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Summary

Interleukin-33 (IL-33) has been a focus of study because of its variety of
functions shaping CD4+ T-cell biology. In the present work, we evaluated
the modulatory effect of IL-33 on suppressor cells in an in vivo transplan-
tation model. C57BL/6 wild-type mice were grafted with syngeneic or allo-
geneic skin transplants and treated with exogenous IL-33 daily. After
10 days of treatment, we analysed draining lymph node cellularity and
found in allogeneic animals an increment in myeloid-derived suppressor
cells, which co-express MHC-II, and become enriched upon IL-33 treat-
ment. In line with this observation, inducible nitric oxide synthase and
arginase 1 expression were also increased in allogeneic animals upon IL-33
administration. In addition, IL-33 treatment up-regulated the number of
Foxp3+ regulatory T (Treg) cells in the allogeneic group, complementing
the healthier integrity of the allografts and the increased allograft survival.
Moreover, we demonstrate that IL-33 promotes CD4+ T-cell expansion
and conversion of CD4+ Foxp3! T cells into CD4+ Foxp3+ Treg cells in
the periphery. Lastly, the cytokine pattern of ex vivo-stimulated draining
lymph nodes indicates that IL-33 dampens interferon-c and IL-17 produc-
tion, stimulating IL-10 secretion. Altogether, our work complements previ-
ous studies on the immune-modulatory activity of IL-33, showing that this
cytokine affects myeloid-derived suppressor cells at the cell number and
gene expression levels. More importantly, our research demonstrates for
the first time that IL-33 allows for in vivo Foxp3+ Treg cell conversion and
favours an anti-inflammatory or tolerogenic state by skewing cytokine pro-
duction. Therefore, our data suggest a potential use of IL-33 to prevent
allograft rejection, bringing new therapeutics to the transplantation field.

Keywords: Foxp3+ regulatory T cells; interleukin-33; tolerance; transplan-
tation.

Introduction

After tissue damage or the disabling of an organ, transplan-
tation becomes the only option to restore the homeostasis of
the organism and recover the initial function of the injured
tissue or organ. However, graft rejection remains the main
problem in transplantation, despite multiple efforts to cir-
cumvent the inflammatory response initiated against the
graft. Furthermore, the immune reactions generated affect
not only the graft itself but also the whole organism, causing
serious side effects such as graft-versus-host-disease, infec-
tions (due to immunosuppression) and cardiovascular

pathologies, among others,1 making the chance of a success-
ful transplant even more difficult. Understanding the basis
of the inflammatory response during transplant rejection is
crucial, so that the design of cellular therapies to achieve
graft acceptance can be developed.
Many reports have been published about interleukin-33

(IL-33), a member of the IL-1 superfamily, which plays
different roles during immune responses. Interleukin-33
was initially described as a promoter of T helper type 2
(Th2) cell responses2,3 and its membrane receptor (ST2)
is highly expressed on activated Th2 cells, mast cells4 and
innate lymphoid cells.5 In contrast with the mentioned
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observations, it has been shown that IL-33 has a role in
the induction of Th1-type immune responses,6 and it can
also promote antiviral responses,7 classifying IL-33 as a
pleiotropic cytokine with a wide range of functions.
However, recent reports demonstrated that IL-33

can promote tolerance through the expansion of
CD11b+ Gr1+ cells [or myeloid-derived suppressor cells
(MDSCs)] and Foxp3+ regulatory T (Treg) cells, and sev-
eral groups have shown these effects in vitro in myeloid
cells8 and in animal settings after exogenous administra-
tion of IL-33, including models of intestinal inflamma-
tion9,10 and transplantation.11,12 In transplantation, the
groups of Brunner11 and Turnquist12 showed that treat-
ment with IL-33 improves heart graft survival after allo-
geneic transplantation, which was linked to the expansion
of the two populations previously mentioned. In a differ-
ent model, IL-33 indirectly reduces intestinal inflamma-
tion by the expansion of CD103+ retinoic acid-producing
dendritic cells, ameliorating experimental colitis in
mice.13 Complementing the beneficial role of IL-33, addi-
tional studies have indicated that a faster healing process
is seen when mice bearing skin wounds are treated with
this cytokine, due to an increase in collagen deposition,
which allows a better re-epithelialization of the tissue.14

