin sulfate (Radiumfarma-
Fisiofarma, Naples, Italy), 2.0 nM L-glutamine (Life Technologies, Bleiswijk, the Netherlands), 
10% FBS (HyClone, Amsterdam, the Netherlands), and 0.05 mM 2-ME (Merck, Darmstadt, 
Germany), hereafter referred to as complete medium. The next day cells were stained for 
flow cytometric analysis. 
PBMC were analyzed by flow cytometry using FITC-, PerCP- or allophycocyanin (APC)-labeled 
Abs directed against human CD3, CD4, and CD25 (all BD Biosciences, New Jersey, USA). 
Stainings were performed in PBS supplemented with 0.1% BSA and 0.02% sodium azide for 
30 min. Intracellular staining was performed after fixation and permeabilization using a 
fixation/permeabilization kit according to the manufacturer’s protocol (eBioscience). For 
staining of FoxP3 a PE-labeled Ab against FoxP3 (clone PCH101, eBioscience) was used. Live 
cells were gated based on forward and side scatter and analyzed on a BD FACSCalibur (BD 
Biosciences) using Kaluza Analysis Software (Beckman Coulter). 
 
VEGF measurements 
Plasma VEGF concentrations were measured in heparin plasma, frozen the day the material 
was received and stored at − 20 °C until analysis, using a commercially available ELISA kit 
(Quantikine, R&D Systems, Abingdon, UK) according to the manufacturers’ instructions. 
Absorbance was measured using a BioTek Synergy HT plate reader with an optical density of 
450 nm. 
 
Statistical analysis 
One-way repeated measures ANOVA was used to determine the statistical significance of 
differences within cohorts with Dunnett’s Multiple Comparison test as post-test. Two-way 
ANOVA was used to compare the mean values between cohorts. PFS was defined as time 
from baseline till progression or death, OS was defined as time from baseline till death. Both 
PFS and OS were analyzed using Kaplan–Meier curves. Differences were considered 
statistically significant when p values were ≤ 0.05, as indicated with asterisks (*p ≤ 0.05, 
**p < 0.01, ***p < 0.001). Statistical analyses were performed using GraphPad Prism 
software (version 7, 2016). 
 
  

Table 1. Clinical characteristics 
Characteristic Study Group (n=39) 
Median age — yr. (range) 66 (44-78) 
Sex — no. (%)  

Male 25 (64) 
Female 14 (36) 

ECOG performance status — no. (%)  
0 14 (36) 
1 20 (51) 
2 4 (10) 
Unknown 1 (2,6) 

IMDC risk group*  
Favorable 4 (10) 
Intermediate 24 (62) 
Poor 9 (23) 
Unknown 2 (5) 

Median time from initial diagnosis to  
metastatic disease — mo. (range) 

9 (0-134.5) 

Median time from metastatic disease  
to start of study treatment — mo. (range) 

17 (0.8-290) 

Site of metastasis — no. (%)  
Lung 30 (77) 
Lymph nodes 24 (62) 
Bone 8 (21) 
Kidney 7 (18) 
Liver 5 (13) 
Brain 1 (2,6) 
Other** 21 (54) 

Number of metastatic sites  
1 7 (18) 
2 13 (33)  
3 9 (23) 
≥4 10 (26) 

Previous systemic cancer therapy  
Sunitinib 33 (85)  
Pazopanib 9 (23) 
Sorafenib 3 (7,6) 
Interferon +/- bevacizumab 3 (7,6) 
IL-2 1 (2,6) 

Previous antiangiogenic regimens — no. (%)  
1 31 (80) 
≥1 8 (20) 

* International mRCC Database Consortium or Heng criteria 
** Adrenal gland, soft tissue, pleural space, muscle, peritoneum/ mesenteries,  
   pancreas, vagina, spleen, pericardial tissue 
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Results 
Patient characteristics 
Between January 2012 and August 2015, a total of 54 patients were screened for this study 
in 10 different hospitals in the Netherlands. Of these 54 patients, 10 patients did not meet 
the inclusion criteria while 3 patients withdrew their consent either before start or within 
the first 2 weeks of study treatment. In addition, 1 patient was excluded because of 
inadvertent administration of the wrong dose of study medication, while another patient 
was not evaluable due to early toxicity and subsequent interruption of study medication and 
withdrawal of informed consent; therefore, 39 patients were analyzed in the study. Patient 
characteristics are shown in Table 1 and supplementary table 1. 
From the 39 patients, 64% were male. The median age of participating patients was 66 years, 
20.5% received more than one prior line of systemic therapy, and 72% of patients were in 
the favorable or intermediate IMDC (International Metastatic Renal-Cell Carcinoma 
Database Consortium) risk group (Table 1). Patients were discontinued from study therapy 
because of progression (n = 25, 64%), unacceptable toxicity (n = 12, 30%) or death (n = 2, 5%). 
Follow-up was performed until death (n = 36) or until time of analysis of the trial (n = 3). 
 
Treg depletion 
The main objective of this phase 1 trial was to determine the optimal dose and 
administration schedule of orally administered CTX, when combined with 10 mg everolimus, 
to obtain selective Treg depletion. As shown in Fig. 1a, a (non-significant) increase in Treg 
percentages within the CD4+ T-cell population was observed in the everolimus only cohort, 
cohort 0. In cohort 1, 50 mg CTX was administered in a week-on/week-off schedule. 
Compared to the everolimus only cohort, a significant decrease in Treg percentages at time 
point 4 was observed. In the next cohort, cohort 2, in which 50 mg CTX was administered in 
a continuous schedule, a significant decrease in Treg percentages within the cohort was 
observed when comparing the percentages at time point 0 to time point 4. In addition, a 
significant difference in Treg percentages between cohort 0 and cohort 2 was observed at 
time point 4, using the two-way ANOVA. Supplementary Fig. 1. shows representative flow 
cytometry dot plots illustrating the changes in Treg percentages.  
Proceeding to the following cohorts, the Treg depleting effect of CTX was progressively less 
pronounced. Of interest, in the last 2 cohorts, cohort 5 with administration of 100 mg CTX 
twice daily in a week-on/week-off schedule and cohort 6 with administration of 100 mg CTX 
twice daily in a continuous schedule, we even observed an increase in Treg percentages.  
Notably, changes in absolute Treg numbers generally followed the same patterns as 
observed for changes in Treg percentages. A significant decrease was observed in cohort 2 
comparing Treg numbers at week 0 with week 4, while absolute Tregs numbers did not 
change or even increased in subsequent cohorts (Fig. 2a). Therefore, the decision was made 
to end the dose escalation phase of the study, and to proceed to the expansion cohort, in 
which an additional 5 patients were treated with the optimal Treg depleting dose observed 
in cohort 2. In none of the tested cohorts significant changes in CD4+ T cell percentages were 

observed. Comparing the CD4+ T cell percentages in the individual cohorts with cohort 0, we 
did find a significant difference at week 4 between cohort 0 and the expansion cohort (see 
Supplementary Fig. 2). Lymphocyte percentages increased within cohort 3, 4 and 5 at week 2 
and decreased in cohort 6 at week 4. This resulted in significant differences between cohort 
0 and cohort 5 and 6 in the first 4 weeks and only at week 4 of the study, respectively (see 
Supplementary Fig. 3). 
In absolute Treg numbers the same decrease was observed in the expansion cohort, with a 
significant difference at timepoint 4 between cohort 0 and the expansion cohort (Fig. 2a). 
When absolute number data from cohort 2 were combined with those of the expansion 
cohort 2E, a significant decrease in absolute Treg numbers was noted (Fig. 2b). 
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Results 
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Figure 2. Effect of different dosages and administration schedules of CTX when combined with a fixed 
dose of 10 mg everolimus on absolute Treg numbers. a. Relative percentages of absolute Treg 
numbers were determined in freshly isolated PBMC from patients treated with different dosages and 
schedules of CTX, combined with a fixed dose of everolimus at baseline and subsequently 2, 4, and 8 
weeks after start of treatment. p value indicated with asterisk, *p ≤ 0.05. b. Relative percentages of 
absolute Treg numbers are shown for cohort 2 combined with the expansion cohort. Patients were 
treated with 50 mg CTX once daily, combined with 10 mg everolimus once daily. Means ± SEM are 
shown; p value indicated with asterisk; *p ≤ 0.05 
 
The expansion cohort essentially confirmed the results previously observed in cohort 2. 
Again, a decrease in Treg percentages was noted between time point 0 and 4 resulting in a 
statistically significant difference at this time point in Treg percentages between cohort 0 
and the expansion cohort. When the results of cohort 2 and the expansion cohort were 
combined, a highly significant decrease in the percentage of Tregs was observed, both within 
the combined patient cohort as well as in comparison of this cohort to cohort 0 (Fig. 1b). 
 
Adverse events and DLT 
During the entire study 314 adverse events were reported; 93 of these consisted of 
laboratory abnormalities (see Table 2 and supplementary table 2). The most common 
treatment-related toxicities (> 30%) included fatigue (n = 18; 46%), anorexia (n = 16; 41%), 

rash (n = 15; 38%), cough (n = 14; 36%), mucositis (n = 14; 36%), nausea (n = 12; 31%), anemia 
(n = 14; 36%), and hypercholesterolemia (n = 12; 31%). The mean number of adverse events 
of any grade was 8.2 per patient in the total group, while a mean of 5.4 adverse events per 
patient occurred in cohort 0 (i.e., in the cohort without CTX). When patients were treated 
for a longer period with the study drugs, more adverse events were reported. When 
adjusted, a mean of 3.2 adverse events per month was reported. After this adjustment, the 
two cohorts with the highest CTX dose showed slightly more adverse events compared to 
the lower cohorts. 
47 treatment-related ≥ grade 3 toxicities were reported in 22 patients, and these consisted 
mainly of laboratory abnormalities (leukocytopenia, lymphocytopenia, hyperglycemia) and 
fatigue. One patient suffered from grade 4 lymphopenia after 10.5 months of treatment in 
cohort 5 in which 10 mg everolimus was combined with 100 mg CTX twice daily in a week-
on/week-off schedule. A dose reduction had already taken place because of the toxicity, 
which had been present at a lower grade for a longer period. The grade 4 toxicity eventually 
lead to the decision to stop the study medication, followed by the radiological assessment 
of disease progression several days later. 
Two patients experienced ≥ grade 3 toxicity within the first 28 days after start of the study 
treatment, one grade 3 pneumonitis and one grade 3 pancytopenia in combination with 
hyperglycemia. The patient with the grade 3 pneumonitis was treated in cohort 1, in which 
10 mg of everolimus was combined with 50 mg CTX once daily in a week-on/week-off 
schedule. According to the protocol everolimus was interrupted resulting in improvement of 
the pneumonitis. Study medication was permanently discontinued and dyspnea persisted 
46 days after the initiation of treatment and the patient showed radiological signs of 
progressive disease 10 days later. The patient with grade 3 pancytopenia in combination with 
hyperglycemia was treated in cohort 5, in which 10 mg everolimus was combined with 
100 mg CTX twice daily in a week-on/week-off schedule. The adverse event occurred after 
12 days of study drug administration and according to the protocol the treatment was 
temporarily stopped. Laboratory values improved and after 9 days of interruption both study 
drugs were restarted at half the original dose. Although both ≥ grade 3 toxicities occurred  
within the first 28 days from start of combination treatment, both occurred in different 
cohorts. Since ≤ 1 DLTs were experienced by the 5 patients in these cohorts, further patients 
could be enrolled at the next dose level. 
Both in cohort 2, the cohort that showed a selective Treg depletion, as well as in the similarly 
dose expansion cohort, three grade 3 adverse events were reported and no DLTs. 
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Table 2. Treatment-related toxicity 1  
Event Any Grade Grade 1        Grade 2 

Number of patients (%) 
Grade ≥3 

Neurology     
Neuropathy 4 (10) 3 (8) 1 (3) 0 

Respiratory     
Cough 14 (36) 11 (28) 3 (8) 0 
Dyspnea 10 (26) 5 (13) 4 (10) 1 (3) 
Pneumonitis 9 (23) 1 (3) 3 (8) 5 (13) 
Upper respiratory infection 4 (10) 1 (3) 1 (3) 2 (5) 

Gastro-intestinal      
Mucositis 14 (36) 10 (26) 4 (10) 0 
Nausea 12 (31) 6 (15) 6 (15) 0 
Diarrhea 11 (28) 8 (20) 1 (3) 2 (5) 
Vomiting 9 (23) 4 (10) 5 (13) 0 
Dysgeusia 6 (15) 4 (10) 2 (5) 0 
Stomatitis 5 (13) 3 (8) 1 (3) 1 (3) 
Constipation 4 (10) 1 (3) 3 (8) 0 

Renal/ genitourinary     
(Hemorrhagic) cystitis 6 (15) 2 (5) 4 (10) 0 
Pollakisuria 4 (10) 3 (8) 1 (3) 0 

Constitutional     
Fatigue 18 (46) 5 (13) 8 (20) 5 (13) 
Anorexia 16 (41) 8 (20) 8 (20) 0 
Sweating / flushes 13 (33) 10 (26) 1 (3) 2 (5) 
Fever/ chills/flu 5 (13) 5 (13) 0 0 
Malaise 4 (10) 2 (5) 1 (3) 1 (3) 

Dermatology     
Rash 15 (38) 9 (23) 6 (15)  
Dry skin 8 (20) 6 (15) 2 (5) 0 
Pruritus 4 (10) 4 (10) 0 0 

Laboratory     
Anemia 14 (36) 2 (5) 10 (26) 2 (5) 
Hypercholesterolemia 12 (31) 3 (8) 7 (18) 2 (5) 
Lymphocytopenia 10 (26) 0 2 (5) 8 (20) 
Hyperglycemia 9 (23) 1 (3) 5 (13) 3 (8) 
Hypertriglyceridemia 8 (20) 3 (8) 3 (8) 2 (5) 
Leukocytopenia 8 (20) 2 (5) 2 (5) 4 (10) 
Electrolyte disturbance*  7 (18) 5 (13) 0 2 (5) 

Liver values increased**  6 (15) 2 (5) 3 (8) 1 (3) 
Neutropenia 5 (13) 3 (8) 2 (5) 0 

Other     
Edema (extremities/ face) 4 (10) 3 (8) 0 1 (3) 

1 Reported in 10% or more of the treated patients 

* Hypophosphatemia, hyponatremia, hypo- and hyperkalemia, hypocalcemia 

** Alanine aminotransferase, aspartate aminotransferase, gamma-glutamyl transferase and  

 alkaline phosphatase 

VEGF levels 
As chemotherapy was proposed to have anti-angiogenic effects in metronomic doses 
(reviewed in [28]), several studies showed decreased VEGF levels after treatment with 
metronomic CTX [29, 30]. For this study VEGF levels were measured at baseline, week 4 and 
(where available) week 8. The mean baseline VEGF level of all patients included in the study 
was 210 ± 30 pg/ml (mean ± SEM). As shown in supplementary Fig. 4, all cohorts in which 
patients received the combination treatment of everolimus and CTX showed lower VEGF 
levels during treatment as compared to cohort 0 in which patients received everolimus 
monotherapy. The cohorts with higher doses of CTX showed more pronounced effects; 
however, in neither of the cohorts, results were statistically significant. 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 3. Clinical outcome. a Best clinical 
response for the total study population. b Best 
clinical response shown per cohort. Partial 
remission (PR) is shown in black, stable disease 
(SD) in grey and progressive disease (PD) in light 
grey. 
 

 

Clinical outcome 
The Overall Response Rate (ORR) did not significantly differ between the investigated 
cohorts. The best clinical response was a partial remission (PR) in 2 patients (5%); stable 
disease (SD) was observed in 22 patients (56%) and progressive disease (PD) in 15 patients 
(39%) (Fig. 3a). The responses per cohort are shown in Fig. 3b. 
Median PFS among all cohorts was 3.5 months (range 1–24 months). At the end of the 
follow-up period 1 patient did not show progression, however, this patient stopped study 
treatment after 8 weeks due to toxicity. After 8.5 months this patient still did not show 
progression, and was lost to follow-up after 25 months. No significant differences in PFS were 
observed between the different cohorts. In Fig. 4 the PFS is shown per cohort. There was no 
statistically significant correlation between Treg numbers and PFS (R = 0.01, p = 0.47; data 
not shown). Median OS was 11.5 months (range 1–45 months), 3 patients were still alive at 
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the end of the follow-up period. No significant differences in OS were seen between the 
cohorts (see supplementary Fig. 5). 
 

 
Figure 4. Kaplan–Meier curves for PFS per cohort, compared to the total patient group 
 
Discussion 
Since mTOR based regimens lead to Treg expansion [16-18] which can be considered an 
undesirable effect in the treatment of cancer, strategies that can selectively deplete Tregs 
might improve the antitumor effect of mTOR inhibitors by reversing the suppressive effect 
on the immune system. CTX was previously shown to result in selective Treg depletion [25, 
26]; however, the optimal dose and schedule of metronomic CTX to induce selective Treg 
depletion in patients treated with mTOR inhibitors has not been determined. In the present 
trial, the Treg depleting effect of several dosages and schedules of metronomic CTX in 
combination with mTOR inhibition were investigated [27]. Our data indicate that a significant 
and selective Treg depletion in peripheral blood can be achieved when mRCC patients that 
receive the standard once daily oral dose of 10 mg everolimus are simultaneously treated 
with a once daily oral dose of 50 mg CTX, in a continuous scheme, whereas CD4+ T cell 
percentages remain stable. The selected dose of CTX not only resulted in a significant 
decrease in the frequency of Tregs but also resulted in a significant decrease in absolute Treg 
numbers. Surprisingly, Treg percentages were found to actually increase when higher doses 
of CTX were administered. Since the exact mechanism responsible for Treg depletion is 
unknown, similarly this resistance of Tregs to higher CTX dosages remains unclear. Several 
mechanisms have been proposed to be responsible for the susceptibility of Tregs to CTX. For 

example, Tregs were shown (1) to have low ATP levels [31] leading to reduced synthesis of 
glutathione and thereby decreasing the detoxification of CTX, (2) to have DNA repair defects 
[32] due to high levels of DNA crosslinks and (3) to have deficient expression of ABCB1 [33] 
making them less able to extrude CTX. On the other hand, it was shown that Tregs express 
aldehyde dehydrogenase (ALDH), protecting them from CTX toxicity in graft-versus-host 
disease [34]. However, all those mechanisms cannot completely explain the observed 
effects, although it might be possible that Tregs acquire increased expression of ALDH, an 
effect that might be accelerated when higher dosages of cyclophosphamide are 
administered, possibly accounting for their apparent resistance to the depleting effects of 
CTX at these dose levels. Whether and which of these mechanisms may underlie the 
observed changes in the Treg population in the patients enrolled in this trial requires further 
investigation. 
Across all the patient cohorts that were studied, we found that the combination of 
everolimus and CTX resulted in toxicity comparable to that observed in the RECORD-1 trial 
in patients with mRCC [35]. The toxicities that were observed in our trial were all known 
toxicities associated with both treatment regimens. The two observed DLTs, grade 3 
pneumonitis in cohort 1 and grade 3 pancytopenia in combination with hyperglycemia in 
cohort 5, occurred in different cohorts, and therefore, did not affect further dose escalation 
of CTX. Common side effects of everolimus include lymphopenia, atypical infections, non-
infectious pneumonitis and elevation of serum cholesterol, glucose, and triglycerides [36]. 
Although these adverse events were observed in this trial, the most common side effects 
were fatigue, anorexia, rash, cough, mucositis, nausea, anemia, and hypercholesterolemia. 
Though everolimus is a known causative drug for these side effects, we cannot exclude an 
additional effect of CTX. All adverse events could be alleviated by adjustment of the dose of 
the study drug or halting the study drug, and no deaths occurred due to the study 
medication. All cohorts were comparable with respect to the mean number of adverse 
events per patient, with a mean of 8.2 per patient. When patients were treated for a longer 
period with the study drugs, more adverse events were reported. The two cohorts with the 
highest CTX dose showed slightly more adverse events compared to the lower cohorts. 
Interestingly, addition of CTX to everolimus resulted in lower VEGF levels compared to the 
cohort in which single everolimus treatment was administered. These results were not 
statistically significantly different, probably due to small sample sizes and missing values at 
timepoint 8 weeks. 
As secondary endpoints, the ORR, and median PFS and OS were calculated. Since the cohorts 
were small, only 5 patients per cohort, the survival data were calculated for all patients 
combined as shown in Fig. 4 and supplementary Fig. 5, and additionally shown for all cohorts 
separately. While the phase 2 part of the trial will allow formal assessment of the effect of 
the addition of the selected once daily oral dose of 50 mg of CTX on the clinical efficacy of 
everolimus, the data presented here at least show no sign of inferiority compared to 
historical results of everolimus monotherapy in mRCC. 
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the end of the follow-up period. No significant differences in OS were seen between the 
cohorts (see supplementary Fig. 5). 
 

