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Abstract

C5aR2 (C5L2/gp77) is a 7-transmembrane spanning receptor that binds to C5a but lacks motifs
essential for G-protein coupling and associated signal transduction. C5aR2 is expressed on
immune cells, modulates various inflammatory diseases in mice, and has been shown to facilitate
murine and human regulatory T cell (iTrgg) generation /n vitro. Whether and if so how, C5aR2
impacts /n vivo Trgg generation and pathogenic T cell-dependent disease models have not been
established. Herein we show that murine T cells express and upregulate C5aR2 during iTrgg
generation and that the absence of T cell-expressed C5aR2 limits /77 vivo iTrgg generation
following adoptive transfer of naive CD4* T cells into ragZ ™~ recipients. Using newly generated
C5aR2 transgenic mice (C5aR2-tg) we show that overexpression of C5aR2 in naive CD4* T cells
augments /n vivo iTrgg generation. In a model of Treg-dependent cardiac allograft survival,
recipient C5aR2 deficiency accelerates graft rejection associated with lower Treg/Tegr ratios
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while overexpression of C5aR2 in immune cells prolongs graft survival associated with an
elevation in Trea/Teee ratios. T cell-expressed C5aR2 modulates Trgg induction without altering
effector T cell proliferation or cytokine production. Distinct from reported findings in neutrophils
and macrophages, Treg-expressed C5aR2 does not interact with p-arrestin or inhibit ERK1/2
signaling. Rather, cumulative evidence supports the conclusion that C5aR2 limits C5aR1-initiated
signals known to inhibit Trgg induction. Together, the data expand the role of C5aR2 in adaptive
immunity by providing /n vivo evidence that T cell-expressed C5aR2 physiologically modulates
iTreg generation and iTreg-dependent allograft survival.
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Introduction

CD4*Foxp3™ regulatory T cells (Treg) that crucially mediate peripheral immune tolerance
can emerge directly from the thymus or can be induced from naive CD4* T cells (induced
Treg OF ITReg), the latter in response to TCR/costimulatory molecule ligation plus stimuli
that include retinoic acid or TGFB (1-4). Among contexts in which Trgg contribute to
immune tolerance are the prevention of pathological mucosal immune responses that result
in inflammatory bowel disease, autoimmunity, and fetal loss, as well as regulation of
injurious alloimmunity that causes transplant rejection (2-9). Despite significant progress,
the physiological stimuli that exert control over Trgg induction remain incompletely
understood.

We have previously demonstrated that complement cleavage products C3a and C5a are
produced by immune cells during cognate T cell/APC interactions and these anaphylatoxins
ligate their specific 7-transmembrane spanning G-protein coupled receptors (GPCR), C3aR1
and C5aR1, expressed on both partners (10-17). On T cells, these ligations transduce signals
via the phosphokinase A (PKA)/cCAMP response element-binding protein (CREB) and via
phospho-inositol-3-kinase gamma (P1-3Ky)/pAKT (15, 18). The pAKT prevents
intranuclear transport of Foxo1/3 which in turn inhibits Foxp3 production (19, 20), together
limiting iTrgg generation (18-20). In corollary experiments using several /n vitroand in
vivo systems, we also demonstrated that absence or blockade of T cell expressed C3aR1/
C5aR1 facilitates human and murine thymic-derived Tgrgg function (19) and iTreg
generation, function and stability (18-20).

Human and murine immune cells (21-23), including T cells (18, 24), also express C5aR2
(formerly called C5L2/gp77), a 7-transmembrane spanning receptor that can bind C5a but
does not signal as a GPCR (21, 22). Current data indicate that the effects of C5aR2 in vivo
are context- and cell type-dependent. In support of this conclusion, results of studies using
c5arZ”~ mice revealed that C5aR2 augments certain inflammatory responses, including
models of allergic asthma, sepsis, atherosclerosis (22, 25-30), while others provide evidence
that C5aR2 functions to down-modulate T cell-mediated diseases, including murine contact
dermatitis (31). Evidence also indicates that the biochemical mechanisms through which
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C5aR2 mediates these varied effects include at least two non-mutually exclusive
mechanisms. C5aR2 can scavenge and internalize/degrade C5a (and its degradation product
Cb5a-des-arg), a mechanism that indirectly limits C5a/C5aR1 signaling (18, 21, 22, 32).
However, in some cells, C5aR2 has also been shown interact with B-arrestin-2 and transduce
signals that inhibit ERK1/2 signaling independent of C5aR1 (33-35).

Whether and how C5aR2 impacts /7 vivo murine T cell immune responses has not been
reported. In a 2013 publication (18), the Medof laboratory provided evidence that a) C5aR?2
is expressed in activated CD4* T cells including CD4*Foxp3*Treg, b) T cell-expressed
C5aR2 binds to and out-competes C5aR1 for C5a, ¢) absence of T cell-expressed C5aR2
blunts /in vitroiTrgg induction, and d) C5aR2 scavenges locally produced C5a to limit
C5aR1 signaling. Building upon these findings, the goals of the current set of studies were to
test the hypothesis that T cell-expressed C5aR2 physiologically modulates iTrgg generation
in vivo and to assess the impact of C5aR2 on Trgg-dependent prolongation of cardiac
allograft survival.

