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Foxp3-positive regulatory T cells (Tregs) are crucial for the maintenance of immune homeostasis
and keep immune responses in check. Upon activation, Tregs are transferred into an effector

state expressing transcripts essential for their suppressive activity, migration, and survival.
However, it is not completely understood how different intrinsic and environmental factors control
differentiation. Here, we present for the first time to our knowledge data suggesting that Treg-
intrinsic expression of CD83 is essential for Treg differentiation upon activation. Interestingly,
mice with Treg-intrinsic CD83 deficiency are characterized by a proinflammatory phenotype.
Furthermore, the loss of CD83 expression by Tregs leads to the downregulation of Treg-specific
differentiation markers and the induction of an inflammatory profile. In addition, Treg-specific
conditional knockout mice showed aggravated autoimmunity and an impaired resolution of
inflammation. Altogether, our results show that CD83 expression in Tregs is an essential factor for
the development and function of effector Tregs upon activation. Since Tregs play a crucial role in the
maintenance of immune tolerance and thus prevention of autoimmune disorders, our findings are
also clinically relevant.

Introduction

Regulatory T cells (Tregs) control self-reactive T cells in the periphery, maintaining immunological self-
tolerance mechanisms (1). In addition to the prevention of autoimmune diseases, they suppress allergy and
asthma (2, 3) and limit pathogen-induced immunopathology (4). Tregs naturally arise in the thymus. They
were initially characterized as CD25*CD4* T cells and shown later to specifically express the transcription
factor Foxp3, which is essential for their development and function (5-7). Tregs can also be induced in the
periphery from CD4*Foxp3~ naive T cells in response to TGF-f in combination with IL-2 (8, 9).

The CD83 molecule is a 45-kDa heavily glycosylated Ig-like type 1 transmembrane protein and belongs
to the Ig superfamily. It has been characterized as one of the most prominent surface markers for fully
mature dendritic cells (DCs) (10-12). However, CD83 expression is not restricted to DCs but also pres-
ent on a variety of immune cell types including activated B and T cells (10, 13-16). Until now, 2 different
isoforms of CD83 have been reported in vivo: the membrane-bound form (mCD83) (11) and a soluble
form (sCD83) (17). The soluble form is found in the blood of healthy donors and at increased levels in
patients with hematological malignancies like chronic lymphatic leukemia (CLL), mantle cell lymphoma
(18), or rheumatoid arthritis (RA) (19). sCD83 has been reported to have therapeutic and immunosuppres-
sive properties by suppressing DC-mediated T cell activation and inducing tolerogenic DCs (20-25).

Furthermore, studies with complete-CD83-knockout (CD837") mice revealed the requirement of
CD83 expression on thymic epithelial cells for proper CD4" T cell development (26-28). We recently
reported that CD83’s transmembrane domain is necessary and sufficient for thymic CD4* T cell selection.
By antagonizing the ubiquitin ligase MARCHS, CD83 mediates MHCII stabilization, as a novel functional
adaptation of cortical thymic epithelial cells for T cell selection (28). Interestingly, CD4*CD25*Foxp3*
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Tregs rapidly and strongly induce the transcription of CD83 after activation (14, 29, 30). Using CD83eGFP
reporter mice (15), we recently reported that CD83 protein expression is correlated to murine T cells that
have highly upregulated Treg-associated molecules. We showed that murine CD83*CD4*CD25Foxp3* T
cells have a suppressive effect on the proliferation and cytokine release of activated T effector cells and pre-
vent the onset of disease in a murine transfer colitis model (14). Additionally, human Tregs were found to
express CD83 at the mRNA level as well as at the protein level. In conclusion, these data show a conserved
CD83 expression in human and murine CD83* T cells with a Treg phenotype, which indicates CD83 as a
novel marker for activated Treg lineages (14). Interestingly, overexpression of CD83 in naive murine CD4*
T cells in vitro has been demonstrated to induce FOXP3 expression and antigen-specific tolerogenic mecha-
nisms in vivo (10). However, regarding the functional implication of CD83 expression on Tregs, no data
were available. Since CD83~ animals have a strongly reduced CD4* T cell repertoire, and are therefore not
suitable for functional studies regarding CD83 effects on Tregs, we generated specific CD83 conditional
knockout (cKO) animals, whereby CD83 expression has only been deleted in Foxp3* Tregs (CD83cKO)
(31). Interestingly, CD83-deleted Tregs showed a highly activated proinflammatory phenotype, which in
vivo correlated with an increased autoimmunity and a hampered resolution of inflammation.

Results

CD83cKO mice showed increased effector cell activity. To analyze the endogenous role of CD83 expression in
Tregs, we generated a cell-type-specific conditional knockout mouse. This mouse was bred by mating CD83%/
mice (31) with Foxp3Yf™C mice to specifically deplete CD83 on Tregs (CD83cKO) (Figure 1A). In these
mice, Foxp3* Tregs are identified by YFP fluorescence (Supplemental Figure 1A.1; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.99712DS1). The successful knock-
out of CD83 on Tregs was confirmed by mRNA analysis (Figure 1A) as well at the protein level (Supple-
mental Figure 1A.2); CD83 expression was clearly knocked down in sorted Foxp3Y™* Tregs in these mice.
Analyzing different leukocyte populations, we did not observe any differences in B cell, DC, or monocyte
numbers in CD83cKO mice. CD4*/CD8* T cell ratios were not affected in spleen, thymus, and peripheral
lymph nodes (Supplemental Figure 1, B and C). Interestingly, significantly reduced percentages of Foxp3*
Tregs were observed in caecum, colon, ileum, and spleen of CD83cKO mice, but not in the thymus (Figure
1B). These results indicate that Treg-specific CD83 expression was necessary for maintaining normal Treg
homeostasis and frequency in mice. In addition, young cKO mice (8-12 weeks old) showed a tendency
towards more CD4*CD25"Foxp3~ T effector cells, fewer CD4*CD62L* naive T cells, and more CD4*CD44*
effector memory T cells (Figure 1C). These tendencies became significant in aged mice (12-16 months old)
(Figure 1D). As aged cKO mice had significantly fewer naive CD4*CD62L* T cells, more CD4*CD44*
memory T cells, and more CD4*CD25*Foxp3- T effector cells, CD83cKO mice revealed an increased effec-
tor cell phenotype compared with WT mice (Figure 1D). Next, we analyzed sera from CD83cKO mice with
respect to the content of anti-nuclear antibodies (ANAs). All sera from young CD83cKO mice contained
ANAs, while WT controls showed weak staining (Figure 1E). CD83cKO mice showed significantly elevated
values for ANAs in young and increased amounts in aged mice compared with WT controls (Figure 1F).
Because aged animals (12-16 months) did not develop signs of spontaneous autoimmune pathology, we
hypothesize that the remaining Tregs still control these immune responses in naive mice.

