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Abstract

Despite the success of immune checkpoint blockade therapy, few strategies sufficiently overcome
immunosuppression within the tumor microenvironment (TME). Targeting regulatory T cells
(Tregs) is challenging, because perturbing intratumoral Tyeq function must be specific enough to
avoid systemic inflammatory side effects. Thus, no Tyeq-targeted agents have proven both safe and
efficacious in patients with cancer. Neuropilin-1 (NRP1) is recognized for its role in supporting
intratumoral Tyeq function while being dispensable for peripheral homeostasis. Nonetheless, little
is known about the biology of human NRP1 Tyeqs and the signals that regulate NRP1 expression.
Here, we report that NRP1 is preferentially expressed on intratumoral Tyegs across six distinct
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cancer types compared to healthy donor peripheral blood [peripheral blood lymphocyte (PBL)]
and site-matched, noncancer tissue. Furthermore, NRP1* Treg prevalence is associated with
reduced progression-free survival in head and neck cancer. Human NRP1* Tyeqs have broad
activation programs and elevated suppressive function. Unlike mouse Tegs, We demonstrate that
NRP1 identifies a transient activation state of human Tyegs driven by continuous T cell receptor
(TCR) signaling through the mitogen-activated protein kinase pathway and interleukin-2 exposure.
The prevalence of NRP1* Tyegs in patient PBL correlates with the intratumoral abundance of
NRP1* Tregs and may indicate higher disease burden. These findings support further clinical
evaluation of NRP1 as a suitable therapeutic target to enhance antitumor immunity by inhibiting
Treg function in the TME.

INTRODUCTION

On the basis of the success of immune checkpoint blockade (ICB) for patients with cancer,
it is clear that reversal of CD8" T cell exhaustion increases objective clinical responses
(1). This paradigm has held true across numerous solid tumor types, from melanoma (Mel)
to hepatocellular carcinoma, with varying response rates (2). However, even in the best-
performing clinical indications, only 20 to 30% of patients achieve an objective response,
highlighting that additional barriers to antitumor immunity exist beyond CD8* T cell
exhaustion. One key obstacle is overcoming checkpoint-independent immunosuppression
within the tumor microenvironment (TME).

Many immunoregulatory cells are actively recruited, differentiated, and stimulated at the
tumor site, including regulatory T cells (Tyegs), tumor-associated macrophages, and myeloid-
derived suppressor cells (3-5). Although these immunosuppressive cell types are required
for physiologic homeostasis, they can markedly impede productive antitumor immunity

and are known to drive resistance to ICB (6). Among this group, Tiegs are consistently
associated with worse clinical outcomes in human solid tumors (7-16) and thus are a major
impediment for advancing cancer immunotherapy.

Marked by the master transcription factor forkhead box protein P3 (FOXP3), Tyegs maintain
immune equilibrium by minimizing inflammatory damage to host tissues (17). The potency
of Treg function is demonstrated in immune dysregulation, polyendocrinopathy, enteropathy,
X-linked syndrome, wherein mutations of the FOXP3 gene locus engender a deficit in Tygg
development, resulting in debilitating autoimmunity (18). In cancer, the anti-inflammatory
function of Tyegs is commandeered for the protection of the tumor. Activated Tyeqs are often
more prevalent in human tumors compared to normal, site-matched tissue and secondary
lymphoid organs (13, 19). Furthermore, Teq-specific depletion in mouse models restores
antitumor immunity (20); however, because of the essential role Tyegs play in immune
homeostasis, tumor rejection coincides with peripheral autoimmunity (21). Therefore, future
translational strategies must discriminate between homeostatic and tumor-specific Trgg
programs with the goal of identifying a therapeutic opportunity that minimizes toxicity.

The transmembrane co-receptor neuropilin-1 (NRP1; CD304) has been identified as a prime
candidate to specifically target intratumoral Tregs (22). NRP1 can be expressed by multiple
immune, vascular, neuronal, and endothelial cell types; however, it is a key regulator of
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intratumoral Tyeg function (22). In murine studies, the requirement of NRP1 expression

for optimal Tyeq function is constrained to the TME. Specifically, Treq-restricted NRP1
deletion or pharmacologic blockade restores antitumor immunity in mice challenged with
implantable tumors without generating any aberrant autoimmune side effects (21, 23).
Furthermore, loss of NRP1 reverses the phenotype of intratumoral Tyegs, causing them to
produce interferon-y, a phenomenon termed as “infectious fragility” (24). Upon binding
semaphorin-4a (SEMA4A), NRP1-mediated recruitment of phosphatase and tensin homolog
(PTEN) to the immunologic synapse restrains protein kinase B (also known as AKT)
activity, thereby stabilizing Tyeq activation (21).

Despite evidence supporting the importance of NRP1 in murine cancer models, the extent

to which NRP1 shapes Tyeq function in human cancer remains underexplored. Whereas a
high proportion of mouse resting or naive Tyegs express NRP1 (25-27), few Tyegs in healthy
(noncancer) human donors express NRP1 (28). Although increased NRP1 expression has
been noted on Tyegs in draining lymph nodes and tumors of patients (23, 24, 29-31),

the degree of expression is lower than that observed in mouse studies. Nonetheless,

initial reports are consistent with observations from mouse models regarding NRP1* Teq
phenotype, function, and potential clinical impact (23, 24, 31). With a current phase 1b
clinical trial underway for an anti-NRP1 monoclonal antibody targeting the SEMA4A
binding domain (NCT03565445), the need to more rigorously understand how findings from
mouse studies translate to human disease is paramount. No study to date has characterized
intratumoral and peripheral Tyegs for NRP1 expression in more than two solid tumors nor has
any report systematically addressed which signals within the TME drive NRP1 expression
0N Tregs iN human tumors.

In this study, we evaluated whether NRP1 modulates Tyeq function in human cancer. We
hypothesized that NRP1* Tregs Would be elevated in patients with cancer; that NRP1
expression on Tyegs would be indicative of a highly activated phenotype, driven by signals
enriched in the TME; and that a higher frequency of NRP1* Tregs Would correlate with
poor prognosis. We analyzed 375 fresh patient samples from six distinct cancer types

in conjunction with 85 fresh samples from relevant healthy tissue controls, paired with

in vitro suppression assays, mechanistic interrogation of NRP1 drivers, and correlative
clinical analysis of our prospectively accrued patient cohort. Overall, our findings support
the idea that antagonizing NRP1-dependent Tyeq function to enhance antitumor immunity
may augment standard-of-care immunotherapy.

RESULTS

NRP1* Tigqs are restricted to the TME in patients with solid malignancies

With comprehensive characterization of NRP1 expression in human cancer lacking, we
prospectively collected 375 fresh blood and tumor samples from six cancer types with a
minimum of 12 individuals per sample group (fig. S1A and table S1). We also collected

85 control samples including healthy donor (HD) peripheral blood [peripheral blood
lymphocyte (PBL)] and site-matched, noncancer specimens from the tonsil, ovary, and lung
(fig. S1, B and C, and table S2). This approach enabled comparisons between peripheral and
intratumoral Tyegs across multiple tumor types and noncancer tissues.
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As previously reported (24), the total NRP1 protein expression (herein denoted as
NRP1TOT) was determined by fixing and permeabilizing cells and staining with an antibody
specific for the intracellular tail of NRP1. In addition, we incorporated a noncompeting cell
surface NRP1-directed antibody to quantify the fraction of NRP1* Tregs that could interact
with ligands (herein denoted as NRP1SURF). Unexpectedly, the discordant expression of
NRP1TOT versus NRP1SYRF was observed in patient samples (Fig. 1A), revealing that Tregs
(FOXP3*, CD25M, CD4* T cells) from patients with cancer contained intracellular stores of
NRP1 protein (Fig. 1, A and B). Furthermore, 21.6% of patients with cancer had a higher
fraction Tegs expressing NRP1SURF in their peripheral blood than any HD we measured,
and this rose to 52.4% when looking at tumor samples (Fig. 1C and fig. S1C). NRP1 is only
abundantly detected on HD peripheral Tyegs after in vitro stimulation and was not associated
with donor age (Fig. 1A and fig. S1D) (28).

NRP1 expression (NRP1TOT and NRP1SURF) was robust across multiple tumor types, with
NRP1SURF heing preferentially expressed by intratumoral T eqs compared to PBL Tyegs
except in pancreatic ductal adenocarcinoma (PDAC), which had a low median expression
in both PBL and tumor-infiltrating lymphocyte (TIL) (Fig. 1, B and C; treatment-naive
tumor cohorts). NRP1 expression was correlated between intratumoral and peripheral Tyegs
in patients with head and neck squamous cell cancer (HNSCC) (NRP1SURF Fig. 1D;
NRP1TOT fig. S2A). Compared to HD PBL, patients with cancer had significantly more
NRP1TOT* T o in their peripheral blood and tumor (P< 0.05 in 9 of 10 cohorts; Fig.

