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Abstract 

Background  Cancer-testis antigens (CTAs) are tumor antigens that are normally expressed in the testes but are 
aberrantly expressed in several cancers. CTA overexpression drives the metastasis and progression of lung cancer, 
and is associated with poor prognosis. To improve lung cancer diagnosis, prognostic prediction, and drug discovery, 
robust CTA identification and quantitation is needed. In this study, we examined and quantified the co-expression 
of CTAs in lung cancer to derive cancer testis antigen burden (CTAB), a novel biomarker of immunotherapy response.

Methods  Formalin fixed paraffin embedded (FFPE) tumor samples in discovery cohort (n = 5250) and immunother‑
apy and combination therapy treated non-small cell lung cancer (NSCLC) retrospective (n = 250) cohorts were tested 
by comprehensive genomic and immune profiling (CGIP), including tumor mutational burden (TMB) and the mRNA 
expression of 17 CTAs. PD-L1 expression was evaluated by IHC. CTA expression was summed to derive the CTAB score. 
The median CTAB score for the discovery cohort of 170 was applied to the retrospective cohort as cutoff for CTAB 
“high” and “low”. Biomarker and gene expression correlation was measured by Spearman correlation. Kaplan–Meier 
survival analyses were used to detect overall survival (OS) differences, and objective response rate (ORR) based 
on RECIST criteria was compared using Fisher’s exact test.

Results  The CTAs were highly co-expressed (p < 0.05) in the discovery cohort. There was no correlation 
between CTAB and PD-L1 expression (R = 0.011, p = 0.45) but some correlation with TMB (R = 0.11, p = 9.2 × 10–14). 
Kaplan–Meier survival analysis of the immunotherapy-treated NSCLC cohort revealed better OS for the pembroli‑
zumab monotherapy treated patients with high CTAB (p = 0.027). The combination group demonstrated improved OS 
compared to pembrolizumab monotherapy group (p = 0.04). The pembrolizumab monotherapy patients with high 
CTAB had a greater ORR than the combination therapy group (p = 0.02).

Conclusions  CTA co-expression can be reliably measured using CGIP in solid tumors. As a biomarker, CTAB appears 
to be independent from PD-L1 expression, suggesting that CTAB represents aspects of tumor immunogenicity 
not measured by current standard of care testing. Improved OS and ORR for high CTAB NSCLC patients treated 
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Background
In the last two decades, immunotherapy has revolution-
ized cancer therapy. Immune checkpoint inhibitors (ICIs) 
targeting the Programmed Cell Death 1 (PD-1) receptor 
and its ligands have proved highly effective in numer-
ous cancer types. However, despite the success of ICIs, 
not all patients will derive benefit and others will develop 
resistance over time [1–3]. Consequently, finding ways to 
increase the efficacy of these drugs and identify patients 
who will derive the most benefit is an important theme of 
ongoing research [4, 5]. One important focus area in ser-
vice of both goals is the identification of new targets for 
these drugs and biomarkers of patients likely to respond 
to such treatments [2, 6–9]. Specifically for immuno-
oncology, multiplex immunohistochemistry and digital 
special profiling of tumor biopsies have revealed com-
plex tumor-immune interactions affecting response to 
checkpoint inhibitors [10]. As a result, many immune-
associated proteins are being explored as potential drug 
targets or biomarkers of treatment response [11]. One 
such group of proteins are cancer testis antigens (CTAs).

CTAs are a group of proteins commonly included 
in the tumor-associated antigens family and consist of 
approximately 250 proteins and associated genes [12]. 
CTAs are normally expressed in the testes and placenta 
but can also be aberrantly expressed in various types of 
cancer. A considerable amount of research and treatment 
development has centered on exploiting this restricted 
expression pattern by using CTAs as targets for cancer 
biomarkers and immunotherapies [13]. This aberrant 
expression emerges as a result of DNA hypomethyla-
tion and histone modifications of the promoter regions 
of these genes [14]. CTAs are generally divided into two 
groups, CT-X antigens located on the X chromosome 
(52%) and non-X CTAs (48%) [12]. As of 2023, more than 
200 CTAs have been identified [15].

