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Abstract

Background: Programmed cell death protein 1 (PD1) inhibitors have revolutionized cancer therapy, yet many
patients fail to respond. Thus, the identification of accurate predictive biomarkers of therapy response will
improve the clinical benefit of anti-PD1 therapy.

Method: We assessed the baseline serological autoantibody (AAb) profile against ~2300 proteins in 10
samples and ~4600 proteins in 35 samples with alveolar soft part sarcoma (ASPS), non-small-cell lung cancer
(NSCLC) and lymphoma using Nucleic Acid Programmable Protein Arrays (NAPPA). 23 selected potential
AAb biomarkers were verified using simple, affordable and rapid enzyme linked immune sorbent assay (ELISA)
technology with baseline plasma samples from 12 ASPS, 16 NSCLC and 46 lymphoma patients. SIX2 and EIF4E2
AAbs were further validated in independent cohorts of 17 NSCLC and 43 lymphoma patients, respectively,
using ELISA. The IgG subtypes in response to therapy were also investigated.

Results: Distinct AAb profiles between ASPS, NSCLC and lymphoma were observed. In ASPS, the production
of P53 and PD1 AAbs were significantly increased in non-responders (p=0.037). In NSCLC, the SIX2 AAb was
predictive of response with area under the curve (AUC) of 0.87, 0.85 and 0.90 at 3 months, 4.5 months, 6
months evaluation time points, respectively. In the validation cohort, the SIX2 AAb was consistently
up-regulated in non-responders (p=0.024). For lymphoma, the EIF4E2 AAb correlated with a favorable
response with AUCs of 0.68, 0.70, and 0.70 at 3 months, 4.5 months, and 6 months, respectively. In the
validation cohort, the AUCs were 0.74, 0.75 and 0.66 at 3 months, 4.5 months, and 6 months, respectively. The
PD1 and PD-L1 1gG2 AAbs were highly produced in ~20% of lymphoma responders. Furthermore,
bioinformatics analysis revealed antigen functions of these AAb biomarkers.

Conclusion: This study provides the first evidence that AAb biomarkers selected using high-throughput
protein microarrays can predict anti-PD1 therapeutic response and guide anti-PD1 therapy.
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Introduction

Immune-checkpoint  blockade  (ICB) has  [1], especially inhibitors targeting programmed cell
demonstrated to be a powerful cancer treatment death protein 1 (PD1). However, a large portion of
option with remarkable clinical response durability  cancer patients fail to respond to anti-PD1 therapy [2].
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Significant efforts have been made to find biomarkers
that guide ICB therapy, such as programmed
death-ligand-1 (PD-L1) expression, microsatellite
instability (MSI)/ mismatch-repair deficiency
(dAMMR), and tumor mutation burden [3-7].

Autoantibodies (AAbs), or antibodies that
recognize self-proteins (autoantigens; AAgs), are also
of particular interest to ICB research since AAbs can
be generated by altered protein expression, mutation
(neoantigen), degradation of tumor proteins, and
defects in immune tolerance or inflammation [8-10].
AAbs also play important roles in the maintenance of
host homeostasis by clearing dead cells and
distinguishing diseased cells from normal cells [11,
12]. PD-L1, which is central to immune checkpoints,
can be expressed on tumor cells or B cells and its
inhibition can result in the activation and proliferation
of T cells [13]. The accumulated evidence suggests
that immune-related adverse events are associated
with AAbs [14-18]. For example, 23 AAbs were
measured in 133 melanoma patients before and after
ipilimumab treatment. The results indicated that
patients with anti-thyroid antibodies have more
thyroid dysfunction in subsequent anti-PD1 therapy.
In addition, patients with AAbs displayed a higher
probability of long-term survival and treatment
response [14]. These results were confirmed by
measuring pre-existing AAbs to rheumatoid factor,
antinuclear  antibody, antithyroglobulin, and
antithyroid peroxidase in 137 non-small-cell lung
cancer (NSCLC) patients [16].

Among the previously-identified biomarkers for
anti-PD1 therapeutic response, PD-L1 immunohisto-
chemistry (IHC) was first approved by the United
States Food and Drug Administration (FDA) as a
companion test in NSCLC [3]. However, the clinical
utility of the PD-L1 IHC assay is limited. The
sensitivity and specificity of PD-L1 antibodies are
inconsistent. Moreover, the clinical thresholds differ
across different cancers [3]. The predictive value of
previously-identified  biomarkers of anti-PD1
response is also limited, in part, to the complexity of
genomic aberration, transcriptional control, mRNA
stability, oncogenic signaling and protein stability in
cancer [3]. Notably, the combination of different
biomarkers may circumvent the limitation of using a
single biomarker and improve the efficacy of anti-PD1
therapy [3]. Therefore, it is important to identify new
biomarkers that can predict the response of anti-PD1
therapy  while considering assay accuracy,
accessibility, easy-to-use and economic cost.

In this study, we set out to identify circulating
AAD biomarkers predictive of anti-PD1 therapeutic
response prior to treatment [19, 20]. Plasma samples
from alveolar soft part sarcoma (ASPS), NSCLC or

lymphoma patients prior to anti-PD1 therapy were
screened using a protein array platform called Nucleic
Acid Programmable Protein Array (NAPPA), which
has been widely applied in the identification of AAb
biomarkers for cancers and autoimmune diseases [21].
Briefly, NAPPA arrays print complementary DNA
(cDNA) plasmids encoding for the proteins-of-interest
and a fusion tag (i.e., Glutathione S-transferase; GST)
onto an aminosilane-modified glass slide [22, 23]. At
the time of the experiment, the plasmids are
transcribed and translated using a human cell-free
expression system and captured to the slide in situ
through pre-immobilized anti-tag capture antibodies.
Patient plasma were screened with NAPPA arrays
displaying ~6,900 human proteins, which identified
21 highly produced AADb biomarkers targeting
antigens associated with cancer. These AAbs, along
with PD1 and PD-L1 AAbs, were then verified using
enzyme-linked immune sorbent assay (ELISA), a
simple, cost-effective, and rapid assay that can be
performed easily in the healthcare setting. Moreover,
the relationship between the 23-marker AAb panel
and the response of cancer patients to the anti-PD1
therapy was investigated.