CD83c¢KO mice developed an exacerbated and long-lasting EAE pathology. Although we did not detect spon-
taneous fatal immune pathology in CD83cKO mice, the reduced number of Foxp3* Tregs and increased
ANA:s in sera of these mice suggested deficiencies in Treg function. As shown in several publications (32),
in the experimental autoimmune encephalomyelitis (EAE) model, Tregs are very important for protection.
To address the question of whether CD83 deficiency in Tregs impairs their important protective function,
we next challenged CD83cKO mice using this EAE model. Interestingly, CD83cKO mice showed a faster
disease progress compared with WT controls and reached a significantly higher maximal clinical score,
indicating that resolution of inflammation was impaired (Figure 2A). Further, we isolated splenocytes at
day 30 after EAE induction and restimulated these cells in vitro with a myelin oligodendrocyte glycopro-
tein—derived (MOG-derived) peptide. Splenocytes derived from cKO mice showed significantly higher pro-
liferation responses, supporting the observed in vivo data. This means that CD83 deficiency in Tregs results
in a decreased ability of these cKO Tregs to control the activation of MOG-specific T cell clones in vivo
(Figure 2B). This is also reflected by increased inflammatory cytokine levels, determined in the superna-
tants of the restimulated cells, including IFN-y and IL-17A, both of which are critical for the development
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Figure 1. CD83cKO mice show increased effector cell activity. (A) Left: Strategy for the generation of Treg-specific CD83 conditional KO (cKO) animals.
Mating of CD83" mice with Foxp3¥™t mice leads to depletion of flanked exons and thus to specific deletion of CD83 in Foxp3* T cells. Right: CD83-
specific mMRNA analysis of Foxp3* T cells. (B) FACS analysis of splenic T cells from 8- to 12-week-old mice: Treg cells (CD4*Foxp3*). (C) FACS analysis of
splenic T cells from 8- to 12-week-old mice: naive T cells (CD4*CD62L*), effector memory T cells (CD4*CD44"), and effector T cells (CD4*CD25*Foxp3°). (D)
FACS analysis of splenic T cells from 50- to 72-week-old mice, staining for naive T cells (CD4*CD62L*), effector memory T cells (CD4*CD44*), and effector T
cells (CD4*CD25*Foxp37). KO, n = 8; WT, n = 12. (E) Detection of autoantibodies: cKO and WT sera of young mice at a 1:50 dilution. (F) Mean pixel intensity
of ANA level of young (13-17 weeks; n = 3) and aged mice (12-16 months; WT, n = 14; cKO n = 12). Statistical analysis was performed using a Mann-Whitney
U test. *P < 0.05, **P < 0.01. Graphs without asterisks are considered not significant.
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of EAE (33, 34) (Figure 2C). Flow cytometric analyses revealed a decreased percentage of Foxp3* Tregs in
splenocytes of cKO mice during the course of EAE (Figure 2D). Interestingly, when analyzing the activa-
tion status of splenic Tregs after EAE induction, we detected a reduced percentage of naive CD62L"* and a
higher percentage of CD44* memory-type Tregs (Figure 2E). In addition, cKO-derived splenocytes showed
a significantly higher percentage of CD69*Foxp3* Tregs, suggesting that CD83 deficiency does not impair
the activation of Tregs (Figure 2E).

CD83-deficient Tregs show no impaired expansion rates in vitro. To further analyze the in vivo findings, we raised
the question of whether cKO Tregs can be expanded to the same extent as WT Tregs upon activation in vitro.
Thus, naive CD4*CD25*CD62L" T cells were sorted from spleens of cKO and WT mice and cultured in the
presence of IL-2 and anti-CD3/CD28 expansion beads for up to 10 days. At day 4, fresh IL-2 was added and
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Figure 2. CD83cKO mice developed an exacerbated and long-lasting EAE pathology. (A) EAE was induced in female cKO mice or wild-type (WT) control
animals by immunization with myelin oligodendrocyte glycoprotein peptide 35-55 (MOG,, ,,) in complete Freund’s adjuvant (CFA). Left: Disease severity
was monitored according to the classical EAE scoring system (cKO n = 6, WT n = 8; data presented are representative of 3 independent experiments. Right:
Maximal clinical EAE score + SEM. (B) Restimulation of isolated splenocytes from EAE mice at day 30 with MOG peptide in increasing concentrations (cKO
n =6, WT n = 6; data shown for 1 of 2 independent experiments). (C) Cytometric bead array of supernatants from MOG-restimulated cKO and WT spleno-
cytes (mean = SEM). (D and E) FACS analysis of splenic T cell staining for Treg cells (CD4*Foxp3*) (D) and for naive T cells (CD4*CD62L*), effector memory

T cells (CD4+*CD44"), and CD4*CD69* expression (E) in T cells at day 30. Statistical analysis was performed using a Mann-Whitney U test. *P < 0.05, **P <
0.01. Graphs without asterisks are considered not significant.

