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ABSTRACT

ARTICLE HISTORY

Programmed cell death (PD)-1/PD-1 ligand-1 (PD-L1)-targeted therapy has emerged as a promising
therapeutic strategy for lung cancer. However, whether EML4-ALK regulates PD-L1 expression in lung
cancer remains unknown. A total of 532 pulmonary adenocarcinomas (pADCs), including 58 ALK-
translocated tumors, were immunohistochemically evaluated for PD-L1 and PD-1. H23 (EGFRW'®
YPCEML4-ALK PD-L1*°") and H2228 (EGFRV'*YPeEML4-ALK*PD-L1""9") cells were transfected with
EML4-ALK or ALK short interfering RNAs and used to investigate the alterations in PD-L1 expression.
PD-L1 expression was detected in 81% of ALK-translocated pADCs; this value was significantly higher
than those of pADCs with EGFR mutation, KRAS mutation or lacking ALK, EGFR or KRAS mutation (p
<0.005 for all). Moreover, ALK-translocated pADC with PD-L1 expression showed significantly higher
numbers of tumor-infiltrating PD-17 cells. ALK knockdown or inhibition (crizotinib treatment) in H2228
cells downregulated PD-L1 expression. Transfection of H23 cells with EML4-ALK enhanced PD-L1
expression, which was compromised by crizotinib treatment. This ALK-dependent upregulation of PD-
L1 expression was mediated by STAT3 and hypoxia-inducible factor (HIF)-1e under normoxia and
hypoxia. Furthermore, EML4-ALK enhanced HIF-1a expression through increasing transcription and
decreasing ubiquitination of HIF-1a. In ALK-translocated pADC tissues, significant positive correlations
between PD-L1 and nuclear HIF-1a (p < 0.05) or pSTAT3 expression levels (p<0.005) were observed.
Among patients with ALK-translocated pADC, strong PD-L1 expression was significantly associated
with shorter progression-free (p = 0.001) and overall survival (p = 0.002) after crizotinib treatment.
Collectively, our findings demonstrate that ALK-derived pADCs increase PD-L1 expression via HIF-1«
and/or STAT3, thus providing a rationale for PD-1/PD-L1 pathway-targeted therapy in ALK-translocated
lung cancer.

Abbreviations: ALCL, anaplastic large cell lymphoma; ALK, anaplastic lymphoma kinase; ChIP, chromatin immuno-
precipitation; EGFR, epidermal growth factor receptor; EML4, echinoderm microtubule-associated protein-like 4;
FFPE, formalin-fixed paraffin-embedded; HIF-1¢, hypoxia-inducible factor-1¢; IHC, immunohistochemistry; mAb,
monoclonal antibody; NSCLC, non-small cell lung cancer; OS, overall survival; pADCs, pulmonary adenocarcinomas;
PD-1, programmed cell death-1; PD-L1, programmed cell death-1 ligand-1; PFS, progression-free survival; gPCR,
quantitative PCR; gRT-PCR, quantitative reverse transcription PCR; sc, scramble; TILs, tumor-infiltrating lymphocytes;
TKI, tyrosine kinase inhibitor; WT, wild-type
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Introduction

Anaplastic lymphoma kinase (ALK) translocation has been
observed in various cancers, including lymphoma, carcinoma
and sarcoma.' In carcinomas, ALK translocation occurs mostly
with echinoderm microtubule-associated protein-like 4
(EML4), which plays an important oncogenic role in pADC in
vitro and in vivo? EML4-ALK translocation is observed
approximately in 5% of pADCs,” and patients with ALK trans-
location tend to show an unfavorable prognosis.* However, an

ALK tyrosine kinase inhibitor (TKI) was shown to prolong the
survival of pADC patients with ALK translocation,™® demon-
strating superior to standard cytotoxic chemotherapy in
patients with advanced ALK-translocated lung cancer.*” Never-
theless, most patients with ALK-translocated pADC eventually
develop resistance to ALK TKI,?® indicating that the develop-
ment of an alternative therapeutic reagent is urgent for the
treatment of patients with ALK TKI resistance. To this end, a
comprehensive understanding of the mechanisms underlying
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acquisition of TKI resistance in patients with ALK-translocated
pADC is needed.

The programmed cell death-1 (PD-1)/PD-1 ligand (PD-
L) pathway is an important immune checkpoint that con-
tributes to the maintenance of self-tolerance and control of
excessive immune responses.” Recently, it has been shown
that cancer cells also utilize the PD-1/PD-L pathway to
evade host immune surveillance.” PD-1 is expressed on
immune cells, particularly in activated T cells, while PD-L1
and PD-L2 are expressed on antigen-presenting cells and
non-immune cells in peripheral tissues.'” Engagement of
PD-1 by PD-Ls suppresses T-cell proliferation and function
by inducing T-cell apoptosis, anergy, exhaustion, and the
production of immune-suppressive cytokines."" However,
interactions between PD-1 and PD-Ls are reversible, and
blockade of PD-1/PD-L interactions restores effector T-cell
functions and antitumor immune responses in vivo.'?
Therefore, these findings suggest that blockade of the
PD-1/PD-L1 pathway might affect immune-mediated tumor
surveillance in vivo, enhancing tumor cell death. Consis-
tently, antibodies inhibiting PD-1 or PD-L1 have yielded
therapeutic benefits with an objective response and disease
control in patients with non-small cell lung cancer
(NSCLC) in early-phase clinical trials.'>'* Based on these
findings, immunotherapy targeting the PD-1/PD-L1 path-
way has emerged as a highly promising therapeutic strategy
for NSCLC.

