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Abstract

Human cytomegalovirus (HCMV) infection is associated with renal allograft failure. Allograft
damage in animal models is accelerated by CMV-induced T helper 17 (Th17) cell infiltrates.
However, the mechanisms whereby CMV promotes Th17 cell mediated pathological organ
inflammation are uncharacterized. Here we demonstrate that murine CMV (MCMV)-induced
intragraft Th17 cells have a Th1/17 phenotype co-expressing IFN-y and/or TNF-a., but only

a minority of these cells are MCMV specific. Instead, MCMV promotes intragraft expression
of CCL20 and CXCL10, which are associated with recruitment of CCR6*CXCR3* Th17 cells.
MCMV also enhances Th17 cell infiltrates after ischemia-reperfusion injury, independent of
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allogeneic responses. Pharmacologic inhibition of the Th17 cell signature cytokine, IL-17A,
ameliorates MCMV-associated allograft damage without increasing intragraft viral loads or
reducing MCMV-specific Th1 cell infiltrates. Clinically, HCMV DNAemia is associated with
higher serum IL-17A among renal transplant patients with acute rejection, linking HCMV
reactivation with Th17 cell cytokine expression. In summary, CMV promotes allograft damage via
cytokine-mediated Th1/17 cell recruitment, which may be pharmacologically targeted to mitigate
graft injury while preserving antiviral T cell immunity.

INTRODUCTION

Human cytomegalovirus (HCMV) is a ubiquitous virus with seroprevalence of 50-98% for
adult populations worldwide.1* Among healthy individuals, HCMV establishes latency
with intermittent asymptomatic reactivations that are controlled by antiviral T cell
responses.>~’ CMV-specific T helper 1 (Th1) cells and cytotoxic CD8" T cells are necessary
for control of CMV infections in immunocompromised transplant and HIV infected patients,
and in animal models of murine CMV (MCMV) infection.8-15 HCMV can cause viral
disease including pneumonitis, hepatitis, colitis, retinitis, or encephalitis in solid organ and
hematopoietic cell transplant patients.16:17 HCMV also increases risk for rejection and
allograft failure by unknown mechanisms.18-24 To prevent HCMV disease after transplant,
short-term valganciclovir prophylaxis or pre-emptive treatment at DNAemia onset can

be given.18 Antiviral prophylaxis is associated with lower graft loss rates compared to
pre-emptive treatment, suggesting that viral reactivation contributes to graft failure.2®
However, valganciclovir frequently causes neutropenia, preventing long-term prophylactic
use, so adjunctive interventions to mitigate HCMYV induced organ damage deserve further
exploration.26.27

In rodent renal transplant models, rat CMV and MCMYV infection exacerbate allograft
inflammation and accelerate fibrosis.28-30 Similar to clinical observations, valganciclovir
prophylaxis in murine transplants inhibits viral reactivation and improves late allograft
fibrosis.31:32 Recently, our group showed that T helper 17 (Th17) cells are more abundant
in MCMV-infected than uninfected allografts, and that IL-6 inhibition reduces Th17 cell
infiltrates and histopathologic allograft injury.3? In animal models and clinical organ
transplantation, Th17 cells, IL-17A, and CCL20 are elevated in allografts, blood, and urine
during acute rejection and are associated with late graft failure, but HCMV serostatus and
DNAemia were not assessed in these studies.33-42 Thus, a link between HCMYV infection
and Th17 cells in transplant rejection has not yet been described in the clinical literature.

Th17 cells have known effector functions against extracellular pathogens, mucoepithelial
infections, and intracellular bacteria but are not typically thought to be essential for antiviral
immune responses.4344 However, Th17 cells do promote pathological organ inflammation
during experimental and clinical viral infections.*>~>% Mechanisms by which viruses
facilitate Th17 cell activity are not well understood. Furthermore, although HCMV and
MCMV-specific Th17 cells have been described, their role in viral-induced inflammation
has not been reported.>1:52 |n this study, we investigated the antigen specificity of MCMV-
induced Th17 cells in renal allografts, the MCMV-induced microenvironment promoting
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their generation, and the impact of IL-17A inhibition upon viral loads, T cell subsets and
organ damage. The clinical relevance of animal model findings was examined among a
cohort of renal transplant patients by comparing serum IL-17A quantities between groups
with and without HCMV DNAemia.

2 MATERIALS AND METHODS

2.1 Mice and Virus

BALBI/c, C57BL/6 (B6), C57BL/6-/L-17A™M1BCgen (/1 -17A-GFP), and B6.Cg-
Tg(TcraTcrb)425Chn (OT-11) mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). Donor and recipient mice were infected with MCMVAmM157 at 1x106 plaque
forming units (pfu) at least 12 weeks prior to transplantation to clear acute systemic
infection, establish donor organ infection, and generate recipient MCMV-specific T cells,
as previously described.30.51,53.54

2.2 Murine renal transplantation

Renal transplantation was performed as described, using male and female BALB/c or B6
donors (D) and C57BL/6, /L-17aGFP, or OT-1 recipients (R).3%:55 Native kidneys were
retained, and recipients were treated with cyclosporine at 10mg/kg/day, subcutaneously once
daily until terminal sacrifice.30:31.55

2.3 Intracellular cytokine staining (ICS)/Flow cytometry

Splenocytes, blood, and intragraft leukocytes were isolated from mice, unstimulated or
stimulated with either PMA-ionomycin or 5 ug/ml of MCMV peptide pool (Table S1) and
stained for flow cytometry as previously described (Supplemental Methods S.1, S.2; Table
$2).30

2.4 RNA-Seq analysis

Details are provided in Supplemental Methods (S.3). In brief, total RNA was isolated

from allografts or native kidneys, cDNA libraries generated, and paired end 150 base pair
sequencing performed using the Illumina HiSeq 4000. Gene expression between groups was
compared using Qiagen Ingenuity Pathway Analysis using normalized read counts.