 
Figure 4. Kaplan–Meier curves for PFS per cohort, compared to the total patient group 
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statistically significantly different, probably due to small sample sizes and missing values at 
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As secondary endpoints, the ORR, and median PFS and OS were calculated. Since the cohorts 
were small, only 5 patients per cohort, the survival data were calculated for all patients 
combined as shown in Fig. 4 and supplementary Fig. 5, and additionally shown for all cohorts 
separately. While the phase 2 part of the trial will allow formal assessment of the effect of 
the addition of the selected once daily oral dose of 50 mg of CTX on the clinical efficacy of 
everolimus, the data presented here at least show no sign of inferiority compared to 
historical results of everolimus monotherapy in mRCC. 
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In conclusion, in this trial we demonstrate that administration of 50 mg CTX once daily in a 
continuous schedule leads to depletion of Tregs when combined with 10 mg everolimus once 
daily, with toxicity comparable to that reported in the RECORD-1 trial. The treatment 
combination is currently under investigation in a phase 2 trial, to determine if the observed 
Treg depletion also results in an enhancement of the survival of patients with mRCC when 
compared to everolimus alone. Recently everolimus was replaced by both nivolumab and 
cabozantinib as the standard second line treatment for patients with mRCC [7]. In case the 
phase 2 part of the trial shows beneficial effects on survival, combination therapy of CTX and 
everolimus could still be implemented in a later treatment line. However, when everolimus 
is combined with lenvatinib the additional effect of CTX might be limited as, e.g. the tyrosine 
kinase inhibitor sunitinib, that like lenvatinib inhibits VEGF and other receptors [37, 38], was 
previously shown to decrease Treg frequencies [39, 40]. Besides, a sequential treatment 
schedule of everolimus and cyclophosphamide could be proposed, which might result in 
reduced Treg levels with less toxicity. Since CTX is a well-known and broadly used drug, there 
is much experience in the application of this drug. In addition, it is cheap, which is an 
advantage especially when compared to the cost of recently developed novel therapeutics. 
Furthermore, since everolimus is registered for the treatment of pancreatic neuroendocrine 
tumors, these patients might also benefit from the same treatment combination [41]. 
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In conclusion, in this trial we demonstrate that administration of 50 mg CTX once daily in a 
continuous schedule leads to depletion of Tregs when combined with 10 mg everolimus once 
daily, with toxicity comparable to that reported in the RECORD-1 trial. The treatment 
combination is currently under investigation in a phase 2 trial, to determine if the observed 
Treg depletion also results in an enhancement of the survival of patients with mRCC when 
compared to everolimus alone. Recently everolimus was replaced by both nivolumab and 
cabozantinib as the standard second line treatment for patients with mRCC [7]. In case the 
phase 2 part of the trial shows beneficial effects on survival, combination therapy of CTX and 
everolimus could still be implemented in a later treatment line. However, when everolimus 
is combined with lenvatinib the additional effect of CTX might be limited as, e.g. the tyrosine 
kinase inhibitor sunitinib, that like lenvatinib inhibits VEGF and other receptors [37, 38], was 
previously shown to decrease Treg frequencies [39, 40]. Besides, a sequential treatment 
schedule of everolimus and cyclophosphamide could be proposed, which might result in 
reduced Treg levels with less toxicity. Since CTX is a well-known and broadly used drug, there 
is much experience in the application of this drug. In addition, it is cheap, which is an 
advantage especially when compared to the cost of recently developed novel therapeutics. 
Furthermore, since everolimus is registered for the treatment of pancreatic neuroendocrine 
tumors, these patients might also benefit from the same treatment combination [41]. 
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Supplementary table 1. Blood measurements 

Measurements   
Baseline 

Value (range) 
t=2 

 
t=4  

 
t=8 

Hemoglobin (mmol/L) 7,5 (5,2-10,3) 7,2 (5,3-9,2) 6,8 (4,8-9,2) 6,5 (5,2-9,2) 
WBC (x 109/L) 6,7 (2,9-11,1) 4,7 (2,2-7,5) 5,4 (1,8-12,3) 5,2 (1,4-13,4) 
Neutrophils (x 109/L) 4,4 (1,7-9,6) 3 (1,3-6,2) 3,6 (1,1-8,5) 3,7 (0,9-12,1) 
Eosinophils (x 109/L) 0,1 (0-0,5) 0,2 (0,05-0,4) 0,16 (0,03-0,62) 0,2 (0-0,64) 
Basophils (x 109/L) 0,05 (0-0,1) 0,05 (0-0,1) 0,06 (0-0,18) 0,05 (0-0,1) 
Lymphocytes (x 109/L) 1,5 (0,5-4,2) 1,1 (0,4-3,1) 1 (0,3-2,23) 0,8 (0,09-2,1) 
Monocytes (x 109/L) 0,61 (0,2-1,15) 0,4 (0,1-0,8) 0,5 (0,2-1,47) 0,5 (0,02-1,15)  
Platelets (x 109/L) 286 (121-585) 197 (47-528) 273 (85-691) 256 (76-684) 
Corrected Calcium (mmol/L) 2,5 (2,2-3) 2,4 (2,1-2,7) 2,5 (2,2-3,3) 2,4 (2,1-3,0) 
LDH (U/L) 250 (80-2133) 240 (80-1734) 341 (107-2614) 263 (113-454) 

 
 
  

Inhoud Lotte Huijts v10.indd   116 5-8-2019   09:19:36



 117

Combination of everolimus and cyclophosphamide in mRCC

6

29. Garcia AA, Hirte H, Fleming G et al (2008) Phase II clinical trial of bevacizumab and low-dose 
metronomic oral cyclophosphamide in recurrent ovarian cancer: a trial of the California, 
Chicago, and Princess Margaret Hospital phase II consortia. J Clin Oncol 26:76–82. 

30. Wong NS, Buckman RA, Clemons M et al (2010) Phase I/II trial of metronomic chemotherapy 
with daily dalteparin and cyclophosphamide, twice-weekly methotrexate, and daily 
prednisone as therapy for metastatic breast cancer using vascular endothelial growth factor 
and soluble vascular endothelial growt. J Clin Oncol 28:723–730. 

31. Zhao J, Cao Y, Lei Z et al (2010) Selective depletion of CD4+ CD25+ Foxp3+ regulatory T cells by 
low-dose cyclophosphamide is explained by reduced intracellular ATP levels. Cancer Res 
70:4850–4858. 

32. Heylmann D, Bauer M, Becker H et al (2013) Human CD4+ CD25+ regulatory T cells are sensitive 
to low dose cyclophosphamide: implications for the immune response. PLoS One 8:e83384. 

33. Dimeloe S, Frick C, Fischer M et al (2014) Human regulatory T cells lack the cyclophosphamide-
extruding transporter ABCB1 and are more susceptible to cyclophosphamide-induced 
apoptosis. Eur J Immunol 44:3614–3620. 

34. Kanakry CG, Ganguly S, Zahurak M et al (2013) Aldehyde Dehydrogenase expression drives 
human regulatory T cell resistance to posttransplantation cyclophosphamide. Sci Transl Med 
5:211ra157–211ra157. 

35. Motzer RJ, Escudier B, Oudard S et al (2010) Phase 3 trial of everolimus for metastatic renal 
cell carcinoma: final results and analysis of prognostic factors. Cancer 116:4256–4265. 

36. Coppin C, Kollmannsberger C, Le L et al (2011) Targeted therapy for advanced renal cell cancer 
(RCC): a Cochrane systematic review of published randomised trials. BJU Int 108:1556–1563. 

37. Mendel DB, Laird AD, Xin X et al (2003) In vivo antitumor activity of SU11248, a novel tyrosine 
kinase inhibitor targeting vascular endothelial growth factor and platelet-derived growth 
factor receptors: determination of a pharmacokinetic/pharmacodynamic relationship. Clin 
Cancer Res 9:327–337. 

38. Matsui J, Yamamoto Y, Funahashi Y et al (2008) E7080, a novel inhibitor that targets multiple 
kinases, has potent antitumor activities against stem cell factor producing human small cell 
lung cancer H146, based on angiogenesis inhibition. Int J cancer 122:664–671. 

39. Finke JH, Rini B, Ireland J et al (2008) Sunitinib reverses type-1 immune suppression and 
decreases T-regulatory cells in renal cell carcinoma patients. Clin Cancer Res 14:6674–6682. 

40. Ozao-Choy J, Ma G, Kao J et al (2009) The novel role of tyrosine kinase inhibitor in the reversal 
of immune suppression and modulation of tumor microenvironment for immune-based cancer 
therapies. Cancer Res 69:2514–2522. 

41. Yao JC, Shah MH, Ito T et al (2011) Everolimus for advanced pancreatic neuroendocrine tumors. 
N Engl J Med 364:514–523. 

 
 
  

Supplementary material  
 
Supplementary table 1. Blood measurements 

Measurements   
Baseline 

Value (range) 
t=2 

 
t=4  

 
t=8 

Hemoglobin (mmol/L) 7,5 (5,2-10,3) 7,2 (5,3-9,2) 6,8 (4,8-9,2) 6,5 (5,2-9,2) 
WBC (x 109/L) 6,7 (2,9-11,1) 4,7 (2,2-7,5) 5,4 (1,8-12,3) 5,2 (1,4-13,4) 
Neutrophils (x 109/L) 4,4 (1,7-9,6) 3 (1,3-6,2) 3,6 (1,1-8,5) 3,7 (0,9-12,1) 
Eosinophils (x 109/L) 0,1 (0-0,5) 0,2 (0,05-0,4) 0,16 (0,03-0,62) 0,2 (0-0,64) 
Basophils (x 109/L) 0,05 (0-0,1) 0,05 (0-0,1) 0,06 (0-0,18) 0,05 (0-0,1) 
Lymphocytes (x 109/L) 1,5 (0,5-4,2) 1,1 (0,4-3,1) 1 (0,3-2,23) 0,8 (0,09-2,1) 
Monocytes (x 109/L) 0,61 (0,2-1,15) 0,4 (0,1-0,8) 0,5 (0,2-1,47) 0,5 (0,02-1,15)  
Platelets (x 109/L) 286 (121-585) 197 (47-528) 273 (85-691) 256 (76-684) 
Corrected Calcium (mmol/L) 2,5 (2,2-3) 2,4 (2,1-2,7) 2,5 (2,2-3,3) 2,4 (2,1-3,0) 
LDH (U/L) 250 (80-2133) 240 (80-1734) 341 (107-2614) 263 (113-454) 

 
 
  

Inhoud Lotte Huijts v10.indd   117 5-8-2019   09:19:36



118 

Chapter 6

Supplementary table 2. Treatment-related toxicity per cohort1 
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Supplementary fig. 1. Representative flow cytometry dot plots illustrating the changes in Tregs, 
defined as CD3+CD4+CD25hiFoxP3+ 

  

 
Supplementary fig. 2. Effect of different dosages and administration schedules of CTX when combined 
with a fixed dose of 10 mg everolimus on the frequency of CD4+ T cells. a, Relative percentages of CD4+ 
T cells within CD3+ T cells were determined in freshly isolated PBMC from patients treated with 
different dosages and schedules of CTX, combined with a fixed dose of everolimus at baseline and 
subsequently 2, 4, and 8 weeks after start of treatment. b, Relative percentages of CD4+ T cells within 
CD3+ T cells are shown for cohort 2 combined with the expansion cohort. Patients were treated with 
50 mg CTX once daily, combined with 10 mg everolimus once daily. Means ± SEM are shown; p-value 
indicated with asterisk; * p≤ 0.05.  
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Supplementary fig. 3. Effect of different dosages and administration schedules of CTX when combined 
with a fixed dose of 10 mg everolimus on the frequency of lymphocytes. a, Relative percentages of 
lymphocytes were determined in freshly isolated PBMC from patients treated with different dosages 
and schedules of CTX, combined with a fixed dose of everolimus at baseline and subsequently 2, 4, 
and 8 weeks after start of treatment. b, Relative percentages of lymphocytes (within PBMC) are shown 
for cohort 2 combined with the expansion cohort. Patients were treated with 50 mg CTX once daily, 
combined with 10 mg everolimus once daily. Means ± SEM are shown; p-value indicated with asterisk; 
* p≤ 0.05.  
  

 
Supplementary fig. 4. Effect of different dosages and administration schedules of CTX when combined 
with a fixed dose of 10 mg everolimus on VEGF levels in plasma. a, VEGF levels were determined in 
heparin plasma at baseline and subsequently 4, and 8 weeks after start of treatment. Here, relative 
percentages are shown. Baseline VEGF levels (mean ± SD) per cohort: cohort 0 – 286 ± 193 pg/mL, 
cohort 1 – 255 ± 128 pg/mL, cohort 2 – 139 ± 104 pg/mL, cohort 3 – 122 ± 17 pg/mL, cohort 4 – 217 ± 
65 pg/mL, cohort 5 – 362 ± 113 pg/mL, cohort 6 – 174 ± 27 pg/mL b, Relative percentages of VEGF 
plasma levels are shown for cohort 2 combined with the expansion cohort. Patients were treated with 
50 mg CTX once daily, combined with 10 mg everolimus once daily. Mean VEGF level was 133 ± 25 
pg/mL. Means ± SEM are shown. No significant changes were observed.  
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Supplementary fig. 5. Kaplan-Meier curves for OS per cohort, compared to the total patient group.  
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Abstract 
For the treatment of metastatic renal cell cancer several strategies are used among which the 
mTOR inhibitor everolimus. As mTOR plays an important role in the immune system, e.g., by 
controlling the expression of the transcription factor FoxP3 thereby regulating regulatory T 
cells (Tregs), it plays a key role in the balance between tolerance and inflammation. Previous 
reports showed stimulatory effects of mTOR inhibition on the expansion of Tregs, an effect 
that can be considered detrimental in terms of cancer control. Since metronomic 
cyclophosphamide (CTX) was shown to selectively deplete Tregs, a phase 1 clinical trial was 
conducted to comprehensively investigate the immune-modulating effects of several dosages 
and schedules of CTX in combination with the standard dose of everolimus, with the explicit 
aim to achieve selective Treg depletion. Our data show that 50 mg of CTX once daily and 
continuously administered, in combination with the standard dose of 10 mg everolimus once 
daily, not only results in depletion of Tregs, but also leads to a reduction in MDSC, a sustained 
level of the CD8+ T-cell population accompanied by an increased effector to suppressor ratio, 
and reversal of negative effects on three peripheral blood DC subsets. These positive effects 
on the immune response may contribute to improved survival, and therefore this combination 
therapy is further evaluated in a phase II clinical trial. 
 
Introduction 
Kidney cancer is one of the ten most common cancer types in both men and women, with an 
estimated number of 338,000 new cases per year [1]. The most common tumor arising in the 
kidney is renal cell carcinoma (RCC) and a total of more than ten different subtypes can be 
identified [2]. The therapeutic field of metastatic RCC (mRCC) has drastically changed in the 
past decade with the introduction of the VEGF signaling pathway inhibitors and inhibitors of 
mammalian target of rapamycin (mTOR) [3]. For years, everolimus has been the standard 
secondline treatment after a VEGF-based treatment regimen until the arrival of axitinib as an 
alternative and recently nivolumab and cabozantinib, drugs that inhibit the PD-1 immune 
checkpoint and the MET, AXL and VEGF tyrosine kinases, were shown to be more effective 
compared to everolimus [4–6]. Furthermore, the progression-free survival (PFS) of patients 
with mRCC was improved by addition of the multi-target tyrosine kinase inhibitor lenvatinib 
to everolimus [7]. Everolimus has been shown to be an effective inhibitor of mTOR, resulting 
in inhibition of cell growth, proliferation, angiogenesis and survival of tumor cells [8]. 
However, mTOR also plays an important role in the regulation of the immune response, by 
promoting the expansion of regulatory T cells (Tregs) [9, 10]. Since Tregs have immune 
suppressive capacities, this Treg-promoting effect of everolimus can be considered a 
detrimental effect in the treatment of cancer. In support of this notion, increased Treg 
numbers have been associated with poor survival in patients with cancer, including mRCC [11–
13]. Several strategies have been investigated to selectively deplete Tregs, among them the 
use of low-dose cyclophosphamide (CTX). Administration of metronomic low-dose CTX was 
reported to selectively deplete Tregs, with additional beneficial effects on T and NK cell 
functionality [14, 15]. Therefore, a phase 1 clinical trial was initiated to prevent everolimus-
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induced detrimental Treg expansion, by adding metronomic CTX to the standard dosage of 
everolimus [16], to achieve improved survival by modulating the immune system. Patients 
were treated in cohorts of five patients, with six different doses and schedules of CTX. Clinical 
results and results of changes in Treg frequencies in the various cohorts of this phase 1 trial 
were separately described [17]. Here, we report on the results of the extensive and 
comprehensive immune monitoring that was additionally performed in this phase 1 study, 
where patients were treated with either everolimus alone or the combination of everolimus 
and different CTX administration dosages and schedules. 
 
Materials and methods  
Study population  
Forty patients with mRCC and previously treated with a VEGF targeting regimen were treated 
with everolimus in combination with different doses and schedules of metronomic oral CTX. 
Thirty-nine patients were evaluable, since one patient was not able to complete 2 weeks of 
the treatment due to early toxicity. The trial was initiated by the department of medical 
oncology of the Amsterdam UMC, location VUmc and conducted within the context of the 
Netherlands Working Group on Immunotherapy of Oncology (WIN-O) with participation of 13 
hospitals and enrollment of patients from January 2012 until August 2015. Clinical findings 
were reported separately [17].  
 
Treatment  
Patients were treated with a fixed dose of 10 mg everolimus once daily and enrolled in one of 
the seven cohorts, five patients per cohort, with different doses and schedules of low-dose 
oral CTX. One patient in dose level 6 stopped treatment because of several toxicities (highest 
grade 3 nausea) within 2 weeks of enrollment and was not evaluable. CTX was scheduled week 
on/week off or continuously, once or twice daily, based on the previously used dose regimens 
reported by Ghiringhelli et al. [15]. In cohort 0, patients were treated with 10 mg everolimus 
without CTX. In cohort 1, patients were treated with everolimus and 50 mg CTX once daily, 
week on/week off. In cohort 2, patients were treated with everolimus and 50 mg CTX once 
daily in a continuous scheme. In cohort 3, patients received 50 mg CTX twice daily, week 
on/week off, and in cohort 4 patients received 50 mg CTX twice daily, continuously. In the last 
two cohorts, cohort 5 and 6, respectively, patients received 100 mg CTX twice daily, in cohort 
5 in a week on/week off regimen and in cohort 6 continuously.  
 
Immune monitoring  
At baseline and after 2, 4, and 8 weeks after the start of study treatment, 60 mL of heparinized 
peripheral blood was collected for immune monitoring. All materials were processed on the 
same day the blood was drawn. PBMC were isolated by density-gradient centrifugation with 
Lymphoprep (AxisShield, Oslo, Norway). After isolation, PBMC were stored overnight at 4 °C 
in RPMI 1640 (Lonza, Basel, Switzerland) supplemented with 100 IU/ml sodium penicillin 
(Astellas Pharma, Leiden, the Netherlands), 100 mg/ml streptomycin sulfate (Radiumfarma-

Fisiofarma, Naples, Italy), 2.0 nM L-glutamine (Life Technologies, Bleiswijk, the Netherlands), 
10% FBS (HyClone, Amsterdam, the Netherlands), and 0.05 mM 2-ME (Merck, Darmstadt, 
Germany). The next day, cells were stained for flow cytometric analysis.  
 
Flow cytometry  
FITC, PE, PerCP or allophycocyanin (APC)-labeled antibodies directed against human CD3, CD4, 
CD8, CD11c, CD14, CD16, CD19, CD25, CD56, CD86, CD123, CTLA-4, HLA-DR, Ki-67, PD-1, (all 
BD Biosciences, New Jersey, USA), CD33, (Beckman Coulter Inc., California, USA), CD56 (IQ 
Products, Groningen, the Netherlands), and blood DC antigens BDCA1, BDCA2, BDCA3 (all 
from Miltenyi Biotec, Bergisch-Gladbach, Germany) and matching isotype control antibodies 
were used. Stainings were performed in PBS supplemented with 0.1% BSA and 0.02% sodium 
azide for 30 min. Intracellular staining was performed after fixation and permeabilization 
using a fixation/permeabilization kit according to the manufacturer’s protocol (eBioscience). 
For staining of FoxP3, a PE-labeled Ab against FoxP3 (clone PCH101, eBioscience) or 
AlexaFLuor488 FoxP3 (clone 259D) (Biolegend) was used. Live cells were gated based on 
forward and side scatter and analyzed on a BD FACSCalibur (BD Biosciences) and analyzed 
using Kaluza Analysis Software (Beckman Coulter).  
 
Statistical analysis  
One-way repeated measures ANOVA was used to determine the statistical significance of 
differences within cohorts with Dunnett’s multiple comparison test as post-test. Two-way 
ANOVA was used to compare the mean values between cohorts. Differences were considered 
statistically significant when p values were ≤0.05, as indicated with asterisks (*p≤0.05, 
**p<0.01, ***p<0.001). Statistical analyses were performed using GraphPad Prism software 
(version 7, 2016). 
 
Results  
The addition of a once daily oral dose of 50 mg CTX to treatment with everolimus results 
in Treg depletion and an increase in the CD8+ T cell: Treg ratio without changes in T-cell 
activation  
As previously reported [16], the main objective of this trial was to determine the optimal dose 
and schedule of orally administered CTX, when combined with 10 mg everolimus, to obtain 
selective Treg depletion. As shown in Fig. 1a (left graphs), cohort 2, the cohort where 10 mg 
everolimus was combined with 50 mg CTX continuously, showed a significant decrease in Treg 
percentages (within CD4+ T cells), both within the cohort, comparing the percentages at time 
point 0 to time point 4, and compared to the corresponding time point 4 in cohort 0, the 
everolimus only cohort, whereas CD4+ T-cell percentages remained stable (Fig. 1a and 
Supplementary Table 1). Cohort 2 was the only cohort in which this effect was observed. 
Except for cohort 4, in which a significant decrease in CD8+ T cells was observed in comparison 
to cohort 0 at time point 4, no major differences were observed between cohorts in CD8+ T-
cell frequencies. On the other hand, the ratio of CD8+ T cells to Tregs was significantly 
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Results  
The addition of a once daily oral dose of 50 mg CTX to treatment with everolimus results 
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activation  
As previously reported [16], the main objective of this trial was to determine the optimal dose 
and schedule of orally administered CTX, when combined with 10 mg everolimus, to obtain 
selective Treg depletion. As shown in Fig. 1a (left graphs), cohort 2, the cohort where 10 mg 
everolimus was combined with 50 mg CTX continuously, showed a significant decrease in Treg 
percentages (within CD4+ T cells), both within the cohort, comparing the percentages at time 
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everolimus only cohort, whereas CD4+ T-cell percentages remained stable (Fig. 1a and 
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to cohort 0 at time point 4, no major differences were observed between cohorts in CD8+ T-
cell frequencies. On the other hand, the ratio of CD8+ T cells to Tregs was significantly 
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increased in cohort 2 compared to cohort 0 at week 4 (Fig. 1a). This increase in CD8+ T cell:Treg 
ratio was only statistically significant in cohort 2. Based on the Treg-depleting data in cohort 
2 and the observation that the Treg-depleting effect of CTX was less pronounced in 
subsequent cohorts, with even an increase in Treg percentages in cohort 5 and 6 (see Fig. 1a), 
the decision was made to proceed to the expansion cohort wherein an additional 5 patients 
were treated with the combination of 10 mg everolimus and 50 mg CTX continuously (as in 
cohort 2). The expansion cohort again showed a significant decrease in Treg percentages at 
time point 4 in comparison to Treg percentages from cohort 0 and a significant increase in the 
CD8+ T cell:Treg ratio, thereby confirming the previously observed results of cohort 2 (Fig. 1b). 
For T-cell activation, PD-1 and CTLA-4 expression was determined on CD4+ and CD8+ T cells. 
Overall, no consistent or persistent changes in either PD-1 or CTLA-4 expression on either 
subset of T cells could be observed (Supplementary Fig. 1a). This was also the case for cohort 
2 and the expansion cohort 2E (Supplementary Fig. 1b). As Supplementary Fig. 1 shows 
relative values, absolute percentages of PD-1 and CTLA-4 expression on CD4+ and CD8+ T cells 
are shown in supplementary table 2. 
As a measure of the proliferative activity of Tregs and CD4+ T cells, Ki-67 expression was 
determined in both cell types. As shown in Supplementary Fig. 2, a significant decrease in Treg 
Ki-67 expression was observed within cohort 3 and 5 comparing the expression at baseline to 
time point 2. In addition, the percentage of Ki-67+ Tregs in cohort 5 was significantly increased 
compared to cohort 0 at week 4 (Supplementary Fig. 2a, left panels) and a similar trend (not 
significant) was observed in cohort 6. For the CD4+ T cells, a significantly lower percentage of 
cells expressed Ki-67 at week 2 in cohort 2 as compared to week 0 (p<0.001). Although not 
significant, an increase in CD4+ T cells expressing Ki-67 was seen at time point 4 for cohort 2 
and subsequent cohorts showed a similar increase at time point 4, with a significant effect in 
cohort 6. 
The results of the expansion cohort 2E (Supplementary Fig. 2b) were similar to cohort 2, 
however, the Ki-67+ Tregs in the expansion cohort first showed a significant decrease at week 
2, followed by a significant increase at week 4. Furthermore, the increase in Ki-67+ Treg cells 
at time point 4 was more abundant and significantly different compared to cohort 0. Although 
an increase in Ki-67 expression in CD4+ T cells was also observed, it failed to reach statistical 
significance. 
 
