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Chapter 1

Importance of retinoic acid in health
The active metabolite of vitamin A, retinoic acid, has a role in a broad spectrum of biological 
functions such as cell growth and differentiation, both during development and in adults. 
Therefore, vitamin A deficiency can severely affect health. As vitamin A deficiency is common in 
the developing world, the supplementation of vitamin A to pregnant women and small children 
is a well-established program of the World Health Organization (WHO), which is thought to 
reduce child mortality in these countries by 24%1. Furthermore, vitamin A or retinol has been 
recognized as an essential nutrient for the proper function of the immune system for nearly 
100 years2. 

The function of the immune system is dependent on retinoic acid at multiple levels, as it is 
instrumental in the initial phase of secondary lymphoid organ formation3,4. In addition, retinoic 
acid is critical for proper immune regulation in homeostasis and during inflammatory responses 
in adult life. To maintain sufficient levels of vitamin A, the body relies on the uptake of vitamin 
A from the intestinal lumen by intestinal epithelial cells. These cells are known to be able 
to metabolize vitamin A into retinoic acid but can also transport retinol further towards for 
example the liver. 

Vitamin A metabolism and retinoic acid signaling
After uptake by intestinal epithelial cells, diet-derived vitamin A or retinol can either be 
processed into retinyl esters by the enzyme Lecithin Retinol Acyltransferase (LRAT) or be further 
metabolized into retinal and retinoic acid by intestinal epithelial cells. Additionally, retinoic acid 
produced by these cells can be directly released in the intestinal microenvironment5. Retinyl 
esters can be packaged into chylomicrons by intestinal epithelial cells and are then exported to 
the lymphatic system or the portal vein6. Ultimately, they are taken up by the liver where most 
retinol is stored in hepatocytes. Retinol is released again into the circulation bound by either 
retinol binding protein (RBP) during homeostasis or by serum amyloid A during infection7,8. 
Although it has been described that RBP serum levels decrease upon infection, it is not known 
how this process is regulated9.

Retinol bound by RBP is taken up in the cytosol via the Stimulated by Retinoic Acid 6 (STRA6) 
receptor, leaving RBP behind at the extracellular side of the membrane10,11. However, STRA6 
is only essential for maintaining vitamin A homeostasis in the eye, implying that additional 
uptake mechanisms for retinol in other tissues exist12,13. After uptake, retinol can be oxidized by 
ubiquitously expressed alcohol dehydrogenases (ADHs) to form retinaldehyde (also referred to 
as retinal) in a reversible manner. Retinal is further metabolized into retinoic acid by aldehyde 
dehydrogenase (ALDH) enzymes. Many isoforms of this enzyme exist, of which ALDH1A1, 
ALDH1A2, ALDH1A3, also known as RALDH1, RALDH2 and RALDH3 respectively, are studied 
most extensively in immune cells14. The expression of the retinoic acid converting enzymes is 
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distinct between tissues but not mutually exclusive, and it has been suggested that retinoic 
acid levels can be regulated via the control of the expression of these enzymes14.

Retinoic acid occurs in at least six isomers in the human body of which all-trans retinoic acid 
is generally considered to be biologically the most prevalent form15,16. In the nucleus, retinoic 
acid can activate its receptors the Retinoic Acid Receptor (RAR) RARα, β and γ, the Retinoic 
X Receptor (RXR) RXR α, β and γ and the Peroxisome Proliferator-activated Receptor (PPAR) 
PPARβ/δ. When bound to retinoic acid, RAR can dimerize with RXR, which enables the receptor 
to bind to Retinoic Acid Response Elements (RARE) on the DNA to induce gene expression. In 
this way, retinoic acid can regulate transcription, but retinoic acid bound to RAR can in addition 
influence translation and act as an epigenetic regulator17-19. 

In the cytosol, three binding proteins have so far been identified to be able to bind retinoic 
acid. Upon binding to Cellular retinoic acid-binding protein 1 (CRABPI), retinoic acid is targeted 
for degradation by enzymes of the CYP26 family, belonging to the cytochrome P450 enzyme 
(CYP) superfamily. In vivo, CYP26A1 and CYP26B1 are the most important members of the 
CYP26 family for this function due to their high catalytic efficiency20. Retinoic acid can also 
be bound by Cellular retinoic acid-binding protein 2 (CRABPII) or Fatty acid-binding protein 
5 (FABP5) which are both found in the cytosol but translocate to the nucleus upon retinoic 
acid binding. Specifically, CRABPII bound retinoic acid is targeted to the nuclear RAR receptor, 
whereas FABP5 bound retinoic acid is targeted to the PPARβ/δ receptor21,22. Because CRABPII 
has a higher binding affinity for retinoic acid than FABP5, these observations imply that RAR is 
the main signaling pathway induced by retinoic acid21.

In order to influence other cells, retinoic acid has to be transferred from one cell to the other. 
As retinoic acid is an unstable and also hydrophobic molecule, retinoic acid signaling between 
cells requires either close contact or an extracellular binding protein. Within the intestine, it 
was suggested that retinoic acid can be transported via membrane contact5,23. This type of 
transport could be facilitated by specific transporter-channels that can transport retinoic acid 
from the cytosol from one cell to another. Another potential mechanism could be by transfer 
of cell membrane parts in which retinoic acid is incorporated. Furthermore, in order to reach 
greater distances, retinoic acid can be packaged in extracellular vesicles such as chylomicrons or 
perhaps even exosomes or lipoprotein particles, while retinoic acid can also be directly bound to 
serum proteins such as albumin and Apolipoprotein A124,25. However, the exact mechanisms of 
retinoic acid transfer from one cell to another are unknown and will need further study. Overall, 
it is now clear that vitamin A metabolites and retinoic acid in particular follow a complex and 
tightly regulated path from dietary intake to their ultimate role as a transcriptional regulator 
in the cell nucleus and as a modulatory molecule for neighboring cells (summary in figure 1).

1
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Figure 1: Vitamin A metabolism and retinoic acid signaling. Retinol is taken up from the lumen by intestinal epithe-
lial cells. Then, retinol is either metabolized into retinoic acid and excreted via unknown mechanisms or processed 
into retinylesters and transported, while packaged in chylomicrons, to the liver for storage. From the liver, retinol 
bound to retinol binding protein (RBP) can be released into the circulation and RBP-bound retinol can be taken up 
by cells via the stimulated by retinoic acid 6 receptor (STRA6) receptor or other, yet unknown, receptors. Within 
the cytosol, retinol is converted into retinoic acid where it can either be transported to the nucleus by the cellular 
retinoic acid-binding protein (CRABP) II and fatty-acid binding protein (FABP) enzymes or targeted for degradation 
via the CRABPI enzyme. Upon retinoic acid binding to its retinoic acid receptor (RAR), retinoid X receptor (RXR) or 
peroxisome proliferator-activated receptor (PPAR) β/δ, these nuclear receptors can now act as a transcription factor 
by binding to retinoic acid response elements (RARE) within the DNA or have effects on translation or epigenetics.
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Dendritic cells and macrophages have a central role in orchestrating immune 
responses via the production of retinoic acid Intestinal dendritic cells are 
important in mediating both inflammatory and tolerogenic responses
Within the immune system retinoic acid has a central role in orchestrating immune 
responses and is produced by DCs and macrophages. Both macrophages and dendritic cells 
(DCs) are present in the intestinal lamina propria. Monocytes require gut homing molecules 
in order to migrate to the intestines and the expression of these molecules is regulated by 
retinoic acid exposure within the bone marrow26. Furthermore, lack of retinoic acid changes 
the composition of DC and macrophage subsets in the gut, suggesting that retinoic acid is 
essential for the generation and transcriptional programming of DCs and macrophages in 
the intestines27-29. In addition, also the stromal compartment of gut draining lymph nodes are 
imprinted by retinoic acid, allowing these cells to contribute to the induction of gut homing 
molecules on lymphocytes30-32. Furthermore, acquisition of antigens from luminal contents 
is important for the induction of tolerance against commensals and food, and it was shown 
that retinoic acid is critically involved in mediating this tolerogenic capacity33. In conclusion, 
retinoic acid plays a role in the migration of DCs and monocytes towards the intestines and 
is important in regulating tolerogenic capacities in both DCs and macrophages.

Retinoic acid produced by intestinal myeloid and stromal cells induces gut homing in T 
cells, B cells and innate lymphoid cells
Next to their presence in the lamina propria, DCs and macrophages are also present in 
the gut associated lymphoid tissue (GALT) and form a major source of retinoic acid for 
other immune cells here34. Retinoic acid derived from these cells induces the expression 
of the gut homing molecules α4β7 integrin and C-C chemokine receptor 9 (CCR9) on T and 
B cells without the need for other cytokines although in general lymphocyte activation 
is required35,36. This process is enhanced by stromal cells in the mesenteric lymph nodes 
(MLNs), which can also produce retinoic acid, and it was suggested that gut homing can only 
be induced in a permissive lymph node environment formed by both stromal cells and DCs 
in vivo30,31. Besides the imprinting effect on T and B cells, retinoic acid can also induce α4β7 
and CCR9 on type 1 and 3 innate lymphoid cells (ILCs), but does not lead to CCR9 expression 
on type 2 ILCs as these cells obtain their homing receptors already during development37. 
Interestingly, ILC1s and ILC3s do not require immune activation in order to upregulate gut 
homing receptors, but retinoic acid appears to regulate the reprogramming of their homing 
receptors37. Besides the induction of gut-homing, DC-derived retinoic acid can synergize with 
IL-6 or IL-5 to induce IgA class switching in B cells38,39. Overall, intestinal myeloid and stromal 
cells can form a source of retinoic acid for T cells, B cells and ILCs, which is instrumental for 
imprinting molecules and functions in these cells.

1
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Induction of ALDH Expression in dendritic cells and macrophages
Because DCs and macrophages are the major source of retinoic acid for T and B cells, it is 
important to determine which factors modulate retinoic acid metabolizing capacities in 
these cells and how this is regulated. As mentioned before, retinoic acid itself can induce 
ALDH1A2 expression in DCs and retinoid levels in the gut correlate with the degree to 
which gut homing molecules can be induced27,40. However, also other factors were found 
to affect vitamin A metabolism in DCs and macrophages. For example, infection with the 
protozoan Trichomonas muris resulted in a reduction of ALDH activity in intestinal DCs and 
macrophages41. It was suggested that a certain degree of pathogen-induced inflammation 
can decrease the production of retinoic acid in order to create a more pro-inflammatory 
environment to enhance the expel of a particular pathogen.

On the other hand, intestinal DCs can be educated to produce retinoic acid by microbial-
derived signals from their environment, as toll like receptor (TLR) 2 and TLR5 signaling 
can induce ALDH1A2 expression in DCs together with retinoic acid42,43. In addition, the 
combination of TLR2 signaling together with Dectin signaling resulted in a tolerogenic 
phenotype, whereas Dectin signaling alone resulted in an inflammatory phenotype, 
indicating that the regulation of ALDH expression upon signaling via a particular receptor can 
be counteracted when other receptors are additionally triggered42. Furthermore, the pro-
inflammatory cytokines IL-4, IL-13 and granulocyte macrophage colony-stimulating factor 
(GM-CSF) enhanced the induction of ALDH enzymes in DCs, while IL-4 alone was sufficient 
for induction in macrophages44-46. These observations indicate that certain combinations of 
inflammatory signals can induce ALDH expression in DCs and macrophages, implying that 
the exact immunological micro-environment determines its expression (figure 2). While TLR 
mediated signaling can induce ALDH expression in DCs and macrophages, various reports 
support the notion that TLR signaling is not required for ALDH expression in DCs, as the 
enzyme is expressed in myeloid differentiation primary response 88 (MyD88) -/- as well as 
in germ free mice47,48. Additionally, signaling pathways involving β-catenin promotes ALDH 
expression in DCs. However, addition of exogenous retinoic acid rescued this effect in the 
absence of β-catenin signaling, indicating that retinoic acid itself is the most important 
inducer of vitamin A metabolism in DCs49. Under healthy dietary conditions, retinoic 
acid availability and TLR signaling are not compromised and thus the expression of ALDH 
enzymes in DCs and macrophages might be additionally influenced by other factors such 
as cytokines upon infection or inflammation. Overall, the metabolism of vitamin A within 
DCs and macrophages might depend on the immunological need and is controlled via an 
interplay of available cytokines, inflammatory signals, TLR signals and retinoic acid itself.
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Figure 2: Signals from the microenvironment are essential in inducing retinoic acid metabolism in DCs and mac-
rophages. Retinoic acid (RA) is the most important inducer of the retinoic acid producing ALDH enzymes in DCs and 
macrophages and can be produced by both intestinal epithelial cells as well as lamina propria stromal cells. The 
lamina propria stromal cells were also shown to be able to produce granulocyte macrophage colony stimulating 
factor (GM-CSF). GM-CSF is able to induce ALDH expression in DCs, and also IL-4 and IL-13 are known to have 
these capacities. However, these cytokines can also have other sources such as ILC2s and Th2 cells. Additionally, 
besides GM-CSF, IL-4 and IL-13, also other cell derived factors might induce ALDH expression. Next to cytokines, 
Toll-like receptor (TLR) ligands for TLR2 and TLR5 can induce ALDH expression. The expression of ALDH enzymes 
is essential for the production of RA by DCs and macrophages in order to instruct T and B cells with retinoic acid.

 
Microenvironment
As retinoic acid itself appears to be the most important factor in the induction of vitamin A 
metabolism in DCs and macrophages, the question was raised what the source of retinoic 
acid is for DCs and macrophages48. Because vitamin A is first taken up in the gut, derived 
from either the diet or bile, the local microenvironment in the gut may be a good source 

1
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for retinoic acid, thereby contributing to establishing its tolerogenic environment50. Indeed, 
ALDH induction was most apparent in small intestine DCs, as retinoic acid-producing cells 
are most prevalent in the small intestine5,40. Moreover, lamina propria stromal cells were 
shown, via their production of retinoic acid as well as GM-CSF, to induce ALDH expression 
in DCs23. In addition, intestinal epithelial cells have been recognized for their role in the 
induction of tolerogenic DCs and it was shown that loss of RAR signaling in intestinal 
epithelial cells leads to disturbed immune homeostasis51,52. Furthermore, the expression 
of the retinol carrier protein CRBPII in intestinal epithelial cells was found to be crucial for 
inducing ALDH expression in DCs5. 

Together, DCs and macrophages need exogenous stimuli in order to express ALDH enzymes. 
Although the presence of retinoic acid in the microenvironment is crucial for this expression, 
the expression of ALDH enzymes might additionally be regulated via TLR ligands and 
cytokines in their microenvironment.

Dual role of retinoic acid in modulating T cell responses
As mentioned, DCs and macrophages can induce gut homing molecules on T cells, B cells 
and ILCs via their production of retinoic acid, but retinoic acid has also a supplementary 
role in inducing effector functions in T cells. Although retinoic acid is mostly known for its 
tolerogenic function, it can also have pro-inflammatory capacities. Whether retinoic acid 
evokes tolerogenic or inflammatory effects depends on the microenvironment and the 
synergizing cytokines in which the cells are exposed to it (summarized in figure 3). 

Retinoic acid has a central role in balancing Th17 and T regulatory responses
Intestinal DCs and macrophages can elicit distinct T cell responses via their production of 
retinoic acid. During steady state, retinoic acid produced by DCs inhibits the differentiation 
of naïve T cells to T helper (Th) 17 cells by blocking interleukin (IL) -6, IL-21 and IL-23 signaling 
in naïve T cells53-55. Furthermore, retinoic acid blocks the production of IL-4, IL-21 and 
interferon γ (IFNγ) by CD4+CD44high cells. Given that these cytokines inhibit the conversion 
to T regulatory cells (Tregs), retinoic acid therefore allows the differentiation of naïve T 
cells towards Tregs56. Additionally, in humans, retinoic acid-primed DCs can induce the 
production of the anti-inflammatory cytokine IL-10 in Tregs57. However, retinoic acid can 
also directly promote Transforming growth factor β (TGF-β) mediated Treg conversion of 
naïve T cells58. Concurrently, retinoic acid promotes forkhead box P3 (Foxp3) expression 
together with TGF-β, thereby further stimulating the differentiation of Tregs59-61. Since 
TGF-β can also induce Th17 cells when present in combination with IL-6, and retinoic acid 
is capable of blocking IL-6 signaling, retinoic acid seems a key determining molecule in 
maintaining the Treg-Th17 balance53-56,60. Additionally, the presence of IL-2 prevents Tregs 
from reprogramming into Th17 cells and it was suggested that IL-2 and retinoic acid, when 
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present together, sustain Foxp3 expression55,61,62. Upon infection, another cytokine, IL-1, 
counteracts retinoic acid mediated Th17 inhibition and enhances IL-6 responses to tilt the 
Th17-Treg balance towards Th17 cells63. Moreover, CYP26B1 expression is blocked by TGF-β, 
thereby preventing the breakdown of retinoic acid by CYP26B1 when TGF-β is present, 
and thus safeguarding the differentiation of naïve T cells into Tregs64. Together, these 
observations grant retinoic acid a central role in balancing Th17 and T regulatory responses 
in a direct and indirect manner by blocking the signaling of cytokines involved in restraining 
the conversion of naïve T cells into Tregs.

Retinoic acid can have an adjuvant role in the induction of Th1 and Th2 effector T cells
Although the role of retinoic acid in orchestrating the balance between Tregs and Th17 cells 
is widely appreciated, less is known about the role of retinoic acid in the development of Th1 
and Th2 cells and literature on the role of retinoic acid in inducing Th1 and Th2 responses 
is inconsistent. On one hand, retinoic acid is critical for Th1 lineage stability and the proper 
induction of Th1 and Th17 responses in vivo and can have an adjuvant role in inducing these 
responses in vitro65-68. On the other hand, the presence of retinoic acid or a RAR ligand was 
reported to enhance Th2 responses at the cost of Th1 responses in vitro and in vivo69-71. 
It was suggested that stimulation of RARα during T cell activation would result in a Th2 
phenotype72. Moreover, retinoic acid further supported the growth and development of 
Th2 cells in the presence of IL-4. In addition, retinoic acid increased IFNγ synthesis in T cells 
when additionally IFNγ, IL-12 or IL-4 were present in the culture whereas IFNγ production 
was decreased when only retinoic acid was present73. These observations imply that the 
presence of additional cytokines is essential for determining the influence of retinoic acid 
on effector T cells and that retinoic acid might act as an adjuvant for the production of 
certain cytokines (figure 3).

Inflammatory conditions determine effect of retinoic acid on T cells
In addition, it was shown that a range of inflammatory stimuli can stimulate retinoic acid 
synthesis, thereby further inducing Th1 and Th17 responses67,68,74,75. During infection or 
tissue damage, retinoic acid is also capable of inducing a pro-inflammatory phenotype 
in DCs. Together with IL-15, retinoic acid can induce the release of the pro-inflammatory 
cytokines IL-12 and IL-23 by DCs67 (figure 3). However, in the absence of vitamin A, from 
which retinoic acid is derived, MLN-DCs exhibit a pro-inflammatory gene expression profile, 
potentially inducing inflammatory and allergic responses instead of inducing tolerance76.

1
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Figure 3: The role of retinoic acid in modulating T helper cell responses in the intestine. Under homeostatic 
conditions, retinoic acid (RA) produced by DCs promotes, together with transforming growth factor (TGF) β, the 
conversion of naïve T cells into Tregs at the cost of Th17 cells. Additionally, retinoic acid induces the production of 
IL-10 in these cells. Concomitantly, retinoic acid blocks IL-6 signaling to prevent the conversion of naïve T cells into 
Th17 cells and blocks the conversion of Tregs into Th17 cells together with IL-2. Retinoic acid blocks the production 
of IL-4, IL-21 and interferon γ (IFNγ) by CD4+CD44high cells which induce a Th17 phenotype. Under inflammatory 
conditions, retinoic acid together with IL-15 can induce the production of IL-12 and IL-23 by DCs. These cytokines 
then play a role in enhancing Th1 and Th17 cells. Although not depicted in the figure: it is known that low levels 
of retinoic acid can promote Th17 differentiation, but higher levels, as found in the intestine, induce Treg cells. 
Furthermore, retinoic acid enhances IL-4 signaling in the induction of Th2 cells and interferon (IFN) γ and IL-12 
signaling in the induction of Th1 cells.

 

Upon immune activation, retinoic acid mediated signaling in CD4+ T cells is induced within 
a restricted time frame69,75. To elicit a proper CD4 effector response, retinoic acid mediated 
signaling is crucial, thus giving retinoic acid a critical role in tolerogenic as well as effector 
immune responses68,75. Together, these observations indicate that retinoic acid does not only 
have a role in maintaining tolerance but also in T cell activation and function75. Interestingly, 
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it was shown that under physiological retinoic acid levels, naïve T cells differentiate in Th17 
cells while high concentrations of retinoic acid inhibited Th17 differentiation in vitro43. Since 
both immunological activation status and local retinoic acid levels seem to be important 
for retinoic acid effector outcome, the immunological context, i.e. available cytokines and 
growth factors, seems to play a role in determining the outcome of retinoic acid signaling75. 

In conclusion, retinoic acid appears to have a central role in eliciting proper T cell responses 
both under homeostatic as well as inflammatory conditions. On one hand retinoic acid is 
important in creating a tolerogenic environment by the induction of Tregs at the cost of 
Th17 cells, but on the other hand retinoic acid is indispensable for proper Th1, Th2 and 
Th17 responses. These observations seem contradictory especially in the case of Th17 cells, 
but this may be explained by the role that additional cytokines as well as other micro-
environmental factors play in determining the effector outcome of retinoic acid next to local 
retinoic acid-levels. However, little is known about how this is regulated, partially because 
the source of retinoic acid is not always obvious. 

Return to steady state after tissue damage
Besides regulating T cell responses, retinoic acid enhances the production of IL-22 in γδ 
T cells and ILCs, while in the absence of retinoic acid, percentages of IL-22 producing ILCs 
are reduced77,78. IL-22 is a key component in tissue repair and for the maintenance of the 
mucosal barrier79. Interestingly, it was recently shown that the expression of the vitamin A 
metabolizing enzyme RDH7 by intestinal epithelial cells is crucial for proper IL-22 responses 
in intestinal lymphocytes80. However, IL-22 is also associated with auto-immune reactions 
such as psoriasis and inflammatory bowel diseases79. Hence, IL-22 production needs to 
be tightly regulated. Retinoic acid acts at multiple levels in this process, as retinoic acid 
additionally induces the production of IL-22 binding protein in immature DCs, which 
captures free IL-22 to inactivate the cytokine81. Therefore, retinoic acid has a dual role in 
IL-22 mediated tissue repair as it enhances the production of IL-22 in γδ T cells and ILCs and 
neutralizes IL-22 via induction of IL-22 binding protein by DCs. 

In conclusion, retinoic acid can function both in a pro and an anti-inflammatory manner 
depending on the concentration and the presence of co-stimulatory molecules and its pro- 
or anti-inflammatory activity is determined by the immunological context. 

Retinoic acid as a therapeutic molecule in auto- immune diseases
Because of the determining role of retinoic acid in shaping the immune system, it was 
suggested that retinoic acid concentrations are tightly balanced via the expression levels 
of the ALDH enzymes on one hand and the catabolizing enzymes CYP26 on the other 
hand. Therefore, an imbalance in either ALDH or CYP26 enzymes are expected to result 
in pathologies such as immune related diseases and cancer. Besides proper Th1 and Th2 

1
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responses, a balance between Tregs and Th17 cells is thought to be crucial for healthy 
immune homeostasis. As retinoic acid is involved in both the induction of Tregs as well as 
the inhibition of the differentiation of naïve T cells into Th17 cells, it is hypothesized that 
retinoic acid plays an important role in balancing the immune system and therefore may 
have therapeutic applications. 

Interestingly, retinoids are already widely applied as a therapy in inflammatory skin diseases82. 
In addition, 9-cis retinoic acid is a successful therapy to reduce symptoms in chronic hand 
eczema patients83. However, the immunological mechanisms behind the efficacy of retinoic 
acid therapy in these diseases are not known. Nevertheless, these observations suggest 
that retinoic acid might also be a feasible treatment option for other chronic inflammatory 
disorders as well. A lack of Tregs, in combination with the excessive presence of Th17 cells, 
is often associated with autoimmune pathologies such as inflammatory bowel disease (IBD), 
rheumatoid arthritis, systemic lupus erythematosus (SLE), multiple sclerosis (MS) and asthma. 
Therefore, shifting this balance towards Tregs at the cost of Th17 cells in autoimmune diseases 
has been of increasing interest in the development of therapeutics against these diseases.

Retinoic Acid in Inflammatory Bowel Diseases
The inflammatory bowel diseases Crohn’s disease (CD) and ulcerative colitis (UC) are 
characterized by severely inflamed intestines, especially the colon. Although the pathogenesis 
of IBD is still largely unclear, it is thought that the cause of inflammation is an abnormal 
immune response towards commensal flora. Many polymorphisms have been associated with 
IBD and in particular reduced ALDH1A1 and increased CYP26A1 levels have been associated 
with UC84,85. In the adoptive transfer colitis mouse model, CD103+ DCs lost their capacity to 
produce retinoic acid in the inflamed situation and shifted towards an inflammatory rather 
than a tolerogenic phenotype86. Furthermore, the absence of β7-intergrins on DCs resulted 
in a decrease of retinoic acid-producing DCs and accelerated colitis in this model. Indicating 
that when DCs are unable to migrate to the intestine, they cease to produce retinoic acid in 
the intestine, resulting in an increased susceptibility to inflammation87. In contrast, upon acute 
colitis induction using the dextran sulfate sodium (DSS) model, the production of retinoic 
acid by DCs was enhanced. Although enhanced retinoic acid production does not necessarily 
result in increased retinoic acid levels as retinoic acid-degrading enzymes can be elevated as 
well, IL-22 production by γδ T cells and ILC3s were induced in this model, thereby possibly 
stimulating tissue repair in a retinoic acid dependent manner77. While an increase in retinoic 
acid production was observed during the immediate repair phase upon DSS administration, 
repeated administration of DSS, as a model for chronic colitis, diminished ALDH1A1 expression 
in the intestinal epithelium whereas CYP26A1 expression was increased, indicating that 
chronic tissue damage and the subsequent influx of microbiota results in reduced retinoic 
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acid availability84. While abnormal retinoic acid metabolism has also been observed in UC 
patients, it is unclear which animal model approaches the human situation best84.

As retinoic acid is implicated to be part of the repair mechanism upon tissue damage, 
due to its IL-22 inducing capacities, it may be a therapeutic candidate for IBD77,78. Indeed, 
treatment of DSS-treated mice with retinoic acid reduces the severity of the disease88. 
Furthermore, treatment with retinoic acid resulted in an increased expression of Foxp3 in 
T cells and at the same time inhibited IL-17 production via the activation of RARα during 
2,4,6-trinitrobenzenesulfonic acid (TNBS) induced colitis, another chemically induced colitis 
mouse model89. These observations imply that treatment with retinoic acid or an agonist for 
RARα can restore the balance between Th17 and Tregs in IBD-like diseases in mice. In support 
of the notion that retinoic acid mediated signaling may beneficially affect the course of IBD, 
vitamin A deficient mice developed more severe colitis and recovered more slowly in both 
DSS and TNBS models38,90,91. 

However, the role of vitamin A and retinoic acid in IBD is controversial. Although increased 
CYP26A1 expression and reduced vitamin A serum levels were detected in patients suffering 
from UC, a CYP26B1 polymorphism resulting in higher levels of retinoic acid was associated 
with an increased risk of Crohn’s disease84,92. Therefore, elevated levels of retinoic acid 
resulting from this mutation might play a role in the development of the disease, contradicting 
the protective effects of retinoic acid observed in mice and observations in UC patients92. To 
further add to a complex picture for the role of retinoic acid in IBD, a reduced ALDH activity 
in both CD103+ DCs and macrophages was seen in patients with UC, whereas they observed 
no difference in ALDH activity between CD patients and healthy individuals93. Moreover, it 
was suggested that reduced serum vitamin A levels in UC patients correlated with worsened 
disease outcome94. These observations indicate that retinoic acid could fulfill different 
functions in CD than in UC. 

Retinoic acid in systemic autoimmunity
The role of retinoic acid has not only been of interest in autoimmunity at mucosal sites but has 
received increasing attention in systemic autoimmune diseases as they are associated with 
an imbalance between Tregs and Th17 cells95. Therefore, retinoic acid was also suggested to 
have therapeutic impact in these diseases. Indeed, a synthetic RAR agonist could inhibit Th17 
differentiation in experimental autoimmune encephalomyelitis (EAE), an MS mouse model 
and treatment with retinoic acid or retinal resulted in more Foxp3 Tregs and a decrease in 
Th17 cells in collagen induced arthritis in mice, reducing disease outcome96-98. 

Treatment possibilities with retinoic acid have also been investigated in SLE patients and 
it was observed that the clinical symptoms of lupus nephritis were rapidly improved upon 
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retinoic acid treatment99. In addition, it was observed that SLE patients had lower vitamin A 
levels and concomitantly higher numbers of Th17 cells100. However, it was also described that 
CD4+ cells derived from SLE patients failed to differentiate toward Tregs cells in response to 
retinoic acid in combination with TGF-β in vitro101. Additionally, a study in a SLE mouse model 
showed that peripheral Tregs were not induced upon treatment with retinoic acid102. Based 
on these results, the authors suggested that treatment with retinoic acid may even be harmful 
for patients with SLE. As SLE is a broad spectrum disease, the immunological status of patients 
could influence the outcome of retinoic acid treatment, so that retinoic acid might result in 
pro-inflammatory effects instead of restoring the Th17-Treg balance.

The therapeutic potential of retinoic acid has also been investigated in murine models of 
asthma. Treatment with retinoic acid in a murine airway allergy model reduced inflammation 
and Th17 related cytokines while Treg numbers in the lung were enhanced103-105. However, this 
increase of Tregs is time dependent and the beneficial effects of retinoic acid in asthma may be 
obscured by the enhanced eosinophilia that also occurred upon retinoic acid treatment105,106.

In general, treatment outcome appears to be variable and whether retinoic acid will be a 
successful therapeutic candidate for autoimmune diseases remains questionable. The 
functional outcome of retinoic acid therapy seems to depend on the inflammatory status within 
the local microenvironment, and therefore results in patients may be very heterogeneous. 
Given the heterogeneous underlying mechanisms of autoimmune diseases, it is not surprising 
that retinoic acid does not form the universal cure. However, although it may require detailed 
immune profiling to be able to predict the efficacy of retinoic acid treatment, retinoic acid 
could have a beneficial role in a broad spectrum of patients. 

THESIS OUTLINE

Overall, retinoic acid is an important molecule in orchestrating local immune responses and 
was shown to have a dual role. The effector functions of retinoic acid are determined by 
many different factors such as local retinoic acid concentrations, TLR signaling, the presence 
of additional cytokines and the cellular and molecular composition of the microenvironment. 
Intracellularly, retinoic acid can either induce the transcription of multiple genes via the 
binding to nuclear receptors, but can also influence translation or evoke epigenetic effects. 
Therefore, it is not straightforward to pinpoint the exact role of retinoic acid in the complex 
immuno-regulatory network. 

Nonetheless, lack of retinoic acid has been associated with a wide variety of immunological 
disorders, and retinoic acid can be an effective treatment strategy for these diseases. 
However, as its effector functions depend on the local micro-environment and the 
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immunological status of the patient, the therapeutic outcome of retinoic acid treatment is 
also expected to be variable. In addition, the exact working mechanisms behind successful 
treatment with retinoic acid are unclear. In chapter 2 we studied the effect of retinoic acid 
on lymphocyte homing receptor expression during the treatment of chronic hand eczema 
patients. As retinoic acid is described to induce on one hand the expression of gut homing 
molecules in lymphocytes while reducing the expression of skin homing molecules on the 
other hand, we hypothesized that this may explain the working mechanism of retinoic acid 
treatment. As most of this knowledge is based on mouse studies, we used peripheral blood 
samples of patients taking retinoic acid orally to verify its effect on human immune cells. 
However, we were not able to find any significant impact of retinoic acid treatment on the 
expression of tissue-homing molecules in peripheral blood lymphocytes when patients were 
followed over a longer time period. Interestingly, our data did suggest a shift in the type 1 - 
type 2 balance towards a type 2 response. However, more research is necessary to establish 
the exact working mechanism of retinoic acid treatment in chronic hand eczema patients.