2.5 Cytokine and Chemokine detection

Mouse cytokines and chemokines were quantitated in grafts and spleens using
LEGENDplex panels and analyzed with LEGENDplex Data Analysis Software, V8.0
(Biolegend).30 Cytokine and chemokine levels were depicted as picograms/gram (pg/g) of
tissue.

2.6. MCMV viral load quantitation

MCMV viral loads were quantified as previously described.39 (Supplemental Methods S.4),
except that DNA was extracted from blood and tissues using the Zymo Viral DNA extraction
kit (Zymo Research, Irvine CA).
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2.7 Invivo IL-17A neutralization and Tregs depletion

Mice were treated with alL-17A (Clone 17F3) or aCD25 (Clone PC61) antibodies to
deplete IL-17A or Tregs, respectively (Supplemental Methods S.5). Kidneys, spleens and
blood were isolated for flow cytometry and histology. Histopathology was scored by a
veterinary nephropathologist (R.C.) blinded to sample identity using a previously published
grading scale3°, modified to reflect contemporary rejection criteria (Table $3).56:57 Scores
(0-3) were assigned for 12 histopathologic criteria, for a maximum score of 36.

2.8 Human renal transplant study

A retrospective cohort study was conducted to determine the association between blood
mMRNA RORyt: FOXP3 ratio and acute renal allograft rejection, using clinical data and
samples derived from a previously completed IRB-approved prospective observational study
conducted at PGIMER in India (Supplemental Methods S.6).58-60 Acute rejection (AR)
cases were matched by age and sex with controls without AR. Blood RNA was analyzed by
RT-PCR for RORyt, FOXP3and B-actin expression (Supplemental Methods S.7; Table S4).
Serum cytokines were measured using the human Th1/Th2/Th17 cytometric bead array kit.
Blood HCMV viral loads were quantified by DNA PCR (Supplemental Methods S.8).

2.9 Statistical analysis

Patient characteristics were described using ranges and frequency distributions or mean +
standard deviation (SD) unless otherwise indicated. Continuous variables were analyzed
using the two- tailed Student’s t test or the one-way analysis of variance. Categorical
variables were compared using the Chi-square test. Statistical analyses were performed
using GraphPad Prism 8 (San Diego, CA) accepting statistical significance at p value <0.05.

3 RESULTS

3.1 MCMV infection induces graft-infiltrating Th1/17 cells

Th17 cells infiltrate both MCMV D+R- and D+R+ allografts at day 14 post-
transplantation.3? To distinguish virus-specific from non-viral Th17 cells, R+ recipients
with pre-transplant MCMV-specific T cell immunity were analyzed for these studies and
compared to D—R- recipients without MCMYV infection. To characterize events prior to day
14, D+R+ and D-R- transplants were compared at day 7. D+R+ allografts had significantly
higher frequencies of Th17 cells expressing IL-17A alone or with Th1 cytokines, IFN-y
and/or TNF-a (Figure 1A-C; Figure S2). IL-17A and IFN-vy cytokine concentrations were
higher in D+R+ than D—R- grafts (Figure 1D). Of the IL-17A expressing CD4*, CD8*, and
MHCII* cells, only Th17 cells were more abundant in D+R+ allografts (Figure 1E). D+R+
allografts had significantly higher frequencies of Th17 cells and higher quantities of IL-17A,
IFN-y and TNF-a compared to spleens (FigurelF-G). Together, these results indicate that
MCMYV infection induces intragraft infiltration of Th17 cells with a Th1/17 profile, which
are associated with higher intragraft quantities of IL-17A and IFN-y.
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3.2 MCMV antigen-specific Th17 cell cytokine expression differs from antigen-
independent Th17 cells

To define the temporal kinetic of MCMV-specific Th17 cells after primary infection,
splenocytes from MCMV infected B6 mice were analyzed for MCMV-specific Th17 cell
frequencies at days 0, 7, 14, 21, and 28 (Figure 2A). MCMV-specific Th17 cells comprised
13.55% (£ 4.67%) of total Th17 cells at day 7 (Figure 2B) and rapidly contracted to
baseline levels from day 14 onward. In D+R+ allografts (Figure 2C-E), MCMV-specific
Th17 cells comprised only 5.48 + 0.97% of total graft-infiltrating Th17 cells (Figure 2D)
and predominantly expressed IL-17A alone or with IFN-y, but not TNF-a (Figure 2E).

