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ABSTRACT
Background  Most patients with advanced non-small-cell 
lung cancer (NSCLC) fail to derive significant benefit from 
programmed cell death protein-1 (PD-1) axis blockade, 
and new biomarkers of response are needed. In this study, 
we aimed to discover and validate spatially resolved 
protein markers associated with sensitivity to PD-1 axis 
inhibition in NSCLC.
Methods  We initially assessed a discovery cohort of 56 
patients with NSCLC treated with PD-1 axis inhibitors at Yale 
Cancer Center. Using the GeoMx Digital Spatial Profiling (DSP) 
system, 71 proteins were measured in spatial context on each 
spot in a tissue microarray. We used the AQUA method of 
quantitative immunofluorescence (QIF) to orthogonally validate 
candidate biomarkers. For external independent validation, we 
assessed whole tissue sections derived from 128 patients with 
NSCLC treated with single-agent PD-1 axis inhibitors at the 12 
de Octubre Hospital (Madrid) using DSP. We further analyzed 
two immunotherapy untreated cohorts to address prognostic 
significance (n=252 from Yale Cancer Center; n=124 from 
University Clinic of Navarra) using QIF and DSP, respectively.
Results  Using continuous log-scaled data, we identified 
CD44 expression in the tumor compartment (pan-cytokeratin 
(CK)+) as a novel predictor of prolonged progression-free 
survival (PFS) (multivariate HR=0.68, p=0.043) in the 
discovery set. We validated by QIF that tumor CD44 levels 
assessed as continuous QIF scores were associated with 
longer PFS (multivariate HR=0.31, p=0.022) and overall 
survival (multivariate HR=0.29, p=0.038). Using DSP in an 
independent immunotherapy treated cohort, we validated that 
CD44 levels in the tumor compartment, but not in the immune 
compartment (panCK–/CD45+), were associated with clinical 
benefit (OR=1.22, p=0.018) and extended PFS under PD-1 
axis inhibition using the highest tertile cutpoint (multivariate 
HR=0.62, p=0.03). The effect of tumor cell CD44 in predicting 
PFS remained significant after correcting for programmed 
death-ligand 1 (PD-L1) Tumor Proportion Score (TPS) in both 
cohorts. High tumor cell CD44 was not prognostic in the 
absence of immunotherapy. Using DSP data, intratumoral 

regions with elevated tumor cell CD44 expression showed 
prominent (fold change>1.5, adjusted p<0.05) upregulation of 
PD-L1, TIM-3, ICOS, and CD40 in two independent cohorts.
Conclusions  This work highlights CD44 as a novel 
indicative biomarker of sensitivity to PD-1 axis blockade that 
might help to improve immunotherapy strategies for NSCLC.

INTRODUCTION
Programmed cell death protein-1 (PD-1) 
axis blockade has transformed the 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ CD44 has been identified as a programmed death-
ligand 1 (PD-L1) regulator at both the protein and 
the messenger RNA levels, and it has been shown 
to contribute to PD-L1-mediated T cell suppres-
sion in preclinical models. However, the association 
between tumor cell CD44 overexpression and im-
proved clinical outcomes to programmed cell death 
protein-1 (PD-1) axis blockade has not been previ-
ously reported.

WHAT THIS STUDY ADDS
	⇒ This study identifies and validates that CD44, only 
when expressed by tumor cells and not immune 
cells, is a marker of sensitivity to PD-1 blockade that 
is non-redundant with PD-L1 expression.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ CD44 could complement existing biomarkers for 
optimal patient stratification, and potentially open 
new therapeutic strategies to improve precision 
immunotherapy in lung cancer. Further mechanis-
tic studies are needed to understand the interplay 
between CD44 positive cancer stem cell phenotype 
and mechanisms of immune evasion.
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treatment landscape of advanced non-small cell lung 
cancer (NSCLC). Antibodies blocking the PD-1/pro-
grammed death-ligand 1 (PD-L1) interaction have 
shown improved survival as single agents, in combina-
tion with chemotherapy, or combined with cytotoxic 
T-lymphocytes-associated protein 4 (CTLA-4) blockade.1 2 
However, most patients fail to develop durable responses 
particularly when these drugs are given as monothera-
pies in unselected patients.1 2 Moreover, there is a limited 
understanding of the mechanisms of sensitivity and resis-
tance to PD-1 axis inhibitors, and robust biomarkers of 
response are also lacking.2 3

The characterization of tumor cells and their 
surrounding microenvironment by direct analysis of 
tumor specimens has shown utility to predict outcomes 
from PD-1 axis blockade. Notably, in a meta-analysis 
involving 10 different tumor types and more than 8000 
tumor specimens, multiplexed immunohistochem-
istry (IHC)/immunofluorescence showed significantly 
higher performance than PD-L1 expression (assessed 
by IHC), tumor mutational burden, or bulk interferon 
(IFN)-γ-based gene expression signatures for discrim-
inating between responders and non-responders to 
immune checkpoint blockade.4 These findings under-
score the importance of assessing immunotherapy 
biomarkers in a quantitative manner and in their 
spatial context, and illustrate the potential of these 
technologies to identify new mechanisms of response to 
immunotherapy.