at day 7 cells were restimulated. After 10 days, cKO Tregs showed expansion rates equal to those of WT Tregs
(Figure 3A). At the mRNA level we detected a tendency towards increased IFN-y levels in cKO Tregs and a
trend towards downregulation of GATAJ3 expression levels after 10 days of expansion (Figure 3B). Supernatants
of expanded cKO Tregs revealed a trend towards higher levels of the cytokines TNF-o, IL-17A, and IL-22 (Fig-
ure 3C). Thus, these data suggest that anti-CD3/CD28- and IL-2-stimulated cKO Tregs can be equally activat-
ed and expanded and cKO-derived Tregs showed a trend towards an altered proinflammatory cytokine pattern.
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Figure 3. Expansion and suppressive
capacity of CD83-deficient Tregs. (A)
Naive CD4*CD25*CD62L* splenic Tregs
were sorted and cultured with expan-
sion beads and IL-2 and expansion
rates were assessed after 10 days. (B)
mRNA expression analyses revealed
reduced GATA3 levels but increased
IFN-y. (€C) Supernatants were col-
lected at day 10 and expression of
indicated cytokines was assessed. (D)
Suppression assay: Treg cells were
harvested at day 10 of expansion and
WT cells from spleen were sorted for
CD4+CD25" effector T cells. Cells were
disseminated as triplets and cultured
in R10 medium with feeder cells for
72 hours with or without stimulation
with anti-CD3/CD28 alone or in mixed
cultures. Triplets were pooled and
proliferation was assessed using the
CellTrace Violet Kit. (E) Transfer of iso-
lated 0.3 x 10° CD4*CD25- WT or cKO
effector T cells into RAG1”/~ mice alone
or together with 0.3 x 10° CD4*CD25"
WT or cKO Treg cells (1:1 ratio). The
severity of transfer colitis symptoms
was determined with the murine
endoscopic score of colitis severity (n
= 6; data presented are representa-
tive of 3 independent experiments).
Graphs without asterisks are consid-
ered not significant.

Suppressive capacity of CD83-deficient Tregs. As CD83-deficient Tregs revealed equal expansion rates
but increased activation and expression of proinflammatory cytokines (Figure 3, A—C), we asked next
if cKO Tregs still suppress effector T cell proliferation. Thus, expanded WT and cKO Tregs were har-
vested at day 10 of expansion and cultured for 72 hours with or without anti-CD3 and feeder cells.
In the absence of stimulus, no proliferation of CD4*CD25" effector T cells was detected, whereas in
the presence of stimulus they proliferated robustly (Figure 3D). Cocultures of increasing numbers of
CD4*CD25* WT or cKO Tregs with CD4*CD25- WT effector T cells led to equally strong suppres-
sion of effector T cell proliferation (Figure 3D). Thus, in vitro, CD83-deficient cKO Tregs still possess
immunosuppressive capacities, comparable to WT Tregs. In addition, adoptive transfer of CD4*CD25-
effector T cells together with CD4*CD25* Tregs isolated either from WT or cKO mice into RAG1~~
mice at a 1:1 ratio revealed an immunosuppressive capacity of cKO Tregs equal to that of WT Tregs to

prevent the induction of colitis in vivo (Figure 3E).
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Aggravated inflammatory phenotype after adoptive transfer of CD4* T cells from CD83cKO mice. Despite the
fact that CD83-deficient Tregs still had comparable suppressive capabilities in vitro, we saw increased T
effector cell activity during homeostatic conditions in CD83cKO mice (Figure 1). To analyze if the suppres-
sive capacity of cKO Tregs is impaired in vivo, total CD4" T cells from WT or cKO mice were isolated and
transferred into RAG1~~ mice. The transfer of CD4* T effector cells into immunodeficient RAG1~~ mice
leads to deregulated mucosal Th1/Th17 T cell responses (35), which can be counteracted by the transferred
Tregs present in the total CD4" T cell population. Body weight and health status, which were monitored
for 6 weeks until clear colitis symptoms were observable, revealed aggravated colitis symptoms in cKO
cell-transferred mice. The first and very striking effect was a strongly increased mortality rate in RAG1~~
mice, which we observed by cKO cell transfer (Figure 4A). These mice also showed an average weight loss
of 15.39% =+ 3.838% at day 42, whereas WT cell-transferred animals only had an average weight reduction
of 9.448% + 2.351% (Figure 4B). To address whether these macroscopic signs of severe disease in cKO
cell-transferred mice are related to the degree of intestinal inflammation we examined the mice by high-
resolution endoscopy. Thereby, a score of mucosal changes was determined by translucency, granularity,
fibrin deposits, vascularity, and stool consistency, as previously described (36). As depicted in Figure 4C,
an increased clinical severity score with higher inflammation was observed in cKO cell-transferred animals
compared with WT controls.

In this mouse model, transferred T cells infiltrate the colonic tissue and induce inflammatory responses.
As a consequence, lymphoid organs located nearby, such as mesenteric lymph nodes (mLNs), are affected.
Analysis of this tissue correlated with the endoscopic results of the colon and showed a significantly lower
infiltration of Tregs, whereas proinflammatory cytokine production, i.e., IL-1p and IL-6, was significantly
increased (Figure 4D). In contrast, significantly reduced GATA3 expression levels were detected in cKO
animals, while TGF-f levels were not affected (Figure 4D). Furthermore, cytometric bead array analyses of
restimulated lymphocytes harvested from mLNs after adoptive transfer confirmed the trend of an increased
release of proinflammatory cytokines such as IFN-y, IL-2, IL-6, TNF-o, IL-17A, and IL-22 (Figure 4E).
Similar results were obtained when cytokine expression patterns of colonic lamina propria mononuclear
cells were analyzed (data not shown). Additionally, flow cytometric analyses of mLNs revealed a trend
towards reduced KLRG1 and CD103 expression levels among the Foxp3* T cell population in cKO cell-
transferred mice (Figure 4F). This indicates a reduced number of terminally differentiated Tregs in the
gastrointestinal tract of RAG1~~ mice after adoptive CD4* T cell transfer from CD83cKO mice.

