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Abstract
Background: CTLA-4 impedes the immune system’s antitumor response. There are two Food 
and Drug Administration-approved anti-CTLA-4 agents – ipilimumab and tremelimumab – 
both used together with anti-PD-1/PD-L1 agents.
Objective: To assess the prognostic implications and immunologic correlates of high CTLA-4 
in tumors of patients on immunotherapy and those on non-immunotherapy treatments.
Design/methods: We evaluated RNA expression levels in a clinical-grade laboratory and 
clinical correlates of CTLA-4 and other immune checkpoints in 514 tumors, including 
489 patients with advanced/metastatic cancers and full outcome annotation. A reference 
population (735 tumors; 35 histologies) was used to normalize and rank transcript abundance 
(0–100 percentile) to internal housekeeping gene profiles.
Results: The most common tumor types were colorectal (140/514, 27%), pancreatic (55/514, 
11%), breast (49/514, 10%), and ovarian cancers (43/514, 8%). Overall, 87 of 514 tumors 
(16.9%) had high CTLA-4 transcript expression (⩾75th percentile rank). Cancers with the 
largest proportion of high CTLA-4 transcripts were cervical cancer (80% of patients), small 
intestine cancer (33.3%), and melanoma (33.3%). High CTLA-4 RNA independently/significantly 
correlated with high PD-1, PD- L2, and LAG3 RNA levels (and with high PD-L1 in univariate 
analysis). High CTLA-4 RNA expression was not correlated with survival from the time of 
metastatic disease [N = 272 patients who never received immune checkpoint inhibitors (ICIs)]. 
However, in 217 patients treated with ICIs (mostly anti-PD-1/anti-PD- L1), progression-free 
survival (PFS) and overall survival (OS) were significantly longer among patients with high 
versus non-high CTLA-4 expression [hazard ratio, 95% confidence interval: 0.6 (0.4–0.9) 
p = 0.008; and 0.5 (0.3–0.8) p = 0.002, respectively]; results were unchanged when 18 patients 
who received anti-CTLA-4 were omitted. Patients whose tumors had high CTLA-4 and high 
PD-L1 did best; those with high PD-L1 but non-high CTLA-4 and/or other expression patterns 
had poorer outcomes for PFS (p = 0.004) and OS (p = 0.009) after immunotherapy.
Conclusion: High CTLA-4, especially when combined with high PD-L1 transcript expression, 
was a significant positive predictive biomarker for better outcomes (PFS and OS) in patients on 
immunotherapy.
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Plain language summary 

High CTLA-4 expression and immunotherapy outcome

High CTLA-4 expression was not a prognostic factor for survival in patients not receiving 
ICIs but was a significant positive predictive biomarker for better outcome (PFS and OS) 
in patients on immunotherapy, perhaps because it correlated with expression of other 
checkpoints such as PD-1 and PD-L2.

Keywords:  biomarker identification, biomarker validation, genomic signatures, 
immunotherapy biomarkers, prognostic biomarkers, response biomarkers
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Introduction
James Allison won the 2018 Nobel Prize in 
Physiology for his work on cytotoxic 
T-lymphocyte-associated antigen-4 (CTLA-4) 
and pioneered the dawn of immunotherapy for 
the treatment of many cancers.1,2 In March 2011, 
the Food and Drug Administration (FDA) 
approved the anti-CTLA-4 monoclonal antibody 
ipilimumab (Yervoy, Bristol-Myers Squibb) for 
advanced melanoma treatment, based on a large, 
randomized phase III clinical trial demonstrating 
that ipilimumab increased overall survival (OS) 
in melanoma patients who did not respond to 
standard therapy.3 Subsequently, another anti-
CTLA-4 antibody – tremelimumab – was 
approved (together with the anti-PD-L1 dur-
valumab) for non-small-cell lung cancer 
(NSCLC) and locally advanced or metastatic 
hepatocellular carcinoma.4,5

Cytotoxic T-lymphocyte-associated antigen-4 
(CTLA-4) is a membrane glycoprotein expressed 
by activated effector T cells. CTLA-4 dampens 
immune function by inhibiting T-cell prolifera-
tion, cell cycle progression, and cytokine (IL-2, 
IFN-) production6 (Figure 1). Both CD4+ and 
CD8+ T cells carry the homologous receptors 
cytotoxic T-lymphocyte antigen 4 (CTLA-4), 
(CD152), and CD28, which mediate opposing 
activities in T-cell activation.7,8

