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Immunotherapeutic strategies including the blockade of programmed death 1 (PD-1) receptors hold promise for the
treatment of various cancers including non-small cell lung carcinoma (NSCLC). Preclinical data suggest that pre-existing
tumor immunity is important for disease regression upon checkpoint blockade-based therapies. However, the nature
of antigen-specific T-cell responses that correlate with the clinical response to immunotherapy in NSCLC patients is not
known. The embryonic stem cell gene SRY (sex determining region Y)-box 2 (SOX2) has recently emerged as a major
oncogenicdriverin NSCLC.Here, we show that nearly 50% of a cohort of NSCLC patients mounted both CD4*and CD8* T-cell
responses against SOX2, which could be readily detected among peripheral blood mononuclear cells. T-cell responses
against SOX2 were associated with NSCLC regression upon immunotherapy with anti-PD-1 monoclonal antibodies,
whereas none of the patients lacking SOX2-specific T cells experienced disease regression following immune checkpoint
blockade. Conversely, cellular and humoral responses against viral antigens or another tumor-associated antigen (NY-
ESO-1) failed to correlate with the clinical response of NSCLC patients to immunotherapy. Of note, the administration of
PD-1-blocking antibodies was associated with intramolecular epitope spread as well as with the amplification of SOX2-
specificimmune responses in vivo. These findings identify SOX2 as an important tumor-associated antigen in NSCLC and

link the presence of SOX2-specific T cells with the clinical response of lung cancer patients to immunotherapy.

Introduction

Non-small cell lung carcinoma (NSCLC) is the leading cause of
cancer-related mortality in the United States. Although NSCLC
was initially considered to be non-immunogenic, several studies
now support a beneficial effect of immunotherapy for NSCLC
patients. Endogenous tumor-specific T-cell responses indeed
delay tumor progression in mouse models of lung adenocarci-
noma,' and the presence of tumor-infiltrating T cells has been
linked to improved survival among NSCLC patients.>* Along
similar lines, recent studies have demonstrated that the block-
ade of immune checkpoints mediates promising clinical effects
in patients affected by this tumor.’” In particular, the antibody-
mediated blockade of programmed death 1 (PD-1) has been
reported to lead to objective tumor regression in 18% of patients
bearing advanced NSCLC.°

SRY (sex determining region Y)-box 2 (SOX2) is a transcrip-
tion factor critically involved in the pluripotency and stemness of
human embryonic stem cells.® SOX2 has recently been identified
as a common target of genomic amplifications and as a lineage

survival oncogene in lung cancer.”"! In addition, SOX2 has been
implicated in the function of lung stem cells and putative cancer
stem cells.!*® We and others have previously shown the capac-
ity of the immune system to target SOX2,"“" and several groups
have studied the presence of humoral responses against SOX2,
especially in patients with small-cell lung cancer (SCLC).'
Moreover, we have previously demonstrated that the presence
of naturally occurring SOX2-targeting T cells is associated with
an improved survival and reduced risk of malignant progression
among patients with monoclonal gammopathies.'* However, the
nature of SOX2-specific T-cell responses in lung cancer patients
has not yet been characterized.

Results and Discussion

In view of the emerging interest in SOX2 as a potential therapeu-
tic target in lung cancer, we analyzed the expression of SOX2 in
samples from a cohort of NSCLC patients (Table S1) by immu-
nohistochemistry. SOX2 expression was detected in the neoplas-
tic lesions of patients affected by both most common NSCLC
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antibodies. Of 24 patients evaluable for a clini-
cal response upon PD-1 blockade, those who
responded to therapy (at least partial response,

.y ;";: VLN B, . PR, asdefined by RECIST; n=5) exhibited signif-

F v o e icantly greater immune response against SOX2
.5" $% :._ .\ ;’;'....:i ‘U as compared with those who did not (p = 0.02)
é ..-_'_' v ot “ll 1 (Fig. 3A). This held true when the analysis was
"'".‘_'_"b"c;“. ..",:' - “Y{ % restricted to samples studied at baseline or dur-
-_'s:‘:’.'.‘_ :.:' o ,O‘: ::‘.; ing the first cycle of immunotherapy (n = 22;
'::,:-‘r; s p=0.04). Overall 5o 15 (33%) patients exhib-
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line achieved an objective response (= PR) to

therapy. In contrast, no objective response could

small cell lung carcinoma is illustrated.