 

 
Figure 1. Effect of different dosages and administration schedules of CTX when combined with a fixed 
dose of 10  mg everolimus on the frequency of Tregs, CD8+ T cells, the effector to suppressor (CD8:Treg) 
ratio and CD4+ T cells. a. Relative percentages (to start) of Tregs, CD8+ T cells, the effector to suppressor 
ratio and CD4+ T cells were determined in freshly isolated PBMC from patients treated with different 
dosages and schedules of CTX, combined with a fixed dose of everolimus at baseline and subsequently 
2, 4, and 8  weeks after start of treatment. Cohorts 1–6 correspond to the different CTX dosages and 
schedules investigated (black bullets, black line) and are compared to cohort 0, the everolimus only 
cohort (open bullet, dotted line). Tregs were determined within CD4+ T cells, CD8+ T cells and CD4+ T 
cells within CD3+ T cells. b. Relative percentages of Tregs, CD8+ T cells, the effector to suppressor ratio 
and CD4+ T cells are shown for the expansion cohort. Patients were again treated with 50 mg CTX once 
daily, combined with 10 mg everolimus once daily as previously in cohort 2. Means ± SEM are shown. 
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are shown in supplementary table 2. 
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2, followed by a significant increase at week 4. Furthermore, the increase in Ki-67+ Treg cells 
at time point 4 was more abundant and significantly different compared to cohort 0. Although 
an increase in Ki-67 expression in CD4+ T cells was also observed, it failed to reach statistical 
significance. 
 
 

 
Figure 1. Effect of different dosages and administration schedules of CTX when combined with a fixed 
dose of 10  mg everolimus on the frequency of Tregs, CD8+ T cells, the effector to suppressor (CD8:Treg) 
ratio and CD4+ T cells. a. Relative percentages (to start) of Tregs, CD8+ T cells, the effector to suppressor 
ratio and CD4+ T cells were determined in freshly isolated PBMC from patients treated with different 
dosages and schedules of CTX, combined with a fixed dose of everolimus at baseline and subsequently 
2, 4, and 8  weeks after start of treatment. Cohorts 1–6 correspond to the different CTX dosages and 
schedules investigated (black bullets, black line) and are compared to cohort 0, the everolimus only 
cohort (open bullet, dotted line). Tregs were determined within CD4+ T cells, CD8+ T cells and CD4+ T 
cells within CD3+ T cells. b. Relative percentages of Tregs, CD8+ T cells, the effector to suppressor ratio 
and CD4+ T cells are shown for the expansion cohort. Patients were again treated with 50 mg CTX once 
daily, combined with 10 mg everolimus once daily as previously in cohort 2. Means ± SEM are shown. 
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CTX results in a decrease in the frequency of monocytic MDSC  
As MDSC are key players in immune suppression in the tumor microenvironment as well as 
systemically, being able to contribute to tumor progression and metastasis [18], the 
percentages of monocytic MDSC (mMDSC, defined as Lin−CD14+HLA-DR−) in peripheral blood 
were determined in all cohorts. As shown in Fig. 2a, treatment with everolimus alone resulted 
in a non-significant increase in mMDSC. With the exception of cohort 3, addition of CTX 
resulted in a decrease in the frequency of mMDSC. In cohort 2, this decrease relative to levels 
in cohort 0 reached statistical significance (p<0.01) at time point 4 weeks. In addition, within 
cohort 2, a significant difference between mMDSC percentages at baseline versus time point 
4 was observed (p<0.05). Although less pronounced, the results of the expansion cohort 
confirmed the earlier observed decrease in the frequency of mMDSC, with a significant 
difference between the expansion cohort and cohort 0 at time point 4 (p<0.05, Fig. 2b).  
 
 

 
 
 
 
 
Figure 2. Effect of different 
dosages and administration 
schedules of CTX when 
combined with a fixed dose of 
10 mg everolimus on the 
frequency of mMDSC. a 
Relative percentages of 
mMDSC (to start) defined as 
Lin−CD14+HLA-DR− are shown 
for the six investigated CTX 
cohorts (black bullets, black 
line), compared to cohort 0 
(open bullet, dotted line). b 
Relative percentages of 
mMDSC are shown for the 
expansion cohort. Means ± 
SEM are shown. 
 

  
Figure 3. Effect of different dosages and administration schedules of CTX when combined with a fixed 
dose of 10 mg everolimus on the frequency of three blood DC subsets. a Relative percentages of cDC1 
(BDCA3+CD14−CD11c+), cDC2 (BDCA1+CD19−CD14−CD11c+), and pDC (BDCA2+CD123+) are shown for the 
six investigated CTX cohorts (black bullets, black line), compared to cohort 0 (open bullet, dotted line), 
relative to start. b Relative percentages of the three subsets are shown for the expansion cohort. 
Means ± SEM are shown. 
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Figure 4. Effect of different dosages and administration schedules of CTX when combined with a fixed 
dose of 10 mg everolimus on the activation status of three blood DC subsets. a Relative MFI of CD86 
was determined for the cDC1, cDC2, and pDC subset and shown for the six investigated CTX cohorts 
(black bullets, black line), compared to cohort 0 (open bullet, dotted line). b Relative percentages of 
the MFI of CD86 on cDC1, cDC2, and pDC shown for the expansion cohort. Means±SEM are shown 
  

Addition of CTX reverses the effects of everolimus on blood DC subsets  
To assess the effects of the combination of everolimus and CTX on blood DC subsets, the 
percentages and activation status of three blood DC subsets were determined, i.e., 
conventional DC1 (cDC1, defined as BDCA3+CD14−CD11c+), cDC2 (defined as 
BDCA1+CD19−CD14−CD11c+), and plasmacytoid DC (pDC, defined as BDCA2+CD123+) [19]. The 
activation status of these subsets was determined by MFI measurement of CD86 (and in 
addition CD40, data not shown). In cohort 0, a significant decrease in the frequency of cDC1 
at time point 2 and 4 weeks, and of the cDC2 subset at time point 2 weeks was noted. Addition 
of CTX diminished these effects (Fig. 3a). Interestingly, an actual increase in both cDC1 and 
cDC2 percentages was most pronounced with increasing doses of CTX. Addition of CTX to 
everolimus also resulted in an increase in the frequency of pDC, which reached statistical 
significance at week 4 in both cohort 2 and cohort 5. The expansion cohort (Fig. 3b) confirmed 
the changes previously noted in patients treated in cohort 2. Treatment with everolimus alone 
resulted in a significant decrease in the expression of CD86 on the cDC1 and pDC subsets, at 
week 4 and 2, respectively, both with a p≤0.05. As shown in Fig. 4a, CTX was capable of 
reversing this downregulation of CD86 expression on cDC1 reaching statistical significance in 
all CTX cohorts except cohort 3. While CTX did not result in a significant alteration of CD86 
expression on cDC2, an increase in the expression of CD86 on pDC was observed in cohorts 3, 
5 and 6 when compared to the patient group treated with everolimus alone (i.e., cohort 0). 
Figure 4b shows the changes in MFI of CD86 on the three blood DC subsets in the expansion 
cohort, again confirming the results previously seen in patients treated in cohort 2. 
 
Addition of CTX does not result in enhanced NK cell frequencies  
A previously published article reported beneficial effects of low-dose metronomic CTX on NK 
cell function [15]. Two distinct NK cell subsets were monitored, the immunoregulatory 
CD56brightCD16dim/− and the cytotoxic CD56dimCD16+ subset. As shown in Fig. 5a, 4 weeks of 
treatment with everolimus alone resulted in a significant reduction in CD56brightCD16dim/− NK 
cells (Fig. 5a, left panels). Addition of CTX resulted in a dose-dependent reversal of this effect 
with higher doses of CTX actually inducing an increase in the frequency of immunoregulatory 
NK cells. While treatment with everolimus resulted in a temporary (non-significant) increase 
in the frequency of CD56dimCD16+ cytotoxic NK cells, this effect was attenuated by the addition 
of CTX and actually resulted in a significant decrease in CD56dimCD16+ NK cells in cohorts 4 and 
6 with effects being most striking in cohort 6. Again, the expansion cohort confirmed the 
earlier observed data in patients treated in cohort 2 (Fig. 5b). 
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Figure 5. Effect of 
different dosages and 
administration schedules 
of CTX when combined 
with a fixed dose of 10 
mg everolimus on the 
frequency of NK cells. a 
Relative percentages of 
immunoregulatory 
(CD56brightCD16dim/−) and 
cytotoxic (CD56dimCD16+) 
NK cells are shown for 
the six investigated CTX 
cohorts (black bullets, 
black line), compared to 
cohort 0 (open bullet, 
dotted line). b Relative 
percentages of the NK 
subsets are shown for 
the expansion cohort. 
Means ± SEM are shown 
  

 
Figure 6. Overview of changes in immune cell subsets in cohort 0 compared to the combined cohort 2 
(i.e., cohort 2 and cohort 2E). Patients were treated with 50  mg CTX once daily, combined with 10  mg 
everolimus once daily. a Tregs within CD4+ T cells, CD8+ T cells within CD3+ T cells and the ratio of CD8+ 
T cells versus Tregs are shown. b Ki-67 expression in Tregs and CD4+ T cells. c mMDSC. d Blood DC 
subsets. e NK cell subsets. f PD-1 and CTLA-4 expression on CD4+ and CD8+ T cells. Panels show the 
combined cohort 2 (black bullets, black line) versus cohort 0 (open bullet, dotted line). Means ± SEM 
are shown 
 
Overall effect of the addition of continuous once daily oral administration of 50 mg of 
cyclophosphamide on immune cell populations in patients with mRCC treated with everolimus 
Figure 6 shows the data from patients treated with 10 mg once daily everolimus (i.e., cohort 
0) versus all patients treated with the combination of 10 mg once daily everolimus and 50 mg 
cyclophosphamide in a continuous scheme (i.e., cohort 2 and the expansion cohort, together 
designated “combined cohort 2”). In this combined cohort, a significant decrease in Tregs was 
observed and accompanied by an increase in the frequency of CD8+ T cells. Together, this 
resulted in a significant increase in the CD8+ T cell:Treg ratio (Fig.  6a). Interestingly, the 
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combined cohort also showed a significant decrease in Ki-67+ Tregs at week 2, followed by a 
significant increase at week 4 compared to week 0.  
Additionally, a significant difference between the combined cohort and cohort 0 was found at 
week 4. The Ki-67 expression in CD4+ T cells decreased significantly at week 2 and although 
the Ki-67+CD4+ T-cell percentages were higher in the combined cohort 2 compared to cohort 
0, this difference was not significant (Fig. 6b).  
Notable was also the observation that whereas mMDSC frequencies increased in patients 
treated with everolimus alone, the frequency significantly decreased in the combined cohort 
2 both at time point 2 as well as 4 weeks (Fig. 6c) with a significant difference between the 
percentages at time point 4 when comparing the combined cohort to cohort 0. The decrease 
in cDC1 and cDC2 percentages that was observed with everolimus monotherapy was reversed 
by adding CTX to the treatment, with a significant difference when comparing to cohort 0 at 
time point 4 (Fig. 6d). In addition, 50 mg of CTX once daily continuously in combination with 
everolimus resulted in a reversal of the effect on the immunoregulatory NK cells, however, a 
decrease in cytotoxic NK cells was observed at time point 2 (p<0.05, Fig. 6e). No significant 
differences between the combined cohort 2 and cohort 0 were observed for the T-cell 
activation markers, although there was a notable increase in frequency of CD4+CTLA-4+ T cells 
by week 4 (Fig. 6f). 
 
Discussion  
This is the first clinical trial in which several dosages and schedules of metronomic 
cyclophosphamide in combination with the standard dosage of everolimus were investigated, 
and where extensive and comprehensive immune monitoring was performed. Our data 
indicate that while the frequency of Tregs slowly increased during treatment with everolimus 
alone, the combination of 10 mg everolimus once daily and 50 mg CTX once daily 
continuously, resulted in a significant decrease of Tregs within 2 weeks of treatment. This 
decrease persisted up to week 4 returning to baseline levels after 8 weeks of combination 
treatment. The slight increase in Treg percentages that was observed at 4 and 8 weeks of 
treatment suggest the reduction in Tregs to be a temporary effect, as was previously also 
reported in advanced-stage breast cancer patients treated with single-agent 50 mg CTX p.o. 
daily [20] and which is in line with the observation of an increase in the expression of the 
proliferation marker Ki-67 in Tregs at time points 4 and 8 weeks. Though this may seem to 
limit the rationale for combination treatment of CTX and everolimus, Ge et al. [20] reported 
that transient depletion of Tregs can increase tumor-reactive T-cell numbers implying that 
even a temporary Treg depletion may sufficiently boost the anti-tumor immune response, by 
creating a window for T-cell priming against the tumor. In addition, in the combined cohort 2 
CD8+ T-cell percentages significantly increased and together with the decrease in Treg 
percentages resulted in an increase in the effector to suppressor ratio (CD8+ T cell:Tregs). Since 
an increased effector to suppressor ratio is associated with improved survival [21–23], this 
may imply positive effects on the survival of mRCC patients when treated with a combination 
of everolimus and CTX. Of note, the mechanism behind these reduced cell amounts, e.g., by 

necrosis or apoptosis, has not been examined. The combined cohort 2 analysis also revealed 
a significant decrease in the frequency of mMDSC after 2 and 4 weeks of treatment. As the 
role of MDSC in the tumor environment is diverse [18] leading to promotion of tumor growth, 
this mMDSC-depleting effect, though temporary in nature as the decrease in mMDSC did not 
persist after 4 weeks of combination treatment, could further contribute to improved survival. 
Of interest, sunitinib has also been reported to decrease the frequency of myeloid suppressor 
cells [24]. As lenvatinib is not only a TKI directed against the VEGF receptor [25] but 
additionally inhibits fibroblast growth factor receptor (FGFR) which may also dampen MDSC 
activity [26], the combination of lenvatinib and everolimus might exert similar or even more 
pronounced effects on the immune system as the combination of everolimus and CTX. 
Previously, we reported that treatment with everolimus alone significantly reduced the 
frequency of the cDC1 and cDC2 blood DC subsets, while it did not affect the frequency of pDC 
[27]. Interestingly, we here demonstrate that the addition of any dosage or scheme of CTX 
could reverse these everolimus-induced alterations in the frequency of cDC1 and cDC2. 
Furthermore, CTX was also able to increase the activation of at least two of the three blood 
DC subsets, the cDC1 and pDC subset. While cohort 2 already showed beneficial effects on the 
blood DC subsets, effects were even more pronounced when higher doses of CTX were used. 
As Ghiringhelli et al. [15] reported beneficial effects of CTX treatment on NK and T cell effector 
functions, we were interested in the effects of the combination of everolimus and CTX on both 
cell subsets. We found that adding CTX to everolimus could reverse the effects of everolimus 
monotherapy on the immunoregulatory CD56brightCD16dim/− NK cell subset as well as on the 
cytotoxic CD56dimCD16+ NK cell population, overall resulting in an increase in the frequency of 
immunoregulatory NK cells and a decrease in the frequency of cytotoxic NK cells with 
combination therapy. For both NK cell subsets, functional analyses were not performed, and 
therefore it remains impossible to determine whether these subsets are also functionally 
compromised as previously reported [28]. For both the CD4+ and CD8+ T cell subset the 
expression of PD-1 and CTLA-4 was determined. Though not significant, a minor increase in 
expression of PD-1 and CTLA-4 could be noted, perhaps suggesting an increase in tumor-
specific effector T cells and a window for combination therapy with immune checkpoint 
inhibitors targeting CTLA-4 and/or PD-1 [29]. In conclusion, we performed a phase 1 study in 
patients with mRCC treated with everolimus alone and the combination of everolimus and 
different doses and administration schedules of CTX and here report on the comprehensive 
immunomonitoring that was performed in these patients. The predefined goal of the study, 
i.e., to identify the dose and schedule of CTX that when combined with everolimus would 
result in optimal and selective depletion of Tregs, was achieved with a once daily continuous 
oral dose of 50 mg CTX. Addition of this dose of CTX to everolimus, resulted in depletion of 
Tregs, a sustained increase in CD8+ T cells with an increase in the effector to suppressor ratio. 
Furthermore, this combination therapy resulted in a depletion of mMDSC, while negative 
effects of monotherapy with everolimus on blood DC subsets were counteracted. All together, 
these observed changes in various immune cell populations may result in increased antitumor 
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combined cohort also showed a significant decrease in Ki-67+ Tregs at week 2, followed by a 
significant increase at week 4 compared to week 0.  
Additionally, a significant difference between the combined cohort and cohort 0 was found at 
week 4. The Ki-67 expression in CD4+ T cells decreased significantly at week 2 and although 
the Ki-67+CD4+ T-cell percentages were higher in the combined cohort 2 compared to cohort 
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percentages at time point 4 when comparing the combined cohort to cohort 0. The decrease 
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time point 4 (Fig. 6d). In addition, 50 mg of CTX once daily continuously in combination with 
everolimus resulted in a reversal of the effect on the immunoregulatory NK cells, however, a 
decrease in cytotoxic NK cells was observed at time point 2 (p<0.05, Fig. 6e). No significant 
differences between the combined cohort 2 and cohort 0 were observed for the T-cell 
activation markers, although there was a notable increase in frequency of CD4+CTLA-4+ T cells 
by week 4 (Fig. 6f). 
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cell subsets. We found that adding CTX to everolimus could reverse the effects of everolimus 
monotherapy on the immunoregulatory CD56brightCD16dim/− NK cell subset as well as on the 
cytotoxic CD56dimCD16+ NK cell population, overall resulting in an increase in the frequency of 
immunoregulatory NK cells and a decrease in the frequency of cytotoxic NK cells with 
combination therapy. For both NK cell subsets, functional analyses were not performed, and 
therefore it remains impossible to determine whether these subsets are also functionally 
compromised as previously reported [28]. For both the CD4+ and CD8+ T cell subset the 
expression of PD-1 and CTLA-4 was determined. Though not significant, a minor increase in 
expression of PD-1 and CTLA-4 could be noted, perhaps suggesting an increase in tumor-
specific effector T cells and a window for combination therapy with immune checkpoint 
inhibitors targeting CTLA-4 and/or PD-1 [29]. In conclusion, we performed a phase 1 study in 
patients with mRCC treated with everolimus alone and the combination of everolimus and 
different doses and administration schedules of CTX and here report on the comprehensive 
immunomonitoring that was performed in these patients. The predefined goal of the study, 
i.e., to identify the dose and schedule of CTX that when combined with everolimus would 
result in optimal and selective depletion of Tregs, was achieved with a once daily continuous 
oral dose of 50 mg CTX. Addition of this dose of CTX to everolimus, resulted in depletion of 
Tregs, a sustained increase in CD8+ T cells with an increase in the effector to suppressor ratio. 
Furthermore, this combination therapy resulted in a depletion of mMDSC, while negative 
effects of monotherapy with everolimus on blood DC subsets were counteracted. All together, 
these observed changes in various immune cell populations may result in increased antitumor 
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immunity and improved survival of patients with mRCC, which is currently further investigated 
in a phase 2 clinical trial [16]. 
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Supplementary material 
 

 
Supplementary Fig. 1. Effect of different dosages and administration schedules of CTX when combined 
with a fixed dose of 10 mg everolimus on the frequency of PD-1 and CTLA-4 expression on CD4+ and 
CD8+ T cells. a. Relative percentages (to start) are shown for the 6 investigated CTX cohorts (black 
bullets. black line). compared to cohort 0 (open bullet. dotted line). b. Relative percentages of the 
subsets are shown for the expansion cohort. Means ± SEM are shown. 
 
  

 
Supplementary Fig. 2. Effect of different dosages and administration schedules of CTX when combined 
with a fixed dose of 10 mg everolimus on the frequency of Ki-67 expression in Tregs and CD4+ T cells. 
a. Relative percentages of Ki-67+ Tregs and Ki-67+ CD4+ T cells (relative to start) are shown for the 6 
investigated CTX cohorts (black bullets. black line) compared to cohort 0 (open bullet. dotted line). b. 
Relative percentages of Ki-67+ Tregs and Ki-67+ CD4+ T cells are shown for the expansion cohort. Means 
± SEM are shown. 
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Supplementary Fig. 3. Gating strategy of all described subsets.   

Supplementary table 1. Mean CD3+ and CD4+ T cell percentages and absolute numbers per 
cohort and per time point with SEM.  
 

