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Retinoic acid (RA), a vitamin A metabolite, has been attributed to relevant functions in adaptive immunity.
On T cells, the disruption on RA signaling alters both CD4+ and CD8+ T cells effector function. In this
study, we evaluated the contribution of RA synthesis during the immune response using an in vivo skin
transplantation model. Our data indicates that the frequency and number of cells containing an active
retinaldehyde dehydrogenase (RALDH), a key enzyme for RA synthesis, is increased during skin transplant
rejection. In addition, we found that the expression of the mRNA coding for the isoform RALDH2 is
up-regulated on graft rejecting draining lymph nodes (dLNs) cells. Lastly, we observed that IFN-y and
IL-17 production by ex vivo re-stimulated dLNs cells is greatly increased during rejection, which it turns
depends on RA synthesis, as shown in experiments using a specific RALDH inhibitor. Altogether, our data
demonstrate that RA synthesis is incremented during the immune response against an allograft, and also
indicates that the synthesis of RA is required for cytokine production by dLNs resident T cells.

© 2014 Elsevier GmbH. All rights reserved.

Introduction

Retinoic acid (RA), one of the vitamin A metabolites, plays a
vast array of functions in the immune system. RA corresponds to
the metabolically active form of vitamin A, and it is catabolized
via enzymatic reactions, in which the retinaldehyde dehydroge-
nase (RALDH) family exerts the last step in an irreversible fashion
(Duester, 2000). After its synthesis in the cytoplasm, RA is translo-
cated to the nucleus where it binds to the RA- and RX-receptors
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complex (RARs/RXRs), to next recognize target DNA sequences to
regulate gene expression (Bastien and Rochette-Egly, 2004).
Although, many decades ago the relevance of vitamins in health
was almost intuitive, it was not until the early 80s, taking advan-
tage of the first experimental approaches using vitamin A deficient
animals, that some studies indicated that vitamin A and RA are
important for T and B cell mediated immunity (Sirisinha et al.,
1980; Smith et al., 1987). The development of molecular tech-
nologies such as molecules with agonists/antagonists function,
and genetically manipulated animals, permitted to re-discover the
contribution of RA in immune cells and in pathological in vivo
animal models (Hall et al.,, 2011b). Up to date, it is known that
bone marrow-derived and splenic CD11c+ dendritic cells (DCs)
up-regulate RALDH activity upon GM-CSF and IL-4 treatment
(Yokota et al., 2009), while DCs from intestinal tract and skin dLNs
express RALDH constitutively (Coombes et al., 2007; Guilliams
et al, 2010; Iwata et al, 2004; Sun et al., 2007). Meanwhile,
not only DCs have been attributed RALDH activity or RA synthe-
sis, but also stromal cells and basophils (Hammerschmidt et al.,
2008; Molenaar et al., 2009; Spiegl et al., 2008). Conversely, the
role of RA signaling on T cells has been recently described in at
least 4 in vivo models, such as transplantation, tumor, infection
and graft-versus-host disease (GVHD) using either RARx KO mice
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Fig. 1. Retinoic acid synthesis augments during allograft rejection. (a) The picture depicts the skin transplant model, where C57BI/6 recipient mice receive either C57Bl/6
syngeneic or F1 (C57BI/6 x Balb/c) allogeneic skin grafts at day 0. Mice and transplants are monitored 2 times per week until day 10 where the animals are euthanized for
tissue and organ collection. (b) Characteristic density plots showing the frequencies of RALDH+ cells in syngeneic and allogeneic groups (top). At the bottom, it is shown the
negative controls obtained by incubating the cells with the Raldh inhibitor, DEAB. (c) Graphs displaying the frequencies (top) and numbers (bottom) of RALDH+ cells. Bars
correspond to the standard error of the mean (SEM), and the statistical significance was assessed by paired t test. *p <0.05; **p<0.01. n=4 independent experiments, with

2-3 mice per group in each experiment.

or by enhancing the expression of a dominant negative form of
RARa (dnRARa) on T cells (Chen et al., 2013; Guo et al., 2012;
Hall et al., 2011a; Pino-Lagos et al., 2011). Based on these stud-
ies, one can conclude that: (i) RA signaling is triggered during the
initiation and progression of inflammation, (ii) deficiency of RA
ameliorates inflammatory responses by impairing effector T cell
function, (iii) CD4+ T cells need to sense RA to differentiate into
Th1 and Th17 cells, (iv) CD8+ T cells require RA for expansion, sur-
vival and anti-tumor activity. Although the evidence mentioned
above highlights that the disruption of RA signaling impairs T
cells function, it is not well comprehend whether RA synthesis
by RALDH-expressing cells is relevant during certain inflammatory
conditions.