Materials and Methods

Mice

C57BL/6(B6, H-2Y), BALBIc (H-2%, B6 ragl™~, B6 Foxp3-GFP and B6 Foxp3-RFP mice
were purchased from The Jackson Laboratory. The B6 c5arl™”~and c5/27/~ (c5ar2™") mice
(22) were kind gifts from C Gerard (Harvard, Boston MA). The c5ar2”~ mice have a GFP
reporter knocked in to the c5ar2locus (22). We crossed the c5ar27~ mice to the B6 Foxp3-
RFP mice to produce c5ar2~~ Foxp3-RFP reporter mice.

Production of C5ar2 transgenic (tg) mice: We synthesized a cDNA containing the coding
region of the C5aR2 transcript flanked by Kpnl and Not1 restriction sites and cloned it into
an expression vector containing a human CD2 minigene (36, 37). The plasmid was
linearized and transgenic mice were produced by the Mouse Genetics Core at the Icahn
School of Medicine at Mount Sinai. Four founders expressed the transgene and transmitted
the transgene to their offspring. Offspring of the founder with the highest levels of surface
and intracellular levels C5aR2 as assessed by flow cytometry on peripheral blood and spleen
cells were used for the studies. We also crossed the C5aR2-tg mice with the Foxp3-GFP
mice to produce C5aR2-tg Foxp3-GFP reporter animals. Mice were housed in the Icahn
School of Medicine at Mount Sinai Center for Comparative Medicine in accordance with
guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care
International. All experiments were performed using animals that were littermates, or were
maintained in the same room and/or were co-housed within the same cages to limit potential
effects of microbiome differences.

Antibodies and Reagents

Antibodies against CD3 (145-2C11), CD4 (GK1.5), CD8 (53-6.7), CD11b (M1/70), CD11c
(N418), CD44 (IM7), GR1 (RB6-8C5), Foxp3 (FJK-16s), control rat IgG2h (R2B-7C3) and
fixable viability dye were purchased from ThermoFisher (Waltham MA). Anti-CD62L
(MEL-14), and anti-B220 (RA3-6B2) were purchased from Tonbo (San Diego, CA), anti-
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CD88 (C5aR1, 10-92) was purchased from BioRad (Hercules, CA) and anti-C5L2 (C5aR2,
468705) was purchased from R&D systems (Minneapolis MN). Anti-ppS6-kinase
(REA454) and pAKT (REA359) were purchased from Miltenyi Biotec, (Bergisch Gladbach,
Germany) and anti-p-arrestin 2 was purchased from SantaCruz Biotechnology. MR1 (anti
mouse CD40L/CD154) was purchased from BioXCell (West Lebanon, NH). CpG DNA was
purchased from invivogen. The selective C5aR2 agonist, P32 (Ac-RHYPYWR-OH), and the
selective C5aR1 antagonist C5aR1-A, PMX53 were synthesized as previously described
(33).

Cell isolations

Splenic single cell suspensions were passed through a 40um strainer (BD Falcon) and lysed
with red blood cell lysis buffer (Life Technologies, CA). Isolation of naive and total CD4* T
cells, total T cells/APCs was accomplished using magnetic beads and the AutoMACS Pro
machine (Miltenyi Biotec) or manual magnets (EasySep Stemcell; Invitrogen). Flow sorting
was done on Sony SH800Z or BD FACS Aria cell sorter.

Mixed lymphocyte responses
Splenic APCs were isolated from naive mice by magnetic bead separation and were co-
cultured with stimulated naive CD4* T cells or unfractionated T cells labeled with CFSE or
cell trace violet for 4 days in complete medium (RPMI + 10% FCS + L-Glutamine + sodium
pyruvate + nonessential amino acids + Pen/Strep + p-mercaptoethanol) at 37°C. CFSE/cell
trace dilution, live cell numbers, and surface marker expression were determined by flow
cytometry.

ELISPOT assays

IFN-y ELISPOT assays were performed using responder B6 spleen cells co-cultured with
allogeneic stimulator BALB/c spleen cells on capture plates for 24 h and then analyzed as
previously described (38).

Flow cytometry

Data were collected on a FACSCanto Il (BD Biosciences) and analyzed using Cytobank
(Cytobank Inc., CA).

In vitro Treg induction

Sorted CD4* Foxp3GFP~ CD44!° CD62LM T cells or magnetically isolated (EasySep) naive
CD4* T cells were co-cultured with syngeneic splenic APCs, I1L-2 (10ng/ml) and TGF-8
(5ng/ml) for 5 days at 37°C in complete medium.

In vivo Treg induction

4x10° sorted CD4*Foxp3-GFP/RFP~ CD4410 CD62LN T cells were injected i.v./retro-
orbital into sex-matched B6 ragZ ™~ recipients. Fourteen days later spleen cells were
isolated, stained for CD4 and Foxp3-GFP/RFP expression was analyzed within the CD4 gate
by flow cytometry.
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Heart transplantation

Heterotopic heart transplants were performed as previously described (17, 39, 40). Where
indicated, recipients were treated with anti-CD40L (anti-CD154) mAb MR1 (0.25 mg on
day -1). Heart graft function was monitored every other day by palpation and rejection was
defined as the day on which a palpable heartbeat was no longer detectable and was
confirmed by histology.

