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Abstract

Background--—Ischemia reperfusion injury (IRI) predisposes to formation of donor specific
antibodies (DSA), a factor contributing to chronic rejection and late allograft loss.

Methods--—We describe a mechanism underlying the correlative association between IRI and
DSA using humanized models and patient specimens.

Results--—IRI induces IgM-dependent complement activation on endothelial cells (ECs) which
assembles an NLRP3 inflammasome via a Rab5-ZFYVE?21-NIK axis and upregulates ICOS-L and
PD-L2. EC-derived IL-18 selectively expands a T cell population (CD4+CD45RO+PD-1MI1COS
+CCR2+CXCR5-) displaying features of recently described T peripheral helper (Tpp) cells. This
population highly expressed IL-18R1 and promoted DSA in response to IL-18 /in vivo. In patients
with delayed graft function (DGF), a clinical manifestation of IRI, these cells were
Ki-67+IL-18R1+ and could be expanded ex vivo in response to IL-18.

Conclusions--—IRI promotes elaboration of 1L-18 from ECs to selectively expand alloreactive
IL-18R1+ Tpy cells in allograft tissues to promote DSA formation.
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INTRODUCTION

Ischemia reperfusion injury (IRI) is a common complication of solid organ transplantation.
In IRI, prolonged disruption of blood flow ex vivo leads to widespread tissue injury
following surgical revascularization. Allografts with IR show worsened survival and
increased T cell- and antibody-mediated rejection episodes.! Vascular lesions often
accompany and/or precede worsened clinical outcomes associated with IR12= and are
correlated with anti-HLA alloantibodies, de novo donor specific antibody (dnDSA).>
Vasculopathic changes are incorporated into the diagnostic criteria for chronic antibody-
mediated rejection (CABMR), and in conjunction with dnDSA and vascular inflammation,
reflect the consensus that most cases of graft failure >1 year post-transplantation are a result
of immune-associated processes affecting the vasculature.5-2

Upon binding to graft class | or Il HLAS3, both of which are highly expressed by human
endothelial cells (ECs)*, dnDSA may activate complement, a process associated with
worsened outcomes compared to the presence of dnDSA alone.1% Reduction of dnDSA or
blockade of complement is beneficial, 12 suggesting a causal relationship. Following
transplantation, allograft ECs remain predominantly of donor origin!3 and thus persist as
being targets for dnDSA. However, despite dnDSA and complement activation on these ECs,
affected vascular beds in CABMR show preserved architectures without necrosis, 14
suggesting that complement may instead initiate inflammatory signaling. dnDSA-mediated
complement activation resulting in endothelial MAC deposition elicits EC activation via a
non-cytolytic, endosome-based process.1>-17 We have recently shown that endocytosed
MAC triggers formation of an NLRP3 inflammasome and IL-1 secretion which is
responsible for the observed autocrine/paracrine EC activation.® This process potentiates
alloreactive CD4+ T activation.18 Based on these data, we surmise that, in a manner linked
to complement!920 and possibly inflammasome activation, processes linked to IRI could
stimulate adaptive alloimmune responses2:22 to elicit the chronic pathologies associated
with CABMR.23:24

Tissue-derived B cells from CABMR patients express 1gG and have thus undergone isotype
switching. Moreover, B cell: T cell “conjugates” occur in graft tissues despite the absence of
follicular DCs that present Ags to B cells within germinal centers2> and despite the fact that
T follicular helper cells (Tgy cells), the cells principally studied as promoting dnDSA,26:27
canonically lack the battery of chemokine receptors required for vigorous peripheral tissue
homing.2829 We developed humanized protocols of IRl where EC-mediated direct
allorecognition occurs to study a response underlying these paradoxical observations. We
report that human ECs subjected to IRI selectively activate a PD-1" CXCR5-CCR2+
memory T cell population to promote dnDSA and CABMR-like pathologies.

METHODS
Data Availability.

All data and methods are available from the authors upon reasonable request. The
transciptomic datasets were retrieved from the Gene Expression Omnibus (accession
#GSES50112) and Immport (accession #SDY939) public databases.
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Endothelial Cell Cultures.

All protocols were approved by the Yale Institutional Review Board. HUVEC were isolated
as healthy, de-identified tissues from the Dept of Obstetrics and Gynecology at Yale New
Haven Hospital as previously described.12 IRI treatments are described in the Methods in
the online-only Data Supplement.

Human CD4+ T Cell Isolation.

All protocols were approved by the Yale Institutional Review Board (Protocol
#0601000969). PBMCs were isolated from leukopacks using density centrifugation as
described previously and cryopreserved in liquid nitrogen.}3 CD4+CD45RO+ T cells were
isolated from thawed cryovials using magnetic bead separation kits (Miltenyi) with HLA-
DR Ab (clone L243, Novus #NB100-77855) and CD45RA Ab negative depletion (10uL per
cryoival, eBiosciences, 14-0458-82).

Western Blot Analysis.

Western blots were performed as previously described.13-15 Antibodies were used at 1:1000
at 4°C overnight as described in the Methods in the online-only Data Supplement.

Endothelial Cell:T Cell Cocultures.

For EC:T cell cocultures, HUVEC isolated from a single donor were grown in U-bottom 96-
well microtiter plates, pretreated with human IFN-y (50ng/mL, Invitrogen) for 48—72hr, and
subjected to treatments as indicated in the text.

Animal Studies.

All protocols were approved by the Yale Institutional Animal Care and Use Committee and
were performed in accordance with institutional guidelines. Human coronary arteries were
interposed into the descending aortae of adult female C.B-17 SCID/beige mice (Taconic,
Hudson, NY) for ~30 days to quiesce perioperative inflammation prior to use. Study details
are described in Methods in the online-only Data Supplement.

DGF Patient Study.

All protocols were approved Yale Institutional Review Board (Protocol #2000020032), and
participants gave informed consent. Study details are described in Methods in the online-
only Data Supplement.

Immunofluorescence Analysis.