Reduced numbers of Foxp3* T cells after iTreg differentiation. From in vivo experiments described above
we hypothesized that CD83 is necessary for Treg differentiation upon activation and that CD83 expres-
sion is involved in Treg memory development. To analyze the influence of CD83 on Treg differentiation
and the expression of Foxp3, naive CD4*CD25 CD62L"* T cells derived from cKO and WT mice were
stimulated with anti-CD3/CD28, in the presence of specific cytokine cocktails to differentiate Th1, Th2,
induced Treg (iTreg), or Th17 cells. With respect to the generation of Thl, Th2, or Th17 cells, no differ-
ences were observed for T cells derived from cKO mice (data not shown). However, and in sharp contrast
regarding iTreg differentiation, cKO-derived cells showed reduced numbers of Foxp3* T cells as well as
Foxp3*Smad3* double-positive T cells compared with WT-derived cells (Figure 5A). This was accompa-
nied by significantly reduced mRNA levels of Foxp3 and CD83 (Figure 5B), while IL-10, Tbet, and IFN-y
transcripts were increased. On the protein level, the release of cytokines during this process was determined
using supernatants from these cell cultures and revealed higher levels of IFN-y, TNF-q, IL-9, and IL-17A
in cKO-derived T cells (Figure 5C).

Additionally, we analyzed iTreg differentiation in vivo, by transferring CD4*CD25CD44 T effector
cells from WT and cKO mice into RAG1~ recipients. After 52 days, mice developed colitis symptoms and
lamina propria cells were isolated from the colon. Flow cytometric analysis revealed reduced peripherally
induced Foxp3* T cells in the lamina propria, when cKO-derived cells were transferred. Thus, the generation
of iTregs was impaired in RAG1~~ mice after the transfer of CD4" naive T cells derived from CD83cKO
mice. Similar to the data obtained in vivo using the CD4* T cell transfer colitis model, Foxp3*CD103* and
Foxp3*KLRG1* T cells were reduced when compared with WT-derived cells (Figure 5D).

cKO of CD83 on Tregs leads to highly modulated gene expression profile. To gain further insight into affected
transcripts and subsequent mechanisms, we sorted Tregs derived from CD83cKO animals and, for compar-
ison, from DEREG (WT) mice. Using these mice, Foxp3* Tregs were identified either via YFP in the case
of cKO mice or via GFP in the case of WT mice. Sorted Tregs were then stimulated with anti-CD3/CD28
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Figure 4. Aggravated adoptive transfer colitis after transfer of CD83cKO CD4* T cells. (A) Transfer of 0.5 x 10° to 1 x 10° CD4* WT or cKO T cells into RAG1/
mice. Percentage of survival, WT n = 21, cKO n = 23 mice/group. (B) Weight loss over 42 days after transfer. Shown are the results of 1 experiment. (C)

The severity of transfer colitis symptoms was determined with the murine endoscopic score of colitis severity. Mice that received WT CD4* T cells had an
average overall score of 8.24 (mean from 21 animals) and mice injected with cKO CD4* T cells had an average overall score of 9.85 (mean from 23 animals).
Bars represent means + SEM. (D) mRNA expression of Foxp3, IL-6, TGF-B, IL-18, and GATA3 in mesenteric lymph nodes (mLNs). (E) Restimulation of mLNs.
Shown are the results of 1 experiment. (F) FACS analysis of mLN cells stained for CD4*Foxp3*KLRG1* T cells and CD4*Foxp3*CD103* T cells. Statistical
analysis was performed using Mann-Whitney U comparison test. *P < 0.05. Graphs without asterisks are considered not significant.

for 3 hours or remained unstimulated. Gene expression was analyzed using the Agilent Whole Mouse
Genome Microarray (Supplemental Figure 3A). The investigation of the overall data structure using prin-
cipal component analysis (PCA) revealed that the biggest variance within the data, which is reflected by
PC1, was attributed to differences between unstimulated and stimulated cells. In addition, PC2 showed that
more than 15% of the data variance was explained by the genotype (Supplemental Figure 3B). In line with
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Figure 5. Impaired iTreg differentiation in CD83cKO T cells. (A) Naive CD4* T cells were cultured with anti-CD3/CD28 plus cytokines, and Foxp3 expression
(left), absolute numbers of Foxp3* T cells (middle), and double-positive Foxp3*Smad3* T cells (right) were determined 3 days later. Data are from 1 experiment,
representative of 3. (B) Naive CD4* T cells were cultured with anti-CD3/CD28 plus cytokines and mRNA expression of the indicated genes was determined after
3 days. (C) Expression of indicated cytokines from supernatants of cultured cells from A. (D) FACS analysis of colon lamina propria cells stained for CD4*Foxp3*
Tregs, CD4*Foxp3*KLRG1* T cells, and CD4*Foxp3*CD103* T cells. Statistical analyses were performed using a Mann-Whitney U test. *P < 0.05, **P < 0.01, ***P
< 0.001. Graphs without asterisks are considered not significant.

insight.jci.org

this observation, a considerable number of genes were significantly differentially expressed between WT
and cKO Tregs (0 hours = 271 genes; 3 hours = 155 genes) (Figure 6A). Without stimulation (0 hours),
many WT-associated Treg signature genes were downregulated in cKO-derived Tregs. This includes the
late differentiation marker Klrgl, the T cell homing marker CD103 (ltgae) and the transcription factors
Smarcd3, Prdml, and Prdm5 (Figure 6B and Supplemental Figure 3C). In contrast, transcripts for the pro-
inflammatory cytokine ///6 and the pattern recognition receptor 7/r13 were more highly expressed in cKO
Tregs compared with WT. Interestingly, in cKO Tregs, we also found higher induction of TNF-a signaling—
associated genes (Tnfaip2, Tnfrsfl1a) together with the transcription factors Nr/h3 and Pparg. Both transcrip-
tion factors are actually described to be downregulated by TNF-a (37, 38). After 3 hours of stimulation,
we observed a similar picture (Supplemental Figure 3C). In line with this observation, we found a strong
enrichment of immune response— and immune cell activation-related Gene Ontology (GO) terms in dif-
ferentially expressed genes associated with cKO Tregs in clusters 5, 7, 8, 12, 13, 14, and 16 (Figure 6C and
Supplemental Figure 3D).