The testes and placenta, where CTA are exclusively 
expressed, are considered immune privileged, mean-
ing the introduction of antigens at these sites will not 
induce an inflammatory immune response [16]. This 
lack of contact between the immune system and CTA 
proteins results in a recognition of these proteins as 
“non-self ” when expressed elsewhere in the body, 
resulting in the inherent immunogenicity of CTAs [14, 
17]. In the context of competition between tumor devel-
opment and immune surveillance, the widely observed 

expression of CTAs across multiple tumor types must 
confer significant survival benefits to tumors outweigh-
ing the potential existential risk posed by the immune 
response to abnormal CTA expression. Indeed, there 
is evolving evidence showing that CTAs participate in 
tumorigenesis and progression by sustaining prolif-
erative signaling, resisting cell death, evading growth 
suppressors, angiogenesis induction, major histocom-
patibility complex downregulation (immune evasion), 
deregulating cellular energetics, and genome instability 
[13, 15], and CTAs are linked to cancer drug resistance 
[15]. Therefore, CTAs often represent a uniquely identi-
fying and developmentally integral aspect of tumor cell 
biology.

CTA-based biomarkers take advantage of this unique 
position of CTAs with respect to both the other, normally 
functioning cells in the body and the other aberrantly 
expressed genes found in tumor cells, and have potential 
applications in the diagnosis, monitoring, and treatment 
of cancer [18–21]. Given the restricted expression pat-
tern and strong  antigenicity of CTAs, they can serve as 
potential prognostic biomarkers and targets for immuno-
therapeutic interventions including ICIs, cancer vaccines, 
cellular and antibody-based therapies [18, 22]. Individ-
ual CTAs have been previously used as biomarkers for 
prognosis and diagnosis in multiple tumor types [23]. In 
particular, CTAs such as NY-ESO-1 [24], MAGE-1 [25], 
SSX2 [26], and LAGE-1 [27], are currently investigated 
as potential targets and studied as prospective biomark-
ers in various cancers. Therefore, CTA-based biomark-
ers present an additional metric by which cancer may 
be diagnosed and monitored, but also a valuable tool for 
the selection of patients likely to respond to treatments 
directly or indirectly targeting CTA, particularly those 
leveraging the immunogenic nature of these proteins.

To identify patients who may benefit from CTA-tar-
geted therapy, CTA expression levels in patient biopsies 
must be detected and analyzed. The primary technolo-
gies currently available to assess CTA expression in solid 
tumors include immunohistochemistry (IHC) in tissue 
samples, various serological assays in liquid biopsy, poly-
merase chain reaction (PCR) and RNA-seq. However, 
given the considerable number of CTA expressed across 
many cancer types, assessing the aggregate expression 
of multiple CTAs with RNA-seq allow for the succinct 
quantification of CTA expression and co-expression.

with pembrolizumab monotherapy suggests a unique underlying aspect of immune response to these tumor anti‑
gens that needs further investigation.

Keywords  Tumor microenvironment, Inflammation, Immunotherapy, Immune checkpoint inhibitors, Gene 
expression profiling
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In this study, we employ RNA-seq to assess the dis-
tribution of CTA expression and co-expression across 
22 types of solid tumors and propose a biomarker of 
aggregate CTA expression, termed cancer testis antigen 
burden (CTAB). We demonstrate that CTAB measures 
aspects of the tumor microenvironment not assessed 
by traditional biomarkers of immunotherapy response, 
namely Programmed Death-Ligand 1 (PD-L1) expression 
and tumor mutational burden (TMB). Finally, we show 
the utility of CTAB as a biomarker of immunotherapy 
response in non-small cell lung cancer (NSCLC) and 
highlight how the immunological aspects of CTA expres-
sion in NSCLC may have implications on the design of 
therapeutic strategies incorporating ICIs as mono- and 
combination therapies.