CD44 is a transmembrane glycoprotein expressed as 
a wide variety of isoforms in most cells of the human 
body,5 and has been implicated in multiple pathways that 
are essential for tumor maintenance and progression. 
Most notably, CD44 participates in key aspects of stem-
ness,6 7 particularly epithelial to mesenchymal transition 
(EMT),8–11 migration,9 11 12 and apoptosis resistance.5 
Beyond its roles in regulating tumor-intrinsic activi-
ties, CD44 can also modulate antitumor immunity. For 
instance, CD44 has been identified as a PD-L1 regulator 
at both the protein and the messenger RNA (mRNA) 
levels, and it has been shown to contribute to PD-L1-
mediated T cell suppression in preclinical models.13 14 
However, the distribution and patterns of CD44 protein 
expression and its potential role in promoting sensitivity 
to PD-1 axis blockade in human NSCLC has not been 
reported.

In this study, we aimed to discover and validate spatially 
resolved protein markers associated with sensitivity to 
PD-1 axis inhibition in advanced NSCLC. Using two 
orthogonal spatial proteomic technologies in immuno-
therapy treated and immunotherapy untreated NSCLC 
cohorts from different institutions, we identify and vali-
date tumor cell CD44 as a novel indicative biomarker of 
sensitivity to PD-1 axis blockade. In addition, we show that 
intratumoral regions with elevated expression of CD44 in 
the tumor compartment display a unique immune micro-
environment, characterized by prominent upregulation 
of multiple immunomodulatory molecules.

METHODS
Patient cohorts
We analyzed retrospectively collected, formalin-fixed, 
paraffin-embedded tumor specimens from four indepen-
dent multi-institutional NSCLC cohorts.

We used two immunotherapy treated NSCLC cohorts as 
discovery and validation sets. The discovery set (YTMA471) 
contained 56 patients that received immune checkpoint 
blockade for advanced disease between 2012 and 2019 
at Yale Cancer Center (New Haven, Connecticut, USA), 
whose pre-treatment tumors were represented in a tissue 
microarray (TMA) format. The validation cohort (H12O_
ITX1) was composed with 128 patients that were treated 
with single-agent PD-1 axis inhibitors between 2013 and 
2019 at the 12 de Octubre University Hospital (Madrid, 
Spain), whose pre-treatment tumors were assessed as 
whole tissue sections. The baseline characteristics of these 
cohorts are summarized in table 1.

To rule out prognostic significance of the validated 
predictors, we analyzed two control cohorts of immuno-
therapy untreated patients with NSCLC, whose tumors 
were represented in TMA formats: YTMA423 (Yale control 
cohort), which contained 252 evaluable tumors resected 
between 2011 and 2016 at Yale Cancer Center; and 
University Clinic of Navarra (CUN) cohort (CIMA-CUN 
control cohort), containing 124 evaluable tumors 
resected between 2000 and 2013 at CUN (Pamplona, 
Spain). The baseline characteristics of the two control 
cohorts are summarized in online supplemental table S1. 
The details for TMA construction are summarized in the 
online supplemental materials and methods.

Digital spatial profiling
Tissue slides from YTMA471, H12O_ITX1, and 
CIMA-CUN cohorts were subjected to digital spatial 
profiling (DSP) experiments. Two slides derived from 
independent YTMA471 blocks, each block containing 
two non-adjacent tumor cores per NSCLC case, were 
profiled at Yale (Rimm Lab). One hundred and twenty-
eight whole tissue sections from H12O_ITX1, and 6 TMA 
slides from CIMA-CUN cohort, each containing three 
tumor cores per NSCLC case, were profiled at the 12 de 
Octubre Research Facilities (Zugazagoitia Lab).

