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Early acute rejection of human allografts is mediated by circulating alloreactive host effector memory T cells (Eym)- Tem
infiltration typically occurs across graft postcapillary venules and involves sequential interactions with graft-derived
endothelial cells (ECs) and pericytes (PCs). While the role of ECs in allograft rejection has been extensively studied,
contributions of PCs to this process are largely unknown. This study aimed to characterize the effects and mechanisms
of interactions between human PCs and allogeneic Tgy. We report that unstimulated PCs, like ECs, can directly present
alloantigen to Tgy, but while IFN-y—activated ECs (y-ECs) show increased ability to stimulate alloreactive T cells, IFN-y—
activated PCs (y-PCs) instead suppress Tgy proliferation but not cytokine production or signaling. RNA sequencing
analysis of PCs, y-PCs, ECs, and y-ECs reveal induction of indoleamine 2,3-dioxygenase 1 (IDO1) in y-PCs to
significantly higher levels than in y-ECs that correlates with tryptophan depletion in vitro. Consistently, shRNA knockdown
of IDO1 markedly reduces y-PC—mediated immunoregulatory effects. Furthermore, human PCs express IDO1 in a skin
allograft rejection humanized mouse model and in human renal allografts with acute T cell-mediated rejection. We
conclude that immunosuppressive properties of human PCs are not intrinsic but instead result from IFN-y—induced IDO1-
mediated tryptophan depletion.
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Early acute rejection of human allografts is mediated by circulating alloreactive host effector
memory T cells (T,,,). T,,, infiltration typically occurs across graft postcapillary venules and
involves sequential interactions with graft-derived endothelial cells (ECs) and pericytes (PCs).
While the role of ECs in allograft rejection has been extensively studied, contributions of PCs to
this process are largely unknown. This study aimed to characterize the effects and mechanisms of
interactions between human PCs and allogeneic T_,. We report that unstimulated PCs, like ECs, can
directly present alloantigen to T, but while IFN-y-activated ECs (y-ECs) show increased ability to
stimulate alloreactive T cells, IFN-y-activated PCs (y-PCs) instead suppress T,,, proliferation but
not cytokine production or signaling. RNA sequencing analysis of PCs, y-PCs, ECs, and y-ECs reveal
induction of indoleamine 2,3-dioxygenase 1(ID01) in y-PCs to significantly higher levels than in
v-ECs that correlates with tryptophan depletion in vitro. Consistently, shRNA knockdown of IDO1
markedly reduces y-PC-mediated immunoregulatory effects. Furthermore, human PCs express
IDO1in a skin allograft rejection humanized mouse model and in human renal allografts with acute
T cell-mediated rejection. We conclude that immunosuppressive properties of human PCs are not
intrinsic but instead result from IFN-y-induced IDO1-mediated tryptophan depletion.

Introduction

Allogeneic transplantation is the most effective therapy for end-stage organ failure of the heart, kidney,
lung, and liver, but despite improvements in immunosuppression, rejection of allogeneic organs by the host
immune system remains a major contributor to poor graft outcome. Early acute rejection is generally a cell-
mediated event initiated by infiltration of circulating host T cells into the graft. In humans, the pretransplant
frequency of circulating donor-reactive effector memory T cells (T}, ), but not of total T cells, predicts like-
lihood and severity of posttransplant acute rejection events (1) and adoptively transferred human T, are
necessary and sufficient for rejection of allogeneic human skin grafts on immunodeficient mice (2). Such
alloreactive T,,, are generated in response to prior infections because their T cell receptors (TCRs) for anti-
gen, engaged by self-allelic major histocompatibility complex (MHC) molecules displaying microbial pep-
tides during the infectious episode, then cross-react with non—self allelic MHC molecules bearing a variety
of peptides displayed on allogeneic graft cells, a process referred to as direct recognition of alloantigen (3).
The direct allogeneic response is strong because many T cell clones are involved, but otherwise has the same
requirements as responses to conventional antigens. Of relevance to transplantation, the activation of T, by
(allo)antigen may utilize different costimulators than those used by naive or central memory cells, allowing
them to be activated by a somewhat wider variety of cell types acting as antigen-presenting cells (APCs). In
humans, many of the costimulatory molecules utilized by T,,, are displayed by the endothelial cells (ECs)
lining peripheral blood vessels (4). Consequently, early rejection of human allografts can be mediated by
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host circulating Ty, that directly recognize donor MHC class I and class IT molecules expressed by graft
ECs, explaining why elimination of professional APCs, such as dendritic cells, from the graft may reduce but
is insufficient to prevent rejection (5). Human ECs may thus be classified as semiprofessional APCs because
they have the capacity to reactivate resting alloreactive Ty, to produce cytokines, to proliferate and to dif-
ferentiate into effector cells, but cannot activate resting naive T cells (2).

Antigen presentation by ECs is distinct from presentation by other cell types because it also induces

transendothelial migration of circulating T, but not of naive T cells or central memory T cells, into tis-

EM?
sues (6). In rejecting allografts, circulating host T, must cross through the graft blood vessel walls to enter
the parenchyma, a process that generally occurs at the postcapillary venules. However, the extravasation
process does not stop with transendothelial migration. Structurally, the postcapillary venules are formed
from 2 vascular cell types, ECs that line the lumen and a surrounding layer of pericytes (PCs) embedded
in a shared basement membrane with ECs. It has recently been shown that PCs actively participate in the
transmigration process of neutrophils, guiding the extravasating neutrophils through the basement mem-
brane and attenuating the basement membrane at specific locations, facilitating neutrophil entry into the
tissue interstitium (7). Newly extravasated neutrophils then dwell for extended periods in contact with PCs
on the outer surface of the vessel, often migrating along the vessel length. While it is unknown if PCs play
a similar role in T cell recruitment, in early stages of rejection, host T cells that have crossed through the
postcapillary venules typically also accumulate in a perivascular distribution for a prolonged period of time
before they further migrate into the graft parenchyma. Thus, PCs may also potentially influence effector
functions of newly extravasated T cells through contact-dependent and/or paracrine signals.

In mice, tumor vessel PCs have been shown to negatively regulate CD4* T cell activation and prolif-
eration, and further induce T cell anergy (8). Less is known about the functions of PCs in the context of
alloimmunity. We have used human PCs isolated and cultured from placental microvessels, in parallel with
the use of human ECs cultured from umbilical vein, as a model system to study T cell interactions with the
cells of microvessel walls. We previously reported both that IFN-y treatment induces expression of MHC
class IT molecules on cultured human PCs, similar to its actions on cultured human ECs, and that non—self
alleles of class II MHC molecules are recognized by many of the same alloreactive CD4"* T cells as respond
to non-self ECs cultured from the same donor as the PCs (9). However, in contrast to their response to
allogeneic IFN-y—activated ECs (y-ECs), resting human peripheral blood CD4* T cells cocultured with
IFN-y-activated PCs (y-PCs) do not proliferate and become refractory to stimulation (9). Our new results
reported here specifically focus on circulating T, expressing CD4 or CD8 and reveal that the inhibitory
effects of PCs are induced by IFN-y, affect proliferation but not cytokine production, and largely depend
on PC expression of indoleamine 2,3-dioxygenase 1 (IDO1).