As most MCMV-induced Th17 cells lacked viral antigen specificity, the requirement for any
graft-specific antigens was assessed using recipient B6.OTII mice, transgenic for CD4*™ T
cells recognizing chicken ovalbumin (OVA) antigen, transplanted with BALB/c wild-type
kidneys lacking OVA expression (Figure 2F; Figure S3). OVA tetramer* Th17 cells were
significantly higher in the D+ than D- grafts (Figure 2G), indicating that MCMV infection
can induce infiltration of Th17 cells lacking specificity for any viral or allograft-expressed
antigens. Tetramer* Th17 cells co-expressed TNF-a + IFN-vy, similar to PMA+ but not
MCMYV peptide+ Th17 cells (Figure 2H). In sum, MCMYV infection induces infiltration of
both viral antigen-dependent and antigen-independent Th17 cells that differ in their cytokine
co-expression profiles.

3.3 MCMV infected allograft microenvironment favors Th17 cell recruitment

Next, to identify MCMV-induced microenvironmental cues promoting antigen-independent
Th17 cell infiltration, gene expression profiles of D+ allografts were compared to native
MCMYV infected kidneys by tissue RNA-seq and Ingenuity pathway analysis (IPA).
Allogeneic transplantation led to significant changes in 5502 genes (adjusted p values
<0.05), involved in 391 canonical pathways, with 107 differentially expressed genes in the
Th17 activation pathway including transcription factors, cytokines, and cytokine receptors
involved in Th17 cell differentiation and transcription (Figure 3A) and recruitment (Figure
3C), including CXCL10, CCL20, CXCRS3, and CCR6. Similar findings were identified in
comparisons of D— allografts and uninfected native kidneys (Figure 3B). However, D—

and D+ allografts had no significantly differentially expressed Th17 pathway associated
transcripts; therefore, transcriptional heatmaps comparing D— and D+ organs are not shown.
Similarly, no differences were observed between non-transplant MCMV uninfected and
infected kidneys (data not shown), indicating that MCMV infection does not dysregulate
native kidneys.39 Thus, the transplant microenvironment of both D+ and D- allografts favors
Th17 cell differentiation and recruitment, but differential expression was not observed at
the analyzed timepoint, possibly due to insufficient sensitivity of whole-organ RNA-seq to
discern differences in low-abundance Th17 cell transcripts, or to kinetic differences in gene
expression not captured at a single timepoint.

As the basis for differential Th17 cell infiltration was not determined by transcriptional
profiling, Th17 cell-associated cytokine and chemokine protein levels were compared in D—
and D+ allografts. Th17 cell differentiating cytokines, IL-6 and IL-21, trended higher in D+
allografts (p=0.0664 and p=0.0538) but did not reach statistical significance (Figure 3D).
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These cytokines were significantly higher in D+ allografts than spleens (Figure 3E). Th17
cell-recruiting chemokines, CCL20 and CXCL10, were higher in D+ than D- allografts
(Figure 3F) and correlated with frequencies of graft-infiltrating Th17 cells expressing CCR6
and CXCR3 (Figure 3G-J; Figure S4A). These findings support that CCL20 and CXCL10
are differentially expressed in MCMV-infected allografts and correlate with CCR6* and
CCR6*CXCR3* Th17 cell infiltrates.

3.4 Ischemia Reperfusion injury and MCMV infection each contribute to intragraft Th17
cell recruitment

Ischemia-reperfusion injury (IRI) alone can generate trafficking signals for CD4* T cells
into allografts and can also induce MCMV reactivation from latently infected transplant
organs.32:61.62 To assess the contribution of IRI without alloimmune responses, syngeneic
transplants were performed using D— (IR1 alone) and D+ (IRI+MCMV) kidneys (Figure
4A). CCL20, CXCL10, and Th17 cells were detected in syngeneic D— transplants (Figure
4B-C), confirming that IRI alone can induce Th17 cell recruitment. Syngeneic D+ grafts
had higher quantities of CCL20, CXCL10, and Th1/17 cells than syngeneic D— grafts
(Figure 4B-D), indicating that MCMV reactivation after IRI increases chemokine-mediated
Th17 cell recruitment in the absence of allogeneic signals. IRI, MCMYV infection, and
allogeneic transplantation each contribute to Th17 cell recruitment but is highest after D+
allogeneic transplantation (Figure 4E).

3.5 Th17 cells correlate with graft-infiltrating Thl cells and reduced Tregs

Signals promoting development of Th17 cells can suppress Thl and regulatory T (Treg)
subsets.53.64 However, in IPA analysis, the Th1/Th2 activation pathway was the second most
highly upregulated canonical pathway (Table S5), consistent with acute T cell mediated
rejection.85-87 D+ allografts showed higher expression of 64 genes encoding proteins and
transcription factors involved in the Th1 pathway, including /FN-y (Figure 5A), with similar
findings in D- allografts (Figure S4). Thl cell frequencies were higher in D+ than D-
allografts and correlated directly with Th17 cells (Figure 5B). D+ allografts had higher
Th17:Th1l ratios than spleens (Figure 5C-D). Conversely, Tregs (Figure S1) were lower in
D+ than D- allografts and spleens (Figure 5E-H). These results demonstrate that Th17

cells correlate directly with Th1l cell infiltrates and inversely with Treg frequencies in D+R+
transplants.