1B). To determine whether NRP1 expression was simply an indicator of tissue residence

or trafficking, we analyzed noncancer, site-matched specimens of the oropharynx (matched
with a subset of HNSCC). We found that both NRP1SURF and NRP1TOT are enriched in the
TME (Fig. 1E). Similar findings were observed in the lung tissue comparing normal tissue
(both smoker and nonsmoker) and chronic obstructive pulmonary disease (COPD) tissue
with non-small cell lung cancer (NSCLC) specimens (fig. S2B). Moreover, Tyegs in benign
ovarian lesions had little to no NRP1 expression compared to those in malignant epithelial
ovarian cancer (OvCa; fig. S2C). Together, these findings from three distinct tissue/tumor
pairs suggest that NRP1SURF expression among Tyegs is unique to the TME in these tissues.
NRP1SURF expression was enriched on Tregs compared to CD4* effector T cells (CD4* Teg)
and CD8* T cells in HNSCC tumors, although also correlated between T cell subsets (fig.
S2D). In contrast, NRP1TOT expression was comparable between T cell subsets (fig. S2E).
Analogous observations were made in OvCa tumors and HNSCC PBL (fig. S2, F to ). This
suggests that Tregs May be more responsive to cues within the TME that drive NRP1SURF,

The distribution of NRP1* Tegs (NRPLTOT and NRP1SUR) within each tumor type was
distinct (fig. S3). HNSCC, OvCa, and NSCLC had the highest median values for NRP1SURF
and NRP1TOT (fig. S3B), and in HNSCC and OvCa, NRP1SYRFand NRP1TOT were
correlated with each other. Patients with these cancer types had a high proportion of

NRP1* Tyegs compared to colorectal cancer (CRC), PDAC, and Mel (defined by the median
NRP1SURF and NRP1TOT values aggregated across tumor types; see Materials and Methods;
fig. S3, A and B, quadrants 111 and 1V). The relative enrichment of individuals in quadrant |
for CRC, PDAC, and Mel suggests that Tyegs may be exposed to fewer stimuli within these
TME that regulate NRP1 expression. Microsatellite stable (MSS) CRC and PDAC are poorly
immunogenic tumors, compared to the others in our cohort (2, 32, 33). We hypothesized
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that this contributes to the similarity of NRP1SURF and NRP1TOT abundance between PBL
and TIL samples of these cancers and overall low abundance of NRPISURF* T (Fig. 1,

B and C). Furthermore, the Mel cohort in our study was distinct from the others, because a
high proportion of individuals were pretreated, many with ICB (fig. S3, C and D), whereas
all other cancer cohorts were treatment naive at the time of biopsy. Lack of response to

prior therapy may indicate that these individuals had particularly immune-suppressed TMEs,
which may concomitantly affect NRP1 expression. Together, NRP1 can be expressed by
Tregs in many cancer types, and signals in the TME may be responsible for driving NRP1
expression.

Prevalence of intratumoral NRP1SURF+ Tregs is correlated with decreased survival in

HNSCC

Because NRP1SURF* T .. are enriched in solid tumors, we hypothesized that the proportion
of intratumoral Tegs expressing NRP1SYRF would be negatively associated with the patient
outcome. We evaluated this hypothesis in HNSCC and OvCa, as we prospectively accrued
the most tumor specimens in these cohorts (fig. SLA). We analyzed NRP1 in both tumors
with respect to progression-free survival (PFS) and other clinical parameters. In HNSCC,
we found that the proportion of NRP1* Tregs Was not a continuous predictor of outcome
(Fig. 1F); however, when we grouped individuals above or below the median proportion of
NRP1SURF* T/, we found that individuals in the high group had significantly reduced PFS
compared to those with fewer NRP1SURF* T ..o (P=0.0200; Fig. 1G and fig. S4), with a
lower rate of disease-specific survival at 3 years (Fig. 1H). Conversely, NRP1TOT expression
was not associated with a clinical difference, neither as a continuous predictor nor with the
cutoff as the median (Fig. 1F and fig. S4B). We did not observe a strong association between
NRP1SURF and PFS in OvCa (fig. S5). Nonetheless, continued follow-up may reveal a
difference in PFS between these groups in the OvCa cohort.

Although other clinical parameters were also associated with PFS (fig. S6A), most did not
display a relationship with NRP1 expression (fig. S6B), suggesting that our observations are
not strongly confounded by other clinical characteristics. Nonetheless, of the nine patients
with HNSCC subsequently treated with immunotherapy, six fell into the above median
NRP1SURF expression group (66%), with five experiencing a progression of disease. If

we remove these individuals from our analysis to mitigate potential confounding, then the
Pvalue calculated for these data no longer falls under a significance level of 0.05 [P=
0.099; hazard ratio (HR) of 3.53; fig. S6C], likely due to decreased statistical power from
fewer samples and events. Because it is unlikely that immunotherapy deleteriously affected
subsequent outcome (34), it is more likely that that intratumoral Teqg NRP1 expression
typified a subset of patients whose disease was unable to be controlled with other treatment
modalities. Thus, the association does not undermine our findings but rather supports the
claim that the proportion of NRP1* T is prospectively associated with disease severity,
possibly through increased Tyeg-mediated immunosuppression in the TME.

Intratumoral NRP1SURF* T, exhibit a multifaceted suppressive program

On the basis of the mechanistic analysis of NRP1* Tregs in mouse models of cancer
(21, 24), we hypothesized that NRP1 expression would be associated with increased
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Treg activation, stability, and survival in human tumors. Other research has reported an
enrichment of FOXP3, human leukocyte antigen (HLA)-DR, and glucocorticoid-induced
tumor necrosis factor receptor (TNFR)-related protein (GITR) expression for NRP1™ CD4*
T cells in lymph nodes from patients with cancer (31). However, we aimed to evaluate a
more complete Teg-specific activation signature combined with the suppressive function of
intratumoral Tyegs in vitro. We first focused on comparing the differential protein expression
between the NRP1SURF+ and NRP1SURF- subsets because only cell surface NRP1 would
interact with ligands to influence Tyeq function in the TME (fig. S7A). The proportion of
activated Tegs in HNSCC and OvCa was increased within the NRP1SURF* subpopulation,
as revealed by expression of early activation marker CD69 (Fig. 2, A and B), as well as

by T cell immunoreceptor with immunoglobulin (Ig) and immunoreceptor tyrosine-based
inhibitory motif domains (TIGIT) and inducible T cell costimulator (ICOS) expression
(ICOS only for OvCa; fig. S7, B and C) (35-37). We also observed a higher proportion of
NRP1SURF* T .o expressing the chemokine receptor CCR8 (CD198) (Fig. 2, A and B) (38).
In addition to canonical markers of activation and tumor residence, HNSCC NRP1SURF+
Tregs Were enriched for multiple TNFR superfamily members (TNFRSFs), including GITR,
4-1BB (Fig. 2, C and D), OX40, and TNFR2 (fig. S7, D and E). Although the proportion

of Tregs expressing NRP1SURF and TNFRSFs is comparable between HNSCC and OvCa,
we only observed a correlation between NRP1 and TNFRSFs in Tyegs from HNSCC tumors
(Fig. 2, Cand D, and fig. S7, Fto I).

Because NRP1SURF* T ..o are also NRP1TOT* (Fig. 1A), we queried whether NRP1TOT
expression contributed to the above observations by further subdividing Tegs into three
groups based on NRP1 expression: NRP1~, NRP1TOT+SURF= and NRP1TOT+SURF+
(referred to as NRPSURF* elsewhere; fig. S8A). NRPLTOT*SURF=T . (indicated by gray
bars) had an intermediate expression of several markers that we investigated (Fig. 2, E and F,
and fig. S8); however, their expression was significantly lower than that of NRP1TOT+SURF+
Tregs (P< 0.05 for all markers shown, indicated by blue bars) and not readily distinguishable
from NRP1™ Tegs.

In addition, intratumoral NRP1SYRF* T expressed 20% more FOXP3 protein and 30 to
40% more CD25 protein compared to NRP1SURF~ T .. residing in the same TME (fig.
S9A). This indicates that NRP1SURF* T . are more stable, because both FOXP3 and CD25
are hallmarks of Tyeg stability (39). Similarly, NRP1SURF+ T . also expressed 15% more
Bcl2 protein, a critical antiapoptotic regulator, and a higher proportion of NRP1SURF* T
expressed Ki67, marking recent or ongoing entry into the cell cycle (fig. S9, B and C).
These findings were consistent in HNSCC and OvCa tumors. We found that programmed
death 1 (PD-1) and Helios were only significantly coexpressed with NRP1 in OvCa (P<
0.001; fig. S9, D and E). Collectively, these findings demonstrate general consistency of the
NRP1SURF* T,., phenotype across two distinct tumor types, albeit with minor differences.