Briefly, the slides were first deparaffinized and subjected 
to antigen retrieval procedures, then we co-incubated 
them with fluorescent labeled antibodies (morphology 
markers), together with photocleavable oligonucleotide-
labeled primary antibodies (profiling antibodies). In 
YTMA471 cohort, we used three morphology markers to 
detect tumor cells (pan-cytokeratin (CK)), all immune 
cells (CD45), and macrophages (CD68), together with 
a 71-plex profiling antibody panel. In cohorts H12O_
ITX1 and CIMA-CUN, we used two morphology markers 
(panCK and CD45), together with a 36-plex profiling 
antibody panel (online supplemental table S2). Once 
the staining step was completed, we loaded the slides on 
the GeoMx DSP instruments (NanoString), where they 
were scanned to produce a digital fluorescent image of 
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the tissue. Next, we generated circular regions of interest 
(ROIs) of a maximum of 660 µm in each slide. In TMA 
slides, ROIs were restricted to the tissue cores (generally 
one ROI per core was generated) (figure 1). For whole 
tissue slides, we selected multiple ROIs from intratu-
moral immune-enriched areas (panCK+/CD45+) distrib-
uted across the entire tissue (figure 2). Then, to obtain 
compartment-specific protein measurements, we gener-
ated molecularly defined tissue compartments in each 
ROI by fluorescent marker colocalization. In YTMA471, 
three compartments were generated: tumor compart-
ment (panCK+), macrophage compartment (CD68+), 
and lymphocyte compartment (panCK−/CD45+/
CD68−). An additional fourth compartment containing 
the summation of the protein counts from lymphocyte 
and macrophage compartments (panCK−/CD45+/
CD68+) was defined as the immune compartment in 
this cohort (figure  1). In H12O_ITX1 and CIMA-CUN 
cohorts, the tumor compartment (panCK+) and the 
immune compartment (panCK−/CD45+) were generated 
(figure 2). Subsequently, oligos from these compartments 
were released on ultraviolet light exposure, dispensed 
in a 96-well plate, hybridized to 4-color, 6-spot optical 
barcodes, and digitally counted in the nCounter system 
(NanoString). Using the GeoMx software (NanoString), 

Table 1  Baseline patient characteristics of the 
immunotherapy treated NSCLC cohorts

Characteristic

YTMA471 
cohort
N (%)

H12O_ITX1 
cohort
N (%)

Total 56 128

Gender

 � Male 28 (50) 100 (78.1)

 � Female 28 (50) 28 (21.9)

Age

 � <70 years old 30 (53.6) 68 (53.1)

 � ≥70 years old 26 (46.4) 60 (46.9)

Smoking history

 � Active smoker 10 (18) 34 (26.6)

 � Former smoker 44 (79) 88 (68.7)

 � Never smoker 2 (3.6) 6 (4.7)

Histology

 � Adenocarcinoma 41 (73) 54 (42.2)

 � Large-cell carcinoma – 16 (12.5)

 � Squamous cell carcinoma 9 (16) 58 (45.3)

 � Adenosquamous carcinoma 2 (3.6) –

 � NSCLC-NOS 4 (7.1) –

Stage

 � III 5 (8.9) 5 (3.9)

 � IV 51 (91.1) 123 (96.1)

Actionable drivers

 � EGFR/ALK/ROS1/RET alterations 1 (1.7) 7 (5.4)

 � No EGFR/ALK/ROS1/RET 
alterations

48 (85.7) 63 (49.2)

 � Unknown genetic alterations 7 (12.5) 58 (45.3)

Central nervous system metastasis

 � Yes 21 (38) 24 (18.7)

 � No 35 (62) 104 (81.3)

Liver metastasis

 � Yes 11 (20) 25 (19.5)

 � No 45 (80) 103 (80.5)

LIPI score

 � Good 9 (16.1) 27 (21.1)

 � Intermediate 22 (39.3) 54 (42.2)

 � Poor 3 (5.4) 42 (32.8)

 � Unknown 22 (39.3) 5 (3.9)

PD-L1 TPS by IHC

 � ≥50% 15 (26.8) 32 (25)

 � 1%–49% 20 (35.7) 44 (34.4)

 � <1% 11 (19.6) 46 (36)

 � Not evaluable 10 (17.9) 6 (4.6)

Immunotherapy line

 � 1 39 (70) 20 (15.6)

Continued

Characteristic

YTMA471 
cohort
N (%)

H12O_ITX1 
cohort
N (%)

 � 2 14 (25) 79 (61.7)

 � ≥3 3 (5.4) 29 (12.5)

Type of immunotherapy

 � Chemotherapy +PD-1 axis 
blockade

22 (39.3) 0

 � Dual PD-1 +CTLA4 blockade 1 (1.8) 0

 � Other PD-1 axis-based 
combinations

5 (8.9) 0

 � Single-agent PD-1 axis blockade 28 (50) 128 (100)

