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Abstract

Immune surveillance by T helper type 1 (Th1) cells is critical for the host response to tumors and
infection, but also contributes to autoimmunity and graft-versus-host disease (GvHD) after
transplantation. The inhibitory molecule programmed death ligand-1 (PDL1) has been shown to
anergize human Th1 cells, but other mechanisms of PDL1-mediated Th1 inhibition such as the
conversion of Th1 cells to a regulatory phenotype have not been well characterized. We
hypothesized that PDL1 may cause Thl cells to manifest differentiation plasticity. Conventional T
cells or irradiated K562 myeloid tumor cells overexpressing PDL1 converted TBET* Thl cells
into FOXP3" regulatory T cells (Trggs) in vivo, thereby preventing human-into-mouse
xenogeneic GVHD (xGvHD). Either blocking PD1 expression on Thl cells by siRNA targeting or
abrogation of PD1 signaling by SHP1/2 pharmacologic inhibition stabilized Th1 cell
differentiation during PDL1 challenge and restored the capacity of Thl cells to mediate lethal
xGVHD. PD1 signaling therefore induces human Th1 cells to manifest in vivo plasticity, resulting
in a TrRgg phenotype that severely impairs cell-mediated immunity. Converting human Th1 cells
to a regulatory phenotype with PD1 signaling provides a potential way to block GVHD after
transplantation. Moreover, because this conversion can be prevented by blocking PD1 expression
or pharmacologically inhibiting SHP1/2, this pathway provides a new therapeutic direction for
enhancing T cell immunity to cancer and infection.
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Introduction

CD4" T-helper (Th) cells of the Th1 phenotype are critical for host protection against
tumors(1) and infections(2) but must be tightly regulated to promote self-tolerance(3) and to
limit alloimmunity during transplantation therapy(4). Thl cells are amenable to regulation
by multiple mechanisms, such as FAS-mediated antigen-induced cell death(5) and
regulatory T (Trgg) cell inhibition(3). One such mechanism of regulation is differentiation
‘plasticity’ among Th cell subsets, with functional subset inter-conversion depending on the
cytokine micro-environment [reviewed in(6)]. Such plasticity, which has primarily been
studied in murine T cells, is most prevalent for TRgg and Th17 subsets: Trgg cells can
morph into Th17 cells upon IL-1 or IL-6 receptor signaling and subsequent STAT3
activation(7, 8), and Th17 cells can switch into a Th1 phenotype under the influence of
IL-12 signaling and subsequent STAT4 activation(9).

In contrast, the Th1/Th2 subsets are relatively fixed in their differentiation status (6);
nonetheless, counter-regulatory cytokines have long been known to promote Th1 to Th2
conversion(10) or Th2 to Th1 shifts(11) by activating specific transcription factors.
Although STAT#4 activation is required for initial Th1 polarization(12), STAT1 activation
through IFN-a or IFN-y receptor signaling appears to be the major contributor to Thl cell
stability through promotion of TBET transcription factor expression(13, 14).

Recently, the PD1/PDL1 pathway has emerged as a central player in immune regulation
[reviewed in(15)]. Cancer cells that express PDL1 (also known as B7-H1) promote tumor
progression through inhibition of PD1-expressing immune effectors(16); in addition, PDL1
modulates cell-mediated immunity in the infectious disease setting(17). Furthermore,
allogeneic effector T cell responses are susceptible to PD1 pathway modulation, as
evidenced in models of graft-versus-host disease (GVHD)(18) and graft rejection(19).
However, there have been no reports in the literature to suggest that PD1/PDL1 interactions
play a special role in the modulation of Thl cell plasticity.

PD1/PDLI interactions have been characterized previously to inhibit T cell receptor (TCR)
signaling by recruiting the SHP-1 and SHP-2 (SHP1/2) phosphatases, which interfere with
TCR signaling(20) and induce a TCR stop signal that limits T cell interactions with dendritic
cells (DC)(21). Such immune modulation mechanisms are not specific for Th1 cells: For
example, PD1 activation inhibits the suppressor function of Trgg cells(22) and impairs
monocyte immunity(23) in humans infected with hepatitis C. In addition to such direct
mechanisms of T cell anergy, PDL1 also indirectly modulates T cells by inducing
plasmacytoid DCs, which increase Trgg cell numbers and result in Trgg cell suppression of
anti-tumor responses in a PDL1-dependent manner(24). This DC/Trgg cell biology can be
bi-directional, as human PDL1-expressing Trggs condition monocytes to express PDL1 and
suppress cell-mediated immunity(25). Furthermore, PD1 activation of naive T cells favors
inducible Tgrgg formation by promoting phosphatase and tensin homolog (PTEN)
expression and limiting downstream mTOR activation(26). Taken together, this literature
indicates that PDL1 modulates Th1 cells directly via anergy or indirectly through Trgg cell
induction, but there exists no evidence that PDL1 alters Th1 cell differentiation. In this
report, using an in vivo model of human-into-mouse xenogeneic graft-versus-host disease
(xGVHD), we have determined that PDL1 indeed directly modulates Th1 cell differentiation
by promoting a tolerogenic Trgg phenotype.
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Results

Th1-mediated xenogeneic GVHD is abrogated by Treg cells or PDL1-expressing T cells

We previously found that human Trgg cells prevented lethal, Thl cell-mediated xGVHD
through a PDL1-dependent mechanism(25). To directly evaluate the effect of PDL1 on Thl
cell biology, we constructed a lentivirus (LV) incorporating the full-length PDL1 cDNA.
The vector, which encoded a fusion protein of TMPK for cell fate control(27) and CD19 for
cell surface marking, is referred to as “CD19. TMPK/PDL1-LV” (Supplemental Fig. 1a;
vector design). Transduction of purified human CD4* T cells with a control-LV that
expressed the fusion protein alone (CD19. TMPK-LV) or with CD19.TMPK/PDL1-LV
yielded nearly 30% productive infection frequency by CD19/PDL1 flow cytometry analyses
(Supplemental Fig. 1b left panels[representative data] and right panels[summary of n=7]).
The functionalities of the TMPK cell fate control sequence was confirmed in vitro and in
vivo by measuring the sensitivity of LV transduced T cells to AZT addition (Supplemental
Fig. 2).