cKO Tregs display aberrant activation status. For phenotypical analyses using FACS, splenocytes were
isolated from WT and cKO mice and stained with antibodies recognizing specific surface and intra-
cellular molecules that are differentially expressed in the gene array data analysis. Confirming the
gene array data, the frequencies of KLRG1* and CD103" (Itgae) T cells were significantly reduced in
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Figure 6. CD83 deletion on Tregs leads to highly differential gene expression. (A) Visualization of differentially up- and downregulated genes
between all 4 conditions. (B) Volcano plot of all present genes comparing unstimulated cKO T cells versus WT Tregs. Interesting differentially
expressed genes have been highlighted. (C) Hierarchical clustering (HC) of genes differentially expressed (P value < 0.05 and fold change > 2) compar-
ing unstimulated cKO T cells versus WT Tregs.

cKO-derived T cells compared with WT (Figure 7, B and C and Supplemental Figure 3C). While we
saw no difference in Foxp3 protein level (Figure 7A), cKO Tregs showed reduced expression levels of
GATA3 and a reduced frequency of CD25" (I/2ra) cells (Figure 7, D and E). In addition, as outlined
above, we measured higher concentrations of TNF-a in the supernatant of cultured cKO Tregs com-
pared with WT. This is in line with the upregulation of TNF-a—associated signaling molecules in cKO
Tregs identified by gene array analysis (Figure 3C and Figure 4E). Interestingly, protein expression of
the proinflammatory IL-1R-associated kinase-1 (IRAK-1) was increased in cKO Tregs (Figure 7F). This
is in line with an upregulation of Toll-like receptors and increased TNF-a levels and hence an increased
proinflammatory phenotype observed in cKO Tregs (Figure 6B). Taken together, our data reveal that
CD83cKO-derived Tregs have an activated, more proinflammatory phenotype and that functionally
important Treg molecules, e.g., for late differentiation and T cell homing, are strongly downmodulated.
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Figure 7. cKO Tregs display aberrant activation status. (A) Mean
fluorescence intensity (MFI) of Foxp3 expression within splenocytes
%9 (n =7). (B and C) FACS analysis of splenocytes (n = 4) stained for
expression of KLRG1* (B) and CD103* (C) within Foxp3* T cells. (D-F)
P FACS analysis of splenocytes stained for CD4+*CD25* T cells (D),
GATA3 MFI on CD4*Foxp3* T cells (E), and MFI for IRAK-1 staining
on CD3*CD25* T cells (F). Statistical analyses were performed using
® a Mann-Whitney U test. *P < 0.05. Graphs without asterisks are
considered not significant.
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Discussion

Recently, we showed that murine as well as CD4*CD25*Foxp3* Tregs express the CD83 molecule at the
protein level, which indicated CD83 as a novel marker for activated Treg lineages (14). Although CD83 is
not expressed on naive or resting Tregs, its expression is rapidly and highly upregulated upon activation. In
this study, we demonstrate that upregulation of CD83 is essential for activated Tregs to stably achieve their
terminally differentiated phenotype. To decipher the physiologic role of CD83 endogenously expressed
by Tregs, we generated the CD83cKO mouse. In young mice we found that the loss of endogenous CD83
expression by Tregs results in a reduced Foxp3 expression by peripheral T cells in vivo, and an incidence
towards more effector and effector memory T cells. Interestingly in aged mice, these trends became sig-
nificant differences. We also discovered significantly elevated levels of ANAs in young cKO mice. This
is of interest since it has lately been demonstrated that Treg-deficient scurfy mice are positive for ANAs
and other autoantibodies and even develop systemic lupus erythematosus—like symptoms (39). Although
CD83cKO mice did not develop spontaneous autoimmune disorders, deletion of CD83 on Tregs clearly
resulted in a more highly activated, proinflammatory phenotype.

Recently, Reinwald and colleagues demonstrated that retroviral overexpression of CD83 in naive CD4*
T cells induced Foxp3 expression and antigen-specific tolerogenic mechanisms in vivo, thereby inhibiting
EAE paralysis (10). As Tregs are important key players in preventing autoimmune diseases, we addressed
the question of whether cKO Tregs have impaired proliferation and suppressive capacity. We discovered
that naive cKO mice not only revealed a more activated effector T cell phenotype but also developed
an aggravated EAE pathology, developing exacerbated clinical symptoms with an earlier onset and an
impaired resolution of inflammation. Although we found reduced numbers of Foxp3* T cells in the cKO
mice, the remaining Tregs revealed an increased activation status as shown by augmented CD69, CD44,
and CD62L expression levels compared with WT animals. Expansion of WT- and cKO-derived Tregs
revealed equal expansion rates, suggesting that the observed reduced number of Foxp3* Tregs in cKO ani-
mals is not due to a reduced activation capacity and ameliorated proliferation.

Next, we asked if cKO Tregs were still able to suppress effector T cells. We show that these expanded
cKO Tregs still have the same suppressive capacities as WT Tregs in vitro, but in contrast to WT Tregs we
detected an enhanced expression of proinflammatory cytokines in the supernatants of cKO-derived T cells.
Our group previously reported that treatment with sSCD83, which is derived from the extracellular domain
of mCD83, possesses an interesting immunomodulatory property to prevent EAE-associated paralyses
(40). Furthermore, it has been shown that Tregs release sCD83 molecules during suppression of effector T
cells in vitro (14), and thus the absence of sCD83 release by cKO-derived Treg cells could be one explana-
tion for the aggravated course of the EAE pathology in cKO mice.
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Several studies clearly demonstrated that CD83 is a highly efficient immune modulator and that admin-
istration of sCD83 could even induce Foxp3* Tregs and tolerance in vivo (20, 21, 40). Thus, we investi-
gated whether there is a defect in peripheral Treg differentiation. Interestingly, RAG1~~ mice mimicked the
increased proinflammatory immune response observed in CD83cKO mice after the transfer of naive CD4* T
cells from cKO mice, resulting in a higher clinical score and an increased mortality rate. A lower infiltration
of Treg cells in mLNs and an increased proinflammatory cytokine production after restimulation suggested
an impaired iTreg differentiation and suppressive capacity in vivo. Since activation of cKO-derived Tregs is
not reduced — on the contrary they are even more activated — other reasons must account for the observed
effects in cKO animals in vivo. Thus, defects in late differentiation and stability also had to be considered.