Signaling assays

Spleen cells or purified naive CD4* T cells were incubated overnight with anti-CD3 + anti-
CD28 + fixed numbers of syngeneic APCs in (serum free) HL-1 media (1% L-GLUT, 1%
Pen/Strep) at 37°C as indicated. After incubation cells were fixed using PFA (1%), stained
for surface antigens, then permeabilized with methanol and stained for intracellular pAKT,
p-pS6, and pERK1/2.

Suppression Assays

Naive CD4 T cells were stimulated with I1L-2 (10ng/ml) and TGFB (10ng/ml) for 3 days at
37°C in complete medium. On day 3, sorted CD4*Foxp3-GFP* or -RFP* Tgrgg Were co-
cultured with 2x10° CFSE- or cell trace violet-labeled congenic CD45.1 WT B6 T cells and
5x10% allogeneic APCs for 4 days at 37°C in complete medium. On day 4, CFSE/cell trace
dilution was assessed by flow cytometry and live cell numbers were counted.

Imaging flow cytometry

After staining, cell images were acquired on an ImageStream flow cytometer (Amnis-EMD
Millipore Seattle, WA) and analyzed with IDEAS analysis software (Amnis). Single-color
controls were used for creation of a compensation matrix that was applied to all files to
correct for spectral crosstalk. Debris and dead cells were identified by high pixel intensity
correlation across all channels and were excluded from the analysis.

For co-localization the “bright detail similarity” BDS feature of the IDEAS software was
used for measurement of the spatial correlation between the fluorescent signal emanating
from C5aR1-APC and B2-arrestin-PE. BDS is the log-transformed Pearson’s correlation
coefficient of the localized bright spots with a radius of three pixels or less within the
masked area in the two input images. The higher the BDS score, the higher the level of co-
localization. Positive cutoff values were calculated on the basis of the background “bright
detail similarity” (BDS) of C5aR1-APC and B2-arrestin-PE with an irrelevant signal (bright
field). BDS scores >1.5 were considered highly-colocalized. A threshold of 1.5 is consistent
with previous similar studies (41, 42) and indicative of good performance of the image
analysis algorithm.

Statistical analysis

Statistical significance was determined by Student’s t test (unpaired, two-tailed), two-way
ANOVA (with Bonferroni post-tests to compare replicate means) or by log-rank (Mantel-
Cox) test performed in GraphPad Prism 5 or Prism 6 with a significance threshold values of
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p<0.05. All experiments were repeated at least twice. Error bars indicate mean + SEM and
ns indicates p>0.05, not significant.

C5aR2 on T cells modulates generation of iTrgg

To verify that C5aR2 is expressed in effector T cells (Tgpg) and in Treg, We took advantage
of c5ar2™~ mice that have a GFP reporter knocked-in to the C5ar2 gene (22). When we
studied GFP expression in T cells from these mice, we did not observe a GFP signal
significantly above background in unstimulated T cells (Fig 1A-B). In contrast, following a
5-day stimulation of spleen cells with anti-CD3+TGFp/IL-2 (the latter to induce Trgg) we
detected a distinct GFP signal in CD4* T cells above baseline that was not detected in WT T
cells that lack the GFP reporter. The GFP signal was significantly stronger in CD4* T cells
stimulated in the presence of TGFR/IL-2 (Fig 1C). Notably, the mean fluorescence intensity
(MFI) for the GFP signal in CD4" T cells was ~3-fold lower than in unstimulated
neutrophils (Fig 1B—C) known to express high levels of C5aR2 (43).

We next analyzed intracellular and surface C5aR2 expression on CD4* T cells by imaging
flow cytometry and standard flow cytometry after stimulating spleen cells with anti-
CD3+TGFp and IL-2 for 48 h (Fig 1D-F, Supplemental Fig 1A). These assays confirmed
that WT (but not c5ar27~) CD4* T cells expressed intracellular C5aR2 (Fig 1D—E) and
confirmed upregulation of surface-expressed C5aR2 under both conditions (Fig 1F). Control
experiments showed similar C5aR1 expression on WT and c5ar2”~ CD4* T cells, both at
rest and following /n vitro stimulation with anti-CD3 (Fig 1G, Supplemental Fig 1B). We
detected lower C5aR1 expression on WT T cells stimulated with anti-CD3 plus TGFp and
IL-2 compared to parallel cultures containing anti-CD3 alone (Fig 1H).

We next tested whether the absence of C5aR2 alters alloreactive Tggg responses using 7
vitro mixed lymphocyte responses (MLRs). We observed no differences in CD8" T cell (Fig
2A-B) proliferation or IFN-y production in the presence or absence of T cell-expressed
C5aR2. We repeated the experiment with purified naive CD4* T cell (Fig 2C-D) and
similarly observed no differences.