Results

7-PCs inhibit allogeneic human peripheral blood T, proliferation. Direct recognition of alloantigen involves TCR
engagement with non—self allelic forms of MHC molecules expressed on the surface of an allogeneic cell.
Microvascular human ECs in situ express high levels of both MHC class I and class II molecules basally
(i.e., in the absence of inflammation), but MHC class I molecule expression is greatly diminished and
MHC class II molecule expression is completely lost in cell culture (10). It is not clear whether PCs also
basally express MHC class II in the absence of inflammation in situ. Human IFN-y induces both MHC
class I and class II molecule expression on cultured HUVECS to levels comparable to those expressed on
microvascular ECs in situ and that IFN-y similarly induces cultured human placental microvascular PCs to
express MHC class I and IT molecules to nearly the same level as that expressed on IFN-y—treated HUVECs
(Supplemental Table 1; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.97881DS1) (9, 11, 12). To assess the potential influence of PCs on T, in allograft rejection, we
first examined whether y-PCs can activate allogeneic CD4" T, . As noted in the introduction, this subset
contains the alloreactive T cells that mediate rejection, but CD4* T, constitute fewer than 10% of total
circulating CD4"* T cells and their responses could therefore have been overlooked in our prior study using
the total peripheral blood CD4* T cell population (9). Within the CD4* T,,, population, only a minor
fraction (about 0.5% on average) are alloreactive to any particular allograft donor, and this fraction is even
more infrequent in the CD8" T, subset. As shown in Figure 1A, while y-ECs showed increased ability to
stimulate alloreactive CD4" T, in comparison with unstimulated ECs, MHC class II-expressing y-PCs did
not induce allogeneic CD4" T, to proliferate, extending the previous findings that y-PCs poorly stimulate
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Figure 1. IFN-y activates PCs to potently inhibit CD4- T, proliferation. (A) Proliferation of CFSE-labeled allogeneic CD4* T, cocultured with unstimulated
endothelial cells (ECs), IFN-y-activated ECs (y-ECs), unstimulated pericytes (PCs), or IFN-y-activated PCs (y-PCs) for 7 days. ECs and PCs were isolated
from syngeneic human umbilical cords and placentas, respectively (n = 5, one-way ANOVA, SEM). (B) Constitutive HLA-DR expression by PCs transduced
with class Il MHC transactivator (CIITA) (left). Proliferation of CFSE-labeled CD4* T,,, cocultured with unstimulated or IFN-y-prestimulated ClITA-trans-
duced PCs for 7 days (right) (n = 21, t test, SEM). (C) ELISA measurement of IL-2 production by allogeneic CD4* T, cocultured with ECs, y-ECs, PCs, ory-PCs
for 24 hours. ECs and PCs were isolated from syngeneic human umbilical cords and placentas, respectively (n = 12, t test, SEM). (D) ELISA measurement

of IL-2 production by CD4* T, cocultured with unstimulated or IFN-y-stimulated ClITA-transduced PCs for 24 hours (n = 4-6, one-way ANOVA, SEM). (E)
Proliferation of CFSE-labeled CD4* T, cocultured with ECs, y-ECs, PCs, ory-PCs. Recombinant IL-2 was added (25 U/ml) on day 3 of coculture, and CFSE
dilution was assessed on day 7 (n = 4-5, one-way ANOVA). *P < 0.05, ****P < 0.0001. n.s., not significant.
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unfractionated circulating CD4* T cells. We used IFN-y pretreatment of the PCs in this and prior experi-
ments because expression of MHC class IT molecules is required to engage the TCRs of the alloreactive T
cell population. To determine if the behavior of y-PCs is influenced by other IFN-y—induced alterations in
the PCs, we next performed coculture experiments using PCs transduced with class II MHC transactivator
(CIITA-PCs) that constitutively express MHC class IT molecules and related gene products, such as HLA-
DM, but express few, if any, IFN-y—induced genes other than those involved in MHC class II synthesis and
expression (Figure 1B). We had previously shown that CIITA transduction in ECs can, like IFN-y, induce
MHC class IT molecules and confer the ability to activate alloreactive CD4* T cells (13), but this is the first
time we have employed this approach in PCs. Strikingly, unstimulated CIITA-PCs induced robust CD4*
Ty, proliferation, but IFN-y-pretreated CIITA-PCs significantly inhibited CD4* T, proliferation (Figure
1B). Treatment with IFN-y did not significantly alter the level of MHC class II expression by CIITA-PCs
(Supplemental Figure 1), suggesting IFN-y reduces other costimulatory signals and/or induces an inhibi-
tory mechanism(s) so that recognition of allogeneic MHC molecules on PCs by CD4* T, is no longer able
to trigger proliferation.

Rapid proliferation and expansion of (allo)antigen-activated T cell populations require stimulation by
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Figure 2. y-PCs potently inhibit IL-2-induced CD8" T, proliferation. Proliferation of CFSE-labeled CD8* T,,, cocultured with (A) unstimulated endothelial
cells (ECs) or IFN-y-activated ECs (y-ECs), or (B) unstimulated pericytes (PCs) or IFN-y-activated PCs (y-PCs) for 7 days. Recombinant IL-2 (25 U/ml) was
added on day 3 of coculture where indicated (n = 10, one-way ANOVA, SEM). ***P < 0.001. n.s., not significant.
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T cell growth factors that engage receptors that utilize the common vy chain (y,, designated as CD132). The
principal such growth factor in vitro is IL-2, which is primarily made by activated T cells and serves as
both an autocrine and paracrine growth factor. TCR recognition of antigen is required for acquisition of
responsiveness of resting T, cells to IL-2 because it induces the de novo expression of the IL-2R a chain
(CD25), allowing binding of IL-2 to the signaling fy components of the IL-2R in the 10 pM range, which is
an approximately 100-fold increase in sensitivity. We therefore examined whether the absence of prolifera-
tion we observed when T cells encountered y-PCs was due to inhibition of IL-2 production by CD4* T,
To assess this, allogeneic CD4" T, were cocultured with unstimulated or IFN-y-pretreated ECs or PCs,
and the level of IL-2 production by T,,, was determined by ELISA. y-PCs, like y-ECs, activated CD4* T,
to produce IL-2, though the level of production induced by y-PCs was somewhat lower than that induced
by y-ECs (Figure 1C). More significantly, IFN-y—stimulated CIITA-PCs induced a similar level of IL-2
production by CD4* T, as unstimulated CIITA-PCs (Figure 1D), suggesting that this difference between
ECs and PCs was not related to the effects of IFN-y pretreatment. To confirm that the lack of proliferation
in CD4* T, ~y-PC coculture was not due to lower amounts of IL-2 produced, we supplemented exogenous
recombinant IL-2 for CD4* T, cocultured with ECs and PCs. While addition of IL-2 enhanced CD4*
T}, proliferation in response to stimulation by y-ECs, it did not rescue the proliferative responses of CD4*
T}, cultured with y-PCs (Figure 1E). Collectively, these data suggest that the inhibition of proliferation by
y-PCs is not due to lack of IL-2 production.

Alloreactive human CD8" T, cells stimulated by allogeneic ECs can differentiate into cytotoxic T cells
that are the primary effector population of early cell-mediated allograft rejection (14). CD8* T, are less
efficient producers of IL-2 than CD4* T, and their full activation in vitro depends upon IL-2 provided by
activated CD4* T, (14). Potential interactions of CD8" T, with allogeneic PCs have not been previously
examined. To determine if the inhibitory properties of y-PCs also extend to CD8" T, ,
lar coculture experiments and assessed proliferation of CD8* Ty, in response to same-donor ECs and PCs.
Based on our previous experience (15), addition of exogenous recombinant IL-2 to cultures that lack CD4*
T}, cells is necessary to induce proliferation except at very high CD8" T, cell/stimulator cell ratios due to
the limited extent of IL-2 produced by CD8* T,,, after activation. We found that ECs effectively stimulated
CD8* T, proliferation in the presence of IL-2, and y-ECs, expressing higher levels of MHC class I than
unstimulated ECs, induced even higher levels of CD8* T, proliferation (Figure 2A). While unstimulated

we conducted simi-

PCs were fully capable of stimulating significant CD8* T, cell proliferation in the presence of exogenous
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Figure 3. RNAseq analysis comparing transcriptome signatures of ECs, y-ECs, PCs, and y-PCs revealed candidate inhibitory molecules expressed by
v-PCs. (A) Venn diagram of the significantly upregulated genes with a log,(fold change) (log,FC) > 2 after stimulation with IFN-y (50 ng/ml) for 48 hours
in endothelial cell (y-EC) and pericyte (y-PC) transcriptomes. (B) Heatmap of the relative gene expression levels (fragments per kilobase of transcript

per million mapped reads, FPKM) for each gene (row) and each sample (column). Only genes significantly differentially expressed with a log,FC > 2 after
stimulation in both ECs and PCs are shown (n = 372). Rows and columns are hierarchically clustered. Expression values are scaled by row. (C) Volcano plot
comparing FDR-adjusted P value (-log, [g value]) as a function of log FC between y-PC and unstimulated PC samples. Red dots are genes with a g value
< 0.05; orange dots are genes with a log FC > 2; and green dots are genes significantly differentially expressed with a log,FC > 2. Black asterisks highlight
examples of gene names belonging to the green dot category (g value < 0.05 and log FC > 2). Specifically, gene names highlighted in blue (PDCD1LG2,
CD274, CEACAM1, and 1D01) are genes related to T cell activation and proliferation, and were selected for further experimentation. (D) Gene expression
profile of negative costimulatory molecules, including PD-L1(CD274), B7-H3 (CD276), CEACAM1, TIM-1 (HAVCR1), galectin-9 (LGALS9), PD-L2 (PDCD1LG2),
CD155 (PVR), TIM-4 (TIMD4), HVEM (TNFRSF14), and B7-H4 (VTCN1) in ECs, y-ECs, PCs, and y-PCs.