Interestingly, we observed significantly reduced GATA3 expression levels in mLNs after the transfer
of cKO T cells. Several publications have shown that GATA3 expression is an essential mediator of Treg
function and Foxp3* expression by enhancing its stability (41).

Supporting impairment of iTreg differentiation in cKO mice, in vitro differentiation of naive
CD4*CD62L", cKO-derived T cells, revealed a reduced number of Foxp3* T cells and Foxp3*Smad3* dou-
ble-positive T cells. In addition, mRNA levels of Foxp3 and CD83 were decreased, whereas expression of
the inflammatory cytokines IL-1B, Tbet, and IFN-y was increased. As CD83 is only deleted in Tregs after
Foxp3 expression occurs, differentiation into iTregs is starting, but the subsequent deletion of CD83 leads
to instability of Foxp3 expression and therefore the cells fail to fully differentiate. Consistent with this,
we also detected reduced numbers of KLRG1-positive cKO-derived Tregs and a reduced proportion of in
vivo—activated CD103" Tregs.

To gain further insight regarding the underlying mechanisms and involved transcripts, we performed
gene array analysis comparing WT Tregs and cKO Tregs. The heatmap generated from these differential
expression data highlights striking differences. Many typical Treg signature genes are downregulated in
cKO Tregs, like the late differentiation marker KLRG1 and the homing marker CD103.

KLRGT1 is known as a marker of T cell senescence and is expressed on antigen-experienced T cells.
Signaling through KLRG1 may be responsible in part for the defects observed in highly differentiated T
cells (42). Reduced expression of KLRG1 indicates that CD83 is necessary for late Treg differentiation and
that CD83 expression is involved in Treg memory development.

CD103 is encoded by the ITGAE gene and is a ligand for E-cadherin, an adhesion molecule found on
epithelial cells. It is known that CD103 mediates T cell retention in the epithelial compartment and is a
well-established marker for murine effector/memory-like Tregs that have been activated in vivo by antigen
(43). Interestingly, in cKO-derived Tregs IL-2RA (CD25) was found to be downregulated. CD25 is the
a-chain of the IL-2 receptor, and it is known that the IL-2 signal is essential for the differentiation, expan-
sion, and function of Tregs (44). Taken together, these results suggest that downregulation of CD25 may be
involved in survival and less activation of Tregs.

Furthermore, the transcription factors GATA3 and Smarcd3 were also downregulated in cKO-derived
Tregs. GATA3-deficient Tregs exhibited lower amounts of Foxp3 as well as typical Treg signature genes,
but had elevated levels of effector cytokines (45). Blimp-1 (Prdm1), an important transcription factor for
Foxp3, was downmodulated in cKO Tregs. Blimp-1 regulates the expression of Foxp3 target genes that
contribute to the effector function of Tregs (46, 47).

In sharp contrast, the proinflammatory cytokine IL-1p and TNF-a signaling—associated genes as well
as the surface activation marker CD44 are highly upregulated in the cKO Tregs. Thus, cKO-derived Tregs
are characterized by an activated and proinflammatory-biased phenotype, missing the expression of impor-
tant Treg-specific late differentiation and homing molecules.

Recently, first insights regarding CD83-mediated signaling events were published (48). This study
reported that on monocytes sSCD83 binds to the TLR4/MD-2 complex and alters the signaling cascade by
rapidly degrading IRAK-1. Strikingly, CD83-deficient Tregs revealed enhanced IRAK-1 levels compared
with WT control cells. Interestingly, IRAK-1 has been reported to be crucial to keep NFAT in an inactive
state (49). Furthermore, the same group demonstrated that IRAK-1 deletion leads to elevated NFATc2
levels and subsequently increased NFATc2 and Smad3 interactions result in increased Foxp3 expression,
higher Treg levels, and reduced inflammatory responses in vivo (50). Thus, we analyzed next if changes in
TIRAK-1 expression, observed in our cKO Tregs, would also influence NFATc2 expression levels. Indeed,
enhanced IRAK-1 expression levels correlated with reduced NFATc2 levels (Supplemental Table 2), fur-
ther supporting the mechanistic impact of CD83 on Treg differentiation. Interestingly, expression levels of
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NFATc1, NFATc2ip, and NFATc3 were not affected, underlining the important role of NFATc2. Therefore,
we propose that also in Tregs, similar to monocytes (46), CD83 modulates immune response also via the
control of IRAK-1 expression.

In summary, we show that CD83 expression by Tregs is involved in the control of late differentiation
and stability of Treg homeostasis. Since we earlier demonstrated that CD83 expression in human Tregs is
also rapidly and strongly enhanced upon activation, one could envisage that CD83 has similar functions in
human Treg differentiation. However, this has to be investigated in future studies. Finally, these results may
help find new pathways and therapeutic intervention strategies to specifically modulate Treg differentiation
upon activation and memory development for the therapy of autoimmune disorders such as multiple scle-
rosis or inflammatory bowel diseases.

Methods

Mice. All mice were maintained on the C57BL/6 background. Animal experiments were approved by the
national animal ethics committee. DEREG mice were provided by Tim Sparwasser (Institute of Infec-
tion Immunology, Medical School Hannover, Germany). B6.129S7-Ragl™™om/J (termed RAG1~/~ mice)
were purchased from Charles River Germany. Floxed CD83 animals were generated in our laboratory
as described previously (31). Foxp3-Cre animals were provided by A. Rudensky (University of Washing-
ton, Seattle, Washington, USA). For Treg-specific depletion of the Cd83 gene, floxed CD83 animals were
crossed with Foxp3-Cre mice (CD83cKO).