Methods
Patients and clinical data
This study involves two separate cohorts, a discovery 
cohort of clinically tested solid tumors used for devel-
opment of the immunogenic signature and a retrospec-
tive NSCLC cohort for which response to ICI therapy 
and overall survival was available. Both cohorts were 
assembled from real-world patient samples upon which 
comprehensive genomic and immune profiling (CGIP) 
was performed during the course of routine clinical care 
using the OmniSeq Insight assay [28, 29]. For the discov-
ery cohort, a total of 5624 patients were included based 
on the following criteria: (1) availability of high-quality 
gene expression data from samples clinically tested by a 
CLIA (Clinical Laboratory Improvement Amendments) 
approved targeted RNA-seq assay [28, 29]; (2) samples 
that pass clinically approved tissue, nucleic acid and 
sequencing quality control metrics; (3) samples that have 
less than 50% necrosis and at least 5% tumor purity; and 
(4) availability of PD-L1 IHC and TMB (Table 1).

The retrospective cohort of 250 tumors were from 
patients with NSCLC (213 non-squamous, 37 squamous) 
treated with ICIs (Table 2), as previously described [30]. 
The inclusion criteria for this retrospective cohort study 
required patients to have received treatment with an 
FDA-approved ICI as of November 2017, and to have fol-
low-up and survival data from the first ICI dose. In addi-
tion, patients had to have an evaluable response based on 
Response Evaluation Criteria in Solid Tumors (RECIST) 
v1.1 criteria. Patients who had a complete response (CR) 
or partial response (PR) based on RECIST v1.1 criteria 
were classified as responders, while those who had stable 
disease (SD), or progressive disease (PD) were classified 
as non-responders. However, the duration of response 
was not available for all patients and was not included in 
the final analysis.

Table 1  Discovery cohort description

Variable Group N % of cohort (%)

Tumor type Adrenal gland cancer 4 0.1

Bladder cancer 80 1.5

Brain and nervous system cancer 55 1.1

Breast cancer 487 9.3

Cervical cancer 49 0.9

Colorectal cancer 603 11.5

Esophageal cancer 159 3.0

Head and neck cancer 144 2.7

Kidney and renal pelvis cancer 42 0.8

Liver and bile duct cancer 81 1.5

Lung cancer 2264 43.1

Melanoma 129 2.5

Mesothelioma 19 0.4

Ovarian cancer 270 5.1

Pancreatic cancer 216 4.1

Prostate cancer 153 2.9

Sarcoma 192 3.7

Stomach cancer 101 1.9

Testicular cancer 4 0.1

Thymic cancer 11 0.2

Thyroid cancer 32 0.6

Uterine cancer 155 3.0

Cancer type Metastatic 2381 45.4

Primary 2819 53.7

Recurrent 45 0.9

No data 5 0.1

All samples 5250 100.0

Table 2  Retrospective cohort description

Variable Group N % of cohort (%)

Age [30, 40) 1 0.4

[40, 50) 5 2.0

[50, 60) 40 16.0

[60, 70) 105 42.0

[70, 80) 75 30.0

[80, 90) 23 9.2

[90, 100) 1 0.4

Sex Female 136 54.4

Male 114 45.6

Tumor type NSCLC 250 100.0

Histology type Non-squamous 213 85.2

Squamous 37 14.8

Treatment group Pembro. + chemo 148 59.2

Pembrolizumab 102 40.8

All samples 250 100.0
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Supporting whole transcriptome data used to dupli-
cate the derivation of CTAB biomarker in the discovery 
cohort was obtained from The Cancer Genome Atlas 
(TCGA) [31]. Whole-transcriptome tissue type-specific 
CTA expression data for normal tissue was obtained 
from GTEx (Genotype-Tissue Expression) [32] (Addi-
tional File 6, Table S1).

Quality assessment of clinical FFPE tissue specimens
Tissue sections from formalin fixed paraffin embed-
ded (FFPE) blocks were cut to a thickness of 5 µm onto 
positively charged slides. One section from each tis-
sue sample was stained with hematoxylin and eosin and 
examined by a board-certified anatomical pathologist to 
assess the adequacy of tumor representation, presence 
of necrosis or issues with fixation or handling, and qual-
ity of tissue preservation. Specimens with less than 5% 
tumor tissue and more than 50% necrosis were excluded 
from analysis. To achieve the assay requirements for 
RNA (10 ng) and DNA (20 ng) input, tissue from 3 to 5 
unstained slide sections was required, with or without 
tumor macrodissection.