Patients with cancer express increased numbers 
of T regulatory (Treg) cells; Tregs are CD4 T 
cells that constitutively express CTLA-4, pre-
venting the body’s normal protective immune 
surveillance and impeding the immune system’s 
antitumor response.9,10 When Treg cells are 
depleted in mice, there is both a decrease in tumor 
growth rate and the development of increased 

endothelial venules, which indicate the destruc-
tion of tumor tissue.11 Antigen-presenting cells 
that would normally play a role in anti-tumor 
immune surveillance are turned off by CTLA-4 
once it has bound to B7-1 (CD80) or B7-2 
(CD86).12 CTLA-4 acts as a competitive homolog 
to CD28 and binds with greater avidity to CD80 
and CD86, ligands for CD28, thereby preventing 
T-cell activation as CD28 mediates T-cell recep-
tor (TCR) and major histocompatibility antigen 
(MHCII) complex attachment.13 Thus, anti-
CTLA-4 therapy can awaken the suppressed 
immune system by removing the competition for 
CD80 and CD86 and overcoming the hijacking 
of the immune system by cancer cells.

Monotherapy with anti-CTLA-4 agents may not 
be as efficacious as combination therapy with 
both anti-CTLA-4 and anti-PD-1/PD-L1 anti-
bodies.14 For instance, the anti-PD-1 nivolumab 
together with the anti-CTLA-4 ipilimumab are 
FDA approved for use in metastatic melanoma, 
advanced renal cell carcinoma, pleural mesothe-
lioma, NSCLC, hepatocellular cancer, and colo-
rectal cancer with high microsatellite instability 
(MSI-H).15–19 Other approved anti-CTLA-4 
agents include tremelimumab in combination 
with durvalumab (anti-PD-L1) and chemother-
apy, which outperformed chemotherapy alone in 
patients with previously untreated metastatic 
NSCLC.4 In 2022, the FDA also approved 
tremelimumab in combination with durvalumab 
for unresectable hepatocellular carcinoma.5 Other 
novel agents targeting CTLA-4 include the 
humanized IgG1 anti-CTLA-4 monoclonal anti-
bodies zalifrelimab (AGEN1884) and quavonli-
mab, which are in clinical trials for advanced 
cervical cancer and renal cell carcinoma, respec-
tively20–25 (Supplemental Table 1).
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The role of PD-L1 as a tissue biomarker for 
response to anti-PD-1/PD-L1 therapies has been 
well studied, but there is a lack of research into 
the role of tissue CTLA-4 as a biomarker for out-
comes.26 There is however data to suggest that 
higher serum soluble CTLA-4 levels may predict 
ipilimumab response as well as immune-related 
adverse events.27 The aim of this study was to 
assess the prognostic implications and immuno-
logic correlates of high CTLA-4 in tumors of 
patients on immunotherapy as well as those on 
non-immunotherapy treatments.

Methods

Patients
Overall, 514 samples of solid tumors from the 
University of California, San Diego (UCSD) 
Moores Center for Personalized Cancer Therapy 

clinic were examined for CTLA-4 RNA expres-
sion levels at the clinical laboratory OmniSeq 
(https://www.OmniSeq.com/), which is licensed 
under the Clinical Laboratory Improvement 
Amendments (CLIA) and accredited by the 
College of American Pathologists (CAP). The 
primary cancers’ histological subtypes, patients’ 
ages, sexes, tumor mutational burdens (TMB), 
and levels of the anti-apoptotic protein PD-L1 
(PD-L1) were all recorded. The earliest times-
tamped sample was used in this analysis if mul-
tiple distinct samples belonging to the same 
subject were examined on successive days. 
Study of Personalized Cancer Treatment to 
Determine Response and Toxicity, UCSD 
PREDICT, (NCT02478931) was carried out in 
conformity with the regulations of the UCSD 
Institutional Review Board, and any experimen-
tal interventions for which patients provided 
consent.