Although the predictive biomarkers for PD-1/PD-L1-tar-
geted immunotherapy remain unclear, PD-L1 expression in
tumor cells and immune cells was reported to be associated
with therapeutic efficacy in patients with NSCLC.'>'¢ PD-
L1 expression can be endogenously induced by activated
oncogenic signaling pathways in tumor cells and/or exoge-
nously (adaptively) by cytokines (e.g., interferon [IFN]y)
secreted from reactive immune cells.'' It was demonstrated
that mutant EGFR in bronchial epithelial cells induced PD-
L1 expression, and oncogenic EGFR signaling activated the
PD-1/PD-L1 pathway in NSCLC in vivo.'” In human
NSCLC tissues, the expression pattern of PD-L1 has been
reported to vary according to genetic alterations and onco-
protein expression status or the amount of tumor-infiltrat-
ing immune cells.'"®*' However, the association between the
PD-1/PD-L1 pathway and ALK translocation in pADC
remains unclear. In contrast to lung cancer, NPM-ALK
fusion in anaplastic large cell lymphoma (ALCL) was dem-
onstrated to induce PD-L1 expression.”” Moreover, ALK-
positive lymphomas are immunogenic tumors that elicit
immune responses against the ALK oncoantigen, which is
aberrantly expressed by gene translocation in tumor cells.”*”
> Based on these findings, we hypothesized that ALK trans-
location might be involved in the regulation of the PD-1/
PD-L1 pathway in pADCs. Therefore, we performed this
study with the following aims: (1) to characterize the
expression status of PD-LI and PD-1 in pADC patients
with ALK translocation, (2) to elucidate the mechanism by
which ALK regulates PD-L1 expression in pADC, and (3)
to evaluate the association between PD-L1 expression and
the clinical outcomes of patients with pADC after ALK
inhibitor treatment.

Results

PD-L1 and PD-1 are frequently expressed in patients with
ALK-translocated pADC

Our previous study demonstrated PD-L1 expression to be rela-
tively frequent in ALK-translocated pADCs among 497
resected cases, but with marginal statistical significance (manu-
script in press). To clarify this issue further, we collected an
additional 35 cases of resected pADC harboring ALK transloca-
tion, thereby establishing a cohort of 532 cases of pADC, which
included 46.5% (230/494) with EGFR mutation, 11.5% (26/226)
with KRAS mutation, and 10.9% (58/532) with ALK transloca-
tion. The expression patterns of PD-L1 according to the molec-
ular genetic status are summarized in Table S2. As shown in
Fig. 1A-B, the percentages of PD-L1 expression were signifi-
cantly higher in pADCs with ALK translocation (n = 58) than
in those with EGFR mutation (n = 228), KRAS mutation (n =
25), or no genetic alteration of ALK, EGFR or KRAS (triple neg-
ative status, n = 60) (p < 0.005 for all). Of note, the proportion
of strong (score 3) PD-L1 expression in the ALK-translocated
group was 25.9%, which was higher than that (9.3%) observed
in the others (p = 0.001) (Fig. 1B). Moreover, ALK-translocated
pADC with PD-L1 expression exhibited a greater number of
PD-1" tumor-infiltrating lymphocytes (TILs) and a high ratio
of PD-17/CD8" TILs (p = 0.025 and p < 0.005, respectively)
(Fig. 1C and Table S3). These findings suggest that PD-1/PD-
L1-dependent immune regulation might occur in the microen-
vironment of ALK-translocated pADC.

EML4-ALK upregulates PD-L1 expression in pADC cell lines

Based on these observations, we hypothesized that ALK trans-
location might be involved in the regulation of PD-LI expres-
sion in pADC. To address this, we selected H23 cells (EGFR™"/
ALKVT/PD-L1%) and H2228 cells (EML4-ALK"/PD-L1ieh)
(Fig. 1D-F) by screening several pADC cell lines with variable
genetic alterations (data not shown) and used them throughout
the study. Upon transfection with three different ALK siRNAs
or treatment with ALK inhibitor (crizotinib), total and cell sur-
face expression levels of PD-L1 in H2228 were significantly
decreased (Fig. 2A-D). Furthermore, transfection of H23 cells
with the pcDNA-EML4-ALK variant 1 (EML4-ALK vl1) or
PpcDNA-EML4-ALK variant 3 (EML4-ALK v3) construct signifi-
cantly upregulated PD-L1 expression at the mRNA, total pro-
tein, and surface expression levels (Fig. 2E-G), which were
attenuated by subsequent crizotinib treatment (Fig. 2H-I). IHC
of tumor tissues from patients with ALK-translocated pADC
revealed that tumors with PD-L1 expression tend to have
higher phosphorylated ALK expression (Fig. S1). Taken
together, these data indicate that EML4-ALK upregulates PD-
L1 expression in pADC cell lines.

EML4-ALK enhances PD-L1 expression in pADCs via STAT3

It has been reported that ALK exerts biological activities on
cancer cells via various signaling pathways, including STAT3,
AKT, and ERK pathways,' and that the NPM-ALK fusion pro-
tein upregulates PD-L1 via STAT3 signaling in ALCL.** Thus,
we explored whether the STAT3 signaling pathway is involved
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Figure 1. PD-L1 is frequently expressed in pulmonary adenocarcinomas (pADCs) harboring ALK translocation. (A) Representative immunohistochemical images for PD-L1
expression in pADCs with ALK translocation; none (score 0), weak (score 1), moderate (score 2) or strong (score 3) expression in tumor cells. (B) The percentages of PD-L1
expression were calculated among patients with ALK-translocated (n = 59), KRAS-mutated (n = 25), EGFR-mutated (n = 228) and triple negative (ALK, KRAS and EGFR all

wild-type; n = 60) pADC. (C) The numbers of PD-1" and CD8" tumor-infiltrating

lymphocytes (TILs) and PD-1"/CD8* TIL ratios were estimated according to PD-L1

expression in patients (n = 58) with ALK-translocated pADC. The representative IHC images for PD-1 and CD8* from cases showing a low or high ratio of PD-1*/CD8* TIL
are shown in the right panel. (D) The levels of mRNA expression of PD-L1 and ALK were evaluated in H23 (EGFR"!"YP*EML4-ALK ™) and H2228 (EML4-ALK™) cells using