Nucleic acid isolation
DNA and RNA were co-extracted from each tissue 
sample and processed for gene expression analysis by 
RNA-seq and TMB analysis by DNA-seq, as previously 
described [28, 29]. The extracted nucleic acids were then 
quantified using a Qubit fluorometer (Thermo Fisher Sci-
entific), which uses ribogreen staining for RNA and pico-
green staining for DNA. PD-L1 status of each tumor was 
assessed by IHC.

Genomic and immune profiling
Gene expression were evaluated by RNA sequencing of 
395 transcripts on samples that met validated quality 
control thresholds [28, 29]. Potential pre-analytical inter-
ference to the gene expression values was assessed during 
assay validation as previously described [28]. TMB was 
measured by DNA sequencing of the full coding region of 
409 cancer related genes as non-synonymous mutations 
per megabase (mut/Mb) of sequenced DNA on samples 
with > 30% tumor nuclei and TSO500 genomic profiling 
[29]. To perform the RNA-seq and DNA-seq analyses, 
libraries of the extracted nucleic acids were prepared and 
sequenced to appropriate depth on the Ion Torrent S5XL 
sequencer (Thermo Fisher Scientific) and NovaSeq 6000 
(Illumina). PD-L1 expression tumor proportion score 
(TPS) was assessed by IHC (22C3).

Data analyses
The RNA-seq data was processed using the Torrent 
Suite plugin immuneResponseRNA (Thermo Fisher 

Scientific), which generated absolute reads for each 
transcript [28]. For each gene, the expression val-
ues were then converted to a percentile rank of 0–100 
when compared to a reference population of 735 solid 
tumors of 35 histologies [28]. Genomic profiling was 
performed using Illumina TSO500 analysis pipeline 
[Illumina: v2.1.0.60] [29]. All subsequent data analy-
ses were performed using R (v4.3.0). To analyze the 
relationship between CTA gene expression and clini-
cal outcomes, Spearman correlation (ρ or rs) analy-
sis was performed. Network graph visualization of 
the correlations between CTAs was performed using 
a Fruchterman-Reingold force-directed algorithm to 
arrange nodes representing each CTA connected by 
edges weighted according to the absolute value of the 
Spearman correlation observed between each pair 
of CTAs [33]. Continuous variables were compared 
between patient groups using Kruskal–Wallis or Wil-
coxon Rank-Sum tests as appropriate. Kaplan–Meier 
(KM) analysis was used for survival analysis using 
two-year survival data. Treatment response was com-
pared between patient groups using Fisher’s Exact Test 
without continuity correction. In addition, two previ-
ously published gene expression signatures were cal-
culated: the cell proliferation (CP) signature [34, 35] 
and the tumor immunogenic signature (TIGS), which 
measures the “hot” or “cold” inflammation state of the 
tumor microenvironment [36]. P-values less than 0.05 
were considered to be significant. The CTAB biomarker 
was calculated by summing the gene expression ranks 
of 17 CTAs (BAGE, CTAG1B (NY-ESO-1), CTAG2 
(LAGE-1A), GAGE1, GAGE10, GAGE12J, GAGE13, 
GAGE2, MAGEA1, MAGEA10, MAGEA12, MAGEA3, 
MAGEA4, MAGEC2, MLANA, SSX2, and XAGE1B), 
resulting in an integer value between 0 and 1700 for 
each sample with gene expression data for all 17 CTAs.

Results
Restricted expression of CTAs in testis tissue
Data from the tissue gene expression database GTEx 
was profiled in order to evaluate the expression pat-
terns of CTAs across diverse tissue types. Among the 
54 tissue types profiled, robust CTA expression was 
observed only in testis tissue (Additional file 1: Fig. S1), 
in agreement with the previously reported restricted 
expression of CTAs [12]. Additionally, immune-asso-
ciated genes such as CD8A and PD-L1 (CD274) were 
expressed in most of the tissue types profiled, with the 
notable exception of the testes, ovaries, and CNS, in 
line with the immuno-privileged nature of those tissue 
types (Additional file 1: Fig. S1) [37].