IL-2, y-PCs potently suppressed CD8" T, proliferation despite expressing higher levels of MHC class I
molecules (Figure 2B), similar to their effects on CD4" T .

The growth-stimulating effects of IL-2, indispensable in vitro, can be replaced in vivo by provision of
other cytokines, derived from various different tissue-resident cell types. These other cytokines, like IL-2,
signal through receptors that utilize y_ and associated JAK3 kinase. One such cytokine that is particularly
relevant for activating CD8* T cell function is IL-15. We therefore examined whether the observed inhibitory
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effects of y-PCs on IL-2-induced CD8* T, proliferation may also extend to IL-15. Both unstimulated ECs
and y-ECs effectively induced CD8" T, proliferation that was enhanced by exogenous IL-15 (Supplemen-
tal Figure 2A). Unstimulated PCs induced CD8* T, proliferation that was also significantly enhanced by
addition of IL-15 instead of IL-2. However, similar to their inhibition of IL-2—-induced proliferation, y-PCs
potently suppressed IL-15-induced CD8* T, proliferation (Supplemental Figure 2B).

IL-2 and IL-15 both produce a common early signaling response in T cells bearing the relevant recep-
tor, namely JAK3-mediated phosphorylation of tyrosine residues in STAT5. STAT phosphorylation can
be blocked by the presence of various members of the silencer of cytokine signaling (SOCS) protein fam-
ily (16). Proximal receptor function, or its inhibition, can thus be assessed by the induction or absence of
rapid increases in STAT5 phosphorylation as assessed by flow cytometry. To examine whether the inhi-
bition of allogeneic T,,, proliferation by y-PCs is a result of unresponsiveness to cytokine signaling, we
examined the phosphorylation status of STATS in T, cocultured with PCs or y-PCs. Despite its failure
to trigger T cell proliferation, IL-2 induced similar increases in STATS phosphorylation in CD8* T, that
have interacted with either untreated PCs or y-PCs (Supplemental Figure 3A). Similarly, IL-15 also read-
ily induced phosphorylation in CD8* T, cocultured with either PCs or y-PCs (Supplemental Figure 3B),
indicating that T,,, remain responsive to cytokine stimulation despite proliferation arrest. Cumulatively,
these data suggest that the inhibitory effects on Ty, cell proliferation exerted by y-PCs involve a down-
stream block in the cell cycle rather than inhibition of proximal events such as TCR signaling, cytokine
production, or cytokine signaling.

IFN-y induces expression of several inhibitory molecules in PCs to a greater extent than in ECs. To identify
candidate signals provided by y-PCs that mediate inhibition of T, proliferation, we performed RNA
sequencing (RNAseq) analyses of ECs, y-ECs, PCs, and y-PCs. Differential gene expression analysis of
v-ECs and y-PCs against the nonactivated respective cell type revealed that while IFN-y upregulates 104
genes in both ECs and PCs, 40 gene transcripts are specifically upregulated in ECs only, and 155 genes
are upregulated in PCs only (log,[fold change] > 2) (Figure 3A). Hierarchical clustering of transcrip-
tome signatures of ECs, y-ECs, PCs, and y-PCs highlights the dynamic effects of IFN-y signaling that
differ remarkably at the transcription level in ECs versus PCs (Figure 3B). Two gene sets pertaining to
regulation of T cell proliferation (Positive Regulation of T cell Proliferation and Negative Regulation
of T cell Proliferation) were selected for gene set enrichment analysis (GSEA). y-ECs trended towards
enrichment of gene set Positive Regulation of T cell Proliferation, whereas y-PCs showed robust enrich-
ment of gene set Negative Regulation of T cell Proliferation (FDR = 0.10) (Supplemental Figure 4A),
consistent with our experimental findings that IFN-y has opposite effects on regulating allogeneic T,
proliferation in response to ECs and PCs.

Bioinformatic analyses of RNAseq identified specific candidate IFN-y—induced genes that were more
strongly induced in PCs than ECs and that have been linked to immunoregulation. IDO1 was one of the
most highly upregulated gene transcripts in y-PCs, and y-PCs expressed a much higher level of IDO]1 tran-
scripts than did y-ECs (Figure 3C and Supplemental Figure 4B). In addition, IFN-y also induced PCs to
upregulate programmed death-ligand 1 (PD-L1) and PD-L2, and the induced expression level was higher
than that expressed by y-ECs at both the mRNA level (Figure 3, C and D) and at the level of surface expres-
sion (Supplemental Figure 5A). mRNA encoding carcinoembryonic-antigen-related cell-adhesion mole-
cule 1 (CEACAM]1), a cell surface protein that negatively regulates T cell functions through homophilic
binding to CEACAMLI or by heterophilic binding to T cell immunoglobulin domain and mucin domain-3
(TIM-3) receptors, both of which are expressed on T, (17), was induced in both ECs and PCs by IFN-y
stimulation, although y-PCs expressed a higher level of CEACAMI transcripts than y-ECs (Figure 3D).
Assessing surface expression of CEACAMI using 3 different CEACAMI antibodies by flow cytometry
yielded inconsistent results, possibly due to sensitivity of the relevant epitope to enzymes used for cell
suspension. However, both cell types appeared to express similar levels of CEACAMI protein assessed by
Western blot, and the bands were of equal molecular weight, suggesting that both cell types expressed the
same CEACAMI isoform (Supplemental Figure 5B). Of note, galectin 9, an alternative ligand to TIM-3
receptors, was highly upregulated in both y-ECs and y-PCs, but, in this case, the level expressed by y-ECs
was slightly higher than in y-PCs (Figure 3D). mRNAs encoding other negative costimulatory molecules,
including HVEM, B7-H3, B7-H4, VISTA, and CD155, were not upregulated by IFN-y in either ECs or PCs
(Figure 3D). Protein expression levels of these negative costimulatory molecules were also unchanged as
assessed by flow cytometry (Supplemental Figure 5A).
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Figure 4. IDO1 inhibition ameliorates y-PC-mediated suppression of T, proliferation. (A) gRT-PCR and Western blot analysis of D01 levels expressed by
unstimulated endothelial cells (ECs), IFN-y-activated ECs (y-ECs), unstimulated pericytes (PCs), or IFN-y-activated PCs (y-PCs) (n = 4, two-way ANOVA,
SEM). (B) Measurement of tryptophan concentration in conditioned media of ECs, y-ECs, PCs, or y-PCs (n = 4, SEM). (C) IDO1 expression by IFN-y-stimulat-
ed control and IDO1-knockdown PCs assessed by gqRT-PCR or immunoblotting (representative data demonstrating the degree of IDO knockdown achieved
in 2 independent PC donors is shown). (D) CD4- (left) or CD8" (right) T, proliferation after coculture with IFN-y-stimulated control or IDO1-knockdown PCs.
Recombinant IL-2 (25 U/ml) was added on day 3 of coculture. FACS plots show a representative experiment using CSFE dye dilution to assess proliferation
(n =12, t test, SEM). *P < 0.05, ***P < 0.001, ****P < 0.0001.
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Inhibition of IDOI iny-PCs reduces suppression of T, proliferation. IDO1 is thought to inhibit T cell proliferation
by degrading free tryptophan, which T cells must acquire from their environment in order to synthesize new
proteins. To link the increased levels of mRNA encoding IDOI1 to functional suppression of T cells, we first
verified that IFN-y upregulated a significantly higher level of IDO1 transcript and protein in human PCs than in
human ECs by quantitative real-time reverse transcription PCR (qQRT-PCR) and immunoblotting (Figure 4A).
Consistent with these determinations of IDO1 expression level, y-PCs depleted extracellular tryptophan at a
significantly faster rate than did y-ECs (Figure 4B). Chemical inhibition of IDO1, which we had employed in the
past in assays using total CD4" T cells, was only minimally effective at restoring T, proliferation (9). To more
definitively examine the role of IDOI1 in y-PC—induced inhibition of T cell proliferation, we knocked down
IDO1 expression in PCs through shRNA transduction. The efficiency of knockdown was confirmed by compar-
ing levels of both IDO1 mRNA and protein of y-PCs transfected with control ShRNA or shRNA targeting IDO1
(Figure 4C). Knockdown of IDOI largely and consistently reversed y-PC—mediated inhibition of proliferation
of both CD4* and CD8" T, when tested with multiple different donor pairs (Figure 4D).