qRT-PCR. The bar graphs show the relative expression levels 2099

of ALK or PD-L1 in pADC cell lines compared with those in H23 cells as the reference. The values pre-

sented are the mean values + standard deviation (SD) of at least three independent experiments. (E and F) The expression levels of ALK and PD-L1 were evaluated in H23
and H2228 cells by Western blotting, and the surface expression of PD-L1 was evaluated by flow cytometry. Statistically significant differences are indicated by * and **,
which signify p < 0.05 and p < 0.005, respectively, as determined using the X2 test (B) or Student's t-test (C, D). (ns: not significant).

in the EML4-ALK-mediated upregulation of PD-L1 in pADC
cell lines. Suppression of EML4-ALK in H2228 cells by ALK
siRNA 1 transfection attenuated pSTAT3 expression relative to
STAT3 levels (Fig. 3A), suggesting that EML4-ALK might
enhance PD-L1 expression in pADC cell lines by regulating
STATS3 activity. Consistent with this suggestion, the treatment
of H2228 cells with S31-201 (a STAT?3 inhibitor) downregulated
PD-L1 expression (Fig. 3B-C). Furthermore, transfection of
H23 cells with EML4-ALK v1 or v3 markedly upregulated
PSTATS3 levels relative to STAT3 expression (Fig. 3D). In addi-
tion, EML4-ALK-mediated upregulation of PD-L1 in H23 cells
was compromised by S3I-201 treatment (Fig. 3E). These find-
ings suggest that activation of the STAT3 pathway might regu-
late EML4-ALK-mediated upregulation of PD-L1 in pADC cell
lines. The protein-DNA binding assay revealed that pSTAT3

was bound to the PD-LI promoter region in H23 cells trans-
fected with EML4-ALK (Fig. 3F). Furthermore, PD-L1 expres-
sion showed a significantly positive correlation with the nuclear
pSTAT3 levels by IHC of tumor tissues from patients with
ALK-translocated pADC (p < 0.005) (Fig. 3G). Combined,
these data suggest that EML4-ALK increases PD-L1 expression
in pADCs via STAT3 by directly binding to the PD-LI
promoter.

EML4-ALK upregulates PD-L1 expression in pADC through
HIF-1« in a hypoxic environment

Cancer cells are likely to exist under hypoxic conditions in vivo,
suggesting that a hypoxic microenvironment might affect
EML4-ALK-mediated enhancement of PD-L1 in pADCs.
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Figure 2. EML4-ALK upregulates PD-L1 expression in pADC cell lines. (A, B and C) H2228 (EML4—ALK+/PD—L1Hi9h) cells were transfected with ALK siRNA 1, 2, 3 or scramble
(sc) siRNA (100 nM), and then harvested 48 h after transfection. The expression levels of ALK and PD-L1 in cells transfected with ALK siRNAs were compared with those
transfected with the sc siRNA using gRT-PCR, Western blotting, and flow cytometry. (D) H2228 cells were treated with crizotinib (100 nM); 24 h later, the surface expres-
sion of PD-L1 was assessed on cells treated with dimethyl sulfoxide (DMSO) and crizotinib using flow cytometry. (E, F and G) H23 (EML4-ALK~/PD-L1*°") cells were trans-
fected with pcDNA, pcDNA-EML4-ALK v1 or pcDNA-EML4-ALK v3 (1 11g), and harvested 24 h after transfection. The expression of ALK and PD-L1 was then estimated using
gRT-PCR, Western blotting, and flow cytometry. (H and ) H23 cells were transfected with pcDNA, pcDNA-EML4-ALK v1, or pcDNA-EML4-ALK v3 and then incubated with
the crizotinib (2 M) for 24 h, followed by qRT-PCR for PD-L1 and Western blotting for PD-L1, pALK, and ALK. The values presented in the histogram are the mean values
=+ SD of at least three independent experiments. Statistically significant differences are indicated by *, ** and ***, which signify p < 0.05, p < 0.005 and p < 0.0005,
respectively, as determined by Student's t-test.
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Figure 3. EML4-ALK-induced PD-L1 expression is dependent on STAT3 activity. (A) H2228 cells were transfected with ALK siRNA 1 or scramble siRNA, and the
expression levels of pSTAT3 and STAT3 were evaluated by Western blotting. (B and C) H2228 cells were treated with S31-201 (100 M) for 24 h, and then the
expression levels of PD-L1, pSTAT3, STAT3, pALK, and ALK were evaluated by Western blotting and flow cytometry. (D) The expression levels of pSTAT3 and
STAT3 were evaluated in H23 cells transfected with pcDNA, pcDNA-EML4-ALK v1 or pcDNA-EML4-ALK v3 by Western blotting. (E) H23 cells were transfected
with pcDNA, pcDNA-EML4-ALK v1 or pcDNA-EML4-ALK v3 and then were incubated with S31-201 (100 wM). Twenty-four hours after incubation, gRT-PCR was
performed to determine the levels of PD-L1 expression. (F) H23 cells were transfected with pcDNA, pcDNA-EML4-ALK v1 or pcDNA-EML4-ALK v3, and nuclear
extracts from these cells were then submitted for protein-DNA binding assays to evaluate STAT3 binding to the PD-LT promoter. The colorimetric activities
were determined using a luminometer. The relative optical density values of cells transfected with pcDNA-EML4-ALK v1 or pcDNA-EML4-ALK v3 versus those of
cells transfected with pcDNA according to the amount of nuclear extract are shown. (G) The dot plot represents nuclear pSTAT3 expression using the H score
according to PD-L1 expression in tumor tissues from patients with ALK-translocated pADC. The representative IHC images are shown in the right panel. The val-
ues presented in the histogram are the mean values + SD of at least three independent experiments. Statistically significant differences are indicated by * and
**, which signify p < 0.05 and p < 0.005, respectively, as determined by Student’s t-test.