In this short communication we used an in vivo model of
skin transplantation to study the potential changes on RA syn-
thesis during the immune response against the allograft. Our
data shows that RALDH expression and activity increment dur-
ing allograft rejection. Additionally, we showed that myeloid cells
express a metabolically active RALDH, but do not correspond
to total RALDH+ cells. According with these results, and previ-
ously published data, allogeneic Th1/Th17 cells activities, given
by the secretion of IFN-y and IL-17 from ex vivo-stimulated
dLNs cells, respectively, require RA since the production of these
cytokines is importantly reduced when the cells are cultured
in the presence of a RALDH inhibitor. Taking all together, our
results suggest that RA synthesis occurs during allograft rejec-
tion and, most likely, T cells sense this RA, which is in turn
required for T cell mediated immunity leading to transplant
rejection.

Materials and methods
Mice

Six to 8 weeks old C57BI/6 wild type mice were used in this study
as graft recipients and syngeneic skin graft donors. F1 (H29*P) mice,
which correspond to skin allograft donors, were obtained by cross-
ing BALB/c mice (H24) with WT C57B1/6 mice (H2P). Mice were
maintained in accordance with the Bioethical Committee guide-
lines from the Facultad de Medicina, Universidad de Chile.

Skin transplantation

Skin grafting was performed as described previously (Campos-
Mora et al, 2014). Briefly, tail skin (~1cm?2) from C57Bl/6
(syngeneic) or F1 (allogeneic) donors was transplanted onto the
dorsal area of C57Bl/6 recipient mice. At day 10 post surgery, drain-
ing lymph nodes (dLNs) from graft recipients were obtained for
further analysis. The integrity of skin grafts was evaluated 2 times
per week, and grafts were considered rejected when 80% of the orig-
inal graft disappeared or became necrotic, as previously described
(Quezada et al., 2005).

RALDH activity analysis

For detection of RALDH activity, cells from dLNs were stained
with ALDEFLUOR reagent (StemCell Technologies, Vancouver,
Canada) following the manufacturer’s instructions, but with one
modification included, which corresponded to the addition of the
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Fig. 2. RALDH+ cells include CD11c+and CD11b+ cells subsets in dLNs. (a) Expression of CD11c and CD11b in dLNs was analyzed 10 days after transplantation. The percentage
(left) and total number (right) of RALDH+CD11c+ (top) and RALDH+CD11b+ (bottom) cells are shown. (b) Representative dot plot showing the staining for CD11c and CD11b
in previously gated RALDH+ cells from dLNs. On the right, histograms display MHC-II expression on total CD11c¢ (top) or CD11b (bottom), and the frequencies of these cells are
shown in the adjacent graphs (right). Bars correspond to standard error of the mean (SEM), and the statistical significance was assessed by paired t test. *p <0.05; **p<0.01.
For (a) n=4 independent experiments, with 2-3 mice per group in each experiment. For (b) n=1 experiment, with 4 mice per group.

RALDH inhibitor diethylaminobenzaldehyde (DEAB) to the cells
5 min before ALDEFLUOR staining. Flow cytometry data acquisition
was performed with FACSCalibur using CellQuest software (Beck-
ton Dickinson, Mountain View, CA, USA). Data were analyzed using
Flow]Jo software (TreeStar Inc., Ashland, OR, USA).