y-PC-expressed ligands for T cell PD-1 or TIM-3 have minimal effects on inhibition of T,,, proliferation. We
next assessed whether IFN-y—induced negative costimulatory molecules, such as PD-1 ligands and TIM-3
ligands may also contribute to the immunoregulatory functions of y-PCs. Blocking monoclonal antibodies
against PD-L1 plus PD-L2 or against TIM-3, the T cell surface receptor for both CEACAMI1 and galectin
9, had no significant effect on CD4* or CD8" T, cell proliferation to allogeneic y-PCs, although blocking
PD-L1 and PD-L2 had a small enhancing effect on proliferation to y-ECs (Figure 5, A and B). There is
no source available to us to obtain a blocking antibody against human CEACAMLI to test for homophilic
inhibitory effects. Therefore, to explore this possibility we knocked down CEACAM1 in PCs with either
of 2 different siRNA that each produced significant reduction in CEACAM-1 protein expression. One of
the two consistently reduced the inhibitory effects of y-PCs, but the other did not, and a third siRNA that
produced only partial silencing of CEACAMI produced inconsistent effects on T, responses (data not
shown). We view these experiments on the role of CEACAMI as being inconclusive.
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Human PCs express IDOI and CEACAMI in vivo in a skin allograft rejection humanized mouse model and
in biopsy samples of acutely rejected renal allografts. Just as HUVECs have been widely used to produce
generalizable findings regarding EC immune functions, we have used human placental PCs to obtain
generalized findings about PC immune functions. However, similar to ECs, PCs from different sites are
likely to be heterogeneous and, more importantly, culturing of human PCs may change their phenotype
and functions. It is difficult for practical and ethical reasons to conduct an investigation of human PC
function in vivo, and anatomic heterogeneity cannot be adequately assessed by comparing cells cultured
from different sites. To determine if the effects of IFN-y on PC expression of inhibitory molecules that
we have seen in culture actually occur in human allograft rejection, we used a model of T cell-mediated
rejection of human skin implanted on immunodeficient mouse hosts (18). Human dermal microvessels,
formed from human ECs and PCs, are retained and perfused in these grafts, and these vessels are typical-
ly destroyed by alloreactive T, approximately 2 weeks after adoptive transfer of human peripheral blood
mononuclear cells (PBMCs) allogeneic to the skin donor. At earlier times, the human vessels respond to
human cytokines, including IFN-y, produced by the transferred human T cells. To study PC responses in
situ, we harvested the skin grafts on day 7, a time at which there is early but limited infiltration of T cells
into skin tissues and prior to significant damage of the graft (Supplemental Figure 6). We observed that
dermal microvascular PCs in vessels surrounded by sparse infiltrates of allogeneic human T cells were
induced to express IDO1 and CEACAM1 (Figure 6, A-D). As in our cell culture experiments, human
dermal microvascular ECs also express IDO1, but PCs were induced to express significantly higher levels
of CEACAM1 than ECs (Figure 6, B and D).

In a final series of experiments, we examined whether PCs express IDO1 and CEACAM1 in biopsies
from human renal allografts exhibiting acute T cell-mediated rejection. Similar to observations made
in our humanized mouse model of skin allograft rejection, PCs in renal allografts undergoing acute
rejection also upregulated IDO1 and CEACAMI in comparison with PCs in renal allografts in control
biopsies taken at the time of transplantation (time zero) not showing rejection (Figure 7, A-D). Micro-
vascular expression of IDO1 and CEACAMI1 was largely restricted to PCs and not displayed by the ECs
lining the same vessel segments (Figure 7, B and D). These observations suggest that IFN-y—mediated
responses of cultured human placental PCs also occur in human renal microvascular PCs of allografts
during early stages of cell-mediated rejection. Although the numbers of such vessels are too few to report
as a finding with certainty, the occasional arteriole in the same biopsies also showed similar localization
of IDO1 and CEACAMI1 to multilayered vascular smooth muscle cells and not ECs, suggesting this
response may be shared by both mural vascular cell types.
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Figure 6. Dermal PCs express IDO1and CEACAM1 in vivo in a skin allograft rejection humanized mouse model. Immunofluorescence analysis of human
skin allograft implanted on immunodeficient mice receiving control saline or human PBMCs. Skin grafts were harvested on day 7 after injection. (A) Freshly
frozen tissues were co-stained for Ulex europaeus agglutinin | (ULEX), a-smooth muscle actin (a-SMA), and IDO1. Images shown are representative of 3
skin grafts. (B) Quantification of IDO1 colocalization to endothelial cells (ECs) or pericytes (PCs) on ULEX*a-SMA* microvessels (t test, mean). (C) Tissues
were costained for ULEX, a-SMA, and CEACAM1. Results shown are representative of 3 skin grafts. (D) Quantification of CEACAM1 colocalization to ECs or
PCs on ULEX*a-SMA* microvessels (t test, mean). Scale bars: 16 um. *P < 0.05, **P < 0.01. n.s., not significant.

Discussion

Acute cell-mediated allograft rejection is initiated by recruitment of circulating host T cells, and in humans,
is mediated at early times by circulating alloreactive T, already present in the circulation, with no need for
priming in secondary lymphoid organs. Typically, T, exit the blood through postcapillary venules and the
process of extravasation involves close sequential interactions with both of the 2 principal microvascular
cells that form the venular wall, namely ECs and PCs. Much is known about the interactions of human
ECs with T, but very little is known about the immunological functions of human PCs. In this study,
we used cultured human placental microvascular PCs, to analyze the immunomodulatory effects of PCs
on allogeneic peripheral blood T, cells and compared our findings with parallel cocultures using ECs
cultured from the umbilical veins of the same donors. Our key findings are that resting PCs are capable
of activating alloreactive T, cells, but upon IFN-y stimulation, PCs instead suppress T cell expansion.
Clearly, the immunoregulatory functions of PCs exposed to IFN-y can be overcome in vivo as rejection
does occur, perhaps because some vascular beds show a very low ratio of PCs to ECs, but our findings raise
the possibility that approaches to manipulate graft PCs, e.g., with antibody targeting of therapeutics, could
be developed to complement other approaches to improve graft survival. This may be particularly useful
in protecting tissue-engineered grafts in which genetically altered PCs can be introduced into microvessels
(19). 1t is also worth considering that tumors may alter microvascular PCs in a manner that suppresses
immune responses and our new findings with human PCs may conversely be applied to enhance antitumor
immunity (8). Interestingly, IFN-y has different effects on ECs and PCs, enhancing the capacity of ECs to
activate alloreactive T cells while inducing inhibitory signals on PCs that suppress T cell proliferation. The
inhibitory effect targets T cell proliferation induced by growth-promoting cytokines that bind to receptors
using the y_ signaling subunit, but not T cell cytokine production nor proximal signaling events such as
STATS phosphorylation. Further, based on evaluating candidates from an RNAseq analysis, we identified
PC expression of IDOI1 as the principal mechanism accounting for negative regulation of T cell prolifera-
tion by y-PCs. CEACAMI1 may also be a relevant inhibitory molecule, although our conclusions in this
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Figure 7. PCs express IDO1and CEACAMT in acutely rejected renal allografts. Immunofluorescence analysis of control biopsy samples taken at the time of
transplant (time 0) and renal allografts undergoing T cell-mediated rejection (TCMR). (A) Tissues were costained for Ulex europaeus agglutinin | (ULEX), a-smooth
muscle actin (a-SMA), and IDO1. (B) Quantification of IDO1 colocalization to endothelial cells (ECs) or pericytes (PCs) on ULEX*a-SMA* microvessels (t test, mean).
(C) Tissues were costained for ULEX, a-SMA, and CEACAMT. (D) Quantification of CEACAM1 colocalization to ECs or PCs on ULEX*a-SMA* microvessels (t test,
mean). Results shown are representative of 4 control biopsy samples and 4 renal allografts undergoing TCMR. Scale bars: 16 pm. **P < 0.01, ***P < 0.001.