All protocols were approved Yale Institutional Review Board (Protocol #1212011221).
Acrterial tissues were flash frozen in OCT, sectioned, stained, and analyzed by I.F. as
indicated.

Statistical Methods.

Comparisons between two groups were performed using two-sample #test, and multiple
comparisons were performed using a one-way or two-way ANOVA followed by Tukey’s
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pairwise comparison test using Origin computer software. p-values <0.05 were considered
statistically significant. Standard deviations are reported throughout the text.

RESULTS

Humanized Models of IRI to Recapitulate Features of CABMR.

To study connections between IRI and dnDSA, we adapted a humanized mouse model.1223
Paired human coronary artery segments are implanted as aortic interposition grafts in
SCID/bg mice and subjected to anoxia or normoxia in organ culture prior to reparking into a
second set of naive SCID/bg hosts. Anoxic incubation conditions are necessary to mimic IRI
because the artery segments are sufficiently thin walled to be well oxygenated by diffusion.
As previously,12 in “IRI”-treated xenografts we observed membrane attack complexes
(MAC, PolyC9) in both ECs and smooth muscle cells (SMCs, Fig 1a). To study dnDSA
formation, we retransplanted the normoxia- or “IRI”-treated human coronary artery
segments into SCID/bg hosts engrafted with human PBMCs allogeneic to the artery donor.
Circulating CD4+ (Fig S1a) and CD19+ (Fig S1b) lymphocytes increased with time but did
not significantly differ between groups. CD4+:CD19+ “*conjugates™ were increased in
hypoxia-treated arteries compared to controls (Fig S1c). The xenografts were harvested at
four weeks post-implantation and analyzed. The intimal compartment was significantly
increased in IRI-treated grafts compared to controls (Fig 1b). Neointimal tissue in IRI-
treated grafts contained significantly higher CD4+ (Fig 1c) and CD19+ cells (Fig 1d), and
contained CD4:CD19 “conjugates” (Fig 1e). No tertiary lymphoid organs were visualized in
any host. To assess de novo donor specific antibody (dnDSA), sera were analyzed by clinical
Luminex bead testing to determine antibody titers specific for the HLA haplotypes
expressed on the implanted artery. Hosts bearing “IRI” grafts showed higher titers of dnDSA
compared to controls (Fig 1f, left). Upon isotype analysis, dnDSA were enriched in 1IgG1
and 1gG3, isotypes preferentially activating complement (Fig 1f, middle). To test dnDSA
complement activation, we overlaid host sera on human ECs containing a matched HLA
class | allele, HLA-B35. Sera from mice bearing IRI-treated grafts and higher titers of
dnDSA were able to bind IgG and activate terminal complement (PolyC9) compared to ECs
overlaid with control sera (Fig 1f, right). Human Abs in our model were produced at a
composition of IgM>IgG>>IgA, 1gD, and IgE (Fig 1g). Our humanized mouse model of IRI
reproduced the diagnostic features of CABMR including complement-activating dnDSA.

“IRI” Elicits NLRP3 Inflammasome Assembly Via a Rab5-ZFYVE21-NIK Axis.

We developed an in vitro assay to define a mechanism linking IRI to dnDSA formation
observed /in vivo. We focused on ECs as these cells function as antigen presenting cells in
humans, are principally affected by complement activation during IRI, and are sites where
vasculopathic lesions form during CABMR. Pilot studies with cultured human ECs exposed
to anoxic conditions followed by reoxygenation did not result in EC activation, but the
conditions used did not consider complement activation, a key feature of CABMR, which
was shown to be operative in our /n vivo model of IRI (Fig 1a). In a revised model, ECs
were pre-treated with IFN-y to upregulate STAT1-dependent genes, a treatment enhancing
inflammatory effects of complement,® and exposed to anoxia followed by normoxia in the
presence of human serum to simulate ischemia and reperfusion, respectively. This treatment,
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which we call “IRI,” induced E-selectin (SELE) and CCL20 transcripts (Fig 1h) which were
used as readouts in optimization studies with consideration to normoxia and hypoxia times
(Fig S1d), cell confluency (Fig S1e), and buffer pH (Fig S1f). Following protocol
optimization, we found that “IR1”, induced adhesion molecules (Fig 1i) and HIF1a, whose
levels were not altered with IFN-y or complement (Fig 1j). “IRI” furthermore elicited
binding of IgM>>1IgG (Fig 1k, left column) as well as early (C4d) and terminal (PolyC9)
complement activation (Fig 1k, right column), consistent with findings in murine models of
IRI1.31-33 To determine the relationship of IgM binding to complement activation, we
subjected HUVEC to “IRI” in the presence of normal human sera containing wild-type
(WT), factor B-deficient, or C1g-deficient sera. Compared to controls subjected to “IRI”
with WT sera, MAC staining (PolyC9) was ablated in samples containing C1g-deficient (Fig
11, left) but not factor B-deficient sera (Fig 1l, right), indicating that “IR1” required the
classical or lectin pathway(s) for MAC assembly. We next examined the requirement for
IgM for inducing MAC. We subjected HUVEC to “IRI” using total 1g-depleted human sera
combined with exogenous IgM and/or IgG at concentrations approximating those of normal
human sera. IgM (Fig 1m left) but not IgG (right) restored MAC in Ig-depleted cultures. In
our prior model of alloAb-induced complement activation,’® MAC initiated inflammatory
signaling rather than invoking cytolysis of ECs. We found that, similar to these prior studies,
EC viability was largely unaffected by “IRI” (Fig 1n). “IRI”-induced IgM-mediated MAC
deposition on EC to elicit non-cytolytic EC activation.

We consequently phenotyped “IR1”-treated ECs, focusing on processes eliciting EC
activation. IFN-y transcriptionally upregulates inflammasome-related genes.18 We
consequently tested a role for IFN--y in our “IRI” protocol. To do this we subjected EC to
“IRI” with or without IFN-y pretreatment and observed that “IRI” could induce
transcriptional priming of caspase-1, IL1b, and 1L18 in the absence of IFN-y (Fig 2a) and
that, following IFN-y pretreatment, “IRI” did not further enhance levels of these genes (Fig
2b). On a protein level, expression of inflammasome components required reoxygenation
and increased in proportion to the duration of post-anoxic normoxia (Fig 2c).