CD3+ T cell percentages within PBMC (±SEM)  

Time point (in weeks) 
                                 Week 0                  Week 2                  Week 4                  Week 8 
Cohort 0 50.0 (3.3) 55.9 (4.0) 49.1 (3.0) 42.6 (8.3)** 
Cohort 1 44.0 (6.4) 49.0 (4.2) 40.0 (6.1)* 39.1 (11.2)** 
Cohort 2 41.5 (7.9) 51.4 (8.1) 40.2 (5.7) 32.2 (6.3) 
Cohort 3 44.1 (5.6) 53.4 (4.7) 41.2 (4.4) 39.0 (3.4) 
Cohort 4 26.4 (4.4) 37.2 (5.9) 36.1 (7.3) 35.7 (8.0) 
Cohort 5 44.2 (5.9) 61.4 (3.5) 57.6 (6.2) 45.5 (5.6)* 
Cohort 6 37.4 (2.7)* 44.7 (5.9)* 31.2 (5.2)* 22.8 (5.3)** 
Cohort 2E 58.4 (4.4) 62.0 (4.3) 59.7 (8.3) 60.7 (7.0)* 

*n= 4 **n=3 instead of n=5 

 

Absolute CD3+ T cell numbers/L peripheral blood (±SEM) 

Time point (in weeks) 
                                 Week 0                  Week 2                  Week 4                  Week 8 
Cohort 0 1.3E+09 

(3.1E+08) 
8.3E+08 
(1.7E+08) 

1.1E+09 
(2.4E+08)* 

7.7E+08 
(2.9E+08)** 

Cohort 1 8.0E+08 
(1.2E+08)* 

9.3E+08 
(5.7E+07)* 

5.7E+08 
(1.2E+08)** 

5.8E+08 
(1.3E+08)** 

Cohort 2 8.4E+08 
(2.4E+08)* 

7.1E+08 
(2.4E+08)* 

7.2E+08 
(1.9E+08) 

5.4E+08 
(1.7E+08) 

Cohort 3 1.4E+09 
(3.0E+08)** 

1.1E+09 
(1.1E+08)** 

9.9E+08 
(3.6E+08)** 

9.2E+08 
(4.3E+08)** 

Cohort 4 5.2E+08 
(1.3E+08) 

4.9E+08 
(1.1E+08) 

4.2E+08 
(1.2E+08) 

3.1E+08 
(8.8E+07) 

Cohort 5 6.2E+08 
(1.1E+08) 

5.3E+08 
(8.4E+07)** 

6.5E+08 
(1.3E+08) 

4.1E+08 
(4.2E+07)* 

Cohort 6 8.0E+08 
(1.4E+08) 

6.3E+08 
(1.3E+08) 

3.5E+08 
(1.1E+08) 

2.0E+08 
(1.4E+08) 

Cohort 2E 1.3E+09 
(3.7E+08)* 

9.2E+08 
(1.6E+08) 

9.0E+08 
(1.9E+08) 

9.1E+08 
(2.7E+08)* 

*n= 4 **n=3 instead of n=5 
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Absolute CD3+ T cell numbers/L peripheral blood (±SEM) 

Time point (in weeks) 
                                 Week 0                  Week 2                  Week 4                  Week 8 
Cohort 0 1.3E+09 

(3.1E+08) 
8.3E+08 
(1.7E+08) 

1.1E+09 
(2.4E+08)* 

7.7E+08 
(2.9E+08)** 

Cohort 1 8.0E+08 
(1.2E+08)* 

9.3E+08 
(5.7E+07)* 

5.7E+08 
(1.2E+08)** 

5.8E+08 
(1.3E+08)** 

Cohort 2 8.4E+08 
(2.4E+08)* 

7.1E+08 
(2.4E+08)* 

7.2E+08 
(1.9E+08) 

5.4E+08 
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Cohort 4 5.2E+08 
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(3.7E+08)* 
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CD4+ T cell percentages within CD3 (±SEM) 

Time point (in weeks) 
                                 Week 0                  Week 2                  Week 4                 Week 8 
Cohort 0 53.7 (6.0) 51.5 (5.6) 53.1 (5.9) 50.7 (7.4)** 
Cohort 1 57.2 (2.6) 55.9 (6.0) 59.9 (4.9)* 54.7 (4.6)** 
Cohort 2 66.1 (9.9) 67.1 (8.7) 65.4 (9.2) 62.1 (8.9) 
Cohort 3 49.3 (8.8) 48.6 (8.8) 50.9 (7.3) 44.0 (6.9) 
Cohort 4 54.7 (5.1) 54.3 (6.1) 44.1 (10.8) 52.6 (8.6) 
Cohort 5 55.1 (5.6) 52.6 (5.4) 54.4 (5.9) 41.3 (10.1)* 
Cohort 6 71.9 (7.9)* 67.9 (10.1)* 68.8 (12.6)* 60.8 (9.5)** 
Cohort 2E 62.7 (5.3) 60.8 (5.8) 53.2 (8.8) 50.3 (7.1)* 

*n= 4 **n=3 instead of n=5 

 

 

Absolute CD4+ T cell numbers/L peripheral blood (±SEM) 

Time point (in weeks) 
                                 Week 0                  Week 2                  Week 4                 Week 8 
Cohort 0 6.6E+08 

(1.5E+08) 
4.1E+08 
(6.7E+07) 

5.1E+08 
(1.1E+08)* 

3.8E+08 
(1.5E+08)** 

Cohort 1 4.7E+08 
(8.4E+07)* 

5.6E+08 
(8.2E+07)* 

3.6E+08 
(6.7E+07)** 

3.1E+08 
(5.9E+07)** 

Cohort 2 5.2E+08 
(1.8E+08)* 

4.8E+08 
(1.7E+08)* 

4.8E+08 
(1.4E+08)* 

3.2E+08 
(1.0E+08)* 

Cohort 3 6.9E+08 
(1.2E+08)** 

5.2E+08 
(8.1E+07)** 

4.9E+08 
(1.1E+08)** 

3.7E+08 
(1.3E+08)** 

Cohort 4 2.7E+08 
(5.7E+07) 

2.4E+08 
(2.7E+07) 

2.2E+08 
(5.2E+07) 

1.6E+08 
(3.8E+07 

Cohort 5 3.4E+08 
(7.4E+07) 

2.8E+08 
(6.0E+07)** 

3.5E+08 
(7.4E+07) 

1.9E+08 
(1.6E+07)* 

Cohort 6 5.6E+08 
(1.1E+08) 

4.3E+08 
(1.1E+08) 

2.3E+08 
(6.2E+07) 

1.1E+08 
(6.6E+07) 

Cohort 2E 8.3E+08 
(2.7E+08)* 

5.3E+08 
(6.4E+07) 

4.3E+08 
(6.0E+07) 

4.9E+08 
(2.2E+08)* 

*n= 4 **n=3 instead of n=5 

 

 

  

Supplementary table 2. Mean percentages and absolute numbers of PD-1 and CTLA-4 on CD4+ 
and CD8+ T cells.  
 
Percentage of cells (±SEM) at baseline 

                             PD-1+CD4+             PD-1+CD8+            CTLA-4+CD4+         CTLA-4+CD8+ 
Cohort 0 6.1 (3.9) 4.8 (1.6) 8.6 (1.1) 3.3 (1.0) 
Cohort 1 1.8 (0.3) 1.7 (0.3) 3.5 (0.6) 5.3 (2.0) 
Cohort 2 1.6 (0.6) 2.1 (0.4) 7.4 (1.6) 3.4 (0.4) 
Cohort 3 2.2 (1.0) 1.8 (0.4) 8.2 (1.9) 8.2 (1.9) 
Cohort 4 1.2 (0.1) 1.6 (0.1) 8.1 (1.4) 3.4 (0.6) 
Cohort 5 0.9 (0.3) 1.1 (0.3) 6.4 (0.7) 2.0 (0.3) 
Cohort 6 1.4 (0.2)* 4.0 (1.6)* 6.2 (1.0)* 2.2 (0.6)* 
Cohort 2E 1.0 (0.4) 0.8 (0.4) 4.6 (0.8) 1.5 (0.5) 

*n= 4 instead of n=5 

 

 

Absolute numbers of cells/L peripheral blood (±SEM) at baseline 

                             PD-1+CD4+             PD-1+CD8+            CTLA-4+CD4+         CTLA-4+CD8+ 
Cohort 0 2.5E+07 

(1.1E+07) 
1.9E+07 
(4.5E+06) 

5.8E+07 
(1.5E+07) 

1.7E+07 
(7.9E+06) 

Cohort 1 7.8E+06 
(1.5E+06)* 

4.7E+06 
(9.7E+05)* 

1.6E+07 
(3.6E+06)* 

6.0E+06 
(7.0E+05)* 

Cohort 2 6.1E+06 
(1.7E+06)* 

4.0E+06 
(1.5E+06)* 

7.9E+06 
(2.5E+06)* 

3.4E+07 
(5.7E+06)* 

Cohort 3 2.0E+07 
(1.3E+07)** 

8.4E+06 
(2.3E+06)** 

4.3E+07 
(1.5E+07)** 

1.6E+07 
(3.7E+06)** 

Cohort 4 3.1E+06 
5.5E+05 

3.0E+06 
7.7E+05 

2.2E+07 
5.2E+06 

5.9E+06 
1.2E+06 

Cohort 5 3.2E+06 
1.5E+06 

1.9E+06 
5.0E+05 

2.3E+07 
7.4E+06 

4.0E+06 
8.8E+05 

Cohort 6 7.6E+06 
(2.0E+06)* 

4.6E+06 
(7.0E+05)* 

3.5E+07 
(8.0E+06)* 

3.7E+06 
(1.1E+06)* 

Cohort 2E 5.0E+06 
(1.8E+06)* 

4.3E+06 
(2.6E+06)* 

4.4E+07 
(2.0E+07)* 

6.4E+06 
(3.5E+06)* 

*n= 4 **n=3 instead of n=5 
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CD4+ T cell percentages within CD3 (±SEM) 

Time point (in weeks) 
                                 Week 0                  Week 2                  Week 4                 Week 8 
Cohort 0 53.7 (6.0) 51.5 (5.6) 53.1 (5.9) 50.7 (7.4)** 
Cohort 1 57.2 (2.6) 55.9 (6.0) 59.9 (4.9)* 54.7 (4.6)** 
Cohort 2 66.1 (9.9) 67.1 (8.7) 65.4 (9.2) 62.1 (8.9) 
Cohort 3 49.3 (8.8) 48.6 (8.8) 50.9 (7.3) 44.0 (6.9) 
Cohort 4 54.7 (5.1) 54.3 (6.1) 44.1 (10.8) 52.6 (8.6) 
Cohort 5 55.1 (5.6) 52.6 (5.4) 54.4 (5.9) 41.3 (10.1)* 
Cohort 6 71.9 (7.9)* 67.9 (10.1)* 68.8 (12.6)* 60.8 (9.5)** 
Cohort 2E 62.7 (5.3) 60.8 (5.8) 53.2 (8.8) 50.3 (7.1)* 

*n= 4 **n=3 instead of n=5 

 

 

Absolute CD4+ T cell numbers/L peripheral blood (±SEM) 

Time point (in weeks) 
                                 Week 0                  Week 2                  Week 4                 Week 8 
Cohort 0 6.6E+08 

(1.5E+08) 
4.1E+08 
(6.7E+07) 

5.1E+08 
(1.1E+08)* 

3.8E+08 
(1.5E+08)** 

Cohort 1 4.7E+08 
(8.4E+07)* 

5.6E+08 
(8.2E+07)* 

3.6E+08 
(6.7E+07)** 

3.1E+08 
(5.9E+07)** 

Cohort 2 5.2E+08 
(1.8E+08)* 

4.8E+08 
(1.7E+08)* 

4.8E+08 
(1.4E+08)* 

3.2E+08 
(1.0E+08)* 

Cohort 3 6.9E+08 
(1.2E+08)** 

5.2E+08 
(8.1E+07)** 

4.9E+08 
(1.1E+08)** 

3.7E+08 
(1.3E+08)** 

Cohort 4 2.7E+08 
(5.7E+07) 

2.4E+08 
(2.7E+07) 

2.2E+08 
(5.2E+07) 

1.6E+08 
(3.8E+07 

Cohort 5 3.4E+08 
(7.4E+07) 

2.8E+08 
(6.0E+07)** 

3.5E+08 
(7.4E+07) 

1.9E+08 
(1.6E+07)* 

Cohort 6 5.6E+08 
(1.1E+08) 

4.3E+08 
(1.1E+08) 

2.3E+08 
(6.2E+07) 

1.1E+08 
(6.6E+07) 

Cohort 2E 8.3E+08 
(2.7E+08)* 

5.3E+08 
(6.4E+07) 

4.3E+08 
(6.0E+07) 

4.9E+08 
(2.2E+08)* 

*n= 4 **n=3 instead of n=5 
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survival in pati ents with metastati c renal 
cell cancer treated with everolimus 

Chapter 8

Inhoud Lotte Huijts v10.indd   151 5-8-2019   09:19:47



Abstract  
Metastatic renal cell cancer (mRCC) patients have a median overall survival (mOS) of 
approximately 28 months. Until recently, mammalian target of rapamycin (mTOR) inhibition 
with everolimus was the standard second-line treatment regimen for mRCC patients, 
improving median progression-free survival (mPFS). Treatment with everolimus supports the 
expansion of immunosuppressive regulatory T cells (Tregs), which exert a negative effect on 
antitumor immune responses. In a phase 1 dose-escalation study, we have recently 
demonstrated that a low dose of 50 mg oral cyclophosphamide once daily can be safely 
combined with everolimus in mRCC patients and prevents the everolimus-induced increase in 
Tregs.  
In a multicenter phase 2 study, performed in patients with mRCC not amenable to or 
progressive on a vascular endothelial growth factor (VEGF)-receptor tyrosine kinase inhibitor 
(TKI) containing treatment regimen, we assessed whether the addition of this metronomic 
dosing schedule of cyclophosphamide to therapy with everolimus could result in an 
improvement of progression-free survival (PFS) after 4 months of treatment.  
Though results from this study confirmed that combination treatment effectively lowered 
circulating levels of Tregs, addition of cyclophosphamide did not improve the PFS rate at 4 
months. For this reason, the study was abrogated at the predefined interim analysis.  
Although the comprehensive immunomonitoring analysis performed in this study provides 
relevant information for the design of future immunotherapeutic approaches, the addition of 
metronomic cyclophosphamide to mRCC patients receiving everolimus cannot be 
recommended. 
 
Introduction 
Renal cell cancer (RCC) has been diagnosed in more than 84.000 new patients in the European 
Union each year and has resulted in almost 34.000 cancer deaths in 2012 [1]. Death due to 
RCC is mostly a consequence of metastatic disease, which occurs in 30% of patients at 
presentation and in an additional 30% of patients after initial nephrectomy [2]. Metastatic RCC 
(mRCC) is known to be resistant to chemotherapy. However, the prognosis of mRCC has 
greatly improved in the last decade with the registration of various novel therapeutics, 
resulting in a current median overall survival (mOS) of 28–29 months [3–6]. New drugs have 
been mostly tested in patients with clear cell mRCC, while papillary, chromophobic and 
oncocytic RCC and RCC of the collecting duct have been studied less due to their lower 
prevalence [7]. Until recently, first-line treatment of clear cell mRCC patients predominantly 
consisted of drugs that block the intracellular domain of the vascular endothelial growth factor 
(VEGF) receptor, such as sunitinib or pazopanib, resulting in a median progression-free 
survival (mPFS) of 11 months [8–10], or the combination of interferon-alfa (IFN-α) and 
bevacizumab, the latter binding circulating VEGF, which resulted in an mPFS of 8.5–10 months 
[11–14]. Since 2007, drugs targeting the mammalian target of rapamycin (mTOR) pathway 
have been registered for the treatment of mRCC. Temsirolimus represents a first line 
treatment option in poor-risk mRCC patients, while everolimus became a standard Food and 
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(mRCC) is known to be resistant to chemotherapy. However, the prognosis of mRCC has 
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resulting in a current median overall survival (mOS) of 28–29 months [3–6]. New drugs have 
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prevalence [7]. Until recently, first-line treatment of clear cell mRCC patients predominantly 
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survival (mPFS) of 11 months [8–10], or the combination of interferon-alfa (IFN-α) and 
bevacizumab, the latter binding circulating VEGF, which resulted in an mPFS of 8.5–10 months 
[11–14]. Since 2007, drugs targeting the mammalian target of rapamycin (mTOR) pathway 
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Drug Administration (FDA)-approved second-line treatment in 2009 [10, 15–18]. The mTOR 
pathway influences cell growth, proliferation and angiogenesis, and mTOR inhibitor 
everolimus leads to an mPFS of approximately 4 months when used as second-line treatment 
[16, 19]. Recently, the programmed cell death protein-1 (PD-1) checkpoint-inhibitor 
nivolumab, the c-Met and VEGF tyrosine kinase inhibitor (TKI) cabozantinib and the 
combination of lenvatinib (a multi kinase inhibitor) and everolimus were shown to be more 
effective compared to everolimus monotherapy and have thereby replaced everolimus as the 
standard second-line therapeutic approach in mRCC patients [3, 4, 20, 21]. In addition, 
combination therapy with PD-1 and cytotoxic T-lymphocyte associated protein 4 (CTLA-4) 
immune checkpoint inhibitors nivolumab and ipilimumab was approved as a first-line 
treatment option for intermediate- and poor-risk patients [22]. One aspect potentially limiting 
the antitumor effect of mTOR inhibition by everolimus is their known stimulatory effect on 
regulatory T cells (Tregs) [23, 24]. Tregs are characterized by the expression of CD4, CD25 and 
the transcription factor forkhead box P3 (Foxp3), and are known to exert immunosuppressive 
effects, which can be beneficial in preventing overt autoimmunity, but can hamper the 
development of antitumor immune responses. Tumor cells or tumor associated macrophages 
can produce ligands that selectively attract Tregs through C–C chemokine receptor (CCR) type 
4, facilitating tumor cells to escape antitumor immunity [25, 26]. Studies have shown that the 
frequency of circulating as well as (peri) tumoral Tregs is negatively associated with survival in 
cancer patients, including mRCC patients [27–29]. We and others have shown that treatment 
with everolimus resulted in an expansion of peripheral blood Tregs [30, 31]. As we 
hypothesized that the undesirable everolimus-induced expansion of Tregs in mRCC patients 
could be counteracted, we co-administered cyclophosphamide, which is an alkylating agent 
of the nitrogen mustard type that is known to selectively deplete Tregs (and not helper or 
cytotoxic T cells) [32–34]. The effect of cyclophosphamide on Tregs is not completely 
understood; however, several mechanisms have been proposed, including (a) induction of a 
DNA repair defect, (b) reduction of the ATP and glutathion content of Tregs and (c) causing a 
lack in the expression of the ATP-binding cassette (ABC) transporters B1 (ABCB1) [33–36]. We 
first performed a phase 1 dose-escalation trial, in which we established the optimal dose of 
metronomic cyclophosphamide that, when combined with the standard once daily oral dose 
of 10 mg of everolimus, was safe, well tolerated and effectively reduced circulating levels of 
Tregs [37, 38]. In the present phase 2 study, we investigated whether the addition of the 
selected dose of metronomic cyclophosphamide would result in an improvement in mPFS as 
compared to everolimus monotherapy. In addition, immunomonitoring was performed to 
evaluate whether immune effects could be related to clinical outcome. The 
immunomonitoring performed in this study gives insight into the effects of mTOR inhibition 
and low-dose oral cyclophosphamide in cancer patients and thereby provides relevant 
information for the design of future treatments that incorporate or are based on mTOR 
inhibitors. 
 
  

Materials and methods  
Patients and treatment  
The multicenter study was performed in medical centers that were part of the WIN-O (The 
Working group Immunotherapy of the Netherlands for Oncology) and included 29 patients of 
18 years or older with clear cell mRCC who were not amenable to, or had progressed on, a 
VEGF receptor TKI regimen. As originally planned in the design of the study, 10 of the 25 
patients had participated in the phase 1 part of this study, where they had been treated with 
the same treatment regimen as in the here reported phase 2 study. For a more extensive 
description of the inclusion and exclusion criteria of the study, we refer to the published study 
protocol [39]. Follow-up was until death or until the time of analysis (9 months after inclusion 
of the last patient). A pre-planned interim analysis was performed after 24 patients were 
treated for at least 4 months, to assess whether the primary objective, an increase of 
progression-free survival (PFS) at 4 months from 50 to 70% could be achieved. Since 12 out of 
24 patients had progressed within the first 4 months of treatment, the study was terminated 
prematurely due to lack of efficacy. Secondary objectives that were studied included response 
rate, time to progression, overall survival and an assessment of the immunological effects of 
combination treatment.  
Patients were treated with 10 mg everolimus and 50 mg cyclophosphamide orally, both once 
daily continuously. In case of severe toxicity, dose reductions were allowed according to 
protocol. Adverse events (AE) were defined in accordance with the International Conference 
on Harmonisation (ICH) Guideline for Good Clinical Practice (ICH E6:1.2). Severity of clinical AE 
was graded according to the National Cancer Institute Common Toxicity Criteria (CTC) grading 
system version 3.0 (NCI-CTCAE). Dose-limiting toxicities (DLT) were toxicities attributable to 
combination therapy within the first 28 days of therapy and defined as febrile neutropenia, 
neutropenic infection, other grade≥3 hematological toxicity, pneumonitis, nausea, vomiting, 
diarrhea, fatigue or any other grade≥3 AE that, despite appropriate supportive care, failed to 
recover to grade≤1 within 7 days [39]. Patients were evaluated at baseline and then every 4 
weeks until the end of study treatment by means of history, physical examination and 
laboratory evaluation (hematology and chemistry). Moreover computed tomography scans 
(CT scan) of chest and abdomen were made at baseline and thereafter every 8 weeks. The 
objective response rate (ORR) was assessed clinically and radiologically, using Response 
Evaluation Criteria In Solid Tumors (RECIST, version 1.1). 
 
Immunomonitoring  
Immunomonitoring was performed at baseline and 4 weeks after the start of the study 
treatment period. Peripheral blood mononuclear cells (PBMC) were isolated by Lymphoprep 
(Axis-Shield, Oslo, Norway) density-gradient centrifugation, cryopreserved in liquid nitrogen, 
thawed and subsequently stained for 30 min at 4 °C with labeled antibodies in phosphate-
buffered saline (PBS) supplemented with 0.1% bovine serum albumin (BSA) and 0.02% sodium 
azide. Based on the immunomonitoring results of the previously performed phase 1 study [37, 
38], the following immune cell subsets were selected for monitoring in the present phase 2 
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lack in the expression of the ATP-binding cassette (ABC) transporters B1 (ABCB1) [33–36]. We 
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the same treatment regimen as in the here reported phase 2 study. For a more extensive 
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recover to grade≤1 within 7 days [39]. Patients were evaluated at baseline and then every 4 
weeks until the end of study treatment by means of history, physical examination and 
laboratory evaluation (hematology and chemistry). Moreover computed tomography scans 
(CT scan) of chest and abdomen were made at baseline and thereafter every 8 weeks. The 
objective response rate (ORR) was assessed clinically and radiologically, using Response 
Evaluation Criteria In Solid Tumors (RECIST, version 1.1). 
 
Immunomonitoring  
Immunomonitoring was performed at baseline and 4 weeks after the start of the study 
treatment period. Peripheral blood mononuclear cells (PBMC) were isolated by Lymphoprep 
(Axis-Shield, Oslo, Norway) density-gradient centrifugation, cryopreserved in liquid nitrogen, 
thawed and subsequently stained for 30 min at 4 °C with labeled antibodies in phosphate-
buffered saline (PBS) supplemented with 0.1% bovine serum albumin (BSA) and 0.02% sodium 
azide. Based on the immunomonitoring results of the previously performed phase 1 study [37, 
38], the following immune cell subsets were selected for monitoring in the present phase 2 
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study: regulatory T cells (Tregs, CD4+CD25hiFoxP3hi), cytotoxic T cells (CTL, CD3+CD8+), B 
lymphocytes (CD19+), myeloid dendritic cells (cDC1, BDCA3+CD14−CD11c+ and cDC2, 
BDCA1+CD19−CD14−CD11c+) and plasmacytoid dendritic cells (pDC, BDCA2+CD11c−CD123+), 
immunoregulatory (CD56brightCD16dim) and cytotoxic (CD56dimCD16+) natural killer cells (NK), 
and granulocytic (Lin−CD14−CD33+HLA−DR−) and monocytic (Lin−CD14+HLA−DR−) myeloid 
derived suppressor cells (MDSC). The following antibodies were used: FITC-labeled antibodies 
against IgG1, CD4, CD14, CD16, BDCA1, BDCA2 and BDCA3; PE-labeled antibodies against IgG1, 
CD8, CD19, CD40, CD56, CD86 and CD123; PerCP-labeled antibodies against IgG1, CD3 and 
CD4; APC-labeled antibodies against IgG1, CD3, CD11c, CD25 and PD-1 (all these antibodies 
were obtained from BD Biosciences, New Jersey, USA). Intracellular stainings were performed 
after fixation and permeabilization using a fixation/permeabilization kit according to the 
manufacturer’s protocol (eBioscience, Massachusetts, USA). The labeled antibodies used for 
intracellular stainings were PE-labeled IgG1, IgG2a, CTLA-4 and Ki-67 (all BD Biosciences, New 
Jersey, USA). FoxP3 was stained with anti-FoxP3 mAbs, either PCH101 PE (eBioscience, 
Massachusetts, USA) or 259D Alexa Fluor 488 (Biolegend, San Diego, USA). All cells were 
analyzed on a BD FACS Calibur and analyzed using Kaluza Analysis Software (Beckman Coulter). 
 