To confirm the previously reported /n vitro finding that the absence of C5aR2 from naive
CD4* T cells limits iTrgg generation (18) using an alternative system, we crossed the
c5arZ”~ mice to a Foxp3-RFP reporter animal, generating Foxp3-RFP c5ar27~ mice. We
used Foxp3-RFP rather than Foxp3-GFP because the c5ar2~~ mice have a GFP reporter
knocked in to the c5ar2 locus (22). Consistent with the previously published work (18),
when we stimulated purified, naive WT and c5ar2”~ Foxp3-RFP CD4* T cells with anti-
CD3 plus allogeneic BALB/c APCs, IL-2 and TGFp for 5 days, we observed significantly
fewer Foxp3-RFP* CD4" iTreg (Fig 2E-F) with the c5ar27Foxp3-RFP* CD4* T cells. We
then flow-sorted the CD45.2* Foxp3-RFP* iTrgg from the /n vitro induction assays and
tested them for their ability to suppress proliferation of congenic CD45.1 Tggg (Fig 2G).
These assays showed similar per-cell suppressive capacities between the WT and c5ar2™~
iTrec. Neither did we observe significantly different suppressive capacities of flow-sorted,
total Foxp3-RFP*, splenic Treg obtained from naive WT and c5a727~ mice (Fig 2H).
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We next tested the effects of T cell C5aR2 expression on iTreg generation /in vivo (Fig 3A).
We isolated Foxp3-RFPN€9 CD44!0 CD62LN CD4* T cells from WT or c5ar2”~ Foxp3-RFP
reporter mice, and transferred equal numbers of them into ragZ~~ hosts. Two weeks later we
quantified the percentage and total numbers of splenic Foxp3-RFP* cells within the
transferred CD4™ T cells in each recipient (Fig 3B—C). These analyses showed significantly
lower percentages and fewer numbers of Foxp3*CD4* T cells in the recipients adoptively
transferred with naive c5ar2~~ Foxp3-RFP CD4* T cells, validating that the above /n vitro
findings apply /n vive.

Recipient C5aR2 deficiency accelerates cardiac allograft rejection associated with
increased anti-donor immunity

To determine the effects of C5ar2 deficiency in a T cell-dependent disease model, we
performed heterotopic cardiac allograft transplants in which recipient T cells are requisite
mediators of graft rejection. We transplanted sets of B6 WT and c5ar2" recipients with
fully MHC-disparate BALB/c hearts (Fig 4A) and treated them with a single dose of anti-
CD154 (MR1), a costimulatory blockade therapy that augments iTrgg generation and Treg-
induced prolongation of allograft survival (44, 45). Whereas BALB/c hearts transplanted
into MR1-treated WT recipients survived with a median survival time (MST) of 58 days,
BALBY/c hearts transplanted into MR1-treated, congenic B6 c5ar27~ recipients rejected
significantly faster, with an MST of 30 d (p<0.05 vs. WT treated with MR1). Histological
analysis of the graft tissue obtained at the time of rejection from the WT and c5ar27~
recipients showed similar diffuse mononuclear cell infiltrates consistent with cellular
rejection (Fig 4B). In control experiments, untreated (no MR1) WT and c5ar2~/~ recipients
rejected the allografts with MST of 8 days (p=ns between groups, Fig 4A).

To determine the impact of recipient C5aR2 deficiency on transplant-induced donor-reactive
T cell immunity, we analyzed splenic T cell responses and graft infiltrating lymphocytes
(GIL) by ELISPOT three weeks after transplanting additional groups of MR1-treated WT
and c5ar2”" recipients with BALB/c allografts (all graft beating at the time of harvest, Fig
4C-D). These assays showed that c5ar2~~ recipient spleens contained higher frequencies of
donor-reactive IFN-y-producers. Analysis of GILs revealed higher ratios of CD8" effector T
cells (Tgpr) to Treg in the c5ar2" recipients of BALB/c hearts. Spleens from naive WT
and c5ar2”~ mice were comprised of similar frequencies of T cells, B cells and
monocyte/DCs (data not shown) and responded equivalently and weakly (<20/million, not
shown) to BALB/c stimulators, together indicating that the above detected donor-reactive
immune responses were induced by the transplant.

We assessed mechanisms through which C5aR2 modulates Trgg induction, initially by
testing the hypothesis that C5aR2 limits signaling transduced by C5a/C5aR1, which we
previously have demonstrated inhibits Trgg induction (18, 20). Building upon our published
observations that C5a ligation of C5aR1 initiates signaling in T cells that results in PI-3Ky-
dependent phosphorylation of AKT (12, 15), we tested whether absence of C5aR2
deficiency augments C5aR1-initiated phosphorylation of AKT (Fig 5A). When we activated
WT and c5ar2”~ CD4* T cells cultured under Treg-inducing conditions + a selective
C5aR1 antagonist (C5aR1-A) and compared intracellular AKT phosphorylation we observed
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a) significantly more pAKT in c5ar2”~ CD4* T cells (~10% higher) and b) addition of
C5aR1-A reversed this modest but significant increase to levels observed in the stimulated
WT control cells.

Cb5aR1-initiated signaling in T cells also leads to pAKT-dependent mTOR activation (18).
We observed increased phosphorylation of p-pS6 kinase, an mTOR-substrate in anti-CD3/
CD28-stimulated c5ar2”~ CD4* T cells (Fig 5B). To test for a functional link, we performed
in vitroiTrgg generation cultures with naive c5ar2”~ CD4™ T cells + the C5aR1-A (Fig
5C). These assays showed that C5aR1 inhibition partially rescued (increased) the lower
frequency of Foxp3-expressing T cells in the cultures containing c5ar2”~ T cells.