case are equivocal. While our in vitro studies rely heavily on human placental PCs, a prototypical popula-
tion similar to the use of HUVECsS to study ECs, we also find that PC expression of IDO1 and CEACAM1
can be observed in human skin during early stages of rejection by allogeneic T, as well as in human renal
biopsies showing evidence of T cell-mediated rejection. While the response of PCs appears to be consis-
tent, the response of ECs appears somewhat more variable.

Whereas the involvement of microvascular ECs in the inflammatory response has been thoroughly
established, an active role of PCs in this process has only been much more recently appreciated (20, 21).
The anatomical localization of microvascular PCs, in juxtaposition to the endothelium that lines the vas-
cular lumen, is situated at a unique and pivotal position to influence extravasating and newly extravasated
leukocytes and their interstitial activities. Recent studies have identified essential roles of PCs in guiding
neutrophil extravasation and subsequent guidance in early interstitial migration following tissue entry (7,
22). We previously reported that PCs may be more responsive to specific cytokines than ECs. For example,
PCs are the primary cell type responsive to IL-17 in the microvasculature and IL-17-activated PCs, but not
ECs, can promote neutrophil effector cytokine production, phagocytosis, and survival (23). Much less is
known about how PCs influence T cell recruitment or activation. We previously demonstrated that y-PCs
did not induce cytokine production or proliferation of allogeneic peripheral blood CD4* T cells (consisting
of both naive and memory subsets), and instead induced T cell anergy (9). The experiments reported here
advance these earlier studies in 3 ways. First, because measurable activation of alloreactive human CD4*
T cells isolated from blood requires direct recognition of non-self-allelic forms of class II MHC molecules
and because cultured human vascular cells do not constitutively express class II MHC molecules, these
older experiments used treatment of the PCs (and ECs) with IFN-y to induce expression of class Il MHC
molecules. In the current study, we compared retroviral transduction to overexpress CIITA with IFN-y
pretreatment, allowing us to separate the much more specific effects of the former approach on class IT
MHC expression from the more global immunomodulatory effects of the latter. Second, given the pivotal
role of the T, subset in targeting graft microvessels to initiate early acute allograft rejection in humans, we
specifically isolated these populations from the blood to avoid confounding effects of other T cell subsets.
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Since T, typically constitute fewer than 10% of the total T cells in peripheral blood, it is easy to overlook
or obscure their responses without using T, -enriched populations. This difference may account for why
our previous study did show an effect on cytokine production as well as proliferation. Third, given the
importance of CD8* cytotoxic T cells as a primary mediator of allograft rejection, we examined for the first

time to our knowledge the potential influence of PCs on alloreactive CD8* T_, , the population that gives

EM’
rise to cytotoxic T lymphocytes. Our data on PC-T,, interactions corroborate our previous finding in that
CD4' T,,,

contrast to y-ECs, y-PCs also fail to activate CD8" T,,,. The fundamental new observation is that neither

similar to total T cells, do not proliferate in response to y-PCs and we can now report that, in

resting PCs nor CIITA-PCs appear inhibitory and are actually fairly effective activators of alloreactive T,
so that immunoregulation arises from the effects of IFN-y on PCs. To sort out mechanisms, we utilized
RNAseq to identify candidate gene products induced preferentially by IFN-y in PCs versus ECs. IDO1 as
well as several known membrane-bound inhibitory ligands were all strongly upregulated on PCs by IFN-y.
Functional experiments singled out IDO1 as the principal inhibitory mechanism.

Of the few previously published reports on PC-T cell interactions in various contexts, PCs seemed to
exhibit properties that are largely immunosuppressive in T cell activation (8, 9, 24). Our data suggest that
these immunoregulatory effects of PCs on T cell proliferation are induced by IFN-y. Interestingly, mouse
tumor vessel PCs, which like the human placental microvessel PCs used in our study have also been shown
to inhibit T cell proliferation and induce anergy, also suppressed cytokine production by CD4" T cells,
something which we did not observe (8). In addition to the use of different sources of tissues, the inhibi-
tory effect on cytokine production by mouse tumor vessel PCs was most obvious using antigen-primed,
CD3/CD28-preactivated T blasts, whereas we study resting T,,,. Other differences, such as species (mouse
vs. human) or the culture milieu, may also have contributed to the effects on cytokine production. Spe-
cies differences are likely to be very important. Mesenchymal stromal cells (MSCs) share many common
characteristics with PCs and their potent immunosuppressive role has been extensively characterized in
disease models as well as in clinical trials. Direct comparison of MSCs from 7 different mammalian spe-
cies revealed that MSCs from human, monkey, and pig use IDO1, but not inducible nitric oxide synthase
(AINOS), to inhibit immune response, whereas MSCs from mouse, rat, rabbit, and hamster exert immu-
nosuppression predominately through expression of iNOS instead of IDO1 (25). The strikingly distinct
mechanisms underlying MSC-mediated immunosuppression among mammalian species highlights the
importance of studying human PCs in understanding their potential role in mediating immune tolerance
in human diseases. This difference may also explain the differences we noted between effects on cytokine
production by human placental microvessel PCs versus mouse tumor vessel PCs.

Our study reveals that IFN-y has important differential effects on ECs and PCs. Hierarchical clustering
of the gene expression signature of ECs, y-ECs, PCs, and y-PCs highlights the dynamic effects of activa-
tion by IFN-y signaling that differ greatly at the transcription level in ECs versus PCs. As noted above, we
found that IDOI1 expression by y-PCs is an important contributor to the inhibition of T cell proliferation.
IDOL1 functions by depleting the milieu around the cell of tryptophan, an essential amino acid for T cell
expansion. While IFN-y also induces IDO1 in ECs, the expression level is much lower than in PCs. IDO1
induction serves as an explanation for our previous observations that y-PCs may inhibit CD4* T cell prolif-
eration across a semipermeable transwell membrane, which suggested the mechanism of inhibition likely
involves contact-independent paracrine signals (9). We note that in our prior experiments, we had tested a
pharmacological inhibitor of IDO1, namely 1-methyl tryptophan, and did not fully rescue T cells from y-PC
inhibition. In pilot experiments conducted for the current study, we also found only partial benefit using this
agent. However, transduction with shRNAs targeting IDO1 was highly effective at relieving y-PC—mediated
T cell inhibition, leading us to conclude that the level of pharmacological inhibition is simply inadequate to
suppress the level of enzyme expressed by y-PCs. In vivo, PCs face the interstitial side of the microvessels,
whereas ECs face the blood stream. Consequently, it is probably futile for IDO1 expressed by ECs to exert
any real effect on extracellular tryptophan levels, as blood levels will be rapidly replenished by flow. Inter-
stitial levels, in contrast, may turn over quite slowly, allowing PCs to exert a significant effect on the local
microenvironment. Our observation that IDO1 is induced in human microvascular PCs in living skin and
kidney as an early event in allorejection lends credence to this hypothesis. IDO1 expression in response to
IFN-y and TNF stimulation in vitro has been described in human brain PCs, but the consequence of tryp-
tophan depletion by brain PCs in the context of immune tolerance has not been examined. In addition to
consumption of this essential amino acid required for T cell metabolism, downstream metabolites produced
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by IDO1-catalyzed tryptophan degradation also may affect T cell differentiation. Specifically, IDO1 converts
tryptophan into kynurenine, which binds and activates the aryl hydrocarbon receptor (AhR), thereby pro-
moting Treg differentiation (26). Characterization of the metabolic pathway of L-tryptophan degradation
in IDO1-expressing, IFN-y—treated human brain PCs demonstrates that these cells produce significant levels
of L-tryptophan metabolites kynurenine and picolinic acid, but not kynurenic acid or quinolinic acid (27).
Functionally, human brain and placental PCs, and also PCs derived from human pluripotent stem cells may
induce de novo formation of suppressive Tregs through TGF-f production and expression of PD-ligands
(28). To our knowledge, whether IDO1 expression by human PCs is involved in Treg induction has not been
examined. Mouse liver PCs, also known as hepatic stellate cells, however, have been shown to promote the
suppressive function of natural Treg through hepatic stellate cell-expressed IDO1 and activation of the aryl
hydrocarbon receptor (29).