Consistently, a recent study reported that PD-L1 expression in
cancer cells is induced by hypoxia, indicating that PD-L1 is a
novel transcriptional target of HIF-1a.>**” Furthermore, it was
demonstrated in ALK-translocated lymphoma that hypoxia-
related molecular pathways were activated by inducing HIFs.*®
Thus, we investigated whether HIF-1a is involved in EML4-
ALK-mediated enhancement of PD-L1 expression in pADC
under hypoxia.

Upon treatment of H2228 cells with CoCl,, the expression
levels of PD-L1, as well as that of HIF-1a, were increased at

the mRNA and protein levels (Fig. 4A-C). Notably, CoCl,
treatment of H2228 cells also increased ALK phosphoryla-
tion (Fig. 4B). ChIP assay demonstrated increased binding of
HIF-1o to HRE1 and 2 within the promoter region of PD-L1
in H2228 cells under hypoxia (Fig. 4D-E). Moreover,
enhancement of PD-L1 expression in H2228 cells under hyp-
oxic conditions was inhibited by PX-12 (a HIF-1l« inhibitor)
treatment (Fig. 4F). In contrast to H2228 cells, H23 cells
exhibited upregulation of HIF-1a but minimal expression of
PD-L1 under hypoxia (Fig. 5A-B). However, upon
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within the PD-L1 promoter followed by real-time qPCR (D) and semi-quantitative PCR (E). (F) The levels of PD-L1, pALK and ALK expression were assessed in H2228 cells
treated with CoCl, and/or subsequent PX-12 (HIF-1e specific inhibitor) (100 nM, for 24 h) by Western blotting. The values presented in the histogram are the mean values
=+ SD of at least three independent experiments. Statistically significant differences are indicated by * and **, which signify p < 0.05 and p < 0.005, respectively, as deter-

mined by Student’s t-test.

transfection of H23 cells with EML4-ALK, PD-L1 expression
was enhanced at much higher mRNA and protein levels
under hypoxia than normoxia (Fig. 5A-B). Notably, HIF-1«
expression showed a much greater increase in EML4-ALK-
transfected H23 cells under hypoxia, compared with pcDNA
(mock vector)-transfected H23 cells, at both the transcrip-
tional and protein levels (Fig. 5A-B). These findings suggest
that EML4-ALK might increase the expression levels of PD-
L1 under hypoxia via upregulation of HIF-la in pADCs.
Meanwhile, HIF-1o expression in cancer cells is regulated
via transcription or post-translational modification such as
ubiquitin-mediated degradation.”® To explore this, we per-
formed an ubiquitination assay using H23 cells. As shown in
Fig. 5C-D, polyubiquitination of HIF-le and interaction of
HIF-1a and VHL were decreased more in EML4-ALK-trans-
fected H23 cells than in mock vector-transfected H23 cells
under normoxic or hypoxic conditions. Consistently, the
degradation of HIF-la was delayed after treatment with
cycloheximide in EML4-ALK-transfected H23 cells compared
with mock vector-transfected H23 cells under hypoxic condi-
tions (Fig. 5E). Moreover, IHC demonstrated a significant
positive correlation between nuclear HIF-la and PD-L1
expression in tumor tissues from patients with ALK-translo-
cated pADCs (p < 0.05) (Fig. 5F). Taken together, these

findings suggest that EML4-ALK might increase HIF-lo
expression under hypoxia by enhancing transcription and
inhibiting ubiquitination of HIF-1e, resulting in the stabili-
zation of HIF-la, consequently contributing to HIF-la-
mediated upregulation of PD-L1 under hypoxia.

STAT3 and HIF-1« cooperatively enhance PD-L1 expression
in EML4-ALK- translocated pADC cells under hypoxia

Upregulation of PD-L1 in pADCs via both STAT3 and HIF-1«
led to the hypothesis that these proteins might cooperatively
contribute to increasing PD-L1 expression in EML4-ALK-
translocated pADCs under hypoxia. Co-immunoprecipitation
assay demonstrated that HIF-la was bound to pSTAT3 in
H2228 cells under hypoxia (Fig. 6A), suggesting that the inter-
action between the two proteins might be critical to enhance
PD-L1 expression in pADCs under hypoxia. Moreover, the
enhancement of PD-L1 expression in H2228 cells under hyp-
oxia was suppressed by STAT3 inhibitor treatment (Fig. 6B).
Collectively, these data suggest that STAT3 and HIF-1o might
be cooperatively involved in PD-L1 upregulation in EML4-
ALK-translocated lung cancer as schematically illustrated in
Fig. 6C.
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Figure 5. EML4-ALK upregulates PD-L1 expression under hypoxia by enhancing HIF-1a expression in pADC cells. (A and B) H23 cells were transfected with pcDNA,
PcDNA-EML4-ALK v1, or pcDNA-EML4-ALK v3. After 24 h, cells were treated with CoCl, (100 «M, 3 h) and subjected to qRT-PCR and Western blotting to determine the lev-
els of HIF-1r, ALK and PD-L1. The relative values in the histogram are the mean values & SD of at least three independent experiments. (C) H23 cells transfected with
pPcDNA, pcDNA-EML4-ALK v1, or pcDNA-EML4-ALK v3 were treated with CoCl, or control. Total cell lysates of these cells were immunoprecipitated with anti-HIF-1« anti-
body and immunoblotted with anti-ubiquitin antibody. (D) H23 cells transfected with pcDNA, pcDNA-EML4-ALK v1, or pcDNA-EML4-ALK v3 were treated with the MG132
(10 M for 3 h) and then CoCl, or control. Total cell lysates of these cells were immunoprecipitated with anti-HIF-1¢ antibody and immunoblotted with anti-VHL anti-
body. (E) H23 cells transfected with pcDNA, pcDNA-EML4-ALK v1, or pcDNA-EML4-ALK v3 were treated with CoCl, and subsequently incubated with cycloheximide (CHX,
100 nM) for the indicated time, and then the HIF-1a protein levels were monitored by Western blotting. (F) The dot plot describes nuclear HIF-1a expression using H
scores according to PD-L1 expression in tumor tissues from patients with ALK-translocated pADC. The representative IHC images are shown in the right panel. Statistically
significant differences are indicated by *, ** and ***, which signify p < 0.05, p < 0.005 and p < 0.0005, respectively, as determined by Student’s t-test.