Figure 1.  CTLA-4 or cytotoxic T-lymphocyte-associated antigen 4 is a protein found on T cells that 
downregulate the immune response. CTLA-4 and PD-1 negatively regulate T-cell activation. CD28 mediates 
TCR and MHCII complex attachment. CTLA-4 acts as a competitive homolog to CD28 and binds to CD80/CD86, 
ligands for CD28, thereby preventing T-cell activation. PD-1 binding to PD-L1 also negatively regulates T-cell 
activation. Both pathways are activated by the activation of TCR. The phosphatase Src homology region-2 
containing protein tyrosine phosphatase (SHP-2) is recruited and inhibits PI3K-A downstream signaling. CTLA-
4 also reacts with serine/threonine phosphatase PP2A which dephosphorylates AKT and contributes to further 
inhibition of T-cell activation. CTLA-4 also blocks TCR induction of ZAP-70 micro-cluster formation. Tumor 
hypoxia-induced HIF-1-alpha stabilization upregulates the expression of CTLA-4, LAG-3, and PD-L1. Figure 
created in BioRender.
MHCII, major histocompatibility antigen; TCR, T-cell receptor.
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Tissue sampling and examination of  
cancer immunity markers
Following tumor collection, the samples were pro-
cessed at the OmniSeq laboratory. Formalin-fixed, 
paraffin-embedded (FFPE) tissues were examined 
for RNA sequence. Using the truXTRAC FFPE 
extraction kit (Covaris, Inc., Woburn, MA), the 
RNA was extracted from FFPE mostly following 
the manufacturer’s protocol. The RNA was dis-
solved in 50 l of water after purification and, by the 
manufacturer’s instructions, the yield was deter-
mined using the Quant-iT RNA HS assay (Thermo 
Fisher Scientific, Waltham, MA). The pre-deter-
mined titer of 10 ng of RNA was approved for 
library creation. The immuneResponseRNA 
(v5.2.0.0, Thermo Fisher Scientific) 34 plugin for 
Torrent Suite was used for RNA expression abso-
lute read count estimation. Custom scripts were 
used to conduct background subtraction, percen-
tile ranking, and normalization.

Transcript abundance was standardized to a ref-
erence dataset consisting of 735 tumors encom-
passing 35 tumor histologies which were 
normalized to an internal housekeeping gene pro-
file dataset. The low percentile was defined as 
0–24 percentile, the moderate percentile as 25–74 
percentile, and the high percentile as 75–100 per-
centile CTLA-4 RNA expression rank. The 
expression profiles were classified by transcript 
abundance rank values into ‘Low/Moderate’ (0–
74) and ‘High’ (75–100) percentile.

For determination of tumor mutation burden 
(TMB) (determined at OmniSeq), genomic DNA 
was extracted from qualifying FFPE tumors (>30% 
tumor nuclei) using the truXTRAC FFPE extrac-
tion kit (Covaris), with 10 ng DNA input for library 
creation, to study TMB. Using the Comprehensive 
Cancer Panel, Ion AmpliSeq targeted sequencing 
chemistry was used to prepare DNA libraries, which 
were then prepared for enrichment and template 
preparation with the Ion Chef system, and then 
sequenced on the Ion S5XL 540 chip (Thermo 
Fisher Scientific). TMB was represented using eligi-
ble mutations per qualified panel size (mutations/
megabase) after synonymous variants, indels, ger-
mline variants, and single nucleotide variations that 
had 5% variant allele fraction were deleted.

Outcome variables and statistical analysis
Patient characteristics and the expression pattern 
of immune markers were summarized by descrip-
tive statistics. To investigate the correlation 

between CTLA-4 transcript levels and cancer 
diagnoses, as well as other immunomic markers, 
we performed univariable and subsequently mul-
tivariable analyses. Survival analyses were per-
formed for patients with survival information 
using the Kaplan–Meier method. Overall survival 
(OS), when evaluated as a prognostic marker, was 
defined as the duration from the date of meta-
static or locally advanced disease to the date of 
the last follow-up. The start date of immune 
checkpoint inhibitors (ICI) ranged from January 
2015 to June 2021. The date of metastatic/
advanced disease ranged from September 2004 to 
September 2020. The data cutoff date for the lat-
est database was 14 June 2022. The reporting of 
this study conforms to STROBE guidelines 
(Supplemental Material 1).

For ascertaining the effect of ICIs on OS and on 
progression-free survival (PFS), Kaplan–Meier 
analysis was also performed. OS in the context of 
immunotherapy treatment was defined as the 
duration from the initial date of the immunother-
apy to the date of the last follow-up; PFS, as the 
duration from the initial date of the immunother-
apy to the date of the earliest of disease progres-
sion (clinical or radiological) or death from any 
cause. The data cutoff date for the current analy-
sis was 24th June 2022. DN verified statistical 
analysis. IBM SPSS version 29 and R version 
4.2.0 software were employed for statistical anal-
ysis. A p value of ⩽0.05 was deemed statistically 
significant.