Materials and Methods

Study design and patient characteristics

Plasma samples from patients receiving anti-PD1
therapy (Sintilimab, Toripalimab, Nivolumab) were
collected within a week prior to the first treatment
between August 2016 and September 2019 from
different hospitals. We used same standard operating
procedure for all samples. After preparing the plasma
using EDTA, the samples were centrifuged twice at
16,000 g and 4°C for 10 minutes, the supernatant was
transferred to a new tube. Samples were transported
by cold chain and stored at -80°C until use. The
freeze-thaw cycles were the same.

There are 4 cohorts of patient sample in this
study, the discovery cohort 1 compromised of 4
NSCLC, 3 ASPS and 3 lymphoma patients, the
discovery cohort 2 included 13 NSCLC, 12 ASPS and
10 lymphoma patients, there were 16 NSCLC, 12
ASPS and 46 lymphoma patients in verification
cohort, the validation cohort consisted of 17 NSCLC
and 43 lymphoma patients. The patient baseline
characteristics are shown in Table 1. The treatment
efficacy was defined as complete response (CR),
partial response (PR), stable disease (SD), or
progressive disease (PD) according to Response
Evaluation Criteria in Solid Tumours (RECIST)
version 1.1 for ASPS, NSCLC and International
Working Group 2007 Criteria for lymphoma [24].
During anti-PD1 therapy, some patients showed
response (CR/PR) at the initial stage and later became
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PD with subsequent treatments. To systematically
evaluate the performance of biomarkers to discrimi-
nate between responders and non-responders, all
patients were evaluated at 3 months, 4.5 months and 6
months [4-6, 25, 26]. A “responder” was defined as a
patient who had a CR/PR/SD prior to the evaluation
time point. A “non-responder” was a patient who had
PD on/before the evaluation time point [6, 26].

The study was conducted in three stages. In the
first stage, NAPPA arrays were consecutively
employed to screen AAb profiles against ~ 2300
proteins in discovery cohort 1 (10 samples) and ~ 4600
proteins in discovery cohort 2 (35 samples). Nine of
the 10 patient samples in discovery cohort 1 were also
used in discovery cohort 2. In the second stage, ELISA
technology was used to verify the production level of
selected AAbs in 12 ASPS, 16 NSCLC and 46
lymphoma patients (42 Hodgkin’s lymphoma [HL], 4
diffuse large B-cell lymphoma [DLBCL]). Finally,
AAb biomarkers were validated using an
independent cohort of 17 NSCLC and 43 HL patients
using ELISA (Figure 1).

All experiments were executed according to the
Declaration of Helsinki.

Identification of plasma AAbs in patients
receiving anti-PD1 therapy using protein
microarrays

The protein microarray preparation and AAb
detection workflow are shown in Figure S1A. The

Table 1. Patient baseline characteristics

printed NAPPA microarrays were obtained from the
NAPPA Protein Array Core (Arizona State
University; Tempe, Arizona, USA). The ~2300
proteins screened with the discovery cohort 1 belong
to numerous protein classes, including nucleic acid
binding proteins, translational proteins, protein
modifying enzymes, protein-binding modifying
enzymes and metabolite interconversion enzymes
(Figure S1B). The ~4600 proteins screened with the
discovery cohort 2 mainly consist of transcriptional
regulators, protein-binding activity modulators,
protein modify enzymes, nucleic acid binding and
scaffold/adaptor proteins (Figure S1C).

To perform plasma AAD screening, the protein
microarray was first blocked with 5% milk in PBST
(PBS, 0.2% Tween) for 1 hour, and incubated with
plasma diluted at 1:50 in 5% milk for 16 hours at 4 °C.
After washing the slide three times with PBST, 1:500
diluted Alexa Fluor 647 goat anti-human IgG was
added to bind to the human AAbs. Fluorescence
signal was detected and analyzed using the GenePix
4300A microarray scanner (Molecular Devices,
Sunnyvale, CA, USA) and GenePix Pro7 software
(Molecular  Devices, Sunnyvale, CA, USA),
respectively. The reactivity of each AAb was
quantified by the signal intensity of spots with a
“Halo ring” according to the method described
previously [27].

Discovery cohort 1 Discovery cohort 2 Verification cohort Validation cohort
Characteristics ASPS NSCLC Lymphoma ASPS NSCLC Lymphoma ASPS NSCLC Lymphoma NSCLC Lymphoma
n=3(%) n=3(%) n=4(%) n=12(%) n=13(%) n=10 (%) n=12(%) n=16(%) n=46(%) n=17(%) n=43(%)

Age (year)

median 34 60 31 33 60 31 33 60.5 34 63 34

range 33-41 43-62 28-53 22-48 32-67 22-53 22-48 32-74 18-69 33-81 21-60
Gender

Male 3(100) 3(100) 2(50) 5(42) 11(85) 5(50) 5(42) 14(88) 52(58) 12(71) 26(60)

Female 0(0) 0(0) 2(50) 7(58) 2(15) 5(50) 7(58) 2(12) 37(42) 5(29) 17(20)
ECOG performance

0 1(33) 1(33) 3(75) 4(33) 2(15) 7 (70) 4(33) 4(25) 45(51) 17(100) 23(53)

1 2(67) 2(67) 1(25) 8(67) 11(85) 3(30) 8(67) 12(75) 44(49) 0(0) 20(47)
Stage

I 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 2(2) 0(0) 1(2)

i 0(0) 1(33) 2(50) 0(0) 1(8) 2(20) 0(0) 1(6) 16(18) 0(0) 12(28)

111 0(0) 1(33) 1(25) 0(0) 3(23) 2(20) 0(0) 3(19) 9(10) 5(29) 24(56)

v 3(100) 1(33) 1(25) 12(100) 9(69) 6(60) 12(100) 12(75) 61(69) 11(65) 6(14)

Unknown 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 1(1) 1(6) 0
Clinical Benefit
3 months

Responder 1(33) 1(33) 3(75) 9(75) 5(38) 9(90) 9(75) 7(44) 77(87) 10(59) 3(7)

Non-responder ~ 2(67) 2(67) 1(25) 3(25) 8(62) 1(10) 3(25) 9(56) 12(13) 7(41) 40(93)
4.5 months

Responder 1(33) 1(33) 3(75) 8(67) 4(31) 9(90) 8(67) 5(31) 68(76) 35(81)

Non-responder  2(67) 2(67) 1(25) 4(33) 9(69) 1(10) 4(33) 11(69) 21(24) 8(19)
6 months

Responder 1(33) 1(33) 3(75) 7(58) 3(23) 8(80) 7(58) 4(25) 56(63) 31(72)

Non-responder  2(67) 2(67) 1(25) 5(42) 10(67) 2(20) 5(42) 12(75) 33(37) 12(28)

ECOG: Eastern Cooperative Oncology Group
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Briefly, during in wvitro transcription and
translation, the expressed protein can diffuse and
bind non-specifically to the slide around the printed
spot. The “Halo ring” is produced when an AAb
binds to the diffused protein. We compared spot
intensity measurements of the same plasma sample
tested on different two days to determine the
consistency across experiments.