Given these data, we next hypothesized that intratumoral NRP1SURF* T ... would be
more suppressive than matched NRP1SYURF~ T ... We observed increased suppression by
NRP1SURF* T o from either HNSCC or OvCa tumors compared to NRP1SURF~ T, o
(P=0.01164 for HNSCC; Fig. 3, A and B) (40). When performed in the presence of

an NRP1-specific blocking antibody, the functional advantage of OvCa TIL NRP1SURF+
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Tregs is restrained (2= 0.05075; Fig. 3B). The antibody used was specifically designed

to bind the SEMA4A binding domain of NRP1 (domain b1; patent US20190119389A1),
which blocks the key interaction shown to maintain Tyeg stability (21). Nonetheless, this
remains an unexpected finding as NRP1SURF* T ¢ are enriched for expression of numerous
function- and stability-associated proteins. Furthermore, we observed that the proportion of
NRP1SURF* T, in OvCa tumors was correlated with the prevalence of CD45RA™ CD8* T
cells, which are enriched for antigen-experienced cells (Fig. 3, C and D, and fig. S9, F and
G) (41). This trend was not observed in HNSCC (Fig. 3C).

T cell activation signals in the TME drive surface expression of NRP1 on Tyegs

Because NRP1SURF expression is critical for a suppressive program in intratumoral Tyegs in
human cancer, we next investigated what signals drive and maintain its expression. Our prior
observation that Tyegs residing in noncancer site-matched tissues have lower NRP1SURF
expression than tumors at the same site suggests that unique signals in the TME may govern
NRP1SURF expression (Fig. 1E and fig. S2, B and C). Given the importance of T cell
receptor (TCR) stimulation in Teq function and stability and the difference in neoantigen
load in tumors versus normal tissues, we hypothesized that T cell activation initiates NRP1
expression in the TME. In vitro TCR stimulation of patient PBL Tyeq with interleukin-2
(IL-2) resulted in marked NRP1SURF yp-regulation after 6 days but minimal change after 3
days (Fig. 4A). Increased NRP1TOT expression was also observed by flow cytometry with
similar kinetics (fig. S10A). Furthermore, NRP1SURF up-regulation is a late activation event
compared to other activation-associated receptors, such as GITR, or inhibitory receptors,
such as PD-1 and TIGIT, which are expressed after 3 days of stimulation (fig. S10B).

A remaining question was whether NRP1SURF marks a stable lineage of human Tyegs or a
transient activation state. After stimulating HD PBL Tyegs for 6 days to drive NRP1SURF
expression, NRP1SURF* T .. were isolated by fluorescence-activated cell sorting (FACS)
and cultured in the presence of IL-2 without continued stimulation (Fig. 4B). After 72 hours
of rest, about half of the T egs down-regulated NRP1SURF. However, if stimulation was
maintained after purification, then nearly all cells retained NRP1SURF,

We also found that, when the concentration of IL-2 during rest was decreased 32-fold
(notated as “low IL-2"), the proportion of NRP1SURF* T .. was further diminished (45%
average reduction; Fig. 4B). A full titration of both TCR stimulation (via plated anti-CD3
density) and IL-2 further confirmed that both signals participate in sustaining NRP1SURF
expression after initial activation (Fig. 4B and fig. S10, C to G). A clear dose-response was
observed for decreasing IL-2 concentrations across all anti-CD3 concentrations; however,
Treg expression of NRP1SURF was highly sensitive to a low concentration of anti-CD3
when sufficient 1L-2 was present (fig. S10D). Multiparameter linear regression suggests that
IL-2 concentration is twice as important as TCR stimulation for maintaining NRP1SURF
expression on Tregs (Fig. 4B). Similarly, FOXP3 expression was heavily dependent on IL-2
concentration when minimal anti-CD3 was present (fig. S10G). In contrast, the persistence
of inhibitory receptors PD-1 and TIGIT was more dependent on anti-CD3 density within
the range tested (fig. S1I0E). We also observed that ex vivo intratumoral NRP1SURF+

Tregs €xpressed higher phosphorylated signal transducer and activator of transcription 5
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(pSTATS5) and phosphorylated extracellular signal-related kinase 1/2 [pERK1/2; also known
as mitogen-activated protein kinase 3 (MAPK3)] relative to NRP1SURF~ T .. (fig. S10, H
and I). This supports the notion that both signals contribute to NRP1 expression in cancer.
Furthermore, pSTAT5 expression was correlated with CD25 expression in these intratumoral
Tregs (fig. S10H).

Next, we evaluated various pathways of the TCR signaling cascade to determine whether
they influenced NRP1SURF expression on stimulated Tyegs. We used a panel of well-
characterized small-molecule inhibitors that target various TCR signaling kinases. Three of
the most potent inhibitors of NRP1SURF expression were ulixertinib (BVD-523), trametinib,
and 5Z-7-oxozeaenol, which inhibit ERK1/2, MAPK?2 kinases 1/2 (MEK1/2; also known

as MAP2K1/2), and ERK2, respectively (Fig. 4C). 5Z-7-Oxozeaenol also has inhibitory
function against transforming growth factor—p—activated kinase 1 (TAKZ; also known as
MAP3K7). These agents restricted NRP1SURF yp-regulation by 60 to 80% compared to

the vehicle control group [dimethyl sulfoxide (DMSO)], providing strong evidence that

the MAPK pathway was participating in NRP1SYRF up-regulation. Our observation was
further supported by the use of other redundant MAPK pathway targeting agents that also
decreased NRP1SURF expression (fig. S11A). Reverse transcription quantitative polymerase
chain reaction (RT-qPCR) after inhibitor treatment suggests that a large proportion of the
regulation of NRP1 was at the level of gene transcription because the observed decrease in
NRPI gene transcript of 60 to 70% largely matches what was observed by flow (R=0.88, P
< 0.001; Fig. 4D and fig. S11B). Similarly, no consistent changes in the FOXP3 gene were
observed (fig. S11C).

Idelalisib, a phosphoinositide 3-kinase (PI3K)-6 inhibitor, and rapamycin, a mammalian
target of rapamycin (mTOR) inhibitor, also reduced NRP1SURF expression; however, these
pathways are known to be broadly important for Teq identity, survival, and function
(42-46). Thus, they may affect a broader activation program in Tegs, as We saw greater
reductions in Ki67, GITR, and 4-1BB with these agents, particularly idelalisib (fig. S11,

A and D). Because these kinases also participate in the regulation and function of AKT, it

is possible that their effect on NRP1 expression is partially due to AKT-mediated FOXP3
dysregulation and Ty instability (42). Conversely, treatment with tacrolimus, a clinically
applied calcineurin inhibitor, generated a modest increase in NRP1SURF protein and gene
expression. We did not see an effect on NRP1 regulation with inhibitors targeting p38
MAPK, cyclic adenosine monophosphate response element—binding protein (CREB), or
ribosomal s6 kinases 1/2/3 (RSK1/2/3) (SB202190, 666-15, and LJH685, respectively; fig.
S11, A and D). We observed comparable effects on NRP1SURF expression with all inhibitors
tested with a reduced treatment duration (Fig. 4C and fig. S11D), providing evidence that the
MAPK/ERK pathway participates in NRP1SURF regulation on Tyegs, Whereas nuclear factor
of activated T cells is in opposition.

Circulating NRP1SURF+ Tregs May serve as a prognostic marker of disease burden

We aimed to elucidate whether the proportion of NRP1* Tregs in PBL could be a useful
indicator of patients who may benefit most from NRP1-directed immunotherapy. Unlike the
current standard-of-care immunotherapy targets, such as PD-1 and cytotoxic T lymphocyte—
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associated protein 4, NRP1 is elevated and detectable in patient PBL and correlated with
intratumoral expression (Fig. 1, B and D). Specifically, patients with OvCa had a significant
enrichment of NRP1SURF* PBL T ¢, in contrast to patients with benign ovarian lesions (P
<0.01; fig. S12A). Thus, systemic NRP1 expression on Tregs may have clinical utility.