Figure 1. Expression of SOX2 in human lung cancer. The expression of SOX2 was analyzed
by immunohistochemistry on malignant tissues from paraffin-embedded tumor sections.
SOX2 expression in samples from patients bearing squamous and non-squamous non-

be documented among the 9 patients lacking
T-cell immunity against SOX2 (Fig. 3A). The
immune reactivity to viral antigens of patients
who responded to anti-PD1 therapy and those

17,18

subtypes, although, consistent with other studies,"'® expression

levels were greater in squamous as compared with non-squamous
NSCLC (Fig. 1). These findings prompted us to study T-cell
immune responses targeting SOX2 in NSCLC patients. In order
to detect the presence of SOX2-specific T cells, freshly isolated
peripheral blood mononuclear cells (PBMCs) from patients with
advanced NSCLC were stimulated using a library of overlap-
ping peptides that spans the entire SOX2 protein, as previously
described.” Phytohemagglutinin (PHA) or a cocktail of viral
antigens (derived from cytomegalovirus, Epstein-Barr virus and
influenza virus; CEF) were employed as positive control condi-
tions (Fig. 2A and B). Immune responses to NY-ESO-1 were
also monitored, as NY-ESO-1 is an established tumor-associated
antigen in this setting."” Overall, T-cell immunity against SOX2
or NY-ESO-1 was detected in 21/35 (60%) and 12/23 (52%)
of patients tested, respectively. SOX2- and NY-ESO-1-specific
T-cell responses were equally common among patients with
squamous and non-squamous NSCLC (Fig. 2C). The presence
of SOX2-reactive T cells was confirmed using a CFSE dilution
assay, and this cell population was found to consist of both CD4*
and CD8* components (Fig. 2D). We detected T cells react-
ing against epitopes derived from the entire sequence of SOX2
(Fig. 2E), with some preference for peptides corresponding to
the N-terminus of the protein. In order to confirm the nature
of the epitopes responsible for SOX2-specific T-cell responses in
NSCLC patients, peptides from the reactive cocktails were tested
individually (Fig. 2F). We also examined the presence of SOX-
specific antibodies in the plasma of NSCLC patients by ELISA.
Consistent with other studies,’® anti-SOX2 antibodies were
detected in only 7 of 25 (28%) patients tested (Fig. 2G). As a
control, the presence of EBV nuclear antigen 1 (EBNA1)-specific
antibodies was detected in a majority of patients (22 of 25, 88%).
Together, these data demonstrate that SOX2 is a common target
of endogenous T-cell immunity in patients with NSCLC.
Several patients of our cohort were enrolled in a clinical trial
testing the PD-1-blocking antibody BMS-936558.° Therefore, we
analyzed the correlation between SOX2-specific T-cell responses
and disease outcome upon the administration of anti-PD-1
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who did not was comparable, indicating that

differences in SOX2-specific responses were not
due to issues of immune incompetence (Fig. 3B). NY-ESO-1-
specific T-cell reactivity has previously been correlated with clini-
cal responses to anti-CTLA4 antibodies in melanoma patients.*’
Nonetheless, NY-ESO-1-targeting T-cell responses did not dif-
fer between NSCLC patients who achieved an objective clinical
response upon PD-1 blockade and those who did not (Fig. 3C).
Along similar lines, the presence of circulating antibodies specific
for SOX2 or EBNA1 did not correlate with clinical responses to
PD-1 blockade in NSCLC patients (Fig. 3D).