We next compared T cells transduced with CD19. TMPK-LV (Teffppy |) with purified Trgg
cells for their capacity to prevent Thl cell-mediated xGVHD. Th1-polarized human T cells
(Th1) were adoptively transferred alone or with either control LV-transduced T cells
(Teffrmpk), PDL1 LV-transduced T cells (Teffppy 1), or purified Trggs. Hosts were
subsequently challenged with LPS to induce cytokine-mediated xGVHD(28). Trgg cells
and PDL1 LV-transduced T cells similarly inhibited post-transplant T cell IFN-y production
(Fig. 1a, [representative example] and 1b [summary of n=10 per cohort]), systemic TNF-a
production [Fig. 1c], and lethality [Fig. 1d]). Recipients of Th1 cells in combination with
Teffppy | cells or purified Trgg cells were protected long-term from xGVHD through 65
days post-transplant (Fig. 1e). In vivo PDL1 expression on Teffppy | cells was stable in these
long-term survivors (Supplemental Fig. 1c, d and e). Therefore, forced expression of PDL1
in conventional T cells mimicked Trgg therapy for inhibition of Thl cell-mediated xGVHD.

Human Th1 Cells Show Rapid Plasticity In Vivo to a TReg Phenotype via PDL1

To confirm that PDL1 induced Thl cell differentiation plasticity rather than clonal deletion,
the fate of CFSE-labeled Thl cells was monitored at 24 hours after transplant (representative
flow data; Supplemental Fig. 3a, left panel). PDL1 LV-transduced T cells did not abrogate
Th1 cell engraftment (Supplemental Fig. 3a, right panel), thereby ruling out a clonal
deletion mechanism. PDL1 LV-transduced T cells down-regulated Th1 cell IFN-y
production (Supplemental Fig. 3b) and increased the absolute number of Thl cells that
expressed FOXP3 but did not secrete IFN-y (Supplemental Fig. 3c). As such, Th1 cells
showed differentiation flexibility towards a regulatory phenotype through interactions with
PDLI1.

PDL1-mediated plasticity occurs in ex vivo generated purified Th1 cells and in vivo-
derived pathogenic Th1 cells

Highly purified human Th1 cells were generated ex vivo using flow sorting to enrich for
naive CD4+ T cells at culture initiation (Fig. 2a) and expansion under Th1 polarizing
conditions for an extended, 12-day culture interval (Fig. 2b). Such highly polarized Th1
cells were injected in vivo along with irradiated K562 cells that were transduced with PDL1
(K562ppy.1) (Fig. 2c). Post adoptive transfer, K562ppy | treated human Th1 cells had
increased expression of the PDL1 binding partners PD1 and CD80 (Fig.2d, left panels),
B7H4 and HVEM Supplemental Fig. 4a), with a concomitant reduction in TBET, IFN-y
(Fig. 2d, middle panels) IL2 and TNFao (Supplemental Fig. 4b, right panels). Deviation
from the Th1 phenotype correlated with an increase in FOXP3 expression (Fig.2d, right
panel; Supplemental Fig. 4b, middle and left panels).
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We further assessed the effect of PDL1 on human Thl cells that were demonstrated to be
pathogenic in vivo on the basis of their causation of xenogeneic GVHD. Such pathogenic
human Th1 cells (Fig. 2e) caused lethality in a subset of murine hosts (Fig. 2g) and upon T
cell harvest at day 50 after transplant for secondary transfer experiments, were found to
express an effector phenotype (Fig. 2f). Similar to in vitro polarized Thl cells, in vivo-
derived human Thl cells with demonstrable pathogenicity were susceptible to PDL1-
mediated plasticity. Such in vivo-derived human Th1 cells were similarly converted to a
regulatory phenotype whether the PDL1 was delivered by CD4* T cells or CD8" T cells as
PDL1 vehicle (Fig. 2h, Supplemental Fig. 4c and 4d); furthermore, PDL1-expressing K562
cells also converted the in vivo-derived human Th1 cells (Fig. 2i, Supplemental Fig. 4e and

46).

We next characterized the phenotype of the PDL1-expressing CD4* and CD8* T cells, and
evaluated whether Th1 cell exposure might modulate the PDL1-expressing T cells (reverse
signaling). PDL1 transduction increased T cell expression of BTLA ligands (Supplemental
Fig. 5a, left panels), galectin 9 (Supplemental Fig. 5a, middle panel), and CD80
(Supplemental Fig. 5a, right panel) and reduced T cell expression of TBET (Supplemental
Fig. 5b, left panel) and IFN-y (Supplemental Fig. 5b, right panel); FOXP3 expression was
not altered by PDL1 transduction (Supplemental Fig. 5b, middle panel). PDL1-transduced
T cells that were exposed in vivo to Thl effectors had decreased expression of BTLA
ligands, galectin 9, and CD80 (Supplemental Fig. 5¢) and maintained low expression of
TBET and FOXP3 with no significant alteration in IFN-y production (Supplemental Fig.
5d). In vitro co-culture of PDL1-expressing T cells with Th1 cells did not significantly alter
expression of any of these molecules on the PDL1-expressing T cells (Supplemental Fig. Se;
Supplemental Fig. 5f). In sum, these in vivo data may suggest that reverse signaling
occurred in our system.