As retinoic acid is mostly described for its function in intestinal immune responses, we focus 
on the effect of retinoic acid on inflammatory profiles in mouse intestinal macrophages 
in chapter 3. We show that retinoic acid induces a more anti-inflammatory phenotype 
in intestinal macrophages. In addition, we show that retinoic acid induces the expression 
of Dectin-1 in these macrophages. In turn, we observed that Dectin-1 ligation resulted 
in a quick shift from an anti-inflammatory towards a pro-inflammatory profile. Together 
our results suggest that retinoic acid plays an important role in the maintenance of 
immune homeostasis in the small intestine via the regulation of inflammatory profiles in 
macrophages.

As both macrophages and DCs depend on an exogenous source of retinoic acid for the 
differentiation towards a more “tolerogenic” phenotype, it was hypothesized that intestinal 
epithelial cells might form a source of retinoic acid for intestinal DCs and macrophages. 
In chapter 4 we study the effect of ALDH1A1 deficiency on the intestinal immune system 
as it was hypothesized that ALDH1A1 is the ALDH enzyme responsible for the production 
of retinoic acid by intestinal epithelial cells. However, we did not observe any effect of 
ALDH1A1 deficiency on the intestinal immune system nor reduced ALDH activity in intestinal 
epithelial cells. This observation lead to the hypothesis that other ALDH enzymes might be 
compensating for the loss of ALDH1A1. Using activity-based protein profiling we identified 
ALDH1B1 as a candidate to compensate the loss of ALDH1A1. We then hypothesized that 
both ALDH1A1 and ALDH1B1 are important vitamin A metabolizing enzymes in intestinal 
epithelial cells. 
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In chapter 5, we study the effect of lacking both ALDH1A1 and ALDH1B1 on the intestinal 
immune system. We observed that mice deficient for both these enzymes have reduced 
proportions of regulatory T cells in their lamina propria while at the same time have 
increased levels of IgA in their feces. We therefore hypothesized that ALDH1A1/ALDH1B1 
deficient mice have a more activated immune status in their small intestines. This hypothesis 
implies that ALDH enzymes play a role in the maintenance of intestinal immune homeostasis. 
However, the exact mechanisms behind this will require further study.

Several factors can control the local availability of retinoic acid, including retinoic acid meta- 
and catabolizing enzymes and mechanisms responsible for the transport of retinoic acid 
from cell to cell. However, tools are lacking to study these mechanisms in further detail. In 
chapter 6, we describe the development of “clickable vitamins”. These are artificial probes 
that structurally resembles its natural counterpart: either retinal or retinoic acid. We show 
that clickable retinal and clickable retinoic acid have a similar biological effect on dendritic 
cells. In addition we show that we can visualize the clickable vitamins in cells using flow 
cytometry and proteomics. Therefore, the clickable vitamins might be valuable tools to 
advance the field of retinoid (immune) biology. 

In chapter 7, the content of this thesis is further discussed in a general context while making 
cross-connections between chapter 2-6. In addition, we propose research strategies to 
advance the knowledge on the role of retinoic acid in the immune system in the future. 
Together, this thesis proves that studying the role of retinoic acid in the immune system 
is not a straightforward task. However, we describe new tools to push the knowledge 
boundaries in retinoid biology and this thesis provides new leads to further study the role 
of retinoic acid in immune homeostasis. 
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ABSTRACT

Retinoids are widely used treatment options for patients suffering from various skin diseases. 
Retinoic acid is a retinoid that is known to play a role in immune homeostasis and induces 
the gut homing molecule α4β7 on human lymphocytes in vitro. However, the mechanisms 
by which retinoic acid affects the human immune system in vivo are not well described.

Here, we focus on the working mechanism of alitretinoin, a form of retinoic acid, used in the 
treatment of chronic hand eczema. Chronic hand eczema has been described as an immune 
mediated inflammatory disease and we question whether retinoic acid treatment has an 
effect on circulating lymphocytes in these patients, thereby dampening the inflammatory 
response. We hypothesized that retinoic acid treatment changes the migratory profile in 
lymphocytes in the blood and therewith directs skin-antigen reactive lymphocytes to the 
gut instead of the skin. We collected peripheral blood samples from chronic hand eczema 
patients before and during treatment, allowing each patient to form their own control, 
and addressed whether retinoic acid treatment affected expression of homing receptors, 
immunoglobulin isotypes and immune activation markers on lymphocytes.

Remarkably, while the effects of retinoic acid on the induction of gut or skin homing 
molecules or isotype switching could not be measured, a significant increase in CRTH2 
expressing T cells was observed. This observation suggests that a potential shift from a type 
1 towards a type 2 response may explain the therapeutic benefits of alitretinoin rather than 
the induction of a change in the migratory profile of inflammatory lymphocytes towards 
the skin.
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INTRODUCTION

Retinoids or vitamin A derivatives have been recognized as a therapy for skin related 
diseases for over 40 years1. The vitamin A derivative 9-cis retinoic acid, sold under the 
name Toctino or alitretinoin, is registered as a treatment for chronic hand eczema (CHE). CHE 
develops from hand eczema, which is a common disorder with a 1-year prevalence of up to 
10% amongst adults in the general population2. Of all hand eczema patients, 4-7% develop 
severe CHE, which is defined as a long lasting, relapsing form of hand eczema or hand 
eczema that is unresponsive to topical treatment with corticosteroids3. CHE can severely 
impair the quality of life and can result in economic loss due to occupational disability4,5. 
Treatment with orally administered 9-cis retinoic acid alleviates symptoms in almost 80% of 
the patients and is now used as second-line treatment in CHE patients refractory to topical 
treatment modalities6. Despite its efficacy, the working mechanism of retinoic acid as a 
therapy in CHE is not known. Here, we aim to study these mechanisms in further detail as 
retinoic acid therapy might be useful for a wider scale of pathologies in the future.

CHE is thought to be an immune mediated disease and skin inflammation has been 
associated with an imbalance between T helper (Th) 1 and Th2 cells and elevated levels 
of type 2 innate lymphoid cells (ILCs) in the skin7-9. It has been well described in mice that 
retinoic acid induces the gut homing molecules α4β7 in T cells, B cells, group 1 ILCs (ILC1s) 
and ILC3s and these mechanisms appear to be conserved in human in vitro models10-13. 
In addition, retinoic acid reduces the expression of the skin homing molecule cutaneous 
lymphocyte antigen (CLA) and the lymph node homing molecule L-selectin (CD62L) on 
human lymphocytes in vitro but had no effect on other homing receptors14,15. Therefore, 
the ability of retinoic acid treatment to change homing receptor expression on activated 
lymphocytes might reduce the amount of lymphocytes that migrate to the skin; resulting in 
decreased inflammation in the skin, thereby explaining the success of alitretinoin treatment 
in CHE patients.

Besides its effects on tissue homing receptors, retinoic acid is additionally known for its 
pleiotropic role in immune responses. Although retinoic acid can have a pro-inflammatory 
function depending on the immunological context, it is most known for its anti-inflammatory 
properties and its role in immune homeostasis, especially at mucosal surfaces16. Retinoic 
acid can affect myeloid cells and most lymphocyte subsets. It has been well described 
that naïve T cells convert into a regulatory phenotype under the influence of retinoic 
acid at the expense of the development of Th17 cells17. Furthermore, retinoic acid plays a 
role in balancing Th1 and Th2 phenotypes although the exact mechanisms are still under 
debate16,18,19. In addition, vitamin A deficiency increases ILC2 numbers and reduces ILC3 cells, 
implying that retinoic acid has a role in the induction of a ILC3 phenotype at the cost of an 
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ILC1 and an ILC2 phenotype20-22. Next to this, retinoic acid is described to induce immune 
globulin (Ig) A class switching together with interleukin (IL-) 6 in B cells11. Also, retinoic acid 
inhibits IL-4 dependent isotype switching to IgG1 and IgE in mice23,24. Generally, retinoic acid 
is thought to promote IgA responses but decreases IgE and IgG1 responses next to its role 
in balancing T cell and ILC responses.

Overall, retinoic acid has a role in maintaining immune homeostasis and in directing tissue 
homing of lymphocytes. However, most knowledge concerning the effect that retinoic has 
on the immune system is obtained in mouse models or in vitro human models and describe 
the effects of the all-trans form of retinoic acid. The working mechanism of alitretinoin, 
which is 9-cis-retinoic acid, might be different due to a different conformation of the 
molecule25. There is little information about the effect that has retinoic acid on the human 
immune system in vivo. In this study, we hypothesized that one of the main therapeutic 
benefits of alitretinoin is the change in the expression of homing receptors in reactive 
lymphocytes. Therefore, we focused on the role of RA on the expression of tissue homing 
receptors on lymphocytes. To this extent, we collected peripheral blood mononuclear cells 
(PBMCs) from chronic hand eczema patients before and during treatment with alitretinoin 
and addressed the effects on immunological parameters. Studying these patients gives an 
unique opportunity to investigate the effect of retinoic acid on the composition of human 
lymphocytes in a human in vivo setting. A better understanding of the effects of retinoic 
acid in a human system might help in designing new therapies using this versatile molecule, 
not only for inflammatory skin pathologies but also for other immune mediated diseases.

2
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MATERIALS AND METHODS

Patient material
Patients diagnosed with corticosteroid refractory CHE and subsequently started treatment 
with alitretinoin (Toctino, GSK, Brentford, Middlesex, UK) were recruited upon signing 
informed consent at the outpatient clinic of the department of Dermatology, Amsterdam 
University Medical Centers, location VUmc, Amsterdam, the Netherlands. Blood was drawn 
before start of treatment and during subsequent routine laboratory checkups. Patients were 
treated with varying dosages of 10-30mg (see Table 1) by oral intake of alitretinoin. Healthy 
controls of similar age and gender were selected as a control. The study was approved by 
the Medical Ethical Committee of the Amsterdam University Medical Centers, in line with 
the declaration of Helsinki and according to Dutch law.

Table 1: Patient characteristics

Total 9
Male/female 4/5
Mean age (range), years 47 (23-62)
Dosis 30 mg dd 5

10 mg dd 4
Response Yes 7

Partial 1
No 1

PBMC isolation
Plasma was separated from the cellular fraction of blood by centrifugation. PBMCs were 
subsequently isolated by gradient centrifugation on lymphoprep (d = 1.077, Fresenius Kabi 
Norge AS).

Flow cytometry
For FACS analysis, the following antibodies were used: Lineage markers CD11c (3.9), CD14 
(61D3), CD34 (4H11) and CD94 (DX22, all FITC labeled), CD127-APC (eBioRDR5), c-Kit (CD117)-
PeCy7 (104D2, all eBioscience, San Diego, CA, USA), CRTH2-PE-CF594 (BM16), NKp44 
(CD336)-PE (p44-8.1), CLA-BV421 (HECA-452), CD62L-BV421 (DREG56, all BD Bioscience, 
Mountain View, CA, USA), CD3-BV711 (OKT3), CD19-BV785 (HIB19, both Biolegend, San 
Diego, CA, USA), CD62L-biotin (145/15, Miltenyi Biotec, Bergisch Gladbach, Germany). α4β7 
monoclonal antibody (Act-1, cat#11718) was obtained from Dr. A. A. Ansari through the 
NIH AIDS Reagent Program. The antibody was biotin labeled in house using EZ-link™ NHS 
Biotin (Thermo Fischer Scientific, Waltham, MA, USA) according to manufacturers’ protocol. 
Biotin labeling was detected using Streptavidin-eF605NC (eBioscience, San Diego, CA, USA). 
Exclusion of dead cells was done using Fixable Viability Dye eFluor® 780 (eBioscience, San 
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Diego, CA, USA). Analysis was performed using a LSR-Fortessa X20 (BD Bioscience, Mountain 
View, CA, USA) flow cytometer. Further analysis was done using Flowjo Software version 
10 (Tree Star, San Carlos, CA). Gating was done based on Fluorescence Minus One controls. 
Gating strategy can be found in S1 fig.

Enzyme linked immunosorbent assay (ELISA)
Collected patient plasma samples were tested for the presence of IgG1, IgG2, IgG3, IgG4, 
IgE and IgA using the respective ELISA-Gold kits (eBioscience, San Diego, CA, USA) according 
to manufacturer’s protocol.

RNA isolation and real-time qPCR
RNA was extracted and cDNA was synthesized as described earlier26. qPCR was performed 
using SYBR Green mastermix (Foster City, CA, USA) on StepOne real-time PCR systems from 
Applied Biosystems (Bleiswijk, The Netherlands). Used primer sequences are listed in table 
2. The genes HPRT1 and UBE2D2 were used as reference genes27.

Table 2: Primer sequences used for RT-qPCR

Gene Forward Reverse
Hprt1 CATTATGCTGAGGATTTGGAAAGG CTTGAGCACACAGAGGGCTACA
Ube2d2 CAAAAGTACTCTTGTCCATCTGTTCTCT TCATCTGGATTGGGATCACACA
Il-12 p40 CTTAGGCTCTGGCAAAACCCT TCGCCTCCTTTGTGACAGGT
Il-12 p35 CCACTCCAGACCCAGGAATGT GCAGGTTTTGGGAGTGGTGA
Il-12 p19 GCTTGCAAAGGATCCACCA TCCGATCCTAGCAGCTTCTCA
Il-4 CATCTTTGCTGCCTCCAAGAAC AACGTACTCTGGTTGGCTTCC
Ifnγ TCAGCTCTGCATCGTTTTGG GTTCCATTATCCGCTACATCTGAA
Foxp3 TGGTACAGTCTCTGGAGCAGCA TTGGTCAGTGCCATTTTCCC
Il-10 GAGGCTACGGCGCTGTCAT CCACGGCCTTGCTCTTGTT

Statistics
Statistics were performed on the R statistical computating platform28, using the lme4- and 
lmerTest-packages29,30. The following models are fitted: a) a mixed model with patient as a 
random effect, b) a mixed model with week as a fixed effect and patient as a random effect, 
and c) a mixed model with week as a fixed effect and patient as a random effect within week. 
To assess the week-effect, nested models are compared by means of an ANOVA. Prior to the 
mixed model analysis, percentages were transformed using the %/(100-%)-transformation to 
comply with the normally distributed residual assumption. Mixed models fits were plotted 
as a line per patient and the slope of the line determines the effect of the treatment over 
time, the steeper the slope up or down the more the specific marker is up or down regulated 
over time.

2
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RESULTS

Alitretinoin does not alter the number or composition of lymphocytes in 
peripheral blood in chronic hand eczema patients
CHE patients were recruited before they started oral retinoic acid therapy (alitretinoin) 
and were followed for up to 70 weeks. Therapy was beneficial in almost 80% of patients 
included in the study (table 1). To determine if systemic retinoic acid treatment affected 
the composition and numbers of lymphocytes in peripheral blood, we compared peripheral 
blood of healthy donors who did not receive alitretinoin to CHE patients before and 4-8 
weeks after the start of the treatment, a timeframe in which the effect of the treatment 
was noticeable in patients. Although not significant, a slightly increased number of PBMCs 
was seen in patients before the start of treatment as compared to healthy controls (figure 
1a.). Interestingly, this increase was reduced to levels seen in healthy donors after 4-8 weeks 
of treatment with retinoic acid. When specifically focusing on lymphocytes, retinoic acid 
treatment did not change the absolute numbers of lymphocytes nor the proportions of T 
cells, B cells and ILCs in peripheral blood (figure 1b. and c.). In addition, absolute numbers 
of T cells and B cells per milliliter peripheral blood did not change (figures 1d-f.). However, 
using the additional expression of c-Kit and CRTH2, further subdivision of CD127+Lin- ILCs into 
the different ILC subsets showed that absolute numbers of ILCs and all ILC subsets tend to 
be lower in CHE patients both before and after treatment compared to healthy individuals 
although this difference was not significant (figures 1f. and S2a-d.)31-34.

Numbers of CD62L expressing circulating ILCs are decreased in chronic hand 
eczema patients after treatment with alitretinoin
To address whether retinoic acid treatment could affect lymphocyte homing receptor 
expression as described in mice, samples were analyzed for the expression of gut homing 
molecule α4β7, the skin homing molecule CLA and the lymph node homing molecule CD62L. 
Strikingly, no differences in the expression of α4β7 and CLA on T cells, B cells and ILCs were 
observed in patients before and after 4-8 weeks of treatment (figure 2a-f.). Furthermore, 
the frequency of α4β7 or CLA expressing B cells and ILCs did not differ between patients and 
healthy individuals, while slightly less CLA+ T cells were observed in healthy donors although 
this difference was not significant (figure S3a-f. and figure 2d.). Four patients were followed 
for up to 70 weeks allowing to observe the effects of long term exposure on immune cells. 
When administered for longer periods, no significant changes in the frequency of α4β7 
and CLA expressing cells were seen (data not shown). In addition, the frequency of CD62L 
expressing B- and T-lymphocytes was not affected by the treatment (figure 2g-i.). However, 
a significant decrease in CD62L expressing ILCs was seen when patients were followed over 
a longer period of time (figure S4). This decrease was only seen in ILC1s but not in ILC2 and 
ILC3 (figure S4). Overall, although CD62L expression seemed to decrease upon retinoic acid 
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treatment in ILCs, retinoic acid treatment appeared to have little effect on the lymphocyte 
expression of tissue homing molecules in human peripheral blood.
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Figure 1: Lymphocyte composition in peripheral blood. a. Peripheral blood mononuclear cells (PBMCs) were 
isolated from heparinized blood and counted. After isolation cells were stained for flow cytometry and T cells, 
B cells and ILCs were gated according to the gating strategy shown in figure S1. b. Number of lymphocytes per 
milliliter peripheral blood was determined using flow cytometry. c. Composition of T cells, B cells and ILCs in 
lymphocytes in healthy donors (HD), patients before start of their treatment (t=0) and in patients after 4-8 weeks 
of treatment (t=1). Percentages are shown in the table. Absolute numbers of T cells (d.), B cells (e.) and ILCs (f.) 
per milliliter of peripheral blood.
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Figure 2: Expression of tissue homing receptors on lymphocyte subsets. The expression of the gut homing mol-
ecule α4β7, skin homing molecule CLA and lymphoid tissue homing molecule CD62L was determined using flow 
cytometry in T cells, B cells and ILCs isolated from healthy donor (HD) and patient peripheral blood before treat-
ment (t=0) and after 4-8 weeks of treatment (t=1). a-c. Expression of α4β7 in T cells (a.), B cells (b.) and ILCs (c.). d-f. 
Expression of CLA in T cells (d.), B cells (e.) and ILCs (f.). g-i. Expression of CD62L in T cells (g.), B cells (h.) and ILCs (i.).

Number of CRTH2 expressing circulating T cells is increased in chronic hand 
eczema patients upon treatment
Besides tissue specific homing molecules, the expression of several inflammatory markers 
was investigated in order to address whether retinoic acid treatment could affect the 
inflammatory response. Interestingly, we found an increase in the frequency of type 2 
receptor CRTH2 expressing T cells. This increase only became apparent when patients were 
followed for a longer period of time as no differences in percentage of CRTH2 expressing cells 
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were observed after 4-8 weeks (figure 3a-c.). However, we did not observe any differences 
in the expression of the activation marker NKp44 on ILC3s. Although the percentage of 
NKp44 expressing ILC3 did seem to diminish over time, this was not a significant difference 
(figure 3d-f.).

Then, some additional inflammatory cytokines or transcription factors were analyzed in 
PBMCs isolated from peripheral blood using RT-qPCR. IL-12 p35 and IL-12 p19 can combine 
with IL-12 p40 to form either the Th1 promoting cytokine IL-12 or the Th17 inducing pro-
inflammatory cytokine IL-23, respectively. Although IL-12 p40 seemed to be slightly elevated 
in CHE patients this difference was not significant due to high variation between patients 
and a low sample size (figure 4a.). In addition, no differences in the expression of IL-12 
p35 and IL-12 p19 were observed (figure 4b. and 4c.). Furthermore, we did not observe 
differences in the expression of the Th2 cytokine IL-4 and the anti-inflammatory cytokine 
IL-10 and although an insignificant upward trend was observed after 4-8 weeks of treatment, 
this effect was gone after 20 weeks of treatment (figure 4d. and 4e.). Also, no changes in 
the expression of the Th1 cytokine IFNγ was observed and we found no differences in the 
expression of the regulatory T cell marker Foxp3 (figure 4f. and 4g.). Overall, when we 
looked at inflammatory markers, we observed an increase in CRTH2 expressing T cells upon 
treatment, which is associated with an type 2 response but at mRNA level we did not find 
any significant differences in the expression of inflammatory markers in PBMCs.

Treatment with alitretinoin has no effect on immune globulin levels in pe-
ripheral blood of chronic hand eczema patients
Because retinoic acid is described to induce IgA class switching in B cells, immune globulin 
levels in plasma of both CHE patients and healthy individuals were measured in order to 
investigate the effect of retinoic acid treatment on B cell class switching. Remarkably, no 
changes in IgA plasma levels were observed during the course of treatment (figure 5a.). In 
addition, no changes in other immune globulin levels IgE, IgG1, IgG2, IgG3 and IgG4 were 
observed in patients after 4-8 weeks of treatment and the levels of all immune globulins 
were similar to those found in healthy donor plasma (figure 5a-f.). Interestingly, although 
IgE and IgG1 plasma levels did not appear to differ much between CHE patients and healthy 
individuals in the early phase of treatment, IgE and IgG1 levels appeared elevated after 20 
weeks of alitretinoin treatment although this difference was not significant due to the low 
number of patients at this time point (figure 5b. and 5c.).
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Figure 3: Presence of inflammatory markers in peripheral blood lymphocytes. a. The expression of the type 2 
receptor CRTH2 in T cells in peripheral blood of healthy donors (HD) and patients before treatment (t=0) and after 
4-8 weeks of treatment (t=1). b. Expression of CRTH2 in T cells of CHE patients over time normalized to the levels 
before start of treatment. Each line represents an individual patient. c. Transformed data (points) of the patients 
(distinguishable by different symbols) versus the week in which the observation was made. The lines represent the 
patient-specific mixed model fits as described in Methods (p=0.002). d. The expression of inflammatory activation 
marker NKp44 in ILC3s in peripheral blood of healthy donors (HD) and patients before treatment (t=0) and after 
4-8 weeks of treatment (t=1). e. Expression of NKp44 in ILC3s of CHE patients over time normalized to the levels 
before start of treatment. Each line represents an individual patient f. Transformed data (points) of the patients 
(distinguishable by different symbols) versus the week in which the observation was made. The lines represent 
the patient-specific mixed model fits as described in Methods (p=0.69).
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Figure 4: Expression of inflammatory parameters in peripheral blood mononuclear cells. a-g. RT-qPCR analysis 
on the expression of IL-12 p40 (a.), IL-12 p35 (b.), IL-12 p19 (c.), IL-4 (d.), IL-10 (e.), IFNγ (f.) and FOXP3 (g.) in total 
PBMCs of healthy donors (HD), patients at the start of treatment (t=0) and after 4-8 weeks of treatment (t=1) and 
after more than 20 weeks of treatment (n=3 for all subgroups). Patients for t=2 are not the same patients as for 
t=0 and t=1. Data was normalized for the reference genes HPRT1 and UBE2D2.
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Figure 5: Immune globulin levels in peripheral blood. a-f. Plasma was collected from patient and healthy donor 
peripheral blood samples. The levels of immune globulins in the plasma were determined using ELISA. Healthy 
subjects (HD) are compared with patient samples before start of the treatment (t=0), 4-8 weeks after start of the 
treatment (t=1) and 20 week after treatment (t=2).
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DISCUSSION

The overall aim of the present study was to investigate the effect of retinoic acid on the 
expression of tissue homing molecules in human immune cells in vivo. We followed nine 
CHE patients that were treated with alitretinoin, a form of retinoic acid, for up to 70 weeks. 
Here, we focused on the effects observed in mononuclear cells in peripheral blood as orally 
administered retinoic acid treatment like alitretinoin is more effective in CHE than the 
topical application of retinoids. Because of this systemic effect, we were interested in how 
alitretinoin treatment affected lymphocytes in the blood. Although the composition of 
lymphocytes did not change, and the levels of lymphocytes were only marginally increased 
in peripheral blood before treatment, the levels of lymphocytes did return to healthy donor 
levels in the first 8 weeks of treatment. Therefore, we could speculate that retinoic acid 
might reduce the amount of immune cells in the blood of CHE patients thereby alleviating 
the inflammatory response.

Tissue homing
Since retinoic acid is described to increase the expression of the gut homing molecule 
α4β7 on lymphocytes, we hypothesized that the induction of α4β7 at the cost of CLA could 
explain the effectiveness of alitretinoin treatment in CHE patients. Deranged homing of 
lymphocytes would guide harmful lymphocytes to the gut where they would be harmless 
due to the absence of skin-antigens in the gut. However, no differences in the percentage 
of lymphocytes that express the skin homing molecule CLA nor the gut homing molecule 
α4β7 were found in peripheral blood upon alitretinoin treatment in patients. If anything, 
slightly lower levels of CLA+ T cells were observed in healthy subjects than in CHE patients 
however, this was not significant. Since CLA+ T cells, which are supposedly the main drivers 
in the pathogenesis of atopic dermatitis35, were not affected by alitretinoin treatment while 
clinical improvement was observed, other mechanisms may be responsible for alleviating 
clinical symptoms; for alitretinoin is not curative as symptoms will return when patients 
stop the treatment.

Interestingly, we did observe a decrease in the expression of lymphoid tissue homing 
molecule CD62L on ILC1s, although no differences were seen in other ILC subsets, T cells or 
B cells. CD62L has been described to be mainly expressed on naïve lymphocytes and non-
activated ILC precursors and is consequently seen as a marker expressed by non-activated 
cells31. Therefore, we were expecting an increase of CD62L expressing cells upon treatment 
and not a decrease. However, it has been described that retinoic acid reduces the expression 
of CD62L in cultured human T cells14. Although we did not observe any changes in CD62L 
expressing T cells in our patients, a similar effect of retinoic acid on CD62L expression may 
occur in vivo in ILCs and explain our observations.
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Overall, retinoic acid treatment in humans does not appear to have a great effect on 
the expression of tissue homing molecules in peripheral blood. Here, we were focused 
on peripheral blood because we wanted to investigate the systemic effects of retinoic 
acid treatment. However, since induction of tissue specific homing receptors will allow 
their immediate disappearance from the blood we may have missed such an effect as the 
lymphocytes may have already exited the bloodstream at the time of measurement36. 
However, an ongoing effect of alitretinoin on lymphocytes in the circulation was expected, 
as patients take alitretinoin daily and the elimination half-life of alitretinoin is 2-10 hours37.

Indirect effect
The induction of tissue homing molecule expression is described to occur upon the 
interaction of lymphocytes with dendritic cells in secondary lymphoid organs. It has been 
well described that retinoic acid has an effect on dendritic cells and that lymphocytes 
depend on an exogenous source of retinoic acid for the induced expression of gut homing 
molecules38. In addition, retinoic acid can induce anti-inflammatory capacities in dendritic 
cells13,39. Therefore, skin-residing dendritic cells, such as Langerhans cells and dermal 
dendritic cells, could also be directly affected by retinoic acid treatment and differentiate 
toward a more anti-inflammatory phenotype and reduce inflammation subsequently 
while the effect on lymphocytes in peripheral blood stays below detection limits. Besides 
dendritic cells, retinoic acid is also described to affect keratinocytes directly in CHE 
patients40. Keratinocytes can communicate directly with the underlying immune system in 
the skin and produce cytokines41. Interestingly, it was shown that retinoic acid can affect 
the production of cytokines by keratinocytes directly42. It is possible that keratinocytes 
produce more anti-inflammatory signals upon retinoic acid treatment in CHE patients and 
therefore alleviate symptoms. Here, we cannot exclude the possibility that alitretinoin 
dampens the inflammatory response via dendritic cells or keratinocytes in the skin instead 
of acting on activated lymphocytes directly. Therefore, both these innate compartments can 
be an interesting target for further investigation. However, as orally administered retinoic 
acid treatment is more effective than topical application, it is likely that systemic effects of 
retinoic acid will contribute significantly to its efficacy.

Balancing type 1 and type 2 responses
Although retinoic acid has been described to have a dampening effect on the immune system, 
it can also have inflammatory capacities depending on the immune microenvironment. On 
one hand retinoic acid can induce type 2 responses at the cost of type 1 responses and on 
the other hand retinoic acid is described to induce regulatory T cells at the cost of Th17 
cells25,43-45. Recently, it has also been shown that retinoic acid represses Th9 responses, which 
are involved in the modulation of autoimmunity and allergic responses46. Interestingly, 
we observed an increase in CRTH2 expression on T cells in peripheral blood when we 
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followed patients over a longer period of time. CRTH2 is a marker for circulating Th2 cells 
and therefore this observation might indicate that over the course of treatment, the balance 
between Th1 and Th2 cells shifts more towards a type 2 response47. As CHE is characterized 
by a type 1 response, a shift towards a type 2 response and a possible reduction of Th9 cells 
might explain why patients benefit from retinoic acid treatment. However, we did not find 
any significant differences in the expression of cytokines associated with Th2 versus Th1 
responses, regulatory or inflammatory responses, nor in the expression of the regulatory T 
cell marker Foxp3 in PBMCs of patients after 4-8 weeks or more than 20 weeks of treatment. 
These observations are corresponding with a previous study which did not show any changes 
in the Th1-Th2 balance upon alitretinoin treatment48. On the other hand, we could not 
confirm their observations regarding Th17 and T regulatory cells. This may be explained by 
experimental differences as our observations were done in samples derived from all PBMCs 
at a mRNA level whereas their observations were done at protein level using flow cytometry 
and are hence more precise. However, they did not include CRTH2 in their FACS panel and 
restricted their analysis to IL-4 expression in activated CD4+ T cells, which are described to 
lack CRTH2 as this cell surface receptor is downregulated on activated T cells49. Nevertheless, 
further investigation of T cell subsets will be necessary to draw definitive conclusions on 
the effect of alitretinoin treatment in immune modulation.

In addition, we observed elevated levels of IgE and IgG1 over a longer period of treatment 
which were higher in patients compared to healthy donors although this difference was not 
significant due to low sample size. As IgE and IgG1 are both immune globulins associated 
with type 2 responses, these observations support our idea that the type 1 – type 2 balances 
was shifted more toward a type 2 response50. Although a previous study found decreased 
instead of elevated levels of IgE, this study followed patients for 12 weeks with a maximum 
of 20 weeks whereas we only started to observe a shift towards a type 2 response from 20 
weeks onwards48. Although the beneficial effects of alitretinoin are noticeable from 4 weeks 
of treatment it might therefore take time before these changes are measurable in peripheral 
blood. Nevertheless, additional research will be necessary to establish this hypothesis.

In conclusion, our results do not support our hypothesis that a change in the expression 
of tissue homing receptors might explain the working mechanism of alitretinoin as we 
were not able to observe significant changes in the expression of tissue homing receptors 
on lymphocytes in peripheral blood upon treatment of chronic hand eczema patients. 
Nevertheless, our data rather points towards a shift in the type 1 - type 2 balance towards 
a type 2 response which might be beneficial for patients not only suffering from CHE but also 
patients that suffer from other type 1 associated immune mediated diseases. However, this 
hypothesis will need further study as the exact mechanisms behind alitretinoin treatment 
and the role of retinoic acid in the human immune system remain elusive.
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Figure S1: Gating strategy. Cells were gated following the gating strategy depicted here. First lymphocytes were 
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Figure S2: ILC composition in peripheral blood. Peripheral blood mononuclear cells (PBMCs) were isolated from 
heparinized blood and counted. After isolation, cells were stained for flow cytometry and ILC subsets were gated 
according gating strategy shown in S1 Fig. Absolute numbers of ILC1 (a.), ILC2 (b.) and ILC 3 (c.) per milliliter of 
peripheral blood were shown. d. Composition of ILC1, ILC2 and ILC3 in total ILCs in healthy donors (HD), patients 
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Figure S3: Expression of tissue homing receptors on ILC subsets. The expression of gut homing molecule α4β7, 
skin homing molecule CLA and lymphoid tissue homing molecule CD62L was determined using flow cytometry in 
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Figure S4: Expression of CD62L over time in ILC subsets. The expression of lymphoid tissue homing molecule 
CD62L was determined using flow cytometry in ILCs (a.) and its subsets ILC1 (b.), ILC2 (c.) and ILC3 (d.) and followed 
over time. Expression levels of CD62L in ILCs of individual CHE patients (each line represents one patient) over 
time normalized to the levels before start of treatment (top row) and transformed data (points) of the patients
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ABSTRACT

Tissue resident intestinal macrophages are known to exhibit an anti-inflammatory 
phenotype and produce little pro-inflammatory cytokines upon TLR ligation, allowing 
symbiotic co-existence with the intestinal microbiota. However, upon acute events such 
as epithelial damage and concomitant influx of microbes, these macrophages must be able 
to quickly mount a pro-inflammatory response while more inflammatory macrophages are 
recruited from the blood stream simultaneously.