Page 5 of 12Seager et al. Journal of Translational Medicine          (2024) 22:141 	

CTA co‑expression
RNA-seq of the discovery cohort was used to determine 
the expression of 17 CTA genes in 5624 real-world solid 
tumor tissues. High levels of CTA co-expression were 
observed in multiple tumor types, quantified by signifi-
cant positive Spearman correlation (rs), between the 17 
CTA (Fig.  1a, b). In the discovery cohort, 14 of the 17 
profiled CTA were significantly co-expressed with one 
another, and the remaining three were expressed largely 
independently of the others, resulting in four CTA 
expression groups: (1) MAGEA10, MAGEA4, GAGE12J, 
GAGE2, GAGE1, GAGE13, SSX2, CTAG1B, CTAG2, 
BAGE, MAGEC2, MAGEA1, MAGEA12, and MAGEA3 
[mean rs,group = 0.37, mean rs,all = 0.28, max rs,any = 0.72] 
(2) MLANA [mean rs,all = 0.08, max rs,any = 0.10]; (3) 
XAGE1B [mean rs,all = 0.14, max rs,any = 0.20]; and (4) 
GAGE10 [mean rs,all = 0.02, max rs,any = 0.27] (Fig. 1a, b). 
Similar co-expression was observed in the TCGA cohort 
(Additional file 3: Fig. S3).

CTAB in cancer
To capture this combined CTA expression, CTAB was 
calculated by summing the gene expression rank of all 
17 CTAs in the discovery cohort, giving an integer value 

between 0 and 1700. The median CTAB for the discovery 
cohort was 170. Analysis of CTAB in 22 distinct types of 
tumors revealed different mean CTAB among the tumors 
evaluated (Fig.  2b). The highest CTAB distribution was 
observed in melanoma and lowest in colorectal cancer 
(Fig. 2b). Similar observations were made in an indepen-
dently assembled TCGA cohort (Additional file  3: Fig. 
S3a, b).

Biomarker correlations with CTAB
We investigated the statistical relationship between 
CTAB and previously established biomarkers of response 
to checkpoint inhibition in solid tumors. When the dis-
covery cohort was subdivided by PD-L1 classification 
by IHC, no significant difference in CTAB was observed 
between the negative (TPS = 0%), low (0% < TPS < 50%), 
and high (TPS ≥ 50%) subgroups (Fig.  3a). When the 
discovery cohort was similarly subdivided based on 
TMB, a significant difference was observed between 
TMB < 10 mut/Mb and TMB ≥ 10 mut/Mb subgroups 
(p = 2.9 × 10–6).

The correlations between CTAB and other immune 
biomarkers including PD-L1 assessed by RNA-seq 
and two additional gene expression signatures, tumor 
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Fig. 2  Cancer testis antigen burden (CTAB) distributions in the discovery cohort: A Overall CTAB distribution (median of 170 shown, B) distributions 
of CTAB for 22 tumor types in the discovery cohort
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immunogenic score (TIGS) and cell proliferation (CP), 
were also assessed in both the discovery cohort and the 
TCGA cohort (Additional file 4: Fig. S4). These analyses 
revealed weak or nonsignificant correlations between 
CTAB and these other biomarkers, suggesting that CTAB 
measures aspects of the tumor microenvironment inde-
pendent from these biomarkers.

NSCLC survival and treatment response analyses
To determine the relationship between CTAB and sur-
vival, we performed KM overall survival analyses on 

a retrospective cohort of 250 patients with NSCLC 
treated with anti-PD-1 immunotherapy (pembrolizumab) 
alone or in combination with chemotherapy (Table  2). 
These analyses revealed no significant difference in sur-
vival between high and low CTAB groups in the overall 
cohort (Fig.  4a). However, among patients treated with 
pembrolizumab monotherapy, the CTAB high group 
demonstrated significantly better survival (CTAB high: 
median not reached, CTAB low: median = 10.93 months; 
p = 0.027) (Fig. 4b). This trend was not observed among 
patients treated with combined pembrolizumab and 
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chemotherapy (Fig.  4c). To evaluate histologically-
derived survival differences, we divided the retrospective 
cohort based on histology (non-squamous vs squamous) 
and determined that the significant association between 
CTAB status and survival among the pembrolizumab 
monotherapy group appeared to be largely driven by 
non-squamous NSCLC (Fig. 4), which constituted 85% of 
the retrospective cohort (Table 2). In this subgroup, the 
significance of the relationship whereby the CTAB high 
group had better survival outcomes to the CTAB low 
group increased (p = 0.0054) (Fig. 4e).