We found that NRP1SURF* peripheral Tegs in HNSCC are enriched for the expression of
activation markers, including ICOS and GITR (Fig. 5A), compared to matched peripheral
NRP1SURF™ T, 4. Furthermore, in HNSCC PBL, NRP1TOT* T s and NRP1TOT+SURF+
Tregs have a more activated phenotype compared to NRP1™ Tyeqs (Fig. 5A and fig. S12, B
and C). Using HD PBL Teq NRP1 expression to define a meaningful cutoff (fig. S12D), we
grouped patients with HNSCC by their peripheral expression of NRP1 and found that those
with a high proportion of NRP1SURF* T . trended toward decreased PFS and decreased
DSS at 3 years (PFS, P=0.0939, HR = 2.3; Fig. 5B and fig. S12E). We next determined
whether a high prevalence of NRP1SURF* T . in both blood and tumor compartments
resulted in worse outcome than one alone. We previously observed that the NRP1SURF
expression was correlated between TIL and PBL in HNSCC (Fig. 1D) and found that our
patient grouping based on PBL NRP1SURF* T ., prevalence was significantly associated
with TIL prevalence (P < 0.001; Fig. 5C). Almost all patients with HNSCC (12 of 13) with
a high proportion of peripheral NRP1SURF* T\ also had NRP1SURF expression above the
median intratumoral value (Fig. 5C), reinforcing the point that PBL NRP1SURF expression
reflects tumor expression for a subset of patients. The rate of recurrence, median tumor
burden, and median lines of therapy for disease control was higher in those individuals who
had a high proportion of NRP1SURF* T . in both tumor and blood samples compared to
high abundance of NRP1SURF* T ..« in the tumor alone (Fig. 5, C and D). Compared to all
other patients, those with a high prevalence of NRP1SURF* T .. in both PBL and TIL had
worse PFS (P=0.0152; Fig. 5E and fig. S12F). The Pvalue calculated for the comparison of
PFS between all three groups from Fig. 5D did not fall below the significance level of 0.05
due to the decreased power from the fewer patients per group (log-rank test between all three
groups yields £=0.0593; Forest plot of risk for each group is also shown; fig. S12, G and
H). Like in the tumor, NRP1TOT expression in the PBL did not discriminate between groups
with differing clinical outcome (fig. S12, | and J). Assessment of NRP1SURF as a blood
marker may identify a subset of patients with poor prognosis that could be ideal candidates
from NRP1-directed immunotherapy (fig. S13).

DISCUSSION

The consistent enrichment of NRP1* Tregs across six tumor types and the comparable
NRP1-associated phenotypes in HNSCC and OvCa suggest that NRP1 may play a key role
for Tregs in multiple human cancers. Furthermore, in some indications, the prevalence of
NRP1SURF* T .o was associated with worse patient outcomes and advanced disease. Our
study deepens what is known about NRP1 biology on human Tegs by tabulating NRP1
expression in the tumor and blood of across a broad population of patients with cancer

and providing comprehensive examination of the suppressive program of NRP1-expressing
Tregs- In this way, our work lays a foundation for future clinical evaluation of this putative
modulator of Tyeq function and stability.
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The profile of Tyeg NRP1 expression across human tissue samples paired with our
mechanistic in vitro analysis of human NRP1 regulation highlights the advantages of this
marker for clinical development. A key concern with Tyeg-directed immunotherapy is the
off-tumor toxicity due to a broad inhibition of Tyeq function or depletion, especially at

sites of environmental interface such as the gastrointestinal tract. Although NRP1 identifies
thymic-derived Tyegs in mice (47), human Tyegs do not express high NRP1SURF in the
absence of activation or in noncancer tissues. Because NRP1SURF expression is a late marker
of human Tieq cell activation and is only expressed by a subset of intratumoral Tyegs, NRP1
antagonism may preferentially affect the most suppressive Tyegs in the TME whose presence
is also positively correlated with CD45RA™ CD8* T cell infiltration. This strategy could
prove sufficient to permit effective antitumor immunity without compromising systemic
immune homeostasis.

Many groups have set out to find intratumoral Tyeq functional markers that could offer utility
as a therapeutic target or biomarker (38, 48). These studies did not identify NRP1 as a key
target; however, this is likely due to the approach taken. Whereas these studies took an
unbiased, transcriptomic view to identify intratumoral-enriched, Tyeg-specific molecules, we
focused on NRP1 due to our prior studies in murine cancer models (21, 24). Although NRP1
expression on Tiegs is unique to the TME in our study, the degree of expression is highly
variable between patients. With a limited study cohort, NRP1 may not have been expressed
consistently enough to warrant comparison to other molecules. Furthermore, NRP1 is not
fully Tyeq specific but rather can be expressed at lower abundance on other T cell subsets
(49). NRP1 has also been shown to be expressed highly on myeloid cells, some tumor

cells, and tumor-associated vasculature (50-52). In addition, although NRP1SURF was not

a continuous predictor of outcome, grouping individuals by high and low NRP1SURF* T .,
prevalence yielded insight. Interpreted with a biological perspective, in view of the highly
skewed distribution of NRP1 expression, this observation may indicate that a threshold of
NRP1SURF* T .. must be achieved to exert sufficient suppressive impact on the TME.

Our finding that TCR signals and IL-2 exposure both contribute to NRP1SURF regulation
may explain why there is broad interpatient heterogeneity of Tyeqg NRP1 expression. This
also may explain the difference in the proportion of NRP1* Tregs between different cancers,
such as HNSCC versus PDAC. In general, we observed a higher proportion of NRP1SURF+
Tregs in more immunogenic cancers, whereas PDAC and CRC (all of which were confirmed
MSS) had a lower median proportion of NRP1SURF* T ... Differences in driver mutations,
tumor mutational burden, and HLA expression between these tumors likely alter T cell-
mediated tumor surveillance by modulating tumor antigen prevalence and consequently
affect NRP1SURF* expression on Tiegs. Similarly, the minimal NRP1 expression observed
in noncancer, site-matched tissues could be because of the paucity of neoantigens to
stimulate T cell responses. For some individuals, NRP1SURF up-regulation on Tyegs may

be a regulatory mechanism to attenuate productive immunity, because the same signals that
drive CD8* T cell function also drove Treg NRP1SURF expression. We observe a correlation
between antigen-experienced CD45RA™ CD8" T cells and NRP1SURF* T o in tumors.
Given the dependence on TCR activation, it remains to be seen whether NRP1SURF* T . in
human tumors comprise a clonal, tumor-reactive population whose TCRs have high affinity
for tumor-associated antigens. Treg TCR affinity for altered self-neoepitopes in cancer cells
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is likely higher than for normal self-antigens because Tyeg generation requires escaping
negative thymic selection. Thus, NRP1SURF may identify Tegs With tumor-specific TCRs,
which are likely the most potent suppressors in the TME.

Our observation that NRP1SURF relies more on IL-2 concentration for maintained
expression, akin to FOXP3, which is known to be a direct target of IL-2—mediated STAT5
activation, is the first indication in human Tyegs that STATS participates in NRP1 regulation.
This may be achieved either by directly interacting with the AVRP1 gene locus, which has
already been demonstrated in human cancer cells (53), or by indirect mechanisms through
FOXP3. As IL-2 alone does not drive NRP1 expression, STAT5 signaling may contribute

to NRP1 expression by enforcing chromatin accessibility of the MRPI gene locus (54).
Given the dependence of FOXP3 expression on IL-2 and STAT5, we cannot determine in
our system whether NRP1 expression was lost in low IL-2 conditions directly from reduced
pSTATS or from the instability of T,eq identity via decreased FOXP3. The dependence on
IL-2 concentration to maintain NRP1SURF expression may explain why Tyegs preferentially
express NRP1SURF in the TME. Teqs have a competitive advantage to consume 1L-2
because of their constitutive CD25 expression. This presumably enables a higher fraction of
them to retain NRP1 expression compared to other intratumoral T cell subsets. We observed
increased pSTATS5 and CD25 expression in NRP1SURF* T .

The mechanism by which NRP1 expression is regulated on Tyegs is a key finding because

of the stark difference between NRP1 on mouse and human Tiegs. Our findings clearly
implicate the MAPK/ERK and PI3K/AKT/mTOR pathways in contributing to human Teq
NRP1 regulation. Both sets of pathways can have broad impacts on T cell survival and
activation (42, 43, 46, 55), and there are numerous downstream molecules that may also
participate. Although our data exclude p38, CREB, and RSK, alternative potential targets
include JunB, Atf2, EIk1, cFOS, c-Myc, Erythroblast Transformation Specific family (ETS),
and others (55-57). Furthermore, the delayed kinetics of NRP1 up-regulation relative to
other markers suggests that NRP1 may not participate in tuning initial Tyeq cell activation
programs but rather reinforces the activated state under chronic stimulation. Future studies to
elucidate the regulatory circuitry may reveal therapeutic opportunities to disrupt intratumoral
Treg function. Immuno-monitoring in ongoing clinical trials using the inhibitors tested

could provide further insight as well. In particular, ulixertinib and trametinib are under
evaluation for MAPK-mutant or B-Rapidly Accelerated Fibrosarcoma (BRAF)-mutant
advanced solid tumors, respectively (58, 59), whereas idelalisib is effective for treating
numerous hematological malignancies including relapsed chronic lymphocytic leukemia in
combination with rituximab (60).