E-selectin and CCL20 were described as MAC-dependent genes upregulated by NIK,15
however subsequent studies revealed these genes to be dependent on downstream NLRP3
inflammasomes, a process found to be NIK dependent.18 We thus investigated whether
“IRI” had induced inflammasome activation. Following priming, we observed
inflammasome activation, characterized by phosphorylation of ASC (pASC), appearance of
cleaved species of caspase-1 (~25kD), and presence of mature IL-18 in culture supernatants,
during the normoxia phase of the protocol (Fig 2d). Treatment with caspase-1 inhibitors, Ac-
YVAD-CMK and Ac-YVAD-FMK, decreased IL-18 (Fig 2e). As MAC were shown
previously to utilize the NLRP3 sensor for inflammasome assembly, 8 we inhibited NLRP3
oligomerization with MCC950 and found that this treatment blocked IL-18 (Fig 2f). These
data demonstrated that “IRI” primes and activates an NLRP3 inflammasome in EC to elicit
IL-18 elaboration.

Rabb is a small GTPase requiring various effector proteins to execute processes associated
with subcellular trafficking. Rab5 effectors are defined operationally as binding to activated,
i.e., GTP bound, Rab isoforms and as mediating downstream functions. We recently

Circulation. Author manuscript; available in PMC 2021 February 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 6

described ZFYVEZ21 as a Rab5 effector eliciting post-translational stabilization of NIK (NF-
xB Inducing Kinase) on MAC+Rab5+ endosomes.1” Following this process, endosome-
associated NIK assembles an NLRP3 inflammasome.18 We tested a requirement for this
response in “IRI”-treated EC. With “IRI”, we detected activated Rab5 (Rab5-GTP) and
ZFVYE21 (Fig 2g) and EC stably transduced with Rab5 DN ablated induction of these
molecules along with inflammasome activation, indicating a role for Rab5 activity with
“IRI” (Fig 2h). ZFYVE21 siRNA blocked induction of NIK, resulting in decreased
inflammasome activation and ablated IL-18 (Fig 2i). A Rab5-ZFYVE21-NIK axis was
required for inflammasome assembly in ECs following “IRI.”

We next provisionally assessed HLA and costimulatory molecules in “IRI”-treated EC. We
observed that “IRI” had no effect on HLA expression but rather upregulated ICOS-L and
PD-L2 and to a lesser extent, LFA-3 and PD-L1 (Fig 2j). We examined the role of
inflammasome-derived cytokines on expression of these molecules and found that dual but
not individual neutralization of IL1p and IL18 prevented “IRI” induction of ICOS-L but had
no effect on PD-L2 (Fig 2k). Together, our data indicated that “IRI” could elicit EC
activation in an inflammasome-dependent manner.

IRI-Treated EC Selectively Expand Functional Tpy Cells In Vitro.

The development of IgG+ dnDSA in our /in vivo model of IRI (Fig 1f) suggested that
alloreactive B cells had undergone isotype switching, a process requiring CD4+ T cell help.
Initially, we assessed interactions of “IRI”-treated EC with allogeneic CD4+CD45R0O+
memory T cells (Tmem) Using EC:T cell cocultures. In this system, human EC function as
antigen presenting cells to elicit T cell responses via direct allorecognition, a response we
surmised may have occurred /n vivo (Fig 1c). “IRI”-treated ECs enhanced Tem activation
as assessed by expression of HLA-DR (Fig 3a, top), an activation marker, and by dilution of
carboxyfluorescein diacetate succinimidyl ester, a marker of cell proliferation (CFSE, Fig
3a, bottom). To assess a requirement for complement in this process, we subjected ECs to
“IRI” in the presence of C1g-deficient or C6-deficient human reference sera lacking the
ability to activate the classical pathway or to assemble MAC, respectively. The enhanced T
cell activation observed in “IRI” cocultures was significantly reduced in cultures containing
Clg- or C6-deficient sera (Fig 3b), indicating that MAC assembly resulting from the
classical pathway was required for “IRI”-treated EC to enhance Tyen activation.

We subsequently sought to identify subset(s) within the T,,em population activated by “IRI1”-
treated ECs. We initially focused on T follicular (Tgy) helper Tpy cells, which are a T cell
subset expressing ICOS, PD-1, and CXCRS5 with specialized ability to provide T cell help in
Ab responses. Upon further gating of Tpem, We observed three populations of HLA-DR+ T
cells based on PD-1!°, PD-1™Mid or PD-1M expression. Contrary to our initial hypothesis we
consistently detected higher frequencies of HLA-DR+ cells within the ICOS
+PD-1NCXCR5- population vs ICOS+PD1NCXCR5+ T cells whose surface phenotype is
consistent with circulating Try cells (Fig 3c, top row). We speculated that the expanded T
cell population lacking CXCR5 expression might belong to a recently described CD4+ T
cell subset designated as T peripheral helper (Tpy) cells?® which, like Tgy cells, express
ICOS and PD-1, cognate ligands, ICOS-L and PD-L2, upregulated by “IRI” in EC (Fig 2j)
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but in contrast show decreased bcl-6 to BLIMP1 ratios?8:34 and express chemokine receptors
allowing migration to tissues including CCR2, CX3CR1, and CCR5.28 CXCR5, in contrast,
binds to a single ligand, CXCL13, which is discretely expressed in the follicular mantle zone
of secondary lymphoid organs to putatively confer differential homing.26-2° Further
analyses revealed that the CXCR5- population significantly expressed higher levels of ICOS
and were enriched in CCR2 (Fig 3c, middle row), prompting use of this marker in
downstream analyses. HLA-DR+PD-1MCXCR5-CCR2+ Tmem Were selectively expanded by
“IRI”-treated ECs when compared to HLA-DR+PD-1NCXCR5+CCR2+ Tem (Fig 3c,
bottom). PD-1MCOS+CCR2+ Tem in healthy donors were observed at low frequencies,
but when placed in EC:T cell cocultures after FACS-sorting, were also selectively expanded
by “IRI”-treated EC when compared to circulating Tgy cells (Fig 3d, right). Although
percent recovery of PD-1NMCCR2-CXCR5+ Tem from healthy donors was lower than
PD-1NCCR2+CXCR5- Trem, these differences were not significant (Fig 3d, left).