Results

Patient characteristics
Overall, 514 patients were analyzed, including 
489 patients with advanced/metastatic disease 
and relevant dates of diagnosis and outcomes 
available; 217 patients received ICIs sometime 
during the course of their disease and 272 never 
received immunotherapy. The median age of the 
cohort was 61 years (24–93 years), and 60% were 
women. There was a total of 16 tumor types with 
five or more samples per histology. The most 
common tumor types were colorectal cancer 
(27%), pancreatic cancer (11%), breast cancer 
(10%), and ovarian cancer (8%) (Supplemental 
Table 2).

Of 217 patients (42% of 514 patients) receiving 
ICIs, all but two patients received an anti-PD-1 
or anti-PD-L1 agent; two patients received 
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Figure 2.  High is defined as 75–100 percentile CTLA-4 RNA expression rank; low–moderate is defined as 0–74. 
Percentages in the bar graph are of patients with that designated level of CTLA-4 RNA expression. Transcript 
abundance was normalized to an internal housekeeping gene profile dataset and ranked (0–100 percentile 
rank) in a standardized manner to a reference dataset of 735 tumors spanning 35 tumor histologies. Tumor 
types with ⩾ 10 samples were included. In addition, melanoma and cervical cancer were included because anti-
CTLA-4 treatment is approved for melanoma and in the case of cervical cancer, CTLA-4 expression was high.

monotherapy with ipilimumab (anti-CTLA-4); 
altogether, 18 patients received an anti-CTLA-4 
agent (including 2 patients as monotherapy, as 
mentioned, and 16 patients who received it in 
combination with an anti-PD-1/PD-L1 agent 
(Supplemental Table 2).

CTLA-4 RNA expression levels varied between 
and within tumor types
Overall, high CTLA-4 RNA expression (⩾75th 
percentile rank) was found in 17% of patients 
(87/514); moderate expression (25–74 percentile 
rank) in 51% (261/514); and low expression 
(<25th percentile rank) in 32% of patients 
(166/514). The tumor types with the greatest 

expression of CTLA-4 in our cohort included 
cervical cancer (4/5 or 80%), small intestine (4/12 
or 33%), melanomas (2/6 or 33%), pancreatic 
cancers (13/55 or 24%), and breast cancers 
(11/49 or 22%; Figure 2).

High CTLA-4 transcriptomic expression  
was associated with high PD-L1 RNA 
expression (univariate analysis) and with  
high PD-1, PD-L2, and LAG-3 RNA expression 
(multivariate analysis)
High CTLA-4 transcriptomic expression did not 
correlate with age (p = 0.7) or sex (p = 0.5) but did 
correlate significantly on multivariate analysis 
with high PD-1 (p < 0.0001), high PD-L2 
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(p = 0.02), high LAG-3 (p = 0.04) transcriptomic 
expression and with a diagnosis of cervical cancer 
(p = 0.005). Though high CTLA-4 correlated 
with high PD-L1 on univariate analysis 
(p < 0.0001), the correlation was not significant 
on multivariate analysis (p = 0.7). High CTLA-4 
expression also did not correlate with high TMB 
(⩾10 mutations/mb) (p = 1.0) or other cancer 
diagnoses (Table 1).

High CTLA-4 transcriptomic expression is not a 
prognostic factor for overall survival in patients 
not exposed to immunotherapy
In our analysis, we found that high CTLA-4 
expression was not associated with prognosis in 
the 272 patients who were not on ICIs. The 
median overall survival (OS) from the date of 
locally advanced or metastatic disease in the high 
CTLA-4 expressing group (n = 39) was 46.8 ver-
sus 42 months in the low to medium CTLA-4 
expression group (n = 233), p = 0.5 [hazard ratio 
(HR) 0.8 (95% confidence interval 0.5–1.4)] 
(Figure 3).

High CTLA-4 transcriptomic expression is 
associated with better outcomes (longer PFS 
and OS) in ICI-treated patients
High CTLA-4 expression was found to signifi-
cantly correlate with PFS in the 217 patients 
treated with ICI. The median PFS in patients 
from the date of start of ICI in the high CTLA-4 
expression cohort (n = 41) was 7.7 versus 
4.6 months in the low to moderate expression 
cohort (n = 176; Figure 4, Panel A; HR 0.6 (0.4–
0.9), p = 0.008).