Clinical correlation between PD-L1 expression in tumors
and outcome of ALK inhibitor therapy in patients with
ALK-translocated pADC

To investigate the clinical relevance of PD-L1 expression in
ALK-translocated pADC, we analyzed the clinicopathological
features and clinical outcomes of patients with ALK-translo-
cated pADC according to the PD-L1 expression status. In
patients with ALK-translocated pADC (n = 148) who under-
went surgical resection and advanced/metastasis of tumors,
those of older age (>60 y) frequently showed PD-L1 expression

in tumors. Otherwise, there was no statistically significant dif-
ference in gender, smoking status, or TNM stage between
patients with and without PD-L1 expression in tumors
(Table S4).

In patients who underwent surgical resection for primary
lung tumor, PD-L1 expression had no influence on disease-
free survival (data not shown). By contrast, among patients
(n = 90) who received crizotinib, those with PD-L1 expres-
sion (score 2, 3) in tumor cells before crizotinib treatment
tended to exhibit a shorter progression-free survival (PES)
and overall survival (OS) than those without PD-L1
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Figure 6. STAT3 and HIF-1« cooperatively enhance PD-L1 expression in EML4-ALK-translocated pADC cells under hypoxia. (A) Immunoprecipitation and immunoblotting
were performed using H2228 cells treated with CoCl, to estimate the interaction between HIF-1e and STAT3 as indicated. (B) The levels of PD-L1 expression were mea-
sured in H2228 cells treated with CoCl, in the presence or absence of S31-201 for 24 h by Western blotting. (C) Diagram of our current model for the EML4-ALK-mediated

regulation of PD-L1 expression in pADC under normoxia or hypoxia.

expression (score 0, 1) (median PFS and OS: 20.7 and 52.9
mo, respectively, in the PD-L1-positive group vs. 28.1 and
96.0 mo, respectively in the PD-L1-negative group). More-
over, patients with strong (score 3) PD-L1 expression
showed significantly shorter PFS and OS than those of the
others (p = 0.001 and 0.002, respectively) (Fig. 7). Paired

tumor tissues from patients before crizotinib treatment and
after acquiring resistance to crizotinib were available in
seven patients. In six patients, IHC revealed that PD-L1
expression was sustained or increased in pADC after the
acquisition of crizotinib resistance compared with before
crizotinib treatment (Fig. S2).
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Figure 7. PD-L1 expression is associated with poor clinical outcome in patients with ALK-translocated pADC after ALK TKI therapy. Progression-free survival (left) and over-
all survival (right) after crizotinib treatment were plotted according to the PD-L1 IHC scores (score O [n = 25], 1 [n = 17], 2 [n = 36] or 3 [n = 12]) of tumor tissues from
patients with ALK-translocated and advanced pADC before crizotinib treatment. Comparison of the survival times of all patients or those with PD-L1 IHC score 3 vs. others

was performed using the Kaplan-Meier analysis method with the log-rank test.



Discussion

NSCLC is one of the leading cancers implicated in molecular
and immune checkpoint-targeted therapy, thereby achieving
significant improvements in the clinical outcome of
patients.">'**° Among the immune checkpoints, the PD-1/PD-
L1 pathway has emerged as a strong immune target for NSCLC.
Thus, understanding the mechanism by which cancer cells reg-
ulate PD-L1 expression is invaluable for developing therapeutic
strategies and predicting the clinical outcome of patients with
cancer immunotherapy.'>'® Recently, several studies have dem-
onstrated that oncogenic signals derived from mutation or loss
of tumor suppressor genes upregulate the expression of
immune checkpoint molecules in cancer cells during immune
escape.'"'7?**32 In lung cancer, mutated EGFR has been
reported to enhance PD-L1 expression, resulting in the sup-
pression of T-cell function via activation of the PD-1/PD-L1
pathway.'” However, it is unclear whether other oncogenic
drivers are involved in the regulation of PD-L1 expression in
lung cancer cells. Our study demonstrated that ALK-driven
PADCs in patients are characterized by high expression levels
of PD-L1. Furthermore, EML4-ALK, an oncogenic driver,
upregulated PD-L1 expression via HIF-lo and STAT3 in
pADC cell lines. To the best of our knowledge, this study pro-
vides the first demonstration that EML4-ALK increases the lev-
els of PD-L1 expression through the regulation of transcription
factors in pADCs, although another type of ALK fusion pro-
tein, NPM-ALK, was demonstrated to induce PD-L1 expres-
sion in ALCL cells.”

