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Article

OXFORD

The programmed death ligand 1 interactome
demonstrates bidirectional signaling coordinating
immune suppression and cancer progression in head
and neck squamous cell carcinoma
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Abstract

Background: The programmed cell death protein 1 (PD-1) and programmed death ligand 1 (PD-L1) are validated cancer targets; how-
ever, emerging mechanisms and impact of PD-L1 intracellular signaling on cancer behavior are poorly understood.

Methods: We investigated the cancer cell intrinsic role of PD-L1 in multiple patient-derived models in vitro and in vivo. PD-L1 over-
expression, knockdown, and PD-L1 intracellular domain (PD-L1-ICD) deletion (a260-200PD-L1) models were assessed for key cancer
properties: clonogenicity, motility, invasion, and immune evasion. To determine how PD-L1 transduces signals intracellularly, we
used the BioID2 platform to identify the PD-L1 intracellular interactome. Both human papillomavirus-positive and negative patient-
derived xenografts were implanted in NOD-scid-gamma and humanized mouse models to investigate the effects of recombinant PD-
1, anti-PD-L1, and anti-signal transducer and activator of transcription 3 (STAT3) in vivo.

Results: PD-L1 intracellular signaling increased clonogenicity, motility, and invasiveness in multiple head and neck squamous cell
carcinoma (HNSCC) models, and PD-1 binding enhanced these effects. Protein proximity labeling revealed the PD-L1 interactome,
distinct for unbound and bound PD-1, which initiated cancer cell-intrinsic signaling. PD-L1 binding partners interleukin enhancer
binding factors 2 and 3 (ILF2-ILF3) transduced their effect through STAT3. s260-200PD-L1 disrupted signaling and reversed pro-growth
properties. In humanized HNSCC in vivo models bearing T-cells, PD-1 binding triggered PD-L1 signaling, and dual PD-L1 and STAT3
inhibition were required to achieve tumor control.

Conclusions: Upon PD-1 binding, the PD-L1 extracellular and intracellular domains exert a synchronized effect to promote immune
evasion by inhibiting T-cell function while simultaneously enhancing cancer cell-invasive properties.

Programmed cell death protein 1 (PD-1) and programmed death head and neck squamous cell carcinoma (HNSCC) patients (1,2).

ligand 1 (PD-L1) inhibitors are widely used in human cancers, thus
elucidating a new mechanism of intracellular signaling modu-
lated by receptor binding has profound implications to under-
standing treatment effect and resistance. We posit the novel
notion that PD-1-PD-L1 signaling intrinsically alters the cancer
cell phenotype, in addition to impacting the immune milieu.

The PD-1 pathway drives immune escape in human cancers,
and inhibition extends survival of relapsed and/or metastatic

Treatment efficacy is modest, with response rates of 17% and
13% for anti-PD-1 and anti-PD-L1, respectively (1-6). PD-1
expressed on T-cells binds to its ligand, PD-L1, suppressing T-cell
induction and preventing autoreactive immune response (7-9).
HNSCC cells express and/or upregulate PD-L1 thereby dampening
the potential immune response within the tumor microenviron-
ment (10). Fewer tumor-infiltrating lymphocytes (TILs) are asso-
ciated with worse prognosis (11).
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PD-L1 is composed of an extracellular domain (PD-L1-ECD),
which binds to PD-1, a transmembrane domain, and an intracel-
lular domain (PD-L1-ICD), and is expressed in cancer and
antigen-presenting cells (7,12,13). Although the binding dynamics
of the PD-L1-ECD are well characterized, much less is known
about the role of the 31-amino acid PD-L1-ICD. Human PD-L1
lacks predictive signaling motifs, though murine PD-L1 contains
3 sequences (RMLDVEKC, DTSSK, and QFEET) necessary for intra-
cellular transduction of anti-apoptotic signaling and migratory
stimuli (14-17). PD-L1 is related to Ras, p-catenin, epithelial-to-
mesenchymal transition, mammalian target of rapamycin, trans-
forming growth factor B, p38, mitogen-activated protein kinase,
phosphoinositide 3-kinases, and signal transducer and activator
of transcription 3 (STAT3) activation independent of PD-1 (17-19).
The signaling changes upon PD-1 binding, and the nature and
intermediaries of such signaling are unexplored.

We identified a PD-L1 cancer cell-intrinsic signaling role and
used the BioID2 platform (20), a proximity-dependent labeling
assay fusing a protein of interest to assess the PD-L1 intracellular
interactome. We identified PD-L1 intracellular partners transduc-
ing pro-growth signaling, including interleukin enhancer binding
factors 2 and 3 (ILF2 and ILF3), which canonically heterodimerize
(ILF2-ILF3) within the nuclear factor of activated T-cell (NFAT)
complex (21,22). The PD-L1-ILF2-ILF3 interaction activated
STAT3, and combined inhibition of PD-L1 and STAT3 was
required to achieve durable responses in humanized HNSCC
models.