Statistical analysis  
Paired t tests were used to determine the statistical significance of differences between time 
points or groups. PFS was defined as the time from baseline until progression or death. Overall 
survival (OS) was defined as the time from baseline until death. Both PFS and OS were 
analyzed using Kaplan–Meier curves. Correlations were measured using Pearson correlation 
coefficient. Findings were considered statistically significant when p values were ≤0.05, as 
indicated with asterisks (*p≤0.05, **p<0.01, ***p<0.001). Statistical analyses were performed 
using GraphPad Prism 6.0 software. 
 
Results  
Baseline patient characteristics  
The study included 29 patients with clear cell mRCC who were treated at 12 different centers 
in the Netherlands between November 2013 and October 2016. Of these 29 patients, 25 
patients were followed according to protocol; 4 of 29 patients were excluded within the first 
2 weeks of the start of treatment. Three of them withdrew consent and one patient had 
inadvertently taken an inappropriate dose of cyclophosphamide. Patient characteristics are 
shown in Table 1. Of the 25 patients included for study analysis, 60% were male, the median 
age of the study group was 66 years and 80% could be categorized in the favorable or 
intermediate IMDC risk group (prognostic model according to the International Metastatic 
Renal Cell Carcinoma Database Consortium, IMDC). The mean amount of white blood cells 
(WBC) was 6.4×109 /L (±0.38 SEM) and mean amount of lymphocytes was 1.45×109 /L (±0.13 
SEM). 
  

Table 1. Clinical characteristics 
Characteristic Study Group (n=25) 
Median age — yr. (range) 66 (48-78) 
Sex — no. (%)  

Male 15 (60) 
Female 10 (40) 

ECOG performance status — no. (%)  
0 11 (44) 
1 11 (44) 
2 1 (4) 
Unknown 2 (8) 

IMDC risk group  
Favorable 5 (20) 
Intermediate 15 (60) 
Poor 4 (16) 
Unknown 1 (4) 

Median time from initial diagnosis to  
metastatic disease — mo. (range) 

12.5 (0-174.5) 

Median time from metastatic disease  
to start of study treatment — mo. (range) 

20 (1-54.5) 

Site of metastasis — no. (%)  
Lung 18 (72) 
Lymph nodes 19 (76) 
Bone 6 (24) 
Kidney 4 (16) 
Other* 8 (32) 

Number of metastatic sites  
1 5 (20) 
2 9 (36) 
3 5 (20) 
≥4 5 (20)  
Unknown 1 (4) 

Previous systemic cancer therapy — no. (%)  
Sunitinib 13 (52) 
Pazopanib 8 (32)  
Sorafenib 1 (4) 
Interferon +/- bevacizumab 1 (4) 

Previous antiangiogenic regimens — no. (%)  
0 or unknown 6 (24) 
1 15 (60) 
≥1 4 (16) 

* Adrenal gland, liver, soft tissue, subcutaneous, peritoneum, breast  
 
Treatment efficacy and safety  
The median time of treatment of patients was 4.2 months (range 0.5–11 months). Two 
patients (8%) still received treatment at the time of study termination, and all other patients 
had discontinued study medication due to progression (n=19, 76%) or unacceptable toxicity 
(n=4, 16%). Median follow-up was 7.9 months (range 0.5–21 months), based on time until 
death (n=13, 52%) or until time of analysis (n=12, 48%). At the predefined interim analysis, it 
became evident that the primary objective of the study, an increase of PFS at 4 months from 
50 to 70%, could not be reached. At 4 months, 48% (n=12) of 25 patients had progressive 
disease. mPFS and mOS were 4.5 months (range 0.5–21 months) and 16 months (range 0.5–
20 months), respectively (Fig. 1a, b). Three patients did not show signs of progression at the  
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BDCA1+CD19−CD14−CD11c+) and plasmacytoid dendritic cells (pDC, BDCA2+CD11c−CD123+), 
immunoregulatory (CD56brightCD16dim) and cytotoxic (CD56dimCD16+) natural killer cells (NK), 
and granulocytic (Lin−CD14−CD33+HLA−DR−) and monocytic (Lin−CD14+HLA−DR−) myeloid 
derived suppressor cells (MDSC). The following antibodies were used: FITC-labeled antibodies 
against IgG1, CD4, CD14, CD16, BDCA1, BDCA2 and BDCA3; PE-labeled antibodies against IgG1, 
CD8, CD19, CD40, CD56, CD86 and CD123; PerCP-labeled antibodies against IgG1, CD3 and 
CD4; APC-labeled antibodies against IgG1, CD3, CD11c, CD25 and PD-1 (all these antibodies 
were obtained from BD Biosciences, New Jersey, USA). Intracellular stainings were performed 
after fixation and permeabilization using a fixation/permeabilization kit according to the 
manufacturer’s protocol (eBioscience, Massachusetts, USA). The labeled antibodies used for 
intracellular stainings were PE-labeled IgG1, IgG2a, CTLA-4 and Ki-67 (all BD Biosciences, New 
Jersey, USA). FoxP3 was stained with anti-FoxP3 mAbs, either PCH101 PE (eBioscience, 
Massachusetts, USA) or 259D Alexa Fluor 488 (Biolegend, San Diego, USA). All cells were 
analyzed on a BD FACS Calibur and analyzed using Kaluza Analysis Software (Beckman Coulter). 
 
Statistical analysis  
Paired t tests were used to determine the statistical significance of differences between time 
points or groups. PFS was defined as the time from baseline until progression or death. Overall 
survival (OS) was defined as the time from baseline until death. Both PFS and OS were 
analyzed using Kaplan–Meier curves. Correlations were measured using Pearson correlation 
coefficient. Findings were considered statistically significant when p values were ≤0.05, as 
indicated with asterisks (*p≤0.05, **p<0.01, ***p<0.001). Statistical analyses were performed 
using GraphPad Prism 6.0 software. 
 
Results  
Baseline patient characteristics  
The study included 29 patients with clear cell mRCC who were treated at 12 different centers 
in the Netherlands between November 2013 and October 2016. Of these 29 patients, 25 
patients were followed according to protocol; 4 of 29 patients were excluded within the first 
2 weeks of the start of treatment. Three of them withdrew consent and one patient had 
inadvertently taken an inappropriate dose of cyclophosphamide. Patient characteristics are 
shown in Table 1. Of the 25 patients included for study analysis, 60% were male, the median 
age of the study group was 66 years and 80% could be categorized in the favorable or 
intermediate IMDC risk group (prognostic model according to the International Metastatic 
Renal Cell Carcinoma Database Consortium, IMDC). The mean amount of white blood cells 
(WBC) was 6.4×109 /L (±0.38 SEM) and mean amount of lymphocytes was 1.45×109 /L (±0.13 
SEM). 
  

Table 1. Clinical characteristics 
Characteristic Study Group (n=25) 
Median age — yr. (range) 66 (48-78) 
Sex — no. (%)  

Male 15 (60) 
Female 10 (40) 

ECOG performance status — no. (%)  
0 11 (44) 
1 11 (44) 
2 1 (4) 
Unknown 2 (8) 

IMDC risk group  
Favorable 5 (20) 
Intermediate 15 (60) 
Poor 4 (16) 
Unknown 1 (4) 

Median time from initial diagnosis to  
metastatic disease — mo. (range) 

12.5 (0-174.5) 

Median time from metastatic disease  
to start of study treatment — mo. (range) 

20 (1-54.5) 

Site of metastasis — no. (%)  
Lung 18 (72) 
Lymph nodes 19 (76) 
Bone 6 (24) 
Kidney 4 (16) 
Other* 8 (32) 

Number of metastatic sites  
1 5 (20) 
2 9 (36) 
3 5 (20) 
≥4 5 (20)  
Unknown 1 (4) 

Previous systemic cancer therapy — no. (%)  
Sunitinib 13 (52) 
Pazopanib 8 (32)  
Sorafenib 1 (4) 
Interferon +/- bevacizumab 1 (4) 

Previous antiangiogenic regimens — no. (%)  
0 or unknown 6 (24) 
1 15 (60) 
≥1 4 (16) 

* Adrenal gland, liver, soft tissue, subcutaneous, peritoneum, breast  
 
Treatment efficacy and safety  
The median time of treatment of patients was 4.2 months (range 0.5–11 months). Two 
patients (8%) still received treatment at the time of study termination, and all other patients 
had discontinued study medication due to progression (n=19, 76%) or unacceptable toxicity 
(n=4, 16%). Median follow-up was 7.9 months (range 0.5–21 months), based on time until 
death (n=13, 52%) or until time of analysis (n=12, 48%). At the predefined interim analysis, it 
became evident that the primary objective of the study, an increase of PFS at 4 months from 
50 to 70%, could not be reached. At 4 months, 48% (n=12) of 25 patients had progressive 
disease. mPFS and mOS were 4.5 months (range 0.5–21 months) and 16 months (range 0.5–
20 months), respectively (Fig. 1a, b). Three patients did not show signs of progression at the  
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Table 2. Treatment-related toxicity 1  
Event Any Grade Grade 1        Grade 2 

Number of patients (%) 
Grade ≥3 

Respiratory 
    

Pneumonitis 10 (40) 3 (12) 5 (20) 2 (8) 
Dyspnea 7 (28) 5 (20) 2 (8) 

 

Cough 6 (24) 5 (20) 1 (4) 
 

Gastro-intestinal  
    

Mucositis 7 (28) 4 (16) 2 (8) 1 (4) 
Nausea 7 (28) 4 (16) 2 (8) 1 (4) 
Stomatitis 6 (24) 4 (16) 

  

Diarrhea 5 (20) 5 (20) 1 (4) 1 (4) 
Constipation 3 (12) 1 (4) 2 (8) 

 

Dysgeusia 3 (12) 2 (8) 1 (4) 
 

Constitutional     
Fatigue 11 (44) 3 (12) 5 (20) 2 (8) 
Anorexia 8 (32) 2 (8) 6 (24)  
Malaise 6 (24) 2 (8) 2 (8) 2 (8) 
Fever/ chills/flu 3 (12) 3 (12) 

  

Sweating / flushes 3 (12) 3 (12) 
  

Dermatology 
    

Rash 6 (24) 4 (16) 2 (8) 
 

Pruritus 3 (12) 2 (8) 1 (4) 
 

Laboratory 
    

Anemia 10 (40) 1 (4) 7 (28) 2(8) 
Hypercholesterolemia 8 (32) 2 (8) 6 (24)  
Leukocytopenia 6 (24) 1 (4) 3 (12) 2(8) 
Hyperglycemia 6 (24) 1 (4) 4 (16) 1 (4) 
Hypertriglyceridemia 5 (20) 2(8) 2(8) 1 (4) 
Thrombocytopenia 5 (20) 4 (16)  1 (4) 
Electrolyte disturbance*  4 (16) 4 (16)   

1 Reported in 10% or more of the treated patients 
* Hyponatremia, hypokalemia, hypercalcemia  
 
time of analysis (range 10–21 months) and 11 patients were still alive at the end of the follow-
up period (range 10–21 months). The best clinical outcome was stable disease (SD) in 72% 
(n=18) of the cases. Progressive disease (PD) was observed in 28% (n=7) of the patients. No 
partial or complete responses were observed. Overall, combination treatment was reasonably 
well tolerated. A total of 168 different AEs was reported, an average of 6.7 per patient. No 
grade 4 or 5 toxicities were observed. The most common (>30%) treatment-related toxicities 
were fatigue (n=11; 44%), anemia (n=10; 40%), pneumonitis (n=10; 40%), anorexia (n=8; 32%) 
and hypercholesterolemia (n=8; 32%) (Table 2). A total of 18 treatment-related grade 3 AEs 
were reported in 13 (52%) patients. Grade 3 toxicities included fatigue, anemia, pneumonitis 
and leukocytopenia. Three patients (12%) endured a DLT related to study medication within 
28 days after the start of treatment, i.e., hematuria grade 3, nausea grade 3 and mucositis 

grade 3. In the case of the patient with hematuria, this resolved upon discontinuation of 
cyclophosphamide and the patient continued with everolimus treatment until disease 
progression. For the patient with nausea, study medication was interrupted and, due to rapid 
disease progression, not reintroduced. In the patient with mucositis, this resolved after a 
14 day interruption of study medication and did not recur upon reintroduction of study 
combination therapy. 
 
 

 
Figure 1. Percentage PFS and OS on treatment. a Median PFS is 4.5 months (range 0.5–21 months). At 
4 months, 48% (n=12) of 25 patients had progressive disease. b Median OS is 16 months (range 0.5–
20 months). OS data are preliminary, as 11 patients (44%) were still alive at the end of the follow-up 
period (range 4–20 months).  
 
Immune monitoring  
Based on the immunomonitoring results of the previously performed phase 1 study, a 
selective panel of immune cell subsets and ratios between immune cell subsets were analyzed 
in this phase 2 study: total CD3+ T cells, CD3+CD4+ conventional T-helper cells (Tconv), 
CD3+CD8+ CTL, Tregs, effector–suppressor T cell ratio or CD8:Treg ratio, defined as the ratio 
between CD8+ effector T cells and suppressive Tregs), immunoregulatory and cytotoxic NK 
cells, cDC1, cDC2 and pDC [31, 37, 38]. In the present study, the total amount of PBMC was 
2.01×109/L ± 0.13 (mean ± standard error of mean (SEM) at baseline and 1.86×109/L ± 0.14 
after 4 weeks of treatment (not significant, NS). The total lymphocyte count was 1.45×109/L ± 
0.13 at baseline and 1.25×109/L ± 0.11 after 4 weeks of treatment (NS). 
 
T cell subsets  
Neither the frequency nor absolute numbers (AN) of CD3+ T cells in the total lymphocyte 
population changed significantly during the first 4 weeks of treatment (Fig. 2a). Also, the 
frequency as well as the absolute numbers of circulating CD4+ T cells did not change 
significantly (Fig. 2b). Of interest, a small but statistically significant increase in CD8+ CTL was 
observed in frequency, and a similar, but not significant, trend was seen in absolute numbers 
(Fig. 2c). 
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Table 2. Treatment-related toxicity 1  
Event Any Grade Grade 1        Grade 2 

Number of patients (%) 
Grade ≥3 
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Pneumonitis 10 (40) 3 (12) 5 (20) 2 (8) 
Dyspnea 7 (28) 5 (20) 2 (8) 

 

Cough 6 (24) 5 (20) 1 (4) 
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Stomatitis 6 (24) 4 (16) 

  

Diarrhea 5 (20) 5 (20) 1 (4) 1 (4) 
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Dysgeusia 3 (12) 2 (8) 1 (4) 
 

Constitutional     
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Anorexia 8 (32) 2 (8) 6 (24)  
Malaise 6 (24) 2 (8) 2 (8) 2 (8) 
Fever/ chills/flu 3 (12) 3 (12) 

  

Sweating / flushes 3 (12) 3 (12) 
  

Dermatology 
    

Rash 6 (24) 4 (16) 2 (8) 
 

Pruritus 3 (12) 2 (8) 1 (4) 
 

Laboratory 
    

Anemia 10 (40) 1 (4) 7 (28) 2(8) 
Hypercholesterolemia 8 (32) 2 (8) 6 (24)  
Leukocytopenia 6 (24) 1 (4) 3 (12) 2(8) 
Hyperglycemia 6 (24) 1 (4) 4 (16) 1 (4) 
Hypertriglyceridemia 5 (20) 2(8) 2(8) 1 (4) 
Thrombocytopenia 5 (20) 4 (16)  1 (4) 
Electrolyte disturbance*  4 (16) 4 (16)   

1 Reported in 10% or more of the treated patients 
* Hyponatremia, hypokalemia, hypercalcemia  
 
time of analysis (range 10–21 months) and 11 patients were still alive at the end of the follow-
up period (range 10–21 months). The best clinical outcome was stable disease (SD) in 72% 
(n=18) of the cases. Progressive disease (PD) was observed in 28% (n=7) of the patients. No 
partial or complete responses were observed. Overall, combination treatment was reasonably 
well tolerated. A total of 168 different AEs was reported, an average of 6.7 per patient. No 
grade 4 or 5 toxicities were observed. The most common (>30%) treatment-related toxicities 
were fatigue (n=11; 44%), anemia (n=10; 40%), pneumonitis (n=10; 40%), anorexia (n=8; 32%) 
and hypercholesterolemia (n=8; 32%) (Table 2). A total of 18 treatment-related grade 3 AEs 
were reported in 13 (52%) patients. Grade 3 toxicities included fatigue, anemia, pneumonitis 
and leukocytopenia. Three patients (12%) endured a DLT related to study medication within 
28 days after the start of treatment, i.e., hematuria grade 3, nausea grade 3 and mucositis 

grade 3. In the case of the patient with hematuria, this resolved upon discontinuation of 
cyclophosphamide and the patient continued with everolimus treatment until disease 
progression. For the patient with nausea, study medication was interrupted and, due to rapid 
disease progression, not reintroduced. In the patient with mucositis, this resolved after a 
14 day interruption of study medication and did not recur upon reintroduction of study 
combination therapy. 
 
 

 
Figure 1. Percentage PFS and OS on treatment. a Median PFS is 4.5 months (range 0.5–21 months). At 
4 months, 48% (n=12) of 25 patients had progressive disease. b Median OS is 16 months (range 0.5–
20 months). OS data are preliminary, as 11 patients (44%) were still alive at the end of the follow-up 
period (range 4–20 months).  
 
Immune monitoring  
Based on the immunomonitoring results of the previously performed phase 1 study, a 
selective panel of immune cell subsets and ratios between immune cell subsets were analyzed 
in this phase 2 study: total CD3+ T cells, CD3+CD4+ conventional T-helper cells (Tconv), 
CD3+CD8+ CTL, Tregs, effector–suppressor T cell ratio or CD8:Treg ratio, defined as the ratio 
between CD8+ effector T cells and suppressive Tregs), immunoregulatory and cytotoxic NK 
cells, cDC1, cDC2 and pDC [31, 37, 38]. In the present study, the total amount of PBMC was 
2.01×109/L ± 0.13 (mean ± standard error of mean (SEM) at baseline and 1.86×109/L ± 0.14 
after 4 weeks of treatment (not significant, NS). The total lymphocyte count was 1.45×109/L ± 
0.13 at baseline and 1.25×109/L ± 0.11 after 4 weeks of treatment (NS). 
 
T cell subsets  
Neither the frequency nor absolute numbers (AN) of CD3+ T cells in the total lymphocyte 
population changed significantly during the first 4 weeks of treatment (Fig. 2a). Also, the 
frequency as well as the absolute numbers of circulating CD4+ T cells did not change 
significantly (Fig. 2b). Of interest, a small but statistically significant increase in CD8+ CTL was 
observed in frequency, and a similar, but not significant, trend was seen in absolute numbers 
(Fig. 2c). 
  

Inhoud Lotte Huijts v10.indd   159 5-8-2019   09:19:49



160 

Chapter 8

 
Figure 2. Change in lymphocyte subsets between baseline and 4 weeks of treatment. a Percentage of 
T cells (CD3+) in total lymphocytes. b Percentage of T helper cells (CD4+) in total CD3+ cells. c Percentage 
of cytotoxic T cells (CD8+) in total CD3+ cells. d Percentage of regulatory T cells (CD4+CD25hiFoxP3hi) in 
total CD4+ cells. e Percentage of Ki-67 (Ki67+CD4+CD25hiFoxP3hi) in regulatory T cells. f Percentage of 
CTLA4 (CTLA4+CD4+CD25hiFoxP3hi) in regulatory T cells. g E:S ratio. Effector (CD8+): suppressor 
(CD4+CD25hiFoxP3hi) ratio. Data were analyzed using paired t tests. *p≤0.05, **p<0.01, ***p<0.001 

The frequency and absolute numbers of circulating regulatory T cells (CD4+CD25hiFoxP3hi) was 
found to significantly decrease from baseline to week 4 (Fig. 2d), confirming our previous 
observations. Of note, although the frequency of circulating Tregs decreased during the first 
4 weeks of treatment, expression of the proliferation marker Ki-67 and the inhibitory CTLA-4 
receptor in Tregs significantly increased (Fig. 2e, f). As the ratio between CD8+ effector T cells 
and suppressive Tregs (E:S ratio) can have a prognostic impact [40], changes in this ratio were 
also assessed. As illustrated in Fig. 2g, the E:S ratio significantly increased from baseline to 
week 4, reflective of a change in the relative distribution between T cell subsets toward a more 
favorable balance when considering antitumor immune responses. 
 
Changes in natural killer (NK) cell populations  
After 4 weeks of treatment, a shift within the NK cell population occurred. There was a 
significant decline in both the frequency and absolute number of cytotoxic (CD56dimCD16+) NK 
cells (Fig. 3a). In contrast, the immunoregulatory (CD56brightCD16−) NK cell population 
significantly increased in frequency, though not in absolute numbers (Fig. 3b). Overall, the 
effect of combination treatment of cyclophosphamide and everolimus on the NK cell balance 
was opposite to the effect observed with T cells and resulted in a more immunoregulatory NK 
cell profile. 
 
Circulating dendritic cell subsets  
Several blood dendritic cell subsets were monitored, including myeloid dendritic cells (cDC1 
and cDC2) and plasmacytoid dendritic cells (pDC). After 4 weeks of treatment, a small, but 
non-significant, decrease in cDC1 cells was observed both in frequency and in absolute 
numbers (Fig. 3c). A significant increase in the frequency, but not in absolute numbers of cDC2 
was observed (Fig. 3d). For pDC an increase was demonstrated in frequency as well as in 
absolute numbers (Fig. 3e). In addition to the frequency of circulating DC subsets, their 
expression of DC activation markers was monitored (data not shown). The activation status of 
cDC1, cDC2 and pDC did not significantly change, as measured by the expression of CD40, 
CD86 and CD123 (the latter only for pDC, data not shown). 
 
Immunomonitoring and correlation with clinical outcome  
Overall, combination therapy with low-dose oral cyclophosphamide and everolimus did not 
improve the clinical outcome of patients when compared to everolimus monotherapy. 
However, as the combination of cyclophosphamide and everolimus resulted in a significant 
decrease in Tregs and an increase in the E:S ratio, we explored whether changes in these 
parameters could be related to the outcome. For this purpose, possible correlations between 
survival (both PFS and OS) and the percentage of Tregs at baseline, the E:S ratio at baseline, 
the percentage of Tregs at week 4, the E:S ratio at week 4, the percentual change of Tregs 
from baseline to week 4 and the percentual change in E:S ratio between baseline and week 4 
were assessed (Fig. 4a–d, not all correlations shown). Altogether, a correlation between PFS 
or OS and either the frequency of Tregs, the E:S ratio or changes herein could not be 

Inhoud Lotte Huijts v10.indd   160 5-8-2019   09:19:50



 161

Cyclophosphamide inhibits everolimus induced Treg expansion, without improving survival in mRCC

8

 
Figure 2. Change in lymphocyte subsets between baseline and 4 weeks of treatment. a Percentage of 
T cells (CD3+) in total lymphocytes. b Percentage of T helper cells (CD4+) in total CD3+ cells. c Percentage 
of cytotoxic T cells (CD8+) in total CD3+ cells. d Percentage of regulatory T cells (CD4+CD25hiFoxP3hi) in 
total CD4+ cells. e Percentage of Ki-67 (Ki67+CD4+CD25hiFoxP3hi) in regulatory T cells. f Percentage of 
CTLA4 (CTLA4+CD4+CD25hiFoxP3hi) in regulatory T cells. g E:S ratio. Effector (CD8+): suppressor 
(CD4+CD25hiFoxP3hi) ratio. Data were analyzed using paired t tests. *p≤0.05, **p<0.01, ***p<0.001 

The frequency and absolute numbers of circulating regulatory T cells (CD4+CD25hiFoxP3hi) was 
found to significantly decrease from baseline to week 4 (Fig. 2d), confirming our previous 
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After 4 weeks of treatment, a shift within the NK cell population occurred. There was a 
significant decline in both the frequency and absolute number of cytotoxic (CD56dimCD16+) NK 
cells (Fig. 3a). In contrast, the immunoregulatory (CD56brightCD16−) NK cell population 
significantly increased in frequency, though not in absolute numbers (Fig. 3b). Overall, the 
effect of combination treatment of cyclophosphamide and everolimus on the NK cell balance 
was opposite to the effect observed with T cells and resulted in a more immunoregulatory NK 
cell profile. 
 