Here, we show that dietary intake of vitamin A is required for the maintenance of the 
anti-inflammatory state of tissue resident intestinal macrophages. Interestingly, these 
anti-inflammatory macrophages were characterized by high levels of Dectin-1 expression. 
We show that Dectin-1 expression is enhanced by the vitamin A metabolite retinoic acid 
and our data suggests that Dectin-1 triggering might provide a switch to induce a rapid 
production of pro-inflammatory cytokines. In addition, Dectin-1 stimulation resulted in an 
altered metabolic profile which is linked to a pro-inflammatory response.

Together, our data suggests that presence of vitamin A in the small intestine enhances an 
anti-inflammatory phenotype as well as Dectin-1 expression by macrophages and that this 
anti-inflammatory phenotype can rapidly convert towards a pro-inflammatory state upon 
Dectin-1 signaling.
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INTRODUCTION

Macrophages are mostly tissue-resident mononuclear phagocytes that have a tissue-specific 
role besides immune surveillance and clearing of pathogens. Interestingly, macrophages 
are plastic cells that can either have pro- or anti-inflammatory properties. Nevertheless, 
it is not clear how individual macrophages switch between these phenotypes1. To address 
their inflammatory versus regenerative properties, macrophages are often characterized 
as either pro-inflammatory M1 macrophages or anti-inflammatory M2 macrophages, which 
are two ends of a broad spectrum2. While tissue-resident macrophages are often anti-
inflammatory macrophages, pro-inflammatory macrophages dominate the early stages of 
inflammation and it is thought that macrophage polarization happens under the influence 
of environmental cues such as pathogen-associated molecular patterns and cytokines3,4.

In vitro, type one stimuli such as interferon (IFN) γ and lipopolysaccharide (LPS) lead to the 
development of murine M1 macrophages or classically activated macrophages whereas 
type two stimuli such as interleukin (IL)-4 induce murine M2 macrophages or alternatively 
activated macrophages5. Pro-inflammatory M1 macrophages are characterized by their 
production of nitric oxide (NO) and the production of pro-inflammatory cytokines such 
as IL-12, IL-6 and TNFα. Conversely, anti-inflammatory M2 macrophages are characterized 
by high expression of Arginase-1 and anti-inflammatory cytokines such as IL-106. Besides 
the differences in inflammatory capacity, it has also been reported that pro- and anti-
inflammatory macrophages use different metabolic pathways to meet their energy demand7. 
Whereas anti-inflammatory macrophages use oxidative phosphorylation for ATP production, 
pro-inflammatory macrophages rely on glycolysis for the rapid production of ATP and 
biosynthetic intermediates necessary for the production of pro-inflammatory cytokines 
and reactive oxygen species8,9. Overall, macrophages within the tissues can have a broad 
spectrum of functions, of which the pro-inflammatory M1 and anti-inflammatory M2 
classification is an artificial representation of this range of functionalities.

The largest pool of macrophages resides in the intestines10. Here, they form a first line 
of defense for invading pathogens. In addition, gut-resident macrophages have an 
important role in the maintenance of immune homeostasis and produce little pro-
inflammatory cytokines upon TLR ligation11. Therefore, they are capable of clearing invading 
microorganisms without causing inflammation. In most tissues, tissue-resident macrophages 
derive from the yolk sac during embryonic development and do not re-circulate via the 
blood12. However, although embryonic progenitors are able to maintain themselves in 
the intestine, most of the tissue-resident macrophages in lamina propria of the intestines 
are continuously replenished by blood monocytes13,14. When these monocytes enter the 
intestine, they express high levels of Ly6C and intermediate levels of the chemokine receptor 
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CX3CR1, which upon maturation into resident intestinal macrophages changes towards low 
Ly6C expression and high CX3CR1 expression15. These CX3CR1high tissue-resident macrophage 
are described as anti-inflammatory macrophages that play a role in maintaining tissue 
homeostasis16,17. Interestingly, during inflammation, CX3CR1 expression remains low and 
the monocytes entering from the bloodstream appear to differentiate towards macrophages 
with a pro-inflammatory profile15,18.

Because aberrant inflammation in the gut can result in severe pathologies such as 
inflammatory bowel disease or celiac disease, determining the factors that regulate 
the differentiation of entering monocytes might aid the development of therapies for 
these diseases. Previous studies indicated that during intestinal inflammation, incoming 
monocytes develop a pro-inflammatory phenotype under the influence of pathogen 
recognition receptor signaling15,18. On the other side of the spectrum, the vitamin A 
metabolite retinoic acid, readily available in the intestine and required for maintaining 
intestinal immune tolerance, was shown to induce an anti-inflammatory phenotype in 
murine macrophages19,20. Overall, one can state that the intestinal micro-environment 
determines the phenotypic properties of monocytes immediately upon their entry into 
the gut but the exact mechanisms of macrophage polarization in the small intestine need 
further study21.

Here, we aimed to study the mechanisms by which intestinal monocyte differentiation 
is regulated in further detail. We found that retinoic acid indeed induced a more anti-
inflammatory phenotype both in vivo as well as in vitro. Interestingly, anti-inflammatory 
macrophages expressed high levels of the C-type lectin-like receptor Dectin-1, which was 
further enhanced by retinoic acid. Stimulation with the Dectin-1 ligand curdlan appeared 
to rapidly overthrow the anti-inflammatory state of these macrophages by skewing them 
towards a pro-inflammatory phenotype22. The expression of Dectin-1 on anti-inflammatory 
macrophages might act as a safety measure allowing macrophages to switch to a pro-
inflammatory state, for example when the intestinal barrier breaks. In conclusion, our data 
demonstrate that retinoic acid enhances an anti-inflammatory phenotype in macrophages 
and that this anti-inflammatory role can be reversed by Dectin-1 stimulation. Expression of 
Dectin-1 by intestinal macrophages thus creates a mechanism enabling a rapid switch from 
an anti- to a pro-inflammatory phenotype.

3
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METHODS

Mice
C57BL/6 mice (Charles River Laboratories, Maastricht, The Netherlands), were mated 
overnight and the morning of vaginal plug detection was marked as E0.5. Starting at 
E8-E9, pregnant females either received a chemically defined diet that lacked vitamin A 
(the modified AIN-93M feed; MP Biomedicals, Santa Ana, CA, USA) or contained vitamin A 
(4000 IU/kg in the modified AIN-93M feed; MP Biomedicals, Santa Ana, CA, USA) with use 
of vitamin-free casein. All mice were housed under specific pathogen-free conditions. Pups 
were weaned at 4 weeks of age and maintained on the same diet until at least 10 weeks of 
age, when analyses were performed. For the generation of retinoic acid high mice, C57BL/6 
adult mice (12-14 weeks of age) were fed with global 16% protein rodent diet (Harlan, Horst, 
The Netherlands) which contained 4.5 µg retinoic acid per gram dry food supplemented 
with 100 µg retinoic acid per gram dry food or vehicle control for 1-2 weeks (Sigma-Aldrich, 
Zwijndrecht, the Netherlands). Diet was refreshed twice a day to reduce the effects of RA 
degradation by light. All animal experiments were approved by the ethical committee of 
the VU University Medical Center.

Preparation of small intestine cell suspension
Small intestines were dissected and opened longitudinally after removal of Peyer’s patches. 
Small intestines were washed with HBSS without Ca2+ and Mg2+ (Invitrogen, Landsmeer, the 
Netherlands) containing 15 mM HEPES (Invitrogen, Landsmeer, the Netherlands) and 250 μg/
ml gentamicin (Invitrogen, Landsmeer, the Netherlands) to remove luminal contents. Small 
intestinal segments were incubated twice with HBSS containing 5 mM EDTA (Sigma-Aldrich, 
Zwijndrecht, the Netherlands), 15 mM HEPES (Invitrogen, Landsmeer, The Netherlands), 
10% FCS (HyClone Laboratories/Greiner Bio-One, Alphen aan den Rijn, The Netherlands), 
1 μM DTT (Promega Benelux, Leiden, The Netherlands), and 14 mM β-ME (Sigma-Aldrich, 
Zwijndrecht, the Netherlands) for 15 min at 37°C while constantly stirring. Pieces of small 
intestine were minced and digested at 37°C for 20 min, using 150 μg/ml Liberase Blendzyme 
2 (Roche, Penzberg, Germany) and 200 μg/ml DNAse I (Roche, Almere, the Netherlands) in 
HBSS containing 15 mM HEPES and 10% FCS while constantly stirring. The cell suspensions 
were filtered through 70-μm cell strainers (BD Biosciences, Breda, The Netherlands) and 
the recovered cells were washed twice with HBSS without Ca2+ and Mg2+ containing 15 mM 
HEPES. CD45+ cells were positively selected using PE-Cy7–labeled anti-CD45 (clone 30-F11; 
eBioscience/Immunosource, Halle-Zoersel, Belgium) and the EasySep PE positive selection 
kit (StemCell Technologies, Grenoble, France). Purified CD45+ lamina propria cells were 
used as cell suspensions for flow cytometry and analyzed with a Cyan ADP flow cytometer 
(Beckman Coulter, Woerden, the Netherlands).
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Immunofluorescence
Tissues were embedded and frozen in OCT compound (Sakura Finetek Europe, Zoeterwoude, 
The Netherlands), 7μm cryosections were generated, fixed in acetone for 5 minutes and 
air-dried for 10 minutes. Sections were then pre-incubated with PBS supplemented with 
10% (v/v) mouse serum for 15 minutes. Incubation with the primary antibody for 30 minutes 
was followed by incubation with secondary antibodies which were conjugated with Alexa 
fluorophores (Invitrogen Life Technologies, Breda, The Netherlands) for 30 minutes together 
with directly labeled antibodies that did not cross react. All incubations were carried out 
at room temperature. Sections were analyzed on a Leica DM6000 Microscope (Leica 
Microsystems Nederland BV, Rijswijk, The Netherlands).

Antibodies
Anti-CD11c-PE, anti-CD11b-Biotin (both eBioscience, San Diego, USA), and anti-F4/80 (clone 
CI:A3-1) and anti-Dectin-1 (clone 2A11), which were affinity-purified from hybridoma cell 
culture supernatants with protein G-Sepharose (Pharmacia, Uppsala, Sweden), were used 
for immunofluorescence. For FACS analysis anti-CD11c-Pacific Blue, anti-CD11b-APC, 
anti-CD11b-PE, anti-CD45-PE-Cy7, anti-F4/80-PE-Cy5 (all eBioscience, San Diego, USA), 
anti-Dectin-1-FITC (Serotec Oxford, United Kingdom) and unlabeled anti-CX3CR1 (Abcam, 
Cambridge, UK) were used. Live/Dead Fixable Near-IR stain fluorescence (Invitrogen, 
Landsmeer, the Netherlands) was used to exclude dead cells.

In vitro experiments
Bone marrow was obtained by flushing femurs and tibia from wild type C57BL/6 mice using 
1 ml culture media DMEM (Life Technologies, Grand Island, NY, USA) containing 10% FCS, 1% 
L-glutamine, and 1% penicillin-streptomycin (BioWhittaker Europe, Verviers, Belgium). Cells 
were washed with culture media after which they were cultured for 1 week in culture media 
containing 15% conditioned medium from macrophage-colony stimulating factor secreting 
L929 fibroblasts at 37°C. After 1 week, the cells were exposed either to 100 ng/ml IL-4 
(ImmunoTools, Friesoythe, Germany) or with 10 ng/ml Escherichia coli LPS (Sigma Aldrich) 
and 5×103 U/ml IFN-γ (U-CyTech, Utrecht, The Netherlands) for 48 hours. These stimulations 
were done in the presence or absence of 100nM retinoic acid and when indicated, cells were 
subsequently exposed to a specific ligand for Dectin-1 (10 µg/ml Curdlan; Sigma Aldrich, 
Zwijndrecht, the Netherlands) for an additional 24 h. Subsequently, cells were taken up in 
Trizol (Invitrogen, Landsmeer, the Netherlands) for mRNA isolation, while supernatants 
were collected for ELISA.

Quantitative real-time PCR
RNA was isolated from Trizol samples by precipitation with isopropanol and chloroform 
according to manufacturer’s protocol. cDNA was synthesized from total RNA using RevertAid 
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First Strand cDNA Synthesis Kit (Fermentas Life science, Leon-Rot, Germany) according to 
manufacturer’s protocol and qPCR was performed using SYBR Green mastermix (Foster 
City, CA, USA) on StepOne real-time PCR systems from Applied Biosystems (Bleiswijk, 
The Netherlands). Used primer sequences are listed in table 1. The genes cyclophylin and 
ubiquitin were used as reference genes.

Table 1: Primer sequences used for RT-qPCR.

Gene Forward Reverse
Ubq AGCCCAGTGTTACCACCAAG ACCCAAGAACAAGCACAAGG
Cyclo ACCCATCAAACCATTCCTTCTGTA TGAGGAAAATATGGAACCCAAAGA
Il10 GGACAACATACTGCTAACCG GGGGCATCACTTCTACCAG
Il12 AGACCCTGCCCATTGAACTG CGGGTCTGGTTTGATGATGTC
Il6 GAGTTGTGCAATGGCAATTCTG TGGTAGCATCCATCATTTCTTTGT
Arg1 GCTCTGGGAATCTGCATGGGC TGGCAGATATGCAGGGAGTCACC
Tnfa TGGAACTGGCAGAAGAGGCACT CCATAGAACTGATGAGAGGGAGGC
CLEC7A (Dectin-1) TTGAGTTCATTGAAAGCCAAACA CAGAACCATGGCCCTTCACT

Enzyme-linked immunosorbent assay (ELISA)
Supernatants of cell cultures were analyzed for IL-6, IL-12 p70, TNFα and IL-10 using 
respective uncoated ELISA kits (Invitrogen, Landsmeer, the Netherlands) according to 
manufacturer’s protocol. Samples were analysed using a microplate reader (Biorad, 
Veenendaal, the Netherlands)

Nitric oxide assay
Griess reagent consisting of 2.5% H3PO4, 1% sulphanilamide and 0.1% naphtylene diamine 
dihydrochloride (all Sigma Aldrich, Zwijdrecht, the Netherlands) in miliQ water was added 
to supernatants 1:1. Samples were analysed using a microplate reader (Biorad, Veenendaal, 
the Netherlands)

Metabolic extracellular flux analysis
Metabolic flux analysis was performed as detailed earlier23. Briefly, bone marrow-derived 
macrophages were cultured in XF-96-cell culture plates at a concentration of 50 000 cells 
per well (Agilent, Santa Clara, CA, USA). Macrophages were skewed with either IL-4 or 
LPS and IFNγ or remained untreated naïve macrophages. Oxygen consumption (OCR) 
rate and extracellular acidification rate (ECAR) were measured in an XF-96 Flux Analyzer 
(Seahorse analyzer, Agilent, Santa Clara, CA, USA). Changes in OCR and ECAR in response to 
glucose (first injection), oligomycin (second injection), FCCP and pyruvate (third injection) 
and antimycin A and rotenone (fourth injection) were used to calculate all oxidative 
phosphorylation and glycolysis parameters as detailed in figure S2.
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Statistics
Results are given as mean ± SEM. Statistical analysis were performed using GraphPad 
Prism 8 (La Jolla, CA, USA) with either the 2-tailed Student’s t test or Two-Way ANOVA with 
Bonferroni’s correction, significance is indicated by * significance if p<0.05, ** significance 
if p<0.01 or *** significance if p<0.005.

RESULTS

Vitamin A deficient mice show a more pro-inflammatory type of macro-
phages in the small intestine
In order to determine the role of retinoic acid for the homeostatic control of macrophages, 
we used vitamin A deficient (VAD) mice. These mice are completely depleted from vitamin 
A and thus unable to produce retinoic acid. Interestingly, we observed a decrease in 
CD11bhighCX3CR1+CD45+ cells, which include anti-inflammatory macrophages, in the small 
intestines of VAD mice compared to vitamin A competent (VAC) mice while the proportion of 
F4/80+ CD45+ cells, which includes macrophages but also monocytes, eosinophils and some 
dendritic cell subsets, remained unaffected (figure 1a and b.). In addition, we compared the 
gene expression of the anti-inflammatory macrophage markers Arginase-1 and IL-10 and the 
pro-inflammatory macrophage markers IL-12β, TNFa and IL-6 in the small intestine of VAD 
and VAC mice. Interestingly, we observed that the expression of Arginase-1 and IL-10 was 
reduced in VAD mice compared to VAC mice while the expression of IL-12 was enhanced 
in VAD mice (figure 1c-e.). However, expression levels of TNFa and IL-6 were unaffected in 
VAD mice (figure 1f-g.). These results suggested that dietary intake of vitamin A is required 
for maintenance of the resident phenotype and tissue homeostasis.

Retinoic acid reduces the pro-inflammatory phenotype in macrophages in 
vivo and in vitro
Because VAD mice showed to have pro-inflammatory type macrophages in the small 
intestine, we questioned whether addition of retinoic acid to the diet could have the 
opposite effect and would result in more anti-inflammatory macrophages. Addition of 
retinoic acid to the diet for 2 weeks resulted in more CD11bhighCX3CR1+ CD45+ cells, which 
include anti-inflammatory macrophages, when compared to mice fed with the control 
diet (figure 2a. and 2b.). In addition, we observed a reduced gene expression of the pro-
inflammatory markers IL-12 and TNFa in the small intestine of mice that received retinoic 
acid-supplemented diet, while the expression of IL-10, associated with anti-inflammatory 
macrophages, was increased (figure 2d-f.). However, no differences in the expression of 
Arginase-1 and IL-6 between these animals were observed (figure 2c. and figure 2g.).
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Figure 1: The small intestines of vitamin A deficient mice have a more pro-inflammatory macrophage phenotype.  
Mice were either raised on a vitamin A deficient (VAD) or a vitamin A conventional (VAC) diet. The small intes-
tine was removed, made into a single cell suspension and CD45+ cells were analyzed by flow cytometry for their 
proportion of CD11b and CX3CR1 (a.) and F4/80 (b.). Additional gating strategies can be found in figure S1. In 
addition, small intestines of both VAD and VAC mice were analyzed by qPCR for the expression of Arginase-1 (c.), 
IL-10 (d.), IL-12 (e.), TNFα (f.) and IL-6 (g.). Expression was normalized to the reference genes Cyclophylin and 
Ubiquitin. Relative expression to the control group was shown. Significant differences are indicated by * (p<0.05), 
** (p<0.01) or *** (p<0.005) (n=10 ±SEM).
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Figure 2: Retinoic acid reduces pro-inflammatory properties in macrophages in vivo. Mice were either raised on 
a normal control diet (control) or a diet supplemented with retinoic acid (+RA). The small intestine was removed, 
made into a single cell suspension and CD45+ cells were analyzed by flow cytometry for their proportion of CD11b 
and CX3CR1 (a. and b.). In addition, small intestines of both control mice and mice that were fed with a diet com-
plemented with retinoic acid were analyzed by qPCR for the expression of Arginase-1 (c.), IL-10 (d.), IL-12 (e.), TNFα 
(f.) and IL-6 (g.). Significant differences are indicated by * (p<0.05), ** (p<0.01) or *** (p<0.005) (n=5-10, ±SEM).

To further substantiate our data, we added retinoic acid to naïve, pro-, and anti-
inflammatory skewed bone-marrow derived macrophages in an in vitro model and we 
observed an increased gene expression of Arginase-1 compared to control cells (figure 
3a.). In addition, we observed a reduction in the expression of IL-12 in pro-inflammatory 
skewed macrophages after addition of retinoic acid to the culture (figure 3b.), while this did 
not impact the expression of TNFa (figure 3c.). In addition, we analyzed the supernatants 
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of the cell cultures for NO concentration and the presence of IL-12, TNFa, IL-6 and IL-10 
(figure 3d-h.). Corresponding with the increased expression of Arginase-1, which can inhibit 
the production of NO, we observed reduced levels of NO in supernatants derived from 
LPS/IFNγ skewed macrophages treated with retinoic acid (figure 3d.). However, retinoic 
acid treatment did not alter the production of IL-12, TNFa, IL-6 or IL-10 (figure 3e-h.). 
Nevertheless, our data suggest a role for retinoic acid in maintaining a resident anergic 
state in macrophages.
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Figure 3: Retinoic acid reduces pro-inflammatory properties in macrophages in vitro. Bone-marrow derived 
macrophages stimulated with LPS and IFNγ or IL-4 or naïve macrophages cultured with (in black) or without (in 
grey) the presence of retinoic acid for 48 hours were analyzed for the expression of Arginase-1 (a.), IL-12 (b.) 
and TNFα (c.). Expression was normalized to the reference genes Cyclophylin and Ubiquitin. Concentrations of 
nitric oxide (d.), IL-12 (e.), TNFα (f.), IL-6 (g.) and IL-10 (h.) were determined in supernatants of cell cultures. Data 
for nitric oxide was normalized to the unstimulated samples. Concentrations of NO and IL-12 did not exceed 
detection limit in naïve and IL-4 treated cells. IL-10 concentrations could not be quantified in IL-4 treated 
macrophages. Significant differences are indicated by * (p<0.05), ** (p<0.01) or *** (p<0.005) (n=3-10, ±SEM).

Retinoic acid enhances the expression of Dectin-1
Interestingly, we observed an overall reduced expression of the β-glucan receptor Dectin-1 
in the small intestines of VAD mice using RT-qPCR (figure 4a.). This reduction was confirmed 
to be specific for CD11b+ macrophages, as determined by flow cytometry (figure 4b.). Using 
microscopy, this reduction of Dectin-1 was confirmed to be restricted to CD11b+CD11c- cells 
present in the lamina propria of mice on vitamin A sufficient diet, and strongly reduced in 
the lamina propria of mice fed a vitamin A-deficient diet (figure 4c.). Moreover, dietary 
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intake of retinoic acid further induced the expression of Dectin-1 compared to mice fed 
with a control diet (figure 4d. and e.). To check whether retinoic acid can directly induce 
Dectin-1 in macrophages, retinoic acid was added to the in vitro cultures. In these cultures, 
retinoic acid induced Dectin-1 only in naïve macrophages while the addition of retinoic acid 
did not affect the expression of Dectin-1 in macrophages treated with LPS and INFγ or IL-4 
(figure 4f.). Remarkably, the expression of Dectin-1 was distinctly higher in IL-4-treated 
macrophages regardless of the addition of retinoic acid (figure 4f.). These data suggest that 
retinoic acid plays a role in the induction of Dectin-1 expression in naïve macrophages and 
that Dectin-1 is highly expressed by anti-inflammatory macrophages both in vivo and in vitro.

Dectin-1 ligation enhances a pro-inflammatory phenotype in IL-4-treated 
macrophages
As Dectin-1 is highly expressed by anti-inflammatory macrophages, we hypothesized that 
this might act as a mechanism to overthrow the anti-inflammatory phenotype in case of an 
acute infection for example upon barrier breach. To study the functional effects of Dectin-
1 signaling in these cells, we stimulated bone marrow derived macrophages, untreated 
or skewed with either LPS and IFNγ or IL-4, with the Dectin-1 ligand curdlan for 24 hours. 
Then, we analyzed the expression levels of Arginase-1, IL-12, TNFα and IL-6 (figure 5a-
d.). As expected, stimulation with curdlan did not affect LPS/IFNγ treated macrophages. 
However, the expression of Arginase-1 was greatly reduced upon treatment with curdlan 
in IL-4 treated macrophages (figure 5a.). At the same time, the expression of IL-12, TNFα 
and IL-6 was significantly elevated in IL-4 treated macrophages upon Dectin-1 stimulation 
(figure 5b-d.). In addition, we observed an increased production of IL-10, TNFα and IL-6 in the 
supernatants of cultured IL-4 treated macrophages and untreated macrophages as a result 
of Dectin-1 triggering while IL-12 production was increased in IL-4 treated macrophages 
but not in naïve macrophages (figure 5e-h. and figure S2). As pro- and anti-inflammatory 
macrophages are described to be metabolically distinct, we questioned whether Dectin-
1 ligation impacted the metabolic status of IL-4 treated macrophages. Therefore, we 
performed extracellular flux analysis to measure the oxygen consumption rate (OCR) as a 
measurement of mitochondrial oxidative phosphorylation, and the extracellular acidification 
rate (ECAR) as a measurement of glycolysis. We observed that retinoic acid stimulation 
does not affect the metabolic state of IL-4 stimulated macrophages. Conversely, Dectin-1 
stimulation with curdlan, induced a reduction in oxidative phosphorylation and an increase 
in glycolysis in IL-4-stimulated macrophages, a shift to a metabolic state that is characteristic 
of pro-inflammatory macrophages (figure 5i.)24. Together, these observations indicate 
that Dectin-1 ligation induces both a phenotypic and metabolic shift towards a more pro-
inflammatory profile in macrophages.

3



70

Chapter 3

VA
C

VA
D

Dectin-1 Merge

100µm

100µm

Naive LPS/IFNγ IL-4
0
1
2

Dectin-1

2.5

5.0

7.5

10.0

12.5

***

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

Dectin-1

Control +RA
0

50

100

150

200

250

300

350 *

M
FI

Dectin-1

Control +RA
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5 *

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

a. b.

c.

d. e. f.

Dectin-1

VAC VAD
0.0

0.2

0.4

0.6

0.8

1.0

1.2 **

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

Control
+RA

CD11bhigh Dectin-1+

0

5

10

15

20
***

%
of

 C
D

45
 +

 ce
lls

VAC VAD
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DISCUSSION

The role of retinoic acid in maintaining immune homeostasis has been recognized for 
more than 100 years but is yet to be completely understood25. Here, we show that retinoic 
acid plays a role in the induction of anti-inflammatory properties in macrophages in the 
small intestine. We observed a reduction of CD45+CD11bhighCX3CR1+ anti-inflammatory 
macrophages in the small intestine of VAD mice while the total amount of CD45+F4/80+ 
macrophages was unaffected. In addition, qPCR analysis of the small intestine of VAD mice 
revealed a reduced expression of the anti-inflammatory macrophage markers Arginase-1 and 
IL-10 but an increased expression of the pro-inflammatory cytokine IL-12 compared to VAC 
mice. Overall, these observations indicate that although the total amount of macrophages 
is unaffected, the inflammatory signature of macrophages in the small intestine of VAD 
mice has shifted towards a more pro-inflammatory profile; suggesting a regulatory role 
for retinoic acid in intestinal macrophages as also been reported in previous studies19,20. In 
addition, a previous study has shown that vitamin A deficiency aggravates colitis in a DSS 
model whereas vitamin A supplementation ameliorated colitis in mice26,27. Vitamin A thus 
has an important role in the maintenance of anti-inflammatory responses in the intestine 
and our data now show that the intestinal macrophages are likely to also participate in these 
pro- and anti-inflammatory responses.

Moreover, a possible regulatory role for retinoic acid in intestinal macrophages was 
supported by the observation that the addition of retinoic acid to the diet of mice resulted 
in an induction of CD45+CD11bhighCX3CR1+ anti-inflammatory macrophages and reduced 
expression of the pro-inflammatory cytokines IL-12 and TNFα but induced expression of 
IL-10 in the small intestine; which is in line with previously reported in vitro and in vivo 
studies in both mouse and human28,29. In vitro we showed that bone marrow derived 
macrophages skewed towards a pro-inflammatory phenotype using LPS and IFNγ expressed 
higher levels of Arginase-1, resulting in a reduced production of NO upon treatment with 
retinoic acid. In addition, retinoic acid reduced the expression of IL-12 in LPS/IFNγ treated 
macrophages although we did not observe a difference in IL-12 production upon retinoic acid 
treatment. Overall, these observations suggest that retinoic acid can impact macrophages 
phenotypically and functionally by enhancing an anti-inflammatory response in the small 
intestine.

Interestingly, we observed that macrophages with anti-inflammatory properties have 
high expression levels of the β-glucan receptor Dectin-1. Moreover, we observed a 
reduction in Dectin-1 expression levels in macrophages in the small intestine of VAD 
animals whereas increased Dectin-1 expression was observed in the small intestines of 
mice fed with a retinoic acid supplemented diet. Furthermore, addition of retinoic acid to 
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in vitro cultured naïve bone marrow derived macrophages induced Dectin-1 expression 
levels. These observations suggest that retinoic acid might play a role in the induction of 
Dectin-1 expression in macrophages. However, when we stimulated naïve macrophages 
with retinoic acid in the presence of the pan-retinoic acid receptor agonist BMS, we were 
not able to block the induction of Dectin-1, suggesting that the effect of retinoic acid was 
independent of retinoic acid receptor binding (data not shown). Interestingly, a previous 
study showed that retinoic acid reduced the expression of Dectin-1 in human monocytes 
during a Candida Albicans infection but that this effect was independent of retinoic acid 
receptor signaling30. As it was shown that retinoic acid can have a differential effect on 
macrophages depending on the presence or absence of an immune challenge, it could be 
that the effect of retinoic acid on Dectin-1 expression level depends on the inflammatory 
context31. Together, these observations suggest that retinoic acid is involved in enhancing 
the expression levels of Dectin-1 in macrophages under homeostatic conditions but that 
this is not directly depending on retinoic acid receptor mediated signaling.

In addition, Dectin-1 stimulation in vitro resulted in an increased production of the cytokines 
IL-10, IL-12, TNFα and IL-6 in Dectin-1 high expressing IL-4 stimulated macrophages, 
suggesting a switch towards a pro-inflammatory state. Furthermore, Dectin-1 ligation 
resulted in a metabolic shift from oxidative phosphorylation towards glycolysis in IL-4 
stimulated macrophages, which is also characteristic of a pro-inflammatory response24. And 
thus, retinoic acid appeared to enhance an anti-inflammatory phenotype while it did not 
affect pro-inflammatory (data not shown) or Dectin-1 stimulated macrophages. However, 
it should be noted that these experiments were performed in bone-marrow derived 
macrophages as an artificial model. LPS/IFNγ treated bone-marrow derived macrophages 
have stronger cytokine responses than intestinal tissue resident macrophages due to the 
LPS stimulation. Furthermore, IL-4 signaling is mediated via Stat6, which has been shown 
to reduce IL-10 expression and might explain why we observed less IL-10 production in IL-4 
treated macrophages than in naïve macrophages upon Dectin-1 triggering32. Nevertheless, 
we observed that retinoic acid can reduce both nitric oxide production and IL-12 expression 
in IL-4 treated macrophages. Together, these observations translate to a hypothesis that the 
expression of Dectin-1 might act as a safety switch to quickly induce a pro-inflammatory 
profile in macrophages in the gut in acute situations such as barrier breach.