PDL1-Mediated Th1 to TRgg Conversion is Durable In Vivo

We then evaluated the long-term stability of the Th1 cell phenotype in vivo during xGVHD.
Th1 cells, 93% of which expressed TBET (Fig. 3a; representative flow data), were
adoptively transferred into murine recipients either alone or with PDL1-expressing T cells
(Fig. 3b; representative flow data). Human Th1 cells engrafted and persisted long-term
(Fig. 3c, left and right panel; days 6 and 90 after transplant, respectively). At day 6 after
transplant, Th1 cells preferentially expressed TBET (Fig. 3d, left panel) rather than FOXP3
(Fig. 3e, left panel). A similar transcription factor profile was observed in recipients of Th1
cells plus T cells expressing CD19.TMPK alone (Fig. 3d, middle panel; Fig. 3e, middle
panel). In contrast, recipients of Th1 cells plus T cells expressing CD19. TMPK/PDL1 had
reduced TBET™ T cells (Fig. 3d, right panel) and increased FOXP3* T cells (Fig. 3e, right
panel). This shift in Th1 cell transcription factor expression was observed consistently (Fig.
3d summary plot; Fig. 3e summary plot). At day 90 after transplant, T cells from the
minority of Thl cell recipients that did not undergo lethal xGVHD maintained TBET
expression without FOXP3 expression (Fig. 3f,). In contrast, recipients of Th1 cells plus
PDL1-expressing T cells expressed abundant FOXP3 and dramatically reduced TBET levels
(Fig. 3f). Importantly, this conversion of Th1 cells into a regulatory phenotype was
associated with complete prevention of xGVHD lethality (Fig. 3g).

Th1 Cell Differentiation Plasticity Requires an Intact PD1 Receptor

PDL1 can modulate T cell function through binding to PD1 or CD80 (B7.1)(29). To
determine whether PD1 was operational in our system, in vivo experiments were performed
using Th1 cells knocked down for PD1 receptor expression via an siRNA approach
(Th1.PD1Xd), Importantly, Th1.PD1¥d cells engrafted similarly to control Th1 cells (Fig. 4a,
left panel). Consistent with our previous finding that PDL1 up-regulated PD1
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expression(25), Th1 cells had increased PD1 levels in vivo when co-administered with
PDLI-expressing T cells; however, engrafted Th1.PD1Xd cells did not up-regulate PD1 (Fig.
4a, right panel), thereby confirming in vivo PD1 knockdown. Co-administration of PDL1-
expressing T cells reduced Th1 cell-mediated in vivo effector function, as indicated by
reduced numbers of FOXP3-negative T cells that were IFN-y positive, IL-2 positive, and
TNF-a-positive (Fig. 4b top panels). In contrast, engrafted Th1.PD1¥d cells were relatively
resistant to the down-regulatory effect of PDL1-expressing T cells. Furthermore, whereas
transfer of PDL1-expressing T cells increased the number of Thl cells that expressed
FOXP3 in the absence of effector cytokine secretion (Fig. 4b; bottom panels), Th1.PD1kd
cells did not express this regulatory phenotype in vivo. Following adoptive transfer of
PDLI-expressing T cells, Th1.PD1*d cells maintained TBET expression and were fully
capable of initiating a systemic TNF-a response that was associated with lethal xGVHD
(Fig. 4c, 4d, and 4e). In sum, these data indicate that PDL1 mediated an in vivo conversion
of human Th1 cells towards a Trgg phenotype by a mechanism involving the PD1 receptor.

Th1 to Treg Conversion Involves SHP1/SHP2 Signaling

Because PD1 receptor signaling occurs via SHP1/2(20, 30), we hypothesized that ex vivo
pharmacologic inhibition of this pathway using pervanadate(20) or NSC87877(31, 32) might
generate Th1 cells (Th1.SHP1/2!") resistant to the tolerizing effect of PDL1. SHP1/2
inhibition did not influence Th1 cell engraftment (Fig. 5a). Remarkably, Th1.SHP1/2i" cells
maintained their effector phenotype in vivo when co-administered with PDL1-expressing T
cells, as indicated by preserved or increased expression of IFN-y, IL-2, and TNF-a (Fig. 5b,
top panels) in combination with a reduction of PDL1-mediated up-regulation of FOXP3
(Fig. 5b, bottom panels). Finally, even in the presence of PDL1-expressing T cells,
Th1.SHP1/2" cells promoted systemic TNF-a production, had preserved or increased TBET
expression, and were potent mediators of lethal xGVHD (Fig. 5¢c, 5d, and 5e). Therefore,
blockade of PD1 receptor or inhibition of down-stream SHP1/2 signaling prevented PDL1-
mediated Thl cell differentiation plasticity.

PD1 Signaling Reduces Th1 Cell STAT1 Activation

The question remained: how does PD1 activation and subsequent SHP1/2 signaling induce
Th1 cell plasticity? Using a conditional knockout model, it was previously shown that SHP2
inactivates STAT molecules: Specifically, lack of SHP2 increased STAT3 phosphorylation,
thereby resulting in constitutive T cell activation and inflammatory disease(33). Previous
studies have not evaluated whether STAT 1, which is critical for maintaining the Th1
phenotype and serves to negatively regulate FOXP3 expression in murine T cells (41), might
be similarly down-regulated by SHP1/2 activation. Given this information, we generated a
working model (Fig. 6a) whereby SHP1/2 activation might reduce STAT1 phosphorylation,
thereby promoting instability of Th1 cell polarity and propagation of FOXP3 expression. To
initiate testing of this hypothesis, Thl cells were re-stimulated in the presence of the STAT1
activating cytokine IFN-y either alone or in combination with PDL1-conjugated beads. As
anticipated, IFN-y stimulation increased STAT1 phosphorylation (Fig. 6b; Supplemental
Fig. 6a, left panel). Consistent with our hypothesis, in the presence of PDL1, Thl cells had
reduced IFN-y mediated STAT1 phosphorylation (Fig. 6b, representative data;
Supplemental Fig. 6a left panel). Further experiments were performed to evaluate whether
PDL-1 mediated Thl cell plasticity might be mimicked by other known immunosuppressive
molecules. Decreases in Th1 cell STAT1 phosphorylation were observed not only with
PDL1 exposure, but also with addition of TGF- or purified TREG cells (Supplemental Fig.
6a left panel); Thl cell co-culture did not modulate STAT1 phosphorylation within the
PDL1-transduced T cells. Furthermore, Th1 nuclear STAT1 phosphorylation upon IFN-y
stimulation was also decreased in the presence of PDL1 (Fig. 6¢, top left panel). This
reduction in nuclear STAT1 phosphorylation was abrogated both by SHP1/2 pharmacologic
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inhibition (Fig. 6c, top right panel) and siRNA-mediated knock-down of PD1
(Supplemental Fig. 7d). Thl cell STAT4 phosphorylation was reduced after PDL1 exposure
(Supplemental Fig. 6b, left panel). Finally, PDL1-transduced T cells were relatively
deficient in STAT4 phosphorylation (Supplemental Fig. 6b, middle panel); after co-culture
with Th1 cells, STAT4 phosphorylation in PDL1 expanded cells was not significantly
altered by Thl cell co-culture (Supplemental Fig. 6b, right panel).