We phenotyped the “IRI”-expanded T cell population gated above to test whether this
population behaved like described Tpy cells. Consistent with the published phenotype,2° the
gated cells above showed low ratios of bcl-6:BLIMP1 (Fig 3e) that were not substantially
altered by coculture with “IRI”-treated EC, and expressed IFN-y- and I1L-21 but not IL-4,
(Fig 3f), recapitulating a type 1 effector profile seen in Tgy cells.31:32 When EC were
subjected to “IRI” and cocultured with these gated cells or Tgp cells along with autologous
CD220+ B cells, cultures containing the gated cells showed increased dnDSA titers specific
for the HLA expressed on the cultured EC (Fig 3g). dnDSA consisted primarily of anti-HLA
class I Ab and to a much lesser degree anti-HLA class 11 Ab. The dnDSA produced were
mostly comprised of IgG1 Abs (Fig 3h). Similar to our /n vivo model, alloAbs consisted of
IgM>I1gG>>IgA, IgD, and IgE (Fig 3i). Our gated population were PD-1M ICOS+, and
CCR2+; showed low bcl6:BLIMP1 ratios; elaborated 1L-21; and elicited Ab production
from B cells. Taken together, the surface, transcriptional, and functional phenotype of the T
cell population expanded in “IRI” EC:T cell and EC:T cell:B cell cocultures were consistent
with that of Tpp cells. Based on this we concluded that “IR1”-treated EC preferentially
activated Tpy cells with a type 1 effector phenotype that were capable of eliciting dnDSA
from alloimmune B cells.

IL-18 Directly Expands IL-18R1+ Tpy Cells.

Based on the observation that “IRI” induced both inflammasome activation (Fig 2) and Tpy
cell expansion (Fig 3), we examined the effects of IL-18 on Tpy cells. We found that
caspase-1 inhibition abrogated the ability of “IRI”-treated EC to activate Tpy cells and that
this inhibition was relieved by addition of IL-18 (Fig 4a). A similar effect was observed with
MCC950, an NLRP3 inhibitor, whose effects could be derepressed with exogenous IL-18
(Fig 4b). We found that a.lL-18 Ab, when added to “IRI” cocultures containing Tmem,
reduced frequencies of activated Tpy cells (Fig 4c, left) while exogenous 1L-18 potentiated
activated Tpy cells (Fig 4c, right). bcl-6:BLIMP1 ratios among activated Tpyem in “IRI”
cocultures were significantly reduced compared to controls and were significantly increased
with alL-18 Ab. In contrast, bcl6:BLIMP1 ratios were reduced in control cocultures with
IL-18 (Fig 4d, right). As “IRI” cocultures did not significantly alter bcl-6:BLIMP1 ratios
among Tpy cells or Ty cells (Fig 3e), we interpreted these results as meaning that I1L-18
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had lowered bcl-6:BLIMP1 ratios in Tryem due to preferential expansion of Tpy cells vs Ty
cells and not to potentiated reduction of bcl-6:BLIMP1 ratios among existing Tpy cells.

Given the effects of 1L-18 above, we analyzed public transcriptomic datasets2® and found
higher IL18R1 reads by RNA seq in HLA-DR+ICOS+CXCR5- T cells vsHLA-DR+ICOS
+CXCR5+ T cells. We thus interrogated expression of IL-18R1 on Tpy cells. “IRI”-treated
ECs significantly increased IL-18R1+ T cells within Tyem (Fig 4e). Upon gating on Tpy or
Trn cells, we observed a significant enrichment of IL-18R1 on Tpy cells vs Tgy cells (Fig
4f). Upon reciprocal gating on Tpy and Tgy cells, we observed that percentages of activated
IL-18R1+ T cells was significantly higher in Tpy cells vs Tgy cells (Fig 4g). To discern
whether 1L-18 acted directly upon “IRI”-treated EC and/or Tpy cells, we activated FACS-
sorted Tpy or Tgy cells with aCD3/CD28 in the absence of EC and with IL-18 and observed
significant expansion of Tpy cells but not Tgy cells (Fig 4h). The expanded Tpy cells highly
expressed 1L-18R1, indicating a direct role of IL18 on IL-18R1+ Tpy cells but not Tgy cells
(Fig 4i). To confirm our findings, we knocked down IL-18R1 on EC and/or Tmem using
gene-specific sShRNA. In pilot studies, we found that IL18R1 expression was enhanced by
“IRI” in both EC (Ulex) and Tpy cells (Fig 4j, left). In contrast to IL-18R1 knockdowns on
EC, IL-18R1 knockdowns on Tem Significantly abrogated “IR1”-induced expansion of Tpy
cells, an effect that was reduced to levels below normoxia controls in cultures containing
knockdowns of IL-18R1 in both EC and Tem (Fig 4j, right). These data indicated that
IL-18 directly expanded IL-18R1+ Tpy cells.

IRI-Induced Inflammasomes in EC and IL-18-Mediated Tpy Cell Expansion In Vivo.