This mechanism might be important because intestinal macrophages are less responsive 
towards TLR signaling15,33,34. However, unlike TLRs, Dectin-1 is capable of discriminating 
between soluble and particulate ligands. This means that Dectin-1 is differentially activated 
depending on the size of the ligand and it was shown that Dectin-1 activation by whole 
glucan particles (such as curdlan) induces a stronger inflammatory response35. This 
differential downstream signaling via Dectin-1 enables macrophages to distinguish the 
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presence of microbes from microbe-derived peptides. Because intestinal macrophages 
line the epithelium and sample the intestinal lumen, anergy towards soluble microbial 
ligands prevents an unnecessary inflammatory response. The high expression of Dectin-1 
however, will enable intestinal macrophages to respond quickly upon an influx of intact 
microbes, ensuring adequate protection in acute situations. Together, these interpretations 
suggest that Dectin-1 expression is important for tissue-resident intestinal macrophages 
and that retinoic acid regulates Dectin-1 expression levels on incoming monocytes during 
homeostasis, providing a safety switch in case of an acute situation. In human, Dectin-
1 deficiency results in impaired cytokine responses upon fungal infection and recurring 
mucocutaneous infections36. It has therefore been hypothesized that Dectin-1 deficiency 
leads to fungal dysbiosis. Interestingly, it has been shown that fungal dysbiosis in the 
intestine results in elevated susceptibility to intestinal inflammation and has been associated 
with inflammatory disease37,38. Therefore, retinoic acid might prevent the development of 
fungal dysbiosis by enhancing Dectin-1 expression in intestinal macrophages and therewith 
provide another mechanism to reduce the risk of developing intestinal inflammation.

Here, we show that retinoic acid enhances an anti-inflammatory phenotype in the small 
intestine of mice. In addition, we observed that anti-inflammatory macrophages express 
high levels of the β glucan receptor Dectin-1 and that this expression is enhanced by retinoic 
acid under homeostatic conditions. As we observed that Dectin-1 ligation induced a pro-
inflammatory response, our data suggest that the high expression of Dectin-1 on anti-
inflammatory macrophages in the gut might act as a mechanism to ensure a rapid response 
towards microbes upon barrier breach. This might play an important role in preventing 
the development of fungal dysbiosis. Together, our data provides valuable insights in the 
mechanisms behind the maintenance of immune homeostasis in the small intestine.
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Figure S1: Gating strategy Small intestines were removed and made into a single cell suspension. Live CD45+ cells 
were analyzed for CX3CR1 and CD11b expression and a gate for CD11bhighCX3CR1+ macrophages was set. b. Gating 
strategy to determine proportion of F4/80+CD45+ cells of all lamina propria cells in vitamin A competent (VAC) 
and vitamin A deficient (VAD) mice.
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Figure S2: Effects of Dectin-1 stimulation in naïve macrophages. Bone marrow derived macrophages were cultured 
for 24 hours with or without retinoic acid and were stimulated with the Dectin-1 ligand curdlan for an additional 
24 hours a-d. Concentration of IL-10 (a.), IL-12 (b.), TNFα (c.) and IL-6 (d.) in the supernatants of cell cultures of IL-4 
stimulated or LPS/IFNγ stimulated macrophages after stimulation with or without curdlan determined by ELISA. e. 
Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of naïve macrophages after stimulation 
with retinoic acid or curdlan. Various metabolic parameters were determined as described in figure S3. Changes 
in OCR and ECAR over time are represented in figure S4. Significant differences are indicated by * (p<0.05), ** 
(p<0.01), *** (p<0.005) or **** (p<0.001) (n=3, ±SEM).
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Figure S3: Analysis method extracellular flux assay. a. When analyzing the oxygen consumption rates (OCR in 
pMoles/min), oligomycin injection allows to calculate the oxygen consumption used for mitochondrial ATP synthe-
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corresponding OCR measurements yield data about the maximal and spare respiratory capacity. Finally, injection 
of rotenone (Rot) and antimycin A (AA) block mitochondrial complex I and III and the residual OCR represents the 
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rate (ECAR in mpH/min) represents the glycolysis rate. The additional increase in ECAR after ATP synthase inhibition 
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After normalization for cell numbers using protein concentration, following metabolic parameters are calculated 
as follows:

Basal respiration = OCR(6) - OCR(15)

Proton leak = OCR(9) – OCR(15)

ATP production = OCR(6) – OCR(9)

Maximum respiration = OCR(12) - OCR(15)

Spare respiratory capacity = OCR(12) - OCR(6)

Non glycolytic acidification = ECAR(3)

Glycolysis = ECAR(6) – ECAR(3)

Maximum glycolytic capacity = ECAR(9) – ECAR(3)

Glycolytic reserve= ECAR(9) - ECAR(6)
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ABSTRACT

Retinoic acid derived from dendritic cells (DCs) not only induces gut homing in T and B cells, 
but also the expression of Foxp3 in T cells and IgA class switching in B cells. Our previous 
data suggested that intestinal epithelial cells (IECs) play an important role by inducing the 
production of retinoic acid in DCs and indicated that the expression of the retinaldehyde 
dehydrogenase ALDH1A1 in IECs was involved with this.

To study this in more detail, we analyzed the gut associated immune system of ALDH1A1 
knock out mice. However, we found no immunological alterations in these mice and 
hypothesized that ALDH enzymes other than ALDH1A1 might compensate in order to 
maintain immune homeostasis. We developed an activity based probe that could bind 
covalently to all active retinaldehyde dehydrogenases. With the use of activity-based protein 
profiling (ABPP), we show that additional active aldehyde dehydrogenases (ALDHs) could 
be isolated from small intestinal epithelial cells.

We propose that these ALDHs could compensate for the loss of ALDH1A1 in order to 
maintain sufficient levels of retinoic acid within epithelial cells, thereby safeguarding 
intestinal (immune) homeostasis.

4



84

Chapter 4

INTRODUCTION

The small intestine is a body site with a high load of foreign antigens derived from food 
or microbiota. Most of these foreign substances, however, are not harmful but in fact 
beneficial to the host. It is therefore important that the immune system does not elicit 
an inflammatory response towards these antigens as derailed inflammatory responses 
towards harmless antigens can lead to food-allergies and inflammatory bowel diseases. 
The maintenance of immune homeostasis is therefore a pivotal aspect in the intestine.

Retinoic acid, the active metabolite of vitamin A, has been well described to have a role in 
maintaining immune homeostasis in the intestine1. Vitamin A, or retinol, is metabolized via 
retinal into retinoic acid by enzymes which are part of the aldehyde dehydrogenase (ALDH) 
enzyme family2. The ALDH enzyme family consists of at least 21 members in mice and 19 in 
human. The enzymes ALDH1A1, ALDH1A2 and ALDH1A3 have the highest affinity for retinal 
and are therefore thought to be the most important players in the production of retinoic 
acid2. Therefore, ALDH1A1, ALDH1A2 and ALDH1A3 are often described as retinaldehyde 
dehydrogenase (RALDH) 1, 2 and 3.

Retinoic acid plays an important role in the homeostasis of both gut resident macrophages 
and dendritic cells (DCs)3. These cells are instrumental for the maintenance of tolerance in 
the intestine and are often referred to as “tolerogenic” DCs or macrophages. Here, we will 
focus mainly on the role of dendritic cells as these cells are an important source of retinoic 
acid for lymphocytes in the gut4,5. Although the exact characteristics of “tolerogenic” DCs 
are still under debate we will define them here as DCs that are positive for CD103 and 
express high levels of ALDH1A26,7. This high expression of ALDH1A2 allows DCs to metabolize 
retinal into retinoic acid, making them the key source of retinoic acid for lymphocytes in 
the gut.

Retinoic acid derived from dendritic cells enhances, together with TGFβ, the expression of 
Foxp3, one of the main characteristics of T regulatory cells4,8. In addition, retinoic acid plays 
a role in isotype class switching in B cells towards IgA, which is important in neutralizing 
bacteria in the gut9,10. However, dendritic cells depend on an exogenous source of retinoic 
acid in order to be able to express ALDH1A27,11. It is of importance to determine this 
exogenous source as reduced numbers of “tolerogenic” DCs may lead to reduced tolerance 
in the gut. The local microenvironment in the gut is a likely source of retinoic acid for DCs 
as both intestinal epithelial cells and stromal cells in the lamina propria have been shown 
to constitutively express ALDH enzymes7,12.
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In addition, it was shown that DCs cultured in the presence of intestinal epithelial cells 
or lamina propria stromal cells had more ALDH activity and were able to induce Foxp3 
expression in T cells more efficiently12-14. Furthermore, intestinal epithelial cells are not 
depending on vitamin A for their expression of ALDH1A1, which has been described as 
the ALDH enzyme responsible for retinal metabolism in these cells7. In addition, it was 
shown that mice with depleted retinoic acid receptor α signaling or mice that lacked retinoic 
acid carrier proteins in their intestinal epithelial cells have an underdeveloped immune 
system15,16. Together, these observations indicate that retinoic acid signaling in intestinal 
epithelial cells plays an important role in intestinal immune regulation and ALDH1A1 appears 
to be an important enzyme to keep the availability of retinoic acid in the intestine on par.

Interestingly, we previously found that mice fed with a low fiber diet have lower ALDH1A1 
expression levels in intestinal epithelial cells17. Moreover, these mice appeared to have 
less regulatory T cells in their intestines and less IgA in their luminal contents17. Therefore, 
we hypothesized that intestinal epithelial cells are the main source of retinoic acid for 
imprinting the immune system in the intestine and that levels of retinoic acid available for 
immune cells would vary depending on ALDH1A1 expression levels in these cells. As we 
showed that intake of high levels of dietary fibers coincided with increased expression of 
ALDH1A1, we surmised that the diet might be a potential treatment strategy to improve 
immune homeostasis in the gut.

To study this in more detail, we obtained ALDH1A1 deficient mice18. Nevertheless, we did 
not observe any immunological differences in the small intestine between wild type and 
ALDH1A1 deficient mice, possibly due to redundant ALDH enzymes. Subsequent analysis 
of ALDH activity showed that the Aldefluor assay was not sensitive enough to pick up 
differences in ALDH expression. To get more insight in the activity of ALDH enzymes active in 
Aldh1a1-/- epithelial cells we made use of activity-based protein profiling. Using this method 
with our own designed activity based probe we identified that next to ALDH1A1, ALDH1B1 
could specifically bind and metabolize retinal and that the expression of ALDH1B1 might 
be controlled by dietary fibers in a similar manner as ALDH1A1. Together, we demonstrate 
a new method to study ALDH enzymes, which allowed the identification of ALDH1B1, as 
an enzyme that can also bind retinal and that has potentially a role in intestinal immunity.

4
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METHODS

Mice
ALDH1A1 deficient mice18 were obtained from The Jackson Laboratory, USA (stock #012247), 
and were bred heterozygous x heterozygous, generating wild type, heterozygous, and knock 
out animals within the same litter. Both male and female mice were used aged 6-20 weeks. 
Mice were housed under specific pathogen free conditions at the VU University Animal 
Facility. All experiments have been approved by the VU University Scientific and Animal 
Ethics Committees according to Dutch law.

Ex vivo single cell suspensions
Small intestines and mesenteric lymph nodes were dissected from mice. Luminal contents 
were collected in 1 ml PBS and stored at -20 °C. Then, intestines were opened longitudinally 
and washed in phosphate-buffered saline without calcium (D-PBS) (Gibco, Life Technologies, 
Paisley, United Kingdom) to remove all fecal contents. To isolate intestinal epithelial cells, 
the intestines were transferred to 1x Hank’s Balanced Salt Solution (HBSS) (Invitrogen, 
Breda, The Netherlands) containing 5% Fetal Calf Serum (FCS) (HyClone Laboratories/
Greiner Bio-One, Alphen aan den Rijn, The Netherlands) and 2.5mM EDTA (Sigma Aldrich, 
Zwijndrecht, The Netherlands) for 30 minutes on ice. Tissues were vortexed vigorously to 
remove the epithelial cells. The remaining tissue and the mesenteric lymph nodes were 
minced and incubated separately while constantly stirring for 30 minutes in 37°C in HBSS + 
5% FCS + 0,5 mM collagenase IV (Roche, Penzberg, Germany) in order to obtain a single cell 
suspension of the lamina propria and the mesenteric lymph nodes, respectively. The lamina 
propria suspension was filtered through a 70 µm cell-strainer (BD Biosciences, Breda, The 
Netherlands) and washed once with HBSS containing 5% FCS. Suspensions were either used 
for FACS analysis or taken up into Trizol for qPCR analysis.

In vitro experiments
As an in vitro model for intestinal epithelial cells, the mouse intestinal epithelial cell line 
mICcl2 was used19. Cells were cultured in DMEM/Ham’s F-12 (Gibco, Life Technologies, Paisley, 
United Kingdom) complemented with 2% fetal calf serum (HyClone Laboratories/Greiner 
Bio-One, Alphen aan den Rijn, The Netherlands), 20 mM HEPES (Gibco, Life Technologies, 
Paisley, United Kingdom), 10 ng/ml epidermal growth factor (Invitrogen, Waltham, MA, 
USA), 2 mM glutamine, 60 nM selenium, 5ug/ml transferrin, 20 mM D-glucose, 50nM 
Dexamethasone, 5ug/ml insulin and 1nM triiodothyronine (all Sigma Aldrich, Zwijndrecht, 
the Netherlands). Cells were stimulated with 1 mM sodium butyrate (Sigma Aldrich, 
Zwijndrecht, the Netherlands). After stimulation supernatant was removed and cells were 
stored in Trizol (Invitrogen, Waltham, MA, USA) or a single cell suspension was made for 
FACS analysis.
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Flow cytometry
The ALDEFLUOR assay kit (StemCell Technologies, Grenoble, France) was used to measure 
ALDH activity using flow cytometry according to the manufacturer’s protocol. In some 
cases cells were incubated with an increasing series of retinal (Sigma Aldrich, Zwijndrecht, 
the Netherlands) as a competitive substrate while the Aldefluor assay was performed. 
Subsequently, cells were stained with anti-Epcam-PE, anti-CD45-PE-Cy7, anti-CD11c 
e450 (eBioscience, Amsterdam, the Netherlands), anti-MHCII 647, anti-CD103-biotin (BD 
Bioscience, Breda, The Netherlands), and Streptavidin eFluor 605NC (both eBioscience, 
Amsterdam, the Netherlands). anti-podoplanin (clone GP38, made in house), anti-CD45-
viogreen (Miltenyi Biotec, Leiden, The Netherlands), anti-CD31-PE-Cy7 (eBioscience, 
Amsterdam, the Netherlands) and goat-anti-hamster 647 (Invitrogen, Landsmeer, 
the Netherlands). 7-AAD (Thermo Fisher Scientific, Breda, The Netherlands) and DAPI 
(Invitrogen, Landsmeer, the Netherlands) were used to discriminate between live and death 
cells. Cells were analyzed with LSR Fortessa X-20 (BD care, Erembodegeme, Belgium). Data 
was analyzed using FlowJo software (Tree Star, Ashland, OR, USA).

RT-qPCR
RNA was isolated from Trizol samples using chloroform and subsequent isopropanol 
precipitation (both Sigma Aldrich, Zwijndrecht, the Netherlands). Then cDNA was made 
from total RNA using the RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific, 
Landsmeer, the Netherlands) according to manufacturer’s protocol. Real time qPCR was 
performed on a reaction mix containing cDNA, 300 nM of each primer and SYBR Green 
mastermix (Thermo Fisher Scientific, Landsmeer, the Netherlands) using StepOnePlus Real-
Time PCR systems (ThermoFisher Scientific, Waltham, MA, USA). Used primer sequences 
are listed in table 1. The genes cyclophylin and ubiquitin were used as reference genes.
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Table 1: Primer sequences used for RT-qPCR.

Gene Forward Reverse
Aldh1 GGGGTGACTTGTGTGAAACC CATCTACCACGGTGTACTGGG
Aldh1a1 CTCCTCTCACGGCTCTTCA AATGTTTACCACGCCAGGAG
Aldh1a2 TCATCAAAACCCTGAGGTATTATGC GGGCTCGTGTCTTGTGAAAGTAA
Aldh1a3 GTGTGCTTCACCAGGCATGA ACCCAAGAACAAGCACAAGG
Aldh1a7 TGCTATTTGGCTGTCCCTGTC TCTCTTCACTCTGCTGGCTTC
Aldh1b1 CTGCTGAACTGACCGGAGAAC TTGGGATTGGGTTCGGGAGA
Aldh1l1 CTGGAGCTGGGTGGAAAGTC TGGTATCTCTGTCCAGGGGG
Aldh1l2 ACTTACGCCACTGTCAACCC GTGTAGACAGCCCCGGAATC
Aldh2 CTTTATCCAGCCCACCGTGTTC ATATTTTACTGGGTTGAGGAGCA
Aldh3a1 GCTTGGAGCGAGGACTTTGA TTCTTGCGCAGGTTAGAGGC
Aldh3a2 CGGAGGATGGTGCAAGAG TAGCAGGTTCTTCTTAGCCGG
Aldh3b1 GCCACTTCCTCCGAGACAAC CAATCTCAGACACCTCGGCC
Aldh3b2 CCCCACCCACCACCTGTTAG GAGTCCGCCCTGCATTGAA
Aldh3b3 AAGGCAAACACCCACGAGC CATGTCTGACTCGAAGCCTG
Aldh4a1 AGCAGGATCAAAGTGGGGGA CTGTGGGTCCTTGCTCTCAAT
Aldh6a1 TCTGGGTTTGTTTCGAGGCTAT AGCTTTGGTGGACTGAGGAAC
Aldh7a1 GCGTCACCATCACAAAACTC GTATTCTGGGCATGCTCGTTC
Aldh8a1 GCATTACACCGTTCGCACC TATCACGGTATTCCCAGCAGC
Aldh9a1 AAACTTGGCCGTTGAGAATGC AAGTGTCAACATCCAGGCGG
Aldh16a1 GTAGACCGTCCAGCAATCC TGTGATGGGATCCTGGCAAG
Aldh18a1 CAGGGGGTAAATGTGATTAGTGTTA CCCCTAGGCCCACTCTAGAC
Ubiquitin C AGCCCAGTGTTACCACCAAG ACCCAAGAACAAGCACAAGG
Cyclophylin ACCCATCAAACCATTCCTTCTGTA TGAGGAAAATATGGAACCCAAAGA

Enzyme-linked immunosorbent assay (ELISA) for secretory IgA
Collected luminal contents were thawed and shaken at 4°C for 60 minutes to homogenize 
the samples. Then, samples were centrifuged at maximum speed for 5 minutes to remove 
the debris and supernatant was collected for analysis by ELISA. Plates were coated with anti-
mouse-IgA antibody to capture secretory IgA or mouse-IgA used as a standard (clone s107), 
followed by anti-mouse-IgA-biotin (all Southern Biotech, Birmingham, AL, USA) antibody, 
and subsequently streptavidin labeled with HRP (Thermo Fischer Scientific, Landsmeer, 
the Netherlands). Then, the plate was incubated with TMB substrate and the reaction was 
stopped with 0,8M H2SO4. Samples were analyzed with a Fluostar Optima microplate reader 
(BMG Labtech, Isogen Lifescience, De Meern, the Netherlands).

Sample preparation for chemical proteomics
Protocol adapted from previously described procedure20. Cells were harvested and treated 
with vehicle or an activity-based probe (1 µM) for ALDH designed such that it resembles 
retinal in order to increase specificity for retinaldehyde dehydrogenases (figure 5a.)21. In 
the case of competitive ABPP vehicle, DEAB (100 µM) or retinal (100 µM) was added. After 1 
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hour cells were washed, snap frozen and stored at -20°C. When required cells were thawed, 
lysed and adjusted to 1 mg/mL protein concentration as determined by a Quick StartTM 
Bradford Protein assay (Bio-Rad). 250 µL was taken from each sample and to this 25 µL 
freshly prepared “click” mixture containing 1 mM CuSO4 (2.5 µL/sample, 100 mM in H2O), 
5 mM NaAsc (1.25 µL/sample, 1M in H2O), 0.4 mM THPTA (1 µL/sample, 100 mM in DMSO), 
40 µM biotin-N3 (2.5 µL/sample, 4 mM in DMSO) and MilliQ (17.75 µL/sample) was added. 
Samples were incubated for 1 hour at 37°C while shaking (300 rpm). Excess click reagents 
were then removed by chloroform/methanol precipitation followed by another wash with 
methanol. Precipitated proteomes were then suspended in urea buffer (250 µL, 6M urea 
and 25 mM ammonium bicarbonate), DTT (2.5 µL, 1M) was added and the mixture was 
then incubated for 15 min at 65°C while shaking (600 rpm). The samples were then allowed 
to cool down to RT and then alkylated by addition of iodoacetamide (20 µL, 0.5M) for 30 
minutes at RT in the dark. Addition of SDS (70 µL, 10% (v/v)) was followed by heating at 
65°C for 5 minutes. For each sample 50 µL 50% slurry of Avidin-Agarose from egg white 
(Sigma-Aldrich) was washed three times with PBS and transferred in PBS (1 mL) to a 15 
mL tube. To this another 2 mL of PBS was added followed by the corresponding proteome 
sample. The beads were incubated with the proteome for 2 hours at room temperature 
using an overhead shaker. The beads were then isolated by centrifugation (2 min, 2500g), 
washed with SDS in PBS (0.5% (w/v)) and washed three times with PBS. The beads were 
then transferred to low-binding Eppendorf tubes and proteins were digested overnight at 
37°C and 950 rpm in 250 µL digestion buffer (100 mM Tris, 100 mM NaCl, 1 mM CaCl2, 2% 
acetonitrile and 0.5 µg sequencing grade trypsin (Promega)). Digestion was stopped by 
addition of formic acid (12.5 µL) and the beads filtered off by centrifugation (2 min, 600g) 
using a Bio-Spin column (Bio-Rad). Samples were then desalted using stage tips, collected 
in low-binding Eppendorf tubes, concentrated using a SpeedVac (Eppendorf) and stored at 
-20°C until reconstitution before measurement22.

LC-MS/MS measurement and analysis.
Samples were reconstituted in LC-MS sample solution (50 µL, 3% acetonitrile/0.1% formic 
acid/20 fmol/µL enolase). Samples were then analyzed using a NanoACQUITY UPLC 
System (Waters) coupled to a SYNAPT G2-Si high-definition mass spectrometer (Waters) 
as previously described.43,45 Of each sample 5 µL was loaded on a nanoEASETM M/Z 
Symmetry C18 trap column (particles 5 µm, 100 Å , 180 µm x 20 mm, Waters) with 0.1% 
formic acid and separated on an nanoEASETM M/Z HSS C18 T3 analytical column (particles 
1.8 µm, 75 µm x 250 mm, Waters) heated at 80°C. A multistep gradient running from 5-40% 
acetonitrile containing 0.1% formic acid during a 70 minute method at 300 nL/min was 
used to achieve peptide separation. Survey scans (m/z 50-2000 Da) were acquired in the 
Synapt with a scan time of 0.6 seconds in positive, resolution mode. The collision energy 
is set to 4 V in the trap cell for low-energy MS mode. For the elevated energy scan, the 
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transfer cell collision energy is ramped using drift-time specific collision energies. The lock 
mass is sampled every 30 seconds. MS raw files were analyzed with ProteinLynx Global 
SERVER (PLGS, v3.0.3, Waters). The MSE identification was also performed with PLGS using 
the human proteome from Uniprot (uniprot-homo-sapiens-trypsin-reviewed-2016-08-29.
fasta). The following parameter settings were used: low energy threshold 150 counts, 
elevated energy threshold 30, peptide and protein FDR 1%, enzyme specificity trypsin, 
max missed cleavages max 2, variable modification methionine oxidation, fixed modification 
carbamidomethylation cysteine, fragments/peptide 2, fragments/protein 5, peptides/
protein 1 and number of peptides to measure per protein 3. For label-free quantification 
ISOQuant (v1.5) was used.46,47 Data were filtered to retain only proteins with two or more 
reported peptides and quantified in at least 3 replicates of the positive control (probe 
treated). Proteins were designated as significantly enriched by the probe when they showed 
2-fold enrichment in quantification value when comparing negative control (vehicle treated) 
with positive control (probe treated) samples and probability as determined by a Student’s 
t-test (<0.05).

Statistics
Data were compared data using Mann Whitney statistical test in GraphPad Prism (GraphPad 
Software, San Diego, CA, USA).
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RESULTS

Manipulation of ALDH1A1 expression levels does not result in altered ALDH 
activity in vitro.
Based on earlier work we hypothesized that expression of ALDH1A1 in intestinal epithelial 
cells formed the upstream enzyme for converting retinal into retinoic acid making it available 
to stromal cells and immune cells within the small intestine7,12,17. Changes in the expression 
of ALDH1A1 in intestinal epithelial cells would consequently result in less retinoic acid 
availability for dendritic cells, thereby affecting the underlying immune system. To set up 
a quick assay for monitoring ALDH1A1 expression levels in epithelial cells, we made use of 
the murine intestinal epithelial cell line mICcl2. As shown before, treatment of mICcl2 cells 
with sodium butyrate increased ALDH1A1 mRNA levels measured by RT-PCR (figure 1a.). 
To show this at protein level, we used the commercially available Aldefluor kit, a measure 
for total ALDH activity. Aldefluor is a fluorescent compound that is a substrate for ALDH 
enzymes. Aldefluor can diffuse through the cell membrane freely and upon encountering 
active ALDH enzymes Aldefluor is metabolized, which changes the polarity of the molecule. 
As a result, Aldefluor can no longer exit the cell via passive transportation; resulting in an 
accumulation of fluorescent molecules. This accumulated fluorescence can be quantified 
by flow cytometry. To determine the ALDH enzyme specific effects, we used the pan-ALDH 
inhibitor N,N-diethylaminobenzaldehyde (DEAB) such that only fluorescence that exceeds 
the fluorescence measured in DEAB treated cells is considered as a measure for true ALDH 
activity (figure 1b.). However, although sodium butyrate treated mICcl2 cells did express 
higher mRNA levels of ALDH1A1, we did not observe any change in ALDH activity quantified 
using the Aldefluor assay in these cells compared to untreated cells (figure 1c.). As not 
all ALDH enzymes are thought to be able to metabolize retinal, we additionally checked 
whether sodium butyrate treated cells would show less ALDH activity in an Aldefluor-retinal 
competition assay in order to confirm the retinal-specificity of measured enzyme activity. 
Hereto, we co-incubated cells with a series of increasing concentrations of retinal while 
performing the Aldefluor assay. In this manner, retinal will compete with Aldefluor for retinal 
metabolizing ALDH enzymes while ALDH enzymes that do not have affinity for retinal will 
not be hampered in their capacity to metabolize Aldefluor. However, we did not observe any 
differences in ALDH activity between untreated cells and cells treated with sodium butyrate 
(figure 1d.). Overall these results suggested that the sodium butyrate dependent induction 
of ALDH1A1 enzymes could not be measured using the Aldefluor assay.
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Figure 1: Manipulation of ALDH1A1 expression levels does not alter ALDH activity in vitro. a. Expression of 
ALDH1A1 in mICcl2 cells with or without stimulation with sodium butyrate (n=9). p<0.05 * b. Gating strategy of 
the Aldefluor assay. Aldefluor+ gate was set on cells treated with the pan-ALDH inhibitor DEAB which acts as a 
control for background signal. c. ALDH activity in mICcl2 cells treated with or without sodium butyrate. (n=9) d. 
Competition assay in different concentrations with the ALDH substrate retinal and Aldefluor in mICcl2 cells. (n=1)

Loss of ALDH1A1 does not affect ALDH activity nor immune phenotype
As ALDH1A1 is described to be the most important ALDH enzyme in intestinal epithelial 
cells we hypothesized that the loss of this enzyme would compromise the expression of 
the most important ALDH enzyme in DCs: ALDH1A2. To study this, we obtained ALDH1A1 
deficient mice (Aldh1a1-/-) and hypothesized that ALDH activity in both intestinal epithelial 
cells as well as DCs would be hampered. In contrast to our hypothesis, we observed no 
difference in ALDH activity in both mesenteric lymph node DCs (figure 2a.) and intestinal 
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epithelial cells (figure 2b.). Also, when we performed an Aldefluor-retinal competition assay 
we did not find any differences in ALDH activity in intestinal epithelial cells, indicating that 
other retinal metabolizing ALDH enzymes might compensate for the loss of ALDH1A1 to 
ensure sufficient retinoic acid levels (figure 2c.). In addition, we were not able to measure 
any ALDH activity in stromal cells within the lamina propria (data not shown). Subsequently, 
we hypothesized that if there would be less retinoic acid bioavailability in the intestines of 
ALDH1A1 deficient mice, we would observe less CD11c+CD103+ DCs in the mesenteric lymph 
nodes as retinoic acid has been described to induce not only ALDH1A2 expression in DCs 
but also a more tolerogenic phenotype in general characterized by the expression of CD103. 
According to the similar Aldefluor activity in both WT and Aldh1a1-/- samples, we did not 
observe any differences in the percentage of CD45+MHCII+ cells that also express CD11c and 
CD103 (figure 3a.). In addition, we looked at both regulatory T cells in the lamina propria 
and IgA levels in the luminal contents of the small intestine. Earlier work had suggested 
that reduced ALDH1A1 expression correlated with a reduction of Foxp3 expressing T cells in 
the lamina propria as well as the amount of IgA found in the luminal contents of the small 
intestine. However, we did not observe any differences between wild type and ALDH1A1 
deficient mice on these two parameters (figure 3b. and 3c.). Overall, these results suggested 
that loss of ALDH1A1 might be compensated by other retinal metabolizing ALDH enzymes 
to ensure sufficient levels of retinoic acid in the intestine.
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Figure 2: Loss of ALDH1A1 expression in mice does not result in loss of ALDH activity in intestinal epithelial 
cells nor CD11c+CD103+ cells. a. An Aldefluor assay was performed to analyze ALDH activity in cells isolated from 
mesenteric lymph nodes of both wild type (WT) and ALDH1A1 knock out (KO) mice. Dendritic cells were gated 
as CD45+MHCII+CD11c+CD103+ cells (for gating strategy see figure S1) (n=7) b. An Aldefluor assay was performed 
to analyze ALDH activity in cells in the epithelial fraction of the small intestine isolated from both wild type and 
ALDH1A1 knock out mice. Epithelial cells were gated as CD45-Epcam+ cells (for gating strategy see figure S2) (n=7) 
c. Competition assay with the ALDH substrate retinal in different concentrations and Aldefluor on the epithelial 
fraction of the small intestine isolated from wild type and ALDH1A1 knock out mice. Epithelial cells were gated 
as CD45-Epcam+ cells (n=1).
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Figure 3: Loss of ALDH1a1 expression does not result in immune-phenotypical differences between ALDH1A1 
knock out and wild type mice. a. Percentage of CD103+CD11c+ cells in CD45+MHCII+ cell isolated from mesenter-
ic lymph nodes isolated from wild type (WT) and ALDH1A1 knock out (KO) mice (for gating strategy see figure S1) 
(n=8). b. Percentage of Foxp3+ CD45+CD3+CD4+ cells isolated from the lamina propria of wild type and ALDH1A1 
knock out mice (for gating strategy see figure S3) (n=4). c. Concentration of secretory IgA in the luminal contents 
of the small intestine isolated from wild type and ALDH1A1 knock out mice determined by ELISA (n=11).

Expression of ALDH enzymes is highly variable
Although ALDH1A1, ALDH1A2 and ALDH1A3 are usually described as the retinal metabolizing 
enzymes of the ALDH enzyme family, additional ALDH enzymes might be able to use retinal as 
a substrate. To determine the expression levels of other ALDH enzymes within epithelial cells 
of ALDH1A1 deficient mice, we designed primers for all 21 ALDH enzymes. Although ALDH1A1 
deficient mice indeed did not express ALDH1A1, there was a high variation in expression of all 
the other individual ALDH genes between individual mice (figure 4). Overall, the expression of 
individual ALDH genes in ALDH1A1 deficient mice, when compared to wild type animals, did 
not indicate particular enzymes that were significantly upregulated in intestinal epithelial cells 
originating from the small intestine to compensate for the loss of ALDH1A1 (figure 4).