qRT-PCR
The RNA was extracted from dLNs cells at day 10 post-

transplantation using RNeasy kit (Qiagen, Hilden, Germany).
cDNA samples were prepared with iScript cDNA synthesis

kit (Bio-Rad, Hercules, CA, USA). Expression of the three
RALDH isoforms was performed in a Mx3000P gPCR sys-
tem (Agilent Technologies, Santa Clara, CA, USA) using iQ
SYBR Green Supermix (Bio-Rad) as fluorescent detector and
specific primers for raldh1 (5-ATGGTTTAGCAGCAGCAGTCTTC-3’
and 5'-CCAGACATCTTGAATCCACC-GAA-3'), raldh2 (5'-GACTTGTA-
GCAGCTGTCTTCACT-3’ and 5'-TCACCCATTTCT-CTCCCATTTCC-3'),
raldh3 (5'-GGACAGTCTGGATCAACTGCTAC-3’ and 5'-TCAGGGGTT-
CTTCTCCTCGAGT-3’) and gapdh (5-CCAGGTTGTCTCCTGC-GACTT-
3’and 5-CCTGTTGCTGTAGCCGTATTCA-3’), as described previously
(Iwata et al., 2004). For analysis, the expression of RALDH
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isoforms was normalized with respect to the housekeeping gene
GAPDH.

Recall experiments

dLNs obtained 10 days after surgery were processed and cell sus-
pensions were obtained and concentrated at 1 x 106 cells/mL/well
in RPMI-1640 medium (Gibco BRT, Grand Island, NY, USA) sup-
plemented with 10 mM HEPES, 100 IU/mL penicillin/streptomycin,
10% heat-inactivated fetal bovine serum (FBS, Gibco BRT, Grand
Island, NY, USA) and 50 M 2[3-mercaptoethanol (Sigma-Aldrich,
St. Louis, MO, USA). Cells were seeded in 24-well plates (BD Bio-
sciences, San Jose, CA, USA) in the presence of polyclonal activation
(5 ng/mL aCD3 clone 2c11, Biolegend, San Diego, CA, USA) with or
without DEAB (15 wM, StemCell Technology, Vancouver, Canada)
for 3 days at 37°C and 5% CO».

ELISA test

Supernatants were collected and stored at —80 °C until cytokine
quantification by ELISA (sandwich) test using o-IFN-y and «a-IL-17
antibodies (all from eBioscience, San Diego, CA, USA). Recombinant
murine cytokines for standard curves were obtained from Pepro-
tech (Rocky Hill, NJ, USA).

Statistics

Data were analyzed using unpaired Student’s t-tests. In all cases,
p<0.05 was considered with statistical significance. For data anal-
ysis, GraphPad Prism v5.0 (GraphPad Software, San Diego, CA, USA)
was used.

Results

Raldh activity and expression are increased during allograft
rejection

RA signaling gets triggered during inflammatory processes
(Aoyama et al., 2013; Hall et al., 2011a; Pino-Lagos et al., 2011) For
example, in transplantation, it has been shown that CD4+ T cells
from rejecting dLNs can sense RA in the nucleus, and this signal
is crucial for triggering Th1/Th17 cell responses (Pino-Lagos et al.,
2011). However, it is not clear if those dLNs have cells capable to
synthesize RA. Using a model of tail skin transplantation, in which
C57BI/6 recipient mice received either syngeneic (C57BI/6) or allo-
geneic F1 (C57BI/6 x Balb/c) skin grafts (Fig. 1a), we assessed the
ability of graft dLNs cells to synthesize RA. For this aim, we used
ALDEFLUOR system, a very established and accepted technique
which permits the identification of cells expressing a metaboli-
cally active RALDH, or in other words, allows for the identification
and phenotyping of cells synthesizing RA by flow cytometry. At
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Fig. 3. RALDH2 is the main isoform expressed by rejecting-dLNs cells. mRNA for
Raldh isoforms was quantified in graft dLNs cells (from syngeneic and allogeneic
groups) by qRT-PCR. GAPDH corresponded to the housekeeping gene (internal con-
trol). Bars correspond to standard error of the mean (SEM), and the statistical
significance was assessed by paired t test. **p <0.01. n =3 independent experiments,
with 2-3 mice per group in each experiment.