In light of our findings, we expanded our analysis of IRI-treated artery segments to identify
IRI-induced differences relevant for Tpy cell activation /in vivo. IRI treatment assembled an
inflammasome /n vivo in both ECs and smooth muscle cells (aSMA) as detected by
increased intimal and medial FLICA (Fluorescent Inhibitor of Caspase Activation) staining,
a fluorogenic readout for cleaved caspase-1 (Fig 5a). We also detected increased human
IL-18 in sera from “IRI”-treated hosts compared to controls (Fig 5b,c). IRI-treated grafts
showed linear staining of ICOS-L and PD-L2 on ECs but not in smooth muscle cells, where
staining for these molecules appeared punctate, consistent with their expression on immune
cells (Fig 5d). Analysis of circulating human lymphocytes revealed increased Tpy cells but
not Tgy cells (Fig S2a) expressing IFN-y and IL-21 but not IL-4 (Fig S2b). IL-18R1
expression was significantly increased in hosts bearing IRI-treated grafts among Tpy cells
(Fig S2c). Further analysis of tissue-infiltrating CD4+ T cells showed significantly increased
numbers of Tpy cells but not Tgy in the neointima of IRI-treated grafts (Fig 5¢). These data,
corroborating our /n vitro findings, demonstrated that IRI induced inflammasome activation
and Tpy cell recruitment to activated ECs in vivo.

We next interrogated a role for IL-18 in the /n vivo expansion of Tpy by supplementing
hosts bearing normoxia-treated human artery segments and allogeneic PBMCs with
exogenous PBS or IL-18. Treatment with human IL-18 increased circulating Tpy cells but
not Tgn cells (Fig S3a) as well as percentages of circulating plasmablasts (Fig S3b).
Morphometric analyses showed that IL-18-treated grafts showed significantly increased
neointimal area and reduced luminal areas (Fig 5f). Compared to PBS-treated hosts, IL-18-
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treated tissues showed increased neointimal Tpy cells > Tgy cells (Fig 5g), and neointimal
CD19+CD27+ B cells (Fig 5h). We also detected neointimal CD4+:CD19+ “““conjugates™
(Fig 5i). Anti-HLA Ab testing revealed increased dnDSA titers in 1L-18-treated hosts (Fig
5j, left) and that 1gG isotype titers consisted predominantly of 1IgG1 and IgG3 (Fig 5j, right)
with an Ab composition of IgM>1gG>>IgA, IgD, and IgE (Fig 5k). These data showed that
IRI could promote dnDSA formation through the actions of EC-derived IL-18 on
alloreactive Tpy cells.

Splenic B cells generate dnDSA in murine models,26:27 and tissue-infiltrating B cells,
though highly correlative with allograft outcomes in patients,3>-3¢ when isolated and
expanded, produce Igs broadly reactive with altered self-antigens rather than dnDSA.37 At
the time of dnDSA generation, we quantified follicles in splenic tissues. Compared to
normal human tonsillar tissue as controls (Fig S3c, left), the total number of follicles were
very low among all host groups (Fig S3c, right), and no secondary follicles were observed.
IL-18, known to induce lymphoid hyperplasia, induced a small but significant increase in
follicles (Fig S3c), but these numbers poorly correlated with 1gG levels (Fig S3d, /=0.06,
left) which instead showed much higher correlations with the number of neointimal Tpy
cells (Fig S3d, r=0.62, right). The lack of splenic follicles in our humanized model, likely
due to a lack of human myeloid cells and/or follicular DCs, suggested that the bulk of
observed dnDSA were generated by graft-infiltrating B cells.

IL-18-Dependent Expansion of IL-18R1+ Tpy Cells in DGF Patients.

We analyzed archived renal biopsies of DGF patients with CABMR by I.F., and we
prospectively analyzed sera and PBMCs from DGF (n=8) and control renal transplant
patients (n=10). Compared to controls, biopsies with CABMR showed staining for VCAM-1
colocalizing with EC in peritubular capillaries (PTC, Fig 6a). PTC also showed staining for
cleaved caspase-1 (Fig 6b) indicating inflammasome activation in EC. EC also showed
ICOS-L and PD-L2 expression within glomeruli (Fig 6¢). CABMR tissue contained
significantly higher infiltrates of glomerular Tpy cells when compared to Try cells (Fig 6d).
We further detected T cell:B cell:EC “conjugates” (Fig 6e).

We then analyzed sera and PBMCs from DGF patients and controls. Baseline patient data
showed significantly higher titers of panel reactive antibody (PRA) and longer
hospitalizations in DGF patients vs controls, while other clinical parameters were not
significantly different (Table 1). In patient sera, we detected significantly increased
circulating Sc5b-9 (Fig 6f), a marker of terminal complement activation, in DGF patients
whom additionally showed higher serum IL-18, although this analysis did not reach
statistical significance (Fig 6g) This finding contrasts with urinary IL-18, whose levels
strongly correlate with DGF.38:39 These data supported our biopsy staining results and
indicated that complement and inflammasome activation had occurred in association with
clinical IRI.

Cytometry by time-of-flight (CyTOF) or mass cytometry uses rare metal- rather than
fluorophore-tagged Abs to allow multiparameter analyses using low input cell numbers.
Analogous to our /n vitro findings, mass cytometry of patient PBMCs showed that DGF
patients contained an expanded population of Tpem With high expression of PD-1 and ICOS
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(Fig 6h, left). Upon gating on these cells, we observed increased percentages of Tpy cells
but not circulating Tgy cells (Fig 6h, right). Further phenotyping of the expanded Tpy cell
population showed that these cells were enriched within the effector memory T cell
population (CD4+CD45R0O+CCR7-), suggesting that Tpy cells had acquired an increased
capability for tissue homing (Fig 6i). In DGF patients a significantly higher percentage of
Tpy cells produced IFN-y but not IL-4 or IL-21 upon ex vivo stimulation (Fig 6j).