Previous studies have indicated that in some cell types C5aR2 facilitates association of p2-
arrestin with C5aR1, and B2-arrestin is known to dissociate G-proteins and internalize
GPCRs (46). Using imaging flow cytometry of WT and c5ar2”~ CD4* T cells stimulated
under iTreg-generating conditions for 24 and 48 h (Fig 5D-E), we observed similar
amounts of co-localized C5aR1 and B2-arrestin in WT and c5ar27~ CD4* T cells, providing
no evidence for a link between C5aR2 and p-arrestin-dependent regulation of C5aR1 in T
cells. C5aR2 ligation has also been shown to inhibit ERK1/2 signaling in myeloid cells (31,
33, 47). To test whether this mechanism is operative in T cells, we stimulated WT and
c5ar2”~ CD4* T cells under iTrgg-generating conditions + a specific C5aR2 peptide ligand
agonist P32 (33) or vehicle control and measured pERK1/2 by phosphoflow cytometry.
These assays showed no differences in ERK activation between WT and c5ar27~ CD4* T
cells (Fig 5F) and no effect of the C5aR2 agonist (data not shown). Together with our
previously published findings (18), these data support the conclusion that C5aR2 limits C5a/
C5aR1 signaling on iTrgg induction potentially by scavenging C5a.

Transgenic overexpression of C5aR2 in T cells prolongs graft survival and augments iTreg

generation

As a complementary strategy to test the function of immune cell expressed C5aR2 on in vivo
T cell immunity we generated a congenic B6 C5aR2 transgenic mouse (C5aR2-tg) in which
we overexpressed C5aR2 under the CD2 promoter. Characterization of immune cells from
offspring of the founder with the highest expression of C5aR2 showed constitutively
elevated and surface expression of C5aR2 on CD4* and CD8* T cells, as well as on B cells,
CD11c* and CD11b* myeloid cells (Fig 6A-C). The spleens of the C5aR2-tg contained
similar percentages of T cells, T cell subsets, B cells, monocytes, DCs and granulocytes (Fig
6D). /n vitro MLRs showed similar alloreactive proliferative capacities of WT and C5aR2-tg
CD4* and CD8™ T cells (Fig 6E).

When we transplanted BALB/c cardiac allografts into MR1-treated C5aR2-tg recipients we
observed that survival of the donor hearts was significantly prolonged in the C5aR2-tg
recipients compared to allografts transplanted into WT controls (Fig 7A). We halted the
experiment after 100 days and examined the grafts histologically. The grafts that were
beating at the end of the experiment showed mononuclear cell infiltrates and vasculopathy
consistent with chronic rejection (and not tolerance, Fig 7B). Untreated (no MR1) C5aR2-tg
recipients rejected the BALB/c heart grafts with a MST of 8 day (Fig 7A), not different from
untreated WT recipients, indicating that overexpression of C5aR2 is insufficient to prolong
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graft survival in the absence of peri-transplant CD154 blockade. Immune cell analyses
performed in separate sets of MR1-treated recipients 4 weeks posttransplant showed that the
spleens of C5aR2-tg mice contained fewer donor-reactive IFN-y-producers (Fig 7C-D) a
higher frequency of CD4*Foxp3* Treg (Fig 7E), and higher Trea/Tegr ratios (Fig 7F).

To directly test effects of transgenic C5aR2 overexpression on /n vitro iTrgg generation, we
crossed the C5aR2-tg mouse with a Foxp3-GFP reporter to produce C5aR2-tg Foxp3-GFP
animals. We isolated naive splenic GFP"®9 CD4* from these mice and from WT GFP"¢d
Foxp3-GFP controls and cultured them under iTrgg-generating conditions (syngeneic
APCs, anti-CD3, IL-2+TGFp, Fig 8A-B). These assays showed significantly higher
frequencies of Foxp3* iTrgg in the cultures containing C5aR2-tg CD4* T cells. The
augmentation of iTreg generation in the cultures containing C5aR2-tg T cells was partially
abrogated when assays were performed using APCs deficient in C3 and C5 (Fig 8C),
confirming that the C5aR2-dependent augmentation of iTgrgg is mediated by regulating
effects of locally produced complement. When we sorted Foxp3-GFP* WT and C5aR2-tg
cells and tested them in /n vitro suppression assays, we observed similar per cell suppressive
capacities of the WT and C5aR2-tg iTrgg (Fig 8D). Finally, to directly test whether
transgenic C5aR2 overexpression alters /n vivo iTreg generation, we adoptively transferred
GFPNed C5aR2-tg Foxp3-GFP or GFPM®9 WT Foxp3-GFP CD4* T cells into ragZ™~
recipients and quantified frequencies of CD4*GFP* cells within the recipient spleens 2
weeks later (Fig 8E-F). These assays showed significantly higher frequencies of CD4*GFP*
cells in the adoptive recipients of the naive C5aR2-tg CD4* T cells.