This last observation is of great importance for the trans-
plantation field, where a correct healing of the injured
tissue is necessary for the appropriate function of the new
organ.
These data show that IL-33 is a cytokine with an interest-

ing variety of functions during immune responses,15 and
could be a novel target for ameliorating graft rejection.16

Taking into consideration all the information described
here, in this work we aimed to study the cellular dynam-
ics in IL-33-treated skin-transplanted mice, focusing on
cell populations such as MDSCs or Foxp3+ Treg cells,
and the production of key cytokines. Using the men-
tioned in vivo model, we found that: (i) in draining
lymph nodes (dLNs) from allogeneic-grafted mice the
number of MDSCs and expression of their key genes are
increased upon IL-33 treatment, (ii) IL-33 administration
enriches for Foxp3+ Treg cells, which correspond to
induced Treg (iTreg) cells, and (iii) IL-33 inhibits
Th1/Th17 differentiation, favouring the production of
IL-10 from ex vivo-stimulated dLN cells. These results
suggest that IL-33 may be an interesting novel target to
achieve tolerance, by modulating MDSCs and CD4+

T-cell biology to control immunity against allogeneic
transplants.

Materials and methods

Mice

Six- to eight-week-old C57BL/6 wild-type mice (syngeneic
skin donors) and C57BL/6 Foxp3/GFP reporter mice

(kindly provided by J. Rodrigo Mora, Harvard Medical
School, Cambridge, MA) were used in this study. BALB/
c 9 C57BL/6 (or F1dxb) mice (skin allograft donors) were
obtained by crossing BALB/c mice (H2d) with wild-type
(WT) C57BL/6 mice (H2b). Mice were maintained in
accordance with the Bioethical Committee guidelines
from the Facultad de Medicina, Universidad de Chile.

Skin transplantation

Skin grafting was performed as described previously.17

Briefly, tail skin (~ 1 cm2) from C57BL/6 (syngeneic) or
F1 (allogeneic) donors was transplanted onto the dorsal
area of C57BL/6 WT or C57BL/6 Foxp3/GFP reporter
recipient animals. Survival of skin allografts was evaluated
twice per week and grafts were considered rejected when
80% of the original graft had disappeared or become
necrotic.

Flow cytometry

Flow cytometry analyses were performed using anti-
mouse CD4 (clone RM4-5), CD25 (clone PC61.5), Gr1
(clone RB6-8C5), CD11c (clone N418), CD11b (clone
M1/70), CD45.1 (clone A20, all from BioLegend, San
Diego, CA) and ST2 (clone 245707, R&D Systems, Min-
neapolis, MN), all conjugated with FITC, phycoerythrin,
peridinin chlorophyll protein or allophycocyanin. FACS
data acquisition was performed with FACSCalibur (Beck-
ton Dickinson, Franklin Lakes, NJ), using CELLQUEST soft-
ware (BD Biosciences, San Jose, CA). Data were analysed
using FLOWJO software (Tree Star, Canton, OH).

Cell sorting and adoptive transfer experiment

Draining LN cells were obtained from C57BL/6-Foxp3/
GFP (Ly5.1) mice and stained with anti-CD4 and anti-
CD25 in PBS 19 + 5% FBS. Effector CD4+ T cells were
sorted based on CD4+ CD25! Foxp3/GFP– T-cell pheno-
type using a BD FACSAria III (Franklin Lakes, NJ). After
sorting the population of interest was ≥ 98% pure, as
seen in the Supplementary material (Fig. S2). For cell
transfer, C57BL/6 mice (Ly5.2+) received 1 9 106 sorted
cells (Ly5.1) intravenously.