Methods
recombinant PD-1

For in vitro studies, 1 ug/mL recombinant PD-1 (AbCam ab221398)
was immobilized on flasks. For in vivo studies, mice were given
50mg/kg biweekly for 4 weeks via intraperitoneal injection.

iSphere

CD3 T-cells were isolated from adult blood (University of
Colorado Hospital), activated wusing 2ng/ulL anti-CD3e
(R&DSystems MAB100), 5ng/ul anti-CD28 (R&DSystems
MAB342), and 0.2 pg/uL IL-2 (R&DSystems 202-IL-010/cf). Cancer
cells were seeded in ultralow attachment plates (Corning 3471).
Activated T-cells were added on spheroid day 3 and cocultured
until day 10.

BioID2

CUHNO13 and CUHNO36 cell lines were analyzed in duplicate.
Cells were seeded with and without recombinant PD-1 (see
Figure 3, A), followed by 24 hours in 5% Fetal Bovine Serum (FBS)
in Dulbecco’s Modified Eagle Medium (DMEM) (BiolD2 Media).
BioID2 plasmids were transfected in BiolD2 Media for 24 hours
(FuGene, Promega E2312), followed by 50 uM biotin
(LifeTechnologies 20217) for 16 hours. Samples were prepared as
previously described (23).

Mass spectrometry

Samples were prepared for liquid chromatography coupled with
tandem mass spectrometry as previously described (23). Prey pro-
tein spectral matches greater than 3 were input into Significant
Analysis of INTeractome (SAINTexpress) software (24) and fil-
tered by a P value less than .05, SAINTScore greater than 0.9,
Bayesian False Discovery Rate (BFDR) less than 0.02, and
Contaminant Repository for Affinity Purification database
(CRAPome) frequency less than 0.2 or fold change greater than 3
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(25). Protein localization and function were identified via Uniprot,
accessed April 19, 2022 (26).

Statistical analysis

Endpoints were analyzed by 2-sided t test, longitudinal data were
analyzed via mixed-effects model, using GraphPad Prism version
9.0. Data are represented as mean (SD). P values no more than .05
were considered statistically significant.

Results

PD-L1 intracellular signaling impacts cancer cell
behavior

PD-L1 cancer-intrinsic signaling is poorly understood, with a
range of properties affected, including proliferation, apoptosis,
and autophagy (17,27). We used 2 human papillomavirus (HPV)-
negative low-passage HNSCC cell lines, CUHNO013 and CUHNO36,
confirming recombinant PD-1 (rPD-1) interacted with PD-L1
in vitro (Supplementary Figure 1, A, available online). Stable PD-
L1 overexpression (Figure 1, A; Supplementary Figure 1, B and C,
available online) increased invasiveness (Figure 1, B), motility
(Figure 1, C), and clonogenicity (Figure 1, D), and PD-L1 short hair-
pin RNA knockdown (shPD-L1) (Figure 1, E; Supplementary Figure
1, D and E, available online) had the opposite effects (Figure 1, F-
H). 1PD-1 increased invasion and motility (not clonogenicity)
across parental (Supplementary Figure 1, F and H, available
online), PD-L1 overexpression (Figure 1, B-D), and shPD-L1
(Figure 1, F-H), indicating that although PD-1 may not be neces-
sary for intrinsic PD-L1 function, it has an activating effect for
some properties. PD-L1 overexpression conferred modest cispla-
tin resistance in CUHNO13 and CUHNO36 and radiation resist-
ance in CUHNO13, and shPD-L1 sensitized cells to cisplatin and
radiation, with rPD-1 having no effect (Supplementary Figure 2,
A-F, available online).

To determine whether the PD-L1-ICD was necessary to trans-
duce these phenotypic changes, we transduced a PD-L1 overex-
pression variant with the PD-L1-ICD deleted (a260-200PD-L1)
(Figure 2, A and B). ase0-200PD-L1 overexpression abrogated inva-
sion, motility and clonogenicity back to native levels (Figure 2, C-
E).

PD-L1 modulation impacts T-cell infiltration

To evaluate the canonical function of PD-L1 (T-cell suppression),
we developed an immunosphere (iSphere) assay in which PD-L1
overexpression and shPD-L1 had opposite effects of decreasing
and increasing T-cell invasion, respectively (Supplementary
Figure 2, G and H, available online); shPD-L1 increased granzyme
B expression, indicating T-cell-mediated killing. a260-200PD-L1
overexpression iSpheres had similar T-cell invasion to intact PD-
L1 overexpression iSpheres (Supplementary Figure 2, G, available
online), confirming the canonical role of PD-L1 is fulfilled by the
PD-L1-ECD.

The intracellular PD-L1 interactome is influenced
by PD-1

The above findings established PD-L1 intracellular signaling had
a cancer cell-intrinsic impact driven by the PD-L1-ICD, which did
not require PD-1 but was influenced by it. Therefore, a protein-
protein interaction in the cytoplasmic region was investigated,
both at baseline and upon PD-1 binding. We cloned and trans-
fected a PD-L1-BioID2 fusion protein (Supplementary Figure 3, A,
available online) into CUHNO013 and CUHNO36 cell lines. Specific
expression, proper localization, and consistent function of the
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Figure 1. Programmed death ligand 1 (PD-L1) cancer cell-intrinsic phenotypes. A) Immunoblot confirming PD-L1 overexpression. B) PD-L1
overexpression and recombinant programmed cell death protein 1 (rPD-1) increase invasion. C) PD-L1 overexpression decreases time to scratch-wound
closure, exacerbated by rPD-1. (Wound confluence 16 hours postscratch: CUHNO13 empty = 60.95%; empty rPD-1=83.85%; PD-L1