Determination of ANAs. Blood serum was taken from young (8-12 weeks) and old (50-72 weeks) mice
and stored at —20°C. ANAs were determined using an indirect immunofluorescence test (Euroimmun AG).
Biochip slides coated with Hep20-10 cells were used as antigen substrates. First, specific antibodies in the
diluted serum attach to the antigens coupled to the slides. Then, the attached antibodies were stained with
an IgG-Cy3 labeled anti-mouse antibody at a 1:200 dilution and visualized with a fluorescence microscope.
Additional DAPI staining was performed to visualize the cell nucleus. For analysis, pixel intensity of the
antibody staining was measured using the program ImageJ (NIH) according to Jensen (51).

EAE. Female and male CD83"" and CD83cKO mice (8-12 weeks old) were immunized subcutane-
ously (s.c.) in the flank with an emulsion containing Mycobacterium tuberculosis and a MOG-derived peptide
(MOG;,, ,,) (Charité Universitdtsmedizin) dissolved in complete Freund’s adjuvant at day 0 to induce EAE.
Mice received intraperitoneally (i.p.) pertussis toxin at days 0 and 2 after immunization. Paralysis was
scored as follows: 0, no abnormality; 1, limp tail; 2, limp tail and hindlimb weakness; 3, hindlimb paralysis;
4, hindlimb paralysis and forelimb weakness; 5, death (52).

Adoptive transfer of CD4* T cells into RAGI~~ mice. Lymphocytes from the spleen were isolated from WT
and CD83cKO mice. Either total CD4* T cells were enriched by negative selection using the mouse CD4*
T Cell Isolation Kit (Miltenyi Biotec) with a purity of greater than 91%, or CD4*CD25 effector T cells and
CD4*CD25* Tregs were enriched using the CD4*CD25* Regulatory T Cell Isolation Kit (Miltenyi Biotec).
Either 1 x 10° total CD4* T cells or 0.3 x 10° CD4*CD25 effector T cells and CD4*CD25* Tregs alone or
in a 1:1 ratio (in 200 ul PBS) were transferred into RAG1~~ mice by a single i.p. injection. Severity of colitis
was assessed by high-resolution endoscopy as described below.

High-resolution colonoscopy. Endoscopy in living mice was performed as previously described (36). The
overall score consists of different parameters, including translucency, granularity, fibrin, vascularity, and
stool, each of which can range from 0 to 3. In consequence, the overall score can range from 0 in a healthy
mouse to 15 in a mouse with the most severe pathology.

Isolation of lamina propria mononuclear cells from murine colitis tissue. To isolate mononuclear cells from
intestinal lamina propria, isolated mouse colons of sacrificed mice were dissociated from mucosa by shak-
ing the tissue in 1x Hank’s balanced salt solution (without sodium bicarbonate) containing 5 mM EDTA,
5% fetal bovine serum, and 1 mM dithiothreitol and then degraded enzymatically into a single-cell suspen-
sion using the gentleMACS Octo Dissociator with the Lamina Propria Dissociation Kit, mouse (Miltenyi
Biotec), according to the manufacturer’s protocol.

gRT-PCR. Tissues were removed and stored in Ambion RNAlater solution (ThermoFisher Scientific) and
cells were stored in RLTplus with 3-ME at —80°C. Total RNA was isolated from tissue/cells using the RNeasy
Plus Mini or Micro Kit (Qiagen). Subsequently, cDNA synthesis was performed (First-Strand cDNA Syn-
thesis Kit; ThermoFisher Scientific). Primers, selected from a primer bank, were used for quantitative reverse
transcription PCR (qQRT-PCR) analyses with the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad).
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Relative quantification normalizing to HPRT was performed using the C1000 Touch Thermal Cycler (Bio-
Rad). Oligonucleotides used in this study are listed in Supplemental Table 1.

Flow cytometry. Spleen, mLNs, and colon were dissociated mechanically. Cell surface staining using
flow cytometry employed standard procedures and the following conjugated antibodies and reagents: Live/
Dead (ThermoFisher Scientific); CD3 (17A2), CD4 (RM4-5), CD25 (PC61), CD44 (IM7), CD62L (MEL-
14), CD103 (2E7) (Biolegend); CD69 (H1.2F3), CD16/CD32 (Mouse BD Fc Block, 2.4G2) (BD Biosci-
ences); and KLRG1 (2F1) (eBioscience). Intracellular staining for Foxp3 (FJK-16s) and GATA3 (TWAJ)
was conducted according to the manufacturer’s protocol (eBioscience). Staining for p-Smad3 (O072-670)
(BD Biosciences) or IRAK-1 (D51G7) (Cell Signaling Technology) was performed after Foxp3 staining
according to the manufacturer’s protocol for methanol staining (BD Biosciences). Single-cell suspensions
were incubated with appropriate fluorochrome-conjugated monoclonal antibodies and run for 4- or 7-color
fluorescence staining using a FACSCanto II (BD Biosciences) and analyzed with FlowJo v10 (Tree Star).

Treg expansion. Splenocytes were isolated and sorted for CD4* T cells using the CD4" T Cell Isolation
Kit (Miltenyi Biotec). Cells were stained and sorted for CD4* (PerCP), CD25* (PE), and CD62L* (APC)
via flow cytometry. T cells (1 x 10%) were incubated in 100 ul cDMEM in a 96-well plate with IL-2 (2000 U/
ml, ProleukinS, Novartis) and stimulated with beads (4 beads/cell; Treg Expansion Kit, mouse, Miltenyi
Biotec) for up to 7 days. At day 4, cells were fed with medium containing IL-2 (2000 U/ml) and at day 7
restimulated with beads (1 bead/cell) and IL-2 (2000 U/ml). Cytokine expression levels were determined
in supernatants using cytometric bead arrays (BioLegend) according to the manufacturer’s instructions.