We performed additional KM survival analyses com-
paring the pembrolizumab monotherapy and combina-
tion therapy groups within the CTAB high and CTAB 
low groups. Within the CTAB high group, no significant 
difference in survival outcomes was observed between 
the two treatment groups (Fig. 5a). However, within the 
CTAB low group, the combination therapy group exhib-
ited significantly better survival than the pembrolizumab 
monotherapy group (pembrolizumab monotherapy 
median = 10.83  months, combination therapy: median 
not reached; p = 0.04) (Fig.  5b). Subsequent treatment 
response rate analysis revealed that among patients 
with high CTAB, the pembrolizumab monotherapy 
group had a significantly greater proportion of patients 
responding to treatment than the combination therapy 
group (p = 0.02) (Fig. 5c). With the responder group only 
including partial or complete responses (PR or CR), this 
resulted in a larger proportion of patients with stable dis-
ease (SD) in the combination group as opposed to the 
monotherapy group (p = 0.053) (Additional file  5: Fig. 
S5a). Although the pembrolizumab monotherapy group 
also showed a higher proportion of responders among 
low CTAB patients and a similar distribution of stable 
disease patients in both treatment groups (Additional 
file 5: Fig. S5b), the difference was not statistically signifi-
cant (Fig. 5d).

Discussion
CTAB is a biomarker of CTA expression and co-expres-
sion that quantifies the degree to which these restrictively 
expressed, immunogenic antigens are present in the 
tumor microenvironment. The clinical utility of CTAs is 
well established, with evidence supporting their role as 
treatment targets, especially their innate immunogenicity 
contributing to increased response to immunotherapy.

Our initial analyses showed significant co-expression 
between the 17 CTAs sequenced for the tumor samples 
in the discovery cohort. Based on this co-expression, 
we developed CTAB, a biomarker capable of quantify-
ing this co-expression by aggregating the individual gene 
expression ranks of these CTA genes. Applying this bio-
marker to the entire discovery cohort revealed a peaked 

distribution with a mean of 170, which was utilized as 
a threshold to classify the cohort into CTAB high and 
CTAB low groups. We subdivided the discovery cohort 
into 22 cancer types with variable CTA expression. 
Given each unique tumor type, the relative mean value 
of CTAB in each of the cancer types varied considerably. 
This suggests that some cancer types, such as melanoma, 
inherently had higher CTA expression, while other can-
cer types, such as kidney or colorectal cancer, generally 
exhibited lower overall CTA expression. This apparent 
connection between CTA expression and cancer type 
was particularly relevant in a treatment selection context, 
where treatments relying on the immunogenicity or tar-
getability of CTA may be more applicable to some can-
cer types than others. This characteristic CTA expression 
also suggested that potential modifications or normaliza-
tions of CTAB may be possible to maximize its utility in 
each cancer type.

Previous work has demonstrated that single bio-
marker strategies often cannot capture the complexity 
of tumor-immune interactions, and as a result, may not 
be sufficient to predict response to interventions such as 
checkpoint inhibition, cell therapy, and cancer vaccines 
[36]. Given the multitude of novel immunotherapies cur-
rently being investigated and the heterogeneity of cancer, 
it is likely that there is no single biomarker that is pre-
dictive of every type of cancer immunotherapy [38]. One 
potential strategy to overcome this limitation is to assess 
and combine multiple biomarkers in order to develop a 
more complete understanding of the tumor microenvi-
ronment [36].