overexpression = 85.59%; PD-L1 overexpression rPD-1 = 94.09%; CUHNO36 empty = 68.74%; empty rPD-1 =81.36%; PD-L1 overexpression = 87.51%; PD-
L1 overexpression rPD-1=97.08%.) D) PD-L1 overrexpression increases clonogenicity. E) Immunoblot confirming short hairpin RNA knockdown of PD-
L1 (shPD-L1). F) shPD-L1 decreases invasion, and rPD-1 is not sufficient to rescue the decrease. G) shPD-L1 slows scratch-wound closure and is not

rescued by rPD-1 (wound confluence 16 hours postscratch: CUHNO13 shC =

80.46%; shC rPD-1=91.87%; sh1=157.89%; sh1 rPD-1=55.76%; sh2 = 64.34%;

sh2 rPD-1=51.19%; CUHNO036 shC =99.65%; shC rPD-1=100%; sh1=287.89%; sh1 rPD-1=93.12%; sh2 = 87.88%; sh2 rPD-1=88.75%). H) shPD-L1
decreases clonogenicity. rPD-1 has no significant effect on clonogenic growth. PD-L1 overexpression invasion and clonogenic measurements are
normalized to empty control, shPD-L1 measurements are normalized to sShCTRL. *P < .05, *P < .01, **P < .001, ***P < .0001. Error bars represent
standard deviation. E =empty; FC =fold change; OE = PD-L1 overexpression; P = parental; shC = short hairpin RNA non-targeting control; sh1=short
hairpin RNA targeting PD-L1 #1; sh2 = short hairpin RNA targeting PD-L1 #2; rPD-1 = recombinant PD-1.

PD-L1-BioID2 fusion was confirmed (Supplementary Figure 3, B-F,
available online). Liquid chromatography coupled with tandem
mass spectrometry defined the interactome of experimental
duplicates of each condition: empty-BioID2 or PD-L1-BiolD2,
with and without rPD-1 (Figure 3, A). A total of 57 proteins were
found in the PD-L1 interactome; 8 proteins exclusive to PD-L1
alone, 35 proteins specifically recruited upon rPD-1 binding, and
14 proteins that interacted irrespective of rPD-1 (Figure 3, B;
Supplementary Table 1, available online). Of the 14 proteins that
constitutively interacted with PD-L1, 10 of these increased in
magnitude upon rPD-1, indicating rPD-1 binding qualitatively
and quantitatively influenced PD-L1 interactions (Figure 3, B;
Supplementary Table 1, available online). The PD-L1 interactome
included proteins involved in RNA binding, RNA processing,
cell signaling (particularly calcium-based signaling), antiviral

response, canonical immune receptor signaling, and posttransla-
tional modification (Supplementary Table 1, available online)
(26).

PD-L1 functionally interacts with ILF2-ILF3

We sought to correlate PD-L1 signaling with cancer-related prop-
erties and focused on biologically relevant interactome partners
correlative with PD-L1 localization (ie, excluded nuclear or endo-
plasmic reticulum proteins) (Table 1). We confirmed impact in
invasion, motility, and clonogenicity of annexin A1l (ANXA11),
family with sequence similarity 129 member B (FAM129B), ILF2,
ILF3, protein tyrosine phosphatase nonreceptor type 1 (PTPN1),
and zinc finger CCCH-type containing, antiviral 1 (ZC3HAV1)
(Supplementary Table 2, available online) and confirmed PD-L1
interaction in vitro with ILF2, ILF3 (Figure 3, C), FAM129B, and
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Figure 2. Programmed death ligand 1 (PD-L1) intracellular domain and
intrinsic function. A) Schemata of PD-L1 structural domains. PD-L1
intracellular domain (PD-L1-ICD) is expanded to amino acid structure
below. PD-L1 overexpression and PD-L1-ICD deletion mutant (a260-200PD-
L1) shown below. Created with BioRender.com. B) Confirmation of azeo-
200PD-L1 overexpression in CUHNO013 and CUHNO036 by immunoblot. C)
PD-L1 overexpression increases invasion, (D) wound healing, and (E)
clonogenic growth, but this is reversed with s»60-290PD-L1 overexpression
(wound confluence 16 hours postscratch: CUHNO13 empty =46.59%; PD-
L1 overexpression = 85.59%; a260-200PD-L1 =47.11%; CUHNO36

empty =46.59%; PD-L1 overexpression = 87.51%; a260-200PD-L1 =51.20%).
*P <.05, *P < .01, **P < .001, ***P < .0001. Error bars represent standard
deviation. E=empty; FC= fold change; IgC = immunoglobulin constant;
IgV = immunoglobulin variable; OE =PD-L1 overexpression; A and A260-
290 = a260-290PD-L1 overexpression; PD-L1-EC =PD-L1 extracellular-
specific antibody; PD-L1-IC = PD-L1 intracellular specific antibody.