Circulating dendritic cell subsets  
Several blood dendritic cell subsets were monitored, including myeloid dendritic cells (cDC1 
and cDC2) and plasmacytoid dendritic cells (pDC). After 4 weeks of treatment, a small, but 
non-significant, decrease in cDC1 cells was observed both in frequency and in absolute 
numbers (Fig. 3c). A significant increase in the frequency, but not in absolute numbers of cDC2 
was observed (Fig. 3d). For pDC an increase was demonstrated in frequency as well as in 
absolute numbers (Fig. 3e). In addition to the frequency of circulating DC subsets, their 
expression of DC activation markers was monitored (data not shown). The activation status of 
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demonstrated. However, it is noteworthy that in the three patients with the longest PFS (i.e., 
>1 year), both a decrease in the percentage of Tregs and an increase in the E:S ratio between 
baseline and week 4 was observed. 
 

 
Figure 3. Change in NK and DC cell populations between baseline and 4 weeks of treatment. a 
Percentage of cytotoxic NK cells (CD56dimCD16+) in PBMC. b Percentage of immunoregulatory NK cells 
(CD56brightCD16−) in PBMC. c Percentage of cDC1 (BDCA3+CD14−CD11c+) in PBMC. d Percentage of cDC2 
(BDCA1+CD19−CD14−CD11c+) in PBMC. e Percentage of pDC (CD11c−BDCA2+CD123+) in PBMC. Data 
were analyzed using paired t tests. *p≤0.05, **p<0.01 
 
 
 
  

 
Figure 4. Correlation between survival and changes in Treg frequency and E:S ratio between baseline 
and 4 weeks of treatment. a Correlation between PFS (in months) and relative percentual change in 
the percentage of Tregs between baseline and 4 weeks of treatment, Pearson r=0.014 (p=0.95). b 
Correlation between OS (in months) and relative percentual change in the percentage of Tregs 
between baseline and 4 weeks of treatment, Pearson r=−0.004 (p=0.99). c Correlation between PFS 
(months) and relative percentual change of E:S ratio between baseline and 4 weeks of treatment, 
Pearson r=−0.133 (p=0.57). d Correlation between OS (months) and relative percentual change of E:S 
ratio between baseline and 4 weeks of treatment, Pearson r=−0.011 (p=0.96). Data were analyzed 
using Pearson correlation coefficient. Relative percentual change is the percentage of week 4 minus 
the percentage at baseline, divided by the percentage at baseline 
 
Discussion  
Overall, the results from the present phase 2 study demonstrate that, while the addition of 
low-dose oral cyclophosphamide to everolimus treatment in patients with clear cell mRCC 
effectively prevents the everolimus-induced increase in immunosuppressive Tregs, this does 
not result in clinical benefit. As the predefined goal of the study of improving the PFS rate at 
4 months from 50 to 70% was not reached, the study was terminated at the preplanned 
interim analysis. Several studies have aimed to lower the amount of Tregs in cancer patients 
by the administration of cyclophosphamide, with varying results [32, 33, 41, 42]. As there is 
controversy on the optimal dose and schedule of cyclophosphamide when aiming for Treg 
depletion and no such data are available for the combination of cyclophosphamide and 
everolimus, we first performed a phase 1 study in which we set out to determine the optimal 
Treg-depleting dose of cyclophosphamide when combined with the standard dose of 
everolimus [37, 38]. In our phase 1 study, continuous once daily oral dosing of 50 mg of 
cyclophosphamide proved to be most effective in lowering the percentage of Tregs, and 
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therefore this dose was selected for the present phase 2 study. Of note, while we confirmed 
that once daily oral administration of 50 mg of cyclophosphamide in this phase 2 trial resulted 
in a reduction in circulating Treg levels after 4 weeks of treatment, an increase in expression 
of the proliferation marker Ki-67 was observed in Tregs and this was accompanied by an 
upregulation of the expression of the inhibitory CTLA-4 molecule on Tregs. In accordance with 
these increased Ki-67 levels, a small rebound in Treg levels was observed after 8 weeks of 
treatment in the phase 1 part of our study [37, 38]; in the phase 2 part of the study these 
measurements were not done after 8 weeks. Our observations are in line with results of a 
study by Ge et al., demonstrating a similar rebound in circulating Treg levels after an initial 
decrease during the first 14 days of treatment with 50 mg cyclophosphamide once daily in 
breast cancer patients. This was accompanied by an increase in the proliferative activity of 
Tregs with a maintained suppressive capacity [33]. Of note, whereas Ge et al. reported a 
correlation between the temporary reduction in Treg levels and improved clinical outcome, 
our study showed no relation between a reduction in Tregs and the outcome. Clearly, the 
clinical impact of cyclophosphamide-induced effects on Tregs may not only differ per selected 
cyclophosphamide treatment schedule, but also per tumor type as well as any concomitant 
treatment such as everolimus in our study. Various mechanisms have been implicated as 
causative factors for the Treg depletion that is observed, such as the mechanisms mentioned 
earlier, but also low expression of aldehyde dehydrogenase 1 (ALDH1), inhibition of 
indoleamine 2,3-dioxygenase (IDO), ATP depletion, CCR2 expression and effects on MDSC; 
however, it is unknown why the effect of cyclophosphamide on Tregs appears to be temporary 
[43–45]. In our study, the combination of everolimus and cyclophosphamide did not affect the 
frequency of circulating CD4+ T cells and actually resulted in an increased frequency of CD8+ T 
cells with a concomitant increase in the E:S ratio. Though the E:S ratio has previously been 
reported to be significantly associated with improved survival in cancer patients, we did not 
find a correlation between E:S ratio and survival [40]. Of note, the association between E:S 
ratio and survival was mostly reported in studies performing analyses in (peri)tumoral tissues 
instead of peripheral blood [40, 46, 47]. In our study, no serial tumor biopsies were performed 
precluding similar analyses. 
Overall, the balance between the monitored immune cell subsets in our study appeared to 
shift toward a more robust antitumor immune profile, as illustrated by the selective reduction 
in the percentage of Tregs and increase in effector CD8+ CTLs as well as blood DC subsets. This 
did, however, not translate into an enhanced clinical efficacy of combination treatment with 
everolimus and cyclophosphamide, which may reside in induced changes in the NK cell 
population, as an increase in the CD56bright immunoregulatory NK cell population and a 
decrease in the CD56dim cytotoxic NK cell population were observed. The change in the balance 
between both NK cell populations can be attributed to cyclophosphamide, as an opposite 
effect (i.e., a decrease in immunoregulatory NK cells and an increase in cytotoxic NK cells) was 
observed in the phase 1 patients treated with everolimus monotherapy [31]. A possible 
explanation might be the preferential apoptosis of CD56dim cytotoxic NK cells, as postulated 
by Bauernhofer et al. [48]. It will be interesting to explore whether therapeutic approaches 

that can counteract this putative detrimental effect of cyclophosphamide on the NK cell 
population can improve clinical antitumor activity of the combination of everolimus and 
cyclophosphamide. For example, the TKI axitinib and the anti-epileptic drug valproic acid have 
been reported to in vitro increase expression of NKG2D ligands on tumor cells, thereby 
increasing their susceptibility to NK cell and γδ T cell recognition [49, 50]. Alternatively, very 
low doses of recombinant IL-2 and IFN-α could be considered, as these were reported to 
increase NK cell numbers in vivo, albeit that these consisted mainly of the CD56bright cell subset 
and they will probable increase Treg numbers as well [51]. Potential drawbacks for such triple 
combination treatment regimens are related to an increased risk of toxicity. For example, 
studies combining a VEGF TKI with an mTOR inhibitor in mRCC were mostly terminated 
prematurely as a result of significant toxicity [52, 53]. As stated before, among others, the PD-
1 checkpoint inhibitor nivolumab has replaced everolimus as the standard second-line therapy 
in mRCC patients. Future studies investigating whether nivolumab can efficiently counteract 
the immunosuppressive effects observed with everolimus monotherapy may be considered 
and could potentially result in more potent antitumor activity than either treatment alone. In 
conclusion, results from the present phase 2 clinical study demonstrate that addition of low-
dose metronomic cyclophosphamide to everolimus can effectively prevent the everolimus-
induced increase in Tregs in mRCC patients and in addition results in an increased frequency 
of CD8+ CTL, cDC2 and pDC. The Treg-depleting effect diminished over time (as demonstrated 
in the phase 1 study [37, 38]), which may be related to the observed increase in Ki-67 levels in 
Tregs and was accompanied by a minor increase in Treg CTLA4 expression, a decline of 
cytotoxic NK cells and an increase of immunoregulatory NK cells. Overall, the 
immunomodulatory effects of the combination of metronomic cyclophosphamide and 
everolimus did not translate into an altered clinical outcome as measured by the percentage 
of patients progression free after 4 months of therapy. The comprehensive 
immunomonitoring analysis performed in this study provides relevant insight for the rational 
design of future therapeutic approaches in mRCC and other malignancies such as 
neuroendocrine tumors, in which mTOR inhibitors are also used as anti-cancer therapeutics. 
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The research described in this thesis has a focus on a unique T cell subset termed regulatory 
T cells (Treg). Tregs are immunoregulatory T cells that play an important role in immunological 
tolerance [1]. Treg development requires expression of the transcription factor FoxP[2], and 
there is extensive evidence that these cells can act in autoimmunity, transplantation and 
cancer [3]. Tregs can derive from the thymus (tTregs), but can also be induced in the periphery 
(pTregs) or in vitro (iTregs) [4]. They can be identified by a combination of markers, namely 
CD3, CD4, CD25, FoxP3, the absence of CD127, and furthermore by markers like CTLA-4 and 
Helios [5].  
 
In Chapter 2 we explored whether factors that are known to promote the induction and 
survival of Tregs can also be used for the acquisition of an immunosuppressive phenotype by 
other immunoregulatory cell populations, such as CD1d-restricted invariant NKT (iNKT). iNKT 
cells represent a conserved immune cell subset able to produce pro- as well as anti-
inflammatory cytokines upon stimulation, and it is this balance that determines the outcome 
of developing immune responses [6-8]. In a previous publication it was shown that freshly 
isolated iNKT cells can express FoxP3 upon exposure to TGF-ß and can acquire 
immunosuppressive properties upon culture with rapamycin [9]. In our studies, we 
investigated the effect of the suppressive cytokines IL-10 and TGF-ß alone or in combination 
with the mTOR inhibitor rapamycin. We found that IL-10 rather than TGF-ß induced FoxP3 
expression, however, rapamycin was required for nuclear localization of FoxP3, which was 
otherwise localized in the cytoplasm. Furthermore, we showed that only iNKT cells with 
nuclear localization of FoxP3 were suppressive (iNKTregs). These iNKTregs could be beneficial 
when applying iNKT cells for immune-mediated inflammatory diseases. iNKTregs could also 
exert beneficial effects during hematopoietic stem cell transplantation (HSCT). As graft-
versus-host disease (GVHD) is a serious complication of HSCT, and iNKT cell numbers can 
predict the incidence of GVHD [10], mTOR inhibitors could be of benefit in the treatment or 
prevention of GVHD.  
 
The mTOR pathway is frequently deregulated in cancer and mTOR inhibitors are used in the 
treatment of several solid tumors including mRCC [11]. However, the clinical antitumor effect 
might be improved when the detrimental effect of mTOR inhibitors on the reported induction 
and expansion of Tregs can be counteracted [12–15]. Therefore, we analyzed the effect of 
several novel inhibitors of the PI3K/ mTOR pathway in Chapter 3. Our data indicate that 
inhibition of PI3K (i.e. upstream from mTOR) by BKM120 (Buparlisib) does not result in the 
proliferation advantage of Tregs over Tconv as is commonly observed when mTOR is directly 
inhibited by rapamycin [12–15]. In contrast, dual PI3K/mTOR inhibition by BEZ235 (Dactolisib) 
and single mTOR inhibition (rapamycin and everolimus) did. These data illustrate the presence 
of a complex signaling cascade in Tregs. While Tconv are dependent on the PI3K/ mTOR 
pathway for proliferation, Tregs are able to progress through the cell cycle via JAK/ STAT5 
signaling by expression of the protein PIM 2, resulting in a selective growth advantage in the 
presence of rapamycin [16]. Although this might explain how Tregs are able to proliferate in 
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the presence of an mTOR inhibitor, it could also indicate a selective depletion of Tconv, since 
Tconv proliferation will be inhibited by mTOR inhibition (see also figure 1 of the introduction). 
The PI3K protein might have a more crucial role in this signaling cascade, since our data 
showed similar expansion rates for Tregs and Tconv in the presence of BKM120. However, 
future studies are needed to further unravel these mechanisms, knowledge of which may 
benefit the design of more effective cancer treatments. 
 
It is known that Treg numbers increase in patients treated with the mTOR inhibitor rapamycin 
[17], and these results were recently confirmed for the mTOR inhibitor everolimus [18]. An 
increase in immunosuppressive Tregs may be beneficial in preventing transplant rejection and 
the control of autoimmune responses, but can be considered detrimental when aiming for 
effective anticancer immunity. Indeed, increased Treg numbers are associated with poor 
survival [19–21] and strategies that are able to prevent the mTOR mediated expansion of Tregs 
in cancer patients could therefore result in a more effective anticancer therapy response. To 
study this in more detail, we initiated a clinical trial in which everolimus, which at that time 
was the standard second line treatment after VEGF based therapies in patients with mRCC, 
was combined with metronomic CTX, a drug previously reported to reduce Treg levels in 
cancer patients [22, 23]. In Chapter 4 the study protocol of this trial is described. Patients were 
treated in cohorts of 5 patients. In cohort 0 patients received 10mg everolimus once daily and 
in subsequent cohorts CTX was added in different doses and schedules to the standard 
treatment of everolimus. In cohort 1 patients received 50mg CTX once daily in a week on-week 
off schedule, followed by the same dose of CTX in cohort 2 in a continuous schedule. Patients 
in cohort 3 received 50mg CTX twice daily in a week on-week off schedule, and in cohort 4 
50mg CTX twice daily was administered continuously. Patients in cohort 5 and 6 received 
100mg CTX twice daily, in a week on-week off and continuous schedule, respectively. Although 
the original design of the trial included 2 more cohorts, the decision was made to end the dose 
escalation phase after cohort 6 since an actual increase in Treg percentages was observed 
from cohort 3 on.  
 
The effects on several immunological subsets of everolimus treatment alone (i.e. cohort 0) 
were described in Chapter 5. Complementary to previous publications from us and others [18, 
24], we showed that everolimus treatment led to an increased frequency of Tregs, whereas 
the frequency of CD4+ T cells remained stable.  In vitro suppression assays with purified Tregs 
from these patients showed that their suppressive capacities were retained. In addition to the 
effects on Tregs, a significant increase in mMDSC, a significant decrease in immunoregulatory 
NK cells, classical CD141+ (cDC1) and CD1c+ (cDC2) DC subsets, as well as a decrease in the 
activation status of pDC and cDC1 was observed. These data indicate that the immunological 
effects of everolimus affect multiple immune cell subsets and altogether tip the balance in 
favor of immunosuppression, which underscores the requirement of combination treatment 
with agents able to negate immune suppression and boost T cell immunity. In Chapter 6 the 
results of the clinical trial in which everolimus was combined with several dosages and 

schedules of metronomic oral CTX are described. These data indicate that a selective and 
significant Treg depletion in peripheral blood can be achieved when patients with mRCC are 
treated with the standard once daily oral dose of 10 mg everolimus in combination with 50 
mg CTX once daily continuously. Both Treg percentages and absolute Treg numbers decreased 
after four weeks of this combination treatment and since the primary objective of this trial 
was to determine the recommended dose and schedule for metronomic CTX which, when 
combined with everolimus, resulted in optimal and selective Treg depletion, this dose was 
selected for the phase 2 part of the trial. Several adverse events (AE) were recorded, and the 
most common side effects were fatigue, anorexia, rash, cough, mucositis, nausea, anemia, 
and hypercholesterolemia. The overall incidence of these AEs was more or less comparable to 
that observed in the RECORD-1 trial, the phase 3 trial which led to market approval of 
everolimus.  
 
Results of the extensive immunomonitoring that was performed in the phase 1 study are 
described in Chapter 7. The combination of 50 mg CTX once daily continuously with the 
standard dose of 10 mg everolimus once daily, which was selected for the phase 2 part of the 
study, not only resulted in depletion of Tregs, but also led to a reversal of the 
immunosuppressive effects in other immune cell subsets that were observed with everolimus 
treatment alone (see figure 2 of the introduction). These positive effects of the combination 
of everolimus and CTX on the immune response were hypothesized to contribute to improved 
survival, and therefore this combination was evaluated in the phase II part of the clinical trial, 
as reported in Chapter 8. Although the results of the phase 2 part were comparable to those 
observed in the phase 1 part of the trial, the trial as abrogated at the predefined interim-
analysis after the inclusion of 24 patients, since the PFS was not improved from 50% to 70% 
at 4 months. Despite the termination of the phase 2 part of the trial, we did obtain relevant 
information from the comprehensive immunomonitoring data that may be taken into account 
in the design of future immunotherapeutic approaches, for instance in guiding which subsets 
to analyze to create a biomarker profile. The field of tumor immunobiology has been rapidly 
evolving over the past decade.  Besides T cell-based cancer immunotherapy approaches, NK 
cells have been more intensely explored. As tumor cells are able to downregulate MHC class I 
molecules, cytotoxic T cells are no longer able to act, whereas NK cells still can [25]. One 
interesting finding in the here described trial was that the combination treatment of CTX and 
everolimus led to changes in the NK cell population. While four weeks of single everolimus 
treatment led to stable immunoregulatory NK cell percentages and increased cytotoxic NK cell 
percentages, addition of CTX reduced the effects on the cytotoxic subset, with even a 
significantly lower cytotoxic NK cell percentage in cohort 4 and 6, possibly contributing to the 
failure in obtaining clinical efficacy. Several drugs like antimetabolic agents, plant alkaloids 
and alkylating agents can lead to enhanced NK cell function [26], and one could envision that 
addition of one of these therapeutics to the here explored combination strategy could 
counteract the negative effects on the NK cell population. However, an important 
disadvantage of this approach might be the likely appearance of toxicity.  
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showed similar expansion rates for Tregs and Tconv in the presence of BKM120. However, 
future studies are needed to further unravel these mechanisms, knowledge of which may 
benefit the design of more effective cancer treatments. 
 
It is known that Treg numbers increase in patients treated with the mTOR inhibitor rapamycin 
[17], and these results were recently confirmed for the mTOR inhibitor everolimus [18]. An 
increase in immunosuppressive Tregs may be beneficial in preventing transplant rejection and 
the control of autoimmune responses, but can be considered detrimental when aiming for 
effective anticancer immunity. Indeed, increased Treg numbers are associated with poor 
survival [19–21] and strategies that are able to prevent the mTOR mediated expansion of Tregs 
in cancer patients could therefore result in a more effective anticancer therapy response. To 
study this in more detail, we initiated a clinical trial in which everolimus, which at that time 
was the standard second line treatment after VEGF based therapies in patients with mRCC, 
was combined with metronomic CTX, a drug previously reported to reduce Treg levels in 
cancer patients [22, 23]. In Chapter 4 the study protocol of this trial is described. Patients were 
treated in cohorts of 5 patients. In cohort 0 patients received 10mg everolimus once daily and 
in subsequent cohorts CTX was added in different doses and schedules to the standard 
treatment of everolimus. In cohort 1 patients received 50mg CTX once daily in a week on-week 
off schedule, followed by the same dose of CTX in cohort 2 in a continuous schedule. Patients 
in cohort 3 received 50mg CTX twice daily in a week on-week off schedule, and in cohort 4 
50mg CTX twice daily was administered continuously. Patients in cohort 5 and 6 received 
100mg CTX twice daily, in a week on-week off and continuous schedule, respectively. Although 
the original design of the trial included 2 more cohorts, the decision was made to end the dose 
escalation phase after cohort 6 since an actual increase in Treg percentages was observed 
from cohort 3 on.  
 
The effects on several immunological subsets of everolimus treatment alone (i.e. cohort 0) 
were described in Chapter 5. Complementary to previous publications from us and others [18, 
24], we showed that everolimus treatment led to an increased frequency of Tregs, whereas 
the frequency of CD4+ T cells remained stable.  In vitro suppression assays with purified Tregs 
from these patients showed that their suppressive capacities were retained. In addition to the 
effects on Tregs, a significant increase in mMDSC, a significant decrease in immunoregulatory 
NK cells, classical CD141+ (cDC1) and CD1c+ (cDC2) DC subsets, as well as a decrease in the 
activation status of pDC and cDC1 was observed. These data indicate that the immunological 
effects of everolimus affect multiple immune cell subsets and altogether tip the balance in 
favor of immunosuppression, which underscores the requirement of combination treatment 
with agents able to negate immune suppression and boost T cell immunity. In Chapter 6 the 
results of the clinical trial in which everolimus was combined with several dosages and 

schedules of metronomic oral CTX are described. These data indicate that a selective and 
significant Treg depletion in peripheral blood can be achieved when patients with mRCC are 
treated with the standard once daily oral dose of 10 mg everolimus in combination with 50 
mg CTX once daily continuously. Both Treg percentages and absolute Treg numbers decreased 
after four weeks of this combination treatment and since the primary objective of this trial 
was to determine the recommended dose and schedule for metronomic CTX which, when 
combined with everolimus, resulted in optimal and selective Treg depletion, this dose was 
selected for the phase 2 part of the trial. Several adverse events (AE) were recorded, and the 
most common side effects were fatigue, anorexia, rash, cough, mucositis, nausea, anemia, 
and hypercholesterolemia. The overall incidence of these AEs was more or less comparable to 
that observed in the RECORD-1 trial, the phase 3 trial which led to market approval of 
everolimus.  
 