While investigating possible associations between 
CTAB and previously established solid tumor biomark-
ers of response to ICI therapy, CTAB was found to have 
no statistical relationship with PD-L1 classification, as 
measured by IHC. This suggests that CTAB interro-
gates aspects of the tumor microenvironment distinct 
from those assessed by PD-L1 expression alone. Simi-
lar analyses, however, revealed a significant association 
between TMB and CTAB whereby high TMB (TPS ≥ 10 
mut/Mb) was significantly associated with higher CTAB. 
Though they nominally assess distinct aspects of the 
tumor microenvironment, the association between these 
two biomarkers suggests that CTAB, like TMB, is at 
least partially driven by cell proliferation activity. How-
ever, the development of tumor antigens in CTAB differs 
from TMB. CTA are proteins associated with prolifera-
tive activity expressed in cancer cells in tissues that do 
not normally express them, whereas the neoantigens 
assessed by TMB are mutated forms of many other genes 
expressed because of extensive cancer cell prolifera-
tion. Additionally, no significant correlation was found 
between CTAB and tumor inflammation as assessed by 
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Fig. 5  Kaplan–Meier (KM) overall survival and response rate analyses comparing treatment groups within cancer testis antigen burden (CTAB) 
high and low groups in the retrospective cohort: A KM overall survival analysis for patients with high CTAB with comparison p-value indicated, B 
KM overall survival analysis for patients with low CTAB with comparison p-value indicated, C response rate analysis for patients with high CTAB 
with Fisher’s Exact Test p-value indicated, D response rate analysis for patients with low CTAB with Fisher’s Exact Test p-value indicated
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TIGS. Taken together, these results suggest that CTAB 
assesses microenvironmental features not entirely cap-
tured by traditional immune biomarkers like PD-L1 and 
TMB while still originating from phenomena associated 
with tumor growth and development.

Survival analyses conducted on a retrospective cohort 
of 250 ICI-treated patients with NSCLC revealed that 
among patients treated with the PD-1 inhibitor pem-
brolizumab alone, those with high CTAB demonstrated 
significantly better overall survival than those treated 
with pembrolizumab in combination with chemotherapy. 
This suggests that some patients included in the pem-
brolizumab monotherapy group may not be best suited 
to an immunotherapy-only course of treatment and 
indicates that the CTAB status of a patient could be an 
important treatment selection biomarker, since these 
patients have significantly worse survival when treated 
with immunotherapy alone. These results additionally 
suggest that among the low CTAB population, the chem-
otherapy may be the primary source of treatment efficacy, 
as targets of immunotherapy, as quantified by CTAB, 
are less prevalent among these tumors. Taken together 
with the lack of statistical correlation between CTAB 
and PD-L1 assessed by IHC, a widely used biomarker 
for immunotherapy response, these results suggest that 
CTAB may describe important additional aspects of the 
tumor-immune microenvironment not accounted for by 
traditional immunotherapy treatment selection biomark-
ers. Subsequent survival analyses corroborated these 
findings, revealing that a significant survival difference 
only existed between the pembrolizumab monotherapy 
or combination therapy groups for patients with low 
CTAB. Notably, these survival results were found to be 
even more significant when only non-squamous NSCLC 
was considered, suggesting that a biological difference 
between squamous and non-squamous NSCLC subtypes 
may underlie a greater role played by CTA expression in 
the immunotherapy-induced immune response.

To include outcome metrics other than survival in our 
evaluation of CTAB as a biomarker, we also considered 
treatment response within the retrospective cohort. 
Interestingly, among patients with low CTAB, a signifi-
cant difference in the proportion of patients responding 
to treatment did not exist between the pembrolizumab 
monotherapy and combination therapy groups. Such a 
difference did however exist among patients with high 
CTAB whereby pembrolizumab monotherapy patients 
had a significantly higher proportion of responders than 
combination therapy patients. As the responding group 
in this case was taken to include only those patients 
exhibiting partial or complete response (PR or CR), 
this was found to be result of the larger proportion of 
patients treated with pembrolizumab and chemotherapy 

in combination exhibiting stable disease (SD) than those 
treated with pembrolizumab alone (p = 0.053, Additional 
file  5: Fig. S5). These results suggest that while, among 
patients with high CTAB, the addition of chemotherapy 
to pembrolizumab does not result in a significant survival 
difference, this change in treatment does affect the nature 
of the response of these patients to this drug, perhaps 
through the suppression of immune cell proliferation 
within tumors. Taken alongside the survival analyses, 
these results suggest that in concert with other biomark-
ers commonly in use for treatment selection such as 
PD-L1, CTAB may allow for a more nuanced identifica-
tion of patient subpopulations as candidates or non-can-
didates for immunotherapy.