day 10 post-transplantation, we found an increase in the percent-
age of RALDH+ cells during allograft rejection in comparison to
the syngeneic counterpart (13.86%+ 1.68% versus 9.25%+0.81%
respectively), Fig. 1b and c, top graph). This increment was much
significant if we compare cell number (from ~1 x 108 in syngeneic
to ~3 x 10% in allogeneic condition, Fig. 1c, bottom graph). Given
that skin-derived DCs express RALDH in dLNs (Guilliams et al.,
2010) we evaluated the phenotype of RALDH+ cells. We found that
CD11c+cellsrepresent a fraction of RALDH+ cells (11.44% + 1.54% in
syngeneic and 13.38% 4 2.30% in allogeneic condition, Fig. 2a, top),
and during graft rejection the number of CD11c+ cells increased, but
maintaining the frequency compared to syngeneic (Fig. 2a, top right
plot). Following the same trend that CD11c+ RALDH+ cells, when we
extended the analysis to CD11b+ cells, we noted that 9.69% + 0.77%
and 10.25% 4 0.70% of CD11b+ cells were RALDH+ in syngeneic and
allogeneic condition, respectively (Fig. 2a bottom), but the number
of CD11b+RALDH+ cells augments during graft rejection, maintain-
ing their frequency (Fig. 2a, bottom right plot), suggesting that dLNs
infiltration by CD11c¢+/CD11b+RALDH+ may account for a higher
RALDH activity during transplant rejection. To evaluate the pheno-
type of these CD11¢/CD11b+ RALDH+ cells, we included staining
for MHC-II as well, obtaining that ~90% of the CD11c+RALDH+ co-
express MHC-II, Fig. 2b top. Similarly, CD11b+RALDH+ cells also
co-express MHC-II but at a lower frequency ~70%. These data indi-
cates that APCs, such as DCs, macrophages, display RALDH activity
during allograft rejection.

Next, we evaluated Raldhs mRNA levels in dLNs cells from syn-
geneic and allogeneic transplanted mice. The qRT-PCR analysis of
graft dLNs cells showed that Raldh2 mRNA level was higher than the
Raldh1 and Raldh3 isoforms in syngeneic mice (<0.3 for Raldh 1 and
3versus >0.5 for Raldh 2, Fig. 3). Complementing the flow cytometry

3 Unstimulated
* Ml +uCD3
+uCD3 +DEAB

200 400 600 800 1000
IL17 (pg/mL)

Fig. 4. Rejecting dLNs-resident T cells produce Th1/Th17 cytokines in a RA synthesis-dependent manner. Skin transplants were performed as described earlier. At day 10,
graft dLNs were removed to obtain cell suspensions, which were cultured under polyclonal activation (a«CD3), in the presence or absence of DEAB (15 wM). Graphs showing
the amounts of IFN-vy (left) and IL-17 (right) produced by ex vivo-stimulated dLNs cells. Bars correspond to the standard error of the mean (SEM), and the statistical significance
was assessed by two-way ANOVA and Bonferroni post-test. *p <0.05; **p<0.01. n=2 independent experiments, with 2-4 mice per group in each experiment.
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data, Raldh 2 mRNA expression resulted higher during allograft
rejection versus the syngeneic condition (~3-fold increase, Fig. 3).
These data indicates that allograft-driven inflammation triggers RA
synthesis, and Raldh2 isoform corresponds to the enzyme respon-
sible for RALDH activity in dLNs cells.

RA synthesis triggered during allograft rejection is required to
produce Th1/Th17 cytokines

As mentioned above, both CD4+ and CD8+ T cells need to sense
RA to exert their effector function. Therefore, to link this finding
with the RALDH activity observed in our previous experiments,
we decided to evaluate the contribution of RALDH on ex vivo
stimulated dLNs cells. Thus, we obtained dLNs cells at day 10 post-
transplantation, and prepared cell suspensions to culture under
polyclonal activation (aCD3) in the presence or absence of the
RALDH activity inhibitor DEAB. After 3 days of incubation, the secre-
tion of IFN-y and IL-17 was measured in the supernatants using
ELISA. Importantly, we did not see a negative impact on cell via-
bility due to the inclusion of the DEAB inhibitor in the cell cultures
(data not shown). As shown in Fig. 4, we observed that activated
dLNs cells from allogeneic mice secreted high levels of Th1/Th17
related cytokines (~11,000 pg/mL for IFN-y and ~500 pg/mL for
IL-17), compared to the syngeneic (<5000 pg/mL for IFN-y and
<20 pg/mLforIL-17)and non-activated controls (for both cytokines
non-detectable). Furthermore, the blockade of RALDH activity with
DEAB inhibited the secretion of IFN-y (from ~11,000 pg/mL to
~5000 pg/mL [+DEAB])and IL-17 (from ~500 pg/mL to ~100 pg/mL
[+DEAB]) suggesting that RA synthesis is necessary for the devel-
opment of Th1/Th17 cell responses during graft rejection.

