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ABSTRACT

Background The programmed cell death 1 (PD-1) is an
immune checkpoint that mediates immune evasion of
tumors. Alternative splicing (AS) such as intron retention
(IR) plays a crucial role in the immune-related gene
processing and its function. However, it is not clear
whether PDCD1 encoding PD-1 exists as an IR splicing
isoform and what underlying function of such isoform
plays in tumor evasion.

Methods An AS isoform of human PDCD1, characterized
by the second IR and named PD-1"2, was identified

by reverse transcription-PCR (RT-PCR) and Sanger
sequencing. The expression profile of PD1" was
assessed by quantitative RT-PCR and flow cytometry,
while its function was evaluated through immune cell
proliferation, cytokine interleukin 2 secretion, and tumor
cell killing assays. PDCD 1™ ' mice which specifically
conditional knock-in PDCD1™ in T cells and humanized
peripheral blood mononuclear cells (PBMC)-NOG (NOD.Cg-
PrkdcscidIL2rgtm1Sug/JicCrl) mice were utilized to further
confirm the physiological function of PD-1"2 in vivo.
Results PD-1" is expressed in a variety of human
leukemia cell lines and tumor-infiltrating lymphocytes.
PD-1"™2 expression is induced on T cell activation and
regulated by the RNA-binding protein hnRNPLL. PD-1"%
negatively regulates the immune function of CD8* T

cells, indicated by inhibiting T cell proliferation, cytokine
production, and tumor cell killing in vitro. PD-1"2*

CD8™ T cells show impaired antitumor function, which
consequently promote tumor evasion in a conditional
knock-in mouse model and a PBMC-engrafted humanized
NOG mouse model. PD-1"2 mice exhibit resistance to anti-
PD-L1 therapy compared with wild-type mice.
Conclusions PD-1"2 s a potential immune checkpoint
that may mediate potential resistance to immune
checkpoint therapy.

INTRODUCTION
Immune checkpoints (ICs) are a class of
immunosuppressive molecules that are

expressed on immune cells and suppress
immune cell activation.' > Programmed cell
death 1 (PD-1) is one of the ICs, which nega-
tively regulates T cell function by interacting
with two ligands, PD-1 ligand 1 (PD-L1) and
PD-1.2.2* In addition, either PD-L1 or PD-L.2
expressed by cancer cells binds to PD-1 on
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Alternative splicing (AS) is involved in the regulation
of programmed cell death 1 (PD-1). Prior studies
have shown that the isoforms of PD-1, such as A42
PD-1 and PD-1Aex3, play a crucial role in tumor im-
munity. However, whether PD-1 exists as an intron
retention (IR) splicing isoform and what underlying
function of such isoform plays remain to be further
elucidated.

WHAT THIS STUDY ADDS

= This study identified a new isoform, named as PD-
12 which is expressed in a variety of human leu-
kemia cell lines and tumor-infiltrating lymphocytes,
and is regulated by hnRNPLL. PD-1"? mediates tu-
mor immune evasion and resistance to anti-PD-L1
antibody via deregulating CD8"* T cell function.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study provides a new potential immune check-
point and new insights into the resistance to clinical
immune checkpoint blockade therapy. This will pave
the way for developing small molecules targeting

the IgV domain for both PD-1 and PD-1"2,

the surface of T cells, thereby inhibiting T
cell activation and leading to cancer immune
evasion.” However, targeting PD-1/PD-L1 for
patients with cancer has achieved some clin-
ical benefits in a small subpopulation®; the
underlying mechanism of such low response
is imperative to be explored.

Alternative splicing (AS) refers to the
process of producing various mRNA splicing
isoforms from pre—mRNA,7 and contributes
to proteomic diversity as well as regulates
highly diverse processes, such as physiology
or pathology, including cancer.” AS is also
involved in the regulation of ICs, such as
Cytotoxic T lymphocyte antigen (CTLA)-
4% PD-1'"" and PD-L1."” '° PD-1 AS
isoforms include PD-1Aex3'”, A42 PD-1'! and
PD—1A2818; however, their molecular func-
tions have not been well explained. As a major
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form of AS, intron retention (IR) regulates gene expres-
sion during CD4" T cell activation.'™? Nevertheless,
whether the PD-1 IR isoform exists remains unknown. In
our study, we identify a novel isoform of PD-1 with second
IR termed as PD-lIRQ, which inhibits function of CD8" T
cells, thus promoting tumor evasion and being resistant
to immunotherapy targeting PD-1/PD-L1. Our study
reveals that PD-1"™ may serve as a new IC and an under-
lying mechanism for resistance to immunotherapy.