Activity based protein profiling points towards an important role for ALDH1B1
Since studying ALDH enzymes at the mRNA level turned out to be inconclusive, we designed 
an activity based probe to study active ALDH enzymes at the protein level. To enhance the 
specificity of the probe for retinal metabolizing ALDH enzymes, the probe was based on a 
retinoid scaffold containing a ligation handle to enable tracing of the probe with click chemistry 
on one side and a vinyl ketone-group functioning as a “warhead” on the other (figure 5a.). 
The ketone-group binds covalently to the cysteine group in the active side of ALDH enzymes 
(figure 5b.). We then incubated intestinal epithelial cells isolated from the small intestine of wild 
type mice with our probe and compared the probe-treated samples with the samples treated 
with a vehicle control (figure 5c.). Although we could not trace back all family members of the 
ALDH enzyme class, ALDH1A1, ALDH1A3, ALDH1A7, ALDH1B1, ALDH2, ALDH3A2, ALDH9A1 and 
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ALDH18A1 were enriched above detection limits in our probe treated samples when compared 
to samples treated with the vehicle control. In addition, we compared our probe treated 
samples to samples that were treated with our probe together with the pan-ALDH inhibitor 
DEAB, to ensure that ALDH1A1, ALDH1A7, ALDH1B1 and ALDH2 that we identified were no 
longer enriched above detection limits when DEAB was present (figure 5d.). With this approach 
we observed that ALDH1A1, ALDH1A7, ALDH1B1 and ALDH2 were specifically active in intestinal 
epithelial cells. Then, we compared wild type and Aldh1a1-/- mice to investigate whether there 
are ALDH enzymes enriched that are possibly compensating for the loss of ALDH1A1. As 
expected, we did not find ALDH1A1 in our Aldh1a1-/- mice. However, we did find high levels of 
ALDH2 and ALDH1B1 in both wild type and Aldh1a1-/-mice and we questioned whether these 
enzymes are also metabolizing retinal and could therefore act as a compensatory mechanism 
(figure 5e.). Hereto, we incubated intestinal epithelial cells with our probe and either DEAB or 
retinal, in order to block enzyme activity or add a competitive binder to the probe, respectively. 
Although ALDH2 protein abundance is reduced in retinal co-treated samples this reduction was 
not as striking as in ALDH1B1 protein abundance (figure 5f.). Overall, these data suggest that 
ALDH1B1, and to a lesser extent ALDH2, are not only highly abundant in intestinal epithelial 
cells but can also metabolize retinal. Therefore, ALDH1B1 or ALDH2 could be compensating for 
the loss of ALDH1A1 to maintain sufficient levels of retinoic acid in the gut.
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Figure 5: Activity based protein profiling identifies ALDH1B1 as an additional retinal metabolizing enzyme in 
intestinal epithelial cells. Intestinal epithelial cells were isolated from both wild type and ALDH1A1 deficient 
mice and incubated with an activity based probe (n=7) (a.). Active ALDH enzymes will bind to the activity based 
probe in a covalent manner before cells were snap frozen (b.). c. ALDH enzymes that were enriched in the probe 
treated samples compared to the DMSO control. 2x enrichment was chosen as the cut off. d. ALDH enzymes that 
were decreased in samples treated with the pan-ALDH inhibitor DEAB together with the probe; 0.5 was chosen 
as the cut off. e. protein abundance of most abundant ALDH enzymes in wild type and ALDH1A1 deficient mice. 
f. Reduction of protein abundance of both ALDH2 and ALDH1B1 when the activity based probe was co-incubated 
with retinal or DEAB. Stars indicate the significance of the difference with the cells only treated with the activity 
based probe (*: p<0.05, ** p<0.01).

ALDH1B1 mRNA expression is induced by dietary intake of fibers
Based on our activity based protein profiling of ALDH enzymes in small intestinal epithelial 
cells, we hypothesized that ALDH1B1 and ALDH2 might also play an important role in retinal 
metabolism in the small intestine. We therefore questioned whether ALDH1B1 and ALDH2 
expression was affected in a similar manner as ALDH1A1 by the intake of dietary fibers as 
we observed earlier17. Hereto, we determined whether the consumption of a high fiber 
versus low fiber diet affected the expression of the ALDH enzymes that were found to be 
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most abundant in intestinal epithelial cells (figure 6). Although the expression of ALDH1A3, 
ALDH1A7, ALDH2 and ALHD3A2 was not different between mice fed with low or high fiber 
diets we did observe a slight increase in the expression of ALDH1B1 in high fiber fed mice, 
similar to the increase we observed for ALDH1A1 expression. Together, these observations 
suggest that ALDH1B1 might play a similar role as ALDH1A1 in the maintenance of immune 
homeostasis in the gut and that these enzymes might be redundant for each other.
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Figure 6: Mice fed with a high fiber diet have an increased expression of ALDH1B1 in their small intestine. qPCR 
analysis of ALDH enzymes on small intestines of mice that were raised on a standard conventional diet (high fiber) 
or a synthetic AIN93M diet (low fiber)17. a-f. Expression of ALDH1A1 (a.), ALDH1A3 (b.), ALDH1A7 (c.), ALDH1B1 (d.), 
ALDH2 (e.) and ALDH3A2 (f.) respectively, normalized to the reference genes Ubiquitin and Cyclo (n=3).
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DISCUSSION

Recent studies have indicated that retinoic acid signaling in intestinal epithelial cells plays an 
important role in epithelial integrity and immune homeostasis7,12,13,15. In a previous study, we 
found a correlation between ALDH1A1 expression in intestinal epithelial cells and immune 
functioning in the gut17. Therefore, we hypothesized that differential expression of ALDH1A1 
in intestinal epithelial cells can impact retinoic acid bioavailability in the gut, consequently 
influencing the underlying immune system. However, in this study we showed that Aldh1a1-/- 
mice do not appear to have an altered immune phenotype as we did not see any differences 
in DC subset composition, Foxp3 expression in T cells and IgA in the luminal contents. These 
observations imply that either ALDH1A1 does not play an important role in the immune system 
after all or that there are compensatory mechanisms in play. Using an activity-based probe for 
ALDH activity, other ALDH enzymes present in epithelial cells that could bind to retinal were 
identified. From these enzymes ALDH1B1 was regulated in a similar fashion by environmental 
factors as ALDH1A1 and therefore picked as a likely candidate for compensating for the absence 
of ALDHA1.

Interestingly, we did not observe any differences in ALDH activity in intestinal epithelial cells 
or DCs when we compared wild type and Aldh1a1-/- animals using the commercially available 
Aldefluor kit. In addition, when we induced ALDH1A1 expression using sodium butyrate in a 
mouse intestinal epithelial cell line, we again did not observe a change in ALDH activity using the 
Aldefluor assay. This suggests that the Aldefluor assay might not be sensitive enough to pick up 
differences in expression in one ALDH enzyme in intestinal epithelial cells, while additionally the 
activity of other ALDH enzymes may mask the loss of ALDH1A1, even though ALDH1A1 should 
have a higher affinity for the Aldefluor substrate than other ALDH ezymes23. Moreover, the 
variation in ALDH activity that we measured using the Aldefluor assay, seemed to be intrinsic 
to the Aldefluor assay, which will obscure subtle changes in ALDH expression.

However, when we analyzed the mRNA expression levels of all different ALDH enzymes in 
Aldh1a1-/- mice and compared this expression to the expression in wild type animals, we were 
not able to identify a clear candidate that was compensating for the loss of ALDH1A1 as there 
was no ALDH family member profoundly upregulated in Aldh1a1-/- mice compared to their wild 
type counterparts. To get more insight in which ALDH could be responsible for compensating 
the loss of ALDH1A1 activity in our samples, we made use of activity based protein profiling. 
This technique allowed us to get insight in all active ALDH enzymes in our samples. Using this 
approach we discovered that despite the loss of ALDH1A1, Aldh1a1-/- animals showed no real 
differences in the activity of other enzymes, an observation that in fact corresponded with 
our Aldefluor and qPCR data.
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Remarkably, we did observe high abundance of both ALDH1B1 and ALDH2, both surpassing 
the abundance of ALDH1A1 in wild type animals. As only ALDH1B1 is described to be able to 
metabolize retinal into retinoic acid, this observation could imply that ALDH1B1 and ALDH1A1 
are both the main drivers in the regulation of retinoic acid bioavailability in the intestine 
and redundant for eachother24. Interestingly, we found that mice fed with a high fiber diet 
had higher expression levels of ALDH1B1 compared to mice fed with a low fiber diet; which 
was similar to the expression profile of ALDH1A1 in these mice, as we reported earlier17. This 
observation confirmed that ALDH1B1 could indeed play a role in retinoic acid bioavailability 
and that the observations in our previous paper could also be explained by the change in 
expression levels of ALDH1B1. However, as it is likely that both enzymes form a redundancy 
mechanism for one another we expect that only loss of both enzymes will result in an immune 
compromised phenotype.

Retinoic acid is thought to play a crucial role in mucosal immune responses. Vitamin A deficient 
diets will result in compromised immune function and excessive levels of retinoic acid, for 
example in patients treated with retinoic acid, can result in the potentially fatal retinoic acid 
syndrome25,26. Because of this balance, retinoic acid levels must be tightly regulated. Retinoic 
acid levels in tissues and within cells are not only regulated by ALDH enzymes. CYP26 enzymes, 
belonging to the cytochrome p450 superfamily, play a role in the catabolism of retinoic acid27. In 
addition, ADH enzymes that metabolize retinol into retinal, can also impact immune function28. 
Here, we did not look into these enzyme classes but these enzymes are very likely to have an 
important role in regulating immune function in the intestine as well and are thus an interesting 
target for further study. Moreover, besides metabolizing and catabolizing enzymes, retinoic 
acid levels are determined by the absorption of dietary retinol via the intestines and retinol 
storage in the liver29. From the liver retinol is released into the blood stream and transported 
bound to either retinol binding proteins or serum amyloids30-32. Interestingly, it was shown that 
intestinal epithelial cells could regulate the expression of serum amyloid A enabling them to 
regulate retinol release from the liver32. Together, these mechanisms are also likely to impact 
retinoic acid bioavailability in the intestine and should be taken into account.

Here, we show that ALDH1A1 deficiency does not impact the immune system within the 
intestine and show that the presence of other ALDH enzymes could potentially compensate 
for this loss. Using activity-based protein profiling with a retinal based probe, we were able 
to determine the activity levels of specific ALDH enzymes. Our data suggests that at least 
ALDH1B1 could play a significant role in the regulation of retinoic acid bioavailability in the 
intestine. However, ALDH1B1 is probably an additional player in a complex web of enzymes 
that regulate retinoic acid bioavailability. Future studies should elucidate whether the retinoic 
acid availability from intestinal epithelial cells is regulated at the expression level of a few 
ALDH enzymes or possibly at the levels of a multitude of enzymes, thereby safeguarding the 
bioavailability of retinoic acid.
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SUPPLEMENTARY FIGURES

Figure S1: Dendritic cell gating strategy. Dendritic cells were isolated from the mesenteric lymph node using col-
lagenase IV for tissue digestion. Live cells were selected using 7-AAD as a viability dye. Viable cells were analyzed 
for their expression of both CD45 and MHCII. CD45+MHCII+ cells were pre-selected and subsequently analyzed 
for their expression of CD11c and CD103. ALDH activity was assessed in this subset using the Aldefluor assay in 
CD11c+CD103+ cells.

Figure S2: Intestinal epithelial cell gating strategy. Intestinal epithelial cells were isolated from the small intes-
tine and brought into suspension using EDTA. First single cells were selected using forward width versus forward 
scatter. Then live cells were selected using DAPI as a viability dye. Viable cells were analyzed for their expression 
of both CD45 and Epcam. Epithelial cells were defined as CD45-Epcam+ cells and ALDH activity was assessed in 
this subset using the Aldefluor assay.

Figure S3: Foxp3+ T cell gating strategy. The small intestine was digested into a single cells suspension using col-
lagenase IV after removal of epithelial cells with EDTA. First single cells were selected using forward width. Then 
live cells were selected using a fixable viability dye. Viable cells were analyzed for their expression of CD45 and 
CD45+ cells were subsequently analyzed for their expression of CD3 and CD4. Foxp3 expression was determined 
in CD3+CD4+ cells.
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ABSTRACT

Although the role of the vitamin A metabolite retinoic acid for immune homeostasis in 
the gut has been established, the exact mechanisms behind the regulation of retinoic acid 
bioavailability remain elusive. As vitamin A is metabolized into retinoic acid via retinal 
by ALDH enzymes, we hypothesized that expression levels of these enzymes in intestinal 
epithelial cells might play an important role in the regulation of bioavailability of retinoic 
acid in the gut.

We used activity based protein profiling to determine the most important retinal 
metabolizing ALDH enzymes and found that ALDH1A1 and ALDH1B1 are the most abundant 
and active retinal metabolizing enzymes present in intestinal epithelial cells. As these 
enzymes are both able to metabolize retinal we used a mouse model deficient for both 
enzymes to study the impact of disturbed ALDH enzyme activity in intestinal immune 
homeostasis.

Here, we show that mice that are deficient for both ALDH1A1 as well as ALDH1B1 have 
reduced levels of regulatory T cells in their lamina propria, increased proportions of immune 
cells in their epithelium and increased levels of IgA in their luminal contents. These data 
suggest that ALDH enzymes are involved in immune responses safeguarding a symbiotic 
relationship with the intestinal microbiome. As aberrant responses to the gut microbiome 
are related to the development of autoimmune disease, our observations provide an 
interesting lead for further study.
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INTRODUCTION

The small intestine is an organ that is in continuous contact with the outside world. To 
prevent continuous immune activation, immune responses towards foreign antigens derived 
from the gut lumen are tightly regulated and the immune system collaborates with intestinal 
epithelial cells to maintain immune homeostasis1. The intestinal epithelial lining forms the 
first line of defense by creating not only a physical, but also a chemical border between the 
inside and the outside world due to the production of anti-microbial proteins and peptides 
such as Ang4 and Reg3γ by intestinal epithelial cells1-3. In addition, intestinal epithelial 
cells are considered to be important mediators of immune homeostasis and play a role 
in coordinating the immune system in the gut. Intestinal epithelial cells express pathogen 
recognition receptors and can produce protective pro-inflammatory cytokines, while they 
are also a source of regulatory molecules derived from the lumen, such as AHR ligands and 
vitamin A, for the underlying immune system4-6.

In addition, goblet cells, which are part of the intestinal epithelium, and microfold (M) cells, 
which are part of the epithelium lining intestinal lymphoid tissues, are able to sample luminal 
antigens and present them to underlying immune cells7,8. Moreover, CX3CR1+ macrophages 
line the epithelium and sample the luminal contents9. These antigens derived from the gut 
lumen are then transferred to CD103+ dendritic cells which subsequently migrate to the 
mesenteric lymph nodes9. In the mesenteric lymph nodes, CD103+ dendritic cells activate 
lymphocytes and induce gut homing in these cells, allowing lymphocytes activated by 
antigens derived from the gut lumen to migrate to the intestine where they contribute to 
immune homeostasis in an antigen specific manner10. Together, all these mechanisms ensure 
a balance between the foreign antigens in the gut lumen and a regulatory immune response.

The vitamin A metabolite retinoic acid plays an important role in maintenance of this 
balance. Retinoic acid not only enhances an anti-inflammatory phenotype in CX3CR1+ 
macrophages, it also induces the expression of CD103 in dendritic cells; ensuring a 
tolerogenic phenotype in both cell types11-13. In addition, retinoic acid induces the expression 
of gut homing molecules on lymphocytes, allowing them to home from the mesenteric 
lymph nodes to the intestine14-16. Furthermore, retinoic acid enhances the induction of 
regulatory T cells by inducing the expression of Foxp3 and enhances IgA class switching in B 
cells15,17. IgA derived from B cells can be transported by intestinal epithelial cells via the poly 
Ig receptor where IgA neutralizes bacteria in the gut18. In addition, retinoic acid enhances 
the production of IL-22 by γδ T cells and innate lymphoid cells19. In turn, IL-22 plays a role 
in the maintenance of epithelial integrity and an important inducer of the production of 
anti-microbial proteins by intestinal epithelial cells20.
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Together, it is clear that retinoic acid plays a central role in the regulation and the maintenance 
of immune homeostasis in the intestine. Therefore, the bioavailability of retinoic acid must 
be tightly regulated. As retinoic acid is a metabolite of vitamin A, the body relies on sufficient 
vitamin A uptake by intestinal epithelial cells to ensure sufficient retinoic acid levels. Then, 
vitamin A can either be released into the circulation to be transported to the liver for storage 
or be metabolized into retinoic acid by intestinal epithelial cells directly21,22. Vitamin A is 
metabolized into retinoic acid via retinal by aldehyde dehydrogenases (ALDH enzymes)23. 
Therefore, the regulation of retinoic acid bioavailability might depend on the activity and 
expression of these enzymes. Impaired ALDH enzymes might thus result in derailed immune 
homeostasis in the gut.

We have observed earlier that expression levels of ALDH1A1 in epithelial cells, thought 
to be the major retinal metabolizing enzyme expressed in epithelial cells, correlated with 
dietary intake of fibers. In addition, we found that reduced levels of ALDH1A1 in epithelial 
cells resulted in reduced levels of regulatory T cells and lower levels of IgA in the intestine24. 
We however established, in chapter 4, that in addition to ALDH1A1, ALDH1B1 might be 
as important for the maintenance of retinoic acid bioavailability. To study the effects of 
limited retinoic acid bioavailability on intestinal immune homeostasis, we used a double 
knockout mouse model that is deficient for both ALDH1A1 and ALDH1B1. Here, we show 
that ALDH1A1/1B1 deficient mice have increased numbers of immune cells in their epithelial 
lining, decreased numbers of regulatory T cells in their lamina propria and a profound 
increase of IgA in their luminal contents. Together, our results reveal a role for ALDH 
enzymes in the maintenance of immune homeostasis in the gut, providing an interesting 
lead for further investigation in autoimmune and inflammatory diseases.
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METHODS

Mice
The Aldh1a1−/− and Aldh1b1−/− single knockout (KO) mouse strains were developed and 
originally characterized as described25,26. Both strains have been backcrossed into the 
C57BL/6J congenic background for more than 10 generations. The Aldh1a1−/−/Aldh1b1−/− 

double KO strain was generated by intercrossing two single KO lines. Genotyping in offspring 
was performed by PCR analysis using tail genomic DNA. Littermate DKO and WT mice were 
kept under the same conditions in the same room. All animal experiments were approved 
by and conducted in compliance with Institutional Animal Care and Use Committee (IACUC) 
of the Yale University. Mice were maintained in a temperature-controlled room (21–22 °C) 
on a 12 hr light/dark cycle and supplied with food and water ad libitum and euthanized at 
the age of 8-12 weeks.

Ex vivo single cell suspensions
Small intestines and mesenteric lymph nodes were dissected from mice and fatty tissue 
was removed as much as possible. Luminal contents were collected in 1 ml PBS and stored 
at -20 °C. Then, intestines were opened longitudinally and washed in phosphate-buffered 
saline without calcium (D-PBS) (Gibco, Life Technologies, Waltham, MS, USA) to remove all 
fecal contents. To isolate intestinal epithelial cells, the intestines were transferred to 1x 
Hank’s Balanced Salt Solution (HBSS) (Invitrogen, Waltham, MS, USA) containing 5% Fetal 
Calf Serum (FCS) (Gibco, Life Technologies, Waltham, MS, USA) and 2.5mM EDTA (Sigma 
Aldrich, Burlington, MA, USA) and incubated on ice for 30 minutes. Tissues were vortexed 
vigorously for the removal of epithelial cells. The remaining tissue and the mesenteric lymph 
nodes were minced and incubated separately while constantly stirring for 30 minutes in 37°C 
in HBSS + 5% FCS + 0,5 mM collagenase IV (Sigma Aldrich, Burlington, MA, USA) in order to 
obtain a single cell suspension of both the lamina propria and the mesenteric lymph nodes, 
respectively. The lamina propria suspension was filtered through a 70 µm cell-strainer (BD 
Biosciences, Franklin Lakes, NJ, USA) and was washed once with HBSS containing 5% FCS. 
Suspensions were either used for FACS analysis or lysed into Trizol (Invitrogen, Waltham, 
MA, USA) for qPCR analysis.

Flow cytometry
The ALDEFLUOR assay kit (StemCell Technologies, Cambridge, MA, USA) was used to 
measure ALDH activity using flow cytometry according to the manufacturer’s protocol in 
cell suspensions derived from the intestinal epithelium and the mesenteric lymph nodes. 
Subsequently, cells derived from the intestinal epithelium were stained with anti-Epcam 
APC, anti-CD45 PE-Cy7 (both eBioscience, Waltham, MA, USA). Cells derived from the 
mesenteric lymph nodes were stained with anti-CD11c APC (eBioscience, Waltham, MS, 
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USA), anti-CD45 PE-Cy7, anti-CD11b BV605, anti-MHC II 647 and anti-CD103 PE/Dazzle 
594 (all Biolegend, San Diego, CA, USA). In both cases DAPI (Invitrogen, Waltham, MA, 
USA) was used to discriminate between live and death cells. Lamina propria cells were 
stained with a fixable viability dye eFluor780 (eBioscience, Waltham, MA, USA) after which 
they were fixed with the Foxp3 intracellular fixation kit (eBioscience, Waltham, MA, USA) 
according to manufacturer’s protocol. Then, cells were stained with anti-CD45 PE-Cy7, anti-
CD3 AlexaFluor 488, anti-CD25 APC, anti-Foxp3 PE (all eBioscience, Waltham, MS, USA) 
and anti-CD4 BV711 (Biolegend, San Diego, CA, USA). Cells were analyzed with LSR-II flow 
cytometer (BD, Franklin Lakes, NJ, USA). Data was analyzed using FlowJo software (Tree 
Star, Ashland, OR, USA).

RT-qPCR analysis
RNA was isolated from Trizol samples using chloroform and subsequent isopropanol 
precipitation (both Sigma Aldrich, Zwijndrecht, the Netherlands). Then cDNA was made 
from total RNA using the RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific, 
Landsmeer, the Netherlands) according to manufacturer’s protocol. Real time qPCR was 
performed on a reaction mix containing cDNA, 300 nM of each primer and SYBR Green 
mastermix (Thermo Fisher Scientific, Landsmeer, the Netherlands) using StepOnePlus Real-
Time PCR systems (ThermoFisher Scientific, Waltham, MA, USA). Used primer sequences 
are listed in table 1. The genes cyclophylin and ubiquitin were used as reference genes.

Table 1: Primer sequences used for RT-qPCR.

Gene Forward Reverse
Villin TGGAGGATCGAGGCTATGCAGA CATCCTGGGACGAGTCCTGGC
Lgr5 ACTTACCCAGTTTGTCAGGC GCTAAGTTCAGAGATCGGAGG
Mucin 2 AGGGCTCGGAACTCCAGAAA CCAGGGAATCGGTAGACATCG
Lysozyme CAATCGTTGTGAGTTGGCC GCACTGCAATTGATCCCACA
Ccl20 TTGTGGGTTTCACAAGACAGATG TCTTCGTGTGAAAGATGATAGCATT
Ccl25 AAGTGAGTGGAAGCTGCAACCT CCTCTGGATTCCCACACACTACT
Poly Ig receptor ACAAGAAGCCAACCTGAGCG TGTCGGCACCAGTATTTCCG
Ang4 TGGCTCAGAATGAAAGGTACGAA GTACAAGTGGTGATCTGGAAGGGA
Defa-1 CTTCCAGGTCCAGGCTGATC GTTCTCCTCTTTTGCAGTGTCC
Reg3β GGCTTATGGCTCCTACTGCTATG ATGGAGGACAAGAATGAAGCC
Reg3γ GCTCCCGTGCCTATGGCTC ATCATGGAGGACAGGAAGGAAG
Ubiquitin C AGCCCAGTGTTACCACCAAG ACCCAAGAACAAGCACAAGG
Cyclophylin ACCCATCAAACCATTCCTTCTGTA TGAGGAAAATATGGAACCCAAAGA

Enzyme-linked immunosorbent assay (ELISA) for secretory IgA
Collected luminal contents were thawed and shaken at 4°C for 60 minutes to homogenize 
the samples. Then, samples were centrifuged at maximum speed for 5 minutes to remove 
the debris and supernatant was collected for analysis by ELISA. Plates were coated with 
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anti-mouse-IgA antibody to capture secretory-IgA using known amounts of mouse-IgA 
as a standard (clone s107), followed by anti-mouse-IgA-biotin (all Southern Biotech, 
Birmingham, AL, USA) antibody, and subsequently streptavadin labeled with HRP (Thermo 
Fischer Scientific, Landsmeer, the Netherlands). Samples were analyzed with a Fluostar 
Optima microplate reader (BMG Labtech, Isogen Lifescience, De Meern, the Netherlands).

Sample preparation for proteomics 
Protocol from previously described procedure was adapted and used for proteomic 
analysis27. First, single cell suspensions of the intestinal epithelium and mesenteric lymph 
nodes of both wild type and ALDH1A1/1B1 deficient mice were treated with vehicle or an 
activity-based probe (1 µM). The activity based probe was specific for ALDH enzymes and 
designed such that it resembles retinal in order to increase specificity for retinaldehyde 
dehydrogenases (figure 5a. in chapter 4)28. In case of competitive ABPP a vehicle, DEAB 
(100 µM) or retinal (100 µM) was added. After 1 hour cells were washed, snap frozen and 
stored at -20°C. When required cells were thawed, lysed and adjusted to 1 mg/mL protein 
concentration as determined by a Quick StartTM Bradford Protein assay (Bio-Rad). 250 µL 
was taken from each sample and to this 25 µL freshly prepared “click” mixture containing 
1 mM CuSO4 (2.5 µL/sample, 100 mM in H2O), 5 mM NaAsc (1.25 µL/sample, 1M in H2O), 
0.4 mM THPTA (1 µL/sample, 100 mM in DMSO), 40 µM biotin-N3 (2.5 µL/sample, 4 mM in 
DMSO) and MilliQ (17.75 µL/sample) was added. Samples were incubated for 1 hour at 37°C 
while shaking (300 rpm). Excess click reagents were then removed by chloroform/methanol 
precipitation followed by another wash with methanol. Precipitated proteomes were then 
suspended in urea buffer (250 µL, 6M urea and 25 mM ammonium bicarbonate), DTT (2.5 
µL, 1M) was added and the mixture was then incubated for 15 min at 65°C while shaking 
(600 rpm). The samples were then allowed to cool down to RT and then alkylated by addition 
of iodoacetamide (20 µL, 0.5M) for 30 minutes at RT in the dark. Addition of SDS (70 µL, 
10% (v/v)) was followed by heating at 65°C for 5 minutes. For each sample 50 µL 50% slurry 
of Avidin-Agarose from egg white (Sigma-Aldrich) was washed three times with PBS and 
transferred in PBS (1 mL) to a 15 mL tube. To this another 2 mL of PBS was added followed 
by the corresponding proteome sample. The beads were incubated with the proteome for 
2 hours at room temperature using an overhead shaker. The beads were then isolated by 
centrifugation (2 min, 2500g), washed with SDS in PBS (0.5% (w/v)) and washed three times 
with PBS. The beads were then transferred to low-binding Eppendorf tubes and proteins 
were digested overnight at 37°C and 950 rpm in 250 µL digestion buffer (100 mM Tris, 100 
mM NaCl, 1 mM CaCl2, 2% acetonitrile and 0.5 µg sequencing grade trypsin (Promega)). 
Digestion was stopped by addition of formic acid (12.5 µL) and the beads filtered off by 
centrifugation (2 min, 600g) using a Bio-Spin column (Bio-Rad). Samples were then desalted 
using stage tips, collected in low-binding Eppendorf tubes, concentrated using a SpeedVac 
(Eppendorf) and stored at -20°C until reconstitution before measurement29.
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LC-MS/MS measurement and analysis
Samples were reconstituted in LC-MS sample solution (50 µL, 3% acetonitrile/0.1% formic 
acid/20 fmol/µL enolase). Samples were then analyzed using a NanoACQUITY UPLC 
System (Waters) coupled to a SYNAPT G2-Si high-definition mass spectrometer (Waters) 
as previously described.43,45 Of each sample 5 µL was loaded on a nanoEASETM M/Z 
Symmetry C18 trap column (particles 5 µm, 100 Å , 180 µm x 20 mm, Waters) with 0.1% 
formic acid and separated on an nanoEASETM M/Z HSS C18 T3 analytical column (particles 
1.8 µm, 75 µm x 250 mm, Waters) heated at 80°C. A multistep gradient running from 5-40% 
acetonitrile containing 0.1% formic acid during a 70 minute method at 300 nL/min was 
used to achieve peptide separation. Survey scans (m/z 50-2000 Da) were acquired in the 
Synapt with a scan time of 0.6 seconds in positive, resolution mode. The collision energy 
is set to 4 V in the trap cell for low-energy MS mode. For the elevated energy scan, the 
transfer cell collision energy is ramped using drift-time specific collision energies. The lock 
mass is sampled every 30 seconds. MS raw files were analyzed with ProteinLynx Global 
SERVER (PLGS, v3.0.3, Waters). The MSE identification was also performed with PLGS using 
the murine proteome from Uniprot (uniprot-mus-musculus-trypsin-reviewed-2016-08-29.
fasta). The following parameter settings were used: low energy threshold 150 counts, 
elevated energy threshold 30, peptide and protein FDR 1%, enzyme specificity trypsin, 
max missed cleavages max 2, variable modification methionine oxidation, fixed modification 
carbamidomethylation cysteine, fragments/peptide 2, fragments/protein 5, peptides/
protein 1 and number of peptides to measure per protein 3. For label-free quantification 
ISOQuant (v1.5) was used.46,47 Data were filtered to retain only proteins with two or more 
reported peptides and quantified in at least 3 replicates of the positive control (probe 
treated). Proteins were designated as significantly enriched by the probe when they showed 
2-fold enrichment in quantification value when comparing negative control (vehicle treated) 
with positive control (probe treated) samples and probability as determined by a Student’s 
t-test (<0.05).

Statistics
Data were compared data using Mann Whitney statistical test in GraphPad Prism (GraphPad 
Software, San Diego, CA, USA). Significant differences are indicated by * (p<0,05), ** 
(p<0,01), *** (p<0,005) and **** (p<0,001).
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RESULTS

Loss of both ALDH1A1 and ALDH1B1 results in an altered epithelial compo-
sition
As our previous data, shown in chapter chapter 4, suggested that both ALDH1A1 and 
ALDH1B1 are important retinal metabolizing enzymes in intestinal epithelial cells, we 
used a mouse model deficient of both enzymes to study the effects of decreased retinoic 
acid production by intestinal epithelial cells in immune homeostasis. However, we did not 
observe any differences in ALDH activity between wild type and ALDH1A1/1B1 deficient 
mice using the Aldefluor assay (figure 1a.). In addition, activity based protein profiling of 
intestinal epithelial cells from both WT and ALDH1A1/1B1 deficient mice did not result in 
the identification of an alternative ALDH enzyme enriched in epithelial cells derived from 
ALDH1A1/1B1 deficient mice (figure S2). In these ALDH1A1/1B1 deficient mice, we found 
a reduction in the proportion of epithelial cells and an enhanced proportion of CD45+ cells 
in the epithelial lining of the small intestine (figure 1b. and c.). Interestingly, we did not 
observe any changes in mRNA expression of the epithelial cell marker Villin (figure 2a.). In 
addition, no changes in the expression of the stem cell marker LGR5, the Goblet cell marker 
Muc2 nor the Paneth cell marker lysozyme were found (figure 2b-d.). In order to provide an 
explanation for the enhanced proportion of CD45+ cells, we analyzed the expression levels of 
the lymphocyte attractant CCL20 and the macrophage and dendritic cell attractant CCL25. 
However, we found no differences in the expression of either CCL20 or CCL25 in intestinal 
epithelial cells of wild type versus ALDH1A1/1B1 deficient mice (figure 2e. and f.). 
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Figure 1: ALDH1A1/1B1 deficient mice have an enhanced proportion of CD45+ cells in the epithelium of the 
small intestine. Epithelial cells were analyzed by flow cytometry for their expression of CD45 and Epcam and ALDH 
activity. Gating strategy is depicted in figure S1. a. ALDH activity in CD45-Epcam+ cells was determined using the 
Aldefluor assay. b. Proportion of CD45-Epcam+ epithelial cells in the small intestinal epithelial layer. c. Proportion 
of CD45+Epcam- immune cells in the small intestinal epithelial layer. Mann Whitney statistical test was performed 
and significant differences are indicated by * (p<0.05) or ** (p<0.01) (n=4).
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Figure 2: ALDH1A1/1B1 deficient mice do not show a different expression of epithelial cell markers. Epithelial 
cells from the small intestine of both wild type (WT) and ALDH1A1/1B1 deficient mice (DKO) were analyzed by 
real time qPCR for the expression of Villin (a.), LGR5 (b.), Muc2 (c.), Lysozym (d.), CCL20 (e.) and CCL25 (f.). Relative 
expression levels are shown as all genes were normalized to the reference genes Ubiquitin and cyclophylin. Mann 
Whitney statistical test was performed but no significant differences were observed (n=4).