Verification and Validation of plasma AAb
biomarkers using ELISA

The 23 potential AAb biomarkers were analyzed
with ELISA in duplicate as previously described [27].
First, 96-well high-bind ELISA plates (Corning Inc,
NY) were coated with goat anti-GST antibody (GE
Healthcare, MA) at 10 pg/mL in 0.2 mol/L sodium
bicarbonate buffer (pH 9.4) overnight at 4 °C. In
parallel, the antigens were prepared by incubating
cDNA plasmids (20 ng/mL) in a human cell-free
expression system (Thermo Fisher, USA) for 2 hours
at 30 °C. The anti-GST antibody coated plate was
incubated with 1:100 diluted expressed antigens,
blocked with 5% milk in PBST at room temperature
for 1 hour, and then incubated with 1:300 diluted
plasma in PBST for 1 hour at room temperature. After
washing the plate three times with PBST solution,
AAD detection was performed by incubating the plate
with an HRP-conjugated anti-human IgG antibody
(Jackson ImmunoResearch Laboratories, PA, USA) for
1 hour, followed with tetramethylbenzidine (TMB)
substrate (ComWin Biotech, Beijing, China) for 15
minutes at room temperature. The reaction was
stopped with 2 M sulfuric acid. The signal was read
using a SPETRA MAX190 plate reader (Molecular
Devices, Sunnyvale, CA, USA) at 450 nm. The ELISA
signal of each AAb was normalized using the OD450
of the expressed antigens divided by the median
OD450 of all antigens measured for that sample as
previously described [27].

HRP-conjugated anti-human IgG1-4 antibodies
(Jackson ImmunoResearch Laboratories, PA, USA)
were employed to detect the distribution of PD1 and
PD-L1 AAD IgG subtypes in plasma.

Statistical analysis

The Mann-Whitney U test was used to identify
significantly-produced AAbs between the responder
and non-responder groups among the ASPS, NSCLC
and lymphoma patients (p<0.05). The association
between the AAbs and their predictive effect in
determining whether a patient would be a responder
or non-responder in ASPS, NSCLC and lymphoma
patients was performed with a Spearman correlation
coefficient (plotted with Circos [28]). The tests were
implemented by the Python Scipy Statsmodels
module and plotted by the Python Matplotlib and
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Seaborn modules. Hierarchical clustering and
Principle Component Analysis (PCA) were

implemented and plotted by the statistical language
R.

The discriminatory capacity of the selected
biomarkers was assessed by the area under the curve
(AUC) wusing GraphPad Prism version 8.0.1 for
Windows (GraphPad Software, San Diego, California
USA). To determine the performance of the PD1 and
PD-L1 IgG2 AAbs, we used the Python Scikit-learn
module to calculate the partial area under the receiver
operating characteristic curve (pAUC) as well as the
sensitivity and specificity using the filtered threshold
(with a sensitivity > 0.1 and pAUC > 0.005) [29].

Results

Global identification of AAbs related to
anti-PD1 therapy using NAPPA

The overall experimental design of this study is
shown in Figure 1. We performed the AAb screening
using NAPPA protein microarrays with plasma from
ASPS, NSCLC and lymphoma patients (Figure S1A).
Printing was evaluated using a fluorescent stain that
binds to double-stranded DNA (i.e,, PicoGreen),
whereas in vitro protein expression was assessed by
staining with a mouse anti-GST tag antibody and then
a fluorescently-conjugated anti-mouse antibody
(Figure S1D). 95% of the c¢cDNA plasmids were
successfully printed and the captured GST-tagged
proteins were displayed with high-reproducibility
(R=0.907) (Figure S1E). The reproducibility of plasma
AAD detection using different NAPPA arrays was
0.95 (Figure S2).

In the biomarker discovery stage, 10 plasma
samples from 5 responders and 5 non-responders in
discovery cohort 1 were first screened using NAPPA
microarrays displaying ~2,300 human proteins. Seven
AADbs (GEMIN2, DDX49, EIF4E2, CCDC130, MRPL44,
P53, FATE1) were identified in the responder group.
Since no similar study has been performed previously
and the data from discovery cohort 1 showed
promising results, we chose to expand the screening
for discovery cohort 2 to ~ 4,600 human proteins,
which represented different proteins than the first
~2,300 protein array set. The discovery cohort 2
contained 35 plasma samples (12 ASPS, 13 NSCLC, 10
lymphoma) from 18 responders and 17
non-responders. Fourteen AAbs (RCN3, VMAC,
PHACTRI1, EIF3H, LPCAT4, UBALD1, ARFGAP1,
CPLX2, ZNF280B, SIX2, TECA3, JUN, SPAGS, SIX3)
were selected for further evaluation (Table S1). These
AAbs were either differentially-produced between
responders and non-responders based on our array
data or their antigens were shown to have an
association with cancer in previous studies.
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Dtiscovery Discovery cohort 1 (n=10)|| Discovery cohort 2 (n=35)

slage Microarray: ~2300 Microarray: ~4600
proteins proteins
ASPS(n=3) ASPS(n=12)
NSCLC(n=3) NSCLC(n=13)
Lymphoma(n=4) Lymphoma(n=10)

| Po1POL1 | | 7 autoantivodies | | 14 autoantivodies |

v

| 23 autoantibodies selected based on microarray signal and prior knowledgel

Verification | ELISA: 23 autoantibodies |
stage
v + i
ASPS NSCLC Lymphoma
(n=12) (n=16) (n=46)
Predictive Predictive Predictive
marker marker marker
EIF4E2,PD1lg-
P53,PD1 SIX2 G2,PD-L1 IgG2
Validation stage | ELISA: SIX2 | | ELISA: EIF4E2 |
NSCLC Lymphoma
(n=17) (n=43)
v v
validated biomarkers SIX2 EIF4E2

Figure 1. Study flow chart. In the discovery stage, we screened AAbs in two sets of plasma samples using NAPPA protein microarrays displaying a total of ~2,300 or ~4,600
human proteins. In the verification stage, selected AAbs based on NAPPA data and prior knowledge were measured using ELISA technology with the baseline plasma samples
from ASPS (n=12), NSCLC (n=16) and lymphoma (n=46) patients receiving anti-PD1 therapy. Statistically-significant predictive biomarkers, SIX2 and EIF4E2, were further
validated during the validation stage using an independent group of 17 NSCLC and 43 lymphoma patients. ASPS: alveolar soft part sarcoma, NSCLC: non-small-cell lung cancer.