As anticipated based on the prior literature(33), the inhibitory effect of SHP1/2 activation on
STAT molecules was not limited to STAT1: That is, using IL-6 to activate STAT3, we
found that PDL1 also inactivated this pathway in Thl cells (Fig. 6b, representative data).
IL-6 driven nuclear STAT3 phosphorylation was also decreased in Th1 cells by PDL1
expression (Fig. 6¢, bottom right panel). In this model system, PD1 activation and
subsequent reduction in STAT activation was associated with a reduction in Thl cell
expression of TBET and IFN-y (Fig. 6e; Supplemental Fig. 6d). Interestingly, Th1 cell
exposure to PDL1-coated beads increased the demethylation of the TSDR locus of the
FOXP3 gene (Fig. 6f); this effect appeared to occur independently of TGF-f signaling
because there was no alteration of p-Smad expression in Th1 cells (Supplemental Fig. 6e).
Addition of IL-10, TGF-B, or purified Trgg cells to Th1 cells inhibited STAT1 and STAT4
phosphorylation and reduced TBET and IFN-y expression in a manner similar to PDL1
exposure (Supplemental Fig. 6a,b and d), did not alter expression of the PDL1 binding
partners PD1 or CD80 (Supplemental Fig. 6¢), and did not alter TSDR demethylation (0.2%
of Thl cells demethylated at FOXP3 TSDR). In sum these data indicate that PDL1 mediated
Th1 cell plasticity are somewhat unique in relation to other immunological factors.

Discussion

CD4* T cells of the Thl cytokine phenotype, which are essential to cell-mediated immunity
against cancer and infectious disease, can be rendered ineffective by multiple down-
regulatory mechanisms including antigen-induced cell death(5), anergy due to cytokines
such as TGF-B(34) or due to surface molecules such as CTLA-4(35) or PDL1(20, 21),
suppression by Trgg cells(3), or conversion to a Th2 phenotype(10). Here, we demonstrate
that bona fide human Th1 cells are susceptible to conversion into a Trgg phenotype. These
observations extend an understanding of the mechanisms whereby PDL1 limits T cell
function and illustrate the abundant in vivo differentiation plasticity of human Th1 cells.

This new finding that human Th1 cells can rapidly morph into Trgg cells in vivo under the
influence of PDL1 provides further evidence that functional T cell subset inter-conversion
plays an important role in immune regulation. Because the Th1 cells that we evaluated
nearly uniformly expressed TBET and IFN-y and were relatively devoid of FOXP3
expression, it is unlikely that the rapid, PDL1-induced alteration in Th1 cell phenotype that
we observed was due to an outgrowth of ‘contaminating’ Trgg cells in the Th1 cell
inoculum. Of note, PDL.1 modulated both ex vivo generated Th1 cells and human Thl cells
that were demonstrated to be pathogenic on the basis of their induction of xenogeneic
GVHD. T-helper cell functional plasticity was initially described in seminal work relating to
Th1/Th2 cross-regulation(10, 11). This Th1/Th2 paradigm has been updated and expanded
recently, as it has been demonstrated that Th1 plus Th2 regulation can occur at the single
cell level via transcription factor co-expression: Th2 cells under the influence of interferon
and IL-12 signaling can gain TBET expression while preserving GATA-3 expression(36).
Another well-described example of CD4" T cell subset plasticity involves Tgrgg cell
susceptibility towards Th17 differentiation via the reprogramming effect of the STAT3
activating cytokines IL-1 and IL-6(8). Importantly, such Trgg to Th17 subset in vivo
conversion can be alleviated by blocking IL-6, thereby increasing Trgg cells and reducing
Th1 and Th17 cell-mediated murine GVHD(37). In still yet another example, non-
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pathogenic Th17 cells convert in vivo into Th1 cells with subsequent induction of
autoimmune diabetes(38, 39); IL-12 induced activation of STAT4 in Th17 cells represents
an important mechanism for Th17 conversion to IFN-y secreting, TBET expressing Th1
cells(40).

Our new observations extend an understanding of CD4" T cell plasticity in two new
important directions. First, Th1 cells have never been identified as a subset susceptible to
reprogramming to a Trgg phenotype; therefore, Thl cells are both amenable to regulation
by Trgg cells(3) and as described here, can indeed become Trgg cells under the influence
of PDL1. This finding stands somewhat in contrast to observations from a recent study,
which found that murine Th1 cells had limited capacity for conversion to a Trgg phenotype;
indeed, Th1 cells caused a reduction in Trgg cell numbers in vivo(41). And second,
previous studies have exclusively focused on differentiation plasticity mediated by cytokine-
mediated STAT pathway activation through phosphorylation. Distinct from this prior
literature, we have identified an example of plasticity due to an inhibitory co-stimulatory
molecule, PDL1, which reduces Thl cell STAT activation through the phosphatase function
of the SHP1/2 signaling pathway that lies downstream to the PD1 receptor. These results are
consistent with the critical dependence of Thl cells on appropriate STAT activation for
phenotype maintenance(12, 42) and suggest that the observed Th1-to-Trgg cell plasticity
may occur by a ‘default’ pathway (STAT inactivation) rather than through PDL1 induction
of any potential TRgg promoting factor.