PTPN1 by co-immunoprecipitation (Supplementary Table 2,
available online). ILF2 and ILF3 were PD-L1 interactome partners
with and without rPD-1 (Figure 3, B, Table 1), associated with
PD-L1 in a PD-l1-dependent manner (Figure 3, C), and
the interaction was lost with az60.000PD-L1 overexpression
(Figure 3, D). Further, in a heterologous system, PD-L1 co-immu-
noprecipitated with ILF3, but not ILF2, suggesting PD-L1 and ILF3
are direct binding partners (Figure 3, E), whereas ILF2 comes into
proximity to PD-L1 while heterodimerized with ILF3. ILF2-ILF3
were pursued because of their wide-ranging functionality as a

Table 1. Membranous and cytoplasmic PD-L1 interactome®

Bait PD-L1 recombinant PD-1-PD-L1
PREY SS FC* SS FC
ANXA7 1.0 142.5 1.0 197.5
ESYT1 1.0 140.0 1.0 300.0
ANXA11 1.0 72.5 1.0 82.5
RTN4 1.0 67.5 1.0 100.0
ILF2 1.0 37.3 0.9 33.0
ZC3HAV1 1.0 27.3 1.0 67.3
ILF3 1.0 12.7 0.9 8.8
PDCD6IP 0.9 6.0 1.0 9.1
AHCTF1 0.9 4.6 1.0 11.6
FAMO98A 1.0 47.5 — —
FAMO98B 1.0 20.0 — —
HNRNPR 1.0 11.3 — —
EPB41L2 — — 1.0 130.0
FAM129B — — 1.0 107.5
ERBIN — — 1.0 67.5
FERMT?2 — — 1.0 67.5
PTPN2 — — 1.0 62.5
TPD52L2 — — 1.0 60.0
ARHGAP1 — — 1.0 47.5
SLC4A7 — — 1.0 40.0
SLC38A1 — — 1.0 37.5
STIM1 — — 1.0 37.5
NECTIN2 — — 1.0 30.0
CTNND1 — — 1.0 27.5
LBR — — 1.0 27.5
EFHD2 — — 1.0 25.0
ITGB5S — — 1.0 25.0
TRIP11 — — 1.0 20.0
MIF — — 1.0 17.5
STAM — — 1.0 17.5
HNRNPA2B1 — — 0.9 5.4
DHX?29 — — 0.9 5.2
AKAP12 — — 0.9 4.5
CKAP4 — — 0.9 2.7

# Fold change, no data indicate that the prey protein was either not

identified in the sample or did not meet the statistical threshold described. FC
= fold change; PD-1 = programmed cell death protein 1; PD-L1 = programmed
death ligand 1; SS = Saint score.

heterodimer within NFAT, including transcription, DNA damage
repair, RNA processing, tumorigenesis, and antiviral immunity
(28).

PD-L1-ILF2-ILF3 interaction increased nuclear ILF2 and ILF3
translocation in PD-L1 overexpression (Figure 3, F), while shPD-L1
reduced nuclear ILF2 and ILF3 (Figure 3, G). To assess ILF2-
ILF3 functionality, we transduced both CUHNO013 and CUHNO036
with pGreenFire2.0 Antigen Receptor Response Element-2 (ARRE-
2) reporter containing the ILF2-ILF3 target consensus sequence
(21,22) (Supplementary Figure 4, A, available online). Loss of PD-
L1, ILF2, or ILF3 reduced transcriptional activity (Figure 4, A,
Supplementary Figures 3, G-I, and 4, B-D, available online).
Conversely, rPD-1 increased activity (Supplementary Figure 4, E,
available online) in a PD-1-PD-L1-dependent manner, as this
effect was abrogated by anti-PD-1 and anti-PD-L1 therapies
(Figure 4, B; Supplementary Figure 4, F and G, available online).
PD-L1 blockade had no effect on transcriptional activity in the
absence of rPD-1 (Supplementary Figure 4, H, available online).