The chemotherapy-induced lysis of tumor cells can, at least in
principle, amplify immune responses in vivo, in part owing to the
phenomenon known as epitope spread. To address whether this
was the case also in NSCLC patients receiving PD-1-targeting
antibodies, serial samples from 21 patients were analyzed to assess
the emergence of T cells reacting against new regions of SOX2
(Fig. 3E and F). Some extent of epitope spread or immune ampli-
fication was documented in 4 patients. Two of these patients
experienced PRs and remained on therapy for > 1 y. In the other
two patients (who exhibited no anti-SOX2 immune responses at
baseline), the development of SOX2-specific immunity was asso-
ciated with disease stabilization as the best objective response.
Opverall, 5 of 17 patients bearing SOX2-targeting T cells (either
at initial analysis, n = 15, or on follow up, n = 2) received anti-
PD-1 antibodies for at least one year, indicating the durability of
therapeutic responses. In contrast, none of the patients lacking
SOX2 immunity remained on therapy for > 1 y.

These findings are consistent with preclinical studies suggest-
ing that tumor regression upon checkpoint blockade depend on
pre-existing immune responses.”’ Endogenous tumor immunity
has been proposed to induce the expression of PD-1 ligand 1
(PD-L1) on melanoma cells,”? which in principle can suppress
immune responses by engaging PD-1 on T cells. The expres-
sion of PD-L1 on the surface of tumor cells has recently been
correlated with the clinical response of NSCLC patients to anti-
PD-1 therapy.’ However, this analysis only included 10 NSCLC
patients, of whom just one responded to therapy. More impor-
tantly, the evaluation and monitoring of PD-L1 expression on
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Figure 2. For figure legend, see page e25205-4.
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Figure 2 (See previous page). Detection of antigen-specific cellular and humoral responses in non-small cell lung carcinoma patients. Peripheral
blood mononuclear cells (PBMCs) were co cultured with medium alone, overlapping peptides from the SOX2 library (3 pg/ml, M1 M2 M3 M4), CEF pep-
tides or phytohemagglutinin (PHA). After 48 h, supernatants were harvested and examined for the abundance of CXCL10. M1 peptides cover SOX2 res-
idues 1-89, M2 residues 79-171, M3 residues 161-246 and M4 residues 236-321. See also Table S2. (A) Representative results from a patient exhibiting
SOX2-reactive T cells. (B) CXCL10 production (mean + SEM) in response to SOX2 antigens (M1-4) for patients classified as immune responders (n = 15)

vs. non-responders (n = 9). (C) PBMCs obtained from patients with advanced non-small cell lung carcinoma (NSCLC) were tested for the presence of

T cells reacting against SOX2 (n = 35) or NY-ESO-1 (n = 23) using overlapping peptides as in Figure 2A and B. The percentage of all NSCLC patients
(ALL), squamous NSCLC patients (SQ) and non-squamous (Non-SQ) NSCLC patients exhibiting immunity to SOX2 (ALL = 60%) or NY-ESO-1 (ALL = 52%)
is reported. (D) PBMCs from lung cancer patients were labeled with CFSE and co-cultured with peptides from the SOX2 library (5 pg/mL) in the pres-
ence of anti-CD28 and anti-CD49d (both at 1 um/mL) for 7 d. Eventually, T-cell proliferation was determined using flow cytometry. (E) Reactivity of

T cells from SOX2-immune patients to the different regions of the SOX2 protein. Both the amount of CXCL10 (mean + SEM; left panel) and the % sam-
ples reacting to individual mixes are reported. *p < 0.05 compared with control. Please note PBMCs from some patients reacted against more than one
region of SOX2. (F) Fine mapping of SOX2 reactivity. PBMCs were incubated with individual peptides from the SOX2 library for 48 h and tested for the
presence of CXCL10 using a luminex assay. Figure shows individual peptide reactivity in PBMCs from 4 different patients. (G) Detection of anti-SOX2
antibodies. Plasma obtained from patients was tested for the presence of antibodies specific for SOX2 and EBV nuclear antigen 1 (EBNAT1) by ELISA. The
percentage of patients with bearing antibodies against SOX2 (28%) and EBNAT1 (88%) detectable at a titer of > 1:100 is reported.

tumor cells are challenging as they entail invasive procedures, as
PD-L1 expression by tumor cells is often highly heterogeneous,
as the levels of membrane-exposed PD-L1 should specifically be
assessed rather than those of the total protein/RNA, as several
commercial antibodies lack sufficient specificity, and as substan-
tial difficulties have been encountered in the development of
reagents and methods for detection of PD-L1 expression on for-
malin-fixed, paraffin-embedded (FFPE) tissues.” It has therefore
been suggested that the nature of host immune responses may
provide biomarkers that complement or even replace the need to
assess PD-L1 expression on tumor cells.” The finding that SOX2-
specific T cells can be detected in the peripheral blood of NSCLC
patients may provide a simple and straightforward strategy to
monitor these responses.