Although NGS technology is becoming standard of 
care for comprehensive genomic profiling to recognize 
tumor alterations that can predict response to immu-
notherapy by identifying microsatellite instability (MSI) 
and TMB, there are few NGS assays have been rigorously 
validated for use with RNA to measure cancer testes 
antigens as a prognostic or predictive test. Further stud-
ies within and across laboratories are needed to address 
access and analytical validity of CTAB measurement and 
to participate in larger-scale, tumor-specific clinical stud-
ies to further define and harmonize CTAB thresholds.

Conclusions
In this work, we developed a novel pan-cancer biomarker 
of tumor immune microenvironment measuring CTA co-
expression in solid tumors. This biomarker may poten-
tially aid in deepening our understanding of response to 
cancer treatments such as immunotherapies ICIs, cell 
therapies and cancer vaccines. A comprehensive genomic 
and immune profiling strategy may benefit treatment 
selection as well clinical trial strategies that mitigate 
multitude of immune escape mechanisms driving the 
tumor growth. In this study, we present that in combina-
tion with other orthogonal biomarkers assessing distinct 
aspects of the tumor-immune microenvironment, CTAB 
may form an important part of a complete understanding 
of the tumor microenvironment and its implications for 
treatment. Future studies in larger, pan-cancer cohorts 
will be required to establish the mechanisms underlying 
the unique effects of CTA expression and co-expression 
on tumor development and treatment.
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Additional file 1: Figure S1. Cancer testis antigen (CTA) expression pat‑
terns across normal tissue. Normal tissue gene expression data shown was 
sourced from genotype-tissue expression database (GTEx).

Additional file 2: Figure S2. Cancer testis antigen (CTA) co-expression 
in the cohort compiled from The Cancer Genome Atlas (TCGA). A) 
Correlation plot detailing the pairwise Pearson correlations of 17 CTAs. 
All statistically significant (p ≤ 0.05) correlations are denoted, and an “X” 
indicates a nonsignificant correlation. The black rectangles about the 
main diagonal are visual aids indicating the three observed groups of CTA 
expression, and the colors of the gene labels on both axes are additional 
visual aids to reflect these groups. B) Network graph of CTA co-expression 
in the discovery cohort where the thickness and length of each edge 
represent the absolute value of the correlation between two CTA (a thick, 
short edge denotes a strong correlation and a thin, long edge denotes a 
weak correlation) and the color of each edge represents the direction of 
each observed correlation (a red edge represents a positive correlation 
and a blue edge represents a negative correlation). Note that edges are 
only shown for significant (p ≤ 0.05) correlations. The color of each node 
matches the axis gene labels on the correlation plot (Additional file 2: Fig. 
S2a) and correspond to the observed groups of CTA expression.

Additional file 3: Figure S3. Cancer testis antigen burden (CTAB) distri‑
butions in the cohort compiled from The Cancer Genome Atlas (TCGA): A) 
overall CTAB distribution (median of 196 shown), B) distributions of CTAB 
for 22 tumor types in the TCGA cohort.

Additional file 4: Figure S4. Correlation of cancer testis antigen burden 
(CTAB) with other biomarkers, including emerging biomarkers, in discov‑
ery cohort: A) correlation plot including Spearman correlation values, B) 
network diagram showing significant correlations. Correlation of CTAB 
with other biomarkers in the cohort compiled from The Cancer Genome 
Atlas (TCGA): C) correlation plot including Spearman correlation values, D) 
network diagram showing significant correlations.

Additional file 5: Figure S5. Comparison of the proportion of patients 
exhibiting stable disease (SD) in each of the treatment groups (pembroli‑
zumab monotherapy and pembrolizumab combined with chemotherapy) 
for patients in the retrospective cohort with (A) high cancer testis antigen 
burden (CTAB) and (B) low CTAB. Other potential responses to treatment 
were one of the following Response Evaluation Criteria in Solid Tumors 
(RECIST) v1.1 response grades: progressive disease (PD), partial response 
(PR), or complete response (CR). Fisher’s Exact Test p-values indicated 
comparing the proportions of stable disease stable disease (SD), progres‑
sive disease (PD), partial response (PR), complete response (PR).

Additional file 6: Table S1. The Cancer Genome Atlas (TCGA) cohort 
description.
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