3.6 IL-17A inhibition reduces neutrophils and Th1l cells, increases Tregs, and ameliorates
allograft injury

IL-17A mobilizes neutrophils to sites of inflammation via CXCL1 and CXCL5.68-70
Intragraft CXCL1 was significantly higher in D+ allografts (Fig.6A) and correlated with
intragraft Th17 cell frequencies (Figure 6B), but CXCLS5 did not (Figure 6A). To disrupt
IL-17A signaling, D+R+ recipients were treated with either alL-17A or isotype antibodies
(Figure 6C). At post-transplant day 7, alL-17A treated animals had significantly reduced
frequencies of Th17 cells and neutrophils in allografts compared to isotype treated mice
(Figure 6D-E; Figure S4B), but no effect upon neutrophil frequencies in spleens and
blood (Figure 6E). alL-17A treated grafts also had significantly increased Foxp3* Treg
frequencies and decreased Th17:Tregs ratio (Figure 6F-G). Unexpectedly, total Thl cell
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infiltrates were lower in alL-17A treated grafts, with selective decrease in total (PMA+) but
not MCMV antigen-specific (peptide+) Th1l cells, whereas splenic MCMV-specific and total
Th1 cell frequencies were unchanged (Figure 6H-J). At post-transplant day 14, alL-17A
treated allografts had significantly lower damage scores (18.0 £ 1.7) compared to isotype
treated (21.3 £ 0.6) and untreated grafts (20.7 £ 0.6) (p=0.0224) (Figure 6K-L). Viral loads
were similar in allografts from alL-17A, isotype, and untreated groups (Figure 6M). These
data show that aIL-17A treatment reduces neutrophils and total Thl cells, increases Tregs,
and ameliorates allograft damage without increasing viral replication.

3.7. Th17 cell-associated allograft damage does not require Treg and Th1 cells.

The alL-17A treatment could modulate histopathologic graft injury due to direct inhibition
of IL-17A, or indirectly by increasing Tregs that in turn suppress Th1 cell-mediated graft
damage. To distinguish these mechanisms, Tregs were depleted independent of IL-17A
signaling using aCD25 antibodies (Figure 7A).”! At day 7, Foxp3+ Treg frequencies were
significantly lower in grafts, spleens, and blood of aCD25 treated recipients compared to
isotype controls (Figure 7B), whereas total IL-17A* Th17 cell frequencies were similar
between the groups (Figure 7C). Unexpectedly, a CD25 treatment also reduced Th1/17 cells
and Th1 cells in grafts and spleens (Figure 7C-F). This result was contrary to our prediction
that Treg depletion would increase Th1 cell frequencies; however, these data separated the
effect of Th17 cells from that of Treg/Th1 cells in allograft injury. Despite reduced Tregs
and Th1 cells, histopathology scores were similar between aCD25 and isotype treated
groups in the presence of Th17 cells (Fig. 7G—H). These results support that alL-17A
modulates allograft injury by inhibiting IL-17A directly, without requiring the downstream
effect of IL-17A upon Tregs or Thl cell activity.

3.8 HCMV DNAemia is associated with elevated serum IL-17A quantities during acute
rejection in clinical renal transplantation

To determine if HCMV DNAemia is associated with 1L-17A in clinical renal transplantation,
we retrospectively analyzed samples collected from a prospectively enrolled cohort of renal
transplant patients (Figure S6). Of 211 subjects, 35 had biopsy proven acute rejection (AR)
in the first-year post-transplant, whereas 173 had no acute rejection (NR). AR cases with

a first episode of acute cellular or mixed rejection and blood samples with sufficient RNA
quality for analysis (N=24) were matched with NR controls (N=29) by age and sex (Table
S6). The AR group had significantly higher serum IL-17A quantities at the time of rejection
compared to the NR group (Figure 8A), which remained significantly elevated even after

the AR episode. The AR group also had higher blood RORyt and lower FOXP3 mRNA and
IL-10 cytokine quantities than the NR group, shown as higher IL-17A:1L-10 ratio (Figure
8B-F). Together, these findings are consistent with published reports showing elevated Th17
cell signatures during clinical AR.37

We next examined HCMV DNAemia among 20 AR patients and 17 NR patients for whom
blood was available for HCMV PCR testing. In the AR group, 40% (8/20) had HCMV
DNAemia at the time of AR, compared to 6% (1/17) of the NR group (p= 0.0159) (Table
S7), consistent with HCMV reactivation during AR. Within the AR group, serum IL-17A
and IFN-y were significantly higher among patients with HCMV DNAemia (HCMV+)
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compared to those without HCMV DNAemia (HCMV-), but no difference was observed for
TNF-a (Figure 8G). This cytokine profile strikingly resembles that observed in MCMV+
allografts in the murine model (Figure 1D) and supports that HCMV reactivation is
associated with elevated I1L-17A and IFN-y during clinical acute rejection.