In addition to extending an understanding of CD4* T cell differentiation plasticity, the
current results enhance knowledge pertaining to the primacy of PDL1/PD1 interactions in T
cell regulation. That is, previous to this report, PD1 suppression of T cell function has been
primarily attributed to anergy via SHP1/2 inhibition of TCR activation(20) or to tolerance
achieved through blocking of TCR stop signals required for T cell interaction with antigen-
expressing dendritic cells(21). Distinct from these prior reports, we found that PDL1/PD1
interactions caused the in vivo conversion of effector Th1 cells into Trgg cells; in our
model, this form of T cell differentiation plasticity was tolerizing, as evidenced by the
inability of an otherwise lethal inocula of Th1 cells to mediate xenogeneic GVHD. As such,
PD1-mediated T cell tolerance can be attained by inhibition of T cell activation, or as we
have shown, by altering T cell differentiation. Based on these findings, it is now possible to
propose that the increased frequency of Trgg cells in the tumor microenvironment may
relate not only to an indirect mechanism of Trgg recruitment by CCL22 elaborated in
response to inflammation from infiltrating anti-tumor Th1 cells(43) but also from a direct
mechanism of tumor cell PDL1-mediated conversion of Th1 cells to a Trgg phenotype.

The current findings may also point to new clinical translational approaches. First, we found
that pre-treatment of adoptively-transferred Th1 cells with anti-PD1 siRNA or SHP1/2
pharmacologic inhibitors successfully abrogated PDL1-mediated conversion to a Trgg
phenotype and fully restored Thl cell capacity to mediate lethal xGVHD. Of note, anti-PD1
monoclonal antibodies are being evaluated in early-stage clinical trials and have shown
promising anti-tumor effects (reviewed in(44)); given our results, it will be of interest to
determine whether recipients of anti-PD1 therapies have preservation of a Th1 cytokine
phenotype. And, it is possible that adoptive transfer of Th1 cells in combination with an
anti-PD1 strategy might represent an approach to preserve the in vivo phenotype of Thl cell
therapy. Alternatively, our data indicate that it may be possible to use SHP1/2 inhibitors,
which are currently being evaluated in pre-clinical models(44), for the protection of
adoptively transferred Th1 cells against Trgg cell conversion. It is important to note that our
experiments utilized either T cells or immortalized K562 tumor cells to deliver the tolerizing
PDL1 signal and that it will thus be essential to determine whether a similar biology occurs
in the tumor microenvironment.
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Second, we found that PDL1-mediated erosion of an otherwise stable Th1 phenotype was
associated with lower levels of STAT activation, thereby implying that PDL1/PD1
interactions may operate in part by reducing a tonic level of STAT activation required for
protection of the Thl state. In clinical trials of adoptive T cell therapy, IL-2 is the cytokine
most commonly administered in combination with T cell infusion(45). Our data would
suggest that [FN-a or IL-12, which activate the Th1-dedicated pathways STAT1 and
STAT4, respectively, might also be evaluated in combination with adoptive T cell therapy to
preserve the Thl state in vivo; of note, in animal models, T cells engineered to secrete IL-12
represent particularly potent anti-tumor effectors(46). And finally, we found that T cells
genetically engineered to express PDL1 prevented lethal xenogeneic GVHD in a similar
manner as purified Trgg cells. These data suggest that the treatment of GVHD, prevention
of solid organ graft rejection, or modulation of autoimmunity might be harnessed through a
PDL1 gene transfer approach as an alternative to ongoing Trgg cell therapy strategies(47).
PDL1-modulation of Th1 cells inhibited xGVHD in two distinct in vivo models;
nonetheless, it is not known how the current results may translate to GVHD as it occurs in
the clinic setting. Of note, multiple cellular vehicles for the PDL1 gene transfer (namely,
CD4% and CD8* T cells and K562 myeloid tumor cells) were capable of modulating Th1
cells, thereby indicating the flexibility of such a PDL1-mediated therapy.

Th1 cells, which are critical for anti-tumor and anti-infection immunity, are subjected to
numerous previously described counter-regulatory mechanisms, and as described here,
appear to also face the challenge of PDL1-mediated conversion to a Trgg phenotype. One
can envision two directions for clinical translational efforts based on this new understanding.
First, adoptive T cell therapy clinical trials might be performed to evaluate whether Th1 cell
function can be preserved in vivo through anti-PD1 reagents, SHP1/2 inhibitors, or
modulation of specific STAT pathways. And second, cellular vehicles engineered for PDL1

expression might be evaluated as a surrogate for regulatory T cell therapy of autoimmunity
or GVHD.

Materials and Methods

Mice

Various immune-deficient murine hosts were used, depending upon availability. Female
RAG2 /"¢y mice were obtained from Taconic and used at 8—12 weeks of age.
Experiments were performed according to a protocol approved by the NCI Animal Care and
Use Committee. Mice were housed in a sterile facility and received sterile water and pellets.
Mice were injected with 0.1ml clodronate containing liposomes (Encapsula Nanoscience)
for macrophage depletion and given low-dose irradiation (350 cGy). Female NOD/SCID
mice were obtained from Jackson Laboratory and conditioned with low dose radiation (450
¢Gy). NODLtSz-scidIL2Ry"!! mice (NSG) were obtained from Jackson Laboratory; NSG
hosts did not undergo conditioning prior to human cell transfer.

Antibodies and reagents

X-VIVO 20 media was obtained from BioWhitaker and AB serum was from Gem Cell. CD4
microbeads were from Miltenyi Biotec. Anti-CD3, anti-CD28 and PDL1-Fc chimera coated
tosyl-activated magnetic beads were manufactured. Rapamycin was from Wyeth
(Rapamune®). Recombinant human (rh) IL-2 was from PeproTech and rhIFN-a-2b was
from Schering Plough. Recombinant PDL1-Fc chimera was from R&D systems. All other
antibodies (unless otherwise stated) were provided by BD Biosciences; anti-human FOXP3
PE was from Biolegend. Luminex kits for detection of IFN-y and TNF-a were from Bio-Rad
(Hercules, CA). 5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester [5(6)-CFDA, SE;
CFSE] was from Invitrogen. Zidovudine (AZT) was from Glaxosmithkline.