RESULTS

The identification and regulation of PD-
In our effort to amplify PDCDI transcript using reverse
transcription-PCR (RT-PCR), we found a larger size band
above wild-type (WT) PDCD1, which was verified as second
IR isoform based on Sanger sequencing in the isolated
peripheral blood mononuclear cells (PBMCs) (figure 1A
and online supplemental figure 1A-C). PD-1"® contains
signal peptide, IgV domain, and a new and short cyto-
plasmic tail (figure 1B and online supplemental figure
1D,E). To validate the presence of PDCD]IRZ, we further
examined multiple human leukemia cell lines by PCR,
which showed that PDCDI™ were expressed in certain
cell lines (online supplemental figure 1F). Moreover,
quantitative RT-PCR (qQRT-PCR) assay with PDCDI™
specific primers revealed that PDCDI™ were expressed
in these human leukemia cell lines, especially relatively
high in Jurkat cell (figure 1C and online supplemental
figure 1G). Collectively, our findings reveal that PDCDI
has a second IR isoform at transcriptional level.

To specifically verify endogenous authentic PD-1"%,
we used distinct 10 amino acid fragments from PD-1"%*
cytoplasmic tail as an antigen to generate antibodies, and
obtained one monoclonal antibody that could specifically
recognize PD-1"™* by flow cytometry (FACS) in HEK293T
cells overexpressing PD-1"* (online supplemental figure
1H). Furthermore, we verified this antibody specificity
in endogenous PD-1"* levels in PHA-stimulated WT
Jurkat cells and one PDCDI-knockout (KO) Jurkat cell
line previously established by our lab'® (figure 1D). We
overexpressed PDCDI and PDCDI'™™ in Jurkat KO-1 cells,
respectively (online supplemental figure 1I), and western
blot showed that PD-1"" mainly located intracellularly
of Jurkat KO-1'® cells overexpressing PD-1"", while it
was almost undetectable in supernatant (online supple-
mental figure 1J), although PD-1"™* lacks transmem-
brane domain. We wondered whether PD-1""* might be
potentially induced on T cell activation in a similar way
as PD-1** 25; thus, we activated T cells using three classical
methods, including CD3 and CD28, PMA and ionomycin,
or PHA. The results revealed that both mRNA and protein
levels of the PD-1"* and PD-1 were elevated after Jurkat
cells activation, while PD-1 was relatively highly expressed
compared with PD-1""* (figure 1E—] and online supple-
mental figure 1G). Furthermore, the temporal dynamics
of PDCDI™ in Jurkat cells showed that PDCDI™ levels
peaked on day 2 and modestly declined after day 3

1IR2

(online supplemental figure 1K), suggesting that PD-1"™%
is a T cell activated expression protein.

We further found that PDCDI™ was expressed in
both CD4" and CD8' T cells, but the level of PDCDI™
was much higher in CD8" T cells compared with CD4" T
cells based on a public RNA-seq database®® (figure 1K).
Moreover, the expression of PDCD1"™ was correlated with
PDCDI (figure 1L). Analysis of CD8" subsets of this data-
base showed an increase of PDCD1"™in central memory T
cells, effector memory T cells of type 1 and PD-1'CD39" T
cells compared with naive T cells (figure 1M), which were
partially consistent with the expression of PDCDI in CD8"
subsets (figure 1N). Meanwhile, we analyzed PDCDI™
expression in the CD4" subsets and found a notable
increase in Follicula helper T cells (Tfh) compared with
naive T cells (figure 10), which was partially similar to
the expression of PDCDI in CD4" subsets (figure 1P),
suggesting that PD-1"™ potentially regulates T cell func-
tion. In addition, we found that PDCD1™ was increased in
patients with cutaneous T-cell lymphoma compared with
healthy individuals and its expression level was highly asso-
ciated with tumor stage?’ (figure 1Q). To further investi-
gate the expression of PDCDI™ and PDCDI in T cells,
we analyzed RNA-sequencing of T cells from 364 patient
samples across 10 different solid tumor types based on
a public database,® which revealed that PDCDI"™ and
PDCD1 were expressed in all of these tumor types (online
supplemental figure 1L). We further isolated TILs from
clinical lung cancer samples and found no difference
between PDCD1"™ and PDCD1 expression (online supple-
mental figure 1M), which may be due to the small number
of samples. Overall, these data reveal that PD-1"* is a new
isoform of PD-1 and expresses in multiple T lymphocyte
subsets or TILs from patient samples.