High CTLA-4 expression was also significantly 
correlated with better OS in the 217 patients 
treated with ICI. The median OS in patients from 
the date of start of ICI in the high CTLA-4 
expression cohort (n = 41) was 39.6 versus 
14.5 months in the low to moderate expression 
cohort (n = 176; HR 0.5 (0.3–0.8), p = 0.002; 
Figure 4, Panel B).

The results above, that is, longer PFS and OS in 
the patients with high versus non-high CTLA-4 
treated with ICI remained significant (p = 0.03 
and 0.002, respectively) when 18 of 217 patients 
who had an anti-CTLA-4 agent included in their 
regimen were excluded from analysis (data not 
shown).

High CTLA-4/high PD-L1 expression was 
associated with longer PFS and OS as 
compared to other expression patterns of 
CTLA-4 and PD-L1 in ICI-treated patients
Median PFS in the high CTLA-4/high PD-L1 
(N = 16) expressed cohort was 11.4 months (6.14 
to NE) and median OS was not reached (assessed 
from the time of start of ICI), both longer than 
the other groups as seen in Figure 5, Panels A and 
B). Notably, patients with high CTLA-4 and 
low–moderate PD-L1 did better than patients 
with low–moderate CTLA-4 but with high 
PD-L1.

Discussion
With the rapidly advancing field of immune 
checkpoint blockade for the treatment of a multi-
tude of cancers, it is important to examine the 
role of expression of various checkpoints as prog-
nostic factors for outcome as well as predictive 
factors for PFS and OS after immunotherapy. 
One of the most frequently used biomarkers for 
PD-1/PD-L1 inhibitors in clinical practice is 
tumor PD-L1 expression level.26,28–30 Negative 
PD-L1 expression, however, cannot rule out a 
response to anti-PD-1/PD-L1 inhibitors.31 
Recently, a large meta-analysis of a hundred 
papers concluded that PD-L1 immunohisto-
chemistry and tumor mutational burden (TMB) 
classified responders and non-responders to ICI 
therapy about 50% of the time, with considerable 
variability among tumor types.32 Other biomark-
ers may also predict response to immunotherapy, 
including but not limited to the presence of aber-
rant chromatin remodeling genes, T-cell reper-
toire, and expression of PD-1 on tumor-infiltrating 
lymphocytes.33–35

While CTLA-4 is established as an immune 
checkpoint, like PD-L1 and PD-1, with a primary 
immune dampening effect, there has been no 
comprehensive research into tumoral expression 
or its impact on response to ICI. There is how-
ever evidence that patients with melanoma treated 
with an anti-CTLA-4 antibody who had higher 
levels of circulating Tregs cells at baseline had 
better survival.36 Tregs constitutively express 
CTLA-4 and thus higher numbers of circulatory 
Tregs suggest higher levels of CTLA-4.37 
Similarly, other studies have shown that patients 
with melanoma on ipilimumab (anti-CTLA-4 
antibody) with a soluble CTLA-4 (sCTLA-4) 
>200 pg/ml had a significantly lower death rate, 
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Table 1.  Univariate and multivariate analysis of CTLA-4 clinical and immunomic features and transcriptomic expression (N = 514 
patients).

Feature* Number of patients 
with ‘High’ CTLA-4$

(N (%))

Odds ratio (OR) for 
‘High’ CTLA-4  
(95% CI)

Univariate 
p-value

Multivariate OR  
for ‘High’ CTLA-4 
(95% CI)‡

Multivariate p-value

Age ⩾ 61 years (n = 256)
Age < 61 years (n = 258)

45 (18%)
42 (16%)

1.1 (0.7–1.7)
0.9 (0.9–1.4)

p = 0.7  

Men (N = 204)
Women (N = 310)

32 (16%)
55 (18%)

0.9 (0.5–1.4)
1.2 (0.7–1.9)

p = 0.5  

‘High’ PD-L1 (n = 67)
‘Low/Moderate’ PD-L1 (n = 447)

29 (43%)
58 (13%)

5.1 (2.9–8.9) 0.2 
(0.1–0.3)

p < 0.0001 1.2 (0.5–2.7)
0.8 (0.4–0.8)

p = 0.7

‘High’ PD-1 (n = 93)
‘Low/Moderate’ PD-1 (n = 421)

54 (58%)
33 (8%)