Our observation of the concordant expression of NRP1 with numerous TNFRSFs suggests
that these proteins may be regulated by overlapping mechanisms. This is supported by the
fact that the same inhibitors that perturbed NRP1 expression also had modest effects on
GITR and 4-1BB expression. In addition, GITR and 4-1BB persistence after stimulation
had dual dependency on TCR and IL-2 similar to NRP1SURF, The role of TNFRSFs on
intratumoral Tyegs remains controversial, with numerous studies in mouse models suggesting
that TNFRSF agonism destabilizes Tyegs (61-63); however, this is likely at least in part

due to Tyeq depletion in these models because Tyegs eXpress the highest abundance of these
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proteins (61, 64). Similar to NRP1, mouse Tyegs constitutively express TNFRSFs, whereas
human Tregs Only express them upon activation (except for TNFR2). In the context of human
cancer, recent work demonstrated that intratumoral 4-1BB* Tegs are highly suppressive in
human tumors and associated with poor outcomes (65, 66). Our study supports the notion
that TNFRSF* Tregs are highly suppressive, because their expression is enriched in the
NRP13UYRF+ compartment. Nonetheless, we postulate that NRP1 may be more central to
intratumoral Tyeq Suppressive capacity as NRP1 blockade mitigated the NRP1-associated
suppressive advantage despite high TNFRSF expression.

Although we did not observe an association between NRP1TOT expression on Tregs and
outcome, we hypothesize that it accelerates the up-regulation of NRP1SURF on Tpeqq with T
cell activation. We observed not only higher NRP1TOT in samples from patients with cancer
but also a trend toward increased expression in inflamed, noncancer tissue. In addition,
whereas NRP1TOT+SURF- had statistically distinct phenotypes from NRP1SURF* T oo in
the TME, they tended to be more similar in PBL. This may indicate that these Tegs

retain a portion of the NRP1-associated phenotype after tumor egress despite NRP1SURF
down-regulation. Further work is needed to determine whether this phenomenon contributes
to disease.

Informed development and evaluation of NRP1 antagonists may provide therapeutic benefit
for cancer. These drugs would have a broad applicability across cancers with low risk

for toxicity based on our preclinical observations. However, note that Tyeq expression

of NRP1 did vary between the cohorts we examined, and thus, careful consideration of
disease indices is warranted to maximize therapeutic opportunity. NRP1 has additional
functions in the TME that may prove additive to its effect on Tyeq suppressive function

(22). Within the immune compartment, NRP1 has been implicated in mediating Tyeq
recruitment to the TME in a vascular endothelial growth factor-dependent manner (67),
supporting tolerogenic myeloid cell functions (68-70), and restricting CD8* T cell antitumor
memory (49). NRP1 also directly supports tumor cell growth, metastatic potential, and
associated neoangiogenesis (52, 71, 72). Moreover, a major goal in immuno-oncology is

the identification of reliable prognostic biomarkers to inform therapeutic decision-making.
Accessibility of tissue for follow-up is a limitation of current immunohistochemical
approaches. In this light, NRP1 is a unique target because NRP1SURF can be readily detected
on peripheral Tyegs in a subset of individuals, who may have the greatest need for aggressive
treatment options. One may also reason that these individuals would be ideal candidates for
an NRP1-targetting therapeutic, although this remains to be demonstrated. As a predictive
marker, detection of NRP1SURF* T . in patient PBL has strong specificity, but strategies to
overcome its modest sensitivity would greatly increase the utility of this readout. Our report
is timely given that an anti-NRP1 monoclonal antibody designed to inhibit Tyeq function by
binding the SEMA4A binding domain of NRP1 is under clinical assessment in combination
with nivolumab for patients with advanced solid tumors (NCT03565445). Furthermore,

the NRP1 antagonist that we tested is a preclinical version of the same antibody clone.

Our results support the biological rationale of this trial and suggest that monitoring Tyeg
responses after treatment may reveal the dominant mechanisms of action for this agent in
patients.

Sci Transl Med. Author manuscript; available in PMC 2022 December 08.


https://clinicaltrials.gov/ct2/show/NCT03565445

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chuckran et al.

Page 14

Our current study has several limitations that are also opportunities for future research. First,
interpretation of our clinical analysis is constrained by the number of individuals accrued
and median follow-up time. Because disease control was robust in our HNSCC cohort, the
paucity of progression events over the follow-up duration limits the effect size. Similarly,
we did not have power to determine an unbiased cut point and rather selected the median
NRP13YRF value. Additional larger-scale cohorts are necessary to support our exploratory
findings. Second, our study is unable to discern which aspects of the NRP1-associated

Treg Phenotype are causally determined by NRP1 expression and signaling. Although NRP1-
mediated signaling is expected to be largely conserved between mice and humans, because
there is >95% homology in the NRP1 cytoplasmic domain, these experiments have not been
undertaken in human Tegs to date. Similarly, our study did not identify specific transcription
factors that induce or suppress NRP1 expression; however, these questions warrant further
study. Third, another shortcoming was the limited number of biological replicates with
which we were able to perform Tyeq functional assays. Nonetheless, note that our efforts
represent a step beyond what has previously been undertaken for NRP1* Ty suppression
assays because we isolated NRP1SURF* T .. from primary tumors and used a blocking
antibody that is currently under clinical evaluation. In contrast, prior studies isolated Tregs
from patient lymph nodes, had low NRP1* purity, or did not fractionate the Tyeg population
by NRP1 expression or did not use multiple biological replicates (23, 31).

In conclusion, the efficacy of single-agent immunotherapy is limited by checkpoint-
independent mechanisms of immune suppression, such as immunosuppressive cell
populations including Tegs. Given the absence of effective agents for diminishing Tyeq
function in cancer, investigating targets such as NRP1 is of great importance. Our study
suggests that NRP1 may be a prominent feature of intratumoral Tyeq phenotypes in some
patients with cancer or in particular cancer types, raising the possibility that NRP1 blockade
may complement ICB by abrogating Teq-mediated counter-regulation of inflamed tumors.

MATERIALS AND METHODS

Study design

Our study first sought to accumulate sufficient samples from patients with cancer to
determine whether NRP1 expression in these patients differed from healthy individuals.

We also sought to determine whether NRP1 expression was associated with differential Tgg
phenotypes and functional capabilities in patients with cancer. Last, we sought to determine
the mechanisms regulating NRP1 expression in human patients. Measurements of these
parameters, including the readouts of out functional in vitro assay and inhibitor screen, were
made using flow cytometry because it readily provides expression data at a per-cell level.

On the basis of prior data (24), our power analysis suggested that 10 patient samples

per cohort would achieve a power of 0.90 at an alpha of 0.05 to detect differences in

the prevalence of NRP1* Tyeqs. We accumulated this number of samples for all patient
cohorts. Our inclusion criteria were patients with primary cancer at the indicated sites with
our exclusion criteria being prior treatment for the primary cancer of interest or existing
recurrent cancer. We accumulated additional samples in the study time that met our inclusion
and exclusion criteria to accommodate subsequent phenotyping and clinical analyses. All
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data were included and reported without the exclusion of outliers. Similar power analyses
for our phenotyping analysis and driving experiments suggested that 16 and 4 samples per
group would be sufficient to achieve a power of 0.80 at an alpha of 0.05.

All tumor tissues were acquired under the University of Pittsburgh Cancer Institute
Institutional Review Board (IRB)-approved protocols (HNSCC: 99-069; Mel: 96—

099; OvCa: PRO15100457; lung: STUDY19060269; CRC: PRO19070174; PDAC:
STUDY20040316), with written informed consent obtained from each patient in conjunction
with the University of Pittsburgh Cancer Institute HNSCC, Melanoma, and Lung Cancer
Specialized Programs of Research Excellence (SPORES). Noncancer tissue specimens for
tonsil, ovary, and lung samples were collected on the same IRB-approved protocols as the
respective tumor samples.

Tumor samples were obtained at the time of surgery from consecutive immunotherapy-naive
patients undergoing surgical resection for treatment and collected into RPMI 1640 with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Peripheral blood (PBL) was
drawn by venipuncture into tubes with EDTA anticoagulant. There were no restrictions on
cancer subtype, smoking status, age, or race. Control donor PBL was collected through

an approved material transfer agreement protocol with Vitalant. Mel tumor specimens

were obtained from viably cryopreserved, banked samples and thawed immediately before
analysis. This was the only cohort with treatment history before tumor biopsy (or peripheral
blood) collection. For all samples, we were blinded to patient information and clinical
characteristics through sample processing, data acquisition, and data analysis. An honest
broker was designated for each patient cohort, per IRB guidelines, and maintained access to
the protected patient information.

For our outcome studies, samples from our patient cohorts were analyzed at the time

of surgical resection and followed prospectively for outcome. We requested deidentified
clinical characteristics for HNSCC and OvCa cohorts from the designated honest broker
after the completion of flow cytometric analysis. The summary of the patients evaluated

can be found in table S1. Our intention was to conduct an exploratory investigation of the
correlation between NRP1 expression and clinical outcome. All individuals with HNSCC
had locally advanced disease at the time of surgical resection and had not received treatment
for their disease. Patients with OvCa also had not received treatment for their disease before
surgical resection.