While IFN-y is often categorized as a proinflammatory cytokine, a role in counterregulation of immune
response has been increasingly recognized. Early evidence suggesting the paradoxical properties of IFN-y in
inflammation were mostly derived from observations made in animal models of autoimmunity, where exacer-
bation of experimental autoimmune encephalomyelitis and collagen-induced arthritis were observed in IFN-y—
or IFN-yR—deficient mice (30, 31). Similarly, in the context of solid organ rejection, accelerated rejection and
reduced survival of heart, liver, and renal allografts also occur in mice deficient in IFN-y signaling (32-35). The
precise mechanism of the IFN-y—mediated tolerance induction in allograft is still an area of active investiga-
tion, but evidence thus far indicates that the immunoregulatory effect of IFN-y is multifactorial. The severe
tissue necrosis and hemorrhage observed in exacerbated graft rejection in mice lacking IFN-y signaling has
been shown to be mediated by neutrophils, suggesting that IFN-y likely also plays a role in inhibiting immune
function of other leukocyte subsets in addition to effects on T cells (36). For instance, IFN-y has been shown
to negatively regulate production of several key neutrophil chemoattractants in mice, including KC (CXCL-1)
and MCP-2 (CCL-8) (37), and therefore deletion of IFN-y may permit increased infiltration of neutrophils dur-
ing early graft rejection. On the adaptive immunity arm, IFN-y has been shown to exert its immunoregulatory
role through suppression of T cell differentiation, particularly Th2 and Th17, promotion of Treg function, and
importantly, induction of multiple negative costimulatory molecules. Our RNAseq analysis revealed that y-PCs
upregulate several membrane-bound inhibitory ligands, namely PD-L1, PD-L2, CEACAMI, and galectin 9,
the latter 2 being known ligands for TIM-3 receptors on T cells. However, blocking PD-ligands and TIM-3
receptor is not sufficient in releasing the y-PC—-mediated inhibition of T}, proliferation. As we have noted, in
addition to engagement of TIM-3, CEACAMI1 can also deliver inhibitory signals through homophilic interac-
tions with CEACAMI1 on T cells. Whether this pathway may play a role in PC-mediated negative regulation of
T cell function remains to be determined, and results of our siRNA experiments were ambiguous.

The immunoregulatory role of PCs described in the current study is most likely to be relevant during
acute T cell-mediated rejection. It has been suggested by others that PCs may participate in an important
way in the process of chronic graft rejection. Specifically, PCs normally maintain intimate contact with
ECs and, from this position, provide both contact-dependent and paracrine signals known to play a role in
stabilizing microvessels. Disruption of contacts between PCs and ECs, due either to PC migration or PC
loss, could contribute to pathological angiogenesis and/or to microvessel rarefaction. Clinical analyses of
renal, liver, and lung allograft rejection have revealed that destruction of microvasculature precedes chronic
rejection and renders transplanted organs more susceptible to graft failure (38—41). In addition to their role in
vessel stabilization, PCs, along with fibroblasts and possibly ECs, are viewed as precursors of myofibroblasts,
the source of excessive matrix production associated with organ fibrosis (42). However, a fibrogenic role of
PCs in chronic rejection have largely been extrapolated from studies of PCs in various other inflammatory
contexts, and there is little actually known with certainty about the origins of the myofibroblasts present in
grafts displaying chronic rejection, e.g., by fate mapping. Nevertheless, this alternative function of microvas-
cular PCs is likely to be important and preservation of PC-EC contact could represent a therapeutic target
for reducing microvessel loss and fibrosis in the setting of late graft failure.

In summary, we have provided evidence that while human PCs in an uninflamed environment have
capacity to present antigen and activate allogeneic T cells, IFN-y converts PCs into negative regulators
of allogeneic T cell response. This process is predominately mediated through IFN-y induction of IDO1
expression by PCs. We showed that IFN-y has differential effects on ECs versus PCs, namely that IFN-y
activates ECs to promote alloreactive T cell activation but instead induces inhibitory properties of PCs.
Findings from this study highlight the relevant roles of PCs, an often-ignored cell type, in the context of

insight.jci.org  https://doi.org/10.1172/jci.insight.97881 12


https://doi.org/10.1172/jci.insight.97881

. RESEARCH ARTICLE

inflammation, and offer important mechanistic insights into how y-PCs may be manipulated to promote
allograft survival and possibly tumor immunotherapy.

Methods

Isolation of primary human cells

HUVECs. ECs, isolated from deidentified umbilical cords following enzymatic digestion by collagenase,
were serially cultured on 0.1% gelatin—coated tissue culture plates in M199 medium (Gibco) containing
20% FBS, 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 pg/ml) supplemented with
Endothelial Cell Growth Supplement (BD Bioscience) and porcine intestinal heparin (100 pg/ml, Sigma-
Aldrich) (43). Cells were used between the first and fourth passage, at which time they uniformly express
CD31 and are free of contaminating CD45* leukocytes assessed by flow cytometry.

Human placental PCs. Samples of deidentified human placenta (approximately 10 cm x 10 cm X 3 cm),
taken from the region near the insertion of the umbilical cord, were manually minced and then subjected to
collagenase digestion on a shaker for 3 hours at 37°C. Microvessel segments were collected by sieving and
PCs, obtained by explant outgrowth, were serially cultured in M 199 medium (Gibco) containing 20% FBS,
2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 pg/ml) (19). Cells were used between the
second and sixth passage, at which time they expressed NG2, Thy-1 (CD90), and PDGFRS as assessed by
flow cytometry. Where indicated, ECs and PCs were isolated from the same donor.

Human PBMCs. Leukapheresis products were collected from deidentified healthy volunteer adult
donors and mononuclear cells were further enriched by density gradient centrifugation using Lymphocyte
Separation Medium (MP Biomedicals) per the manufacturer’s guideline. Enriched PBMCs were aliquoted
and then cryopreserved in 10% DMSO/90% FBS as previously described (14). Viability of subsequently
thawed PBMCs was greater than 95% and alloreactivity was also preserved.

Flow cytometric analysis of vascular cells

ECs and PCs were treated with 50 ng/ml IFN-y (Gibco) or vehicle control for 72 hours. Cells were then
trypsinized, washed with FACS staining buffer (1% BSA in PBS), and subsequently stained with fluoro-
phore-conjugated anti-human HLA-A,B,C (Biolegend, clone W6/32), HLA-DR (Biolegend, clone 1.243),
PD-L1 (BD, clone MIH1), PD-L2 (BD, clone MIH18), HVEM (Biolegend, clone 122), B7-H3 (Biolegend,
clone MIH42), B7-H4 (Biolegend, clone MIH43), CD155 (eBioscience, clone 2H7CD155), VISTA (R&D
Systems, clone 730804), or the appropriate isotype control antibodies for 30 minutes at 4°C before acquisi-
tion on an LSR II flow cytometer (BD).