16.3 (9.4–28.0)
0.1 (0.03–0.1)

p < 0.0001 9.7 (5.2–18.0)
0.2 (0.1–0.3)

p < 0.0001 (‘High’ CTLA-4 
found more frequently 
with ‘High’ PD-1)

‘High’ PD-L2 (n = 100)
‘Low/Moderate’ PD-L2 (n = 414)

40 (40%)
47 (11%)

5.2 (3.2–8.6) 0.2 
(0.1–0.3)

p < 0.0001 2.3 (1.2–4.5)
0.4 (0.2–0.9)

p = 0.02 (‘High’ CTLA-4 
found more frequently 
with ‘High’ PD-L2)

‘High’ LAG-3 (n = 116)
‘Low/Moderate’ LAG-4 (n = 398)

47 (41%)
40 (10%)

6.1 (3.7–10.0) 0.2 
(0.1–0.3)

p < 0.0001 2.0 (1.1–3.9)
0.5 (0.3–0.9)

p = 0.04 (‘High’ CTLA-4 
found more frequently 
with ‘High’ LAG-3)

TMB ⩾ 10 mutations/mb (n = 33)
TMB < 10 mutations/mb (n = 417)

5 (15%)
63 (15%)

1.0 (0.4–2.7)
1.0 (0.4–2.7)

p = 1.0  

Colorectal cancer (n = 140)
Other cancers (n = 374)

20 (14%)
67 (18%)

0.8 (0.4–1.3)
1.3 (0.8–2.3)

p = 0.3  

Breast cancer (n = 49)
Other cancers (n = 465)

11 (22%)
76 (16%)

1.5 (0.7–3.0)
0.7(0.3–1.4)

p = 0.3  

Ovarian cancer (n = 43)
Other cancers (n = 471)

4 (9%)
83 (18%)

0.5 (0.2–1.4)
2.1 (0.7–6.0)

p = 0.1  

Cervical cancer (n = 5)
Other cancers (n = 509)

4 (80%)
83 (16%)

20.5 (2.3–186.0)
0.04 (0.0–0.4)

p = 0.002 32.7 (2.9–370.2)
0.03 (0.003–0.3)

p = 0.005 (‘High’ CTLA-4 
found more frequently 
with cervical cancer)

Pancreatic cancer (n = 55)
Other cancers (n = 459)

13 (24%)
74 (16%)

1.6 (0.8–3.1)
0.6 (0.3–1.8)

p = 0.2  

Uterine cancer (n = 24)
Other cancers (n = 490)

3 (13%)
84 (17%)

0.7 (0.2–2.4)
1.4(0.4–5.0)

p = 0.5  

Neuroendocrine cancer (n = 15)
Other cancers (n = 499)

2 (13%)
85 (17%)

0.7 (0.2–3.4)
1.3 (0.3–6.0)

p = 0.7  

Lung cancer (n = 20)
Other cancers (n = 494)

4 (20%)
83 (17%)

1.2 (0.4–3.8)
0.8 (0.3–2.5)

p = 0.7  

Sarcoma (n = 24)
Other cancers (n = 490)

3 (13%)
84 (17%)

0.7 (0.2–2.4)
1.4 (0.4–5.0)

p = 0.5  

Melanoma (n = 6)
Other cancers (n = 508)

2 (33%)
85 (17%)

2.5 (0.4–13.8)
0.4 (0.1–2.2)

p = 0.3  

*Data for some variables such as TMB was not available for all patients, so the total number of patients in some categories is lower. Only 15 patients had microsatellite 
instability and thus microsatellite status was not calculated.
$High LAG-3 or PD-L1 or PD-1 or PD-L2 or CTLA-4 refers to ⩾75 transcript expression percentile rank; ‘Low/Moderate’ LAG-3 or PD-L1 or PD-1 or PD-L2 or CTLA-4 
refers to <75 percentile rank transcript expression.
‡Variables with p value ⩽ 0.05 were used for multivariate analysis and p values are bolded to indicate significance.
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suggesting better response to ICI.27 Likewise, 
another small study of nine patients demonstrated 
that serum CTLA-4 levels were significantly ele-
vated in responders to ipilimumab (n = 9) com-
pared to non-responders (n = 5). In 11 patients 
not on ipilimumab, the serum CTLA-4 did not 
play a prognostic role.38

Our study demonstrated that CTLA-4 expression 
level was high in ~17% of cancers overall, but the 
percent of tumors with high CTLA-4 varied 
between and within tumor types, perhaps reflect-
ing the heterogeneity of the immune landscape 
across tumors.