Our findings provide evidence in support of a direct link
between antigen-specific T-cell immunity and clinical responses
to PD-1 blockade in NSCLC patients, and suggest that individu-
als with pre-existing antitumor immune responses may be those
who obtain clinical benefits from immune checkpoint blocking-
agents. In addition, our data point to SOX2 as an attractive
tumor-associated antigen in the context of NSCLC and sug-
gest that the detection of SOX2-specific T cells may be a simple
strategy to identify patients who are more likely to benefit from
anti-PD-1 monoclonal antibodies. In this scenario, patients lack-
ing T-cell responses against SOX2 may perhaps constitute ideal
candidates for SOX2-targeting vaccines.

As this stage, a confirmation of our preliminary data in large
clinical cohorts is needed. Moreover, it would be interesting to
dissect the role of other checkpoint regulators (e.g., CTLA4) in
patients exhibiting SOX2-specific immune responses who do not
obtain clinical benefits from anti-PD-1 antibodies. SOX2 and
other embryonic stem cell factors have now been implicated in
the development and progression of several human neoplasm.”
Harnessing natural immune responses against these antigens
may therefore provide an opportunity for the development of
novel anticancer immunotherapeutics.

Materials and Methods

Patients. Blood samples were obtained from NSCLC patients
(n = 35) after obtaining informed consent and upon the approval
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or the Yale University Institutional Review Board. Some of these
patients were enrolled in a clinical trial testing the anti-PD1
antibody BMS-936558. Clinical responses in patients undergo-
ing immunotherapy was evaluated using Response Evaluation
Criteria In Solid Tumors (RECIST) v1.0. Clinical data were con-
firmed with the central study database at Bristol Myers Squibb.

Peptide libraries. Libraries of overlapping peptides spanning
the entire length of SOX2 and NY-ESO-1 were synthesized as
previously described.'*** The SOX2 library consisted of 86 pep-
tides divided into 4 sub-mixes, while the NY-ESO-1 library con-
sisted of 30 peptides subdivided in 3 sub-mixes (Table S2). A
pool of peptides derived from cytomegalovirus, Epstein—Barr
virus and influenza virus (CEF; Anaspec Inc.) was used as a posi-
tive control.

Detection of antigen-specific T cells. The presence of SOX2-,
NY-ESO-1- and CEF-reactive T cells was detected based on
antigen-dependent cytokine production and proliferation, as pre-
viously described.'** Briefly, PBMCs were isolated using Ficoll
Hypaque and cultured either alone (control) or together with
CEF peptides or peptide pools from the SOX2 and NY-ESO-1
libraries, employed at 3 pwg/mL in 5% PHS, in 96-well round
bottom plates (2.5 x 10° cells/well). PHA was used as a posi-
tive control. After 48 h, culture supernatants were harvested
and examined for the presence of chemokine (C-X-C motif)
ligand 10 (CXCL10, also known as IP10) using a luminex assay,
as per manufacturer’s instructions. Values > 2-fold over the
negative control were deemed positive, based on the analysis of
inter- and intra-assays variation. Of note, in this assay the pep-
tide-induced secretion of CXCL10 serves as a marker of T-cell
reactivity and depends on the presence of CD3* T cells as well
as on the induction of interferon v, as previously described.'**
Stimulation indexes were calculated as fold increases in CXCL10
secretion over that recorded control wells, with values of at least
100 pg/mL. In some cases, the reactivity of T cells against a spe-
cific peptide of SOX2 sub-mixes was confirmed by stimulating
PBMC:s with single peptides.