ELISA test

Peripheral lymph nodes were harvested on Day 10, and cell
suspensions were concentrated at 1 9 106 cells/ml/well
and seeded in 24-well plates (BD Biosciences) in the pres-
ence of polyclonal activation (5 lg/ml anti-CD3 clone
2c11, BioLegend) for 3 days. Supernatants were collected
and stored at !80° and later analysed for cytokine quantifi-
cation by ELISA (sandwich) test using, anti-interferon-c
(IFN-c), anti-IL-17, anti-IL-33 and anti-IL-10 antibodies
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(eBioscience, San Diego, CA) and recombinant murine
cytokines for standard curves (BioLegend).

Quantitative RT-PCR

RNA from dLN cells was extracted using an E.Z.N.A.
Total RNA Kit (Omega Bio-tek, Norcross, GA). The
cDNA samples were prepared using an iScript cDNA syn-
thesis kit (Bio-Rad, Hercules, CA). The expression of
inducible nitric oxide synthase (iNOS), arginase 1
(ARG1) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; housekeeping gene) was performed using the
Mx3000P quantitative PCR system (Agilent Technologies,
Santa Clara, CA), using 59 HOT FIREPol! EvaGreen!

qPCR Supermix (Solis BioDyne, Tartu, Estonia) as fluo-
rescence detector. Primer sequences were: iNOS F: CCT
TGG TGA AGG GAC TGA GC and R: CAA CGT TCT
CCG TTC TCT TGC; ARG1 F: TTT TAG GGT TAC
GGC CGG TG and R: CCT CGA GGC TGT CCT TTT
GA; GAPDH F: CCA GGT TGT CTC CTG CGA CTT
and R: CCT GTT GCT GTA GCC GTA TTC A.

Statistical analysis

Data were analysed using an unpaired Student’s t-test or
a Mann–Whitney test (two-tailed). Survival rate was anal-
ysed by the Kaplan–Meier method, and comparisons were
made by long-rank analysis. In all cases, P < 0"05 was
considered with statistical significance. For data analysis,
GRAPHPAD PRISM v5.0 (GraphPad Software, San Diego, CA)
was used.

Results

IL-33 treatment induces the accumulation of MDSCs
and the expression of iNOS and ARG1 during
allograft rejection

Several reports have shown that IL-33, an IL-1 family
member, may modulate adaptive immunity by acting on
distinct leucocyte populations.18–20 Although in allograft
rejection IL-33 has been described as a protector molecule
and as an inductor of Foxp3+ Treg cells,11,12 limited
information is available on the cellular and molecular
mechanisms involving IL-33 and its effect on the adaptive
immune response against the transplant. To elucidate the
role of IL-33 during transplant rejection, we decided to
use a murine skin transplantation model already estab-
lished in our laboratory. First, C57BL/6 recipient mice
were grafted with syngeneic (C57BL/6) or allogeneic
C57BL/6 9 BALB/c F1 skin transplants, treated or not
with exogenous IL-33 (daily). Ten days post-surgery,
when signs of rejection appear, animals were killed and
dLNs were collected for analysis (Fig. 1a). Flow cytometry
showed that during the rejection-driven inflammatory

response there was no change, in either cell frequency or
number of ST2+ cells. The treatment with IL-33 did not
change this observation (see Supplementary material,
Fig. S1). Next, we focused on CD11c, CD11b and Gr1
expressing cells because it has been reported that IL-33
treatment seems to impact their expansion and/or sur-
vival in cardiac allograft transplantation.11,21 As observed
in Fig. 1(b, c), we found that dLN-resident cells from
IL-33-treated mice bearing an allograft accumulate
more MDSCs (CD11b+ Gr1low cells, see gating strategy
in Supplementary material, Fig. S3), in comparison with
untreated allo-grafted mice (~ 4 9 105 versus ~ 2"5 9