Loss of both ALDH1A1 and ALDH1B1 does not affect dendritic cells in the 
mesenteric lymph nodes
Retinoic acid derived from intestinal epithelial cells induces a “tolerogenic” phenotype in 
dendritic cells characterized by the induction of ALDH1A2 and CD10311,17,30-32. Then, these 
“tolerogenic” dendritic cells migrate to the draining mesenteric lymph nodes where they can 
contribute to the induction of gut homing and regulatory properties in T cells and B cells. 
We hypothesized that these processes would be affected in ALDH1A1/1B1 deficient mice 
and therefore analyzed dendritic cell populations in mesenteric lymph nodes. However, no 
differences in frequencies of CD103+CD11c+ dendritic cells nor in the amount of ALDH activity 
within these cells between wild type and ALDH1A1/1B1 deficient mice were found (figure 3a. 
and b.). In addition, we did not find any differences in the proportions of intestinal dendritic 
cells, characterized by the expression of both CD103 and CD11b nor in the proportion of 
other non-lymphoid tissue classical dendritic cells in the mesenteric lymph nodes (figure 
3c-e.)33. Together, our observations suggest that the loss of both ALDH1A1 and ALDH1B1 
does not affect dendritic cells within the mesenteric lymph nodes.
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Figure 3: ALDH1A1/1B1 deficient mice do not have an altered composition of dendritic cells in the mesenteric 
lymph nodes. The mesenteric lymph nodes of both wild type (WT) and ALDH1A1/1B1 deficient mice (DKO) were 
analyzed by flow cytometry for CD45, MHC II, CD11c, CD11b and CD103. In addition ALDH activity was determined 
using the Aldefluor assay. Gating strategy is depicted in figure S3. a. The proportion of CD11c+CD103+ dendritic cells 
in CD45+MHC II+ cells. b. ALDH activity determined by the Aldefluor assay in CD45+MHC II+CD11c+CD103+ cells. c-e. 
Proportions of CD103+CD11b+ (c.), CD103+CD11b- (d.) and CD103-CD11b+ (e.) in CD45+MHC II+CD11c+ cells. Mann 
Whitney statistical test was performed but no significant differences were observed (n=4).

ALDH1A1/1B1 deficient mice have reduced levels of regulatory T cells in 
their lamina propria
Although the dendritic cell populations in the mesenteric lymph nodes appear to be 
unaffected by the loss of both ALDH1A1 and ALDH1B1, we questioned whether the loss 
of these enzymes could have a direct impact on T cell populations in the lamina propria. 
Interestingly, in contrast to the epithelial layer, we did not see any differences in the 
proportions of CD45+ cells, CD3+CD45+ T cells or CD4- T cells in the lamina propria between 
wild type and ALDH1A1/1B1 deficient mice (figure 4a-c.). However, we did find increased 
proportions of CD4+ T helper in ALDH1A1/1B1 deficient mice (figure 4d.). Interestingly, 
however, we observed reduced proportions of regulatory T cells characterized by the 
expression of both CD25 and Foxp3 in CD45+CD3+CD4+ cells derived from the lamina propria 
of ALDH1A1/1B1 deficient mice (figure 4e.). These observations suggest that the loss of 
ALDH1A1 and ALDH1B1 impacts T cell populations in the lamina propria in a direct manner 
by enhancing the proportions of T helper cells while suppressing the development of T 
regulatory cells in this cell population.
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Figure 4: ALDH1A1/1B1 deficient mice show a reduced proportion of regulatory T cells in the lamina propria. The 
lamina propria was analyzed by flow cytometry for CD45, CD3, CD4, CD25 and Foxp3. Gating strategy is depicted 
in figure S4. a. Proportions of CD45+ cells. b. Proportions of CD3+CD45+ T cells. c. Proportions of CD4-CD3+CD45+ T 
cells. d. Proportion of CD4+CD3+CD45+ T helper cells. e. Proportions of Foxp3+CD25+ T regulatory in CD45+CD3+CD4+ 
cells. Mann Whitney statistical test was performed and significant differences are indicated by ** (p<0.01) (n=6).

ALDH1A1/1B1 deficient mice have considerable higher levels of IgA in their 
luminal contents
As retinoic acid has an effect on IgA class switching in B cells, we compared the levels of IgA 
in the luminal contents of the small intestine of both wild type and ALDH1A1/1B1 deficient 
mice. Unexpectedly, we observed more than twofold higher levels of IgA within the luminal 
contents in ALDH1A1/1B1 deficient mice compared to their wild type counterparts (figure 
5a.) while this was not the case in mice that were deficient for only ALDH1A1 or ALDH1B1 
(chapter 4 and figure S5). This was an unexpected finding as we hypothesized that reduced 
levels of ALDH activity in the intestine would result in reduced levels of retinoic acid and 
therewith less induction of IgA class switching. Surprisingly, we did not find any differences 
in the expression of the poly Ig receptor, which aids the translocation of IgA to the lumen, 
in intestinal epithelial cells between wild type and double deficient animals (figure 5b.). 
However, an enhanced IgA response could point towards an overall enhanced adaptive 
immune response towards the microbiome. Therefore, we investigated the expression of 
the anti-microbial proteins Ang4, Defa-1, Reg3β and Reg3γ in intestinal epithelial cells. 
However, we did not observe any differences in the expression of these anti-microbial 
proteins between wild type and ALDH1A1/1B1 deficient mice (figure 5c-f.). Together, these 
data suggest that the loss of both ALDH1A1 and ALDH1B1 impacts the levels of IgA in the 
luminal contents of the small intestine.
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Figure 5: ALDH1A1/1B1 deficient mice have an increased IgA response towards the luminal contents of the small 
intestine. The small intestine of both wild type (WT) and ALDH1A1/1B1 deficient mice (DKO) was dissected, the 
luminal contents were collected and the epithelial cell layer was removed and mRNA was extracted. Analysis was 
done by ELISA and real time qPCR. All genes were normalized to the reference genes Ubiquitin and cyclophylin. a. 
Concentration of IgA in the luminal contents determined by ELISA. Mann Whitney statistical test was performed 
and significant differences are indicated by **** (p<0.001) (n=14). b-f. Relative expression levels of poly Ig receptor 
(b.), Ang4 (c.), Defa-1 (d.), Reg3β (e.) and Reg3γ (f.) was determined in intestinal epithelial cells using real time 
qPCR. Mann Whitney statistical test was performed but no significant differences were observed (n=4).
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DISCUSSION

Retinoic acid has a broad function in immune regulation and depending on the immune 
environment it can either enhance pro- or anti-inflammatory responses34. The role of 
retinoic acid has been most extensively described within the immune environment of the 
intestines and retinoic acid is thought to enhance anti-inflammatory responses by inducing 
an anti-inflammatory phenotype in dendritic cells and macrophages (chapter 3), Foxp3 
expression in T cells and IgA class switching in B cells14,15,17. For sufficient levels of retinoic 
acid, immune cells within the small intestine rely on the uptake and metabolism of vitamin 
A by intestinal epithelial cells22,35. In chapter 4, we showed that ALDH1A1 and ALDH1B1 are 
the vitamin A metabolizing enzymes that are most abundantly present and active in small 
intestinal epithelial cells. 

In addition to our observations in ALDH1A1 deficient animals, preliminary results suggested 
that there are no immunological differences in ALDH1B1 single knock out animals compared 
to wild type animals (data not shown and figure S5). This finding implies that these 
enzymes can probably compensate for one another in order to maintain sufficient levels 
of retinoic acid. Therefore, we hypothesized that loss of both these two enzymes would 
result in decreased retinoic acid bioavailability in the small intestine. To further address 
this hypothesis, we used a mouse model that is deficient for both ALDH1A1 and ALDH1B1. 
Interestingly, we found a higher proportion of CD45+ hematopoietic cells present within the 
intestinal epithelial layer of ALDH1A1/1B1 deficient mice compared to wild type animals 
while the proportion Epcam+ epithelial cells was reduced in these animals. Such a reduction 
in Epcam expression could be explained by reduced retinoic acid levels as a previous study 
showed that mice deficient for retinoic acid receptor (RAR) α signaling in the epithelium 
had a dysregulated epithelial lineage commitment and had increased numbers of goblet 
and Paneth cells within the most distal parts of their small intestine36. The numbers of 
goblet and Paneth cells could be increased at cost of the numbers of Epcam+ epithelial 
cells. Surprisingly, we did not observe any changes in epithelial cell subset markers between 
wild type and ALDH1A1/1B1 deficient mice at mRNA level. However, it should be noted 
that we only analyzed the small intestine as a whole and did not separate distal from the 
more proximal part. Overall, we cannot conclude that the proportion of Epcam+ epithelial 
cells was decreased because of an increase in goblet and Paneth cells based on our data. 
In addition, the increased proportion of CD45+ cells could not be explained by elevated 
expression of the chemokines CCL20 or CCL25 in intestinal epithelial cells. Nevertheless, 
the increased proportion of CD45+ cells in the epithelial layer of ALDH1A1/1B1 deficient 
mice suggests that reduced levels of retinoic acid production leads towards an influx of 
hematopoietic cells within the epithelial layer specifically. This increase in intra epithelial 
lymphocytes is associated with pathologies such as coeliac disease but also with several 
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auto-immune disorders37,38. Together, our data suggest that the loss of ALDH1A1/1B1 results 
in an activated immune environment39.

As retinoic acid is described to impact dendritic cells in the lamina propria of the intestine 
before they migrate to the mesenteric lymph nodes where they can subsequently activate 
T and B cells17,40, we were surprised to find no differences in dendritic cell subsets in the 
mesenteric lymph nodes. In addition, we did not find any differences in CD45+ cells within the 
lamina propria underneath the intestinal epithelium, suggesting that the loss of ALDH1A1 
and ALDH1B1 impacts the epithelium more than the underlying tissues. However, we did 
observe a reduction in the proportion of T helper cells that are T regulatory cells within 
the lamina propria of ALDH1A1/1B1 deficient mice in comparison to wild type animals. 
This observation is in line with previous reports that retinoic acid plays a crucial role in 
the induction of regulatory T cells by enhancing the expression of Foxp3 together with 
TGFβ17,41. However, the reduced proportion of regulatory T cells we found in the lamina 
propria cannot be explained by differences in dendritic cell subsets in the mesenteric lymph 
nodes. Interestingly, however, it has been described that the anti-inflammatory CX3CR1+ 
macrophages in the lamina propria can aid the expansion of regulatory T cells locally in the 
intestines42, suggesting that the effect of ALDH1A1 and ALDH1B1 deficiency may act locally 
on these CX3CR1+ macrophages in the lamina propria and not in the mesenteric lymph 
nodes. This local effect could be partially explained by our finding that both ALDH1A1 and 
ALDH1B1 are not active in the mesenteric lymph nodes as determined by activity-based 
protein profiling (figure S6). Although we did not look further into CX3CR1+ macrophages 
in this study, a decreased presence of these macrophages in the intestine might be an 
explanation for our observations, as we observed no differences in dendritic cell populations 
in the mesenteric lymph nodes.

Interestingly, we found considerably higher levels of IgA in the luminal contents of 
ALDH1A1/1B1 deficient mice compared to wild type animals and this effect appeared to 
be dependent on the loss of both ALDH1A1 and ALDH1B1 as we did not observe this effect 
in mice that were deficient for either ALDH1A1 or ALDH1B1. Surprisingly however, we did 
not find a difference in the expression of the poly Ig receptor in intestinal epithelial cells 
although the expression of this receptor is described to be enhanced by retinoic acid in 
these cells43. In addition, the greater number of helper T cells that are present within the 
epithelial lining of ALDH1A1/1B1 deficient mice may support the increased production of 
IgA by providing help needed for class switching to the IgA isotype.

In addition, IgA levels can be influenced by the microbiome45. Although environmental 
factors are considered to have the most important impact on the microbiome, it was 
shown that the genetic background of the host can also influence the composition of the 
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microbiome46. As the ALDH1A1/1B1 deficient mice and wild type mice were kept under 
the same environmental conditions, the loss of ALDH1A1 and ALDH1B1 might impact 
the composition of the microbiome directly. Therefore, the microbiota in the intestine 
of ALDH1A1/1B1 deficient mice and the subsequent IgA response towards them might 
be different compared to wild type animals45-47. Therefore, determining the composition 
of the microbiome in wild type and ALDH1A1/1B1 deficient mice could be interesting for 
further research. 

Furthermore, it has been reported that retinoic acid enhances the integrity of the epithelial 
barrier48,49. Therefore, reduced retinoic acid levels might result in a leakier barrier and a 
subsequent influx of microbes into the lamina propria resulting in elevated IgA production. 
It has been previously shown that commensal bacteria can suppress vitamin A metabolism 
by influencing the expression of the vitamin A metabolizing enzyme RDH7, which in turn 
can enhance the IL-22 response50. IL-22 aids epithelial integrity and the anti-microbial 
response and has been shown to be induced by retinoic acid signaling19,51,52. Reduced levels 
of retinoic acid might therefore result in reduced levels of IL-22. However, we did not find 
any differences in the expression of IL-22 nor the IL-22 receptor in intestinal epithelial cells 
(data not shown). Then, we hypothesized that ALDH1A1/1B1 deficient mice might have an 
enhanced immune response towards the intestinal microbiota as it was shown that reduced 
retinoic acid signaling in epithelial cells resulted in a higher expression of antimicrobial 
proteins36. However, we did not find any differences in the expression of the anti-microbial 
proteins Ang4, Defa-1, Reg3β and Reg3γ in intestinal epithelial cells between wild type and 
ALDH1A1/1B1 deficient mice. 

In conclusion, the increased levels of IgA we found in the luminal contents of the small 
intestine of ALDH1A1/1B1 deficient animals could not be explained by an enhanced IL-22 
response and did not coincide with an increased expression of anti-microbial proteins. 
Nevertheless, the high levels of IgA in the luminal contents together with less regulatory T 
cells and more immune cells in the epithelial lining suggest an aberrant response towards 
the intestinal microbiome. This adds to the suggestion that ALDH1A1/1B1 deficient mice 
have a more immune activated microenvironment in their small intestine. Disturbed host-
microbial interactions can contribute to the development of auto-immune and inflammatory 
diseases. Here, we show that ALDH1B1 plays a role in the metabolism of vitamin A in the 
intestine and complements ALDH1A1. ALDH1B1 is therefore important for homeostatic 
control of the intestinal immune system.
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Figure S1: Gating strategy intestinal epithelial cells. The small intestine of both wild type (WT) and ALDH1A1/1B1 
deficient mice (DKO) were analyzed by flow cytometry. Cells were stained with a live/death marker, the hematopoi-
etic cell maker CD45 and the epithelial cell marker Epcam. Additionally an Aldefluor assay was performed (gating 
described in chapter 4). Analysis was done by flow cytometry. The gating strategy is depicted here. 
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Figure S3: Gating strategy dendritic cells in the mesenteric lymph nodes. The mesenteric lymph nodes of both wild 
type (WT) and ALDH1A1/1B1 deficient mice (DKO) were analyzed by flow cytometry. Cells were stained with a live/
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Additionally an Aldefluor assay was performed (gating described in chapter X). The gating strategy is depicted here.
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ABSTRACT

The role of retinoic acid has been widely recognized in a broad spectrum of biological 
processes. However, further insights in retinoid biology are stagnating due to a lack of 
experimental options to study these mechanisms in further detail. The conversion and 
trafficking of retinoic acid in cells has been notoriously hard to visualize due the size and 
the lipophilic nature of the molecule. Therefore, there is a need for the development of 
new chemical tools that allow the visualization of vitamin A and retinoic acid in biological 
systems.

Here, we developed propargyl analogues of retinal and retinoic acid which we call clickable 
vitamins. We showed that the clickable vitamins have comparable biological activity to 
their natural counterparts. The clickable vitamins allowed us to trace the molecules via 
photoaffinity labeling and click chemistry followed by various read outs. Together, the 
clickable vitamins hold a promise for future studies on the role of retinoic acid and vitamin 
A metabolism. With these new tools, we aim to further develop our understanding of 
vitamin A metabolism, localization within cells as well as the transfer of their metabolites 
to other cells.

6



132

Chapter 6

INTRODUCTION

Retinoids or vitamin A derivatives are essential for most forms of life. This is because the 
active metabolite of vitamin A, retinoic acid, plays a crucial role in many processes during 
embryogenesis, i.e. patterning and the development of the nervous system1. In addition, 
retinoic acid is known for its diverse and pleiotropic role in a broad spectrum of biological 
processes during adult life and its role in the immune system has already been extensively 
discussed in this thesis2. Retinoic acid exerts its function by binding to retinoic acid receptors 
(RAR) and retinoid X receptors (RXR) in the nucleus which acts as transcription factors for 
over 100 different genes3,4. Retinoic acid receptors bind to retinoic acid response elements 
(RARE), present in the promoter regions of target genes, thereby inducing gene transcription. 
But retinoic acid can also have an impact on gene expression by acting as epigenetic modifier 
without binding to RAREs5,6. In addition, retinoic acid aids in the regulation of a large number 
of noncoding RNAs and modulates the activity of proteins such as mitogen-activated protein 
(MAP) kinases and protein kinase C in the cytoplasm7-9. Together, the broad spectrum of 
mechanisms which allow retinoic acid to impact cellular behavior explains its pleiotropic 
role in biological processes.

Because of the magnitude of genes on which retinoic acid has an effect, high throughput 
techniques and system biology methods are necessary to further unravel the role of retinoic 
acid in biological systems. However, although approaches such as RNA sequencing or mass 
cytometry provide methods to study the effect of retinoic acid on a chosen cell type in an 
unbiased fashion, these techniques do not allow the tracking of retinoic acid and retinol 
and do not provide spatial information. In addition, high throughput methods to investigate 
which proteins interact with retinoic acid are not available. 

The absence of proper visualization techniques is mostly due to the chemical properties of 
retinoic acid. Retinoic acid is not only lipophilic but also highly unstable in the presence of 
oxidants and light, causing oxidative degradation and isomerization10. Therefore, retinoic 
acid is notoriously hard to observe using mass spectrometry, especially in low quantities, 
and requires specialized mass spectrometry protocols11. In addition, other quantification 
methods such as a LacZ reporter gene by a RARE containing promotor are not very sensitive 
and require genetic modification. The need for genetic modification makes this method 
less suitable to quantify retinoic acid levels in more complex biological systems such as ex 
vivo primary cultures12. Furthermore, other methods, such as the Aldefluor assay, focus on 
retinal metabolism as a measure for retinoic acid availability13. However, as ALDH enzymes 
are also capable of metabolizing other substrates, their presence does not indicate the 
presence of retinoic acid per se. 
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Next to the lack of quantification methods, it is not possible to attach fluorochromes directly 
to retinoic acid or use antibodies for its detection because of the small size of retinoic acid. 
Although radiolabeled retinoic acid has been used in the past to track retinoic acid and 
its binding partners, this method cannot be used on a single cell basis and has practical 
limitations due to radioactivity14,15. Currently, new insights in the role of retinoic acid in 
biological systems are stagnating because of the lack of experimental tools. Therefore, there 
is a need for the development of new methods to visualize vitamin A and its metabolite 
retinoic acid.

Here, we present the first steps in the development of a so-called “clickable vitamin”. These 
clickable vitamins are synthesized as vitamin A and retinoic acid analogues containing an 
alkyne click handle. This alkyne click-handle is small and will allow tracing of the molecule 
after incorporating the probe into any biological experiment. We describe the optimization 
of various visualization methods for these clickable vitamins and show that the clickable 
vitamins can be used to investigate proteins that bind retinoic acid and retinal and to 
visualize their localization. 

6
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METHODS

Isolation peripheral blood mononuclear cells (PBMCs) from human blood
PBMCs were isolated by gradient centrifugation of peripheral blood obtained from healthy 
donors on lymphoprep (d=1.077, Fresenius Kabi, Bad Homburg, Germany). Blood was 
drawn after receiving signed informed consent according to the guidelines of the Medical 
Ethical Committee of the VU University Medical Center (Amsterdam, the Netherlands) in 
accordance with the Declaration of Helsinki.

Human dendritic cell culture and flow cytometry
CD14+ monocytes were isolated from the PBMC fraction of peripheral blood with positive 
selection using CD14 magnetic microbeads (Miltenyi Biotec, Leiden, the Netherlands). CD14+ 
cells were cultured in RPMI supplemented with 10% FCS, 1%PSG (all Thermo Scientific, 
Amsterdam, the Netherlands), 20 ng/ml GM-CSF and 20 ng/ml IL-4 (both Immunotools, 
Friesoythe, Germany) for 6 days in order to induce the development of dendritic cells in the 
presence of 1 μM retinoic acid, 1 μM retinal, (both Sigma, Zwijndrecht, the Netherlands) 
1 μM clickable retinal (STA211), 1 μM, clickable retinoic acid (STA215) or a vehicle control. 
The structure of the clickable vitamins is shown in figure 1a. and 1b.). At day 6, cells were 
harvested and an Aldefluor assay (Stemcell, Cologne, Germany) was performed according 
to manufacturer’s protocol. Cells were subsequently stained with CD1c BV421 (1:20, clone 
L161, Biolegend, London, United Kingdom), CD14 BV510 (1:25, clone MφP9, BD Bioscience, 
San Jose, CA, USA), CD86 PE (1:100, clone 2331, BD Bioscience, San Jose, CA, USA) and 
CD103 APC (1:20, clone Ber-ACT8, BD Bioscience, San Jose, CA, USA). Before acquisition, 
7-AAD (Thermo Scientific, Amsterdam, the Netherlands) was added as a live dead marker. 
Samples were acquired on LSR-Fortessa X20 (BD Bioscience, Mountain View, CA, USA) and 
data was analyzed with Flowjo software (Tree Star, San Carlos, CA, USA).

A549 cell culture
A549 lung carcinoma cell line was cultured in DMEM + 10% FCS and 2%PSG (all Thermo 
Scientific, Amsterdam, the Netherlands). Cells were incubated with 10 µM clickable 
retinal (STA211), 10 µM clickable retinoic acid (STA215) or a vehicle control (ethanol) for 1 
hour under serum free conditions. Then, cells were harvested and analyzed using either 
proteomics, activity-based protein profiling, microscopy, flow cytometry or imaging flow 
cytometry.

Sample preparation for in-situ photo affinity-based protein profiling 
For competitive photo affinity based protein profiling, cells from the A459 cell line were 
washed with 2 mL PBS after incubation with the probes and then irradiated (350 nm, 10 
min) in 1 mL ice-cold PBS. The cells were then harvested using trypsin and moved to an 
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Eppendorf tube and the suspension was centrifuged for 5 minutes at 1200 rpm. The PBS 
was removed and the samples snap frozen and stored at -80°C until use.

Click chemistry mixture (click mix)
For click chemistry, a click chemistry mixture (click mix) was added to the cellular sample. 
The click mix was prepared containing 1 mM CuSO4, 5 mM NaAsc, 0.4 mM THPTA (all Sigma 
Aldrich, Zwijndrecht, the Netherlands), 40 µM biotin-azide (for LC-MS), Alexa Fluor 647-azide 
or Alexa Fluor 488-azide (both for imaging) (all Click Chemistry Tools, Scottsdale, AZ, United 
States) in PBS. Then, the click mixture was added to the (thawed) samples. Samples were 
incubated with the click mix for 1 hour at 37°C. For non-copper control samples 1 mM CuSO4 
was left out of the mixture. After incubation samples were acquired accordingly (see below).

In-situ activity-based proteomics
After incubation with click mix containing biotin-azide, proteomics was performed with 
a protocol adapted from previously described procedure16. Excess click reagents were 
removed by chloroform/methanol precipitation followed by another wash with methanol. 
Precipitated proteomes were then suspended in urea buffer (250 µL, 6M urea and 25 mM 
ammonium bicabornate), DTT (2.5 µL, 1M) was added and the mixture was incubated for 
15 min at 65°C while shaking (600 rpm). The samples were subsequently allowed to cool 
down to RT and alkylated by addition of iodoacetamide (20 µL, 0.5M) for 30 minutes at 
RT in the dark. Addition of SDS (70 µL, 10% (v/v)) was followed by heating at 65°C for 5 
minutes. For each sample 50 µL 50% slurry of Avidin-Agarose from egg white (Sigma-Aldrich, 
Zwijndrecht, the Netherlands) was washed three times with PBS and transferred in PBS (1 
mL) to a 15 mL tube. To this another 2 mL of PBS was added followed by the corresponding 
proteome sample treated with biotin-azide click mix. The beads were incubated with the 
proteome for 2 hours at room temperature using an overhead shaker. The beads were then 
isolated by centrifugation (2 min, 2500g), washed with SDS in PBS (0.5% (w/v)) and washed 
three times with PBS. The beads were then transferred to low-binding Eppendorf tubes 
and proteins were digested overnight at 37°C and 950 rpm in 250 µL digestion buffer (100 
mM Tris, 100 mM NaCl, 1 mM CaCl2, 2% acetonitrile and 0.5 µg sequencing grade trypsin 
(Promega, Leiden, the Netherlands)). Digestion was stopped by addition of formic acid (12.5 
µL) and the beads filtered off by centrifugation (2 min, 600g) using a Bio-Spin column (Bio-
Rad, Lunteren, the Netherlands). Samples were then desalted using stage tips, collected 
in low-binding Eppendorf tubes, concentrated using a SpeedVac (Eppendorf) and stored 
at -20°C until reconstitution before measurement17. All samples were prepared in at least 
three biological replicates.

6
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LC-MS/MS measurement and analysis
Samples were reconstituted in LC-MS sample solution (50 µL, 3% acetonitrile/0.1% formic 
acid/20 fmol/µL enolase). Samples were then analysed using a NanoACQUITY UPLC System 
(Waters) coupled to a SYNAPT G2-Si high-definition mass spectrometer (Waters) as previously 
described16,18. Of each sample 5 µL was loaded on a nanoEASETM M/Z Symmetry C18 trap 
column (particles 5 µm, 100 Å , 180 µm x 20 mm, Waters) with 0.1% formic acid and separated 
on an nanoEASETM M/Z HSS C18 T3 analytical column (particles 1.8 µm, 75 µm x 250 mm, 
Waters) heated at 80°C. A multistep gradient running from 5-40% acetonitrile containing 0.1% 
formic acid during a 70 minute method at 300 nL/min was used to achieve peptide separation. 
Survey scans (m/z 50-2000 Da) were acquired in the Synapt with a scan time of 0.6 seconds in 
positive, resolution mode. The collision energy is set to 4 V in the trap cell for low-energy MS 
mode. For the elevated energy scan, the transfer cell collision energy is ramped using drift-
time specific collision energies. The lock mass is sampled every 30 seconds. MS raw files were 
analyzed with ProteinLynx Global SERVER (PLGS, v3.0.3, Waters). The MSE identification was 
also performed with PLGS using the human proteome from Uniprot (uniprot-homo-sapiens-
trypsin-reviewed-2016-08-29.fasta). The following parameter settings were used: low energy 
threshold 150 counts, elevated energy threshold 30, peptide and protein FDR 1%, enzyme 
specificity trypsin, max missed cleavages max 2, variable modification methionine oxidation, 
fixed modification carbamidomethylation cysteine, fragments/peptide 2, fragments/protein 
5, peptides/protein 1 and number of peptides to measure per protein 3. For label-free 
quantification ISOQuant (v1.5) was used19,20. Data were filtered to retain only proteins with 
two or more reported peptides and quantified in at least 3 replicates of the positive control 
(probe treated). Proteins were designated as significantly enriched by the probe when they 
showed 2-fold enrichment in quantification value when comparing negative control (vehicle 
treated) with positive control (probe treated) samples and probability as determined by a 
Student’s t-test (<0.05).

Microscopy
A549 cells were cultured on glass slides as described above. After incubation with the clickable 
vitamins, cells were fixated on the glass using 1% PFA. Then click chemistry was performed 
as described above using click mix containing Alexa Fluor labeled azide. In addition, DAPI 
(Therma Scientific, Amsterdam, the Netherlands) was added as a nuclear stain. Slides were 
imaged using a Leica DM6000 fluorescent microscope (Leica, Amsterdam, the Netherlands).

Flow cytometry on PBMCs
Blood was drawn from healthy volunteers as described above and erythrocytes were lysed 
using lysis buffer. Then, white blood cells were incubated with 10 µM STA211, 10 µM STA215 
or a vehicle control (ethanol) for 1 hour under serum free conditions. Before fixation, cells 
were treated with a fixable viability dye eFluor506 (eBioscience, Amsterdam, the Netherlands). 
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After fixation, click chemistry was performed as described to ligate AlexaFluor 647 azide 
to the probe. Subsequently, cells were stained for various discriminating surface markers: 
CD19 BV605 (1:30, clone SJ25C1, BD Bioscience, Mountain View, CA, USA), CD3 eFluor405 
(1:300, clone OKT3), CD56 PE (1:30, clone CMSSB), CD16 APC eFluor780 (1:100, clone CB16) 
(all eBioscience, Amsterdam, the Netherlands) and CD14 Alexa Fluor488 (1:100, clone HCD14, 
Biolegend, London, United Kingdom). Samples were acquired on LSR-Fortessa X20 and data 
was analyzed with Flowjo software.

Cell sorting
PBMCs were isolated and incubated with STA215 as described above. Before fixation, cells 
were treated with a fixable viability dye eFluor780. Subsequently, cells were fixed and stained 
with CD3 FITC (1:50, clone UCHT1, eBioscience, Amsterdam, the Netherlands), CD4 PE (1:50, 
clone OKT4), CD19 BV785 (1:100, clone HIB19) (both Biolegend, London, United Kingdom) 
and CD8 BV421 (1:200, clone RPA-T8, BD Bioscience, Mountain View, CA, USA). Then cell 
sorting was performed using a FACSAria Fusion (BD Bioscience, Mountain View, CA, USA) and 
CD3+CD4+, CD3+CD8+ and CD3-CD19+ cell fractions were isolated. Subsequently these cell 
fractions were subjected to click chemistry as described to ligate Alexa Fluor647-azide to the 
probe. Then samples were analyzed for the presence of the probe on LSR-Fortessa X20 and 
data was analyzed with Flowjo software. 