High CTLA-4 (⩾75th percentile rank RNA 
expression) was associated with improved PFS in 
patients receiving anti-PD-1/PD-L1 therapies, 
including in patients who never received an anti-
CTLA-4 antibody. Of interest, patients with both 
high CTLA-4 and high PD-L1 expression had 
the longest PFS and OS after ICI therapy; patients 
whose tumors had high PD-L1 expression but 
non-high CTL-4 expression or other expression 
patterns did worse. Our study provides new data, 

as prior studies have not taken an in-depth look at 
the role of CTLA-4 expression in determining 
outcomes after anti-PD-1/PD-L1 therapies, since 
most prior work has concentrated on the role of 
CTLA-4 expression in patients treated with anti-
CTLA-4 agents.

In contrast to the impact of CTLA-4 levels on 
outcomes after ICIs, for patients in our study not 
on ICI therapy, the level of CTLA-4 expression 
was not correlated with outcome. The prior liter-
ature has shown mixed results. Contrary to our 
findings that CTLA-4 tumoral expression is not 
prognostic for patients not on ICI-based therapy, 
some studies have shown CTLA-4 to be a poor 
prognostic marker in cancers such as triple-nega-
tive breast cancer, renal cell carcinomas, and 
nasopharyngeal cancers.39–41 However, in a review 
of 21 manuscripts looking at the prognostic cor-
relation of increased CTLA-4 in the cytoplasm or 
cell surface, 11/21 studies showed a poor out-
come with high tumor CTLA-4 expression, 7/21 
studies demonstrated that CTLA-4 was associ-
ated with a better prognosis, and 3 were inconclu-
sive.42 In addition, a study of patients with 

Figure 3.  Median OS from date of locally advanced or metastatic disease in patients not treated with an ICI 
(N = 272 with available data). The median OS in the high CTLA-4 (N = 39) expressed cohort was 46.8 months 
(28.8 to NE, 95% CI) versus the median OS in the low/moderate CTLA-4 (N = 233) expressed cohort of 42 months 
[31.2–49.2, 95% CI; HR for high versus low/moderate expression cohort (95% CI) = 0.8 (0.5–1.4, 95% CI; p 
value = 0.49)]. These results indicate that high versus non-high CTLA-4 was not prognostic for OS.
*NE denotes not estimable.
ICI, immune checkpoint inhibitors; OS, overall survival.
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Figure 4.  Panel A: Median PFS from date of start of ICI (N = 217). High CTLA-4 indicates ⩾ 75th percentile RNA expression; low/
moderate CTLA-4 indicates < 75th percentile RNA expression. The median PFS in the high CTLA-4 (N = 41) expressed cohort was 
7.7 months (4–21.8 months, 95% CI) versus 4.6 months (3.7–5.3, 95% CI) in the low/moderate CTLA-4 cohort (N = 176) (HR, 95% CI 
for high versus non-high CTLA-4 PFS was 0.6 [0.4–0.9, 95% CI; p = 0.008]). These results indicate that high versus non-high CTLA-4 
was predictive for a longer PFS after immunotherapy. Panel B: Median OS from the date of start of ICI in patients treated with an ICI 
(N = 217). High CTLA-4 indicates ⩾ 75th percentile RNA expression; low/moderate CTLA-4 indicates < 75th percentile RNA expression. 
The median OS in the high CTLA-4 (N = 41) expressed cohort was 39.6 months (16.8–NE, 95% CI) versus the median OS in the low/
moderate CTLA-4 (N = 176) expressed cohort at 14.5 months (11.4–18.5 months, 95% CI). HR (95% CI) = 0.5 (0.3–0.8; p = 0.002) for high 
versus non-high CTLA-4 OS. These results indicate high versus non-high CTLA-4 RNA expression was predictive for longer OS after 
ICI.
ICI, immune checkpoint inhibitors; PFS, progression-free survival.