Antigen-dependent proliferation assays. The presence of
antigen-dependent proliferation was monitored using a CFSE
dilution assay, as previously described.”® Freshly isolated PBMCs
were labeled with 0.5 pwM CFSE (Molecular Probes) and cul-
tured with 1 pg/mL anti-CD28 and anti-CD49d antibodies
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Figure 3. For figure legend, see page e25205-6.

(BD Biosciences), alone or in the presence of 5 pg/mL SOX2  FACSCalibur cytofluorometer (Becton Dickinson). Flow cytom-
peptide mixes, 3 wg/mL CEF peptides or 2 pug/mL PHA. Seven  etry data were analyzed using the Flow]Jo software.

days later, PBMCs were stained with anti-CD3, anti-CD4 and Detection of SOX2- and EBNA 1-specific antibodies against.
anti-CD8 antibodies and T-cell proliferation was analyzed on a  The presence of antibodies specific for SOX2 or EBNA1 was
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upon treatment.

Figure 3. Correlation between endogenous antigen-specificimmunity and response to PD-1 blockade in non-small cell lung carcinoma patients.
(A-C) Antigen-specific cellular immunity and objective response to immunotherapy. Peripheral blood mononuclear cells (PBMCs) from non-small cell
lung carcinoma (NSCLC) patients were stimulated with overlapping peptides derived from SOX2 (A), with CEF peptides (B), or overlapping peptides
derived from SOX2 (B), cellular immunity was quantified as stimulation index and correlated with objective clinical responses (partial response, PR, or
better) as achieved upon the administration of anti-PD1 monoclonal antibodies. In (A), stimulation indexes (mean + SEM) are illustrated on the left,
while the percentage of patients exhibiting (n = 15) or not (n = 9) SOX2-specific T cells who achieved an objective clinical response is depicted on the
right. (B) and (C) report stimulation indexes only. (D) Humoral immunity and response to immunotherapy. The percentage of clinical responses (= PR)
of NSCLC patients exhibiting (POS) or not (NEG) circulating antibodies specific for SOX2 or EBV nuclear antigen 1 (EBNAT1) is depicted. (E and F) In vivo
epitope spread upon immunotherapy. (E) reports representative data from one patient showing T-cell reactivity against different regions (M1, M2, M3,
M4) of the SOX2 protein before and 9 mo after immunotherapy with anti-PD1 monoclonal antibodies. (F) summarizes data on T-cell reactivity against
SOX2 peptide mixes before and afterimmunotherapy with anti-PD1 monoclonal antibodies, in 4 patients exhibiting a detectable epitope spread

analyzed by ELISA, as previously described.' Full-length SOX2
(Abcam) was used to coat ELISA plates (25 wl/well, at 1 mg/mL)
for 2 h at room temperature. Plates were then washed twice with
PBS with Tween and blocked overnight with 4% non-fat milk at
4°C. Patient plasma was diluted 1:100 and 1:400 in 4% non-fat
milk and 200 L of diluted plasma were added to the wells of
ELISA plates and incubated for 2 h at room temperature. Plates
were finally washed and probed with horseradish peroxidase
(HRP)-coupled goat anti-human IgG (1:6000 in 5% non-fat
milk; Southern Biotech) for 1 h at room temperature. Finally,
30 wL of HRP substrate was added to each well for 15 min, fol-
lowed by the addition of a commercial stop solution (both from
Biosource). Absorbance was read at 450 nm on an ELISA plate
reader. Antibodies against EBNA1 were detected using a com-
mercial ELISA kit (Scimedx), as per manufacturer’s instructions.

Immunohistochemistry. Paraffin sections from lung cancer
specimens were subjected to antigen retrieval at low pH with
citrate buffer. Slides were then stained with monoclonal mouse
anti-human SOX2 antibodies (1:100 dilution, clone 245610,
R&D) and Envision anti-mouse antibodies (Dako).

Statistical analyses. Data from different groups was compared
using a non-parametric Mann—-Whitney U test. The threshold
for the statistical significance of p values was set to 0.05.
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