Imaging flow cytometry
A549 were cultured, fixed and clicked as described above. DAPI was added as a nuclear stain 
just before acquisition. Samples were analyzed using the ImageStream. The ImageStream is 
an instrument that combines flow cytometry and microscopy in one platform and is thereby 
able to generate population statistics on subcellular morphological measurements made 
per cell across a sample of thousands. The system has a magnification lens in the light path 
after the flow cell and in essence replaces the PMT’s of a conventional flow cytometer with 
a camera. It is thus able to image thousands of cells per second with microscopic resolution. 
Sample were acquired using the INSPIRE acquisition software on a two camera, 4 laser (125mW 
405nm, 100mW 488nm, 200mW 561nm, 150mW 642nm) ImageStream ISX from Amnis (a 
Luminex subsidiary). With the 488nm laser and 405nm laser set at 100mW and 125 mW 
respectively, the Alexa Fluor 488 signal was measured in Channel 2 of Camera 1 and the DAPI 
signal was measured in Channel 7 of Camera 2. The magnification was set at 60x with a sample 
core velocity of 40mm/min. The acquired images and data were analyzed using the image 
analysis software IDEAS. IDEAS is flexible and powerful enough to identify and measure any 
discernible object in an image. To this end, a threshold mask of 70% of the default DAPI mask 
was created for the nucleus and the extent of nuclear translocation for the clickable vitamins 
was quantified using this nuclear mask as the region of interest for both the Bright Detail 
Similarity and Internalization features in the IDEAS software.
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RESULTS

Clickable vitamins STA211 and STA215 are biologically functional
Clickable vitamins STA211 and STA215 were designed such that they resemble their natural 
counterparts retinal and retinoic acid, respectively (figure 1a. and b.). The addition of an 
alkyne ligation handle should enable us to trace back the molecules in biological experiments. 
To determine whether our clickable vitamins have indeed also a similar function to their 
natural counterparts, human CD14+ monocytes were differentiated towards monocyte 
derived dendritic cells in the presence of retinal, retinoic acid, their respective clickable 
counterparts STA211 and STA215 or a vehicle control. Because retinoic acid induces the 
expression of ALDH1A2 and CD103 in dendritic cells we wondered whether our synthetic 
clickable equivalent would have a similar effect on dendritic cells21-25. Although retinal and 
its clickable equivalent STA211 did not impact ALDH activity in dendritic cells, we observed 
that both retinoic acid and STA215 enhance ALDH activity compared to cells treated with 
the vehicle control ethanol (figure 1c.). Interestingly, CD103 expression was induced by 
retinoic acid and STA215 (figure 1d.). STA211 did not induce CD103 expression compared 
to the vehicle control or retinal (figure 1d.). Remarkably, retinal alone gave a slight induction 
of CD103 expression. We can therefore not state that STA211 is exactly similar to retinal in 
its biological activity. However, we show that STA215 has a similar biological effect as its 
counterpart, which holds a promise for the further development of our clickable vitamins.
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Figure 1: Clickable vitamins have a similar biological function as their natural counterpart. a. and b. chemical 
structure of retinal and its synthetic clickable retinal counterpart STA211 (a.) and retinoic acid and its synthetic 
retinoic acid counterpart STA215 (b.). c. and d. CD14+ monocytes were differentiated towards monocyte derived 
dendritic cells using IL-4 and GM-CSF in the presence of 10 µM of retinal, its clickable counterpart STA211, retinoic 
acid, its clickable counterpart STA215 or the vehicle control ethanol (EtOH). ALDH activity was determined using 
the Aldefluor assay (c.) and a staining for CD103 expression was performed (d.). n=3
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STA211 and STA215 can be used to visualize interacting proteins
After the validation of the biological equivalence of the clickable vitamins, their application in 
a photo-affinity proteomics approach was studied. As retinoids are inherently photoreactive, 
the clickable vitamins can bind to surrounding proteins due to the formation of free radicals 
under the influence of UV light. Using the alkyne ligation handle, the clickable vitamins can 
then be traced back after UV treatment. Proteins that were in the vicinity of the clickable 
vitamin can be identified in this manner, a method called photo-affinity proteomics. In order 
to study this, cells from the non-small lung cancer cell line A549 were treated with either 
STA211 or STA215 for 1 hour. Cells were washed and then irradiated for 10 minutes with 
UV-light (350 nm). Samples were lysed, clicked using Alexa Fluor 488-azide and resolved by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by in-gel 
fluorescent scanning. Proteomes derived from cells treated with STA211 and STA215 showed a 
fluorescent band around 40 kDa upon UV irradiation (figure 2a.). This band was not observed 
in proteomes from cells pretreated with either retinal or retinoic acid. Another fluorescent 
band was visible around 55 kDa, which was also present in samples processed without UV 
irradiation. The intensity of this band increased upon irradiation and was competed away by 
the addition of retinoic acid or retinal. As these cells are described to have high ALDH activity, 
this band may represent the clickable vitamin bound to the ALDH enzymes in its covalent 
intermediate as this would be approximately 55 kDa in size. Cells treated with STA215 showed 
a similar labelling pattern with an extra fluorescent band appearing around 30 kDa (figure 2b.). 
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Figure 2: Photoaffinity labelling of A549 cells with clickable vitamins. A549 cells were treated with STA211 (10 
µM) or STA215 (10 µM) for 30 minutes and irradiated for 10 minutes on ice with UV-light (350 nm). Click chemistry 
was performed to attach Alexa Fluor 488 to the clickable vitamin present in the cell lysates. Samples were then 
loaded on a 10% SDS PAGE gel. a. Gel scan of STA211 treated samples. b. Gel scan of STA215 treated samples.
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Having established that the clickable retinoids can be used as photo-affinity probes, they 
were subjected to chemical proteomics. In short: after binding the clickable vitamin to 
its surrounding proteins using UV light, samples were ligated with a biotin-azide and 
subsequently enriched with avidin beads. After washing, bound proteins were digested 
using trypsin and analyzed using mass spectrometry in a manner similar to the activity-based 
protein profiling as described in chapters 4 and 5. Only seven proteins were significantly 
enriched by STA211 upon UV irradiation (figure 3a.), whereas 21 proteins were UV enriched 
by STA215 (figure 3b.). In addition, although we found more proteins to be associated with 
STA215 than STA211, we found that these proteins belonged to similar cellular pathways. 
Both STA211 and STA215 are interacting with proteins that are part of pathways involved 
in carbon metabolism, glycolysis and glucogenesis or pathways associated with protein 
processing in the ER. This indicates that both retinal and retinoic acid are associated with 
similar molecular pathways (figure 3c. and 3d.). Together, we show that photo affinity 
proteomics is a suitable technique to investigate which proteins interact with retinal or 
retinoic acid.
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Figure 3: Proteomics analysis of A549 cells photoaffinity labeled with clickable vitamins. A549 cells were treated 
with STA211 (10 µM) or STA215 (10 µM) for 30 minutes and irradiated for 10 minutes on ice with UV-light (350 nm). 
Proteomics analysis of binding proteins was performed using activity-based protein profiling. a. Volcano plot of 
total proteins identified in chemical proteomics experiment with probe STA-211 (10 µM). Red lines indicate thresh-
old values (fold-change > 2; p-value < 0.05) marking significantly enriched proteins. Red dots indicate UV enriched 
proteins. b. Volcano plot for total proteins identified in chemical proteomics experiment with probe STA-215 (10 
µM). Red lines indicate threshold values (fold-change > 2; p-value < 0.05) marking significantly enriched proteins. 
Red dots indicate UV enriched proteins. For a and b data are from n=2 experiments (biological replicates). c. and 
d. Top 5 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways associated with proteins found in STA211 
(c.) and STA215 (d.) treated samples.
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The cellular uptake of STA211 and STA215 can be visualized using flow cy-
tometry and imaging flow cytometry. 
Next to the visualization of STA211 and STA215 in cell lysates we aimed to visualize the 
clickable vitamins on a single cell level. Because visualization of the clickable vitamins 
using microscopy has a substantial background signal in vehicle control treated-A549 cells 
(figure S1), we used flow cytometry methods to investigate whether the background signal 
remained substantial in a more quantitative approach. As with microscopy, no fluorescence 
was observed in samples treated with click mix without copper (figure 4a., dashed line). In 
addition, we observed a background signal in samples treated with a vehicle control (figure 
4a. light grey). However, samples treated with our clickable vitamins STA211 and STA215 
exceeded this background signal, which was more clear upon treatment with STA211 than 
with STA215 (figure 4a. black). Using a quantitative method therefore does enable the 
discrimination between background and real signal. 

However, determining the cellular localization of the clickable vitamins in cells is not possible 
using classic flow cytometry. Therefore, we examined whether imaging flow cytometry 
could serve as a quantitative approach providing spatial information. As with microscopy 
and flow cytometry, we observed no signal in samples treated with click mix devoid of 
copper (data not shown). Furthermore, the fluorescent signal in probe treated samples 
clearly exceeded that of the samples treated with a vehicle control (figure 4b.). Interestingly, 
STA211 appears to have a brighter fluorescent signal than STA215 as also observed by regular 
flow cytometry. In addition, a nuclear staining provided information on the localization of 
the probe (figure 4c.). Subsequent data analysis showed that STA211 and STA215 have a 
different localization within the cells. While STA215 appeared to localize more within the 
nucleus, STA211 was more restricted to the cytoplasm. Besides this quantitative analysis, 
images of individual cells provide a qualitative visual representation of the data (figure 4d.). 
This method needs more optimization as the repeat of these experiments showed variable 
results, potentially as a result of growth kinetics of the cell line.
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Figure 4: Flow cytometry and imaging flow cytometry to assess uptake and intracellular routing of clickable 
vitamins. Cells from the A549 cell line were incubated with STA211, STA215 or ethanol (etOH) as a vehicle control. 
Then cells were fixed and treated with a click chemistry mix in order to attach an Alexa 488 fluochrome to the probes 
using a reaction that involves copper. Samples were analyzed using flow cytometry (a.) or imaging flow cytometry 
(b-d.) where the intensity of the Alexa 488 signal is used as a surrogate for the amount of vitamin taken up by a cell. 
a. Fluorescence intensity of A459 cells stained with Alexa Fluor 488 attached to STA211 (left) or STA215 (right) in 
black. Samples treated with click mix without copper (dashed line) or ethanol (etOH, grey) were used as controls for 
signal background. b. Fluorescence intensity of A459 cells stained with Alexa Fluor 488 attached to STA211 (light 
grey), STA215 (dark grey) or ethanol (black) analyzed using imaging flow cytometry. c. Just before acquisition, DAPI 
was added to the samples as a nuclear stain. We were thus able to mask the nucleus as a region of interest in the 
image of each cell and use the Bright Detail Similarity R3 and Internalization features – two metrics for location in 
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the IDEAS image analysis software -- to measure nuclear localization of the Alexa Fluor 488 labeled vitamins. The 
Bright Detail Similarity R3 feature can be used to quantify the co-localization of two probes in a defined region. The 
Bright Detail Similarity R3 feature is the log transformed Pearson’s correlation coefficient of the localized bright 
spots with a radius of 3 pixels or less within the masked area in the two input images and is plotted on the X axis. The 
Internalization feature is defined as the ratio of the Alexa Fluor 488 intensity inside the nuclear mask to the intensity 
of the entire cell. The higher the score, the greater the concentration of labeled vitamin in the nucleus. The ratio is 
mapped to a log scale to increase the dynamic range to values between (-inf, inf). Cells with clickable vitamin in the 
nucleus typically have positive scores while cells with cytoplasmic vitamin have negative scores. Cells with scores 
around 0 have a mix of cytoplasmic and nuclear Alexa Fluor 488 intensity. This feature is plotted on the Y axis. When 
the values for each of these features per cell are displayed as coordinates in a bi-variate plot, the data indicate that 
of the total vitamin taken up by a cell, the STA215 treated sample routes more to the nucleus than the cytoplasm 
compared to the STA211 treated sample. d. Images of the red events in the plot depicted in c. are from the STA211 
treated sample and show a strong separation of the green vitamin and red nucleus. Images of the orange events in 
the plot depicted in c. are from the STA215 treated sample and show a strong co-localization of the green vitamin 
and the red nucleus. Co-localization is visualized in yellow. Note, the brightness of the vitamin images in the 215 
sample was enhanced to compensate for the dimmer staining / reduced vitamin uptake.

Different types of immune cells take up different levels of STA211 and STA215
As flow cytometry proved to be a suitable and reproducible technique to visualize clickable 
vitamins in cells, we questioned whether we could also apply this method in primary material. 
Therefore, we treated whole blood samples without erythrocytes with STA211, STA215 or a 
vehicle control and analyzed the samples with flow cytometry. These experiments showed that 
the granularity of the cells was reduced in samples treated with click mix containing copper 
to catalyze the click reaction (figure 5a.). In addition, we observed that the addition of copper 
impacted the fluorescence intensity of additional cell specific markers in our FACS panel (data 
not shown). Therefore, we distinguished lymphocytes, monocytes and granulocytes based on 
morphology (figure 5a.). We observed that all three subtypes take up the clickable vitamins 
but in different quantities. Especially in granulocytes, we observed high levels of fluorescence 
and also higher levels of background in samples treated with click mix without copper (figure 
5b.). In addition, we observed that although monocytes had low levels of fluorescence in the 
non-copper control samples, monocytes had high levels of background fluorescent signal in 
the vehicle control which was copper treated (figure 5b.). 

Interestingly, we observed that there are two populations of lymphocytes that take up both 
STA211 and STA215 whereas the fluorescent signal in the control samples was low (figure 5b.). 
This observation indicated that different subtypes of lymphocytes have uptake variable affinity 
for the clickable vitamins. However, as the addition of copper compromised the FACS staining 
we could not further specify the different lymphocyte subsets. Therefore, we used cell sorting 
to bypass this effect of copper on fluorescence. We isolated peripheral blood mononuclear cells 
from healthy donors and treated them with STA215 or a vehicle control and subsequently used 
cell sorting to sort CD3+CD4+ T cells and CD3+CD8+ T cells. The sorted T cells were subsequently 
treated with click mix and analyzed by flow cytometry (figure 5c.). Although vehicle control 
treated samples still gave some background, we could clearly distinguish a positive signal in 
STA215 treated samples. When we compared the signal intensity between CD3+CD4+ T cells and 
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CD3+CD8+ T cells, we observed that CD3+CD4+ T cells had a higher uptake of STA215 (figure 5d.). 
Together, we show that flow cytometry techniques are suitable to visualize clickable vitamins 
due to the quantitative character of the method. However, additional optimization experiments 
are necessary to perfect this method.
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Figure 5: FACS analysis to trace clickable vitamins in whole blood and sorted T cells. a. and b. Whole blood was 
treated with STA211 or STA215. Then cells were fixed and treated with a click chemistry mix in order to attach Alexa 
Fluor 647-azide to the probes using a reaction that involves copper. Samples were analyzed using flow cytometry. a. 
Representative forward versus side scatter plots of samples treated with click mix with or without copper. Lympho-
cytes (1), monocytes (2) and granulocytes (3) were gated based on morphology. b. Presence of STA211 and STA215 
(black) in lymphocytes, monocytes and granulocytes gated based on the strategy presented in a. compared to ve-
hicle control (EtOH) treated cells (grey). Cells treated with click mix devoid of copper are presented with a dashed 
line. (n=2) c. and d. Peripheral blood mononuclear cells were treated with STA215, fixed and stained with a viability 
dye, CD3, CD19, CD4 and CD8. CD3+CD4+ and CD3+CD8+ T cells were sorted and treated with a click chemistry mix in 
order to attach Alexa Fluor 647-azide. c. Overlays of STA215 treated (black) or vehicle (EtOH) treated (grey) CD4+ (left) 
and CD8+ (right) T cells (black). Cells treated with click mix devoid of copper are presented with a dashed line. (n=1) 
d. Overlays of STA215 treated CD4+ (dark grey/dashed line) and CD8+ (light grey/solid line) T cells. 
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DISCUSSION

Here, we present a promising new tool to study the cellular behavior and interactions of 
retinal and retinoic acid. By systematic analysis of different methods we have formulated 
a work flow for the visualization of clickable vitamins. First: a proteomics approach was 
developed to identify proteins that interact with retinal or retinoic acid. Second, FACS 
analysis can be used to identify the differences between retinal and retinoic acid uptake 
among various subsets of cells. Lastly, although more optimization is still necessary, imaging 
flow cytometry can be used to investigate the uptake and localization of the clickable 
vitamins. Together, this workflow allows to investigate which proteins are interacting with 
retinal and retinoic acid, the intracellular location of these interactions and in which cells 
this takes place.

Due to the high similarity in chemical structure, our clickable vitamins are biologically 
equivalent to their natural counterparts. In human monocyte derived dendritic cells, we 
observed similar induction of ALDH activity and CD103 expression on a protein level. Other 
chemical probes that have been developed to study retinoid function have only been studied 
on mRNA level instead of a functional level and do not have the structural resemblance to 
the biological counterpart that our probes have26,27. However, besides functional assays to 
assess the biological equivalence of the clickable vitamins, RNA sequencing experiments 
could be performed to have more unbiased information on the effect the clickable 
vitamins have on gene expression compared to their natural counterparts. Nevertheless, 
the structural resemblance of the natural compounds of the clickable vitamins allows us 
to study interacting proteins and localization in a more relevant setting than previously 
described probes.

Nevertheless, the practical applications we developed need further optimization. The high 
background signal in vehicle-control treated cells may be reduced by optimization of the 
washing after incubation with the click mix. The EDTA washing step should neutralize copper 
residues and washing should remove copper residues. However, more extensive washing 
of the cells may not be the entire solution as copper is known to quench fluorescence (and 
did so in all the fluorochromes we tested so far). In addition, copper appeared to impact the 
cellular granularity. Therefore, other copper-free ligation methods should be considered 
requiring the attachment of a different ligation handle to the clickable vitamins. However, 
other ligation handles are structurally larger and might therefore impact the biological 
behavior of the clickable vitamin.

In addition, other techniques could be used for tracing the clickable vitamins. We show that 
the clickable vitamins can be visualized in cell lysates using in-gel fluorescent scanning. In 
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a similar manner, different cellular fractions (such as a nuclear or a cytoplasmic fraction) 
could be analyzed for the presence of the clickable vitamin. For a more qualitative approach, 
Raman microscopy could be used to trace the clickable vitamins as the alkyne group 
has a very distinct Raman spectrum28,29. However, we were not able to investigate the 
possibilities of using Raman microscopy to visualize the clickable vitamins as this requires 
highly specialized equipment. 

Even though we were not able to completely optimize all visualization methods yet, we 
were able to show that we can use imaging flow cytometry to obtain quantitative data 
on the localization of clickable vitamins. It is not surprising that STA211 and STA215 have 
a differential localization within the cell as retinoic acid is known to interact with nuclear 
receptors whereas retinal is metabolized in the cytoplasm30,31. However, we did not find 
any retinoic acid binding nuclear receptors when we analyzed STA215 treated samples 
using activity based protein profiling although this observation could be cell type specific. 
Despite A549 cells are known to have high ALDH activity, this does not necessarily mean that 
retinoic acid is actively involved in gene transcription. It would therefore also be interesting 
to repeat these experiments using for example intestinal epithelial cells which are described 
to have active retinoic acid receptors32. 

Furthermore, we looked at molecular pathways associated with STA211 and STA215. We 
found that STA211 and STA215 are associated with very similar pathways. Both STA211 
and STA215 were associated with pathways involved in glycolysis and glucogenesis, 
carbon metabolism, protein processing in the ER and the biosynthesis of antibiotics. This 
observation implies that although STA211 and STA215 can have a differential localization 
they are associated with the same cellular processes. This is not surprising since retinoic 
acid is a metabolite of retinal and has a very similar molecular structure. Combining both 
imaging flow cytometry with proteomics analysis can therefore provide new insights in the 
involvement of both retinal and retinoic acid in various cellular processes.

In addition, we found that lymphocytes, monocytes and granulocytes take up different 
levels of clickable vitamins. Although there were no differences within the amount of uptake 
within the monocytes and granulocytes, there appeared to be two classes of lymphocytes 
regarding both STA211 and STA215 uptake. This could imply that retinoic acid and retinal can 
only be taken up by specific subsets of lymphocytes which provides an interesting subject 
for further study. Using cell sorting, we showed that CD4+ T cells take up more STA215 
than CD8+ T cells and this observation may be further diversified by including more T cell 
markers. In addition, this observation could mean that retinoic acid has a broader range of 
effects on CD4+ T cells that CD8+ T cells, which is supported by the fact that most reported 
effects of retinoic acid on T cells concern CD4+ and not CD8+ cells2,33. Overall, we can use 
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flow cytometry to study the uptake of retinoic acid and retinal by cells. This provides a 
valuable tool for unanswered questions as we can now investigate what impacts the uptake 
of retinoic acid by T cells, what the differences are between cells that do and do not take up 
retinoic acid and see if we can use this knowledge to manipulate inflammatory responses.

Together, we present a user friendly method to visualize retinoic acid and retinal in cells 
that can be applied in a wide variety of biological systems and methods. We show that we 
can use proteomic approaches to study proteins that interact with retinal and retinoic acid 
and that flow cytometry is suitable to visualize the presence of clickable vitamins at the 
single cell level. Although further optimization of these applications is still necessary, we 
are positive that the clickable vitamins will be able to answer so far unanswered questions 
regarding retinoid biology and revoke the stagnation in fresh insights in the role of retinoic 
acid in biology. 
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SUPPLEMENTARY FIGURES

Figure S1: Microscopy analysis of probe treated cells. A549 cells were grown on glass slides and treated with 
ethanol, STA211 or STRA215 for 1 hour. Cells were fixed and treated with a click chemistry mix in order to attach an 
Alexa 488 fluorochrome to the probes using a reaction that involves copper. Analysis was done using microscopy. 
These pictures are representative for 4 individual experiments.
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Maintaining a balance in immune responses ensures that invading pathogens are effectively 
cleared while these reactions do not result in chronic inflammation. With the work 
presented in this thesis, we aimed to gain a better understanding of how immune responses 
are balanced under homeostatic conditions. We reasoned that a better understanding of 
immune homeostasis will provide tools to prevent the development of chronic inflammatory 
diseases. As the vitamin A metabolite retinoic acid plays a pivotal role in immune regulation 
and the maintenance of immune homeostasis this thesis is focused on this molecule. 

Regulation of retinoic acid bio-availability as a therapeutic target
Retinoic acid has been described to play a role in a broad range of biological processes. 
Within the immune system, retinoic acid is generally considered to have an anti-inflammatory 
function. For this reason, retinoic acid has gained attention as a potential anti-inflammatory 
agent for therapeutic use. In inflammatory skin diseases, retinoids are already being used as 
a therapeutic strategy to attenuate inflammation1. Furthermore, retinoic acid treatment has 
been observed to reduce lupus nephritis in systemic lupus erythematosus patients2. In mice, 
studies show that retinoic acid can attenuate inflammation in i.e. intestinal inflammation, 
type 1 diabetes and graft versus host disease3-5. Because of its anti-inflammatory properties, 
the manipulation of retinoic acid availability could therefore be a promising therapeutic 
target for a broad spectrum of inflammatory diseases.

Reduced levels of retinoic acid could also lay at the basis of the development of 
autoimmunity. Therefore, one of the goals of this thesis was to find ways to manipulate 
retinoic acid bio-availability in order to prevent the development of chronic inflammation. 
An obvious method to manipulate retinoic acid bio-availability is controlling vitamin A 
intake via the diet. Not without reason, vitamin A supplementation to pregnant women 
and young children in the third world is one of the most successful programs of the World 
Health Organization6. In addition, oral administration of retinoic acid alleviates symptoms 
in inflammatory skin diseases such as chronic hand eczema, as also described in chapter 
2. Furthermore, retinoic acid has been associated with reduced inflammation in both in 
vitro and in vivo models. Although the exact mechanisms behind the anti-inflammatory 
role of retinoic acid have not been established we hypothesized that reduced retinoic acid 
levels might lead to an increased risk for developing autoimmunity. Determining the cause 
of reduced retinoic acid levels in patients might therefore provide leads for prevention of 
autoimmune diseases.

Reduced levels of retinoic acid can be caused at several stages, as the availability of retinoic 
acid depends on the uptake, metabolism and transportation of vitamin A. Since the body 
depends on dietary intake for sufficient vitamin A levels, reduced retinoic acid levels can 
already be caused by impaired uptake of vitamin A from the diet by intestinal epithelial cells 
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or hampered release of vitamin A or retinoic acid into the circulation. However, as vitamin 
A deficiency is very rare in the developed world, other factors can contribute to reduced 
retinoic acid bio-availability which could result in problems regarding immune homeostasis. 
For instance, after uptake and release by intestinal epithelial cells, the transport and storage 
of vitamin A in the liver could be insufficient7. In addition, also intracellular processes that 
regulate the meta- and catabolism of vitamin A and retinoic acid could be hampered. Next 
to this, also the intracellular transportation and signaling could be flawed. Hampered uptake, 
release or storage could be caused by defects in uptake receptors, transporter proteins 
or proteins that aid the packaging of vitamin A for release. In addition, reduced function 
of proteins responsible for vitamin A metabolism such as ADH and ALDH enzymes and 
enzymes that aid the intra- and extracellular transport of retinoic acid and vitamin A could 
result in impaired retinoic acid bio-availability. Thereby, enhanced catabolism by enzymes 
of the CYP26 family can contribute to reduced levels of retinoic acid. Together, as retinoic 
acid and vitamin A are crucial for proper functioning of many biological processes, there 
are multiple factors that regulate retinoic acid levels. Moreover, most cellular processes 
involved in vitamin A metabolism and retinoic acid signaling are highly conserved between 
species, emphasizing their importance in health8. More research is necessary to establish 
the exact mechanisms behind the importance of all these proteins involved in maintaining 
retinoic acid bioavailability before we can consider them as potential therapeutic targets for 
autoimmune diseases. In this thesis, we focused on the role of ALDH enzymes in maintaining 
retinoic acid levels as ALDH enzymes metabolize retinal into retinoic acid and are therefore 
believed to be rate-limiting for its bio-availability.

Using ALDH enzymes to manipulate retinoic acid levels
In chapter 3, we showed that vitamin A and retinoic acid play an important role in inducing 
a tolerogenic phenotype in macrophages. In addition, retinoic acid was shown to induce 
a similar phenotype in dendritic cells9-11. An important characteristic of this tolerogenic 
phenotype is the expression of the retinoic acid producing enzyme ALDH1A2 in dendritic cells 
and macrophages12,13. However, it was observed that these cells depend on an exogenous 
source of retinoic acid for this functional differentiation14,15. Interestingly, intestinal epithelial 
cells constitutively express ALDH1A1 and can enhance tolerogenic function in dendritic 
cells14,16,17. Furthermore, it was observed that reduced expression of ALDH1A1 by intestinal 
epithelial cells or reduced retinoic acid levels in the small intestine correlated with a more 
inflammatory immune microenvironment18-20. We therefore hypothesized that reduced 
expression of ALDH1A1 in intestinal epithelial cells would result in lower levels of available 
retinoic acid for intestinal dendritic cells and macrophages, thus causing a more pro-
inflammatory immune micro-environment which could lead to autoimmunity. 
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To study this effect in further detail, the impact of ALDH1A1 deficiency was investigated in 
chapter 4. Unexpectedly, we did not observe any differences in the phenotype of dendritic 
cells in the mesenteric lymph nodes, no differences in the proportion of regulatory T cells in 
the small intestine and no differences in IgA concentration in the luminal contents of these 
mice compared to their wild type counterparts. These observations led to the conclusion 
that other factors might be compensating for the loss of ALDH1A1. As we observed no 
differences in ALDH activity in intestinal epithelial cells, we collaborated with chemists to 
develop an activity based protein profiling assay to identify potential candidate enzymes 
that could compensate for the loss of ALDH1A1. 

Using this approach we found that ALDH1B1 was highly active in intestinal epithelial cells. 
In chapter 5, we therefore addressed the impact of the loss of both ALDH1A1 and ALDH1B1 
and found that ALDH1A1/ALDH1B1 deficient mice had reduced numbers of T regulatory 
cells while the proportion of T helper cells was increased within the small intestine, 
indicating a more activated immune environment. Surprisingly, we found substantial 
higher concentrations of IgA in the luminal contents of the small intestines of these mice. 
This finding contradicted observations in literature that retinoic acid promotes IgA class 
switching and that lower expression of ALDH1A1 correlated with lower concentrations 
of IgA in the luminal contents18,21. However, we cannot be sure that ALDH1A1/ALDH1B1 
deficient mice have reduced retinoic acid levels in their intestines as we did not determine 
retinoic acid concentrations specifically. Therefore, reduced ALDH function could also result 
in more IgA production due to enhanced immune activation or higher numbers of B cells in 
isolated follicles via other mechanisms than retinoic acid signaling. Nevertheless, we show 
that ALDH enzymes play a role in maintaining intestinal immune homeostasis and have 
identified ALDH1B1 as a member of the ALDH family that also has a role in intestinal immune 
homeostasis and therefore deserves the attention from immunologists. 

Although we hypothesized that reduced function of ALDH enzymes could result in the 
development of auto immunity, genetic mutations in ALDH enzymes were never identified 
as a risk factor for auto immune diseases to our knowledge. The lack of a clear link between 
a mutation ALDH enzymes and disease suggests that the regulation of retinoic acid bio-
availability might take place at multiple levels. We show that the loss of only one ALDH 
enzyme does not impact immune homeostasis, whereas the loss of two ALDH enzymes did 
have an effect. Although this finding suggests high redundancy between ALDH enzymes, 
loss of ALDH1A2 is embryonically lethal22. In addition, ALDH1A3 deficiency in mice results 
in hampered nasal development resulting in respiratory stress leading to death shortly after 
birth, which could be overcome by maternal retinoic acid treatment 23. This implies that 
these ALDH enzymes, that are embryonically expressed, are not compensated by other 
ALDH enzymes and could imply a more restricted regulation of retinoic acid availability 
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during embryonic development than in adult life. Nevertheless, our observations suggest 
that there is high redundancy in mechanisms that maintain sufficient levels of retinoic acid 
during adult life.

Besides the influence of other meta- and catabolizing enzymes, ALDH enzymes depend 
on the presence of NAD+ for their function24. Together with Mg+ the presence of NAD+ is 
required for the oxidation of retinal into retinoic acid25. NAD+ and Mg+ levels are therefore 
rate-limiting for retinoic acid production by ALDH enzymes. Interestingly, the presence 
of NAD+ can be affected by the microbiome26. Since each individual has a specific and 
personal composition of the microbiome, the activity of ALDH enzymes can be different 
per individual, complicating the targeting of ALDH enzymes as a therapeutic strategy.

In conclusion, manipulation of retinoic acid bio-availability as a therapeutic strategy is less 
straightforward than it seems due to the multiple levels at which retinoic acid levels are 
influenced and regulated. Therefore, compensatory mechanisms might obscure the desired 
effect. More research will be necessary to decipher the exact mechanism(s) behind the 
regulation of retinoic acid levels during homeostasis. Then, it can be determined at what 
level retinoic acid bio-availability can be manipulated in such a way that it can be targeted 
for therapeutic use or for prevention of a broad spectrum of chronic inflammatory diseases.

Retinoic acid and its ambivalent role in immune homeostasis 
Although the importance of vitamin A and retinoic acid in maintaining immune homeostasis 
is widely accepted, there are still ambivalent observations that do not easily link together 
in one unifying theory on the role of retinoid acid in immune homeostasis. In general, and 
also in this thesis, retinoic acid is considered to be an anti-inflammatory agent. However, 
under certain circumstances, retinoic acid can also have a pro-inflammatory role. Because 
of this dual role, the exact mechanisms behind the role of retinoic acid in the immune 
system are not obvious.

As described in chapter 1, the function of retinoic acid depends on factors present in the 
immune micro-environment. For example, retinoic acid can enhance T cell responses by 
amplifying the differentiation into Th1, Th2, Th17 or T regulatory cells depending on the 
additional cytokines that are present10,27-31. However, for DCs and macrophages, next to 
inducing an anti-inflammatory profile, retinoic acid is suggested to augment type 2 immune 
responses in combination with the type 2 cytokine IL-413,32. At the same time, retinoic acid 
was observed to reduce type 2 responses in tumor associated macrophages in the presence 
of IL-1333. These observations imply that also in DCs and macrophages, the effect of retinoic 
acid is determined by additional factors in the microenvironment. Interestingly, in chapter 
2, our observations in chronic hand eczema patients treated with retinoic acid suggested a 
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shift towards a more type 2 immune response under the influence of retinoic acid treatment 
rather than a change in the expression of tissue homing molecules. In addition, it was 
proposed that excessive vitamin A intake might lead to enhanced type 2 responses leading 
to the development of asthma34. Together, these observations suggest that retinoic acid 
could also have an important role in inducing and maintaining type 2 responses depending 
on the immune micro-environment. This function of retinoic acid deserves further study. 

The dual role of retinoic acid can result in seemingly conflicting observations. For example, 
we describe the role of retinoic acid as an inducer of an anti-inflammatory profile in intestinal 
macrophages in chapter 3. In addition, we hypothesized that increased production of retinoic 
acid by macrophages and dendritic cells would result in the maintenance of T regulatory cells 
in the gut10,11,18. However, it was shown that retinoic acid promotes intestinal inflammation 
in coeliac disease in the presence of IL-15 by inducing the production of IL-12 and IL-23 in 
dendritic cells28. Furthermore, an enhanced production of retinoic acid by intestinal dendritic 
cells and macrophages was associated with Crohn’s disease35. These observations contradict 
the notion that retinoic acid derived from dendritic cells and macrophages aids in the 
maintenance of a tolerogenic immune environment in the intestine. In addition, a mutation 
in the retinoic acid catabolizing enzyme CYP26B1, possibly leading to increased levels of 
retinoic acid, was found to be associated with Crohn’s disease36. However, at the same 
time, reduced ALDH activity in both macrophages and dendritic cells was associated with 
ulcerative colitis while higher levels of ALDH1A2 expression (although no difference in ALDH 
activity) were found in these cells derived from Crohn patients37. In turn, this observation 
is conflicting with the previously mentioned study which did find enhanced ALDH activity 
in both macrophages and dendritic cells in Crohn patients35. Together, this indicates that 
retinoic acid signaling plays a different role in ulcerative colitis versus Crohn’s disease and 
that additional, yet unidentified, factors may contribute to the effect that retinoic acid 
can have on immune cells. Pinpointing what additional factors contribute to the different 
outcomes of various studies will be an interesting topic for further study.