Verification of selected AAbs using ELISA

Using ELISA, the production of 23 AAbs in 74
patients in verification cohort prior to anti-PD1
therapy (12 ASPS, 16 NSCLC, 46 lymphoma) was
measured (Table 1). These 23 AAbs included the 21
AAbs identified in initial discovery stage using
NAPPA arrays, as well as PD1 AAb and PD-L1 AAb
due to their functional relevance to cancer immunity
and anti-PD1 therapy [30, 31]. Notably, PD1 and
PD-L1 AAbs were not included on the NAPPA arrays
during the biomarker discovery phase of this study.
To ensure that the ELISA results were reproducible,
we compared data from the same plasma samples
analyzed on the same day and across different days.
The correlation was 0.99 and 0.96 within and across
different experiments, respectively (Figure S3A-B).
The intra- and inter-coefficient of variation (CV) were
3% and 7%, respectively (Figure S3C-D). These results
demonstrate that our ELISA data are reliable and

reproducible.

To elucidate the relationship between plasma
AADbs and the different cancers explored in this study,
hierarchical clustering was performed. The plasma
AADb profile in lymphoma patients was distinct
compared to ASPS and NSCLC patients. However,
the AAD patterns between ASPS and NSCLC patients
were similar (Figure 2A). Principle component
analysis confirmed the clustering, in which almost all
lymphoma patients were separated from ASPS and
NSCLC  patients (Figure 2B). Using the
Mann-Whitney U test, we identified 7 AAbs (PD1,
PD-L1, PHACTR1, ARFGAP1, EIF3H, JUN, UBALD1)
that were significantly elevated in the lymphoma
group, whereas 7 AAbs (EIF4E2, CCDC130, LPCAT4,
CPLX2, SIX2, TCEA3, VMAC, MRPL44) were
decreased in lymphoma patients than the other two
groups (p<0.05, Figure 2C, Figure 54). Notably, PD1
and PD-L1 AAbs were detected in a large number of
cancer patients prior to anti-PD1 therapy, and the
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highest level was detected in lymphoma patients.
Furthermore, IgG1l and IgG2 were the major IgG
subtypes for both PD1 and PD-L1 AAbs (Figure 2D).

Predictive AAb biomarkers of anti-PD1
therapy in ASPS patients

To understand the association between the
candidate 23 AADb biomarkers and the response to
anti-PD1 therapy in ASPS patients, we analyzed the
association of the baseline AAbs with ASPS patient
response at 3 months, 4.5 months and 6 months. P53
and PD1 AAbs were well correlated with the
responses of anti-PD1 therapy at all three time points
(Figure 3A). The Mann-Whitney U test revealed that
the P53 and PD1 AAbs were differentially produced
between responders (n=7) and non-responders (n=5)
at 6 months (p=0.037) (Figure 3B). The predictive
performances of P53 and PD1 AAbs were evaluated
using ROC curve analysis, which gave an AUC of 0.83

for both targets (Figure 3C).

Predictive AAb biomarker of anti-PD1 therapy
in NSCLC patients

We investigated the association of all 23 AAbs
with anti-PD1 therapy response in NSCLC patients.
The concentration of SIX2 AAb before therapy was
well correlated with the clinical outcome at all three
evaluation time points (3 months, 4.5 months, 6
months) (Figure 4A). The SIX2 AAb level was
significantly =~ higher in non-responders than
responders with p-values of 0.007, 0.006, 0.006 and
AUCs of 0.87, 0.85 and 0.90 at 3 months, 4.5 months
and 6 months, respectively (Figure 4B-C). In addition,
we validated the SIX2 AAD in an independent cohort
of NSCLC patients (n=17). The result indicated that
the SIX2 AAb was consistently up-regulated in the
non-responder group (p=0.024, Figure 4D) with an
AUC of 0.80 at 3 months (Figure 4E).

Tumor type
mNSCLC
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mLymphoma
6
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Figure 2. Verification of AAbs using ELISA. (A) Nonbiased hierarchical analysis of AAbs from ASPS, NSCLC and lymphoma patients prior to the anti-PD1 therapy.
False-colored rainbow coloring from blue to red corresponds to the AAb level from low to high, respectively. The heat map and hierarchical cluster analysis data were normalized
using the z-score. (B) Principal component analysis of AAbs in ASPS, NSCLC and lymphoma patients; (C) Detection of PD1 and PD-LI AAbs in ASPS, NSCLC and lymphoma
patients; (D) Detection of the IgG subtypes for PD1 and PD-L1 AAb subtypes using plasma from lymphoma patients. The data was log2 normalized by using the ELISA signal
divided by the buffer background. The statistical analysis was performed using a Mann-Whitney U test with a p-value < 0.05. *, **¥, #¥% #¥¥¥ jn the graphs correspond to the p-value
< 0.05, 0.01, 0.001 and 0.0001, respectively. ASPS: alveolar soft part sarcoma, NSCLC: non-small-cell lung cancer.
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Figure 3. AADb predictive biomarkers of anti-PD1 therapy response in ASPS patients. (A) Association analysis of plasma AAbs and ASPS clinical response using circos
association analysis at 3 months, 4.5 months, and 6 months, respectively. The association coefficient denotes the areas of the arc in the circle. Lines in red and blue represent the
two most relevant markers with immunotherapy efficacy; (B) Box plot analysis of AAbs in ASPS responder and non-responder groups at 6 months. The statistical analysis was
performed using a Mann-Whitney U test with a p-value < 0.05; (C) Discrimination of ASPS patients’ responses to anti-PD1 therapy by the P53 or PD1 AAbs using ROC curve
analysis. R and NR represent the responder and non-responder groups, respectively. ASPS: alveolar soft part sarcoma.