4 DISCUSSION

In prior work, MCMYV infection promoted intragraft Th17 cell infiltration, and treatment
with aIL-6 antibodies reduced Th17 cell infiltrates and ameliorated MCMV-induced
histopathologic damage.30 In this study, the phenotype and antigen specificity of
MCMV-induced, graft-infiltrating Th17 cells and MCMV-induced microenvironmental cues
promoting Th17 cell recruitment were identified. Intragraft MCMV-induced Th17 cells
co-express Thl cytokines that differ according to antigen specificity, with MCMV-specific
Th1/17 cells co-expressing IFN-vy, and viral antigen-independent Th1/17 cells co-expressing
TNF-a with or without IFN-y. MCMV-specific Th17 cells comprise only a small minority
of total graft-infiltrating Th17 cells; instead, CCL20 and CXCL10 in MCMYV infected
allografts may favor recruitment of MCMYV antigen-independent CCR6* CXCR3* Th17
cells. MCMV-infected syngeneic grafts also express CCL20 and CXCL10, indicating that
IRI-induced MCMV reactivation can alter the graft microenvironment in the absence

of allogeneic stimuli. In contrast, MCMV-infected native kidneys are transcriptionally
indistinguishable from uninfected native kidneys, indicating that MCMYV infection alone
does not promote Th17 cell-recruiting signals. MCMV-induced Th17 cells are associated
with neutrophils, Th1l cells, and reduced Tregs, promoting the pro-inflammatory milieu

of acute rejection. Together, these findings indicate that MCMV infection exacerbates
recruitment of Th17 cells to allografts not only via expression of viral antigens, but also

by altering the chemokine microenvironment.

IRI contributes to Th17 cell trafficking to ischemic kidneys.”2=74 STAT-3 deficient

mice are protected from renal IRI, corroborating the role of Th17 cells in IRI-induced
inflammation.”® Our study confirms the previous observation that IRI induces intrarenal
Th17 infiltration, but further shows that CMV infection enhances IRI-induced Th17 cell
recruitment. Renal cells secrete a wide range of cytokines after IRI, including IL-6,

IL-1B, and TNF-a, which can promote CMV reactivation /in vitro and after syngeneic and
allogeneic transplantation in animal models.32:53.62.76-82 1 yjtro, CMV infection induces
expression of IL-6 , IL-8, and TNF-a from monocytes, TGF-B1 from renal tubular epithelial
cells, and IL-8, CXCL11, RANTES, IL-1B, IL-6, fractalkine (CX3CL1), and CXCL1 from
endothelial cells, and /7 vivo induces RANTES, MCP-1, MIP-1a and CXCL10 expression
after allogeneic renal transplantation.2%:83-86 Among renal transplant patients, higher plasma
levels of IL-8, MIP-1a and MCP-1 are associated with active CMV infection and are
reduced by ganciclovir treatment.87 In this work, MCMV infected allografts expressed
CCL20 and CXCL10, expanding the list of chemokines induced by CMV infection /n vivo
to include those recruiting Th17 cells. MCMV-induced Th17 cells then exacerbate Thl and
neutrophil activity via IL-17A and CXCL1, revealing a previously undescribed pathway by
which CMV promotes Th1 and myeloid cell infiltration.
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In this model, MCMYV infection promotes the development of Th1/17 cells, which have been
described in inflammatory diseases including murine experimental autoimmune encephalitis
(EAE) and colitis, and among patients with Candida albicans infection, systemic lupus
erythematosus, and Crohn’s disease.88-92 MCMV-specific Th1/17 cells infiltrate D+R+
allografts and co-express the antiviral cytokine, IFN-y, whereas MCMV-induced, antigen-
independent Th1/17 cells co-express both TNF-a and IFN-+y. To our knowledge, this is

the first description of MCMV-specific and cytokine-induced Th1/17 cells arising during

a pathologic inflammatory state. CMV can cause pathological inflammation in numerous
organs other than allografts, including CMV pneumonitis, hepatitis, colitis, retinitis, and
encephalitis 16:17.93.94 Although Th17 cells have not been assessed in these CMV end-
organ diseases, Th17 cells can infiltrate these same organs during other infectious and
inflammatory diseases, including RSV and COVID19 pneumonia, hepatitis due to HBV,
HCV, and murine hepatitis virus, inflammatory bowel disease (IBD) colitis, EAE, and
encephalitis due to Theiler’s murine encephalomyelitis virus #46-50.90.95-100 |t js thus
possible that Th17 cell-associated inflammation in other CMV end-organ diseases could

be targeted with adjunctive anti-inflammatory therapies in addition to antiviral drugs.

Th17 cells correlate directly with Thl cells in MCMV-infected allografts. Inhibition of
IL-17A reduces Thl cells and increases Tregs, consistent with the known reciprocal
relationship between Th17 and Treg cells.101 To determine if alL-17A ameliorates graft
injury indirectly through Treg/Th1 cells, «CD25 antibodies were used to deplete Tregs,

in whose absence Th1 cells were predicted to increase and exacerbate allograft damage.
However, aCD25 reduced not only Tregs but also unexpectedly reduced Th1 cell infiltrates,
possibly due to a direct effect of aCD25 upon Th1l cells. CD25, the IL-2 receptor-a
subunit, is expressed by activated T cells.192-104 Studies have shown that the PC61 clone

of aCD25 not only depletes Tregs but also induces defective IFN-y production from CD4+
T- cells in murine organs!%® and abolishes STATS5 signaling in CD4+ effector T cells,
impairing STAT5-induced differentiation of IFN-y producing Th1 effector cells.196-108 |
our experimental system, aCD25 depleted both Tregs and Th1 cells, but not Th17 cells,
distinguishing the function of Th17 cells independent of Treg/Th1 cells. Reduction of both
Tregs and Thl cells by aCD25 treatment failed to alter graft injury in the presence of