We compared RNA sequencing (RNAseq) transcriptomic pro-
files of PD-L1 overexpression and shPD-L1 (Supplementary Table
3, available online) and identified an array of ILF2-
ILF3 transcriptional targets that were also modulated by PD-L1
(Supplementary Figure 3, ], available online). STAT3, known to be
related to ILF2-ILF3 (29-31), was downregulated in PD-L1
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(rPD-1) in vitro, in both CUHNO013 and CUHNO36 in a dose-dependent manner, exacerbated by rPD-1. D) Co-immunoprecipitation between PD-L1 with
either ILF2 or ILF3 are dependent on the PD-L1 intracellular domain. E) Recombinant ILF2, ILF3, and PD-L1 produced in a heterologous system show PD-
L1 and ILF3 directly interact by immunoprecipitation with PD-L1. F) Cytoplasmic and nuclear fractionation suggests that PD-L1 overexpression initiates
nuclear translocation of both ILF2 and ILF3 and is exacerbated by rPD-1. G) CUHNO013 and CUHNO036 cytoplasmic and nuclear fractionation show a
decrease in nuclear ILF2 and ILF3 with short hairpin RNA knockdown of PD-L1 (shPD-L1). *P < .05, *P < .01, **P < .001, ***P < .0001. Error bars represent
standard deviation. A = xz0-200PD-L1 overexpression; BDFR = Bayesian false discovery rate; C = cytoplasmic; E=empty; LC/MS MS = liquid
chromatography coupled with tandem mass spectrometry/mass spectrometry; N =nuclear; OE = PD-L1 overexpression; rPD-1 = recombinant PD-1;
shC = short hairpin RNA non-targeting control; sh1 = short hairpin RNA targeting PD-L1 #1; sh2 = short hairpin RNA targeting PD-L1 #2.
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Figure 4. Impacts of programmed death ligand 1 (PD-L1) on interleukin enhancer binding factors 2 and 3 (ILF2 and ILF3) transcriptional activity and
anti-signal transducer and activator of transcription 3 (STAT3) response. A) Antigen receptor response element 2 (ARRE-2) reporter confirms a loss of
transcriptional activity with small interfering RNA targeting ILF2 (siILF2), ILF3 (siILF3), and PD-L1 (siPD-L1). B) ARRE-2 reporter treated with
recombinant programmed cell death protein 1 (rPD-1) increases ARRE-2 transcriptional activity, and this is blocked with anti-PD-1 or anti-PD-L1
treatment compared with immunoglobulin G (IgG) control. C) Phospho-STAT3 is increased by PD-L1 overexpression but is dependent on the
intracellular domain, as determined by the PD-L1 intracellular domain deletion mutant (ae0-200PD-L1). D) STAT3 phosphorylation is decreased by short
hairpin RNA knockdown of PD-L1 (shPD-L1). E) Phospho-STAT?3 decreased by silLF2 and siILF3. F) PD-L1 overexpression is selectively resistant to anti-
STATS3 treatment as measured by sulforhodmain B colorimetric assay (SRB) (y axis in log scale). anti-STAT3 treatment rescues the effect of PD-L1
overexpression on (G) invasion, (H) motility, and (I) clonogenicity (wound confluence 16 hours postscratch: CUHNO13 empty dimethylsulfoxide

(DMSO) = 68.79%; empty anti-STAT3 =59.87%; PD-L1 overexpression DMSO = 91.85%; PD-L1 overexpression anti-STAT3 = 70.55%; a260-200PD-L1

DMSO =72.51%; a260-200PD-L1 anti-STAT3 =60.92%; CUHN036 empty DMSO =81.21%; empty anti-STAT3 =66.23%; PD-L1 overexpression

DMSO = 96.64%; PD-L1 overexpression anti-STAT3 =88;10%, x260-290PD-L1 DMSO = 83.37%; a2g0-200PD-L1 anti-STAT3 =68.05%). *P < .05, *P < .01, **P <
.001, ***P < .0001. Error bars represent standard deviation. GCU = green calibrated units; p-STAT3 = phospho-STAT3; A = a260-290PD-L1 overexpression;
E =empty vector; FC = fold change; OE =PD-L1 overexpression; shC = short hairpin RNA non-targeting control; sh1 = short hairpin RNA targeting PD-L1
#1; sh2 = short hairpin RNA targeting PD-L1 #2; siC = small interfering RNA non-targing control; si2 = small interfering RNA targeting ILF2; si3 =small
interfering RNA targeting ILF3; a-STAT3 = anti-STAT3.

overexpression (Pagjustea=0.0009) and upregulated in shPD-L1 In assessing the role of STAT3 signaling suggested by RNAseq
(Pagjusted = 0.03) (Supplementary Figure 3, ], available online). (Supplementary Figure 3, ], available online), PD-L1 overexpres-
. .. sion increased phospho-STAT3 (Figure 4, C; Supplementary
PD-L1 Slgnahng is transduced by ILF2-ILF3 and Figure 2, G, available online), whereas shPD-L1 (Figure 4, D;
then STAT3 Supplementary Figure 2, H, available online), silLF2, and siILF3
Whereas ILF2-ILF3 were necessary for PD-L1-driven cancer cell- (Figure 4, E; Supplementary Figure 2, 1, available online)
intrinsic phenotypes in vitro (Supplementary Table 2, available decreased phospho-STAT3. Phospho-STAT3 was dependent on
online), extrinsically small interfering RNAs targeting ILF2 the PD-L1-ICD, as demonstrated by the a60-290PD-L1 overexpres-
(siILF2) or ILF3 (siILF3) had no impact in T-cell invasion or gran- sion effect (Figure 4, C; Supplementary Figure 2, G, available
zyme B expression (Supplementary Figure 2, I, available online). online). PD-L1-ICD was resistant to STAT3 inhibition by the
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selective phosphorylation inhibitor LLL12 (anti-STAT3) compared
with empty control and aze0-200PD-L1 overexpression (Figure 4, F;
Supplementary Figure 3, K, available online). The increase in
tumorigenic properties driven by PD-L1 overexpression were res-
cued by anti-STAT?3 (Figure 4, G-I). These key findings were corro-
borated in the well-characterized CAL27 and MDA-584 cell lines
(Supplementary Figure 5, available online) (32,33).

rPD-1 increases STATS3 activation in vivo

To assess PD-1-PD-L1 interactions in vivo, we implanted the
HPV-negative CUHNO13 and CUHNO36 patient-derived xeno-
grafts (PDXs) into an immunocompromised NOD-scid-gamma
(NSG) model. Mice were supplemented with rPD-1 biweekly, lead-
ing to stable exposure (Figure 5, A), which increased tumor
expression of PD-L1, ILF2, ILF3, and phospho-STAT3 (Figure 5, B
and C), suggesting activation of PD-L1 signaling and a positive
feedback loop by which rPD-1 promoted expression of PD-L1 and
its signaling partners (34). PD-L1 interaction with rPD-1, ILF2,
ILF3, and STAT3 were confirmed by proximity ligation assay
(Figure 5, D).