Predictive AAb biomarker of anti-PD1 therapy
in lymphoma patients

The production of EIFAE2 AAb correlated with
clinical outcome in 46 lymphoma patients (Figure 5A).
More specifically, the baseline EIF4E2 AAb was
up-regulated in the responder group compared to
non-responder group at 3 months, 4.5 months and 6
months with p-values of 0.054, 0.017, and 0.010,
respectively (Figure 5B). The AUCs of EIF4E2 AAb for
the evaluation time point of 3 months, 4.5 months and
6 months were 0.68, 0.70 and 0.70, respectively (Figure
5D). We further validated the EIF4E2 AAD in an
independent cohort of 43 lymphoma patients, with
p-values of 0.087, 0.015, and 0.060 and AUCs of 0.74,
0.75 and 0.66 for the evaluation time points at 3
months, 4.5 months and 6 months, respectively
(Figure 5C,5E).

We compared the levels of PD1 and PD-L1 IgG1
and IgG2 AAbs Dbetween responders and
non-responders in ASPS, NSCLC and lymphoma.
Interestingly, the production of PD1 and PD-L1 IgG2
AADbs was highly specific for a subset of lymphoma

patients who responded to therapy (Figure 6A, Figure
55-56), which may due to the various AAb
distribution of IgG2 in lymphoma patients (Figure
S7). Using pAUC analysis, the sensitivity and
specificity of PD1 and PD-L1 IgG2 AAbs were
determined. The sensitivity of PD1 IgG2 AAb was
21% (11/53), 21% (10/47), and 14% (5/37) at the
evaluation time points of 3 months, 4.5 months and 6
months, respectively. The specificity of PD1 IgG2
AADb was 100% (9/9), 93% (14/15) and 92% (23/25) at
3 months, 4.5 months and 6 months, respectively. The
sensitivity of PD-L1 IgG2 AADb was 15% (8/53), 28%
(13/47) and 23% (9/37), whereas the specificity was
100% (9/9), 93% (14/15) and 92% (23/25) at 3 months,
4.5 months and 6 months, respectively (Figure 6A,
Figure S5-56, Table S2). These results were also
observed in lymphoma patients who showed a
consistent response or non-response to anti-PD1
therapy at all three evaluation time points. PD1 and
PD-L1 IgG2 AAbs had a sensitivity of 22% (8/36) and
19% (7/36), respectively, at a specificity of 100% (8/8)
in lymphoma patients who responded to anti-PD1
therapy (Figure 6B).
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study (Table 2, Table S3). Pathway enrichment
analysis indicates that these proteins belong to
pathways involved in cancer, immune checkpoint,
and gene transcription and translation (Figure 6C,
Table S4).

Bioinformatics analysis of AAb biomarkers
associated with anti-PD1 therapy

Using the random walking with restart (RWR)
approach, 70 proteins (Figure S8) were identified that
interact with the antigens targeted by the 5 AAb
biomarkers (PD1, PD-L1, P53, SIX2, EIF4E2) from our

Table 2. Functional annotation of AAb biomarkers identified in this study

No. Gene name Protein name UniProt ID Protein class Molecular function

1 TP53 Cellular tumor antigen p53 P04637 transcription factor (PC00218) binding (GO:0005488); transcription regulator activity
(GO:0140110)
2 PDCD1 (PD1) gg){g)rammed cell death protein 1 (Protein Q15116 - apoptotic process, humoral immune response
3  CD274 (PD-L1) Programmed cell death 1 ligand 1 QINZQ7 immunoglobulin receptor cell surface receptor signaling pathway; negative regulation of
superfamily activated T cell proliferation
4 SIX2 Homeobox protein SIX2 QINPC8  transcription factor (PC00218) binding (GO:0005488); transcription regulator activity
(GO:0140110)
5  EIF4E2 Eukaryotic translation initiation factor 4E 060573 translation initiation factor ~ binding (GO:0005488); transcription regulator activity
type 2 (elF-4E type 2) (GO:0140110)
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Figure 4. AAb predictive biomarker of anti-PD1 therapy response in NSCLC patients. (A) Circos correlation analysis of plasma AAbs and clinical response in
NSCLC patients. The red line denotes the significant association between an AAb and response to anti-PD1 therapy in NSCLC patients. The correlation analysis was plotted with
Circos; (B) Box plot analysis of the SIX2 AAb in the NSCLC responder and non-responder groups at 3 months, 4.5 months and 6 months. The statistical analysis was performed
using a Mann-Whitney U test with a p-value < 0.05; (C) Discrimination of NSCLC patients’ responses to anti-PD 1 therapy by the SIX2 AAb using ROC curve analysis. (D) and
(E) Validation of SIX2 AADb in an independent group of NSCLC patients by box plot and ROC analysis, respectively. The statistical analysis was performed using a Mann-Whitney
U test with a p-value < 0.05; R and NR represent the responder and non-responder groups, respectively. NSCLC: non-small-cell lung cancer.
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Figure 5. AAb predictive biomarker of anti-PD1 therapy response in lymphoma patients. (A) Circos correlation analysis of plasma AAbs and clinical response in
lymphoma patients. The red line denotes the significant association between the AAb and response to anti- PD1 therapy in lymphoma patients. The correlation analysis was
plotted with Circos; (B) and (C) Box plot analysis of the EIF4E2 AAb in the lymphoma responder and non-responder groups at 3 months, 4.5 months and 6 months in verification
cohort and validation cohort, respectively; (D) and (E) Discrimination of lymphoma patients’ responses to anti-PD1 therapy by the EIF4E2 AAb using ROC curve analysis in the
verification and validation cohorts, respectively; The statistical analysis was performed using a Mann-Whitney U test with a p-value<0.05, R and NR represent the responder and

non-responder groups, respectively.