Results of the extensive immunomonitoring that was performed in the phase 1 study are 
described in Chapter 7. The combination of 50 mg CTX once daily continuously with the 
standard dose of 10 mg everolimus once daily, which was selected for the phase 2 part of the 
study, not only resulted in depletion of Tregs, but also led to a reversal of the 
immunosuppressive effects in other immune cell subsets that were observed with everolimus 
treatment alone (see figure 2 of the introduction). These positive effects of the combination 
of everolimus and CTX on the immune response were hypothesized to contribute to improved 
survival, and therefore this combination was evaluated in the phase II part of the clinical trial, 
as reported in Chapter 8. Although the results of the phase 2 part were comparable to those 
observed in the phase 1 part of the trial, the trial as abrogated at the predefined interim-
analysis after the inclusion of 24 patients, since the PFS was not improved from 50% to 70% 
at 4 months. Despite the termination of the phase 2 part of the trial, we did obtain relevant 
information from the comprehensive immunomonitoring data that may be taken into account 
in the design of future immunotherapeutic approaches, for instance in guiding which subsets 
to analyze to create a biomarker profile. The field of tumor immunobiology has been rapidly 
evolving over the past decade.  Besides T cell-based cancer immunotherapy approaches, NK 
cells have been more intensely explored. As tumor cells are able to downregulate MHC class I 
molecules, cytotoxic T cells are no longer able to act, whereas NK cells still can [25]. One 
interesting finding in the here described trial was that the combination treatment of CTX and 
everolimus led to changes in the NK cell population. While four weeks of single everolimus 
treatment led to stable immunoregulatory NK cell percentages and increased cytotoxic NK cell 
percentages, addition of CTX reduced the effects on the cytotoxic subset, with even a 
significantly lower cytotoxic NK cell percentage in cohort 4 and 6, possibly contributing to the 
failure in obtaining clinical efficacy. Several drugs like antimetabolic agents, plant alkaloids 
and alkylating agents can lead to enhanced NK cell function [26], and one could envision that 
addition of one of these therapeutics to the here explored combination strategy could 
counteract the negative effects on the NK cell population. However, an important 
disadvantage of this approach might be the likely appearance of toxicity.  

Inhoud Lotte Huijts v10.indd   175 5-8-2019   09:19:53



176 

Chapter 9

Furthermore, new therapies have been shown to be successful for several tumor types. 
Checkpoint inhibitors like ipilimumab (anti-CTLA-4), nivolumab and pembrolizumab (both 
anti-PD-1) are now registered for the treatment of several tumor types of cancer and recently 
nivolumab was registered for mRCC [27]. Unfortunately, it is still hard to predict which patients 
will benefit from these checkpoint inhibitors. Although expression of PD-L1 in the tumor is 
associated with better responses, patients with low PD-L1 expression in the tumor can still 
benefit from anti-PD-1 treatment regimens (28).  
Recently the combination of nivolumab and ipilimumab was investigated for patients with 
mRCC, and especially patients with an intermediate to poor risk mRCC responded better to 
the combination treatment compared to sunitinib [29], leading to the FDA and EMA approval 
of the combination treatment for this patient category. Addition of ipilimumab might deplete 
Tregs, potentially contributing to the added value of the combination strategy. Unfortunately, 
most of the large clinical trials that led to the registration of checkpoint inhibitors lacked 
extensive immunomonitoring data. Taking into account that many immunological cell subsets 
express CTLA-4 and/ or PD-1/PD-L1, immunomonitoring could help in the detection of 
biomarkers or create a biomarker profile for patients with a good response to immune 
checkpoint blockade therapy. Furthermore, the immunomodulatory effects  of the treatment 
with CTX as described in this thesis, may be of additional value when combined with 
checkpoint inhibitors, simultaneously or in a sequential manner. As CTX resulted in reduced 
MDSC percentages, combination of checkpoint inhibitors with metronomic CTX could be of 
special interest taking into account the suppressive role of MDSCs and their possible role in 
the failure of checkpoint inhibitors [30].  
The data described in this dissertation contribute to the understanding of the role of Tregs in 
cancer and possible mechanisms to counter the balance from an immunosuppressive to a 
more pro-inflammatory microenvironment.  
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Furthermore, new therapies have been shown to be successful for several tumor types. 
Checkpoint inhibitors like ipilimumab (anti-CTLA-4), nivolumab and pembrolizumab (both 
anti-PD-1) are now registered for the treatment of several tumor types of cancer and recently 
nivolumab was registered for mRCC [27]. Unfortunately, it is still hard to predict which patients 
will benefit from these checkpoint inhibitors. Although expression of PD-L1 in the tumor is 
associated with better responses, patients with low PD-L1 expression in the tumor can still 
benefit from anti-PD-1 treatment regimens (28).  
Recently the combination of nivolumab and ipilimumab was investigated for patients with 
mRCC, and especially patients with an intermediate to poor risk mRCC responded better to 
the combination treatment compared to sunitinib [29], leading to the FDA and EMA approval 
of the combination treatment for this patient category. Addition of ipilimumab might deplete 
Tregs, potentially contributing to the added value of the combination strategy. Unfortunately, 
most of the large clinical trials that led to the registration of checkpoint inhibitors lacked 
extensive immunomonitoring data. Taking into account that many immunological cell subsets 
express CTLA-4 and/ or PD-1/PD-L1, immunomonitoring could help in the detection of 
biomarkers or create a biomarker profile for patients with a good response to immune 
checkpoint blockade therapy. Furthermore, the immunomodulatory effects  of the treatment 
with CTX as described in this thesis, may be of additional value when combined with 
checkpoint inhibitors, simultaneously or in a sequential manner. As CTX resulted in reduced 
MDSC percentages, combination of checkpoint inhibitors with metronomic CTX could be of 
special interest taking into account the suppressive role of MDSCs and their possible role in 
the failure of checkpoint inhibitors [30].  
The data described in this dissertation contribute to the understanding of the role of Tregs in 
cancer and possible mechanisms to counter the balance from an immunosuppressive to a 
more pro-inflammatory microenvironment.  
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Dit proefschrift richt zich op een unieke populatie T cellen, de regulatoire T cellen (Tregs). 
Tregs zijn immuuncellen die een onderdrukkend effect op het immuunsysteem kunnen 
hebben, de activiteit daarvan remmen en zo een belangrijke rol spelen bij de regulatie van 
auto-immuniteit, transplantatie en kanker. Voor de ontwikkeling en het functioneren van 
Tregs is een eiwit genaamd FoxP3, van cruciaal belang. Tregs kunnen geïdentificeerd worden 
door aanwezigheid van een combinatie van markers, namelijk CD3, CD4, CD25, FoxP3 en de 
afwezigheid van de marker CD127. Daarnaast zijn ook andere markers op de cellen aanwezig, 
zoals CTLA-4 en Helios. Tregs kunnen voortkomen uit de thymus (tTregs) en daarnaast elders 
(perifeer) in het lichaam ontstaan (pTregs) of in vitro (iTregs) worden gekweekt met behulp 
van o.a. specifieke combinaties van groeifactoren (cytokines).  

Er zijn verscheidene cytokines, die bekend staan om hun onderdrukkende effecten op het 
immuunsysteem en ook bij kunnen dragen aan de overleving van Tregs. In hoofdstuk  2 
onderzoeken we of deze factoren ook andere immuunregulatoire cellen zoals invariante NKT 
cellen (iNKT) kunnen aanzetten tot het verkrijgen van suppressieve eigenschappen. iNKT 
cellen zijn immuuncellen die de capaciteit hebben om zowel pro- als anti-inflammatoire 
cytokines te produceren, en de balans tussen deze factoren bepaalt mede de uitkomst van 
een immuunrespons. In een eerdere publicatie is aangetoond dat direct uit bloed geïsoleerde 
iNKT cellen FoxP3 tot expressie kunnen brengen nadat ze zijn blootgesteld aan het cytokine 
TGF-ß en dat ze ook andere immuuncellen kunnen onderdrukken indien rapamycine (een 
mTOR remmer) wordt toegevoegd. In ons onderzoek, hebben we gekeken naar het effect van 
de suppressieve cytokines IL-10 en TGF-ß, met en zonder toevoeging van rapamycine, op de 
FoxP3 expressie en functie van iNKT cellen. Wij vonden dat met name IL-10 leidde tot FoxP3 
expressie, hetgeen primair in het cytoplasma gelokaliseerd was, en dat rapamycine 
noodzakelijk was voor de nucleaire lokalisatie van FoxP3. Daarnaast hebben we aangetoond 
dat enkel iNKT cellen met nucleaire lokalisatie van FoxP3 suppressieve eigenschappen hadden 
(iNKTregs). Er wordt veel onderzoek gedaan naar het gebruik van iNKT cellen in patiënten. 
Deze door ons beschreven suppressieve iNKT cellen zouden voordelig kunnen zijn bij de 
behandeling van immuun gemedieerde ontstekingsziekten. Daarnaast is er aangetoond dat 
de aantallen iNKT cellen voorspellend kunnen zijn bij het voorkomen van graft-versus-host 
ziekte (GVHD). GVHD is een ernstige complicatie bij patiënten die een hematopoëtische 
stamceltransplantatie (HSCT) hebben ondergaan. Hierbij richten de donor stamcellen zich 
tegen het lichaam van de patiënt. Aangezien wij aangetoond hebben dat iNKTregs 
suppressieve eigenschappen kunnen vergaren wanneer deze gekweekt worden in het bijzijn 
van rapamycine, en iNKT cellen positieve effecten kunnen hebben na HSCT, zouden mTOR 
remmers een bijkomend voordeel kunnen geven in de behandeling danwel in het voorkomen 
van GVHD. 

De mTOR signaalroute is regelmatig verstoord in kanker. Deze signaal route kan overactief zijn 
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tegen het lichaam van de patiënt. Aangezien wij aangetoond hebben dat iNKTregs 
suppressieve eigenschappen kunnen vergaren wanneer deze gekweekt worden in het bijzijn 
van rapamycine, en iNKT cellen positieve effecten kunnen hebben na HSCT, zouden mTOR 
remmers een bijkomend voordeel kunnen geven in de behandeling danwel in het voorkomen 
van GVHD. 

De mTOR signaalroute is regelmatig verstoord in kanker. Deze signaal route kan overactief zijn 
en hierdoor leiden tot toegenomen groei van cellen. Er zijn medicijnen die deze signaal route 
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gebruikt worden voor de behandeling van patiënten met uitgezaaide nierkanker. Zoals 
hierboven aangegeven zorgen mTOR remmers echter ook voor de selectieve groei van Tregs. 
Daar Tregs immuun suppressief zijn en ook de afweerreactie tegen tumoren kunnen 
onderdrukken, is dit een duidelijk ongewenst effect. Indien de groei en overleving van Tregs, 
die optreedt bij de behandeling met een mTOR remmer, tegengegaan kan worden zou dit 
kunnen leiden tot een toename van de effectiviteit van mTOR remmers bij de behandeling van 
kanker. Er zijn verschillende remmers van de PI3K-mTOR signaalroute. Deze remmers werden 
onderzocht in hoofdstuk 3  gebaseerd op de veronderstelling dat wellicht bij remming van 
dezelfde signaalroute, maar op een andere plek in deze route, de remmende effecten op 
tumorgroei behouden zouden kunnen blijven zonder dat daarbij de stimulerende effecten op 
Tregs zouden optreden. De effecten van deze remmers werden onderzocht bij zowel Tregs als 
conventionele (“normale”) T cellen. Wanneer het eiwit mTOR direct geremd wordt door 
bijvoorbeeld rapamycine of everolimus, zijn Tregs in staat te prolifereren en normale T cellen 
niet. Op het moment dat er een remmer gebruikt wordt die eerder aangrijpt in de signaal 
route, zoals bijvoorbeeld het geval is bij remming van het eiwit PI3K door BKM120/Buparlisib, 
zien we dit proliferatie voordeel van Tregs niet en delen Tregs en normale T cellen in 
vergelijkbare mate. Indien zowel het PI3K als het mTOR eiwit gelijktijdig wordt geremd, zoals 
in geval van BEZ235/Dactolisib, ontstaat ook weer het proliferatie voordeel van Tregs. Deze 
data tonen aan dat de signaal routes in Tregs en normale T cellen verschillend zijn, waardoor 
Tregs kunnen delen in de aanwezigheid van een mTOR remmer, en normale T cellen niet. 
Daarentegen delen Tregs en normale T cellen in gelijke mate wanneer er een PI3K remmer 
wordt gebruikt. Bij een vergelijkbaar direct antitumor effect van een PI3K remmer en een 
mTOR remmer , zou het effect op de balans tussen Tregs en normale T cellen een bepalende 
factor voor de klinische effectiviteit kunnen zijn.  
 
Uit onderzoek is gebleken dat wanneer patiënten behandeld worden met een mTOR remmer, 
zoals rapamycine of everolimus, er in het lichaam van patiënten een toename in Tregs 
optreedt. Toegenomen aantallen Tregs kunnen nuttig zijn om afstotingsreacties te voorkomen 
na transplantatie en om auto-immuun reacties te remmen, maar zijn zoals reeds aangegeven 
ongewenst als er sprake is van kanker. Toegenomen Treg aantallen zijn geassocieerd met een 
slechtere overleving bij patiënten met kanker. Het voorkómen van de tijdens een behandeling 
met mTOR remmers optredende toename van Tregs zou dus kunnen bijdragen aan een meer 
effectieve antikanker therapie. Aangezien gerapporteerd is dat  het frequent in relatief lage 
dosering (metronomisch) toedienen van het medicijn cyclofosfamide resulteert in een 
verlaging van het aantal Tregs in patiënten met kanker zou dit middel een toegevoegde 
waarde kunnen hebben. Om dit in detail te bestuderen hebben we een klinische studie 
opgezet bij patiënten met uitgezaaide nierkanker waarbij een behandeling met everolimus, 
op dat moment het standaard medicijn voor patiënten met een uitgezaaide vorm van 
nierkanker na falen van een behandeling met de tumor remmers sunitinib of pazopanib, werd 
gecombineerd met metronomisch gedoseerd cyclofosfamide (CTX). In hoofdstuk  4 is het 
studieprotocol beschreven. Patiënten werden behandeld in cohorten van 5. In cohort 0 kregen 

patiënten enkel de standaard dosering everolimus, eenmaal daags 10mg, en in de volgende 
cohorten werd CTX toegevoegd aan de behandeling met everolimus. Dit gebeurde in 
verschillende schema’s (eenmaal daags continu dan wel eenmaal daags gedurende een week 
gevolgd door een week zonder medicatie) en met verschillende doseringen.  
 
De effecten die behandeling met everolimus (cohort 0) op het immuunsysteem heeft zijn 
beschreven in hoofdstuk 5. We vonden dat behandeling met everolimus leidt tot een toename 
van Treg percentages terwijl de percentages van CD4+ T cellen niet veranderden, zoals ook 
eerder gepubliceerd is. Uit experimenten met Tregs van deze met everolimus behandelde 
patiënten bleek dat de afweer onderdrukkende capaciteiten van de Tregs behouden bleven. 
Ook vonden we een significante toename van mMDSC, een andere groep van immuun 
onderdrukkende cellen en veranderingen in enkele andere groepen afweercellen (zoals NK 
cellen en circulerende dendritische cellen). Gezamenlijk tonen deze resultaten aan dat 
everolimus verscheidene effecten heeft op het immuunsysteem en dat de balans verschuift 
naar een meer onderdrukte immuunstatus. Een additioneel middel dat deze onderdrukking 
van het immuunsysteem tegen gaat is daarom gewenst in geval van kanker.  
 
In hoofdstuk 6 worden de resultaten van de klinische studie bij patiënten met uitgezaaide 
nierkanker die behandeld werden met een combinatie van everolimus en de verschillende 
doseringen en schema’s van CTX beschreven. Deze studie toonde aan dat een combinatie van 
10 mg everolimus met eenmaal daags 50mg CTX in een continu schema er voor zorgt dat het 
aantal Tregs daalde. Deze dosering werd dan ook geselecteerd voor het fase II deel van de 
studie. Tijdens de combinatie behandeling traden bij patiënten diverse bijwerkingen op, 
waaronder vermoeidheid, anorexie, huiduitslag, hoesten, mucositis, misselijkheid, 
bloedarmoede en een verhoogd cholesterolgehalte. De incidentie van deze bijwerkingen 
kwam min of meer overeen met de bijwerkingen die gerapporteerd werden in de RECORD-1 
studie, de fase 3 studie die eerder leidde tot de registratie van everolimus.  
 
Tijdens de studie verrichtten we uitgebreide immuunmonitoring (analyse van immunologische 
cel typen) en de resultaten daarvan staan beschreven in hoofdstuk 7 . De combinatie van 
eenmaal daags 10mg everolimus met eenmaal daags 50mg CTX in een continu schema, zorgde 
niet alleen voor een daling van het aantal Tregs, maar ook voor een omkering van de immuun 
onderdrukkende effecten die everolimus veroorzaakte (zie ook figuur 2 van de introductie van 
dit proefschrift). Daar bij kanker een actief immuun systeem gewenst is om het beste anti-
tumor resultaat te kunnen bereiken, zijn dit potentieel gunstige veranderingen, hetgeen zou 
kunnen leiden tot een verbeterde overleving. Deze hypothese werd getest in het fase II deel 
van de klinische studie, zoals beschreven in hoofdstuk 8. Hoewel de eerder in het fase I deel 
van de studie waargenomen effecten op het immuunsysteem ook in het fase II deel gevonden 
werden, werd de fase II studie toch vroegtijdig beëindigd.  
Voor start van de studie was vastgesteld dat er een tussentijdse analyse zou worden 
uitgevoerd. Tijdens deze interim-analyse bleek de progressie vrije overleving (tijd tot optreden 
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gebruikt worden voor de behandeling van patiënten met uitgezaaide nierkanker. Zoals 
hierboven aangegeven zorgen mTOR remmers echter ook voor de selectieve groei van Tregs. 
Daar Tregs immuun suppressief zijn en ook de afweerreactie tegen tumoren kunnen 
onderdrukken, is dit een duidelijk ongewenst effect. Indien de groei en overleving van Tregs, 
die optreedt bij de behandeling met een mTOR remmer, tegengegaan kan worden zou dit 
kunnen leiden tot een toename van de effectiviteit van mTOR remmers bij de behandeling van 
kanker. Er zijn verschillende remmers van de PI3K-mTOR signaalroute. Deze remmers werden 
onderzocht in hoofdstuk 3  gebaseerd op de veronderstelling dat wellicht bij remming van 
dezelfde signaalroute, maar op een andere plek in deze route, de remmende effecten op 
tumorgroei behouden zouden kunnen blijven zonder dat daarbij de stimulerende effecten op 
Tregs zouden optreden. De effecten van deze remmers werden onderzocht bij zowel Tregs als 
conventionele (“normale”) T cellen. Wanneer het eiwit mTOR direct geremd wordt door 
bijvoorbeeld rapamycine of everolimus, zijn Tregs in staat te prolifereren en normale T cellen 
niet. Op het moment dat er een remmer gebruikt wordt die eerder aangrijpt in de signaal 
route, zoals bijvoorbeeld het geval is bij remming van het eiwit PI3K door BKM120/Buparlisib, 
zien we dit proliferatie voordeel van Tregs niet en delen Tregs en normale T cellen in 
vergelijkbare mate. Indien zowel het PI3K als het mTOR eiwit gelijktijdig wordt geremd, zoals 
in geval van BEZ235/Dactolisib, ontstaat ook weer het proliferatie voordeel van Tregs. Deze 
data tonen aan dat de signaal routes in Tregs en normale T cellen verschillend zijn, waardoor 
Tregs kunnen delen in de aanwezigheid van een mTOR remmer, en normale T cellen niet. 
Daarentegen delen Tregs en normale T cellen in gelijke mate wanneer er een PI3K remmer 
wordt gebruikt. Bij een vergelijkbaar direct antitumor effect van een PI3K remmer en een 
mTOR remmer , zou het effect op de balans tussen Tregs en normale T cellen een bepalende 
factor voor de klinische effectiviteit kunnen zijn.  
 
Uit onderzoek is gebleken dat wanneer patiënten behandeld worden met een mTOR remmer, 
zoals rapamycine of everolimus, er in het lichaam van patiënten een toename in Tregs 
optreedt. Toegenomen aantallen Tregs kunnen nuttig zijn om afstotingsreacties te voorkomen 
na transplantatie en om auto-immuun reacties te remmen, maar zijn zoals reeds aangegeven 
ongewenst als er sprake is van kanker. Toegenomen Treg aantallen zijn geassocieerd met een 
slechtere overleving bij patiënten met kanker. Het voorkómen van de tijdens een behandeling 
met mTOR remmers optredende toename van Tregs zou dus kunnen bijdragen aan een meer 
effectieve antikanker therapie. Aangezien gerapporteerd is dat  het frequent in relatief lage 
dosering (metronomisch) toedienen van het medicijn cyclofosfamide resulteert in een 
verlaging van het aantal Tregs in patiënten met kanker zou dit middel een toegevoegde 
waarde kunnen hebben. Om dit in detail te bestuderen hebben we een klinische studie 
opgezet bij patiënten met uitgezaaide nierkanker waarbij een behandeling met everolimus, 
op dat moment het standaard medicijn voor patiënten met een uitgezaaide vorm van 
nierkanker na falen van een behandeling met de tumor remmers sunitinib of pazopanib, werd 
gecombineerd met metronomisch gedoseerd cyclofosfamide (CTX). In hoofdstuk  4 is het 
studieprotocol beschreven. Patiënten werden behandeld in cohorten van 5. In cohort 0 kregen 
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cohorten werd CTX toegevoegd aan de behandeling met everolimus. Dit gebeurde in 
verschillende schema’s (eenmaal daags continu dan wel eenmaal daags gedurende een week 
gevolgd door een week zonder medicatie) en met verschillende doseringen.  
 
De effecten die behandeling met everolimus (cohort 0) op het immuunsysteem heeft zijn 
beschreven in hoofdstuk 5. We vonden dat behandeling met everolimus leidt tot een toename 
van Treg percentages terwijl de percentages van CD4+ T cellen niet veranderden, zoals ook 
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studie, de fase 3 studie die eerder leidde tot de registratie van everolimus.  
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niet alleen voor een daling van het aantal Tregs, maar ook voor een omkering van de immuun 
onderdrukkende effecten die everolimus veroorzaakte (zie ook figuur 2 van de introductie van 
dit proefschrift). Daar bij kanker een actief immuun systeem gewenst is om het beste anti-
tumor resultaat te kunnen bereiken, zijn dit potentieel gunstige veranderingen, hetgeen zou 
kunnen leiden tot een verbeterde overleving. Deze hypothese werd getest in het fase II deel 
van de klinische studie, zoals beschreven in hoofdstuk 8. Hoewel de eerder in het fase I deel 
van de studie waargenomen effecten op het immuunsysteem ook in het fase II deel gevonden 
werden, werd de fase II studie toch vroegtijdig beëindigd.  
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van groei van de tumor) 4 maanden na het starten van de behandeling niet verbeterd te zijn 
van 50% naar 70%, hetgeen het vooraf gestelde relevant geachte streven was. Ondanks het 
feit dat de studie om deze reden voortijdig werd beëindigd, heeft de studie toch geleid tot het 
verkrijgen van relevante informatie over het immuunsysteem bij patiënten met nierkanker en 
veranderingen daarvan onder invloed van everolimus en CTX. Zo kunnen onze resultaten 
gebruikt worden bij het opzetten van andere klinische studies. 
 