We next assessed 1L-18-1L-18R1 interactions in the expanded Tpy cell population. 1L-18R1
was highly expressed among Tmem in DGF patients vs controls (Fig 6k, left) and this
enrichment was driven by IL-18R1 expression on Tpy cells (Fig 6k, right). The percentage
of Tpy cells expressing 1L-18R1 was increased upon ex vivo stimulation (Fig 6l), in
alignment with our /n vitro results (Fig 4e—g). Moreover, DGF patients showed increased
Ki-67 expression among Tpy cells, and this effect was remarkably lost upon further gating
on IL-18R1- Tpy cells but not 1L-18R1+ Tpy cells (Fig 6m) indicating that IL-18R1+ Tpy
cells had selectively undergone proliferation in DGF patients endogenously. To test the
functional significance of IL-18 on Tpy cells, we added sera from DGF or control patients to
non-autologous Tpem Stimulated with aCD3/CD28 with or without alL-18 Ab (Fig 6n) or
exogenous IL-18 (Fig 60). Upon stimulation, we found that the percentages of activated Tpy
cells were significantly increased in cultures containing DGF sera vs control sera (Fig 6n,
lane 4 vslane 6). This potentiated expansion of Tpy cells in cultures containing DGF sera
was abrogated by alL-18 Ab (Fig 6n, lane 6 vslane 7 and lane 8 vslane 9). Conversely,
IL-18, when added to Tpem cultures containing DGF sera significantly boosted Tpy cell
percentages (Fig 60, lane 8 vslane 9). We observed that samples containing DGF sera
showed reduced Tpy cell percentages compared to samples without sera (Fig 6n-o, lane 1 vs
lane 6 and lane 1 vslane 8), likely due to the presence of immunosuppressives in patient
sera. Data derived from clinical samples, a portion of which were collected prospectively,
aligned with our /n vitro and in vivo findings and showed that I1L-18 released in association
with IRI could expand Tpy cells enriched in IL-18R1.

DISCUSSION

We describe a mechanism linking IRI-induced complement activation on EC with the
development of dnDSA (Fig 6p) which may occur at the tissue level to alter and/or augment
splenic-derived alloimmune responses. Under conditions of high antigen load, conventional
dendritic cells are dispensable for the generation of Tgy cells which show significantly
impaired but not ablated ability to elicit Ab responses.#941 These data imply alternative
source(s) of antigen presentation, presumably B cells,? but could include ECs to elicit Ab
responses. Our humanized models permitting direct allorecognition mimics such a process
where Ab responses are detectable despite the absence of significant Tgy cell responses and
demonstrate that B cell maturation can occur within peripheral tissues.

For such a response to occur, direct allorecognition between HLA class | or 11 molecule(s)
on activated EC with both an alloimmune Tpy cell and B cell precedes contact- or cytokine-
dependent interactions between the same Tpy cell and B cell to allow for full B cell
maturation. In this paradigm, activated ECs and Tpy cells function analogously to follicular
DCs and Tgy cells and as such, analogous step(s) in Ty cell generation (reviewed in ref
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42), e.g., sequential activation of transcription factors and spatial cues, may apply for Tpy
cell development. Tnem expressing ICOS+PD-1hiCXCR5- are expanded in autoimmune
conditions including RA,2>43 SLE 44 and celiac disease.*> Our human data similarly show
expansion of such a population in DGF patients which is contained within the effector
memory population and may respond to EC-derived signals that putatively specify
maturation information as above.

Our “IRI” studies implicate natural IgM Abs similar to prior reports.31-33 The
preponderance of IgM in both our /n vitro and in vivo models suggests that though IRI-
activated ECs potentiate dnDSA responses, graft-infiltrating B cells may not undergo
efficient class switching in peripheral tissues vs secondary lymphoid organs as suggested by
Zorn and colleagues,3 though this remains to be tested and could instead reflect an
artifactual feature of our humanized mouse model that, similar to other humanized models,*6
may not fully support robust isotype switching. Moreover, the pathological potential of
dnDSA observed in our models, though shown to be complement-activating, is unknown and
at this juncture remains a correlative rather than causative finding for CABMR. Clinical
Luminex testing used herein reports MFIs of total 1gG binding to HLA class | and Il and
does not convey information regarding 1gG subtypes, anti-HLA IgM, or non-HLA binding
anti-endothelial alloAbs. IgG+ dnDSA MFIs were measured in Fig 1f, 3g, and 5j, whereas
total IgM and IgG titers in ng/mL were assessed in Fig 1g, 3i, 5k. In these latter studies, bulk
Ab quantities did not distinguish between dnDSA, polyreactive Ab, or a mixture of the
above and in clinical settings is of limited prognostic value and merely reflected a proof of
principle of increased Tpy helper cell functionality with IRI or IL-18. With these caveats,
future studies characterizing these alloAbs will increase clinical relevance of our work.
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Refer to Web version on PubMed Central for supplementary material.
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CyTOF cytometry by time-of-flight

dnDSA de novo donor specific antibody

Follicular DCs follicular dendritic cells

HUVECs human umbilical vein endothelial cells

IRI ischemia reperfusion injury

MAC membrane attack complexes

PRA panel reactive antibody

Ty cell T follicular helper cell

Tpn cell T peripheral helper cell
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Clinical Perspective
What is new?

. We describe a new cellular mechanism linking ischemia reperfusion injury to
the development of donor specific antibody, a pathologic feature of chronic
antibody-mediated rejection mediating late graft loss.

What are the clinical implications?

. Therapies targeted against endothelial cell-derived factors like 1L-18 may
block late complication of ischemia reperfusion injury

Circulation. Author manuscript; available in PMC 2021 February 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

IRI

50, p=0.004
°
3 401 s
& %01 q
c) .
B0, .
g1 ¥
z
0L— .
IRI = +

p=0.00002

310 =0.001
{ sotype
600 _ p=0.00005 h
¢ B 15/ 8 p=000001 &
400 g7 5 >
= N H p=0.0002 S
< 3 o
€2 [
2 200 o 8
s
e . 3
0 o <
R - + 1961 1gG2  1gG3  IgG4
IgG Subclass
h '
CCL20 SELE
25 £=0.0009 2.0 __p=00243
5 . :
220 ar 15 o
315 . E-Selectin
b =0 10{ —TET o
=10 L
B 05 0.5- ,
w
0. o.
R - + +
/ m e
PolyC9 PolyC9 PolyC9 A PolyC9
| ) \
W
\ \ ~ N/ )\
\ \ \
A \ \ \
pe Control| pe Control| Isotype Control Isotype Control
IRI IRI No\H!‘\z!C No KRU‘.zVC
IRIHWT C' f———{ IRI+WT C* IRIWT IRIPWT
| — . — Bb- ¢ IRI+Ig-/-C IRI+Ig-/-C
Lo i —— he IRIvig/ G+ Igh | IRIslg - G +1gG