We chose to perform an outcome-related analysis in our HNSCC cohort because it had

the largest sample size. NRP1 expression in the intratumoral T,eq compartment was first
assessed as a continuous predictor of outcome using the Cox proportional hazards test. We
validated that the proportional hazard assumption was met in this dataset. Although NRP1
was not a continuous predictor, we reasoned that the highly skewed biological distribution
of NRP1 expression warranted investigation of NRP1 as a categorical predictor. We selected
the median value of NRP1* Treg prevalence as the cut point between “high” and “low”
NRP1 expression groups for both NRP1SURF and NRP1TOT. We evaluated the resultant
Kaplan-Meier curves using the log-rank test. Lost to follow-up and death from noncancer
causes were censored events in both the progression-free and disease-specific survival
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analyses. Competing risk event analysis was performed but did not reveal any substantial
insights. We evaluated the sensitivity of our cut point by also examining the curves when the
cohort was split into tertiles on the basis of NRP1SURF expression.

Subsequently, we tested the potential for our findings to be confounded by other clinical
characteristics. To address this, we performed iterative, univariate Cox proportional hazard
tests for each covariate in relation to disease progression and reported the Pvalue from the
Wald test (likelihood ratio test results were also considered). For those parameters for which
the Pvalue was less than 0.05 for either the Wald or likelihood ratio test, we evaluated
whether there was an association between that characteristic and NRP1* Treg Prevalence.
We did not find that NRP1 expression was substantially enriched with any of the covariates,
suggesting that our observations for NRP1 as a potential discrete predictor of response are
not meaningfully affected by an association with another factor.

The same steps as above were performed for our OvCa tumor dataset and for our HNSCC
peripheral blood dataset. For the latter, instead of using the median, the cut point was
defined as the HD PBL mean plus 3 SDs so that the cut point was set to more than

99.85% of the HD distribution, assuming a normal distribution. This would thus serve as an
unbiased way to discriminate those individuals whose PBL Tyegs had substantially increased
NRP1SURF* T .o prevalence compared to HDs. We also tested the cutoff points of 1 and 2
SDs above the mean, which only added three and zero individuals to the NRP1SURF+_high
group, respectively, and did not alter our findings. All other analyses were the same.

Tissue processing

PBLs were isolated from the whole blood (both from HDs and patients with cancer) by
density gradient centrifugation in Ficoll-Paque (GE Healthcare) for 20 min at 400g with
the brake off. Residual red blood cells were lysed with BD Pharm Lyse. Subsequent
centrifugation cycles at 140g were used to purify the cell suspension. Peripheral blood
mononuclear cells (PBMCs) were rested at 37°C before later use (from 0 to 24 hours).

Tissue specimens (both tumor and noncancerous tissue) were subjected to a tissue-specific
processing protocol that included antibiotic wash, mechanical digestion, and enzymatic
digestion (for select tissue sites). Tissues from mucosal sites (head and neck and lung)

were incubated with antibiotic-supplemented media (1% penicillin, 1% streptomycin, and
1% amphotericin B) for 30 min before processing. After removing the transportation media,
tissues were weighed and mechanically digested using scalpels (achieving tissue pieces of

1 to 3 mm in diameter). For ovarian, lung, pancreatic, and colorectal tissues, an enzymatic
digestion using Liberase DL (50 pg/ml) (Roche), a combination of type 1/11 collagenase,
was performed for 15 min at 37°C in 5 ml of serum-free media. Enzymatic digestion

was stopped by washing the tissue with complete RPMI 1640 (supplemented with 10%
FBS, nonessential amino acids, 2 mM L-glutamine, 1% penicillin/streptomycin, and 1 mM
sodium pyruvate). Tissue pieces were transferred to a 100-um filter and further mechanically
digested. Tissues were repeatedly washed with media to ensure complete collection of
infiltrating cells. Cell suspensions were centrifuged at 400g for 5 min and treated with

BD Pharm Lyse to remove any residual red blood cells. Tissue-infiltrating cells were used
immediately after processing, resting for no longer than 4 hours at 37°C. If experiments
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were not conducted on the same day as the surgery, then undigested tissue specimens were
incubated at 4°C overnight (no more than 16 hours).

Flow cytometry

Cells were stained across multiple panels with the antibodies listed below. Staining buffer
was composed of phosphate-buffered saline (PBS) with 0.1% azide, 10 mM Hepes, and
2% FBS. Staining for surface antigens was performed first for 25 min at 4°C (all antibody
dilutions 1:100), followed by viability staining using a 1:4000 solution of fixable dye
[eFluor (eF) 780, Invitrogen eBioscience] for 15 min at 4°C. Cells for analysis were fixed
and permeabilized using the FOXP3 transcription factor staining buffer set (eBiosience)
overnight. The next day, intracellular staining was conducted at room temperature for 25
min. Cells were washed and stored in staining buffer before analysis. Samples were acquired
using a BD LSRFortessa Il flow cytometer, and data were analyzed using FlowJo V10.
Analysis of Treq phenotypes and subpopulation phenotypes was not performed whether the
cell count was less than 50 recorded cells within the analysis gate. This required recording
between 5 x 10° and 1 x 107 events depending on sample viability and cell population
prevalence.

Antibodies and reagents included the following: CD304 (NRP1)-phycoerythrin (PE) clone
12C2 (BioLegend), CD304 (NRP1; intracellular)-Alexa Fluor (AF) 647 clone EPR3113
(used at 1:300 dilution; Abcam), CellTrace Violet (CTV) (Invitrogen), Fixable Viability
Dye eF780 (Invitrogen eBioscience), 4-1BB—peridinin-chlorophyll-protein (PerCP)-eF710
clone 4B4 (eBioscience), Bcl2-AF488 clone 100 (BioLegend), CCR8-Brilliant Violet

(BV) 421 clone 433H (BD Biosciences), CD3-AF700 clone SP34-2 (BD Bioscience),
CDA4-PerCP/Cy5.5 clone RPA-T4 (BioLegend), CD4-Brilliant Ultraviolet 395 clone RPA-
T4 (BD Biosciences), CD8-AF700 clone RPA-T8 (eBioscience), CD8-BV421 clone RPA-
T8 (BD Biosciences), CD8-BV711 clone RPA-T8 (BioLegend), CD14-BV785 clone

M5E2 (BioLegend), CD19-PE/Cy7 clone HIB19 (BioLegend), CD25-BV650 clone BC96
(BioLegend), CD45-BV510 clone H130 (BD Biosciences), CD45RA-BV510 clone H1100
(BioLegend), CD69-BV785 clone FN50 (BioLegend), CD120b (TNFR2)-PE/Cy7 clone
3G7A02 (BioLegend), CD127-allophycocyanin clone A019D5 (BioLegend), FOXP3-eF450
clone PCH101 (eBioscience), GITR-PE/Cy7 clone 108-17 (BioLegend), GITR-AF488
clone 108-17 (BioLegend), Helios-PE/Dazzle clone 22F6 (BioLegend), ICOS-BV785 clone
C398.4A (BioLegend), Ki67-BV711 clone Ki-67 (BioLegend), OX40-BV510 clone Ber-
ACT35 (BioLegend), PD-1-PE/Cy7 clone eBioJ105 (eBioscience), pSTAT5-PerCP-Cy5.5
clone 47/Stat5 (pY694) (BD Bioscience), pERK1/2-PE/Cy7 clone 6B8B69 (BioLegend),
TIGIT-PE/Dazzle clone A15153G (BioLegend), and SEMA4A-PerCP/eF710 clone 5E3
(eBioscience).

Treg isolation
Tregs Were isolated from PBMC or tissue cell suspensions either by bead selection
(STEMCELL) or FACS. FACS was performed by staining with CD4 (clone RPA-T4), CD25
(clone BC96), and CD127 (clone A019D5) in staining buffer (as described above), where
Tregs Were identified as CD4*, CD25M!, and CD127P'™. NRP1SURF* T, were isolated by
further discrimination of NRP1 expression (clone 12C2). FACS was performed using either
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Beckman Coulter MoFlo Astrios or Sony MA-900 machine operated by the University of
Pittsburgh Medical Center (UPMC) Hillman Cancer Center Cytometry Facility. If Tyeqs were
being isolated from cryopreserved specimens, then lymphocytes were thawed and rested
overnight (12 to 16 hours) in IL-2 (R&D Systems; 200 1U/ml) before Tyeq selection and
stimulation.