Dual PD-L1 and STAT3 inhibition elicits
sustained tumor control in humanized mice

To assess the PD-1 and PD-L1 interaction in a native state with
human T-cells, we implanted NSG and humanized mice (HM)
with HPV-positive CUHNO022 PDXs and compared anti-PD-L1
treatment with control. We observed tumor growth reduction
exclusively in HM, suggesting a competent immune system and
the PD-1-PD-L1 interaction were required for anti-PD-L1 effects
(Supplementary Figure 6, A, available online). Given the central
role of STAT3 in PD-L1 signaling, we then treated larger cohorts
of NSG and HM mice bearing either CUHNO36 (HPV-negative) or
CUHNO022 (HPV-positive) PDXs with anti-PD-L1, anti-STAT3, or
the combination of both. Anti-PD-L1 again only reduced growth
in HM, but anti-STAT3 (alone or combined with anti-PD-L1)
blocked tumor growth in both groups (Figure 6, A and B).
CUHNO36 was collected after end of treatment (EOT) (4 weeks)
due to tumor burden; combined therapy showed higher efficacy.
CUHNO22 control and anti-PD-L1 groups were sacrificed at EOT,
but anti-STAT3 and combination groups were observed for 4
additional weeks. In NSG, neither group regrew, whereas in HM
the anti-STAT3 arm relapsed, and only the combination exhib-
ited prolonged tumor control (Figure 6, B). We postulate the PD-
1-PD-L1 interaction triggered by the T-cells exclusive to HM that
were not blocked by anti-PD-L1 led to tumor regrowth in anti-
STAT3 group.

PD-L1 and STAT3 inhibition impact T-cell
infiltration and circulating patterns in vivo
Assessing tumors, peripheral blood, and the spleens of HM, all 3
therapies yielded TILs increase including CD4 and CD8 T-cells,
however, the subpopulations in each treatment differed (Figure 6,
C; Supplementary Figures 6, B, and 7,A, available online). Anti-
PD-L1 induced mainly CD8 TILs, with a marginal increase in CD4
TILs (Figure 6, C; Supplementary Figure 7, A, available online);
however, the recruited TILs had higher cytotoxic activity, as
measured by granzyme B (Figure 6, C; Supplementary Figure 7, A,
available online). Anti-STAT3 induced the opposite effect, with
higher CD4 and CD8 TILs, however, granzyme B-positive cells did
not increase (Figure 6, C; Supplementary Figure 7, A, available
online); this corresponds to an exhausted tumor microenviron-
ment and can explain in part the regrowth after EOT. Combined
anti-PD-L1 and anti-STAT3 resulted in the highest TIL

recruitment, including cytotoxic cells and CD4 and CD8 TILs
(Figure 6, C; Supplementary Figure 7, A, available online).

Splenic T-cells (CD45-positive and CD3-positive) had higher
CD4 and CDS8 cells in the combination arm at EOT; total and PD-
1-positive cells sustained an increase 4 weeks post-EOT (Figure 6,
D; Supplementary Figure 7, B, available online). Peripherally, only
in anti-PD-L1 did CD4-positive as well as CD4—positive and PD-1-
positive T-cells increase (Figure 6, E; Supplementary Figure 7, C,
available online).

PD-L1 promotes phospho-STAT3 via ILF2-ILF3 in
humanized mice

As seen with rPD-1 (Figure 5, B and C), PD-1-driven interactions
increased PD-L1, ILF2, ILF3, and phospho-STAT3 in HM (Figure 6,
F; Supplementary Figure 7, D, available online). Single and multi-
color proximity ligation assay confirmed a T-cell-mediated
effect, showing PD-1 interacted with PD-L1, and PD-L1 subse-
quently interacted with ILF2, ILF3, and STAT3 (Figures 5, D, and 6
G; Supplementary Figure 6, C, and 7, E, available online).
Whereas total STAT3 remained unchanged, PD-L1, ILF2, ILF3,
and phospho-STAT3 decreased upon anti-PD-L1 in HM tumors
exclusively, whereas anti-STAT3 was effective in both arms
(Figure 6, F; Supplementary Figures 6, D, and 7, D, available
online). This suggests the positive feedback loop of PD-L1 synthe-
sis after PD-1 and PD-L1 binding, described in melanoma (34) and
corroborated here in HNSCC, is mediated by STAT3.

Finally, RNAseq revealed treatment effects with anti-PD-L1
and anti-STAT3, both alone and combined, were influenced by
the presence of human immune cells as the interferon alpha and
gamma pathways were inhibited in HM only (Supplementary
Figure 7, F, available online). Interestingly, in this unsupervised
analysis, the STAT3 pathway was the only gene set to reach stat-
istical significance that was altered exclusively in the combina-
tion arm, with an inhibitory effect in HM vs the NSG model.