Figure 5.  Panel A: Patients with high CTLA-4 and high PD-L1 expression had the longest PFS. Patients with high CTLA-4 and 
low–moderate PD-L1 did better than patients with low–moderate CTLA-4 but with high PD-L1. PFS was assessed from the time of 
the start of ICI. Panel B: Patients with high CTLA-4 and high PD-L1 expression had the longest OS. Patients with high CTLA-4 and 
low–moderate PD-L1 did better than patients with low–moderate CTLA-4 but with high PD-L1. OS was assessed from the time of the 
start of ICI.
ICI, immune checkpoint inhibitors; PD-L1, PFS, progression-free survival; OS, overall survival.
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non-small-cell lung carcinomas demonstrated a 
positive prognostic effect of high CTLA-4 expres-
sion on overall survival.43

The PD-1/PD-L1 axis and CTLA-4 levels have 
been highly correlated to T cell and other immu-
nocyte marker expression as well as the extent of 
tumor infiltration by lymphocytes.44 In addition, 
though not fully categorized, the PD-1/PD-L1 
axis plays a role in the differentiation of Tregs, 
converting T helper lymphocytes to Tregs that 
constitutively express CTLA-4. The PD-1/
PD-L1 axis can regulate the differentiation and 
function of Tregs, and Tregs will influence the 
therapeutic efficacy of PD-1/PD-L1 blockade; in 
turn, CTLA-4 expressed by tumor cells can regu-
late PD-L1 expression as seen in non-small-cell 
lung cancers treated with anti-CTLA-4 anti-
body.45,46 Although not well studied, PD-L1 
expression levels also reflect IFN-γ-inducible 
biology and thus theoretically could predict 
response to other ICT classes. One study did 
observe that melanomas with PD-L1 IHC 
TPS > 1% had a significantly improved response 
to all ICI monotherapies, including anti-CLTA-4 
monotherapy.47 However, other studies do not 
support this, including a study in melanoma 
showing that CD274 (PD-L1) was a significant 
predictor of anti-PD-1, but not anti-CTLA-4, 
response.48 High LAG-3 expression may also be 
important in some cases.49 Of interest in this 
regard, in our study, high CTLA-4 RNA expres-
sion independently correlated with high RNA 
expression of PD-1, PD-L2, and LAG-3 (and 
correlated with PD-L1 expression in univariate 
but not in multivariate analysis).

By recent estimates, 46.3% of advanced cancer 
patients are eligible for immune checkpoint inhib-
itor therapy and around 12.5% of patients will 
respond to ICI.50 It is important to identify poten-
tial responders to personalize therapy as well as 
avoid side effects for non-responders. Identifying 
biomarkers for responsiveness is therefore impor-
tant. In our study, high CTLA-4 tumor expres-
sion correlated with longer PFS and OS on ICI 
therapy and merits further exploration as a pre-
dictive biomarker to guide therapy choice.

There are several important limitations to the 
study. First, multiple different tumor types were 
included, and so the impact of CTLA-4 in indi-
vidual histologies was not assessed, as many his-
tologies had only small numbers of patients; still, 
our data may speak to the generalizability of the 

observations across tumor types. Future study of 
larger numbers of patients with individual histol-
ogies is warranted. The correlation between high 
CTLA-4 and cervical cancer especially merits 
further exploration in larger groups of patients, 
since only five cervical tumors were included in 
our cohort. Importantly, protein levels of CTLA-4 
were not assessed, nor were individual cell types 
examined, as we used a bulk RNA transcriptomic 
methodology. Finally, this was a real-world data-
set, based on physicians using clinical-grade 
immunomic testing in patients with advanced/
metastatic disease. As such, there was no specific 
inclusion or exclusion criteria. The disadvantage 
of real-world datasets is that they may have spe-
cific unknown biases in the collection; on the 
other hand, they do not suffer from restrictive 
inclusion and exclusion criteria typical of pro-
spective clinical trials.

Conclusion
To our knowledge, this is one of the first studies 
to examine the clinical implications of CTLA-4 
transcriptomic levels across tumor types. CTLA-4 
expression patterns were heterogeneous, varying 
between and within tumor types. High CTLA-4 
RNA independently correlated with high PD-1, 
PD-L2, and LAG3 RNA levels. Key findings 
were that CTLA-4 did not correlate with survival 
from the time of metastatic disease in patients 
who never received immunotherapy. However, 
for patients treated with immunotherapy, high 
CTLA-4 transcript levels correlated with signifi-
cant improvements in PFS and OS. CTLA-4 and 
PD-L1 co-high expression were associated with 
the best outcomes; patients whose tumors had 
high PD-L1, but non-high CTLA-4 did worse on 
anti-PD-1/PD-L1 therapies. Taken together, 
these data suggest that further evaluation of the 
complex interplay between PD-L1 and CTLA-4 
tumoral expression and immunotherapy response 
is warranted.
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