In vitro suppression assay. Expanded WT and cKO Tregs were harvested at day 10 of expansion, cultured with
sorted CD4*CD25 WT effector T cells (CD4*CD25* Regulatory T Cell Isolation Kit, mouse; Miltenyi Biotec)
in triplicate in the presence of feeder cells of RAG1~~ mice. T effector cells were labeled with a CellTrace Violet
Cell Proliferation Kit (Life Technologies) and cocultured with Tregs at indicated ratios. Cells were stimulated
with soluble anti-CD3 (0.25 mg/ml, clone 145-2C11, BioLegend). After 72 hours, cells were stained for CD4
and CD25 and proliferation was determined using CellTrace Violet. Samples were analyzed by flow cytometry.

iTreg differentiation. Splenocytes were isolated and sorted for CD4*CD62L* T cells using the Naive T
Cell Isolation Kit (Miltenyi Biotec) according to the manufacturer’s protocol. Cells were then stimulated
with plate-bound anti-CD3 (1 pg/ml, clone 145-2C11, BioLegend) and soluble anti-CD28 (1 pg/ml, Bio-
Legend). Treg-driving cytokines (5 pg/ml anti-IFN-y, 50 U IL-2, 3 ng/ml TGF-f), Thl-driving cytokines
(4 ng/ml IL-12, 50 U IL-2), Th2-driving cytokines (5 ug/ml anti-IFN-y, 50 U IL-2, 10 ng/ml IL-4), and
Th17-driving cytokines (5 pg/ml anti-IFN-y, 30 ng/ml IL-6, 2 ng/ml TGF-f3) were added and cells cul-
tured for 72 hours. Supernatants were collected to determine cytokine levels using cytometric bead arrays
(BioLegend) according to the manufacturer’s instructions. Before staining, cells were activated with 50 nM
PMA (Sigma Aldrich) and 750 nM ionomycin (Sigma Aldrich), and 1 pl/ml GolgiPlug/Stop (BD Biosci-
ences) was added for an additional 6 hours at 37°C of incubation.

MOG-specific restimulation. Splenocytes were harvested from CD83cKO and WT mice at day 30 after
immunization with MOG,, ., peptide. Isolated splenocytes (4 x 10°) were incubated with different concen-
trations of MOG,; , peptide in 200 ml HLA-1/well in a 96-well tissue culture plate. At day 3, supernatants
were collected to determine cytokine levels using cytometric bead arrays (BioLegend) according to the
manufacturer’s instructions. Proliferation was then assessed using a thymidine incorporation assay.

Restimulation of colon- and mLN-derived cells after CD4* T cell transfer. Cells were isolated from the colon
and from mLNs. Cells (4 X 10°) were incubated for 4.5 hours with anti-CD3 (1 pug/ml) and anti-CD28 (1
pg/ml) in 100 pl R10 medium in a 96-well U-bottom plate. Supernatants were collected to determine cyto-
kine levels using cytometric bead arrays (BioLegend) according to the manufacturer’s instructions.

Gene array analysis. CD4" T cells were purified from splenocytes derived from CD83cKO and from
DEREG (WT) mice and further sorted for Foxp3* (GFP) cells. These cells were then stored in RLTplus
with B-ME at —80°C. For each experimental condition total RNA was isolated from 3 individual mice.
Samples were processed for microarray hybridization using Agilent Whole Mouse Genome Microarray.
Data were imported into the Partek Genomics Suite 6.6 (PGS; V6.14.0724) for the bioinformatic analyses.
Microarray data were MIAME compliant and deposited in the NCBI's Gene Expression Omnibus (GEO
GSE106598). We used the Fratio to verify that the variance between groups is higher relative to the random
within-group variance. The calculated F'ratio was 10.19 before correction for technical variance and 23.1
after correction, indicating the substantial higher variation associated with knockout and activation com-
pared with the within-group variance.
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Bioinformatic analysis of microarray data. For import of microarray data into PGS, background correc-
tion, removal of pseudogenes and the corresponding probes, log, transformation and quantile normaliza-
tion of Agilent Whole Mouse Genome Microarray expression data was applied. Further, only one probe
per gene symbol was chosen by selecting those probes covering a gene that showed the highest variance
among all samples. This approach reflects gene-level rather than transcript-level expression. Importantly,
utilizing all probes versus only those probes per gene with the highest variance did not alter the overall data
structure (e.g., grouping of samples) (data not shown). Another advantage of reducing the probe numbers
per gene is an increased signal-to-noise ratio (F'ratio) and therefore increased data quality (data not shown).
Following this approach, 10,267 unique transcripts were selected for further analysis. Technical variances
were corrected using the surrogate variable analysis (SVA) algorithm (53) implemented in R (54) with
defining significant surrogate variables using the “be” method (used number of surrogate variables = 1).
The identified surrogate variable was used as covariate in the model design of the analysis of covariance
(ANCOVA) model of PGS. Differentially expressed genes were defined by a fold change > 2 or < -2 and an
FDR-corrected P < 0.05. To visualize the structure within the data, we performed PCA on all present genes
and hierarchical clustering (HC) across all conditions using default settings in PGS on the 271 differen-
tially expressed genes comparing cKO-0 hours (cKO-0h) versus WT-0h and 155 comparing cKO-3h versus
WT-3h. HC identified 8 clusters (clusters 1-8) within the resulting heatmap of the comparison KO-0h vs
WT-0h and 8 clusters (clusters 9-16) within the resulting heatmap of the comparison KO-3h versus WT-
3h. Subsequently, we assessed the functionality of these clustered gene sets using the enrichGO function
provided within the R package clusterProfiler (55). GO terms were considered significantly enriched with
a Bonferroni-corrected P value < 0.01. Genes being in a cluster and being responsible for a GO enrichment
were extracted and are shown in the figure.

Statistics. All statistics were calculated with Prism version 6.0 (GraphPad) using a Mann—Whitney U
comparison test or 2-tailed unpaired Student’s ¢ test as indicated. All data are presented as mean = SEM. P
values less than 0.05 were considered statistically significant, with *P < 0.05, **P < 0.01, and ***P < 0.001.

Study approval. All animal care and use procedures of the present study were performed in accordance
with the European Community Standards on the Care and Use of Laboratory Animals and were approved
by the ethics committee at University Hospital Erlangen, Erlangen, Germany.
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