Discussion

The PD-1-PD-L1 pathway is the most widely validated immune
target in cancer, with a range of efficacy from relatively modest
(1,2) to natural history changing (35), suggesting a more complex
role than anticipated. In HNSCC models, PD-L1 signaling influ-
enced invasiveness, motility, clonogenicity, chemotherapy, and
radiation sensitivity. This supports a coordinated, evolutionarily
efficient mechanism toward tumor progression when other key
determinants are favorable, such as attenuated immune surveil-
lance resulting from PD-1 and PD-L1 binding (Figure 6, H, shows a
conceptual model). Given the profound and carefully synchron-
ized pro-growth effect of the ensuing signaling, that the tertiary
and/or quaternary nature of the interaction is not structurally
elucidated should not detract from its importance. These pro-
tein—protein interactions were consistent across several patient-
derived models, PD-L1-ICD dependent, and showed remarkable
specificity (ie, BioID2 identified proximity interactions with heter-
odimer partners, ILF2-ILF3, but co-immunoprecipitation demon-
strated ILF3 physically interacts with PD-L1).

We have identified ILF2-ILF3 as prominent members of the
PD-L1 interactome, which canonically act in the NFAT complex,
discovered for its role in T-cell activation via interleukin-2 tran-
scription (21,22). Other roles include transcription, DNA damage
repair, RNA processing, tumorigenesis, and antiviral immunity
(28). We found STAT3 activation was dependent on PD-1, PD-L1,
and ILF2-ILF3 expression both in vitro and in vivo, and rPD-1, PD-
1 and PD-L1 exacerbated this effect. In HM, anti-STAT3 combined
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Figure 5. Recombinant programmed cell death protein 1 (rPD-1) in vivo. A) rPD-1 is stable in vivo for 2 weeks as measured by enzyme-linked
immunosorbent assay of NOD-scid-gamma (NSG) blood (n = 3). B-C) rPD-1 increased immunohistochemistry expression of programmed death ligand 1
(PD-L1), interleukin enhancer binding factor 2 (ILF2), interleukin enhancer binding factor 3 (ILF3), and phospho-signal transducer and activator of
transcription 3 (STAT3) but did not alter expression of total STAT3. D) Proximity ligation assay confirms in vivo interaction between PD-L1 and rPD-1,
ILF2, ILF3, and STAT3 in CUHNO13 in vivo. *P < .05, *P < .01, **P < .001, ***P < .0001. Error bars represent standard deviation. Scale bar = 10pm (left);

magnified PLA (right) is 4x original size. p-STAT = phospho-STAT3.

with anti-PD-L1 blockade were a potent cocktail in which anti-
PD-L1 blocks PD-1 binding extracellularly, while anti-STAT3
blunts constitutive and induced intracellular signaling and feed-
back loop-driven PD-L1 expression. The effects of anti-PD-L1
were shown in 2 independent HM cohorts, highlighting the neces-
sity and reproducibility of the model.

The PD-L1 interactome included other partners (ANXA11,
FAM129B, PTPN1, and ZC3HAV1), and we confirmed they influ-
enced cancer properties. These interactors represent a spectrum
of biological functions, with the most common themes being
RNA processing, calcium signaling, antiviral response, and basic
signal transduction (26). Interestingly, ILF2-ILF3 interact with
other proteins in the PD-L1 interactome, such as scaffold attach-
ment factor B (SAFB) and heterogeneous nuclear

ribonucleoprotein A2/B1 (HNRNPA2B1) (36,37), suggesting this
interactome has far-reaching implications. This supports the
evolutionary selection of protumorigenic mechanisms based on
their pleiotropic impact in acquiring a spectrum of advantageous
properties; concomitantly triggering immune evasion and tumor
growth is an efficient solution.

The unstructured PD-L1-ICD contains no predictive signaling
motifs, though 3 murine motifs are necessary for known mecha-
nisms of intrinsic signaling: RMLDVEKC, DTSSK, and QFEET.
These motifs are 75%, 80%, and 60% conserved in humans,
respectively:  RMMDVKKCG, DTNSKK, and HLEET (9). The
RMLDVEKC and DTSSK motifs span an RNA Pol-like domain and
contain putative ubiquitination targets, but the role of this motif
is unclear (15,17). In a melanoma model, these motifs inhibited
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Figure 6. Anti-programmed death ligand 1 (PD-L1) and/or anti-signal transducer and activator of transcription 3(STAT3) in humanized mice (HM).
Tumor volume decreases upon anti-PD-L1 in the HM model compared with the HM control in (A) CUHNO036 and (B) CUHN022. No changes were
observed in control vs anti-PD-L1-treated NOD-scid-gamma (NSG) mice. Treatment with anti-STAT3 or the combination of anti-PD-L1 and anti-STAT3
(combo) ablated tumor growth in the NSG and HM models. In CUHNO022, the anti-STAT3 group relapsed following end of treatment (EOT) in the HM
group, while the combo maintained response. Arrows indicate date of treatment, with both immunoglobulin G and dimethylsulfoxide control, anti-PD-
L1, and anti-STAT3 given simultaneously. C) In CUHNO022, anti-PD-L1, anti-STAT3, and combo increase CD3+CD4+ and CD3+CD8+ tumor-infiltrating
cells. Anti-PD-L1 and combo increase CD3+granzyme B+ cells. Quantification to the right. Arrows indicate double-positive or single-positive signal (ie,
CD3+granzyme B+ vs CD3+granzyme B-). Human T-cells (CD45+CD3+) analyzed from (D) HM spleen or (E) peripheral blood, from control, anti-PD-L1,
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STAT3 release mice had increased peripheral CD4 and CD8 subpopulations. F) Immunohistochemistry images (left) and quantification (right) of PD-L1,