105 cells, respectively). The expression of ST2 did not
vary among all groups, but the expression of MHC-II was
highly represented in this population suggesting that these
MDSCs may behave as antigen-presenting cells, Fig. 1(d,
e). As MDSC immune-regulatory function is dependent
on iNOS and Arg1 activity,22,23 we also measured the rel-
ative expression of these two genes, using GAPDH as the
housekeeping control. Quantitative RT-PCR results for
the indicated genes were obtained from allogeneic groups
only (treated or not with IL-33) considering that IL-33
benefits this state and it would be relevant in a human
setting. We did not include the syngeneic (treated or not)
groups because there is no difference in the acceptance
rate (Fig. 2d). Our results show a twofold increment in
the expression of these two key MDSC genes in rejecting
animals treated with IL-33 (Fig. 1f), suggesting that one
of the IL-33 target cell population during transplant rejec-
tion corresponds to MDSCs, up-regulating their cell
number and functional genes.

Administration of exogenous IL-33 favours Foxp3+

Treg cell accumulation and permits the conversion of
Foxp3! T cells to Foxp3+ Treg cells in skin transplant
recipient animals

In addition to the effect on myeloid cells, administration
of exogenous IL-33 into heart-transplanted animals
results in an increased frequency of Foxp3+ Treg cells,
positively impacting graft survival.11,12 Based on this, we
decided to analyse the effect of IL-33 on CD4+ T cells
during skin graft rejection. Similar to the experiments
described above, Foxp3/GFP reporter animals (C57BL/6
background) were transplanted with syngeneic or alloge-
neic skin grafts and received recombinant murine IL-33
via intraperitoneal (500 ng/mouse in PBS 19), or PBS
19 alone (vehicle control). As shown in Fig. 2(a), both
syngeneic and allogeneic skin grafts from IL-33-treated
animals looked much healthier than vehicle-treated con-
trols. Supporting this observation, we found a slight
increment in CD4+ Foxp3/GFP+ Treg cell frequency in
the dLN cells from IL-33-treated allogeneic grafted ani-
mals (Fig. 2b, c) with an elevated number of Foxp3+ Treg
cells compared with the syngeneic counterpart
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Figure 1. Interleukin-33 (IL-33) favours the accumulation of myeloid-derived suppressor cells (MDSCs) and up-regulates the expression of

inducible nitric oxide synthase (iNOS) and arginase 1 (Arg1) in draining lymph nodes (dLNs) of skin allo-transplanted mice. (a) C57BL/6-

Foxp3/GFP reporter mice receive either C57BL/6 syngeneic or F1 (C57BL/6 9 BALB/c) allogeneic skin grafts at Day 0. From Day 0 to Day 10

(post-surgery) animals received vehicle control or IL-33 (500 ng/mouse) injections intraperitoneally. At Day 10, dLNs were removed to obtain

cell suspensions, which were stained with the indicated fluorochrome-conjugated antibodies to further analyse cell subsets by flow cytometry. (b)

Dot plot showing the gating strategy for the study of different Gr-1+ cells according to the level of expression, and a representative histogram of

MHC-II expression in the CD11b+ Gr1low population. (c) Percentage (left) and number (right) of CD11b+ Gr1low cells in dLNs. (d) Frequencies

of CD11b+ Gr1low cells expressing MHC-II. (e) Frequencies of CD11b+ Gr1low cells expressing ST2. (f) The iNOS and Arg1 expression in dLN

cells from allogeneic transplanted mice treated or not with IL-33. GAPDH was used as housekeeping gene. Bars correspond to the standard devia-

tion (SD), and the statistical significance was assessed by analysis of Mann–Whitney test: ns, non-significant, *P = 0"05 and **P = 0"01; two inde-

pendent experiments, with two to four mice per group in each experiment.
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(~ 5 9 105 cells versus ~ 3 9 105 cells in syngeneic con-
dition, Fig. 2c, bottom graph). Moreover, a transplant
survival experiment indicates that IL-33 induces graft tol-
erance (Fig. 2d). As the impact of IL-33 in Foxp3+ Treg
cells could be at the (de novo) differentiation and/or pro-
liferation stages, we sought to answer this question by
performing adoptive transfer experiments. For this
approach, we sorted and transferred CD4+ CD25–