Fig 1. Humanized Models of IRI to Recapitulate Features of CABMR.
Human coronary artery grafts were subjected to ex vivo normoxia or hypoxia for 12h prior

to implantation as infrarenal interposition grafts in descending aortae of SCID/bg mice
engrafted with human lymphoid cells. Four weeks after implantation, artery tissues were
harvested for analysis. Control (n=6) and IRI-treated (n=6) xenografts were analyzed for
MAC (PolyC9, a, scale bar: 200um), vasculopathy (4, scale bar: 400um), neointimal
CD4+CD45R0O+ T cells (¢, scale bar: 200um), CD19+CD27+ B cells (4, scale bar: 200um),
and CD4+ T cell:CD19+ B cell “conjugates” (¢). Total dnDSA (7; left) and dnDSA 19G
subclasses from host sera were quantified (7, middle). HUVEC were pretreated with IFN-y
(50ng/mL) for 48h prior to overlay of control or murine sera (25% v/v) in gelatin veronal
buffer for 2h prior to FACS analysis (7 right). Sera Ig isotypes were quantified (g). HUVEC
subjected to “IRI” were analyzed by gRT-PCR (/), FACS (4), and Western blot (). Cells
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were analyzed by FACS after “IRI” (k) and in the presence of WT, C1q, (/, left) or Bb-
deficient (/, right) human sera. HUVEC were subjected to “IRI” using total Ig-depleted sera
in the presence of exogenous IgM (2mg/mL) or 1gG (8mg/mL) and analyzed by FACS (/).
HUVEC were subjected to “IRI” and assessed by FACS (). Student’s #test was used for
Fig 16, 1¢, 14, 11, left, 1g, and 1/ One-way ANOVA followed by Tukey’s pairwise
comparison was used for Fig 1/ middle. A two-way repeated measured ANOVA was used
for Fig 1n. Experiments above were repeated 2—6 times using =2 pools of HUVEC donors.

Circulation. Author manuscript; available in PMC 2021 February 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal.

Page 19
a NLRP3 Caspase1 b NLRP3 Caspase1
20 25 p=0.046 i o p=0.13
p=0.80 2.0- . p=0.81 .-. —
g1s . 5 . s = ., » .- e .,
3 e S 15 Iy A fot TSN e &
3 3 o 05 =
2os 2., E o E
0. X X
IL1B L8 L1
25 20 p=0.003 20 14
N p=0.03 v p=0.98
5§ oo 5§15 15 12 . .
g 2 o Yo 2, oo
2 210 eer 10 10 Ll Qe
$10]  eweee . H Tesess  Toem
L Sos E 05 § 08 Soo® -:-
Rl = + = + Rl - + : - +
Hypoxia = + + + + Hypoxia - + + + + - Cll\,/ﬂ = %k X
Nomoxia 0 0 30 60120 Normoxia 0 0 30 60120 A VVAD MK = +
NLRP3 NLRP3 [ £
L | asc B ESES g [Caspase-]
Caspase-1 3| s 2 .
Zr|Caspase-1 .
poctn (NN pecn B 2w
[
2 e —
(2]
R 5 3 Hypoxia = + + + + IR - + + +
5 Normoxia 0 0 30 60120 RabWT + + - -
MCC950 (uM) O 0 5 - -
" Raps-cTe NN ReTON
2| caspase-1 zrvYE21 [ Rabs-GTP [
| practin [ zFvE21
>
- ' pasC
Caspase-1 [N

g practin [EE—]
w
I conorsrna+ +- 1 [ k oS ool
21siRNA - - +
ZENE IRI = + CO27L CD3oL p=0.0001 p=0.78
X N Il [ — [
Rab5-GTP [0 N 22000, 000,
ZFYVE21 [ ] 5 N o
A : = .
2 s [ § 1000 *% 500
B4 \ A 5 - $
—!| Caspase-1 ] Z 500 250
2 | 0>§ij m;-u" §
A\ 0 0
B-E?:erl o o 1|_1||‘\’F/<\| . I : I ot I M I
3| iR - [ Gl-18Ab - - - ++ i
3 - s
(2]

Fig 2. A Rab5-ZFYVE21-NIK Axis Activates an NLRP3 Inflammasome in “IR1”-Treated EC.
Following “IRI” without (a) or with IFN-y pretreatment (b, 50ng/mL for 48-72h), HUVEC

were tested by qRT-PCR. Western blots of HUVEC lysates after 4h of hypoxia followed by
varying normoxia times (c). Western blots of “IRI”-treated HUVEC subjected to 4h of
hypoxia followed by 2h of normoxia (g). HUVEC were pretreated for 30min with Ac-
YVAD-CMK or Ac-YVAD-FMK prior to “IRI” (). HUVEC were pretreated with MCC950
as indicated for 30min prior to “IRI” (#). “IRI”-treated HUVEC were assessed by Western
blot (g). HUVEC stably transduced with Rab5 WT or Rab5 DN constructs were probed by
Western blot following “IRI” (4). Western blot analysis of EC transfected with control or
ZFYVE21 siRNA (). “IRI”-treated HUVEC were analyzed by FACS (j) in the presence or
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absence of depleting Ab as indicated (k). Student’s #test was used for Fig 2aand 26. One-
way ANOVA followed by Tukey’s pairwise comparison was used for Fig 24 Experiments
were repeated 2—4 times using =2 HUVEC donors.
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Fig 3. “IRI”-Treated EC Selectively Expand Tpy Cells In Vitro.
HUVEC were subjected to “IRI” in the presence or absence of normal human sera as a