Discussion

A variety of biomarkers have been developed to
identify cancer patients who would benefit from
anti-PD1 therapy. However, the clinical utility of
these biomarkers has been limited for various reasons,
including inconsistent methods, invasive or
difficult-to-obtain samples (e.g., tumor DNA, tissue,
circulating tumor cells), and varying clinical
thresholds across different cancers [3]. Thus, there is
an urgent need for the identification of novel
biomarkers that can predict immunotherapy
response. In this study, we identified new predictive
candidate AAb biomarkers of anti-PD1 therapy using
protein microarrays. We then verified 5 AADb
biomarkers with ELISA technology. To our
knowledge, this is the first study investigating the
association between AAbs and anti-PD1 therapeutic
response by proteomics screening.

We identified distinct AAbs between ASPS,
NSCLC and lymphoma patients. The different cell
types in which the cancers originate may explain these
data. ASPS and NSCLC arises from epithelial or
mesenchymal cells, whereas lymphoma begins in
lymphocytes of the immune system [32]. We also
found that the production of PD-L1 AAb was

significantly higher in lymphoma patients than ASPS
and NSCLC patients. Notably, PD-L1 is up-regulated
in >95% of cases in HL [33].

Five potential AAb biomarkers (PD1, PD-L1,
P53, SIX2, EIF4E2) predictive of patient response to
anti-PD1 therapy were identified. PD1 and PD-L1 are
immune checkpoint proteins that are critical in
regulating antitumor immune response. The PD-L1
AAD has been observed in the plasma of patients with
rheumatoid arthritis [34], type 1 autoimmune
hepatitis [35], and systemic lupus erythematosus [36].
However, the association of PD1 and PD-L1 AAbs
with anti-PD1 therapy is unknown. In this study, we
show that PD1 and PD-L1 AAbs are present in cancer
patients. Furthermore, we demonstrate that the PD1
and PD-L1 AAbs are mainly comprised of the IgGl
and IgG2 subtypes in lymphoma. Importantly, our
results indicate that in lymphoma patients, PD1 and
PD-L1 IgG2 AAbs are highly produced in ~20%
patients who respond to anti-PD1 therapy (Figure 6A,
Figure 55-57). Given these results, we propose that
these AAbs may play important roles in anti-PD1 or
anti-PD-L1 therapy. The molecular mechanisms of
these biomarkers in ICB therapy should be elucidated
in future studies.
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Figure 6. Predictive potential of PD1,PDL1 IgG2 in lymphoma and bioinformatics analysis of AAb biomarkers. (A) Jitter plot analysis of PD1 and PD-L1 IgG and
1gG2 AAbs in the responder and non-responder groups of lymphoma patients at 3 months; (B) Jitter plot analysis of PD1 and PD-L1 IgG and IgG2 AAbs in lymphoma patients that
were consistently responders or non-responders across all time points; (C) Pathway enrichment analysis of the antigens targeted by the AAb biomarkers and their protein
interactions using the Reactome database. The red line represents an FDR < 0.01; The RRR and NNN are defined as the patients that showed consistent responses and
non-responses to anti-PD1 therapy at 3 months, 4.5 months and 6 months, respectively. The sensitivity and specificity were calculated by pAUC analysis. The p-values was
calculated by Kolmogorov-Smirnov test via Python SciPy module. The patients with PD1 and PD-L1 1gG2 AAbs above the cut-off are shown as red dots.

P53 is the most well-known tumor suppressor
gene, and the AAD to P53 has been found in different
cancers including breast cancer, lung cancer, and
ovarian cancer [37]. Recent evidence indicated that the
expression of PD1 and PD-L1 can be regulated by P53
in cancer cells with genotoxic stress and DNA damage
[38]. The expression of P53 also correlated with the
malignancy and proliferation of ASPS tumors [39]. In
our study, both PD1 and P53 AAbs were significantly
up-regulated in the non-responder group compared
to responder group in ASPS patients (Figure 3B), thus
supporting earlier studies [39].

SIX2 is a transcription factor that participates in
signaling pathways associated with cell proliferation,
differentiation, and survival [40]. The mRNA
expression of SIX2 is higher in tumors than normal
tissues, and positively correlated with advanced

stages and poorer survival of NSCLC patients [41].
However, the immunogenicity of SIX2 is unknown.
We observed and validated this negative association
of SIX2 and clinical outcome in our NSCLC cohort
(Figure 4).

The EIF4E2 AADb was consistently up-regulated
in the responder group compared to non-responder
group in lymphoma patients. Eukaryotic Translation
Initiation Factor 4E Family Member 2 (EIF4E2) is a
member of the cap-binding subunit (EIF4E) and part
of the EIF4F complex. EIF4E plays a vital role in
cap-dependent translation of cellular mRNAs, and
influences a subset of mRNAs encoding oncogenic
proteins, such as vascular endothelial growth factor
(VEGF), MYC, and cyclins [42]. EIF4E is frequently
overexpressed in various types of cancers, and its
overall phosphorylation is significantly higher in
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tumor tissue compared to paired normal tissues, thus
supporting the critical role of EIF4E in cancer [43].
Recent work indicated that EIF4F affects translation of
the signal transducer and activator of transcription 1
(STAT1) protein, which leads to the overexpression of
PD-L1 on the surface of cancer cells. They also
observed a correlation between EIF4F complex
activation and immunotherapy in melanoma patients
[44]. The overproduction of EIF4E2 AAb in
lymphoma patients may inhibit the downstream
translation of oncogenic proteins like VEGF, MYC,
cyclins, and STATI.

The current approved or promising predictive
markers of anti-PD1 therapy require an invasive
tissue biopsy, the results can be influenced by the
heterogeneity of tumor tissue [29]. In comparison,
AADb detection using ELISA requires only a few
microliters of plasma or serum. ELISA testing is also
simple, affordable, rapid and can be completed within
a few hours without sophisticated equipment or
in-depth training. Serological AAb detection has been
demonstrated to be a powerful approach for early
cancer detection and efficacy monitoring (e.g.,
EarlyCDT-lung to test for lung cancer, Videssa®
Breast to test for breast cancer)[45]. The results of this
study further indicate that AAbs have clinical value to
predict response of anti-PD1 therapy. Besides ASPS,
NSCLC and lymphoma, the predictive value of these
AAbs can be further investigated in other types of
cancer. The functional association between these
AAbs and immune checkpoint pathways has been
illustrated by bioinformatics analysis (Figure 6C,
Figure S8). However, further study is required to
investigate the interactions of cancer cells and host
B-cell immunity, and to evaluate the contribution of
AADbs to cancer cell eradication.