Discussion

Our findings add to the emerging understanding that C5aR2 functions as a modulator of
immune responses by showing for the first time that T cell-expressed C5aR2 has clinically
relevant effects on iTreg generation and Treg-dependent transplant survival /n vivo. Using,
a GFP reporter system to quantify C5aR2 gene expression as well as standard flow and
imaging flow methodologies to verify protein expression, we unequivocally demonstrate that
murine T cells express C5aR2 and that /n vitro stimulation under Treg-inducing conditions
(in the presence of TGFp) upregulates C5aR2 expression (Fig 1). In a model of Treg-
dependent allograft survival, absence of recipient C5aR2 accelerated rejection, a clinical
phenotype associated with higher frequencies of donor-reactive IFN+y-producing T cells and
with lower ratios of splenic and intragraft iTrgg to Tgrg cells, compared to WT controls
(Fig 4). Conversely, allogeneic hearts transplanted into anti-CD154-treated, C5aR2-tg
recipients survived longer than in WT controls and the prolonged survival was associated
with weaker anti-donor T cell responses and higher iTrec/Terr ratios (Fig 7). /n vitro
assays showed that while the absence of C5aR2 did not alter allo-induced Tggg proliferation
or IFN+y production (Fig 2), absence of T cell C5aR2 inhibited iTrgg induction [verifying
our previous report (18)]. Conversely, transgenic overexpression of C5aR2 in T cells
augmented /n vitroiTrgg induction (Fig 8). This T cell-intrinsic role for C5aR2 as a
modulator of iTgrgg induction was verified /n vivo using adoptive transfer of naive T cells
into ragZ™~ hosts (that express all complement components including C5aR2). Absence of
C5aR2 only on the transferred T cells limited (Fig 3), while overexpression of C5aR2 only
on the transferred T cells augmented (Fig 8), i vivo iTrgg generation. Despite our
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documentation that C5aR2 expression (deficiency or transgenic overexpression) alters
transplant outcomes and modulates iTgrgg induction /in vivo, we acknowledge that the design
of our transplant experiments does not permit us to definitively conclude that the observed
changes in allograft survival are solely dependent upon C5aR2-driven alterations in Treg.
Mechanistically, our in vitro signaling and iTreg induction assays (Fig 5), in aggregate with
our previous findings (18), are consistent with the conclusion that T cell-expressed C5aR?2
facilitates iTreg generation by scavenging locally produced C5a and limiting C5aR1-
transduced signals within the responding T cells. We acknowledge that an alternative
possible mechanism is that C5aR2 could form heterodimers with C5aR1 in Tgrgg and that
such heterodimers could limit/alter C5aR1 signal transduction, analogous to what has been
shown for other GPCRs (48); as a consequence, absence of C5aR2 would prevent
heterodimer formation and lift restraint on C5aR1 signaling. Regardless, the data provide
strong supportive evidence that C5aR2 serves as a break on C5aR1 signaling during Treg
induction.

The mechanism through which C5aR1 limits Trgg induction has been documented
previously by our group (12, 18); C5aR1 (and C3aR1) blockade limits PKA-induced cAMP/
CREB and prevents P13K-y-dependent phosphorylation AKT and pAKT-dependent
phosphorylation of Foxol, facilitating transport into the nucleus (19, 20), together
upregulating Foxp3 expression and iTrgg suppressive function. While others have shown
that C5aR2 can transmit a signal in part by interaction with p-arrestin and/or that stimulating
C5aR2 using a specific peptide ligand inhibits ERK1/2 signaling in some cell types (e.g.
macrophages) (33, 43, 49), our data do not support that either of these two mechanisms are
operative in T cells.

While we observed that T cell-expressed C5aR2 augments iTrgg generation and prolongs
transplant survival, absence or overexpression of C5aR2 did not alter /n vitro alloreactive
Terr cell proliferation or IFN-y-production (in the absence of iTrgg). We speculate that
higher amounts of T cell/APC derived and locally activated complement during effector
responses (in the absence of TGFB) and the relatively low levels of C5aR2 expressed on
Terpr compared to Treg accounts for these differences. While one report implicates surface-
expressed C5aR2 on human T cells as a modulator of intracellular complement activation
that drives inflammasome activity (24), this mechanism does not apply to murine systems.

Published work by others, predominantly using C57BL/6 mice, show that the effects of
C5aR2 deficiency on inflammation and on /n vivo disease manifestations depend on the
model system employed, as well as the cellular molecular mediators that result in the injury
(50). C5aR2 deficiency was shown to exacerbate murine contact dermatitis, a T cell-
dependent, Thl-like, type IV hypersensitivity response that is known to be modulated by
Trec (similar to our system) (31). While these investigators showed that the worsened
dermatitis observed in c5ar27~ mice was associated with augmented LN and effector site
expression of proinflammatory chemokines (e.g. IFNy) and chemokines, they did not
directly test whether C5aR2 deficiency altered Tgrr or Treg. Our data suggest that the
worsened disease in the absence of C5aR2 is at least in part related to suboptimal Treg
generation and consequently uncontrolled Tggg responses.
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In contrast, in disease models driven by T cell-independent mechanisms, including dextran
sulfate sodium-induced colitis, thioglycollate-induced peritonitis, acute lung injury, sepsis,
and kidney ischemia perfusion injury, C5aR2 deficiency led to improved outcomes (27, 49,
51, 52). Together with the current work, these previous findings suggest that signaling via
C5aR2 on T cells is an important modulator of Treg Which indirectly exert control over Thl
immune responses, while signaling via C5aR2 predominantly on innate immune cells can
modulate their pro-inflammatory functions. The complexity of C5aR2’s in vivo effects is
highlighted by observations made in murine models of allergic asthma in BALB/c mice
prone to Th2 immunity (26) in which c5ar2~ mice are protected. Importantly, these studies
showed that C5aR2 expressed on DCs amplifies Th2 T cell differentiation required for
development of asthma, while absence of C5aR2 shifted the cytokine profile towards Th1/
Th17 which is protective in this strain. The authors did not report any effects of C5aR2
deficiency on Trgg in their system. Thus in this Th2-driven disease in BALB/c mice, the
evidence indicates that the dominant effect of C5aR2 is related to DC-dependent T cell
differentiation processes.