Microsuppression assays and NRP1 blockade

HD PBMCs were isolated from whole blood. Naive CD8* T cells were isolated by bead
selection (STEMCELL), whereas antigen-presenting cells (APCs) were collected by FACS
(viable, SSCH!, and SEMA4A™). Tregs Were collected as described above. The isolated naive
CD8™ T cells were labeled with 5 uM CTV dye per the manufacturer’s instructions to track
their proliferation (Invitrogen).

A serial twofold dilution of Tyegs was prepared across five rows of a round-bottom 96-well
plate (Costar), where the Tyeq count was 1000 cells in the first well. Two thousand APCs,
2000 CTV-labeled naive CD8* T cells, and anti-CD3 (0.5 pug/ml) (eBioscience, clone OKT3)
were added to all wells. Thus, the Treg:CDB+ T cell ratio extends from 1:2 to 1:64. A
no-proliferation control composed of labeled CD8" T cells alone was included, as was a
maximum proliferation control composed of only naive CD8* T cells and APCs with anti-
CD3 (0.5 pg/ml). The cells were cocultured at 37°C for 5 days with 5% CO», after which
they were harvested and stained for analysis by flow cytometry. Experiments were always
run with technical duplicates. For NRP1 blockade experiments, NRP1-directed antibody
(10 pg/ml) (PTZ21722, Potenza Therapeutics) or an 1gG2a isotype control antibody was
added to the coculture. Cell preparation, counts, and culture conditions remained unchanged
otherwise.

Data were analyzed for significance by comparing a linear mixed effect model for the
dataset to a null model using the likelihood ratio test. The Imer function was used in RStudio
to generate the mixed effects model-treating treatment (isotype or NRP1 blockade), Tyeq
phenotype (NRP1* or NRP17), and the CD8:T g ratio as multilevel factors and patient ID as
a random effect. Thus, the model accounts for differences across the dataset on a per-patient
basis and is not biased by examination at a single ratio or data point.

T cell culture and stimulation

Isolated primary T cells were cultured in complete RPMI 1640 (cRPMI 1640; described
above) at 37°C. For stimulation experiments, agonistic anti-CD3 (eBioscience, clone OKT3)
was adhered to the plate well in PBS (0.5 pug/ml; incubated for 1 hour at 37°C), after which
cells were cultured in cRPMI 1640 supplemented by anti-CD28 (1.0 pg/ml) (eBioscience,
clone CD28.2) and recombinant human IL-2 (200 IU/ml) (PeproTech) at 37°C. In addition,
as indicated, concentrations of anti-CD3 or IL-2 were serially diluted across a 96-well plate
before culturing isolated Tyegs. When cultured in round-bottom 96-well plates, Tyegs were
plated at a concentration of 1 x 10° cells/ml in 200 pl of media.
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RT-gPCR for NRP1 expression

Cells from HNSCC PBL were isolated by FACS (APCs) or bead selection (Tegs) as
described above. Activated Tyeqs Were stimulated 4 to 5 days before isolation. Between
30,000 and 1 x 106 cells were collected per sample. Cell pellets were frozen at ~80°C until
all samples were accrued. For the RT-qPCR after inhibitor treatment, samples were collected
from in vitro—treated cultures at day 7 and the following procedure was started immediately.
Samples were lysed and RNA was harvested (QIAGEN RNeasy kit) per the manufacturer’s
instructions. After reverse transcription, NRPI gene amplification was executed with the
primers listed below and the SYBR Green system (Thermo Fisher Scientific) with 100

nM primers and diluted cDNA templates. Samples were run for 40 cycles at 95°C for 20

s and 60°C for 60 s. All samples were run in triplicate. Human RPLPOwas used as a
housekeeping expression control. Quantification was performed by the AAG method. NRP1,
AAGGTTTCTCAGCAAACTACAGTG (forward) and GGGAAGAAGCTGTGATCTGGTC
(reverse); FOXP3, GAAACAGCACATTCCCAGAGTTC (forward) and
ATGGCCCAGCGGATGAG (reverse); and RPLPO, TAAACCCTGCGTGGCAATC
(forward) and TTGTCTGCTCCCACAATGAAA (reverse).

Inhibition of T cell activation signals

Isolated primary Teqs Were stimulated as described above for either 2 or 4 days. After the
prestimulation, cells were divided into anti-CD3—precoated, round-bottom, 96-well plates at
a concentration of 1 x 10° cells/ml in 100 pl of cRPMI 1640. One hundred microliters of
2x solution of the indicated inhibitors was added to the cells. This solution was prepared by
diluting the stock in DMSO to be 200x the working concentration and subsequently diluted
100-fold in cRPMI 1640. Thus, the concentration of DMSO in all conditions (including
vehicle control) was 0.5% (v/v). Cells remained in stimulation for an additional 4 or 3

days, respectively (according to initial stimulation) at 37°C. Cell phenotypes were recorded
by flow cytometry after the initial stimulation to ensure viability. At the assay end point,
multiplexed flow cytometry was used to characterize the cell phenotypes. Reagents used

are as follows (with used concentration): ulixertinib [2.5 pM; also known as BVD-523,
Chemical Abstracts Service (CAS) no. 869886-67-9), trametinib (10 nM; also known as
GSK1120212, CAS no. 871700-17-3], 5Z-7-oxozeaenol (400 nM; CAS no. 253863-19-3),
TPCA-1 (90 nM, CAS no. 507475-17-4), idelalisib (12.5 uM; CAS no. 870281-82-6),
rapamycin (0.5 nM; CAS no. 53123-88-9), binimetinib (60 nM; also known as MEK162,
CAS no. 606143-89-9), FR 180204 (2.55 uM; CAS no. 865362-74-9), PD0325901 (1.65
nM; CAS no. 391210-10-9), SB202190 (500 nM; CAS no. 152121-30-7), 666-15 (405 nM;
CAS no. 1433286-70-4), LJH685 (30 nM; CAS no. 1627710-50-2), and tacrolimus (1.5
UM; also known as FK506, CAS no. 104987-11-3).

Statistical analysis

Raw, individual-level data for any experiment, where 1< 20, are presented in data file S1.
Analysis conducted using GraphPad Prism v8.0.0 included unpaired Student’s #test (fig.
S1D), nonparametric Kolmogorov-Smirnov #test (fig. S2C), paired nonparametric #test
(Wilcoxon) (Fig. 2, A to D; Fig. 5A; fig. S7, B to E; fig. S9, C to E; fig. S10, Hand I; and
fig. S12B), one-sample two-tailed ftest (fig. S9, A and B), nonparametric Kruskal-Wallis
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test (Fig. 1, B, C, and E; Fig. 2, E and F; Fig. 4C; Fig. 5A, fig. S2, B and D to I; fig.
S3D; fig. S4, A and B; fig. S5, B and C; fig. S6, B and C; fig. S8, B and C; fig. S11,

C and D; and fig. S12, A, B, E, and H), mixed effects model (using GraphPad Prism;
Fig. 4C and fig. S11, A and B), one-way analysis of variance (ANOVA) (Fig. 4A and fig.
S10, A and B), repeated measures one-way ANOVA (fig. S11, C and D), nonparametric
correlation analysis (Spearman rho) (Fig. 1D; Fig. 2, C and D; Fig. 3, C and D; fig. S2,
Aand D to [; fig. S3, A and B; fig. S7, H and I; fig. S9G; fig. S10H; and fig. S11C),

and Kaplan-Meier curve generation with log-rank tests (Fig. 1G; Fig. 5, B and E; fig.

S4; fig. S5, B and C; fig. S6C; and fig. S12, E, F, and H). RStudio v1.1.423 was used

for monovariate Cox proportional hazard models (Fig. 1F and figs. S5A and S6A), linear
mixed effects model (using RStudio; Fig. 3, A and B), multiparameter linear regression
(Fig. 4B and fig. S10, E to G), and Fisher’s exact test (Fig. 5C and fig. S12G). Pvalues
or g values (adjusted for multiple comparisons) with a two-sided type I error of less than
5% were considered significant. In all appropriate instances, P values were corrected for
multiple comparisons using a false discovery rate of 5% and were noted in figure legends
as g values. Monovariate Cox proportional hazard regression models were used to relate
NRP1 expression profiles to outcomes. Cell frequency and expression profile correlations
were assessed by Pearson’s correlation coefficient. Graphs show individual samples with
the mean or median represented by a bar (as appropriate), with the number of individual
experiments listed in the legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The proportion of NRP1" regulatory T cellsin solid tumorsis negatively correlated with
disease outcomes.
(A) Representative flow cytometry staining of NRP1 is shown for healthy donor (HD)

blood and for blood and tumor samples from patients with head and neck squamous cell
carcinoma (HNSCC) or ovarian cancer (OvCa). For HD samples, in vitro—activated Tyeq
NRP1 expression profiles are overlaid in purple. For samples from patients with cancer,