Th17 cells, indicating that aIL-17A modulates graft damage by directly inhibiting IL-17A
and not via indirect effects upon Treg/Th1 subsets. In addition, alL-17A treatment did not
reduce frequencies of CMV-specific Thl cells or increase intragraft viral loads, indicating
that alL-17A treatment may ameliorate allograft damage without impairing protective
antiviral immunity. Consistent with this interpretation, CMV is not a known complication of
clinically utilized alL-17A monoclonal antibodies such as secukinumab.109

Clinical studies have previously shown that Th17 cells are associated with acute rejection
and late allograft dysfunction in populations with high HCMV seroprevalence34:37, but
HCMYV DNAemia was not assessed as a clinical variable in those studies. Our work

shows that HCMV DNAemia is associated with higher serum IL-17A and IFN-y, but not
TNF-a, a cytokine profile that strongly resembles that observed in the MCMV transplant
model. Further studies among HCMV seropositive renal transplant patients may determine
the extent to which the epidemiologic association between HCMV infection and allograft
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dysfunction is mediated by Th17 cells, and whether Th17 cell activity is promoted by
subclinical HCMV DNAemia in the absence of AR.

There are limitations to this study. Due to the technical complexity of murine microvascular
renal transplant surgery, most cohorts were analyzed at day 7 to permit direct comparison

of results between experiments. Consequently, the temporal relationship between MCMV
induced chemokine expression, Th17 cell recruitment, and Th1 cell activation were not

well defined. Similarly, gene expression profiling of transplant tissues did not identify
differential expression of genes encoding Th17 cell related transcriptional pathways between
D+ and D- allografts, possibly due to insufficient sensitivity of tissue profiling to
distinguish differential expression of low abundance transcripts in Th17 cells, or due to
inability of transcriptional analysis at a single timepoint to capture Kinetic differences

in transcriptional signaling preceding protein expression. Despite the lack of observed
differences in transcriptional signaling, functional T cell and protein expression analyses
showed significant differences in Th17 cells and associated chemokines in MCMV-infected
allografts. We also did not assess developmental plasticity between Th17 and Th1 cell
subsets during the course of acute rejection, and it is possible that transdifferentiation
between Th17 and Th1 cells could contribute to the Th1/17 cytokine co-expression profiles
observed in these studies. In addition, these studies only analyzed antiviral T cell responses
during acute T cell mediated rejection in MCMV R+ recipients. MCMV-induced Th17 cell
frequencies and phenotypes were not examined in allogeneic models with less fulminant
rejection, or in D+R~ transplants with primary MCMV infection. Finally, although the renal
transplant population evaluated in this study has nearly universal HCMV seropositivity,
HCMV D/R serostatus was not confirmed, so it is possible that patients with HCMV D-R-
serostatus had no viral detection. However, this serostatus is probably rare in this population
and, if present, would most likely be distributed similarly among the groups with and
without AR.

In summary, MCMV infection induces recruitment of Th1/17 cells into infected renal
allografts, which arise in response to viral antigens and chemokine-induced pathways and
are associated with neutrophils, Th1 cells, and reduced Tregs. Among renal transplant
recipients, Th1/17 cytokines are associated with HCMV reactivation. These findings identify
several pathways by which CMV exacerbates inflammation during acute rejection and raises
the possibility that inhibition of CMV-induced Th17 cell effector cytokines might ameliorate
organ inflammation without impairing protective antiviral Th1 cell responses. In a larger
context, CMV-induced Th1/17 cells might also contribute to pathological inflammation
during CMV end-organ disease, which could be targeted with anti-cytokine treatments as an
adjunct to antiviral therapy.
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ABMR Antibody mediated rejection

ACR Acute cellular rejection

AR Acute rejection

CLIP Class I1- associated invariant chain peptide

FOXP3 Forkhead Box P3

HCMV Human Cytomegalovirus

IPA Ingenuity pathway analysis

IRI Ischemia-reperfusion injury

MCMV Murine Cytomegalovirus
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PMA Phorbol 12-myristate 13-acetate

RORyt RAR- related orphan receptor gamma t
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Figure 1. MCMYV inducesintragraft infiltration of Th17 cells co-expressing Th1l cytokines.
(A) Study design. Renal transplantation was performed between BALB/c and C57BL/6 mice

with cyclosporine A (CsA) subcutaneous (SC) injections given daily for post-transplant
immunosuppression. On day 7, splenocytes and intragraft leukocytes were analyzed by flow
cytometry. (B) Representative flow cytometry plots showing frequencies of CD4*IL-17A*
(Th17) cells and cytokine expression profiles. (C) Frequencies of cytokine-expressing Th17
cell subsets were compared for D-R- and D+R+ allografts. (D) Intragraft quantities of
IL-17A, IFN-y and TNF-a (picogram per gram tissue, pg/g) in D—R- and D+R+ allografts.
(E) Frequencies of IL-17A expressing CD4*, CD8* and MHC-11* leukocytes in D-R- and
D+R+ allografts. (F) Representative flow plots and frequencies of Th17 cells in D+R+
spleens (SPLN) and allografts (GRAFT). (G) Cytokine quantities (pg/g) in D+R+ spleens
and allografts. All data are represented as mean + standard deviation (SD) and analyzed by

two- sided Student’s t-test. NS, not significant (p>0.05).
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Figure 2. MCM V-specific and antigen-independent Th17 cellsinfiltrate virusinfected allogr afts.
(A, B) Non-transplant B6 mice were infected with MCMYV on Day 0 and splenic Th17