We note that in a 2017 publication (34) one research group concluded that murine T cells do
not express C5aR2 because the investigators could not identify a knocked-in tomato reporter
signal in peripheral T cells. Our data refute this claim by directly demonstrating C5aR2 gene
expression (using a different reporter) and protein expression in murine T cells, including
Treg. Additionally, we provide direct functional evidence that levels of C5aR2 expressed on
T cells alters /n vivo Trgg induction following adoptive transfer into ragZ ™~ recipients.

In sum, our data expand the known functions of C5aR2 in adaptive immunity by providing
new /n vivo evidence that T cell-expressed C5aR2 physiologically modulates iTreg
generation and iTrgg-dependent allograft survival. Our findings add to the increasingly
recognized function of the complement system as modulating adaptive T cell immune
responses and provide the foundation for designing therapeutics that upregulate T cell
C5aR2 to increase Treg generation and thereby suppress pathogenic T cell immunity,
including those induced by transplantation.
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Figurel.
C5aR2 is expressed in CD4* Treg. A. Representative flow cytometry plot gated on CD4*

cells (left panel) showing GFP expression (right panel) within splenic c5ar2”~ C5aR2-GFP
reporter mice at baseline (grey line) and on day 5 following stimulation with anti-CD3 (blue
dashed lines) or anti-CD3 + TGFR/IL2 (blue solid lines). B. Representative flow cytometry
plot showing GFP expression (right panel) from WT (no reporter, red) and c5ar27~ GFP-
reporter (blue) mice gated on unstimulated GR1*CD11b* neutrophils (left panel). C.
Quantified results of GFP expression in WT and c5ar2~~ GFP reporter CD4* T cells under
the conditions listed. n=4/group. D-E. Five representative images (D) and quantified results
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(E) from imaging flow studies of spleen cells from WT or c5ar2~~ mice stimulated i vitro
for 48 h with anti-CD3, TGFp and IL-2. Bright field (BR) images and images stained with
anti-CD4, anti-C5aR2 or isotype control as indicated are shown (a duplicate enlarged
version of 1D is provided as Supplemental Figure 1A). F. Insert: representative standard
flow cytometry plot of C5aR2 expression on unstimulated (red) or anti-CD3 stimulated (48
h, blue) WT spleen cells gated on CD4* T cells. Gray filled histogram: isotype control.
Median fluorescence intensity (MFI) of surface expressed C5aR2 on spleen cells gated on
the CD4" subset, at (baseline) and 48 h after stimulation with anti-CD3+IL-2 or anti-
CD3+IL-2+TGFp as indicated. n=4/group. G. Surface expression of C5aR1 on WT and
c5ar2™~ spleen cells within the CD4+ gate at baseline and 24 and 48 h after in vitro
stimulation with anti-CD3. Representative flow cytometry plot is shown in Supplemental
Figure 1. H. Median fluorescence intensity (MFI) of surface expressed C5aR1 on spleen
cells gated on the CD4* subset, at (baseline) and 48 h after stimulation with anti-CD3+IL-2
or anti-CD3+1L-2+TGFp as indicated. n=4/group. All experiments were repeated at least
once. ns=not significant. *p<0.05 throughout; in panel G, * refers to comparison with
expression level at baseline.
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Figure 2.

Absence of C5aR2 limits iTrgg generation. A-B. Representative flow plots (A) and
quantification for IFN-y expression (B) in an MLR gated on CD8" T cells from spleens of
WT B6 mice stimulated with BALB/c stimulators for 4 days. C. Representative flow plot for
CFSE and IFN+y expression in an MLR using naive CD62L"CD44/°CD4* T cells from WT
B6 mice stimulated with BALB/c stimulators for 4 days. D. Quantification of proliferating
CSFE® naive WT vs c5ar27~ CD4* T cells stimulated with syngeneic (control) or
allogeneic stimulators (bottom),and percent IFNy* within the CFSE'° population (top),
gated on CD4* T cells. n=4/group, one of 2 representative experiments. E-F. Representative
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flow plots (E) and quantified percentages of Foxp3-RFP* iTREC (F) on day 4 after
stimulating naive WT or c5ar2~~ Foxp3-RFP T cells with allogeneic APCs, IL-2 and TGF.
G-H. /n vitro suppression assays using flow sorted WT or c5ar2”~ Foxp3-RFP* iTreg
obtained from cultures in C-D (G) or flow sorted splenic Foxp3-RFP*CD4* T cells from
WT or c5ar2”~ Foxp3-RFP* mice (H). no significant differences were noted at any of the
Trec: Terr ratios in either experiment. ns=not significant, *p<0.05.
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Figure 3.
C5aR2 deficiency limits iTrgg generation /n vivo. A. Schematic of experimental design. B.

Representative flow cytometry plots depicting splenic Foxp3-RFP* cells within the CD4
gate 2 weeks after adoptive transfer of Foxp3-RFP€9, naive WT or c5ar2~/~ Foxp3-RFP
CD4* T cells into ragZ™" recipients. C. Quantification of results showing percentages (top)
and total number (bottom) of iTreg in each animal. *p<0.05.
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Figure 4.