Het veld van de tumor immunologie heeft de laatste 10 jaar een grote ontwikkeling 
doorgemaakt. Naast T cellen worden ook NK cellen uitgebreid onderzocht voor nieuwe 
behandelstrategieën. Tumor cellen hebben manieren ontwikkeld om de aanwezigheid van 
MHC klasse I moleculen op hun cel oppervlak te voorkomen en hierdoor kunnen cytotoxische 
T cellen deze tumor cellen niet meer herkennen, terwijl NK cellen deze mogelijkheid dan nog 
wel hebben. Een interessante observatie in dit proefschrift is dat de combinatie van CTX en 
everolimus leidde tot veranderingen in de NK cel populatie. Er zijn grofweg twee typen NK 
cellen, NK cellen met een meer regulerende functie door de productie van cytokines, en 
daarnaast NK cellen met meer celdodende eigenschappen. Behandeling met everolimus 
zorgde voor een stabiele cytokine producerende populatie en een toename van NK cellen met 
cel dodende eigenschappen. Toevoegen van CTX zorgde ervoor dat de NK populatie met cel 
dodende eigenschapen af nam, een effect dat significant was in cohorten 4 en 6 van onze 
klinische studie. Mogelijk dat dit bijgedragen heeft aan het uitblijven van verbetering op de 
overleving van patiënten met uitgezaaide nierkanker die behandeld werden met de 
combinatie van everolimus en CTX.  
Er zijn meerdere chemotherapeutica beschreven die naast hun anti-tumor werking ook 
kunnen leiden tot een toegenomen NK cel functie. Toevoegen van een van deze middelen aan 
de combinatie van everolimus en CTX zou kunnen resulteren in het tegengaan van de 
negatieve effecten op de NK cel populatie. Daarentegen gaat deze triple therapie 
waarschijnlijk gepaard met extra bijwerkingen wat de praktische toepasbaarheid zal 
verminderen.  
 
Recentelijk zijn er verscheidene nieuwe therapieën op de markt gekomen voor onder andere 
patiënten met nierkanker. Checkpoint remmers zijn middelen die de specifiek remmende 
werking die een tumor op het afweersysteem kan uitoefenen teniet kunnen doen. 
Voorbeelden van checkpoint remmers zijn ipilimumab (anti-CTLA-4), nivolumab en 
pembrolizumab (beide anti-PD-1), en deze middelen zijn nu geregistreerd voor de behandeling 
van verschillende tumor types. Recent is de combinatie van nivolumab en ipilimumab 
onderzocht bij patiënten met uitgezaaide nierkanker, waarbij is gevonden dat bepaalde 
patiënten (namelijk die met een intermediair tot slecht risico) beter op de combinatie 
immuuntherapie reageren dan op een behandeling met sunitinib, waardoor deze combinatie 
nu ook beschikbaar is voor patiënten.  
Helaas is het nog steeds niet mogelijk om te voorspellen welke patiënten baat hebben bij 
behandeling met checkpoint remmers en welke patiënten niet. Hoewel expressie van PD-L1 

op de tumor geassocieerd is met een betere respons, kunnen ook patiënten met lage 
expressie van PD-L1 nog steeds baat hebben bij anti-PD-1 therapie.  
Behandeling met ipilimumab leidt mogelijk tot een vermindering van het aantal Tregs. 
Mogelijk dat dit een verklaring is voor de toegevoegde effectiviteit van ipilimumab aan 
nivolumab behandeling. Helaas zijn er geen Treg-specifieke immuunmonitoring data  
gepubliceerd naar aanleiding van de grote registratie studies van checkpoint remmers. Deze 
gegevens hadden wellicht kunnen bijdragen aan het beter voorspellen van de effectiviteit van 
de behandeling. 
Daarnaast is het falen van checkpoint remmer behandeling geassocieerd met een hogere 
frequentie van MDSC cellen, en het verwijderen van MDSCs zou de effectiviteit van checkpoint 
remmers derhalve kunnen vergroten. De in dit proefschrift beschreven effecten van CTX op 
het immuunsysteem, en dan met name de afname van het percentage MDSC, zouden van 
toegevoegde waarde kunnen zijn wanneer metronomisch CTX gecombineerd wordt met 
checkpoint remmers.  
 
Bij de behandeling van kanker is een actief immuunsysteem gewenst, helaas wordt het 
immuunsysteem door aanwezigheid van een tumor onderdrukt. Tregs spelen een belangrijke 
rol in deze onderdrukking van het immuunsysteem. De resultaten van dit proefschrift  dragen 
bij aan een beter begrip van de rol van Tregs en kunnen helpen bij het ontwikkelen van nieuwe 
immuuntherapeutische behandel strategieën voor patiënten met kanker.  
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van groei van de tumor) 4 maanden na het starten van de behandeling niet verbeterd te zijn 
van 50% naar 70%, hetgeen het vooraf gestelde relevant geachte streven was. Ondanks het 
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veranderingen daarvan onder invloed van everolimus en CTX. Zo kunnen onze resultaten 
gebruikt worden bij het opzetten van andere klinische studies. 
 
Het veld van de tumor immunologie heeft de laatste 10 jaar een grote ontwikkeling 
doorgemaakt. Naast T cellen worden ook NK cellen uitgebreid onderzocht voor nieuwe 
behandelstrategieën. Tumor cellen hebben manieren ontwikkeld om de aanwezigheid van 
MHC klasse I moleculen op hun cel oppervlak te voorkomen en hierdoor kunnen cytotoxische 
T cellen deze tumor cellen niet meer herkennen, terwijl NK cellen deze mogelijkheid dan nog 
wel hebben. Een interessante observatie in dit proefschrift is dat de combinatie van CTX en 
everolimus leidde tot veranderingen in de NK cel populatie. Er zijn grofweg twee typen NK 
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zorgde voor een stabiele cytokine producerende populatie en een toename van NK cellen met 
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op de tumor geassocieerd is met een betere respons, kunnen ook patiënten met lage 
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Promoveren doe je niet alleen en deze pagina’s zijn dan misschien ook wel de belangrijkste 
in dit boekje. Zonder patiënten geen klinische studies. Zij zijn dan ook de eerste aan wie ik 
veel dank verschuldigd ben. Het is bewonderenswaardig om mee te doen aan een fase 1-2 
studie, met onbekende bijwerkingen en zelfs werking, zonder deze mensen was dit boekje er 
gewoonweg niet geweest.  
 
Beste Henk, jaren terug werd ik ingedeeld om met jou een ochtend poli mee te lopen, een 
aantal maanden voor start van mijn coschappen. Die ochtend bleek de start van veel moois. 
Na mijn scriptie voor de master oncologie volgde een half jaar Baltimore, zonder jouw hulp 
was die stage er nooit gekomen. Hierna bracht je mij in contact met Hans voor dit promotie 
traject. Door mijn getwijfel ging het nog bijna aan mijn neus voorbij, maar kijk, de eindstreep 
lijkt gehaald. Ik wil je heel erg bedanken voor alle kansen die je me hebt gegeven. Wie weet 
zullen onze wegen in de toekomst weer kruisen.  
 
Beste Tanja, jouw deur staat altijd open voor het stellen van een vraag of kort overleg, ook al 
was je nog zo druk. Daardoor heeft jouw kennis menig artikel naar een hoger niveau getild. 
Daarnaast was de gezelligheid niet minder belangrijk. De geregelde vrijdagmiddagborrels, 
etentjes en andere uitjes, hebben zeker bijgedragen aan het uiteindelijke werkplezier. Lab-
moeder werd je gekscherend genoemd, en die werd wel eng werkelijkheid toen we met de 
NKT groep naar Tours reden (of was het nou Nantes?) met jou en Hans voorin. Onze discussies 
waren prikkelend -ik hoop dat er ooit bewijs komt voor de enige echte Treg gating strategie- 
maar ze hadden altijd weer vruchtbaar resultaat. Je bent een topper en zonder jou was het 
traject in elk opzicht anders gelopen.  
 
Beste Hans, onze wetenschappelijke interesses kruisten elkaar al in 2005 zonder dat we het 
wisten. De cirkel was rond toen mijn eerste echte artikel toch ook ineens over NKT’s ging, 
mede dankzij jouw inventieve ideeën. (Zou die acrostichon te vinden zijn?) 
Ik vond het ongelooflijk leerzaam om samen met jou een klinische studie te coördineren. Ons 
rondje Nederland voor initiatie visites was memorabel, en dan met stip de lunch in 
Leeuwarden. Ik kon je altijd storen als ik met vragen zat, en jouw reactie op email is zo snel 
dat als er meer dan een dag overheen gaat, ik mij inmiddels zorgen maak. Bedankt voor de 
geweldige begeleiding, ik hoop dat ik ook in de toekomst nog veel van je mag leren.  
 
Beste commissieleden, Prof. dr. M. van Egmond, Prof. dr. A.J.M. van den Eertwegh, prof. 
dr. C.A.H.H. Daemen, prof. dr. C.M.L. van Herpen, Prof. dr. S.H. van der Burg, dr. H. Koenen 
en dr. A.D. Bins, veel dank voor het plaats nemen in de leescommissie en het beoordelen van 
dit proefschrift. Bedankt dat jullie tijd hebben willen vrijmaken hiervoor.  
 
Ik herinner mij mijn eerste dag als promovendus nog als de dag van gisteren. Een beetje 
onwennig kwam ik een bomvolle kamer binnen, maar ik voelde mij al snel helemaal thuis. 
Famke, Renée, Annelies, Frederik, Evelien, Marijn, Laura, Sue Ellen, Bas, Nicolle en Rubina, 
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de tijd met jullie was goud waard. We hebben menig borrel in de kamer gehouden, en na de 
introductie van de perculator werden er ook vele kopjes koffie gedronken. Het was zo gezellig 
op de kamer, dat ik maar thuis ging schrijven, want concentreren lukte in CCA 2.21 meestal 
niet… Ik denk met warme gevoelens terug aan deze tijd, met veel gezelligheid, fijne 
gesprekken, sparren over experimenten en praktische hulp als het even niet lukte.   
Uiteindelijk moesten de onco en patho wegen splitsen, waardoor er een nieuwe kamer kwam 
met gelukkig net zulke fijne collega’s: Roeland, Kim, Marijne, John, Dafni en Tracy, ook jullie 
wil ik graag bedanken voor de mooie tijd.  
Inge, we hebben dan niet tegelijkertijd op de kamer gewerkt, maar ik ben je wel veel dank 
verschuldigd voor het overnemen van de fase 2 studie en de hulp bij het schrijven van het 
andere artikel. Het resultaat mag er zijn.  
Madelon, Esther, Mariette, Maria, Henk, Koen en Richard, dank voor de hulp in het lab en 
de gezelligheid op de gang.  
 
Saskia, de immuun monitoring ging vrij soepel van start en dat is mede te danken aan al het 
voorwerk dat jij ervoor gedaan hebt. Bij jou kon ik altijd aankloppen met vragen rondom de 
gating, of simpelweg om even mee te kijken door de microscoop. Dankzij jouw fijne 
begeleiding en uitleg bij die eerste stappen als Phd-student in het lab, was het een soepele 
start. 
 
Anita, als 2.17-baas zorgde jij voor orde en netheid. Niet alleen kon jij door je jarenlange 
ervaring antwoord geven op de meeste praktische vragen, we hebben ook ontzettend veel 
goede gesprekken gehad over uiteenlopende zaken. Inmiddels heb jij een nieuwe uitdaging 
gevonden, je wordt vast ook daar snel onmisbaar.  
 
Sinéad, toen de studie eenmaal liep en de samples maar bleven komen was het fijn als jij er 
was. Ook in de afrondende fase vroeg je me regelmatig of ik het allemaal wel redde en dat ik 
het aan mocht geven als ik hulp nodig had. Dit gevoel van het niet alleen hoeven doen was 
soms precies wat ik nodig had.  
 
Cillie, Rieneke, Adri, Erik en Hetty, ook jullie mogen zeker niet ontbreken. Het was heerlijk 
over wat anders dan Treg’s te kletsen bij de lunch, en ook na werktijd zorgden jullie voor de 
nodige verhelderende gesprekken.  
 
Jurjen, eigenlijk hoorde jij natuurlijk een paar etages hoger, maar het was super gezellig als je 
bij ons je DC’s kwam vertroetelen. We hebben regelmatig hard gelachen en ik vond het 
prachtig om getuige te zijn van de opbloeiende liefde tussen jou en Fam. Nu ook jij weer terug 
op het nest bent, lijkt het alsof de tijd heeft stilgestaan. 
 

Simone, Rubén, Maria, Rachel, door jullie te begeleiden heb ik vooral veel over mezelf 
geleerd. Bedankt dat jullie het met mij uitgehouden hebben en voor jullie bijdrage aan dit 
boekje.  
 
Beste Bert, jouw opleiders-kwaliteiten zijn top. In twee jaar tijd groeide ik uit van groentje op 
de CIBO tot een heuse poli-dokter, mede door jouw prettige begeleiding. De afterparty blijft 
een geniaal concept dat ze integraal zouden moeten opnemen in de opleiding.  
Amstelland-buddies, Evelien, Elmer, Mark en Liselotte: we komen elkaar nog dagelijks tegen 
in het VUmc, en door de gezamenlijke tijd in het Amstelland voelt dat altijd weer vertrouwd. 
Het is altijd weer ‘als vanouds’ als ook een van jullie bij een ROIG/COIG/of zelfs stage te vinden 
is.  
Beste Yvo, de opleidingsgesprekken die we hebben zijn altijd prettig en gezellig. Het is fijn om 
te weten dat ik altijd bij je binnen kan lopen.  
 
Lieve Famke, jij zorgde voor een warm welkom in het CCA. Menig uur hebben we in het lab 
samen doorgebracht. Goede en slechte (waren die er dan??) momenten hebben we gedeeld. 
Je groeide uit van fijne collega tot lieve vriendin. Ik ken niemand die zo blij kan worden van 
het zien van NKT’s onder de microscoop. Er was dan ook geen twijfel bij het vragen van een 
paranimf. Jij weet je mooie gezin te combineren met een opleiding. Dat is al ongelooflijk knap, 
maar dat was voor jou nog niet voldoende. Het onderzoek lonkte ook weer en je haalde zelfs 
een beurs binnen. Fijn dat jij niet alleen gedurende de promotie maar ook op het moment 
suprême naast me staat.  
 
Lieve Roeland, toen jij in de groep erbij kwam was er al snel een klik. Toch weer die NKT’ s… 
Het was fijn om met jou te sparren over onderzoek en door de vele uurtjes samen in het lab 
kwamen er steeds meer goede gesprekken. Jij stond altijd klaar om te helpen en mee te 
denken. Jouw harde werken is bewonderingswaardig, en dat gaat vast leiden tot prachtige 
publicaties. In mijn ogen heb je het in ieder geval dik verdiend. Gelukkig heb je ook twee hele 
goede redenen om na het werk naar huis te gaan, naar je mooie gezin met Canan en Iskander. 
Super dat ook jij naast me staat op 19 september.  
 
Lieve BE-ers, Ingeborg, Pepijn, Michiel, Marijt, Marloes, Erik, Ilse, Michiel, Evelyn, Barry, 
Johan, Manon, Linda, Carolien, Gerben, Geertje, Bram, Bart, Karin en als ik dan toch bezig 
ben ook nog de minderjarigen Jurre, Berend, Siem, Tuur, Bastiaan, Mirko, Joep, Bente, Keet, 
Wietze, Gilles, Gijs, Hugo, Sarah en Rafael, ons jaarlijkse weekend staat met grote letters in 
de agenda. Velen van jullie ken ik inmiddels al jaren, en het blijft prachtig dat deze 
vriendengroep nog altijd bij elkaar is.  
Lieve Marijt en Michiel, we kunnen alles met elkaar bespreken en wat is het fijn om mensen 
zoals jullie te kennen. Onze avondjes duren altijd te kort, en zelfs na een weekendje weg zijn 
we elkaar nog niet zat. Laten we dit nog jaren volhouden. 
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Dankwoord

Lieve Floor, tijdens onze studie kwamen we elkaar tegen in de bieb en al snel volgden we ook 
de colleges samen. Samen studeren werd uiteindelijk een fijne vriendschap. Jij ging 
specialiseren, ik promoveren, en toen ik de kliniek weer in ging, ging jij eruit. En kijk nu, ook 
jij bent al bijna klaar met je promotietraject. Ik bewonder je enorme doorzettingsvermogen, 
optimisme en je interesse in andere mensen. Samen met Maarten hebben jullie een prachtig 
gezin. Het is knap hoe jullie dat als twee artsen voor elkaar boksen.  
 
Lieve Marleen, het voelde soms voor ons alsof we de enige bio-medisch studenten waren die 
op kamers woonden. Zeker als we tot diep in de nacht op stap waren geweest en de ochtend 
daarna weer op tijd in de college banken zaten.  
Ook al spreken we elkaar soms een tijd niet, met die vriendschap zit het gewoon goed. Onze 
levens lopen redelijk parallel en we hebben dan ook al vele hoogtepunten (en helaas ook wat 
mindere momenten) van elkaars leven meegemaakt. Ik hoop dat er nog vele mooie 
momenten om te delen volgen.  
 
Kerim, wat was het een feest om met jou te studeren. Vele goede gesprekken, samen werken 
aan projecten en presentaties, of een biertje in het bruin café. Het was altijd gezellig. Stiekem 
was jij degene die mij adviseerde voor de master oncologie te kiezen. Dat leverde als 
bijkomstigheid nog twee jaar samen studeren op. Het was een top tijd.  
 
Lieve Astrid en RP, wat was het een mooie tijd in de Hoofddorppleinbuurt. RP, op 
vrijdagavond werken in het bruin café werd vaak tot laat naborrelen met goede gesprekken, 
later ook met Len en As erbij. Ik heb onwijs veel goede herinneringen waar jullie onderdeel 
van zijn. Het is mooi hoe we elkaar nog steeds regelmatig (maar eigenlijk te weinig) zien. Op 
naar nog veel meer gezelligheid. 
 
Lieve Annemiek, Lieve Eva, in 2004 stapten we bij elkaar in een bootje en dat groeide uit tot 
een fijne vriendschap. Elke (nou ja, bijna elke) belangrijke gebeurtenis wordt met elkaar 
besproken en het is altijd heerlijk om dan een eerlijke en soms kritische mening te horen. Er 
zijn maar weinig mensen van wie ik dat kan hebben en het werkt verhelderend om belangrijke 
zaken met jullie te bespreken. Ik koester dit en hoop dat er nog vele jaren vriendschap volgen. 
Rik en Kevin, we hebben het een hele tijd volgehouden om enkel met z’n drieën af te spreken, 
maar hoe bijzonder is het dat het met jullie ook zo goed klikt. De volle agenda’s maken het 
vrij moeilijk om met z’n allen af te spreken, maar als het dan weer eens lukt, is het super 
gezellig. Ik wil dit voor geen goud missen! 
  
Lieve schoonfamilie, Ina, Arnold, Sascha, Myrna en Peter, dank dat jullie al die tijd interesse 
hebben gehad in dit langdurige project. Ina, jou wil ik graag extra bedanken, voor alles wat je 
voor ons doet. Het opvangen voor Teun en wekelijks voor ons koken zorgt voor een heerlijk 
aanschuif-momentje in de week.  
 

Lieve Sanne, ook al zien we elkaar veel te weinig, de zussen-liefde zit diep geworteld, daar 
twijfel ik in ieder geval niet aan. Ik vind het onwijs knap hoe jij je eenmanszaak hebt 
uitgebouwd tot een praktijk met meerdere locaties. Als het goed is ga jij samen met Jeroen 
een mooi avontuur tegemoet. Heel veel geluk.  
Lieve Karin, als zussen heeft het leven al snel veel overlap, maar als je dan ook nog hetzelfde 
gaat studeren, een tijd in hetzelfde gebouw werkt, om de hoek woont en veel 
gemeenschappelijke interesses hebt, dan is er veel te delen. Jij staat altijd voor iedereen klaar 
en hebt ons dan ook al regelmatig uit de brand geholpen. Samen met Gijs heb je nu een 
prachtig gezin met Noud. Helaas wonen jullie nu wat verder weg, maar ik hou hoop dat jullie 
ooit weer ‘terug’ komen. Dank voor alles wat je voor mij/ ons betekent.  
Lieve Oma, ik heb enkel goede herinneringen aan de belangrijke rol die jij hebt gespeeld bij 
ons thuis. Ik ben trots dat ik mijn dankwoord ook tot jou kan richten.  
Lieve pap, Lieve mam, jullie hebben gezorgd voor een stabiele basis waarin wij drieën ons 
volledig hebben kunnen ontwikkelen. Jullie hebben altijd alles voor ons over gehad en ons 
hiermee alle kansen gegeven. Ook al gaf studeren in het verre Amsterdam jullie best wat 
verdriet, toch stonden jullie tijdens mijn introdagen gewoon mijn kamer te verven. Jullie 
zorgzaamheid is grenzeloos. Ik weet dat, indien nodig, de meer dan 200 kilometer zo 
overbrugd worden. Ik ben jullie eindeloos dankbaar. 
 
En dan, de laatste alinea voor de 3 belangrijkste mannen. Lieve Lennart, jouw support in de 
afgelopen jaren is oneindig geweest, mede daardoor is dit boekwerk nu eens eindelijk af. Jij 
hebt me gesteund ook al was dat voor jou niet altijd even makkelijk. Twee kinderen en twee 
drukke banen vraagt aardig wat agenda-management, maar samen komen we er altijd uit. Jij 
weet het te presteren om een goed lopend bedrijf te runnen en veel dagelijkse logistiek op je 
te nemen. Ik weet niet of ik het zou kunnen. Jij bent mijn rots in de branding en ik hoop dat 
je dat nog heel lang wilt blijven.  
Lieve Teun, Lieve Sem, wat een geluk om jullie in mijn leven te hebben. Ik ben ongelooflijk 
trots op jullie twee. Na een lange dag thuis komen en door jullie geknuffeld worden is 
onbetaalbaar. Teun, dank voor jou mooie dino bijdrage aan dit boekje.  
Laten we met z’n vieren nog heel lang van elkaar genieten! 
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Uitnodiging

voor het bijwonen van de 
openbare verdediging van het 

proefschrift
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Donderdag 19 september 2019 
om 11.45 uur 

in de aula van het hoofdgebouw 
van de Vrije Universiteit, 

De Boelelaan 1105, Amsterdam

Receptie ter plaatse na afloop 
van de verdediging

Daarnaast bent u van harte 
uitgenodigd voor de borrel op 
21 september om 20.30 uur 

Café Thijs, 
Dorpsstraat 64b, Amstelveen

Lotte Huijts 
Keizer Karelweg 77 

1185HP, Amstelveen
c.huijts@amsterdamumc.nl

Paranymfen 
Famke Schneiders 

f.schneiders@amsterdamumc.nl
Roeland Lameris 

r.lameris@amsterdamumc.nl
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