cell frequencies were quantified at days 0, 7, 14, 21, and 28 post-infection. Splenocytes
were stimulated with either PMA or MCMV peptides and stained for IL-17A expressing
CD4™* T- cells. (A) Representative flow plots showing frequencies of MCMV specific and
PMA+ Th17 cells at indicated days; graph shows frequencies of PMA+ (gray circles) and
MCMV-specific (black circles) Th17 cells over time. (B) Pie chart shows the percentages of
MCMV-specific and PMA+ Th17 cells in non-transplant spleens at day 7 post-infection.
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(C) Representative flow plots and frequencies of CMV-specific (CMV peptides+) and

total (PMA+) Th17 cells in allografts of D+R+ transplant recipients. (D) Pie chart

shows percentages of MCMV-specific and PMA+ Th17 cells in D+R+ allografts. (E)
Proportions of intragraft Th17 cells expressing IL-17A, IFN-y and/or TNF-a., compared
between Th17 cells responding to MCMV peptides or PMA in D+R+ allografts. (F)
Experimental design. B6.OT-II transgenic recipients received D— or D+ allografts lacking
expression of OVA antigen, so that OVA* Th17 cells are recruited to allografts by
antigen-independent mechanisms. (G) OVA-specific Th17 cells were detected using 1-AP-
OVAg3,3.339-APC tetramer staining, with human CLIP-APC tetramer used as control (Figure
S3). Representative flow plots show tetramer staining of CD4* T cells derived from D-R-
and D+R+ allografts. Graph shows the frequencies of OVA tetramer* Th17 cells compared
between the groups. (H) Cytokine expression profiles were compared for intragraft MCMV
specific and PMA+ Th17 cells in wild-type recipients, and for OVA tetramer* Th17 cells
from OTII recipients. Data are represented as mean * standard deviation (SD) and are
analyzed by two- sided Student’s t-test (C, G) or one- way ANOVA (A).
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Figure3. MCMYV infected allograft microenvironment favors Th17 cell recruitment.
(A, B, C) Gene expression profiles by RNA-seq. (A) Heat map shows differentially

expressed genes encoding molecules required for Th17 cell differentiation and transcription
factors between D+ allografts (TX) and infected non- transplant kidneys (NO-TX). and (B)
Differentially expressed Th17 cells related genes between D- allografts (TX) and uninfected
non- transplant kidneys (NO-TX) Each column represents a single sample whereas rows
represent intensities of gene expression. Hierarchical clustering of the genes was performed
based on the average column z- score, highest (top) to lowest (bottom). (C) Transcripts
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for Th17 cell differentiating cytokines and recruiting chemokines are upregulated in D+
transplants compared to MCMYV infected native kidneys. (D) Comparison of intragraft Th17
cell differentiating cytokine quantities between D—R- and D+R+ transplants. (E) Quantities
of Th17 cell differentiating cytokines in D+R+ spleens and allografts. (F) Comparison

of Th17 cell recruiting chemokine quantities in D—R- and D+R+ allografts. (G, H)
Representative flow plots and frequencies of CCR6* and CXCR3* Th17 cells in D-R- and
D+R+ allografts. (I) Mean fluorescence intensity (MFI) of CCR6 and CXCR3 expression for
Th17 cells from D—R- (Blue) and D+R+ (Pink) allografts. (J) Correlation between intragraft
chemokines and receptors expressed by Th17 cells from D+R+ transplants. All data are
represented as mean + standard deviation (SD) and are analyzed by two- sided Student’s
t-test or Pearson correlation. NS, not significant (p>0.05).
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Figure 4. | schemia Reperfusion Injury, MCMYV infection, and allogeneic transplantation each
contributetointragraft Th17 cell infiltration.

(A) Syngeneic transplantation was performed using D—R- and D+R+ grafts to evaluate

role of ischemia-reperfusion injury (IRI) without alloimmune responses. (B) CCL20 and
CXCL10 quantities in D—R- and D+R+ syngeneic transplants. (C) Frequencies of Th17
infiltrates in syngeneic D—R- and D+R+ grafts. (D) Intragraft Th17 cells co-expressing
IFN-y and/or TNF-a in D-R- and D+R+ grafts. (E) Percentage and proportions of single or
multiple cytokines expressing Th17 cells in syngeneic and allogeneic grafts. For (A-D), data
are represented as mean + standard deviation (SD) and are analyzed by two- sided Student’s
t-test. For (E), mean values are shown.
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Figure5. MCMYV infection is associated with increased Th1l cellsand decreased Tregs.
(A) Heat map shows differential expression of transcripts involved with Th1 cell activation

in D+ allografts (TX) compared to non-transplant MCMYV infected kidneys (NO TX).
Hierarchical clustering of the genes was performed based on the average column z- score,
highest to lowest. (B) Representative flow plots and frequencies of Thl cells in D-R-

and D+R+ allografts. Intragraft frequencies of Th17 cells were correlated with Th1 cells

in D-R- and D+R+ transplants. (C) Frequencies of IFN-y and/or TNF-a expressing Thl
cells in D+R+ spleens and allografts. (D) Ratio of Th17:Th1 cell infiltrates in D+R+ spleens
and allografts. (E-F) Representative flow plots and frequencies of (E) Foxp3* Tregs and (F)
IL-10 expressing Tregs in allografts. (F) Box plot shows ratio of Th17: Treg cells (IL-17A™:
IL-10* CD4%). (G-H) Representative flow plots and frequencies of (G) Foxp3* Tregs and
(H) IL-10 expressing Tregs in spleens. (H) Box plot shows ratio of Th17: Treg cells in
spleens. All data are represented as mean * standard deviation (SD) and are analyzed by
two- sided Student’s t-test or Pearson correlation. NS, not significant (p>0.05).
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_Figure 6. IL-17A inhibition modulates neutrophil, Th1/Treg cell infiltrates and reduces allogr aft
mnjury.