both blood and tumor Treq NRP1 expression profiles are overlaid. Total NRP1 (NRP1TOT)
staining used a distinct antibody clone specific for the intracellular tail of NRP1 during
intracellular staining. (B and C) Tabulation of NRP1 expression [(B) (NRP1TOT) and (C)
(NRP1SURFY] on T4 across five cohorts of treatment-naive patients with solid tumors.
Melanoma was excluded from this table because not all patients were treatment naive (data
are available in fig. S3). Bars indicate median of expression. Data were analyzed by a
nonparametric Kruskal-Wallis test with multiple comparisons to control PBL [controlled for
a false discovery rate (FDR) of 5% and reported adjusted Pvalues as g values). *¢g < 0.05,
**0<0.01, ***¢g<0.001, and ****g < 0.0001. NSCLC, non-small cell lung cancer; CRC,
colorectal cancer; PDAC, pancreatic ductal adenocarcinoma. (D) Expression of NRP1SURF
on Tyegs from patients with HNSCC is shown matched between tumor biopsy and peripheral
blood (7= 50). Spearman’s nonparametric correlation analysis results are reported. (E)
Expression of NRP1 on Tyegs is diminished in site-matched nontumor tissue specimens in
the oropharynx (oral cavity, larynx, and hypopharynx excluded; /7= 6 sleep apnea, n=6
tonsilitis, and /7= 1 tumor). Oropharyngeal tumors are a subset of HNSCC tumors. Tonsil
tumors are marked in pink. Bars indicate the median of expression. Data were analyzed
using a nonparametric Kruskal-Wallis test with multiple comparisons (FDR of 5%). **g <
0.01 and ***g < 0.001. (F) Univariate Cox proportional hazard model was used to evaluate
NRP1SYRF and NRP1TOT as continuous predictors of clinical outcome. Cox coefficients

are reported with a 95% confidence interval (Cl). (G) Intratumoral NRP1 expression was
divided on the basis of the median of expression of NRP1SURF for HNSCC. Progression-free
survival (PFS) was compared between the groups. A log-rank (Mantel-Cox) test was used to
compare survival curves. HR, hazard ratio. (H) Disease-specific survival for the same groups
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as in (G) is shown after 3 years of follow-up. See fig. S4A for the full disease-specific
survival curve.
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Fig. 2. NRP1 s coexpressed with numerous activation markerson intratumoral Tyegs.
(A and B) NRP1SURF* s indicated as NRP1*. Intratumoral NRP1* T eqs are enriched for

an activation phenotype as demonstrated by CD69 and CCR8 expression. Expression is
reported as a percentage of respective Tyeq subpopulations. Median values are indicated by
overlaid red bars. The number of samples is between 11 and 22 depending on the marker.
Statistical comparison was done by paired, nonparametric #test (Wilcoxon). **£< 0.01,
***pP< 0,001, and ****P< 0.0001. (C and D) Intratumoral NRP1* Tregs consistently
express high concentrations of TNF receptor superfamily (TNFRSF) members, GITR and
4-1BB. Median values are indicated by overlaid red bars. The number of samples is between
14 and 22 depending on the marker in the column graphs. Statistical comparison was done
by paired, nonparametric #test (Wilcoxon). ***P < 0.001 and ****P< 0.0001. Overall
nonparametric (Spearman’s) correlation of intratumoral surface NRP1* Tregs With either
GITR* or 4-1BB* as indicated is shown on the right side (the number of samples is between
15 and 25). (E and F) Quantification of Tyegs that are completely NRP1 negative versus
those that express the protein but do not have it on the cell surface (Total*, Surface™)

or that express protein and have it on the cell surface (Total*, Surface™) is shown. The
number of samples in each subgroup is between 4 and 34 depending on the marker and
subgroup. Differences between the three subpopulations were assessed by nonparametric
Kruskal-Wallis test with comparisons between all three groups controlled for with a 5%
FDR. Bars indicate the median of expression. *¢ < 0.05, **¢g < 0.01, ***¢ < 0.001, and
***x < 0.0001.
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Fig. 3. NRP1 isassociated with increased suppressive function.
(A and B) Microsuppression assay comparing NRP1* and NRP1™ Ty isolated from the
same tumors are shown. Data are presented as means + SEM. Data are pooled from multiple
experiments [three experiments for (A); four experiments for the NRP1SURF- group in

(B) and two experiments for the NRP1SURF* group in (B)]. Significance was analyzed by
comparing the linear mixed effects model for the dataset to a null model via likelihood

ratio test. A targeted NRP1 antagonist (10 pg/ml) was compared to the isotype control

and reduced the suppressive function of OvCa intratumoral NRP1* Tyegs (P = 0.05075).

(C and D) Nonparametric (Spearman’s) correlation is shown for the intratumoral count of
NRP1SURF* T oo with the intratumoral count of CD45RA™ CD8* T cells (both normalized
to 100,000 live cells) in samples of HNSCC (n7=19) and OvCa (1= 13), respectively.
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Fig. 4. T cell activation signalsin the TME drive Treg NRP1 expression.
(A) In vitro stimulation of HNSCC peripheral Tegs with plated anti-CD3 (0.5 pg/ml),

soluble anti-CD28 (1 pg/ml), and IL-2 (200 1U/ml) induce NRP1SURF expression after

6 days of stimulation. Stimulation duration was tested by one-way ANOVA. Data are

from one experiment because all samples were thawed and processed simultaneously. Bars
indicate the mean of expression. N= 4. **P < 0.01. (B) HD lymphocytes were processed,
and Tyegs Were immediately selected and stimulated, as described above. After a 6-day in
vitro stimulation, NRP1SURF* T ..o were isolated by fluorescence-activated cell sorting and
cultured at the indicated conditions for 72 hours. Heatmap displays the mean values from
four independent experiments. The relative importance of IL-2 or anti-CD3 was calculated
using a multiparameter linear regression analysis with bootstrapping (1000 replicates) to
generate 95% Cls. The Pratt measure is the product of the regression coefficient and the
zero-order correlation for each predictor. (C) HD Tyeqs Were stimulated in vitro as described
above. After either 2 or 4 days, the cells were redistributed to 20,000 per well where they
were restimulated (as previously) in the presence of the indicated inhibitors. The secondary
stimulation lasted for 4 or 3 days, respectively, before analysis. NRP1SURF expression

data across 4 to 10 independent experiments are tabulated. Results were compared using

a mixed effects model, with an FDR of 5% and corrected for differences in sphericity

with the Geisser-Greenhouse correction. Thus, treatment effects were evaluated, paired to
the subject’s vehicle control expression. Bars indicate the mean of expression. Pvalues
adjusted for multiple comparisons are reported as g values; *¢ < 0.05, **g< 0.01, ***g<
0.001, and ****g < 0.0001. (D) Reverse transcription quantitative polymerase chain reaction
(RT-gPCR) for NRPI gene expression within in vitro inhibitor-treated Tyegs is shown. Values
are reported as the percent change versus the vehicle-treated (DMSQ) condition. The paired
CT values of the inhibitor conditions versus the sample vehicle control were compared by a
nonparametric one-way ANOVA with 5% FDR for the four independent experiments.
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Fig. 5. Circulating NRP1SURF* T, . may serve asa prognostic indicator.
(A) Expression of ICOS, GITR, and Ki67 in peripheral blood NRP1SURF* T\ isolated

from patients with HNSCC is shown. Paired nonparametric #test (Wilcoxon; n=7 and 8,
respectively) and nonparametric Kruskal-Wallis test (the number of samples ranges from

9 to 63 depending on the marker and subgroup) were used. Bars indicate the median of
expression. *P< 0.05, **£< 0.01, ***£< 0.001, and ****P< 0.0001. (B) Kaplan-Meier
curve for individuals grouped by Treq NRP1SURF in PBL as a predictor of PFS is shown.
Curve comparison was conducted using the log-rank Mantel-Cox test. £value with the HR +
95% Cl is reported. Disease-specific survival for the same groups after 3 years of follow-up
is shown on the right. (C) Concordance of assignment based on peripheral or intratumoral
NRP1SURF expression is tabulated according to the groups previously described [HNSCC
TIL cohort median for intratumoral Tyegs; HD mean (upp) plus 3 SDs (opp) for PBL Tyegs]
and tested by Fisher’s exact test. Relative recurrence rates of corresponding groups are
reported to the right. (D) Box plots show the number of lines of therapy (range 0 to 3) and
pathology-defined T-stage; Tumor-stage (range, 1 to 4) for the three groups defined in (C):
high NRP1SURF in both tumor and blood (blue; right), tumor alone (gray; middle), and low
NRP1SURF (orange; left). These measures may correlate with disease burden. The white line
indicates the median; the white dot indicates the mean. (E) A Kaplan-Meier curve for PFS
is shown comparing high in both the TIL and PBL (blue) versus all other patients (black).
Curve comparison was conducted using a log-rank Mantel-Cox test.
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