To identify the possible factors that regulate the gener-
ation of PD-1""%, we integrated literature and found that
hnRNPLL is involved in both IR* and AS of CD45,30 SO
we focused on the potential effect of hnRNPLL on IR
of PDCDI. Endogenous hnRNPLL were knocked down
by two independent short hairpin RNAs (shRNAs) in
Jurkat cells (figure 1R), and qRT-PCR assays showed
that knockdown (KD) of hnRNPLL reduced mRNA
levels of PDCDI™? (figure 1S). In contrast, overex-
pression (OE) of hnRNPLL increased mRNA levels of
PDCDI™ (figure 1T-V). We further investigated whether
hnRNPLL binds to the PDCDI pre-mRNA and performed
RNA immunoprecipitation (RIP) in Jurkat cells. The
qRT-PCR assay showed that the pre-mRNA of PDCDI™
was higher enriched on hnRNPLL compared with IgG
control (figure 1W). Collectively, these data suggest that
hnRNPLL indeed binds to PDCDI pre-mRNA and regu-
lates the generation of PDCD 1™,

PD-1"2 inhibits the function of T cells in vitro

We next sought to evaluate the potential role of PD-1"%
on the T cells and used two shRNAs targeting the second
intron sequences of PD-1™ to knock down endogenous
PD-1"™ in Jurkat cells. The mRNA level of PDCDI1"™ was
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Figure 1 The identification and regulation of PD-1"72. (A, B) The schematic diagram for gene structure of PDCD1 and
PDCD1'7?(A) and protein structure of PD-1 and PD-1"72 (B). (C) gRT-PCR analysis for PDCD1 2 in various human leukemia cell
lines with PD-1 "™ specific primers (n=3). (D) Fluorescence-Activated Cell Sorting (FACS) analysis for PD-1"? protein level by
PD-1'"" specific monoclonal antibody in Phytohemagglutinin (PHA)-stimulated KO-2 Jurkat and Jurkat cells, with representative
FACS images on the left and quantified results as the Mean fluorescence intensity (MFI) on the right (n=3). PHA: 5pg/mL.

(E-J) qRT-PCR analysis for mRNA levels of PDCD1 '™ and PDCD1 (E, G and I), and FACS analysis for protein levels of PD-

12 and PD-1 (F, H and J) quantified as the MFI. Jurkat cells were stimulated with 5 pg/mL anti-CD3/CD28, 50 ng/mL Phorbol
12- myristate 13-acetate (PMA) and 1 uM lonomycin, and 5ug/mL PHA, respectively (n=3). (K-P) Analysis of RNA-seq data of
healthy donors from public databases (GSE179613). (K) RNA-seq-derived transcripts per million (TPM) values of PDCD1 and
PDCD1"? in CD4* andCD8* T cells of PBMC. (L) The TPM of PDCD1"2 was correlated with PDCD17. (M-N) Analysis for TPM

of PDCD1""2 and PDCD1 in CD8* subsets of this database. (O-P) Analysis for TPM of PDCD1"* and PDCD1 in CD4" subsets
of this database. (Q) Analysis of RNA-seq data showed TPM values of PDCD? and PDCD1" in patients with cutaneous T-cell
lymphoma (CTCL) and healthy individuals (GSE113113). (R) gRT-PCR analysis for hnRNPLL in Jurkat cells transfected with