Sci Transl Med. Author manuscript; available in PMC 2011 December 12.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Amarnath et al. Page 9

Vector design and construction

pDY .cPPT.EF-10.EGFP.WPRE.SIN was modified from
pHR’.cPPT.EF-10.EGFP.WPRE.SIN by deletion of non-essential elements of the original
transfer vector backbone and LTR sequences. Human codon-optimized, human PD-L1
cDNA was synthesized by Genscript and subcloned into

pDY .cPPT.EF-10.CD19ATMPK.WPRE.SIN (control-LV) to yield
pDY.cPPT.EF-10.CD19ATMPK.IRES.PDL1.WPRE.SIN (PDL1-LV). Fidelity of all vectors
was validated by bidirectional sequencing. LVs pseudotyped with vesicular stomatitis virus-
glycoprotein (VSV-g) were generated as described previously(48). In addition, we
incorporated a fourth plasmid, pAdV Antage™ vector from Promega to increase LV titers.
Virus supernatants were harvested 48 hours and 72 hours after transfection, filtered using
0.45-pm filter, and concentrated at 50,000 x g for 2 hours using an Optima L-100 XP
Ultracentrifuge.LV pellets were re-suspended in serum-free X-VIVO 20 media. Typical
functional titers of concentrated LVs were in the range of 5x108 to 1x10° TU/mL.

Human T cell transduction with Lentivirus

Normal donor peripheral blood cells were collected by apheresis on an IRB-approved
protocol. Total lymphocytes were isolated by elutriation(49). Total CD4* T cells were then
enriched by CD4 microbeads according to manufacturer instructions. CD4* T cells were co-
stimulated at a 3 bead:1 T cell ratio in media containing IL-2 (20 IU/ml) and rapamycin
(1uM). At day 3 of culture, cells were washed and replated at a concentation of 2 x 10°
cells/ml in media containing IL-2 and lentiviral supernatant at an MOI of 20.

Flow cytometry

T cells were washed with PBS supplemented with 0.1% BSA and 0.01% azide, and stained
using anti-: CD4 APC (clone: RPA-T4), CD19 PE (clone: HIB19), and PDL1 FITC (clone:
M1H1). For assessment of cell death, T cells were stained for surface markers (CD4 FITC,
CD19 PE and PDL1 PE-cy7), resuspended in Annexin V buffer, and stained with AV APC
and 7AAD according to manufacturer’s instructions. For in vivo monitoring of human T
cells, splenocytes were stained with CD45 FITC (clone: H130), CD3 Pecy5 (clone: H1T3a),
PDL1 Pe-cy7, PD1 APC (clone: M1H4), CD80 PE (clone: L307.4), and CD19 APC-cy7
(clone: SJ25C1). For intra-cellular (IC) flow cytometry, fixation and permeabilization buffer
was utilized (eBioscience). IC flow cytometry was performed with combinations of CD45
FITC, CD3 Pecy5, PDL1 Pecy7, TBET APC (clone: 4B10; eBioscience), FOXP3 PB (clone
249D; eBioscience), and CD19 APC-cy7; other reagents for IC flow cytometry included
IL-2 FITC (clone: MQ1-17H12), IFN-y PE (clone: 45.B3), CD3 PecyS5, PDL1 Pecy7, TNF-
a APC (clone: MAB11; eBioscience), FOXP3 PB, CD45 APC-cy7 or CD45 FITC, active
Caspase-3 PE, CD3 Pecy5, PDL1 Pecy7, PD1 APC, FOXP3 PB, and CD19 APC-cy7.

STAT phosphorylation assays

Flow cytometry to assess phosphorylation status of STAT molecules was performed using
BD phosphoflow kit containing BD lyse/fix buffer and perm buffer III; STAT1 A488 (clone
4a) and STAT3 A647 (clone49; p-stat3) antibodies were utilized. Briefly, cells were
incubated for 15 min with IFN-y, fixed for 15 min at 37°C with phospho-lyse buffer, and
then fixed in perm buffer III (30 min, 4°). Cells were washed with FACS buffer and stained
for STAT and surface markers, incubated at room temperature (20 min), and analyzed with
FACSCalibur® and CellQuest® software (BD). Nuclear lysates of stimulated T cells were
tested for activated nuclear STAT1 and STAT3 by using the TransAM DNA binding ELISA
assay obtained from Active Motif.
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Protein determination by western blot analysis

Protein lysates were obtained from T cell cultures that were subjected to SIRNA
transduction. Lysates were run on 10-20% SDS-PAGE gels and transferred onto
nitrocellulose membrane. Membranes were blocked with 5% milk in TBST buffer (20mmol/
L Tris HCI, 500 mmol/L NaCl, and 0.01% Tweeen 20) and incubated overnight at 4°C with
primary antibodies (Ab) in TBST containing either 5% milk or BSA. Immunoreactivity was
detected by sequential incubation with HRP-conjugated secondary Ab and enzymatic
chemiluminescence (Cell Signaling Technology). Primary Abs utilized were from Cell
Signaling and included anti-: SHP1, SHP2, Smad2, pSmad2, and beta-actin.

siRNA knockdown of PD1 and SHP1/2

siRNA oligonucleotides for PD1 (P1, P2, P3, and P4), SHP1, SHP2 and AllStar Negative
control siRNA were purchased from Qiagen (Valencia, CA). Transfection of siRNA was
performed according to manufacturer’s instructions (Amaxa). Transfected cells were co-
stimulated as previously described and harvested for real time PCR, protein, and functional
assays at day 3 post-transfection. PD1 knockdown was measured by flow cytometry and
SHP1/2 knockdown was measured by western blotting. All in vivo experiments were
performed with P4 siRNA, which had the most efficient PD1 knockdown. The cells were
further flow sorted for >99% purity of PD1Xd population and then adoptively transferred into
mice.