interferon-mediated cytotoxicity, serving as a frontline cancer
cell defense mechanism (15,17). There are also multiple points of
posttranslational modification that alter PD-L1 expression and
stability (13,38). Further, tumor hyperprogression following anti—
PD-1 and PD-L1 therapy (39) necessitates further study of the PD-
1 and PD-L1 axis intrinsically within the cancer cell. Our finding
of intrinsic PD-L1 signaling may shed light on the nuances of this
expression and may indicate a more comprehensive role than
previously noted, which may include a cancer-specific analysis of
the proteomic milieu available for PD-L1-intrinsic signaling. Here,
we identified the human PD-L1-ICD is necessary for STAT3 phos-
phorylation and protumorigenic signaling via the protein-protein
interaction with ILF3 and by association with ILF2. Our work cor-
roborated previous literature that upon PD-1 binding, STAT3 pro-
motes PD-L1 expression, providing a positive feedback loop to
sustain immune evasion (40,41), with intrinsic consequences,
including invasion, motility, clonogenicity, and drug resistance.

From a translational perspective, although immunotherapy
has revolutionized cancer therapy, improving efficacy is an
unmet need. PD-L1 expression and function are imperfectly asso-
ciated with anti-PD-1 and anti-PD-L1 efficacy across diseases
(38,42). Tumor hyperprogression following anti-PD-1 and anti—
PD-L1 therapy is increasingly reported (39), and our finding of PD-
L1-ICD signaling may shed light; steric hindrance of the PD-1 and
PD-L1 interaction alters cancer intrinsic signaling as well. rPD-1
administration to immunodeficient NSG model increases PD-L1,
ILF2, ILF3, and phospho-STAT3 in cancer cells.

We developed a series of in vitro and in vivo models, including
the iSphere assay enabling the quantification of T-cell invasion,
as well as the mechanistic characterization of the cell-to-cell
interaction allowing the incorporation of functional genomic
alterations into cancer cells. HM (43) allowed quantitating
peripheral and intratumor T-cells, dissecting the tumor microen-
vironment, differences in T-cell subpopulations, and differentiat-
ing PD-L1 signaling effects in the presence and absence of human
T-cells.

In summary, PD-L1 has intrinsic properties mediating prolifer-
ation, clonogenicity, motility, and invasion in HNSCC that are
independent of and additive to the known T-cell inhibition role as
a PD-1 ligand. Future studies are warranted to elucidate the
nature of PD-L1 interactions, including modeling tertiary and/or
quaternary structure analyses will be of interest given the RNA-
modulating proteins identified in the PD-L1 interactome.
Considering the relevance of the PD-L1 and PD-1 axis and its tar-
geting in most solid tumors, understanding the mechanistic
events, intrinsically and extrinsically to the cancer cell, is a vital
area of focus for cancer biology and immunology. PD-L1 is central
in a coordinated mechanism whereby upon binding to PD-1
extracellularly, the PD-1-expressing T-cell inactivation enables
immune evasion, while intracellularly PD-L1-driven signaling
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increases cancer cell clonogenicity, motility, and invasion, jointly
leading to tumor progression.
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Figure 6. Continued

interleukin enhancer binding factor 2 (ILF2), interleukin enhancer binding factor 3 (ILF3), phospho-STAT3, and STAT3 show an increase in the HM
model that is blocked upon anti-PD-L1, anti-STAT3, or combo treatment. Anti—-PD-L1 had no effect on the NSG model. Anti-STAT3 reduced PD-L1,
interleukin ehancer binding factor 2 (ILF2), ILF3, and phospho-STAT3 in NSG and HM tumors, with deeper effect in HM particularly in the combination
arm. G) Multicolor proximity ligation assay shows an increase in interaction between PD-L1-ILF2, PD-L1-ILF3, and PD-L1-STAT3 in the HM compared
with NSG control. Anti-PD-L1 and combo decreased the interaction of PD-L1-STAT3. In the HM model, targeting PD-L1 reduced the interaction between
PD-L1 and STAT3, with the combination of anti-PD-L1 and anti—-STAT3 being even more effective. The PD-L1-ILF2 and PD-L1-ILF3 interactions
remained stable, with neither therapy effectively impacting this association. H) Proposed conceptual model of PD-1- PD-L1 interaction leading to
immune escape on one side, and PD-L1 recruitment of ILF2-ILF3 and subsequent activation of STAT3, leading to tumor progression. *P < .05, **P < .01,
P <.001, *™*P < .0001. Error bars represent standard deviation. Scale bar = 25um (B), scale bar = 50um (E). a-PD-L1 = anti-PD-L1; a-STAT3 = anti-
STATS3; a-STAT3* and combo* =samples collected 4 weeks after EOT; HM =humanized mice; NSG =NOD-scid-gamma; PLA = proximity ligation assay.
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