the indicated shRNAs (n=>5). (S) gRT-PCR analysis for PDCD1" with hnRNPLL KD in Jurkat cells (n=5). (T-U) gRT-PCR and
immunoblot analysis for mRNA (T) and protein level (U) of hnRNPLL in Jurkat cells transfected with the indicated plasmids (T,
n=5). (V) gRT-PCR analysis for PDCD1"* with hnRNPLL OE in Jurkat cells (n=5). (W) gRT-PCR analysis for enrichment of pre-
mRNA of PDCD1" in Jurkat cells (n=3). Data represent the mean+SD or SEM. *p<0.05, **p<0.01, **p<0.001. PBMC, peripheral
blood mononuclear cells; PD-1, programmed cell death 1; gRT-PCR, quantitative RT-PCR; RT-PCR, reverse transcription-PCR.
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Figure 2 PD-1"™ negatively regulates the immune function of T cells. (A) gRT-PCR analysis for mRNA level of PDCD1"% in
Jurkat cells transfected with the indicated shRNAs (n=4). (B) Immunoblot analysis for protein level of PD-1 with PDCD12 KD
in Jurkat cells. (C) Carboxyfluorescein Succinimidyl Ester (CFSE) assay assessing the relative proliferation of Jurkat cells with
PDCD1"2 KD, representative FACS (left) and quantitation as the MFI (right) (n=4). (D) Quantification of IL-2 level in Jurkat cells
with PDCD1"7? KD (n=4). (E) Tumor cell killing of Jurkat cells with PDCD1"? KD against NCI-H1299 cells. The representative
images (left) and the quantified ratio (right) of dead tumor cells measured by Annexin-V and 7- Aminoactinomycin D (7-AAD)
staining (n=4). (F-G) gRT-PCR and Immunoblot analysis for mRNA (F) and protein levels (G) of PD-1 and PD-1"%? in KO-2 Jurkat
cells transfected with the indicated plasmids (F, n=3). (H) CFSE assay assessing the relative proliferation of KO-2 Jurkat cells
with OE of PDCD1 or PDCD1"7. Representative FACS (left) and quantitation as the MFI (right) (n=3). (I) Quantification of IL-2
level in KO-2 Jurkat cells with OE of PDCD17 or PDCD1"% (n=3). (J) Tumor cell killing of KO-2 Jurkat cells with OE of PDCD1 or
PDCD1'%? against NCI-H1299 cells. The representative images (left) and the quantified ratio (right) of dead tumor cells measured
by Annexin-V and 7AAD staining (n=3). Data presented as means+SD or SEM. *p<0.05, **p<0.01, **p<0.001. IL, interleukin;
KD, knockdown; OE, overexpression; PBMC, peripheral blood mononuclear cells; PD-1, programmed cell death 1; gRT-PCR,
quantitative RT-PCR; RT-PCR, reverse transcription-PCR; shRNAs, short hairpin RNAs.

correspondingly reduced in PD-1""-KD cells compared
with control (figure 2A), but PD-1 protein level was not
affected (figure 2B). PD-1""* KD enhanced cell prolifera-
tion and IL-2 production in Jurkat cells (figure 2C,D), and
exhibited an increased killing ability against NCI-H1299
tumor cells (figure 2E and online supplemental figure
2A). In contrast, we overexpressed PDCDI and PDCD1™™
in two PD-1 KO cell lines, respectively (figure 2F and G
and online supplemental figure 2B,C), and found that

PD-1"" OE attenuated cell proliferation and cytokine
production, and the ability of killing NCI-H1299 tumor
cells compared with control. The similar results were
observed for PD-1 OE (figure 2H-] and online supple-
mental figure 2D-F), consistent with previous study that
PD-1 plays a crucial role in suppressing the activation of
T cells.?' # Overall, these data demonstrate that PD-1'R?
is a potential IC that negatively modulates the immune
response of T cells.
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Given that PD-L1 exists not only on the membrane