(AJ\) IyL-17A induced neutrophil chemoattractants, CXCL1 and CXCLS5, were compared

for D-R- and D+R+ allografts. (B) Correlation between intragraft CXCL1 and Th17

cell infiltrates. (C) Study design. D+R+ recipients were treated with alL-17A antibodies

or isotype control antibodies at 200ug/dose, intraperitoneally (IP), on indicated days post-
transplantation and sacrificed at day 7 or 14. (D-J) Day 7 post- transplantation. (D)
Representative flow plots and frequencies of Th17 cells in allograft, spleen, and peripheral
blood of recipient mice from alL-17A treated and isotype control groups. (E) Representative
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flow plots and frequencies of CD11b*Ly6G™* neutrophils in organs and blood of alL-17A
and isotype treated transplant recipients. (F) Frequencies of Foxp3™ Tregs in allografts of
alL-17A and isotype treated mice. (G) Intragraft Th17: Tregs ratio between the groups. (H)
Representative flow plots and frequencies of MCMV- specific and PMA+ intragraft Thl
cell infiltrates between the groups. (1) Ratio of Th1: Tregs in allografts. (J) Frequencies of
MCMV-specific and PMA+ Th1 cells in spleens. (K) Day 14 post-transplant, hematoxylin
and eosin (H&E) stained allografts from D+R+ No treatment (None), isotype control and
alL-17A treated groups (40x). Scale bar 20um. (L) Histopathology was scored in blinded
fashion using grading scale as shown in Table S3. (M) Viral loads in allografts. All data are
represented as mean + standard deviation (SD) and are analyzed by two- sided Student’s
t-test, Pearson correlation and ANOVA. NS, not significant (p>0.05).
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Figure 7. Depletion of Tregsand Thl cells does not change allogr aft damage in the presence of
Thl7 cells.

(A) D+R+ recipients were treated with aCD25 antibodies or isotype control antibodies

at days 1 (400ug) and 4 (200ug) post-transplantation and sacrificed at day 7. (B)
Representative flow plots and summary data showing frequencies of Foxp3+ Tregs between
aCD25 treated mice and isotype controls. (C-D) Representative flow plots and summary
data showing the frequencies of Th17 and Th1/17 cells between the groups. (E-F)
Representative flow plots and summary data showing the frequencies of total (PMA+) and
MCMV specific (Peptide+) Th1 cells in allografts (E) and spleens (F) between the groups.
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(G) H&E-stained allografts from aCD25 treated and control groups (40x). Scale bar 20um.
(H) Damage score. All data are represented as mean + standard deviation (SD) and are
analyzed by two- sided Student’s t-test and ANOVA. NS, not significant (p>0.05).
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transplant patientswith acuterejection.
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those with no rejection (NR, N=29) over the first 12 months post-transplant. Blood was
analyzed at pre- transplant (0), 1-, 3-, 6- and 12- months post-transplant and at the time

of AR (arrow). (A, C, E) Serum cytokine levels were measured at indicated post-transplant
timepoints. (B, D) Expression of transcription factors were quantified in whole blood by
RT-PCR at the time of AR. (F) RORyt: FOXP3 mRNA ratio was compared at the time of
rejection for AR and NR groups. (G) HCMV DNAemia in the AR group was determined
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by quantitative DNA PCR. Serum cytokine quantities were compared for patients with
(HCMV+) and without (HCMV-) HCMV DNAemia. All data are represented as mean £
SEM and are analyzed by two- sided Student’s t-test. NS, not significant (p>0.05).

Am J Transplant. Author manuscript; available in PMC 2023 October 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Mice and Virus
	Murine renal transplantation
	Intracellular cytokine staining (ICS)/Flow cytometry
	RNA-Seq analysis
	Cytokine and Chemokine detection
	MCMV viral load quantitation
	In vivo IL-17A neutralization and Tregs depletion
	Human renal transplant study
	Statistical analysis

	RESULTS
	MCMV infection induces graft-infiltrating Th1/17 cells
	MCMV antigen-specific Th17 cell cytokine expression differs from antigen-independent Th17 cells
	MCMV infected allograft microenvironment favors Th17 cell recruitment
	Ischemia Reperfusion injury and MCMV infection each contribute to intragraft Th17 cell recruitment
	Th17 cells correlate with graft-infiltrating Th1 cells and reduced Tregs
	IL-17A inhibition reduces neutrophils and Th1 cells, increases Tregs, and ameliorates allograft injury
	Th17 cell-associated allograft damage does not require Treg and Th1 cells.
	HCMV DNAemia is associated with elevated serum IL-17A quantities during acute rejection in clinical renal transplantation

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.