Ly5.2– Foxp3/GFP– T cells into Foxp3/GFP+ Ly5.2+ recip-
ients via intravenous injection (Day –1) (Fig. 3a). The
next day (Day 0), recipient mice were skin grafted as
described above. Interleukin-33 treatment started at Day
–1 and continued daily until the end of the experiment.
At Day 10, flow cytometry analysis showed that the

frequencies and cell numbers of both transferred (Ly5.2!)
and exogenous (Ly5.2+) CD4+ T cells are increased upon
IL-33 treatment (see Supplementary material, Fig. S4).
Surprisingly, when we analysed the expression of Foxp3/
GFP in these populations, we observed that the frequency
and number of endogenous CD4+ Foxp3/GFP+ Ly5.2+

remained unchanged under all conditions (Fig. 3b, c right
column); but the transferred CD4+ Foxp3/GFP– Ly5.2– T
cells became Foxp3/GFP+, indicating that the administra-
tion of IL-33 induces the conversion of CD4+ Foxp3/
GFP! T cells into Foxp3/GFP+ Treg cells (or iTreg cells,
Fig. 3b, c, left column). Therefore, our results validate
previous studies where IL-33 affects positively the out-
come of a transplant by expanding Foxp3+ Treg cells, and
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demonstrate for the first time that IL-33 triggers iTreg
cell differentiation in vivo.

IL-33 inhibits Th1/Th17 differentiation and stimulates
IL-10 production in dLNs from transplanted animals

How IL-33 confers protective properties on transplant
recipients is not well understood. To complement the
modulatory mechanism of IL-33, we re-stimulated dLN
cells from transplanted animals ex vivo and collected su-
pernatants after 72 hr in culture for cytokine analysis. As
shown in Fig. 4, IFN-c and IL-17 production, two char-
acteristic cytokines for Th1 and Th17 responses,24,25 is
much higher in the allogeneic group (~ 2000 pg/ml for
IFN-c, and ~ 150 pg/ml for IL-17) versus the syngeneic
counterpart (< 500 pg/ml for IFN-c, and ~ 100 pg/ml for
IL-17). Interestingly, the administration of IL-33 into
transplanted mice dampened the production of both
cytokines in the allogeneic condition, to ~ 250 pg/ml and

~ 50 pg/ml for IFN-c and IL-17, respectively. Conversely,
allogeneic transplanted animals treated with IL-33 showed
enhanced IL-10 production in dLNs compared with
untreated animals (~ 110 pg/ml versus ~ 40 pg/ml).
These data suggest that IL-33 may modulate T-cell adap-
tive immunity against the allograft, skewing the balance
from an inflammatory milieu towards a regulatory micro-
environment.

Discussion

Recent evidence supports the idea of IL-33 as an inductor
of tolerance by influencing different regulatory cell popu-
lations expressing its receptor ST2, such as MDSCs and
Treg cells.12 Other studies have also reported tolerogenic
effects associated with exogenous administration of IL-
33,6,9,11–13,26 and it has been proven that this result
depends on the presence of Treg cells.13 Additionally, it
has been shown in animal models of transplantation,
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experimental autoimmune encephalomyelitis and athero-
sclerosis, that IL-33 is capable of diminishing the secre-
tion of inflammatory cytokines such as IFN-c (Th1) and
IL-17 (Th17), so contributing to the creation of a favour-
able environment for recovering the homeostasis of the
organism.6,11,27 Given the aforementioned reasons, we
proposed that IL-33 could also modulate skin graft rejec-
tion through the induction of suppressor cells.
In the current study, we show that IL-33 treatment