but also in the cytoplasm of CD8" T cells to exert func-
tion,” while the IgV domain (K78, 1126, and E136)
responsible for PD-1 binding to PD-L1 is retained in
PD-1"" (figure 1B). Therefore, we hypothesized that
PD-1"" may engage with cytoplasmic PD-L1 to exert
function. To verify this, we employed the OE strategy of
PDCDI™ and PDCDILGI in both KO-1 and KO-2 cells.
The results indicated that simultaneous OE of PDCD1™
and PDCDILGI suppressed cell proliferation and IL-2
production compared with OE of PDCDI1™ alone (online
supplemental figure 2G—]), which revealed that PD-1"%*
can exert immunosuppressive function at least to some
extent by binding with PD-L1.
Antitumor response is impaired in PD-1"2 knock-in mice
Although a murine Pdcdl isoform similar to PDCDI™ is
absent in mouse, murine PD-L1 can interact with human
PD-1 to inhibit the function of T cells, due to the similar
molecular structure to human PD-L1.** To further study
the physiological function of PD-1"% PDCDI™? /oo
mice were generated and crossed with Cd4™ mice to
specifically conditional knock-in (CKI) PDCDI™ in T
cells (PDCDI™ CKI (PDCD 1™ K1y mice) (online supple-
mental figure 3A-C). PDCDI™ CKI did not affect the
development, peripheral homeostasis of T cells and the
population of memory T cells (online supplemental
figure 3D-K). PDCD1" “* CDS'T cells showed decreased
cytokines compared with the WT cells stimulated using
anti-CD3 and anti-CD28 antibodies, including GzmB and
interferon (IFN)-y (online supplemental figure 4A,B).
However, there was no change in proliferation and cell
death between the two groups (online supplemental
figure 4C,D), indicating that PD-1"™ partially impairs
T cell function. To further gain insights into the down-
stream signaling pathway, we performed RNA-sequencing
(RNA-seq) in WT and PDCDI"™ “' CD8" T cells. Differ-
entially expressed genes (DEGs) analysis showed that
333 genes were significantly upregulated, whereas 911
genes were downregulated in PDCDI™ ' CD8' T cells
(online supplemental figure 4E). Gene ontology analysis
showed that DEGs were mostly enriched in immunity-
related pathways, such as cytokine-mediated signaling
pathway, leukocyte-mediated immunity and activation of
the immune response (online supplemental figure 4F),
indicating that PDCDI™ regulates immune response. In
the leukocyte-mediated immunity pathway, we observed
downregulation of Gzmb, Ifng, Tbx21, and Il12rb gene
expression in PDCDI™ X" CD8" T cells (online supple-
mental figure 4G), further revealing that PD-1"™* can
partially impair T cell function.

We next used MC38 colorectal carcinoma models to
explore the function of PD-1" in tumor (figure 3A).
PDCDI™ ¥ mice showed faster tumor growth than WT
mice, indicated by an increase in tumor volume and
tumor weight (figure 3B-D). Furthermore, we observed
a comparable proportion of CD44 in tumor-infiltrating
CDS8" T cells in PDCD1™ “®" and WT mice, indicating the

similar antigen experience (figure 3E). The percentages
of CD4" T cells and CD8" T cells and Treg cells in the TIL
were not affected by PDCDI™ CKI (figure 3F and G). In
addition, we did not observe a significant change in Ki-67
expression in tumor-infiltrating CD8" T cells (figure 3H).
However, GzmB and IFN-y in tumor-infiltrating CD8" T
cells were attenuated compared with WT mice (figure 3I
and J), suggesting impaired cytotoxic ability. We analyzed
the immune landscape in mouse spleen and found
that these cells were not affected (online supplemental
figure b5A-E). Subsequently, we transplanted MC38
cancer cells into WT and PDCD 1™ ““ mice and treated
them with anti-PD-L1 or IgG, which revealed that treat-
ment with anti-PD-L1 antibody significantly retarded
the tumor growth compared with IgG treatment in WT
mice, whereas PDCDI™ K mice showed resistance to
anti-PD-L1 therapy and repressed function of CD8'T
cells (figure 3K-N). Indeed, we still observed a certain
effect of anti-PD-L1 treatment on tumors in PDCD1"™ X!
mice, as shown by the reduced tumor volume and weight
as well as increased production of GzmB (figure 3K-N,
CKI+anti-PD-L1 vs CKI+IgG). However, the tumor volume
in PDCDI™ “® mice remained larger than that in WT
mice (figure 3K, CKl+anti-PD-L1 vs WT+anti-PD-L1),
indicating that PD-1" can still exert immune suppression
after anti-PD-L1 treatment. However, after anti-PD-L1
treatment, the tumor weight in the CKI group tended to
be larger than that in WT group with no statistical differ-
ence (figure 3M). The population of Treg cells decreased
in both WT and PDCDI"™ Kl mice (figure 30), consis-
tent with a previous report in which checkpoint blockade
therapy was used.” Together, these data demonstrate
that antitumor effects are impaired in PDCD1" ““' mice,
which show resistance to IC blockade.