There are several limitations in this study. Due to
the low incidence of ASPS, there were a limited
number of ASPS plasma samples in this study. The
number of responders and non-responders differed
across cohorts, which could be caused by various
response rates across different cancer types. In
addition, improved patient stratification would
benefit from studying the longitudinal change of these
AAD biomarkers pre- and post- anti-PD1 therapy. The
predictive performance of the AAbs in combination
with other biomarkers (e.g, PD-L1 expression) should
also be explored.

In conclusion, this is the first study to
systematically investigate the relationship between
AADbs and the anti-PD1 therapeutic response using a
high-throughput proteomics technology. The results
suggest that AAbs can be a new class of predictive
biomarkers for anti-PD1 therapy.

Supplementary Material

Supplementary figures and tables.
http:/ /www.thno.org/v10p6399s1.pdf

Acknowledgements

We thank Dr. Ryan Wang for the helpful
discussion of plasma screening using protein
microarrays. We also thank Dr. Brianne Petritis for her
critical review and editing of this manuscript. This
study was approved by the Ethics Committee of the
National Cancer Center/National Clinical Research
Center for Cancer/Cancer Hospital, Chinese
Academy of Medical Sciences & Peking Union
Medical College (Permission No. 19-019/1804).

Funding Sources

This work was supported by China National
Major Project for New Drug Innovation (2017ZX093
04015, 20197ZX09201-002), National Key Basic
Research Project (2018ZX09733003, 2017YFC0906703,
2018YFAO0507503),  National = Natural = Science
Foundation of China (81871739, 81972805, 31870823)
and Chinese Academy of Medical Sciences (CAMS)
Innovation Fund for Medical Sciences (CIFMS)
(2016-12M-1-001).

Author Contributions

Y. K Shi, X. B Yu and X. H Han designed the
study. Y, K Shi, X. H Han, Q. Y Tan, J. L Yang, P. Y
Xing, S. Yang, Y. Qin, X. HHe, Y. T Liu, S. Y Zhou, S.
Y Jiang, F. Y Zhao, Q. F Zhong, Y. Zhou, S. S Wang, J.
R Yao, D. Wu, Z. S Zhang and Y. Sun collected the
patient plasma samples and clinical data. Q. Y Tan, Y.
R Wang, H. Duan, T. Liang and J. Y Dai collected the
experimental data. Y. K Shi, X. B Yu, X. H Han, Q. Y
Tan, D. Wang, Y. Li and H. Y Wang analyzed and
interpreted the data. Q. Y Tan, D. Wang, Y. K Shi, X. B
Yu and X. H Han wrote the manuscript. D. Wang and
Y. Li did the statistical analysis. All authors reviewed
the manuscript and approved the final version.

Data and materials availability

All data associated with this study are available
in the main text or the supplementary materials.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Hwu P. Treating cancer by targeting the immune system. N Engl ] Med. 2010;
363: 779-81.

2. Wang Y, Zhou S, Yang F, Qi X, Wang X, Guan X, et al. Treatment-Related
Adverse Events of PD-1 and PD-L1 Inhibitors in Clinical Trials: A Systematic
Review and Meta-analysis. JAMA Oncol. 2019; 5: 1008-1019.

3. Gibney GT, Weiner LM, Atkins MB. Predictive biomarkers for checkpoint
inhibitor-based immunotherapy. Lancet Oncol. 2016; 17: e542-e51.

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 14

6410

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel J], et al.
Cancer immunology. Mutational landscape determines sensitivity to PD-1
blockade in non-small cell lung cancer. Science. 2015; 348: 124-8.

Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A, et al.
Genetic basis for clinical response to CTLA-4 blockade in melanoma. N Engl J
Med. 2014; 371: 2189-99.

Krieg C, Nowicka M, Guglietta S, Schindler S, Hartmann FJ, Weber LM, et al.
High-dimensional single-cell analysis predicts response to anti-PD-1
immunotherapy. Nat Med. 2018; 24: 144-53.

Hugo W, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-Lieskovan S, et al.
Genomic and Transcriptomic Features of Response to Anti-PD-1 Therapy in
Metastatic Melanoma. Cell. 2017; 168: 542.

Zaenker P, Gray ES, Ziman MR. Autoantibody Production in Cancer--The
Humoral Immune Response toward Autologous Antigens in Cancer Patients.
Autoimmun Rev. 2016; 15: 477-83.

Wang X, Yu J, Sreekumar A, Varambally S, Shen R, Giacherio D, et al.
Autoantibody signatures in prostate cancer. N Engl ] Med. 2005; 353: 1224-35.
Suurmond ], Diamond B. Diamond B. Autoantibodies in systemic
autoimmune diseases: specificity and pathogenicity. J Clin Invest. 2015; 125:
2194-2202.

Wang D, Yang L, Zhang P, LaBaer J, Hermjakob H, Li D, et al. AAgAtlas 1.0: a
human autoantigen database. Nucleic Acids Res. 2017; 45: D769-D76.

Plotz PH. The autoantibody repertoire: searching for order. Nat Rev Immunol.
2003; 3: 73-8.

Khan AR, Hams E, Floudas A, Sparwasser T, Weaver CT, Fallon PG. PD-L1hi
B cells are critical regulators of humoral immunity. Nat Commun. 2015; 6:
5997.

de Moel EC, Rozeman EA, Kapiteijn EH, Verdegaal EME, Grummels A,
Bakker JA, et al. Autoantibody Development under Treatment with
Immune-Checkpoint Inhibitors. Cancer immunol Res. 2019; 7: 6-11.

Thibult ML, Mamessier E, Gertner-Dardenne J, Pastor S, Just-Landi S, Xerri L,
et al. PD-1 is a novel regulator of human B-cell activation. Int Immunol. 2013;
25:129-37.

Toi Y, Sugawara S, Sugisaka J, Ono H, Kawashima Y, Aiba T, et al. Profiling
Preexisting Antibodies in Patients Treated With Anti-PD-1 Therapy for
Advanced Non-Small Cell Lung Cancer. JAMA Oncol. 2019; 5: 376-383.

Da Gama Duarte ], Parakh S, Andrews MC, Woods K, Pasam A, Tutuka C, et
al. Autoantibodies May Predict Immune-Related Toxicity: Results from a
Phase I Study of Intralesional Bacillus Calmette-Guerin followed by
Ipilimumab in Patients with Advanced Metastatic Melanoma. Front Immunol.
2018; 9: 411.