The ambivalent role of retinoic acid poses the question what the biological advantage is 
for this duality and how this multifunctional role developed over the course of evolution. 
Retinoic acid signaling via RARs and retinoid metabolic and catabolic processes are widely 
spread among different chordate species and mostly described for vertebrates38. But also 
in non-chordate species and even in prokaryotes, a function for retinoid signaling has 
been described38-40. The widespread presence of retinoid signaling in almost all life forms 
implies that these are well conserved mechanisms. It is therefore not surprising that in more 
complex organisms, such as humans, the specific role of retinoic acid in biological functions 
that developed later in evolution, such as the immune system, depends on co-factors.



159

General discussion

As vitamin A is taken up by the intestines and vitamin A metabolizing enzymes are expressed 
here, vitamin A and retinoic acid levels are higher in this immune microenvironment than in 
other parts of the body. At the same time, there is a need for a more tolerogenic immune 
environment in the intestine. Therefore the presence of retinoic acid is thought to mediate 
the differentiation of entering monocytes and lymphocytes towards a more tolerogenic 
phenotype. At the same time, at body-sites where retinoic acid levels are normally low 
(such as in the circulation), an enhanced presence of retinoic acid could be the signal that 
there an inflammatory response is needed as serum retinol levels change upon infection41,42.

In conclusion, the mechanisms behind retinoid biology are ancient and widely conserved 
among the animal kingdom. In addition, the immune system has probably evolved later 
than retinoid signaling mechanisms. Therefore, the differential presence of retinoic acid in 
different organs might have affected the evolutionary development of the local immune 
system in distinct ways. Together, this might explain the ambivalent role of retinoic acid. 
When designing therapies involving retinoids it is therefore important to keep in mind that 
retinoic acid can have both a pro- and an anti-inflammatory role in the immune system.

Multifactorial strategies for multifactorial diseases
Chronic inflammatory diseases such as inflammatory bowel disease or rheumatoid arthritis 
are multifactorial diseases and exact causes for the development of disease in an individual 
patient is usually absent. Chronic inflammatory diseases are caused by an interplay of genetic 
background and environmental factors, which hampers the design of curative therapies for 
these diseases. A better understanding of how immune homeostasis is maintained will help 
to unravel how chronic inflammatory conditions develop. However, so far we have not been 
successful to completely comprehend the development of chronic inflammation nor design 
curative treatment options. Therefore there is a need for new methods and approaches.

As mentioned, we focused on the role of retinoic acid in the maintenance of immune 
homeostasis for a better understanding of the development of chronic inflammation. 
However, retinoic acid has a pleiotropic role in not only immune responses but also in 
many other mechanisms involved in the maintenance of cellular and tissue homeostasis. 
Authors of a study focusing on the effect of retinoic acid in breast cancer posed that focusing 
on only RARE-containing genes limits the biological relevance as the pleotropic effects 
of retinoic acid are related to non-genomic and multi-layered pathways43. Furthermore, 
another study found that the opposing effects of retinoic acid can result from alternate 
activation of different retinoic acid receptors44. This multifactorial aspect of retinoic acid 
regulated processes complicates the design of therapeutic strategies involving retinoic acid. 
Nevertheless, retinoic acid is successfully utilized as a therapy in inflammatory skin disorders 
such as chronic hand eczema. However, the exact mechanisms behind the effectiveness of 
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retinoic acid treatment remains elusive as also described in chapter 2. New experimental 
tools are necessary to make predictions on possible molecular targets in order to design 
new therapeutic strategies involving retinoic acid.

Next to the pleiotropic effects of retinoic acid on immune responses, the immune system 
consists of many different cellular subsets, which are not only interacting together but are 
in addition influenced by non-immune cells present within the tissues. Stromal cells and 
epithelial cells can function as sentinels via the expression of PRRs and communicate with 
immune cells via the production of cytokines and chemokines45. Both stromal and epithelial 
cells express ALDH enzymes and are therefore also thought to be a source of retinoic acid, 
thereby affecting the immune system, especially within the intestines46,47. Interestingly, mice 
that specifically lacked RARα mediated signaling within intestinal epithelial cells developed 
aberrant intestinal immune responses48. It is therefore important to include the effects of 
non-immune cells when investigating tissue specific immune responses. Together, to further 
advance the field, new tools should allow the inclusion of all these different variables.

System biology approaches
One method to include a lot of different variables is the use of computational approaches 
to build models that can predict experimental outcomes. Currently, most computational 
methods aid in the analysis of large datasets derived from RNA sequencing, proteomics 
or mass cytometry experiments. Using these methods it was found that in macrophages 
stimulated with retinoic acid 812 different genes were upregulated49. In IL-13 and retinoic 
acid stimulated RAW264.7 macrophages 655 different genes were upregulated whereas 
1298 were down regulated compared to untreated cells33. A proteomics study exploring the 
effect of retinoic acid on protein expression in neuroblastoma cells identified 3333 different 
proteins50. In addition, an in silico study found 138 different RAREs in the genome to which 
RARs can bind51. These dazzling numbers of genes and proteins affected by retinoic acid 
signaling on a cellular level requires the use of system biology to determine the biological 
relevance of these findings.

However, gene and protein expression does not provide direct insight in the function and 
activity of the identified proteins, thus even by obtaining the knowledge that particular 
genes and proteins are regulated by retinoic acid, many questions still remain. The use of 
activity based protein profiling as described in chapter 4 will therefore make an additional 
valuable contribution to the field. However, a disadvantage of this method is that for each 
protein class a new specific probe needs to be designed and validated. Moreover, not 
all proteins found using activity based protein profiling play a direct role in retinoic acid 
signaling. Next to the analysis of these big data sets and extracting biologically relevant 
conclusions from them, another challenge is to link these databases together, compare 
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their findings and validate them in an experimental setting as the effects of retinoic acid 
also depends on the cellular microenvironment.

Animal and in vitro models
To validate the findings and predictions made based on high throughput big data analysis 
both good in vitro and in vivo models are indispensable. Nevertheless, it is in the nature of 
experimental models to have limitations, which are currently stagnating the field of retinoid 
biology. Therefore, there is a need for the development of new animal and in vitro models 
to advance the current knowledge. At present, vitamin A deficient mouse models are most 
commonly used to study the effects of vitamin A in the immune system. However, vitamin A 
deficiency is quite an extreme model which might skew observations. For example, vitamin A 
deficient animals show increased levels of Foxp3+ T cells in their small intestines even though 
retinoic acid is described to play a role in inducing Foxp3 in T cells13,17,29. Therefore, the use 
of vitamin A deficient mice might not give a complete image of the role of retinoic acid in 
immunology. Another animal model that has been used to study the effects of retinoic 
acid signaling are mice deficient for RARα29,48. However, as discussed above, not all genes 
or proteins that are controlled by retinoic acid signaling are controlled by retinoic acid via 
RARα52. At the same time, RARs have a very broad spectrum of functions52.Therefore, the 
use of a RARα deficient mouse model does not give a complete picture on the effects of 
retinoic acid on one hand, but on the other hand RARα deficiency will have a big impact on 
cellular function. Together, both these models are quite extreme and do not reflect what 
happens during suboptimal vitamin A signaling.

With the use of ALDH deficient animals in chapter 4 and chapter 5 we aimed to investigate 
the potential use of these animals as a model for the spontaneous development of chronic 
inflammation as there are currently no such models available. Surprisingly, the absence of 
only ALDH1A1 was not enough to affect the immune system at any of the levels that we 
measured, as described in chapter 4. However, we did observe a more activated immune 
status in mice deficient for both ALDH1A1 and ALDH1B1 in chapter 5. Interestingly, loss 
of the vitamin A to retinal metabolizing enzyme RDH7, did result in a clear immunological 
phenotype as RDH7 expression in intestinal epithelial cells was found to be required for 
IL-22 production by intestinal lymphocytes53. In conclusion, the development of animals 
that lack more upstream components of retinoic acid signaling aids in the understanding 
of the development of chronic inflammation.

However, different effects of retinoic acid signaling were observed in different mouse strains. 
For example, enhanced retinoic acid-mediated signaling was observed in BALB/c mice when 
compared to C57BL/6 mice54. This observation implies that there might be considerable 
variation between individuals on how retinoic acid signaling is precisely regulated. It is 
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therefore also important to determine how the human immune system responds to retinoic 
acid, as it may not be the same as what has been described for mice and most likely has 
considerable variation between individuals. In chapter 2 we describe the impact of retinoic 
acid treatment on peripheral blood lymphocytes. Nevertheless, the isolation of human 
material other than blood has ethical limitations. Therefore, most experimental work on 
human material is done in in vitro models. However, most in vitro models only include one 
or sometimes two different cell types and do not reflect a tissue specific environment. The 
development of new techniques such as organoid culture and organ on a chip will enable 
to create more tissue specific culture conditions in experimental models55-58. Interestingly, 
including immune cells in both organoid cultures as well as organ on a chip models proved 
to be successful59,60. Together, these new tissue specific in vitro models will be interesting 
tools for future study on the role of retinoic acid in human tissue immunology.

New experimental tools
Besides more effective in silico, in vivo and in vitro models also new experimental tools are 
necessary to increase the understanding of retinoic acid in immune responses. In chapter 
4 we discuss the development of an activity based probe for ALDH enzymes which has 
structural similarities to retinol. As different ALDH enzymes are structurally similar, only 
limited specific antibodies are available for these enzymes. This probe therefore allowed 
us to study the ALDH enzymes that are both active and have affinity for retinal in a sample. 
Using this method we identified ALDH1B1 as an additional ALDH enzyme that plays a role 
in the immune system. This method also creates other new research opportunities such as 
investigating which specific ALDH enzymes are active in patient samples, as ALDH activity 
has been associated with cancer stem cells61. This might aid in the design of ALDH-specific 
inhibitors to target cancer stem cells in a tumor. Furthermore, using activity based protein 
profiling on patient samples of IBD patients the role of ALDH enzymes in the development 
of Crohn’s disease and ulcerative colitis could be further unraveled.

However, the activity based probe is limited to the identification of ALDH enzymes and 
does not allow to investigate proteins that interact with retinoic acid. To overcome this, 
we developed a “clickable vitamin”, as described in chapter 6. These clickable vitamins are 
similar in structure and biological function to their natural counterparts retinal and retinoic 
acid, respectively. We showed that we can use these probes to determine which proteins 
interact with either retinal or retinoic acid using proteomics but also visualize the location 
of these probes at the single cell level. Further development of these probes could therefore 
be used to address questions related to how retinoic acid is transferred from cell to cell 
or which cells are the most important sources of retinoic acid within the immune system.



163

General discussion

Future perspectives
In conclusion, retinoic acid plays a role in many different biological processes. Therefore, 
a broad spectrum of biomedical research areas study the function of retinoic acid. The 
role of retinoic acid in the immune system has been discussed extensively in this thesis. 
However, the work presented in this thesis also shows that studying the role of retinoic 
acid in the immune system is not a straightforward task. Nevertheless, the interdisciplinary 
collaboration with chemists did enable us to push the boundaries of current knowledge on 
the role of retinoic acid in the immune system. Our goal was to investigate how retinoic acid 
maintains the balance in intestinal immunity and we can conclude that retinoic acid is not 
the only factor in the maintenance of this balance. To elucidate the mechanisms behind the 
role of retinoic acid in immune homeostasis, we will have to broaden our scope and take 
all possible factors into account. In the initial stage, this will need more interdisciplinary 
communication among scientists from different fields as well as computational methods to 
provide accurate predictions for laboratory experiments. Together with the development of 
new experimental in vivo and in vitro models, the complexity behind retinoic acid signaling in 
the immune system can be unraveled in the future and aid the design of curative therapies 
for chronic inflammatory diseases.
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ENGLISH SUMMARY

The vitamin A metabolite retinoic acid has an important role in a broad spectrum of biological 
processes. Retinoic acid not only plays an essential role in embryonic development, but is 
also vital when an organism is fully grown. For example in proper immune functioning. For 
sufficient retinoic acid levels, the body is dependent on dietary absorption of vitamin A. The 
vitamin A program is not without reason one of the most successful programs of the World 
Health Organization to improve public health in third world countries. Within the vitamin A 
program, small children and pregnant women are supplemented with vitamin A. Vitamin A 
supplementation prevents blindness in these countries, but it is also important in preventing 
intestinal infections and paired diarrhea. In the Western world, vitamin A derivatives or 
retinoids such as retinoic acid are mainly used as a therapy in skin diseases. In addition, there 
are indications that treatment with retinoic acid could also be successful in other chronic 
inflammatory diseases such as Crohn’s disease, ulcerative colitis or rheumatoid arthritis.

Retinoic acid is involved in balancing T cell responses. This is one of the reasons that retinoic 
acid has aroused interest as a possible treatment strategy for chronic inflammatory diseases. 
Depending on microenvironmental factors, retinoic acid provides adequate T helper 1, 2, 
17 or regulatory T helper cell responses. These different types of T helper cells generally 
play an important role in supporting an immune response. In many patients suffering from 
chronic inflammation, T helper cell responses are out of balance. Patients suffering from 
chronic inflammation often have increased numbers of T helper 17 cells in the affected tissue 
and reduced number of regulatory T helper cells. Retinoic acid has a role in stimulating the 
development of regulatory T helper cells at the expense of T helper 17 cells. Therefore, 
treatment with retinoic acid may correct this T cell imbalance. At the same time, retinoic acid 
deficiency could also be at the root of the development of a chronic inflammatory disease.

In addition, retinoic acid plays a role in regulating the “address labels” that lymphocytes 
(including T and B cells) show on their membranes. These address labels determine to which 
organ a lymphocyte will go. Retinoic acid ensures that lymphocytes are addressed to the gut 
while at the same time preventing the display of address labels to other organs. In chapter 2, 
we studied the effect of retinoic acid on human blood cells by monitoring patients who use 
retinoic acid as a treatment for chronic hand eczema. Our hypothesis was that the reactive 
T cells in these patients would be addressed to the gut under the influence of retinoic acid 
therapy, where they could do no harm, rather than to the skin. We have not been able to 
find any evidence for this hypothesis. However, some data indicate that the type of immune 
response in these patients shifted from a type 1 (associated with intracellular infections) to 
a type 2 response (associated with extracellular infections) under the influence of retinoic 
acid treatment. This shift could explain the positive effect of retinoic acid therapy in these 
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patients as type 2 responses are often less pro-inflammatory. However, more evidence will 
need to be gathered to support this statement.

Retinoic acid plays an important role in suppressing immune responses in the gut. This is 
necessary because the immune system in the gut is in constant contact with antigens derived 
from the diet and the microbiome. In chapter 3 we show that retinoic acid plays a role in 
inducing a tolerant phenotype in macrophages. In addition, we see that these macrophages 
express a receptor to recognize fungi and bacteria on their membrane under the influence 
of retinoic acid. If we then stimulate this receptor, we see that the macrophages can quickly 
switch to a pro-inflammatory profile. For it is important that the macrophages in the gut can 
quickly respond to invaders in case of emergency, we think this system could act as a kind 
of safety mechanism. Using this receptor, the anti-inflammatory influence of retinoic acid 
on macrophages in the gut can therefore be quickly reversed during an infection.

Furthermore, we show in chapter 3 that a retinoic acid deficiency in the gut leads to 
less anti-inflammatory macrophages. There is also multiple evidence in literature that 
retinoic acid can prevent inflammation in the gut. A retinoic acid deficiency in the gut 
may therefore lead to the development of chronic inflammation. Preventing retinoic acid 
deficiency may therefore also prevent the development of a chronic inflammatory disease 
or reduce the symptoms of such a disease. One of the goals of this thesis was to find ways to 
prevent retinoic acid deficiency in the gut as a way to prevent the development of chronic 
inflammation.

A retinoic acid deficiency can develop at different levels. Although a lack of vitamin A in 
the diet is the most obvious, dietary vitamin A deficiency is almost non-existent in the 
Western world. Vitamin A must, however, be converted into retinoic acid and this is done 
by ALDH enzymes, among other things. Based on previous observations, we hypothesized 
that reduced activity of ALDH enzymes would lead to decreased retinoic acid concentrations. 
We expected this to become particularly evident in the gut as vitamin A uptake takes place 
here. In addition, it has been reported that retinoic acid plays an important role in balancing 
immune responses in the gut. By finding methods to influence the expression of ALDH 
enzymes in the gut, we hoped to find targets to manipulate the concentration of retinoic 
acid in the gut. This could be interesting for the development of new therapies for chronic 
inflammatory diseases.

We studied what happens to the immune system in the intestines of mice that are deficient 
of the ALDH enzyme ALDH1A1 in chapter 4. In current literature, ALDH1A1 is considered to 
be the most important enzyme that produces retinoic acid in the intestinal epithelial cells 
that line the intestinal wall and absorb dietary vitamin A. Contrary to our expectations, we 
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could not find any differences between normal and ALDH1A1 deficient mice with regard 
to the cells of the immune system in the gut. Surprisingly, we were also unable to measure 
differences in activity of ALDH enzymes in the epithelial cells of the small intestine. We 
reasoned that it is likely that there are compensation mechanisms in place that ensure 
that loss of ALDH1A1 does not result in a lower concentration of retinoic acid in the gut. 
Other ALDH enzymes may be able to compensate this loss. Together with chemists, we have 
therefore developed a chemical “fishing rod” that can bind to active ALDH enzymes. Using 
this fishing rod we found that the much lesser known ALDH enzyme ALDH1B1 showed high 
activity in the epithelial cells of the small intestine of ALDH1A1 deficient mice. The high 
activity of ALDH1B1 in the ALDH1A1 deficient mice could therefore explain why we could 
not find differences in immune phenotype in these animals.

To further investigate the role of ALDH1B1, we used mice that are deficient for both ALDH1A1 
and ALDH1B1 in chapter 5. Although we did not find any differences in ALDH activity in the 
intestinal epithelial cells in these mice, there are differences in the composition of the T 
helper cell populations in the small intestine. On the one hand we saw more activated T 
helper cells and on the other hand we saw less regulatory T helper cells. This indicates that 
mice deficient in both ALDH1A1 and ALDH1B1 have a more activated immune system in 
the gut, potentially creating a more pro-inflammatory environment. A pro-inflammatory 
environment in the gut is also what you would expect if retinoic acid levels in the small 
intestine are reduced. However, additional experiments are needed to further support this 
explanation. Nevertheless our results show that ALDH1A1 is not the only ALDH enzyme 
involved in balancing the immune system in the gut.

Finally, it is almost impossible to monitor retinoic acid in biological systems to date. This 
is due to the hydrophobic and light-sensitive nature of the molecule. As a result, further 
insights in the role of retinoic acid in biology has stagnated. That is why we have developed 
another chemical fishing tool together with chemists. Instead of acting as a fishing rod, 
this tool works more like a chemical float. In terms of molecular structure, the chemical 
float is very similar to retinoic acid, but has a small addition to which we can attach a 
molecule to visualize the float. We show in chapter 6 that cells react very similarly when we 
compare retinoic acid to our chemical float. We also show a number of methods by which 
the chemical float can be found. Because the float acts as a surrogate for retinoic acid, we 
can now visualize and track the location of retinoic acid in the cell. In the future, we hope 
that our chemical float can help answer outstanding questions such as how retinoic acid is 
transferred from cell to cell and how retinoic acid behaves in the cell.

This thesis shows that retinoic acid plays an important role in the immune system. However, 
there still are many outstanding questions about the exact role of retinoic acid in the immune 
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system. The effect of retinoic acid on T cells is probably determined by the interaction of 
retinoic acid and other factors in the local microenvironment. How this works exactly will 
have to be investigated further. The role of ALDH enzymes in balancing the immune system 
in the gut also turned out to be more complex than expected in our study. Nevertheless, 
we hope that the chemical rods and floats that we have developed together with chemists 
will help answer outstanding questions. Hopefully, by discovering the exact mechanisms 
by which retinoic acid affects the immune system, we can find new clues that could form 
the basis for developing therapies against chronic inflammatory diseases in the future.
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Het omzettingsproduct van vitamine A, retinolzuur, heeft een belangrijke rol in een breed 
spectrum van biologische processen. Retinolzuur speelt niet alleen een essentiële rol in de 
embryonale ontwikkeling maar is ook van levensbelang wanneer een organisme volgroeid 
is, onder andere in de werking van het immuunsysteem. Omdat het lichaam zelf geen 
retinolzuur kan maken is het lichaam afhankelijk van de opname van vitamine A uit het dieet. 
Niet voor niets is het vitamine A programma een van de meest succesvolle programma’s 
van de Wereld Gezondheidsorganisatie om de volksgezondheid in derde wereld landen te 
verbeteren. Bij het vitamine A programma krijgen kleine kinderen en zwangere vrouwen 
extra vitamine A. Dit voorkomt in deze landen het ontwikkelen van blindheid maar is ook 
belangrijk in het voorkomen van darminfecties en daarmee gepaarde diarree. In de westerse 
wereld worden vitamine A derivaten of retinoïden zoals retinolzuur met name gebruikt als 
therapie in huidziekten. Daarnaast zijn er aanwijzingen dat een behandeling met retinolzuur 
ook bij andere chronische ontstekingsziekten zoals de ziekte van Crohn, ulceratieve colitis 
of reumatoïde artritis succesvol zou kunnen zijn. 

Retinolzuur is betrokken bij het in balans houden van T cel responsen. Dit is één van de 
redenen dat retinolzuur de interesse heeft gewekt als mogelijke behandelstrategie voor 
chronische ontstekingsziekten. Afhankelijk van factoren in het micromilieu zorgt retinolzuur 
voor adequate T helper 1, 2, 17 of regulatoire T helper cel responsen. Deze verschillende 
typen T helper cellen spelen in het algemeen een belangrijke rol in het ondersteunen van 
een immuun respons. In veel patiënten die lijden aan chronische ontstekingen zijn de T 
helper cel responsen uit balans. Patiënten die lijden aan chronische ontstekingen hebben 
vaak verhoogde aantallen T helper 17 cellen in het aangedane weefsel en verminderd aantal 
regulatoire T helper cellen. Retinolzuur heeft een rol in het stimuleren van de ontwikkeling 
van regulatoire T helper cellen ten koste van T helper 17 cellen. Een behandeling met 
retinolzuur zou deze disbalans daarom wellicht kunnen herstellen. Tegelijkertijd zou 
een tekort aan retinolzuur ook aan de basis kunnen liggen van de ontwikkeling van een 
chronische ontstekingsziekte.

Retinolzuur speelt ook een rol in het reguleren van de “adreslabels” die lymfocyten 
(o.a. T en B cellen) op hun membraan laten zien. Deze adreslabels bepalen naar welk 
orgaan een lymfocyt zal gaan. Retinolzuur zorgt ervoor dat lymfocyten naar de darm 
geadresseerd worden terwijl tegelijkertijd het tonen van adreslabels naar andere organen 
wordt voorkomen. In hoofdstuk 2 hebben we het effect van retinolzuur op menselijke 
bloedcellen bestudeerd door patiënten te volgen die retinolzuur als  behandeling van 
chronisch handeczeem gebruiken. Onze hypothese was dat de reactieve T cellen in deze 
patiënten onder invloed van retinolzuur therapie in plaats van naar de huid, naar de darm 
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geadresseerd zouden worden waar ze geen kwaad kunnen doen. Voor deze hypothese 
hebben we geen bewijs kunnen vinden. Wel wijst sommige data erop dat het type immuun 
respons in deze patiënten onder invloed van de behandeling met retinolzuur verschoof van 
een type 1 (geassocieerd met intracellulaire infecties) naar een type 2 respons (geassocieerd 
met extracellulaire infecties). Deze verschuiving zou het positieve effect van retinolzuur 
therapie voor de klachten die deze patiënten hebben kunnen verklaren omdat type 2 
responsen vaak minder pro-inflammatoir zijn. Er zal echter meer bewijs moeten worden 
verzameld om deze stelling hard te maken.

In de darm speelt retinolzuur een belangrijke rol in het onderdrukken van immuun 
responsen. Dit is nodig omdat het immuunsysteem in de darm constant in contact is met 
antigenen afkomstig uit het voedsel en het microbioom. In hoofdstuk 3 laten we zien 
dat retinolzuur een rol speelt in het induceren van een tolerant fenotype in macrofagen. 
Daarnaast zien we dat deze macrofagen een receptor om schimmels en bacteriën mee 
te herkennen op hun membraan laten zien onder invloed van retinolzuur. Als we deze 
receptor vervolgens stimuleren zien we dat de macrofagen snel naar een pro-inflammatoir 
profiel kunnen schakelen. We denken dat dit systeem als een soort veiligheidsmechanisme 
zou kunnen werken omdat het in geval van nood wel belangrijk is dat de macrofagen in 
de darm snel kunnen reageren op indringers. Met behulp van deze receptor kan de anti-
inflammatoire invloed van retinolzuur op macrofagen in de darm snel ongedaan gemaakt 
worden tijdens een infectie.

In hoofdstuk 3 laten we ook zien dat een tekort aan retinolzuur in de darm leidt tot minder 
anti-inflammatoire macrofagen. Ook in de literatuur zijn er meerdere aanwijzingen dat 
retinolzuur ontstekingen in de darm kan voorkomen. Een tekort aan retinolzuur in de darm 
kan daarom misschien leiden tot het ontwikkelen van chronische ontstekingen. Door een 
tekort aan retinolzuur te voorkomen kan wellicht ook het ontstaan van een chronische 
ontstekingsziekte voorkomen worden of kunnen de symptomen van een dergelijke ziekte 
worden verminderd. Een van de doelen van dit proefschrift was om manieren te vinden om 
een tekort aan retinolzuur in de darm te voorkomen als een manier om het ontwikkelen 
van een chronische ontsteking tegen te gaan. 

Een tekort aan retinolzuur kan op verschillende niveaus ontstaan. Een tekort aan vitamine 
A in het dieet ligt het meest voor de hand maar in de westerse wereld komt vitamine A 
deficiëntie bijna niet voor. Vitamine A moet echter worden omgezet in retinolzuur en dit 
gebeurt onder andere door ALDH enzymen. Op basis van eerdere waarnemingen hadden 
wij de hypothese dat verminderde activiteit van ALDH enzymen zou leiden tot verlaagde 
concentraties van retinolzuur. We verwachtten dat dit met name duidelijk zou worden in 
de darm omdat vitamine A hier wordt opgenomen. Daarnaast is beschreven dat retinolzuur 
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een belangrijke rol speelt in het in balans houden van immuun responsen in de darm. Door 
methodes te vinden waarmee we de expressie van ALDH enzymen in de darm kunnen 
beïnvloeden hoopten we aangrijpingspunten te vinden om de concentratie retinolzuur in 
de darm te manipuleren. Dit is interessant voor het ontwikkelen van nieuwe therapieën 
voor chronische ontstekingsziekten.

In hoofdstuk 4 bestuderen we wat er gebeurt met het immuun systeem in de darmen van 
muizen die deficiënt zijn voor het ALDH enzym ALDH1A1. In de huidige literatuur wordt 
ALDH1A1 gezien als het belangrijkste enzym dat retinolzuur produceert in de darm epitheel 
cellen die de darmwand bekleden en vitamine A opnemen uit het voedsel. Tegen onze 
verwachting in konden we geen verschillen vinden tussen normale en ALDH1A1 deficiënte 
muizen wat betreft de cellen van het immuun systeem in de darm. Verrassend genoeg 
konden we ook geen verschillen meten in de activiteit van ALDH enzymen in de epitheel 
cellen van de dunne darm. We redeneerden dat er waarschijnlijk compensatie mechanismen 
zijn opgetreden die ervoor zorgen dat het verlies van ALDH1A1 niet leidt tot een lagere 
concentratie retinolzuur in de darm en dat andere ALDH enzymen dit verlies mogelijk kunnen 
overnemen. Samen met chemici hebben we daarom een chemische “hengel” ontwikkeld die 
kan binden aan actieve ALDH enzymen. Door deze hengel te gebruiken vonden we dat het 
veel onbekendere ALDH enzym ALDH1B1 een hoge activiteit vertoonde in de epitheelcellen 
van de dunne darm van ALDH1A1 deficiënte muizen. De hoge activiteit van ALDH1B1 in de 
ALDH1A1 deficiënte muizen zou daarom kunnen verklaren waarom we geen verschillen in 
immuun-fenotype konden vinden in deze dieren.

Om de rol van ALDH1B1 verder te onderzoeken maken we in hoofdstuk 5 gebruik van 
muizen die deficiënt zijn voor zowel ALDH1A1 als ALDH1B1. Hoewel we in deze muizen weer 
geen verschillen in ALDH activiteit vinden in de darm epitheel cellen zijn er wel verschillen 
in de compositie van de T helper cel populaties in de dunne darm. Enerzijds zien we meer 
geactiveerde T helper cellen en anderzijds zien we minder regulatoire T helper cellen. 
Dit wijst erop dat muizen die deficiënt zijn voor zowel ALDH1A1 als ALDH1B1 een meer 
geactiveerd immuunsysteem in de darm hebben, wat mogelijk een pro-inflammatoire 
omgeving creëert. Een pro-inflammatoire omgeving in de darm is ook wat je zou verwachten 
als de retinolzuur concentraties in de dunne darm verminderd zijn. Extra experimenten zijn 
echter nodig om deze verklaring hard te maken maar onze resultaten laten zien dat ALDH1A1 
niet het enige ALDH enzym is dat een rol speelt in het balanceren van het immuunsysteem 
in de darm.

Tot slot is het tot op heden bijna niet mogelijk om retinolzuur te volgen in biologische 
systemen. Dit komt door het hydrofobe en lichtgevoelige karakter van het molecuul. 
Hierdoor is de toename aan kennis over de rol van retinolzuur in de biologie gestagneerd. 
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Daarom hebben we samen met chemici nog een andere chemische hengel ontwikkeld. Deze 
hengel werkt in plaats van als hengel meer als een chemische dobber. De chemische dobber 
lijkt qua moleculaire structuur zeer veel op retinolzuur maar heeft een kleine toevoeging 
waarmee we de dobber kunnen terugvinden. In hoofdstuk 6 laten we zien dat cellen zeer 
vergelijkbaar reageren wanneer we retinolzuur met onze chemische dobber vergelijken. 
Verder laten we een aantal methodes zien waarmee de chemische dobber kan worden 
teruggevonden. Omdat we de chemische dobber wel zichtbaar kunnen maken en deze 
werkt als surrogaat voor retinolzuur kunnen we nu de locatie van retinolzuur in de cel 
zichtbaar maken en volgen. In de toekomst hopen we dat onze chemische dobber kan 
helpen openstaande vragen te beantwoorden zoals hoe retinolzuur van cel tot cel wordt 
overgedragen en hoe retinolzuur zich in de cel gedraagt. 

Dit proefschrift laat zien dat retinolzuur een belangrijke rol heeft in het immuunsysteem. 
Er zijn echter ook nog veel opstaande vragen over de exacte rol van retinolzuur in het 
immuunsysteem. Het effect van retinolzuur op T cellen wordt waarschijnlijk bepaald door 
een samenspel van retinolzuur en andere factoren in het lokale micromilieu. Hoe dit 
precies werkt zal verder moeten worden uitgezocht. Ook de rol van ALDH enzymen in het 
balanceren van het immuunsysteem in de darm bleek tijdens ons onderzoek complexer 
dan verwacht. Desalniettemin hopen we dat de chemische hengels en dobbers die we 
samen met chemici hebben ontwikkeld zullen bijdragen aan het beantwoorden van nog 
openstaande vragen. Door te achterhalen wat de exacte mechanismen zijn waarmee 
retinolzuur het immuunsysteem beïnvloedt kunnen we hopelijk nieuwe aanknopingspunten 
vinden die de basis kunnen zijn voor het ontwikkelen van therapieën tegen chronische 
ontstekingsziekten in de toekomst.
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