PD-1'"2 effectively promotes tumor progression by reducing
function of intratumoral CD8" T cells

To further confirm the inhibitory role of PD-1"* in anti-
tumor immunity, we challenged NCI-H1299 tumor cells
in humanized PBMC (huPBMC)-NOG (NOD.Cg-Prkdc-
sidIL2rgtm1Sug/JicCrl) mice, in which human PBMCs
overexpressed PD-1"* (figure 4A). PD-1""* huPBMG-NOG
mice had an impaired ability to restrain tumor growth
compared with the control, supported by an increase in
tumor volume and weight (figure 4B-D). Consistent with
data from PDCD "2 K mice, CD44 activation in tumor-
infiltrating CD8" T cells showed no significant differences
compared with control mice (figure 4E). In addition, we
did not observe significant changes in the frequency of
CD4" T cells and CD8" T cells in huPBMC-NOG mice
(figure 4F). Ki-67 expression was not affected in tumor-
infiltrating CD8" T cells (figure 4G). Immune func-
tion of CD8" T cells was partially impaired in PD-1"%
huPBMC-NOG mice indicated by decreased cytokine
production, including GzmB and IFN-y (figure 4H).
Consistent with our above findings, these indicators were
not changed in mouse spleen compared with control
(figure 4I-L), suggesting that tumor antigen presentation
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was performed using two-sided t-tests for the tumor volume at the end point (B); images of MC38 tumors at the end point (C),
and tumor weight of MC38 tumors (D). n=5 mice per group. (E) Flow cytometry analysis showing the percentage of CD44" in
tumor-infiltrating CD8" T cells derived from WT or PDCD1"%2 ¥ mice. (F-G) Flow cytometry analysis showing the percentage

of CD4*, CD8*, quantified ratio of CD8* to CD4" (F) in CD3* T cells, and Foxp3* (G) in CD4" T cells in subcutaneous MC38
tumors derived from WT or PDCD1"% X! mice. (H) Ki-67 MFI in tumor-infiltrating CD8" T cells. (I-J) The percentages of GzmB*
and IFN-y" in tumor-infiltrating CD8" T cells. (K-M) Subcutaneous MC38 tumor growth curves in WT and PDCD1"% X mice
with indicated treatments, statistical analysis was performed using two-sided t-tests for the tumor volume at the end point (K);
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or PDCD1"2 K mice after indicated treatments. Data represent the mean+SD. *p<0.05, **p<0.01, ***p<0.001. CKI, conditional
knock-in; IFN, interleukin; PD-1, programmed cell death 1; WT, wild type.

is limited to the tumor microenvironment. In conclusion, multiple transcripts to compensate for the limited genes
these results highlight that PD-1"* is a potentially novel  involved in immune responses.’’ *' AS is involved in the
IC that negatively regulates antitumor immunity in vivo. regulation of ICs; the existence of the isoforms generated
by AS may contribute to the low response of ICIs therapy.

AS plays an important role in regulating the expres-

sion of IC molecules; several PD-1 isoforms from AS

DISCUSSION

IC inhibitor (ICI) therapy primarily targets CTLA-4, have b d b as A 49PD-1 and PD.1A ex3
PD-1 and its ligand PD-L1.*® These ICIs have achieved ave been reported, such as 2PD-1 an A X

significant efficacy in some patients. However, a large A42PD-1 contains a '412—nu(fleot1de .1n-frame delet?on
population does not respond or develop resistance.’’ 38 located at exon 2 domain, which amplifies the generation
AS is a key mechanism for regulating gene expression  of antigen-specific CD8" T cell immunity when used in a
and maintaining protein diversity, taking place in about DNA vaccine.'' Hence, A42PD-1 enhance antigen-specific
95% of human genes.” Immune cells undergo extensive ~ immunity and protect mice against pathogenic viral chal-
AS during development and differentiation, generating  lenge and tumor growth.'' In another study, A42PD1T
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plan for control or PD-1""2 huPBMC-NOG mice bearing subcutaneous NCI-H1299 tumors. (B-D) Subcutaneous NCI-H1299
tumor growth curve in control and PD-1'"2 huPBMC-NOG mice; statistical analysis was performed using two-sided t-tests