Gowen MF, Giles KM, Simpson D, Tchack J, Zhou H, Moran U, et al. Baseline
antibody profiles predict toxicity in melanoma patients treated with immune
checkpoint inhibitors. ] Trans Med. 2018; 16(1): 82.

Tray N, Weber JS, Adams S. Predictive Biomarkers for Checkpoint
Immunotherapy: Current Status and Challenges for Clinical Application.
Cancer Immunol Res. 2018; 6: 1122-8.

Havel JJ, Chowell D, Chan TA. The evolving landscape of biomarkers for
checkpoint inhibitor immunotherapy. Nat Rev Cancer. 2019; 19: 133-50.

Yu X, Petritis B, Duan H, Xu D, LaBaer J. Advances in cell-free protein array
methods. Expert Rev Proteomics. 2018; 15: 1-11.

Ramachandran N, Hainsworth E, Bhullar B, Eisenstein S, Rosen B, Lau AY, et
al. Self-assembling protein microarrays. Science. 2004; 305: 86-90.
Ramachandran N, Raphael JV, Hainsworth E, Demirkan G, Fuentes MG, Rolfs
A, et al. Next-generation high-density self-assembling functional protein
arrays. Nat Methods. 2008; 5: 535-8.

Shi Y, Su H, Song Y, Jiang W, Sun X, Qian W, et al. Safety and activity of
sintilimab in patients with relapsed or refractory classical Hodgkin lymphoma
(ORIENT-1): a multicentre, single-arm, phase 2 trial. Lancet Haematol. 2019; 6:
el2-e9.

Van Allen EM, Miao D, Schilling B, Shukla SA, Blank C, Zimmer L, et al.
Genomic correlates of response to CTLA-4 blockade in metastatic melanoma.
Science. 2015; 350: 207-11.

Hugo W, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-Lieskovan S, et al.
Genomic and Transcriptomic Features of Response to Anti-PD-1 Therapy in
Metastatic Melanoma. Cell. 2016; 165: 35-44.

Wang ], Figueroa JD, Wallstrom G, Barker K, Park JG, Demirkan G, et al.
Plasma Autoantibodies Associated with Basal-like Breast Cancers. Cancer
Epidemiol Biomarkers Prev. 2015; 24: 1332-40.

Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, et al.
Circos: an information aesthetic for comparative genomics. Genome Res. 2009;
19: 1639-45.

Wallstrom G, Anderson KS, LaBaer J. Biomarker discovery for heterogeneous
diseases. Cancer Epidemiol Biomarkers Prev. 2013; 22: 747-55.

Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy.
Nat Rev Cancer. 2012; 12: 252-64.

Lu JC, Zeng HY, Sun QM, Meng QN, Huang XY, Zhang PF, et al. Distinct
PD-L1/PD1  Profiles and Clinical Implications in Intrahepatic
Cholangiocarcinoma Patients with Different Risk Factors. Theranostics. 2019;
9: 4678.

Vogelstein B, Kinzler KW. Cancer genes and the pathways they control. Nat
Med. 2004; 10: 789-99.

Meti N, Esfahani K, Johnson NA. The Role of Immune Checkpoint Inhibitors
in Classical Hodgkin Lymphoma. Cancers. 2018; 10: 204.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Dong H, Strome SE, Matteson EL, Moder KG, Flies DB, Zhu G, et al.
Costimulating aberrant T cell responses by B7-H1 autoantibodies in
rheumatoid arthritis. ] Clin Invest. 2003; 111: 363-70.

Matsumoto K, Miyake Y, Matsushita H, Ohnishi A, Tkeda F, Shiraha H, et al.
Anti-programmed cell death-1 antibody as a new serological marker for type 1
autoimmune hepatitis. ] Gastroen Hepat. 2014; 29: 110-5.

Shi H, Ye ], Teng ], Yin Y, Hu Q, Wu X, et al. Elevated serum autoantibodies
against co-inhibitory PD-1 facilitate T cell proliferation and correlate with
disease activity in new-onset systemic lupus erythematosus patients. Arthritis
Res Ther. 2017; 19: 52.

Suppiah A, Greenman J. Clinical utility of anti-p53 auto-antibody: systematic
review and focus on colorectal cancer. World ] Gastroenterol. 2013; 19:
4651-70.

Yoon KW, Byun S, Kwon E, Hwang SY, Chu K, Hiraki M, et al. Control of
signaling-mediated clearance of apoptotic cells by the tumor suppressor p53.
Science. 2015; 349: 1261669.

Szadowska A, Olborski B, Harezga-Bal B, Debiec-Rychter M. Expression of
P53, MDM2 and Ki-67 antigens in soft tissue sarcomas. Pol J Pathol. 1999; 50:
9-16.

Li X, Oghi KA, Zhang J, Krones A, Bush KT, Glass CK, et al. Eya protein
phosphatase activity regulates Six1-Dach-Eya transcriptional effects in
mammalian organogenesis. Nature. 2003; 426: 247-54.

Liu Q, Li A, Tian Y, Liu Y, Li T, Zhang C, et al. The expression profile and
clinic significance of the SIX family in non-small cell lung cancer. ] hematol
Oncol. 2016; 9: 119.

Bhat M, Robichaud N, Hulea L, Sonenberg N, Pelletier J, Topisirovic I.
Targeting the translation machinery in cancer. Nat Rev Drug Discov. 2015; 14:
261-78.

Fan S, Ramalingam SS, Kauh J, Xu Z, Khuri FR, Sun SY. Phosphorylated
eukaryotic translation initiation factor 4 (elF4E) is elevated in human cancer
tissues. Cancer Bio Ther. 2009; 8: 1463-9.

Cerezo M, Guemiri R, Druillennec S, Girault I, Malka-Mahieu H, Shen S, et al.
Translational control of tumor immune escape via the elF4F-STAT1-PD-L1
axis in melanoma. Nat Med. 2018; 24: 1877-86.

Garranzo-Asensio M, Guzman-Aranguez A, Povedano E, Ruiz-Valdepenas
Montiel V, Poves C, Fernandez-Acenero MJ, et al. Multiplexed monitoring of a
novel autoantibody diagnostic signature of colorectal cancer using HaloTag
technology-based electrochemical immunosensing platform. Theranostics.
2020; 10: 3022.

http://lwww.thno.org