Xenogeneic GVHD model

Human effector CD4*Th1 (Thl) cells were generated by T cell culture for 6 days with co-
stimulation and expansion in rhIL2 (20 IU/ml), anti-IL-4 (100 ng/ml), rhIFN-a-2b (1 x 100
[U/ml), and rapamycin (1uM)(28). On day 6 of culture, Th1 cells were harvested and
injected i.v. by retro-orbital injection(50) into immune-deficient murine hosts; Th1 cell dose
was 1 x100 cells/recipient. Specific cohorts additionally received ex vivo generated Trgg
cells (generated from CD4*CD127 cells; dose of 0.5 x 104 cells/recipient); other cohorts
received non-polarized CD4* T cells transduced with control-LV or PDL1-LV (dose of 0.5
x 10% or 1 x 10° cells/recipient, as indicated in figure legend). Mice were challenged with
LPS at day 5 post-transplant as indicated. In vivo experiments were also performed where
Th1 cells were generated ex vivo using flow sorted CD4tCD127t*CD25 " CD45RA* T cells
as the culture input population and using a longer, 12-day Thl cell expansion and
polarization interval. In the natural history model of x-GVHD, LPS challenge was not
performed; additional in vivo experiments were performed using human Thl cells harvested
at day 50 post-transplant of the natural history x-GVHD model. AZT was administered by
i.p. injection (twice per day; dose of 50 mg/kg/day). The myeloid tumor cell line K562
(unmodified or PDL1 transduced) were used after irradiation (10,000 rads).

DNA methylation analysis

Th1 cells were either co-cultured for 3 days with PDL1-coated beads or isolated post-BMT
from PDL1-treated or untreated mice. Genomic DNA was harvested and quantification of
the degree of methylation at the FOXP3-TSDR locus was detected by real time PCR method
(performed by Epiontis).

Statistical Analysis

Flow cytometry and cytokine data were analyzed using student’s 2-tailed ¢ tests. Comparison
values of p < 0.05 were considered statistically significant. LPS lethality data was analyzed
using log rank test.
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Figure 1. Th1 Cell-Mediated xGVHD in an LPS Model is Prevented by PDL1-expressing
Effector T Cells

Th1 cells were adoptively transferred to rag2 /"¢y~ mice alone or in combination with
control-LV transduced T cells, Treg cells, or PDL1-transduced T cells. (a) The percentage
of IFN-y secreting human T cells 5 days after adoptive transfer. (b) Absolute number of
post-transplant splenic IFN-y* human T cells was quantified for each cohort. (¢) Recipients
were challenged with LPS and serum was harvested after 90 min and evaluated for TNF-a
content. (d) Cohorts of host mice received the human cell inocula specified, followed by
LPS administration at day 5 after transfer to induce lethal cytokine-mediated xGVHD (n,
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number per cohort: M, X 109). (e) Survival curve after xGVHD induction (* indicates p=<
0.05; *** indicates p < 0.005).
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Figure 2. PDL-1 modulation occurs in highly purified, ex vivo generated Th1 cells and in vivo-

derived pathogenic human Th1 cells

(a) Naive CD4* T cells were purified by flow sorting based on their CD127*, CD257, and
CD45RA" status. Sorted populations were expanded for 12 days in the presence of anti-
CD3, -CD28 coated beads in media containing IL-2, an antibody to IL4, and rhIL12. (b) At
day 12, Thl cells were harvested and restimulated with PMA and ionomycin and subjected
to intra-cellular flow cytometry. (right panel) Representative flow plot showing percentage
of Thl cells that were IFN-y* TBET". (left panel) Characterization of Thl cells based on
transcription factor profile and cytokine secretion. (¢) Representative histogram of PDL1
expression on the transduced K562 tumor cell line (blue);control K562 cell line (red). (d)
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Expanded Th1 cells were adoptively transferred into NSG mice alone or in combination
with K562 cells alone (K) or K562 cells that expressed PDL1 (Kppy ;). At day 5 after
adoptive transfer, splenocytes were harvested and absolute numbers cells that expressed
hPD1 hCD80, hTBET, hFOXP3 and hIFN-y were quantified. (e) Human Th1 cells were
adoptively transferred into NSG mice and flow cytometry was performed at day 50 after
transplant to detect human Thl cell engraftment. (f) Engrafted human Thl cells were
restimulated ex vivo and characterized for transcription factor and cytokine expression. (g)
Survival curve for human Th1 cell transfer into NSG hosts. (h) The in vivo-derived,
pathogenic human Th1 cells were harvested at day 50 after transplant and transferred to
secondary murine recipients either alone or in the presence of CD4* T cells expressing
PDL1 or CD8™" T cells expressing PDL1. At day 5 after adoptive transfer, splenocytes were
harvested and absolute numbers of cells expressing hPD1, hTBET, hFOXP3 and hIFN-y
were quantified by flow cytometry. (i) Additional experiments were performed where in
vivo-derived pathogenic human Th1 cells were co-injected with irradiated K562 cells (K) or
irradiated K562 cells expressing PDL1 (Kppy 1). Splenocytes were harvested at day 5 and
absolute numbers of cells expressing hPD1, hTBET, hFOXP3 and hIFN-y were quantified
(* indicates p < 0.05, ** indicates p < 0.005).
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Figure 3. Thl Cells Mediate Lethal xGVHD: Abrogation by PDL1- expressing Effector T Cells
(a) Human Th1 cells were expanded ex vivo. Prior to adoptive transfer, Thl cells were
evaluated by intracellular flow cytometry for transcription factor expression and cytokine
content (b) Prior to adoptive transfer, transduced human T cells were evaluated for PDL1
expression (non-transduced cells; PDL1-transduced cells). (¢) NSG mice were injected with
Th1 cells (1 x 10°) alone or with PDL1-transduced T cells (5 x 10%). Human T cell splenic
engraftment for recipients of Th1 cells plus PDL1-transduced cells is shown at day 6 and
day 90 after transfer. (d) TBET expression by intracellular flow cytometry was monitored in
cohorts that received Th1 cells alone, Th1 cells plus control LV-transduced T cells, or Th1
cells plus PDL1-LV transduced T cells. Right panel shows pooled data for TBET expression
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for each cohort. () FOXP3 expression by i.c. flow cytometry was monitored at day 6 after
transplant in cohorts that received Th1 cells alone, Thl cells plus control LV-transduced T
cells, or Th1 cells plus PDL1-LV transduced T cells. Right panel shows pooled data for
FOXP3 expression for each cohort. (f) TBET and FOXP3 expression at day 90 after
transplant in recipients of Th1 cells or Th1 cells plus PDL1-expressing T cells. (g) Survival
curve for recipients of Th1 cells alone or Thl cells plus PDL1-expressing T cells. (*
indicates p < 0.05, ** indicates p < 0.005).
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Figure 4. PDL1-mediated Abrogation of Th1 Effector Cell Function Requires Intact PD1