Isolation of CD4* and CD8* T, from PBMCs

Total CD4* or CD8* T lymphocytes were purified from PBMCs using Dynabeads CD4 or CDS8 Positive
Isolation Kit (Invitrogen), respectively, per the manufacturer’s protocol. To obtain the resting T, sub-
set, naive T cells, central memory T cells, and activated T,,, were depleted from the purified total CD4*
or CD8" populations using antibodies against human CD45RA (eBioscience, HI100), CCR7 (Biolegend,
clone G043H7), CD62L (eBiosicence, clone DREGS56), and HLA-DR (clone LB3.1), followed by removal
of antibody-bound cells by magnetic separation using Dynabeads Pan Mouse IgG (Invitrogen). The iso-
lated populations were routinely greater than 95% CD45RA CCR7 CD62L HLA-DR CD45RO*CD4" or
CD45RA CCR7 CD62L HLA-DR CD45RO*CD8* T, lymphocytes, respectively. T, were then cultured
with allogeneic vascular cell populations in RPMI 1640 media (Gibco) with 10% FBS, 2% L-glutamine,
penicillin (100 U/ml), and streptomycin (100 pg/ml).

Assay of T_, proliferation

ECs or PCs were cultured in flat-bottom 48-well plates for 72 hours with or without 50 ng/ml IFN-y (Gib-
co), at which time each contained approximately 1 X 10° vascular cells. CD4" or CD8"* T, were labeled
with carboxyfluorescein succinimidyl ester (CFSE, 0.5 uM for 15 minutes at room temperature) using the
Cell Trace CFSE Cell Proliferation Kit (Invitrogen). CFSE-labeled CD4* or CD8" T, (500,000 cells) were
then added to each well of the 48-well plate containing confluent unstimulated or IFN-y—treated vascu-
lar cells (day 0). Recombinant human IL-2 (25 U/ml; eBioscience), 10 ng/ml recombinant human IL-15
(R&D Systems), or vehicle control was added on day 3 of coculture where indicated. T cells were harvested
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on day 7, stained for CD4 or CD8 using conjugated primary antibodies (eBioscience), and assessed for
CFSE dilution, an indicator of proliferation, on a BD LSRII Flow Cytometer using the BD FACSDiva
Software. Where indicated, shRNA IDO1-transfected or CEACAMI1 siRNA-transfected PCs were used as
the vascular cell populations for coculture with T,,,. For experiments to identify inhibitory ligands on ECs
or PCs, blocking antibodies targeting human PD-L1 (Biolegend, clone 29E.2A3) and PD-L2 (Biolegend,
clone MIH18) or TIM-3 (Biolegend, clone F38-2E2), along with respective isotype controls, were added to
the cocultures at day 0 at 20 ug/ml for each antibody.

Assessment of STATS phosphorylation

Cocultures of CD8* T, with unstimulated PCs or y-PCs were set up as described above. On day 3 of
coculture, cells were stimulated with 25 U/ml IL-2 or 10 ng/ml IL-15 for 25 minutes. T, were then sepa-
rated from the PCs, and were immediately fixed and permeabilized using BD Phosflow Fix Buffer I and
Phosflow Perm Buffer III (BD Biosciences) according to manufacturer’s instructions. After permeabiliza-
tion, cells were stained with anti-STATS5 (pY694) (BD Bioscience, clone 47/Stat5pY694) and anti-CD8
(eBioscience, clone OKTS) conjugated primary antibodies for 30 minutes at 4°C. Cells were washed twice
with Stain Buffer (BD Bioscience) prior to acquisition on a BD LSR II flow cytometer.

Assay of cytokine production by T,

CD4* or CD8* T,,, were cocultured with ECs or PCs that were either unstimulated or prestimulated with
50 ng/ml IFN-y for 72 hours using the same conditions as for the proliferation assays. After 24 hours of
coculture, fresh supernatant was collected and assayed for IL-2 production using a DuoSet ELISA develop-
ment system (R&D Systems) according to the manufacturer’s instructions.

Genetic manipulations of vascular cells

CIITA-transduced ECs and PCs were generated using a retroviral vector and characterized as previ-
ously described (44). In generation of shRNA-mediated knockdown of IDO1 in PCs, glycerol stocks of
E. coli transformed with lentiviral ShRNA vector plasmids (pSMART hCMV/TurboGFP, Dharmacon,
GE Healthcare) containing either a target sequence for human IDO1 mRNA CCTGAAGACTGTA-
AGAAGT (IDO1-A) or TGTGCTCATTAGAGTCAAA (IDO1-B) or a nontargeting sequence were
cotransfected with psPAX2 (produced by Didier Trono and available through AddGene, catalog 12260)
and CMV VSV-G plasmids (produced by Robert Weinberg and available through AddGene, catalog
8454) into human 293T cells (ATCC) using a calcium phoshate—based transfectant buffer (4 mg NaCl,
190 pg KCI, 50 pg Na,HPO,, 2.5 mg HEPES, 500 ug glucose, 125 pmol CaCl, in 500 pl; pH 7.05). Len-
tiviral supernatant was collected at 48 hours and filtered through a 0.45-um filter. Polybrene (8 pg/ml;
Sigma-Aldrich) was added to the supernatant that was subsequently used to transduce PCs for 8 hours.
Following a 16-hour recovery period, a second 8-hour transduction was carried out, after which trans-
duced PCs were selected with 1 pg/ml puromycin (Invitrogen) for 4 days. Successful shRNA-mediated
knockdown was confirmed by qRT-PCR and immunoblotting. For siRNA knockdown of CEACAM-1,
cells were transfected with 10 nM siRNA (control siRNA or CEACAM-1 51978 siRNA, Ambion; control
siRNA or CEACAM1 siRNA [J-009439-09-002], Dharmacon), as described previously (45). Successful
siRNA-mediated knockdown was confirmed by immunoblotting.

RNAseq analysis of vascular cells

Confluent ECs and PCs grown on 12-well plates were stimulated or not with 50 ng/ml recombinant human
IFN-y for 48 hours. Total RNA was purified using an RNeasy Mini kit (Qiagen), in which an on-column
DNase treatment was included. Twelve strand-specific sequencing libraries, 3 replicates per condition, were
produced from purified total RNA samples by the Illumina TruSeq stranded protocol. The libraries under-
went 76-bp paired-end sequencing using an Illumina HiSeq 2500 according to Illumina protocols, generat-
ing an average of 35 million paired-end reads per library. For each read, we trimmed the first 6 nucleotides
and the last nucleotide at the point where the Phred score of an examined base fell below 20 using in-house
scripts. If, after trimming, the read was shorter than 45 bp, the whole read was discarded. Trimmed reads
were mapped to the human reference genome (hgl9) with a known transcriptome index (UCSC Known
Gene annotation) with Tophat v2.1.1 (46) using the very-sensitive preset, first-strand library type, and pro-
viding the corresponding gene model annotation. Only the reads that mapped to a single unique location
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within the genome, with a maximum of 2 mismatches in the anchor region of the spliced alignment, were
reported in these results. We used the default settings for all other Tophat options. Tophat alignments were
then processed by Cuffdiff (Cufflinks v2.2.1; ref. 47) to obtain differential gene expression using first-strand
library type, providing gene model annotation and the genome sequence file for detection and correction of
sequence-specific bias that random hexamers can cause during library preparation. Sequencing data were
deposited in NCBI’s Gene Expression Omnibus (GEO) under accession number GSE109322.

GSEA

Gene sets from the Gene Ontology biological process (C5) were chosen for testing of enrichment of y-PC
versus v-EC groups from RNAseq analysis. GSEA version 3.0 using the signal-to-noise ranking metric
gene was used to analyze the data, and 100,000 permutations of the gene labels were used to test statistical
significance. Results were visualized by computing enrichment score (ES), member position by the signal-
to-noise ranking metric (barcode), and ranking metric scale shown in output plots.

gRT-PCR analysis

To isolate RNA from ECs or PCs, cells were washed with sterile PBS and then processed using the RNeasy
Mini kit, according to the manufacturer’s protocol. The High-Capacity cDNA Reverse Transcription kit
(Applied Biosystems) was used to synthesize cDNA from RNA. All qRT-PCR reactions were assembled
with TagMan gene expression master mix and predeveloped TagMan gene expression probes (Applied Bio-
systems). Reactions were analyzed on a CFX96 real-time system using CFX Manager Software (Bio-Rad
Laboratories). Gene expression levels were normalized to GAPDH.