does not vary the expression of ST2 in dLN cells of skin
transplanted mice, but it enriches the population of
CD11b+ Gr1low cells, corresponding to MDSCs, as previ-
ously described.21 As IL-33 may signal via ST2 on MDSCs
to control their numbers, this cytokine could be modulat-
ing their suppressor activity as well. To corroborate this,
we measured the relative expression of two characteristic
MDSC genes involved in their modulatory function,
iNOS and Arg1.22,23 As expected, we found a marked
(twofold) increase in iNOS and Arg1 expression in total
dLN cells from IL-33-treated mice with allografts (Fig. 1),
which led us to consider MDSCs as a target for this cyto-
kine, although a cleaner cell sample (sorted cells) should
be used for the assay. On the other hand, we found that
MDSCs express high levels of MHC-II, implying the abil-
ity to present antigen. Altogether, our data suggest that
IL-33 expands or differentiates MDSCs, acting positively
in their cell function during allograft rejection. As our
results show a direct relationship between IL-33 adminis-
tration and the integrity of the transplants [in the synge-
neic group the grafts appeared to be better accepted and

in the allogeneic group (even though the transplants were
not fully accepted), the rejection kinetic seemed to be
retarded (better graft status at Day 10)], one could pro-
pose that the enrichment of MDSCs (and other suppres-
sor cells) may participate in these processes. The above
correlates well with previous reports attributing to IL-33
a positive effect in wound healing14 and a beneficial role
in graft survival.11,12 The fact that this population
expresses high levels of MHC-II may also suggest that
antigen presentation could take place in a regulatory
environment, as supported by the cytokine data discussed
below. Additionally, another key suppressive cell popula-
tion with unquestionable positive effects in transplanted
animals corresponds to Treg cells. In our experiments, we
did not observe differences between the frequencies of
Treg cells among syngeneic and allogeneic groups, but
Treg cell numbers were increased upon IL-33 treatment
in allogeneic transplanted mice, compared with their
control (Fig. 2). This result supports the increased graft
survival obtained in those animals treated with IL-33 and
grafted with allogeneic skin (long-term graft survival
experiment). Altogether, our results suggest that: (i)
peripheral Treg cells may be recruited into the dLNs,
(ii) dLN-resident Treg cells may be expanding, and/or
(iii) iTreg cells may be differentiating. Therefore, our next
approach was to perform an adoptive transfer experiment
to elucidate the origin of the IL-33-augmented Treg cells.
Our data show that IL-33 favours iTreg cell differentia-

tion and expansion rather than impacting on natural Treg
cells, because this population does not vary either in
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Figure 4. Interleukin-33 (IL-33) modulates T-cell immunity by inhibiting T helper type 1 (Th1)/Th17 differentiation and enhancing IL-10 pro-

duction. Skin-transplanted animals were killed at Day 10 post-surgery, and draining lymph nodes (dLNs) were removed for analysis. Cell suspen-

sions were prepared and cultured for 72 hr under polyclonal stimulation. After this time, supernatants were collected for cytokine quantification.

(a) Graphs showing the amounts for interferon-c (IFN-c) (top) and IL-17 (bottom). (b) Graph depicting the amount of IL-10 obtained by

ELISA. Bars correspond to the standard deviation (SD), and the statistical significance was assessed by analysis of Mann–Whitney test, *P = 0"05,
**P = 0"01; two independent experiments, with two to four mice per group in each experiment.
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frequency or number (Fig. 3). Even though the develop-
ment of iTreg cells has been suggested before in transplan-
tation models,28,29 this is the first time that IL-33 is
associated with the generation of iTreg cells, contributing to
the discovery of the functions of this pleiotropic cytokine.
Lastly, during the immune response against an allo-

graft, several cytokines are produced impacting T-cell dif-
ferentiation, among other events.28 In this line, we found
that the production of Th1/Th17 characteristic cytokines
(IFN-c and IL-17) is reduced in ex vivo-recalled dLN cells
from IL-33-treated animals and, in contrast, the anti-
inflammatory counterpart IL-10 is highly augmented
(Fig. 4). Hence, the IL-33 inhibitory effect on these cyto-
kines is probably the result of the action of MDSCs and/
or Treg cells against effector T cells that are mediating
graft rejection.11

In summary, these data confirm the involvement of
IL-33 on transplant immunity, favouring a balance
towards an anti-inflammatory environment, so benefiting
the transplanted organ. The current study opens new
hopes in translating IL-33 into the clinic.
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