Discussion

During the last ten years, the literature regarding the role of
vitamin A, specifically RA, has been explosive, mainly due to the
development of new technologies to evaluate the effect of RA at
the cellular level, without mentioning the use of animal models to
mimic human disease. In this regard, the studies on the contribu-
tion of RAin adaptive immunity indicate that RA affects lymphocyte
biology by targeting several functions of B and T cells. For example,
RA imprints the gut homing markers CCR9 and 437 on CD8+, CD4+
and B cells directing their migratory properties to the gut (Iwata
et al.,, 2004; Mora et al., 2006; Svensson et al., 2008); RA helps
B cells in their differentiation toward plasma cells and improves
antibody production (Mora et al., 2006); RA is required for CD8+
T cell survival and anti-tumor effector activity (Guo et al., 2012,
2014); and the interruption of RA signaling on CD4+ T cells allows
for allograft tolerance, partially by restraining Th1 and Th17 dif-
ferentiation (Pino-Lagos et al., 2011). Conversely, the source of RA
has been mainly granted to gut mucosa DCs, although other cell
types, such as stromal cells and basophils, have been identified as
RA producers as well (Molenaar et al., 2009; Spiegl et al., 2008).
If we summarize previous studies, where the recognition of RA is
disrupted, we can state that T cells need RA for their function, but
we still do not know if RA synthesis takes place under physiolog-
ical conditions or if RA synthesis is important for immunological
processes. In this short communication, we tested for RA synthe-
sis, or RALDH activity in the dLNs of transplanted animals. Our data
indicates that under inflammation triggered by allograft rejection,
there is an up-regulation on the frequency and number of RALDH+
cells, suggesting that infiltrating and/or proliferating cells in the
lymph nodes (including RALDH+ cells or those turning on RALDH
activity once in the dLNs due to the microenvironment) cooper-
ate as a source of RA. The above is supported by Pino-Lagos et al.
report where it is demonstrated that either immune vaccination
or allograft rejection triggers RA signaling on CD4+ T cells, or in

other words, the inflammatory environment turns RA signaling on,
permitting that local cells can access to and sense RA. Moreover,
and in line with previous results (Guo et al., 2012; Aoyama et al.,
2013), we found that RALDH+ cells correspond to CD45+ leukocytes
(Supplementary Fig. 1), mainly APCs from the CD11c+MHC-II+ and
CD11b+MHC-II+ subsets, but they do not represent the entire pop-
ulation of RALDH+ cells, suggesting that other immune cells, such
as innate lymphoid cells (ILCs), which express MHC-II and are RA
sensitive (McKenzie et al., 2014) may display RALDH activity.

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.imbio.
2014.12.018.

As stated earlier, RALDH enzymes can be distinguished among
three isoforms, RALDH1-3 (Duester, 2000). In our work we found
that RALDH2 can be the responsible for RA synthesis in dLNs. It has
been shown that RALDH?2 is essential for embryonic development
(Duester, 2001), and in immune cells, RALDH2 has been attributed
to DCs from mesenteric lymph nodes and also stromal cells (Iwata
et al., 2004; Molenaar et al., 2009). These data indicate that in dLNs
there are not only RA-sensing cells, such as T cells, but also RA syn-
thesis takes place in the graft dLNs during the allo-response and
appears to be essential for T cell function. If we combine these two
pieces, the picture proposes that cells in dLNs produce RA and T
cells can sense it to differentiate into effector T cells. Despite of
impairing RA signaling on T cells, can we get Th1/Th17 differenti-
ation if we block RA synthesis? Our data suggest that indeed, by
using a RALDH inhibitor, we can alter IFN-vy and IL-17 production
implying that T cells may detect RA produced by other cells since T
cells do not become RALDH+ under steady state or activation con-
ditions (data not shown). Alternatively, by blocking RALDH activity
we could be affecting DCs biology as well because RA signaling on
DCs is associated with their maturation and antigen presentation,
enhancing T cell responses (Geissmann et al., 2003). Further exper-
iments are required to explain the molecular mechanisms involved
in effector T cell polarization by RA synthesis.

Taking together, our results confirm that RA is involved in
inflammation and immune activation. Furthermore, we described
for the first time that RA synthesis takes place when the immune
system responds against an allograft, which in turns can affect T
cell biology.
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