for the tumor volume at the end point (B); images of NCI-H1299 tumors at the end point (C), and tumor weight of NCI-H1299
tumors (D). n=5 mice per group. (E) Flow cytometry analysis showing the percentage of CD44" in tumor-infiltrating CD8" T cells
derived from control and PD-1"™ huPBMC-NOG mice. (F) Flow cytometry analysis showing the percentage of CD4*, CD8" in
CD3* T cells in subcutaneous NCI-H1299 tumors derived from control and PD-1""2 huPBMC-NOG mice. (G) Ki-67 MFI in tumor-
infiltrating CD8* T cells. (H) The percentage of GzmB* and IFN-y" in tumor-infiltrating CD8"* T cells. (I-L) Immune landscape of
mouse spleen in control and PD-1"™2 huPBMC-NOG mice subcutaneously implanted with NCI-H1299 cells. Spleen T cells were
isolated and analyzed on day 23, n=5 mice per group. (l) Flow cytometry analysis showing the percentage of CD44" in spleen
CD8" T cells derived from control and PD-1""? huPBMC-NOG mice. (J) The percentage of CD4* and CD8" in spleen CD3* T
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cell death 1; PD-L1, PD-1 ligand 1; TIL, tumor infiltrating lymphocyte.
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cells were tumor-infiltrating and correlated positively with
HCC severity; moreover, A42PD1 were more exhausted
than PD-17 T cells by single T cell and functional anal-
ysis.'”” These two studies suggest that the molecular
function of A42 PD-1 is inclusive. The PD-1 Aex3, which
lacks exon 3, is presumably secreted as a soluble form;
it could functionally block the membrane-bound PD-1
and is elevated in patients with rheumatoid arthritis.** In
another study, an increase in PD-1 Aex3 during erlotinib
treatment was associated with prolonged progression-free
and overall survival in patients with non-small cell lung
cancer.'! Interestingly, PD-1"28 serves as a new intracel-
lular IC, which promotes tumor progression in mice and
mediates resistance to immunotherapy.'® These studies
reveal that the function of PD-1 isoforms may be iden-
tical, or antagonistic with PD-1.

In our study, we identified a novel isoform PD-
which expresses in a variety of human leukemia cell
lines and clinical tumor biopsies. We elucidated that
hnRNPLL mediates the generation of PDCD1"™. PD-1"%*
negatively regulates the immune function of CD8" T cells,
including proliferation, cytokine production, and tumor
cell killing in vitro. We further explored the function of
PD-1"* using a mouse model in vivo. PD-1""** CD8" T cells
show impaired antitumor function, including a reduced
production of GzmB and IFN-y, which consequently
promote tumor evasion in PDCDI1™ ““' mice. The same
results have been observed in PBMC-engrafted human-
ized NOG mouse model. PDCD1"™ ' mice exhibit resis-
tance to anti-PD-L1 therapy compared with WT mice,
indicated by increased tumor volume and reduced GzmB
secretion. In summary, we demonstrate that PD-1"™*% medi-
ates tumor immune evasion and resistance to anti-PD-L1
antibody (figure 4M). These data suggest that PD-1"" is a
potential IC and may mediate the resistance in immuno-
therapy for patients with cancer.

Despite structural changes due to premature termina-
tion codons, PD-1"®2 retains the PD-L1I binding domain
which was encoded by exon 2. In our study, we demon-
strated that PD-1"* can bind to PD-L1 ligand to exert
its biological function at least to some extent. However,
PD-1" contains a short (10 amino acids) and unde-
fined cytoplasmic tail, suggesting that PD-1""* may not
initiate intracellular signaling directly,. When PD-1"
binds to PD-L1, it may not exert function through the
traditional signaling pathways, and still requires further
exploration to understand how it transmits inhibitory
signals. Interestingly, intracellular signal pathway of PD-1
can be blocked via enforced phosphatase recruitment®;
thus, it is imperative to explore whether the signals of
PD-1"" can be similarly disrupted in the future. More-
over, the isoform A42PD-1 promotes cytokine secretion
by binding to TLR4 but not PD-L1/PD-L2 ligands in y-T
cells and dendritic cells** **; this implies that PD-1"** may
also regulate immune function through other ligands or
signaling pathways. One study has reported that human
PD-1 is more inhibitory than mouse PD-I%; therefore,
comparing the effects of PD-1 and PD-1"™** through mice

IRZ
1R2

expressing human PD-1 is imperative to be explored in
the future. However, experiments in vitro confirmed that
PD-1""* exhibits inhibitory effects similar to those of PD-1
(figure 2C-E and H-J], and online supplemental figure
2D-F). We failed to identify PD-1"™* in mouse, but it does
not rule out the existence of other isoforms with similar
function. Also, we observed that mice expressing PD-1'R?
mediate resistance to ICIs, but we did not validate this in
the human patient cohort. PD-1 is expressed in the innate
immune cells," " which may mediate suppressive signals.
It is still expected to explore whether PD-1" plays a func-
tion in innate immune cells.
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