Western blot

For Western blot analysis, EC or PC monolayers were washed in ice-cold PBS twice and lysed in RIPA
buffer (Sigma-Aldrich). Samples were then mixed with Laemmli’s sample buffer and heated at 95°C for
10 minutes prior to loading. After electrophoresis, samples were transferred onto a polyvinylidene difluo-
ride membrane for 90 minutes at 4°C. Membranes were blocked with TBST containing either 5% BSA or
5% nonfat dry milk, and anti-human IDO1 (Cell Signaling Technology, clone D5J4E) and anti-human
CEACAMI (Cell Signaling Technology, clone D3R8O), anti-human hsp90 (Sigma-Aldrich), or anti—
human B-actin (Sigma-Aldrich) was added for overnight incubation at 4°C. Bound antibodies were visual-
ized with anti-mouse or anti-rabbit horseradish peroxidase (HRP)—conjugated antibodies (Thermo Fisher
Scientific) and SuperSignal Femto or Pico West (Pierce).

Tryptophan ELISA

ECs and PCs were stimulated with IFN-y (50 ng/ml) for 72 hours, after which the original media used for
stimulation were removed and replaced with fresh RPMI media supplemented with 10% FBS. Forty-eight
hours later, the conditioned media were collected for assessment of tryptophan level using the Tryptophan
ELISA Kit (Novus) following manufacturer’s instructions.

Analysis of human skin grafts on immunodeficient mice

Samples of normal adult human skin were obtained from discarded, deidentified surgical specimens
through the Department of Pathology at Yale University. The superficial layers of the skin were harvested
in 0.5-mm-thick sheets using a dermatome knife (gauge size, 0.016; Weck). The dermatomed skin was
then divided into square-shaped pieces (approximately 1 cm x 1 ¢cm in size) and then stored in RPMI 1640
medium (Gibco) at 4°C until transplantation within the next few hours. Female 6- to 12-week-old C.B-17
SCID/bg mice, purchased from Taconic Biosciences, were anesthetized with inhaled isoflurane cocktail
via jar/nose cone, until there was no increase in respiratory rate or visible voluntary movement in response
to pinching of the skin with forceps. Two 1-cm? mouse skin segments were removed from the upper back,
and the defects were immediately covered with the human skin grafts and fixed with disposable staples
(3M). The surgical procedure typically took 5 minutes (£1 minute) from start to finish and therefore iso-
flurane administered in a nose cone was sufficient. To minimize postoperative discomfort, a long-acting
local anesthetic, bupivacaine (0.25%), was injected intradermally and/or in the superficial subcutis radially
out from the wound edges to approximately 0.5 cm immediately after surgery. Postsurgery analgesia was
administered as meloxicam 0.3-1.0 mg/kg subcutaneously 24 hours and 48 hours after surgery. Animals
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were not used for experiments until at least 4 weeks after skin transplantation to allow proper healing. To
initiate the experiment, 150 million PBMCs or saline control was administered through intraperitoneal
injection, and the mice were euthanized and skin grafts harvested 7 days later. Harvested human skin
samples were snap frozen in OCT and were sectioned at 5 um using a Microm cryostat. Sections were fixed
in acetone for 10 minutes at —20°C, washed with PBS, and incubated with Dylight 649-labeled Ulex euro-
peus agglutinin I (ULEX) (Vector Laboratories) along with anti-human a-smooth muscle actin (a-SMA)
(Sigma-Aldrich, clone 1A4; or Abcam, catalog number ab5694), anti-human CD3 (Abcam, catalog num-
ber ab5690), anti-human IDO1 (Cell Signaling Technology, clone D5J4E), and anti-human CEACAM1
(Abcam, clone CE1) diluted 1:100 in blocking solution (1% BSA in PBS) overnight at 4°C. To validate the
IDO1 and CEACAMI antibodies used for tissue staining, immunofluorescence microscopy was performed
using shRNA IDO1-knockdown PCs and siRNA CEACAMI1-knockdown PCs with respective controls,
demonstrating antibody specificities (Supplemental Figure 7). Sections were washed with Tris-buffered
saline, and then were incubated with appropriate Alexa Fluor-conjugated secondary antibodies in block-
ing solution (1:1,000 dilution) for 1 hour at room temperature. Sections were then washed with PBS, and
coverslipped using ProLong Gold Mounting Reagent with DAPI (Life Technologies, P36935). Images were
acquired using an Axiovert 200M microscopy system (Carl Zeiss Microlmaging) using Velocity software.

Immunofluorescence staining of human renal biopsies

Renal allograft biopsies analyzed in this study were collected at Addenbrooke’s Hospital, with ethical
approval by the hospital committee, diagnosed by V. Broecker, and then deidentified prior to analysis by
immunofluorescence. Paraffin sections were dewaxed in xylene, boiled for 20 minutes in citrate buffer (10
mM, pH 6.0) for antigen retrieval, and rehydrated. After washing 3 times with PBS, tissue sections were
incubated with Dylight 649-labeled ULEX along with anti-human o-SMA, anti-human IDO1, and anti-
human CEACAMI primary antibodies (clone numbers listed in previous section) diluted in blocking solu-
tion (1% BSA in PBS) overnight at 4°C in a humidified chamber. Sections were washed 3 times with Tris-
buffered saline, incubated with appropriate secondary antibodies diluted 1:1,000 in blocking solution for
1 hour at room temperature, washed again 3 times, and mounted on slides with ProLong Gold Mounting
Reagent with DAPI. All immunofluorescence micrographs were acquired using an Axiovert 200M micros-
copy system. Images were captured using Velocity software.

Quantification of immunofluorescence images

Custom MATLAB code was used to quantify the expression of IDO1 or CEACAM!I1 by ECs and PCs in
fluorescence microscopy images of human tissues (human skin grafts on immunodeficient mice and biop-
sy samples of acute renal allograft rejection). In brief, microvessels containing both ECs and PCs were
first identified on the basis of combined ULEX and a-SMA staining and images were cropped to these
vessels to exclude irrelevant areas of the images from analysis. A programmatically generated thresh-
old (using Otsu’s method as described on the MathWorks website (https://www.mathworks.com/) was
applied to distinguish both the ULEX* (EC) and a-SMA* (PC) regions from background. Isolated areas
of ULEX*a-SMA™ (EC) or ULEX a-SMA* (PC) were next identified and ULEX*a-SMA* double-positive
overlap areas were excluded for analysis since expression of IDO1 or CEACAM1 in these areas could not
be attributed to either cell type. Next, true IDO1 or CEACAM staining above background was identified
by using a threshold determined from isotype stain control images for each of the tissues of interest. Final-
ly, the degree of IDO1 or CEACAMI1 colocalization to either ECs or PCs was determined by the relative
area of each cell type positive for IDO1 or CEACAMI1 (e.g., total area of IDO1*a-SMA*ULEX-divided
by total area of a-SMA*ULEX"). Statistical analyses were performed using either a Mann-Whitney  test
(copositive signal in PC-only regions for control vs. PBMC skins or time 0 vs. allograft-rejected kidneys) or
a Wilcoxon matched-pairs signed-rank ¢ test (copositive signal in PC- versus EC-only regions in the same
image of either PBMC skins or allograft-rejected kidneys).

Statistics

Data are expressed as mean = SEM. Statistical analyses were performed using GraphPad Prism software.
Unpaired ¢ tests were used to make statistical comparisons between 2 groups. Comparisons between multi-
ple groups were performed using 1-way ANOVA with Tukey’s test for post hoc analysis. In all experiments,
P < 0.05 was considered statistically significant.
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Study approval

All protocols involving collection of and experimentation with human cells and tissues were approved by
the Yale University Institutional Review Board. Renal biopsies analyzed in this study were collected at
Addenbrooke’s Hospital, with ethical approval by the hospital committee. All experiments involving ani-
mals were conducted according to protocols approved the Yale University Institutional Animal Care and
Use Committee.
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