Our experiments demonstrated that HIF-1o transcription-
ally upregulated PD-L1 by binding to HREs within the PD-L1I
promoter region in ALK-translocated lung cancer, similar to
murine tumor cells, myeloid-derived suppressor cells, and
human breast and prostate cancer cells.***” Moreover, it was
demonstrated that EML4-ALK increased PD-L1 expression in
pADC cell lines by regulating HIF-1ow and STAT3 activities
under hypoxia, but STAT3 alone under normoxia, suggesting
that EML4-ALK might differentially regulate PD-L1 expression
in pADCs, depending on the tumor microenvironment in
terms of normoxia versus hypoxia. Given that solid tumors,
including lung cancer, are more prone to exist under a hypoxic
microenvironment, it is more likely that EML4-ALK-mediated
enhancement of PD-L1 expression might occur under hypoxia
rather than under normoxia in vivo. Consistently, it was
reported that ALK activity upregulated HIF-1a and HIF-2« in
ALK-translocated ALCL and NSCLC in vitro and in vivo,
thereby mediating tumor growth and metastasis.”® Therefore, it
is conceivable that HIF-1oe might play a more critical role in
the regulation of PD-L1 expression in pADCs under hypoxia.

Meanwhile, nuclear HIF-1ow and pSTAT3 expression was
significantly correlated with PD-L1 expression in tumor tissues
from patients with ALK-translocated pADCs. Moreover, a sig-
nificant positive correlation was also observed between nuclear
HIF-1o and pSTAT3 (linear correlation coefficient = 0.412;
p = 0.036) (data not shown). These results suggest that ALK-
mediated STAT3 and HIF-1a pathways regulate the expression
of PD-L1 cooperatively. Consistent with this suggestion, the
current study exhibited that HIF-lo was directly bound to
pSTAT3 in EMIL4-ALK-translocated pADC cell lines under
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hypoxia. Taken together, the data suggest that EML4-ALK
increases HIF-1a expression, which upregulates PD-L1 expres-
sion by binding to the PD-LI promoter and cooperating with
STATS3 in pADC under hypoxia, whereas EML4-ALK increases
PD-L1 expression via STAT3 activation under normoxia
(Fig. 6C). However, it remains unclear whether this binding
occurs at the PD-L1 promoter.

With respect to the mechanism for ALK-mediated activa-
tion of HIF-1a, ALK-mediated signals increased HIF-1« at the
transcriptional level in NPM-ALK-translocated ALCL cells via
STATS3 rather than via posttranslational HIF-1« protein stabili-
zation.”®”* In the present study, EML4-ALK transfection in
lung cancer cells highly increased the transcription of HIF-1«
under hypoxia, but minimally under normoxia, suggesting that
EML4-ALK might upregulate HIF-1« transcription under hyp-
oxia, but very little under normoxia. Moreover, the ubiquitina-
tion of HIF-lo was attenuated in EML4-ALK-transfected
pADC cell lines under both normoxia and hypoxia, and, con-
sistently, direct interaction between HIF-1« and VHL proteins
was also found to be decreased in these cells. HIF-1o degrada-
tion was consequently delayed in EML4-ALK-transfected cell
lines compared with control cells. These data suggest that
EML4-ALK might also be involved in HIF-la ubiquitination
and stabilization in lung cancer cells, a finding that was incon-
sistent with ALCL. Several studies have demonstrated that ALK
strongly activates STAT3 in cancer cells. Moreover, constitutive
activation of STAT3 interfered with the interactions between
HIF-1a and VHL, thereby inhibiting HIF-1a ubiquitination."**
These findings suggest that ALK might be involved in HIF-1«
unbiquitination in cancer cells via STAT3, a finding that is con-
sistent with pADCs, but not with ALCL. Combined, our experi-
ments suggest that EML4-ALK might enhance HIF-1a activity
at both the transcriptional and posttranslational levels in lung
cancer cells under hypoxia. Furthermore, the levels of phos-
pho-ALK (pALK) expression were markedly increased by
CoCl, (Fig. 4B) and were suppressed by a HIF-la inhibitor
(Fig. 4F), indicating that HIF-1o might also be able to regulate
ALK phosphorylation in pADC cell lines under hypoxia. ALK
activity is increased by its phosphorylation.” Therefore, it is
likely that HIF-1a might increase ALK activity under hypoxia
in lung cancer cells, a finding that was consistent with an obser-
vation in a previous study.”® Based on these findings, it is feasi-
ble that crosstalk between ALK and HIF-1« establishes a fine
regulatory feedback network for PD-L1 expression in ALK-
translocated pADC under hypoxia.(Fig. 6C).

We also investigated the expression of cytokines including
IL-6, IL-10 and IFNy in EML4-ALK pADC cells, because these
cytokines are known to activated STAT3 or upregulate PD-
L1.>% The expression of IL-6 and IL-10 was not significantly
increase in EML4-ALK transfected H23 cells (Fig. S3). In con-
trast, the expression of IFNy in EML4-ALK transfected H23
cells significantly increased upto 2.5 to 3 times compared to
control cells. However, the Ct value of IFNy was measured
between 30 and 32, suggesting relatively low level of IFNy
expression in these cells (Fig. S3). Thus, it is reasonable that
these cytokines might have little effect, if any, on the upregula-
tion of PD-L1 expression in ALK-translocated pADC.