Recipient C5aR2 deficiency accelerates T cell mediated cardiac allograft rejection. A.
Survival of WT and congenic c5ar2”~ B6 recipients transplanted with allogeneic BALB/c
hearts * peri-transplant anti-CD154 mAb (MR1, 250 ug). B. Representative H&E stained
sections of transplanted BALB/c heart tissue (79 animals per group) obtained at the time of
rejection showing diffuse mononuclear cell infiltration consistent with acute cellular
rejection in the WT and congenic c5ar2~~ B6 recipients. C-D. Groups of MR1-treated WT
and c5ar2”" allograft recipients were sacrificed on day 21 posttransplant. C. Splenic donor-
reactive IFN-y producers were quantified by ELISPOT (one of three independent
experiments with similar results). D. Intragraft ratios of CD8* T cells to CD4*Foxp3* T
cells as determined by flow cytometric analysis of graft infiltrating lymphocytes. *p<0.05
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Figureb.

C5aR2 expression augments iTreg generation by limiting C5a/C5aR1 signaling on CD4* T
cells. A-B. Quantification of intracellular phosphoflow cytometry analysis of pAKT (A) and
p-pS6 (B) in naive WT and c5ar2”~ CD4* T cells cultured with syngeneic APCs for 24 h
under the conditions listed (anti-CD3, 100 pg/ml). Results are representative of > 2
independent experiments. C. Foxp3 expression at the end of 5 day iTreg generation assays
using magnetically sorted naive CD4* WT and c5ar27~ cells under the conditions listed
(anti-CD3 added at 1000 pg/ml). D-E. Representative imaging flow images (D) and
quantified co-localization of C5aR1 and B2-arrestin (E) in WT and c5ar27~ CD4* T cells
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cultured for 24 or 48 h under iTrgg generating conditions (anti-CD3 1000 pg/ml). F.
Representative flow cytometry plot (top) and quantification of intracellular phosphoflow
cytometry analysis of pERK1/2 in WT and c5ar2”~ CD4* T cells cultured for 4-24 h with
anti-CD3 at the concentrations listed + IL-2 and TGFp. ns=not significant. *p<0.05
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Figure 6.

»
>

Characterization of C5aR2-tg mice. A. Representative imaging flow images demonstrating
elevated expression of C5aR2 within freshly isolated unstimulated CD4* T cells from
C5aR2-tg animals. B—C. Representative standard flow cytometry overlay histogram plots
(B) and quantified MFI values (C) depicted surface C5aR2 expression levels gated on the
indicated cell types from WT and C5aR2-tg mice. D. Flow cytometric analysis of spleen
cells from WT and C5aR2-tg mice showing no significant differences in the percentages of
the major immune cell populations between groups. n=3-5 per group per experiment. E.
Representative /n vitro MLRs using CFSE labeled spleen cells from WT and C5aR2-tg mice
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stimulated for 3 days in culture with BALB/c APCs demonstrate no significant differences
between groups (p=ns for 4 replicates per condition, repeated with same results). *p<0.05.
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Figure 7.
Transgenic overexpression of C5aR2 under CD2 promoter promotes graft survival

associated with fewer Tggg and more Treg. A. Survival of BALB/c hearts transplanted into
WT or C5aR2-tg recipients + peri-transplant MR1 (250 pg). The experiment was halted at
100 days posttransplant. Survival of the WT and the C5aR2-tg recipients treated with MR1
were significantly longer than untreated WT and C5aR2-tg recipients. Survival of grafts
transplanted into anti-CD154-treated C5aR2-tg was statistically longer than those
transplanted into anti-CD154-treated WT controls (*p<0.05). B. Representative H&E
stained section from a BALB/c heart transplanted into an anti-CD154-treated C5aR2-tg
recipient that was beating on day 100 posttransplant, demonstrating diffuse mononuclear cell
infiltrates and vasculopathy (arrowheads). C-D. Representative IFNy ELISPOT wells (C)
and quantification of splenic donor-reactive IFN-y-producers (D) on day 28 posttransplant in
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MR1-treated WT and C5aR2-tg recipients of BALB/c hearts. E-F. Total numbers of
CD4*Foxp3™* splenic T cells (E) and ratios of Treg to splenic donor-reactive IFNy
producers (Tggr, F) in same animals depicted in C. *p<0.05.
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Figure 8.

Transgenic overexpression of C5aR2 promotes iTrgg generation /n vitro and in vivo. A-C.
Representative flow cytometry plots (A) and quantified Foxp3-GFP* percentages on day 3
of iTreg generation cultures (B—C) using flow sorted Foxp3-GFP"®9 naive WT and C5aR2-
tg Foxp3-GFP CD4* T cells and WT (B-C) or C3/C5 deficient allogeneic APCs (C). D. /n
vitro suppression assays using flow sorted Foxp3-GFP+ iTrgg induced in B. E-F. In vivo
iTreg generation assays. Representative flow cytometry plots (E) and quantification of
splenic Foxp3-GFP* CD4* in spleens (F) of ragZ™" recipients 2 weeks after adoptive
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transfer of equal numbers of flow sorted Foxp3-GFP"® WT or C5aR2-tg Foxp3-GFP CD4*
T cells. *p<0.05, ns indicates p>0.05, not significant.
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