NSG host mice received, as indicated, a combination of human Th1 cells (either unmodified,
control siRNA-treated, or PD1 siRNA-treated) and PDL1-transduced T cells. (a) At day 6,
absolute numbers of human T cells (left panel) and PD1-expressing T cells (right panel)
were enumerated in the spleen. (b) Splenocytes were stimulated (PMA/ionomycin) and the
number of FOXP3-negative T cells expressing IFN-y, IL-2 and TNF-a were quantified;
conversely, the number of FOXP3-positive T cells deficient in production of IFN-y, IL-2,
and TNF-a were quantified. (¢) Recipients were challenged with LPS and serum was
harvested 90 min later for measurement of TNF-a. (d) Absolute numbers of engrafted
human T cells expressing TBET were quantified. (e) Cohorts of host mice received the

Sci Transl Med. Author manuscript; available in PMC 2011 December 12.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Amarnath et al.

Page 22
human cell inocula specified, followed by LPS administration on day 5 after transfer for

assessment of lethal cytokine-mediated xGVHD (n, number per cohort). Data panels
represent n=10 replicates per cohort (* indicates p < 0.05, ** indicates p < 0.005).
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Figure 5. PDL1 Induction of Th1 Cell Plasticity Requires Intact SHP1/2 Signaling
NSG host mice received, as indicated, a combination of human Th1 cells (either unmodified,
pervanadate-treated [Per], or NSC87877-treated [NSC]) and PDL1-transduced T cells. (a)
At day 6, absolute numbers of human T cells engrafted in the spleen were enumerated. (b)
Splenocytes were stimulated (PMA/ionomycin) and the number of FOXP3-negative T cells
expressing IFN-y, IL-2, or TNF-a were quantified; conversely, the number of FOXP3-
positive T cells deficient in production of IFN-y, IL-2, and TNF-a were quantified. (c)

Recipients were challenged with LPS and serum was harvested 120 min later for

measurement of TNF-y. (d) Absolute numbers of engrafted human T cells expressing TBET

were quantified. (e) Cohorts of host mice received the human cell inocula specified,
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followed by LPS administration on day 5 after transfer for assessment of lethal cytokine-
mediated xGVHD (n, number per cohort). Data panels represent n=10 replicates per cohort
(* indicates p < 0.05, ** indicates p < 0.005).

Sci Transl Med. Author manuscript; available in PMC 2011 December 12.



1duosnuey Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuepy Joyiny Vd-HIN

Amarnath et al.

a
Cell Membrane
00000000000a00000000000!
O0000000O0C00000000000T T 000000000000000000000N000N
Cytoplasm
b 10% 104
0.7% 0.3%
103 10%
103 10%
10" 97% | 101 @ 98%
10" 102 103 104 10" 10?2 102 10%
+rhIFN-y P +rhlFN-y+PDL1
49% i 21%
103
& 10%
[~ L L
w0y |
I 49% 79% |
e . - r -
101 102 103 104 101 1@ 1 1ot
104 +rhiL6 104+ +rhiL6+PDL1
19%
103+ 103
103 104
il
=3 M
=10t 10"
iy 79%
I 10! 10% 10 100 10" 102 10 10¢

*CD4

(al

%]

Page 25

2
[ [
S S
®E S E i
2 £ 28 -
= a'| Tt 11
= g " E
Eo g8
& &
PDL1___PDL1 0 PDL1
NS rhiFN-y Th1eff+rhIFN-y
+NSC.
Thieff 21
* e
BE 5 E
> £ 2 S
€3 gl T
m3 7] £
ge ==
» @
0
° PDL1 __ PDL1 ___PpoL1
NS rhiL6 Thieff+rhiL6
T Thieff +NSC.
d * e
15 x
20 U ® I 1
+ b - ) =
2 F310
310 £
a Ex 5
2 a2
£ 0
4 PDL1 PDL1
Thieff Thieff

Figure 6. PDL1 Induction of Th1 Cell Plasticity Associates with STAT1 Inactivation

(a) Working model for Thl cell plasticity: (1) PDL1/PD1 interactions recruit SHP1/2; (2)
SHP1/2 inactivates STATI, thereby abrogating IFN-mediated maintenance of TBET; (3)
STATI inhibits FOXP3. (b) To investigate aspects of this model, Thl cells were
restimulated in the presence of IFN-y or IL-6 for 30 min prior to phosphoflow cytometry.
Representative examples shown are Th1 cells without additional cytokine addition either
alone or with PDL1-coated beads; Th1 cells plus a STAT1 activating cytokine (IFN-y) alone
or with PDL1-coated beads; and Th1 cells plus a STAT3 activating cytokine (IL-6) alone or
with PDL1-coated beads. (¢) Nuclear lysates of Thl cells were obtained (n=5 donors) and
subjected to an ELISA-based STAT activation assay. STAT1 activation was evaluated in the
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presence of PDL1 (top left panel) or PDL1 plus the SHP1/2 inhibitor NSC87877 (top right
panel); STAT3 activation was evaluated in the presence of PDL1 (bottom left panel) or
PDL1 plus NSC87877 (bottom right panel). (d) Th1 cells were evaluated for TBET
expression in the presence or absence of PDL1. (e) Thl cells were evaluated for
demethylation status of the FOXP3 TSDR locus. (For each panel: * indicates p < 0.05, **
indicates p < 0.005, *** indicates p < 0.0005).
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