source of complement (C’) prior to co-culture with CD4+CD45R0O+ T cells (Typem) for 7-10
days prior to T cell analysis for activation (&, top) and proliferation (g, bottom). ***p<0.001,
**p<0.005, *p<0.05, NV.S. not significant (p>0.05). Tem cocultured with HUVEC subjected
to “IRI” in the presence of WT C’, C1g-deficient C’, or C6-deficient C’ (). Tmem Were
cocultured with IRI-treated EC and analyzed for CD4+CD45R0O+PD-1+CXCR5-CCR2+
and CD4+CD45R0O+PD-1+CXCR5+CCR2- T cells (¢). FACS-sorted T cells were
cocultured with IRI-treated EC as indicated and analyzed by FACS (@). Tiem Were
cocultured with EC for 7-10 days and bcl-6:BLIMP ratios were assessed (€). Tmem Were
cocultured with EC for 14 days and intracellular cytokines were analyzed (#. “IR1”-treated
EC were cocultured with FACS-sorted T cells in the presence of autologous B cells for 14
days, and supernatant titers of anti-class | (g, left) and anti-class 11 (g, right) HLA Ab
specific for cultured EC, i.e., dnDSA, were quantified (g) along with dnDSA 1gG subclasses
(h). Total Ig isotypes were quantified by ELISA (/). Student’s #test was used for Fig 3c.
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One-way ANOVA followed by Tukey’s pairwise comparison was used for Fig 3g, 34, and
3/ Two-way ANOVA followed by Tukey’s pairwise comparison was used for Fig 3a, 36, 34,
and 37 Experiments were repeated 2—8 times using =2 PBMC donors and >2 HUVEC
donors.
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Fig 4. I1L-18 Directly Expands IL-18R1+ Tpy Cells.
EC were treated with Ac-YVAD-FMK (&) or MCC950 (6) during “IRI” prior to coculture

with CD4+CD45R0O+ T cells (Tmem) in the presence or absence of exogenous IL-18 (0.5ug)
as indicated for 10 days prior to FACS analysis. Tpy cells and Tgy cells were gated among
Tmem cocultured with “IRI”-treated ECs in the presence IL-18-depleting antibody
(10ug/mL, c, fef?) or exogenous IL-18 as indicated (c, righi). Mean fluorescent intensities
(MFI) of bcl-6 and BLIMP1 were assessed in Tyem With alL-18 Ab (4, left) or exogenous
IL-18 (d, right) following coculture with IRI-treated EC. Tem Were stimulated with “IRI”-
treated EC (). IL-18R1 expression after gating on Tpy and Tgy cell populations following 7
day coculture with “IR1”-treated HUVEC (/). Tpy and Tgy cells were analyzed after gating
on IL-18R1 (9). Tinem Were stimulated with aCD3/CD28 for 24h prior in the presence or
absence of IL-18 (4,/). IL-18R1 shRNA was transduced into “IRI”-treated HUVEC, Tmems
or both prior to EC:T cell coculture for 7 days (j, **p<0.001, N.S., not significant).
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Student’s #test was used for Fig 4eand 4g. Two-way ANOVA followed by Tukey’s pairwise
comparison was used for Fig 4a, 45, 4c, 44, 41, 4h, 4/, and 4/. Experiments were repeated 2—
6 times using =3 PBMC donors and =2 HUVEC donors.
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Fig 5. IRI-Induced Inflammasomes in EC and IL-18-Mediated Tpy Cell Expansion In Vivo.
Human coronary artery grafts were subjected to ex vivo hypoxia and surgically implanted

into descending aortae of SCID/bg mice for 24h prior to analysis by I.F. for FLICA (a, scale
bar: 200um) and sera were analyzed by Western blot IL-18 (4) and ELISA (¢). n=3-5 for the
above experiments. Grafts were analyzed for ICOS-L and PD-L2 (d, 250um) and Tpy and
Ten cell infiltrates (g, scale bar: 250um). Hosts bearing normoxia-treated human arteries
were injected 7p. with vehicle or IL-18 (10pg/dy) for 14 days. Neointimal and luminal areas
were calculated (7 scale bar: 400um), and neointimal Tpy cells and Tgy cells were
quantified (g, scale bar: 250um) along with CD19+CD27+ B cells (/). CD4+:CD19+ cell
“conjugates” were visualized in neointimal tissues (/). Sera was tested for dnDSA Ab titers
(/; left), dnDSA 1gG subclasses (j, right), and Ig isotypes (k). Student’s #test was used for
Fig 5¢, 57, 5h, and 5/, left. One-way ANOVA followed by Tukey’s pairwise comparison was
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used for Fig 5/, right, and 5k Two-way ANOVA followed by Tukey’s pairwise comparison
was used for Fig 5eand 5g.
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Fig 6. I1L-18-Dependent Expansion of IL-18R1+ Tpy Cells in DGF Patients.

Archived biopsies from patients with DGF who developed CABMR were analyzed by I.F.
(a-€). Prospectively collected sera from control or DGF renal transplant patients were
assessed for complement activation (# and 1L-18 (g). PBMCs from control or DGF renal
transplant patients were analyzed by CyTOF (/-m). In (j) and (/), PBMCs were stimulated

for

4h with PMA/ionomycin prior to CyTOF analysis. Non-autologous Tpyem Were

stimulated with aCD3/CD28 for 24hr in the presence of 10% v/v autologous sera from DGF
or control patients in the presence alL-18 Ab (1) or exogenous IL-18 (o). Proposed model

con

necting IRI with CABMR (p). Scale bars: 300um. Student’s #test was used for Fig 64,

67, 6g, 6/, 6k, and 6/ Two-way ANOVA followed by Tukey’s pairwise comparison was used

for

Fig 64,6/, 6m, 6n, and 60.
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Table 1.

Baseline Characteristics of Control and DGF Patients.

Patient Characteristic
Age (Mean+SD)

Gender (%oMale/%Female)
Body Mass Index (BMI)
Hospitalization Length (Days, £SD)
Creatinine (+SD)

Calculated Panel Reactive Antibody (PRA, %, £SD)

Control (n=10)
4724121
40/60
30.89+6.16
4.2+0.45
1.51+0.67
17.2+37.2

DGF (n=8)
48.13+11.4
50/50
31.6543.32
7.0+2.44
2.498+1.29
41.13+41.4

p-value
0.68
0.79
0.21
0.04
0.11
0.003
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