In our experiments, PD-L1 expression was positively corre-
lated with the number of PD-1" TILs in pADCs from patients,
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suggesting that PD-1/PD-L1 interaction in tumors may con-
tribute to immune evasion in patients with ALK-translocated
lung cancer. Consistent with this suggestion, our study demon-
strated that strong PD-L1 expression was significantly associ-
ated with an unfavorable clinical outcome in terms of PFS and
OS of patients. However, PD-L1 expression in tumors had no
influence on the responsiveness to crizotinib in patients with
ALK-translocated lung cancer, an observation that might be
attributed to partial responses to crizotinib in most patients
(89.4%) (data not shown). In contrast to ALK-translocated
lung cancer, PD-L1 expression was associated with better clini-
cal outcome in lung cancer patients treated with EGFR TKIL."
These observations suggest that PD-L1 expression might have
different clinical implications in patient outcome according to
the types of molecular target therapy, tumor histology, and
genetic alterations. Meanwhile, melanoma cells resistant to a
BRAF inhibitor upregulated PD-L1 expression via MAPK sig-
naling,”* suggesting that molecular target therapy might affect
PD-L1 expression in tumor cells. Consistently, PD-L1 expres-
sion was retained or increased in tumor tissues after acquiring
resistance to crizotinib compared with tumor tissues before cri-
zotinib treatment in six of seven patients (Fig. S2). There are
several possible explanations for this PD-L1 expression pattern
in these patients. First, ALK activity might be restored and/or
persistent in tumors due to failed inhibition of ALK signaling
in pADCs, thereby upregulating PD-L1 expression even after
crizotinib treatment, a finding that is consistent with the
increased expression levels of pALK in pADCs from patients
after acquiring resistance to crizotinib treatment (Fig. S2). Sec-
ond, PD-1/PD-L1 pathway-mediated immune escape in ALK-
translocated pADCs might affect the clinical outcome for
patients treated with crizotinib, partly accounting for the crizo-
tinib resistance mechanism in patients with pADCs. Although
explanations for this issue remain unclear, persistent expression
of PD-L1 in crizotinib-resistant pADCs is intriguing in that
alternative or combined therapies should be considered for
these patients. Recently, it was demonstrated that PD-1/PD-
L1-targeted therapy might have significant therapeutic efficacy
in EGFR-mutated lung cancer even after acquiring resistance to
EGFR TKLY Thus, it seems reasonable that PD-1/PD-L1-tar-
geted immunotherapy may be an alternative therapeutic strat-
egy for patients with acquired resistance to crizotinib besides
second generation ALK inhibitors.

In conclusion, our study first demonstrates that ALK trans-
location upregulates PD-L1 expression in pADC via HIF-la
and STATS3, providing invaluable information for the develop-
ment of therapeutic reagents and clinical implications in PD-1/
PD-L1-targeted immunotherapy for patients with ALK-translo-
cated pADCs.

Materials and methods
Patients and samples

A cohort of pADC patients (n = 532), including those harbor-
ing ALK translocation (n = 58, 11%), who underwent surgery
without prior chemotherapy at Seoul National University Hos-
pital (SNUH, Seoul, Republic of Korea) were evaluated. Tissue
microarrays with 2-mm core diameters were constructed from

formalin-fixed paraffin-embedded (FFPE) tumor tissues. Clini-
copathological data were obtained from medical records. EGFR
and KRAS mutation and ALK translocation status were evalu-
ated as described previously.””*®

Another cohort of 214 patients who had recurrence or met-
astatic pADC with ALK translocation and were treated with
the ALK TKI crizotinib at SNUH was collected. Among them,
FFPE tissues before ALK TKI treatment were available in 90
patients for the evaluation of PD-L1 expression. In addition,
to estimate PD-L1 expression in tumors from patients before
crizotinib treatment and after acquiring resistance, we estab-
lished a cohort of seven patients with paired biopsies. Crizoti-
nib was administered orally at a dose of 250 mg twice daily as
part of a clinical trial (A8081007 [NCT00932893], A8081014
[NCT01154140]), until tumor progression, death, significant
uncontrolled toxicity or patient refusal. Chest computed
tomography was performed per protocol to confirm patient
response and assess disease progression. Treatment response
was evaluated using RECIST 1.0.>> PFS was measured from
the first day of inhibitor treatment until the first objective sign
of disease progression or death. OS was measured from the
date of diagnosis until death from any cause. This study fol-
lowed the World Medical Association Declaration of Helsinki
recommendations and was approved by the institutional
review board of SNUH (H-1404-100-572).

Cell lines and reagents

NSCLC cell lines, H23 (EGFR wild-type [WT], ALK WT;
ATCC® CRL-5800) and H2228 (EML4-ALK variant 3; ATCC®
CRL-5935) cells, were purchased from the American Type Cul-
ture Collection. Cell lines were authenticated by morphology
and growth characteristics, frozen and cultured. Cells were cul-
tured in DMEM supplemented with 10% fetal bovine serum,
100 U/mL penicillin and 100 pug/mL streptomycin. Crizotinib
(PF-02341066, an ALK inhibitor) was purchased from Selleck-
chem (catalog no. S1068). S31-201 (a STAT3-specific inhibitor;
catalog no. SML0330), CoCl, (a chemical inducer of HIF-1c;
catalog no. 232696), PX-12 (a HIF-1a-specific inhibitor; catalog
no. M5324) and cycloheximide (a translation blocker; catalog
no. 01810) were purchased from Sigma-Aldrich, and MG132 (a
proteasome inhibitor) was purchased from Calbiochem (cata-
log no. 474790).

Transfection using an EML4-ALK construct and ALK short
interfering RNA (siRNA)

The cells were plated in six-well plates (5 x 10°/well) in opti-
MEM media (Gibco, catalog no. 31985—070) and were trans-
fected with pcDNA, EML4-ALK v1, EML4-ALK v3, ALK spe-
cific siRNA or scramble (sc) siRNA using Lipofectamine 2000
(Invitrogen, catalog no. 11668-019). The transfected cells were
cultured for 6 h, and the culture medium was then replaced
with fresh complete medium. The EML4-ALK v1 and v3 con-
structs were kindly provided by Hiroyuki Mano (Jichi Medical
University, Tochigi, Japan). ALK siRNA 1, 2 and 3 and sc
siRNA were synthesized by Bioneer as reported previously
(Table S1).2



Protein-DNA binding assay

Nuclear extracts were prepared from pcDNA-, EML4-ALK v1-
or EML4-ALK v3-transfected H23 cells and subjected to a pro-
tein-DNA binding assay to detect the binding of STAT3 to the
PD-L1 promoter in vitro. To this end, the EpiQuik™ General
Protein-DNA Binding Assay Kit (Colorimetric) (Epigentek,
catalog no. P-2004-96) was used. The DNA probe correspond-
ing to the STAT3-binding sequence in the PD-L1 promoter
was constructed using the following sequence: 5-CGATTT-
CACCGAAGGTC -3’ (underline, putative pSTAT3 binding
sequence).

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using the ChIP-IT Express Enzy-
matic Kit (Active Motif, catalog no. 53009). Briefly, chroma-
tin from cells was cross-linked with 1% formaldehyde,
sheared to an average size of 500 bp and then immunopreci-
pitated using an anti-HIF-la antibody (Santa Cruz Biotech-
nology, catalog no. sc-13515). Two putative binding sites of
HIF-la containing canonical hypoxia response elements
(HRE; TACGTG) within the PD-L1 promoter region were
identified by TFSEARCH and included HREI (located
between exons 1 and 2) and HRE2 (located between exons 4
and 5). The ChIP-qPCR primers (Table S1) were designed to
amplify the regions containing HRE1 and HRE2. Real-time
quantitative PCR (qPCR) was performed using these primers
and SYBR Green master mix (Takara Bio, catalog no.
RR82LR), or the amplified product was visualized on agarose
gels after electrophoresis.

Immunoprecipitation and ubiquitination assay

H23 cells were transfected with pcDNA, EML4-ALK vl or
EML4-ALK v3 for 24 h and incubated with CoCl, (100 uM).
Three hours after incubation, cells were lysed in 10 mM HEPES
atpH 7.9, 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT
buffer and 40 pg/mL Complete Protease Inhibitor mix (Roche,
catalog no. 118735800001). Immunoprecipitates were prepared
using anti-HIF-1« antibody, immobilized on protein A/G aga-
rose beads (Santa Cruz Biotechnology, catalog no. sc-2003),
and then subjected to Western blotting using anti-ubiquitin
antibody (Santa Cruz Biotechnology, catalog no. sc-166553) or
anti-VHL antibody (BD PharMingen, catalog no. 556347).

Quantitative reverse transcription PCR (QRT-PCR)

To evaluate the expression levels of PD-L1, ALK, HIF-1e, IL-6,
IL-10 and IFNy, total RNA was extracted from the cells using
TRIzol (Life Technologies, catalog no. 15596-018), and sub-
jected to reverse transcription using the PrimeScript™ 1st
Strand cDNA Synthesis Kit (Takara Bio, catalog no. 6110A).
qRT-PCR analysis was performed using the SYBR® qRT-PCR
Kit (Clontech Laboratories, catalog no. 638313) and Step One
Plus thermocycler (Applied Biosystems). GAPDH was used as
the internal control. The primer sequences used for qRT-PCR
are shown in Table S1. Each measurement was performed at
least three times in triplicate. The relative expression level
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[2049€Y] of each molecule was calculated as follows: dCt =
Ct(molecule) - Ct(GAPDH); ddCt = dCt(experiment or target) dc:t(conf

trol or reference)-

Western blotting

Total cellular protein was extracted using lysis buffer, and
50 ug protein were subjected to 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The resolved proteins were
transferred to polyvinylidene difluoride membranes (Millipore,
catalog no. IPVH00010), which were then incubated with anti-
bodies against PD-L1 (clone E1L3N, #13684), ALK (clone
D5F3, #3633), pALK (Tyr1604, #3341), STAT3 (clone 124HS6,
#9139), pSTAT3 (Tyr705) (clone D3A7, #9145) (Cell Signal-
ing), HIF-1ar (BD Bioscience, catalog no. 610958), and B-actin
(Santa Cruz Biotechnology, catalog no. sc-47778). The immu-
noblots were visualized using an enhanced chemiluminescence
detection system (Amersham Pharmacia Biotech, catalog no.
RPN 2109).

Flow cytometry

Surface staining was performed using FITC-conjugated mouse
anti-human PD-L1 (clone MIH2) (LSBio, catalog no. LS-
C188353) or FITC-conjugated mouse IgG (isotype controls)
(LSBio, catalog no. LS-C188355), followed by flow cytometry
analysis (Epics XL; Coulter).

Immunohistochemistry (IHC)

IHC was performed using rabbit anti-PD-L1 (E1L3N) XP’
monoclonal antibody (mAb) (Cell Signaling, #13684), rabbit
anti-pSTAT3 mAb (Tyr705; Cell Signaling, #9145), mouse
anti-HIF-1lo mAb (ESEE122; Novus Biologicals, catalog no.
NB100-131) and anti-pALK antibody (Tyr1507; Abcam, cat-
alog no. ab73996) and the Benchmark XT autostainer (Ven-
tana Medical Systems). PD-L1 IHC was evaluated based on
the intensity and proportion of membranous staining in
tumor cells and was scored as follows: 0, negative; 1, weak or
moderate in <5% of tumor cells; 2, moderate in >5% of
tumor cells; 3, strong in >5% of tumor cells. Cases with
scores of 2 or 3 were deemed positive for PD-L1 expression.
The nuclear expression of pSTAT3 and HIF-lo and mem-
branous and/or cytoplasmic pALK expression were evaluated
based on the immunoreactivity (graded 0, 1, 2 and 3) and
proportion, and the results (H score) are recorded by multi-
plying the percentage of positive cells by the intensity. CD8"
and PD-1" TILs were immunostained and automatically
enumerated as described previously.*!

Statistical analysis

All statistical analyses were performed using SPSS software
(version 21; IBM Corp.). Comparisons between variables were
performed using the x” test or Student’s t-test. Survival analysis
was performed using the Kaplan-Meier method with the log-
rank test. Two-sided p values less than 0.05 were considered
statistically significant in all analyses.
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