Best response to immunotherapy

 � Complete or partial response 17 (33.5) 22 (17.1)

 � Stable disease 22 (39) 32 (25)

 � Progressive disease 15 (27) 74 (57.8)

 � Not evaluable 1 0

Clinical benefit group

 � Clinical benefit 36 (64.3) 37 (28.9)

 � No clinical benefit 19 (33.9) 90 (70.3)

 � Not evaluable 1 (1.8) 1 (0.8)

CTLA-4, cytotoxic T-lymphocytes-associated protein 4 ; IHC, 
immunohistochemistry; LIPI, Lung Immune Prognostic Index; 
NSCLC-NOS, non-small cell lung cancer not otherwise specified; 
PD-1, programmed cell death protein-1 ; PD-L1, programmed 
death-ligand 1 ; TPS, Tumor Proportion Score.

Table 1  Continued
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Figure 1  Identification of CD44 expression in the tumor compartment as a predictor of survival in YTMA471 discovery cohort. 
(A) Representative image of YTMA471 acquired using the GeoMx DSP system. (B–C) Representative TMA spot showing the 
fluorescence image (B) and the compartmentalized image created by fluorescence colocalization (C) using the GeoMx DSP 
system; panCK (green), CD45 (yellow), CD68 (red), SYTO13 (blue). (D–E) Representative TMA spot of low CD44 expression 
in panCK +tumor cells (D) and high CD44 expression in panCK +tumor cells (E) using QIF; panCK (green), CD44 (red), DAPI 
(blue). (F) Dynamic range of CD44 expression in the tumor compartment (panCK+) and in the stromal compartment (panCK–) 
using QIF. (G) Comparative analysis of CD44 levels measured by QIF in the tumor compartment and the stromal compartment. 
(H–I) Kaplan-Meier PFS curve (H) and OS curve (I) according to CD44 expression in the tumor compartment using QIF (optimal 
quartile cutpoint). CK, cytokeratin; DSP, digital spatial profiling; ns, not significant; OS, overall survival; PFS, progression-free 
survival; QIF, quantitative immunofluorescence; TMA, tissue microarray.
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Figure 2  Validation of CD44 expression in the tumor compartment as an indicative biomarker of sensitivity to single-agent 
PD-1 axis blockade in NSCLC. (A) Representative image of a whole tissue section with 12 ROIs selected from immune-enriched 
(panCK+/CD45+) intratumoral areas using DSP. Fluorescence image is shown on the top, and the compartmentalized image 
at the bottom; panCK (green), CD45 (red), SYTO13 (blue). (B), Dynamic range of CD44 expression in the tumor compartment 
(panCK+) and in the immune compartment (panCK–/CD45+) using DSP; (C) Comparative analysis of CD44 levels measured by 
DSP in the tumor compartment and in the immune compartment. (D–E) Kaplan-Meier PFS curve (D) and OS curve (E) according 
to CD44 expression in the tumor compartment using DSP (tertile cutpoint). (F–G) Kaplan-Meier disease-free survival curves 
according to CD44 expression using DSP (F) or QIF (G) in immunotherapy untreated cohorts (CIMA-CUN cohort and YTMA423 
cohort as F and G, respectively) (tertile cutpoint). CK, cytokeratin; DSP, digital spatial profiling; ns, not significant; NSCLC, 
non-small-cell lung cancer; OS, overall survival; PD-1, programmed cell death protein-1; PFS, progression-free survival; QIF, 
quantitative immunofluorescence; ROI, regions of interest.
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digital counts were first normalized to internal spike-in 
controls (ERCCs), and then normalized to the counts of 
internal housekeeper protein probes. A more detailed 
description of the DSP protocol can be found in online 
supplemental materials and methods.

Quantitative immunofluorescence
We developed a quantitative immunofluorescence (QIF) 
protocol (CD44/CK/DAPI) to detect and quantify CD44 
using slides from YTMA471 and YTMA423 cohorts. Two 
slides derived from independent TMA blocks, each block 
containing two non-adjacent tumor cores per NSCLC case, 
were used in both cohorts. The QIF staining protocol is 
detailed in online supplemental materials and methods.

We used the AQUA system (Navigate BP) to acquire 
and quantify the fluorescence signal of CD44 as previously 
described.15 CD44 was measured from two compartments: 
the CK +tumor compartment, created by binarizing the 
CK signal, and the stromal compartment, created by 
excluding the tumor mask from a dilated DAPI mask 
representing the total tissue. CD44 QIF scores were calcu-
lated by dividing the target pixel intensity by the area of 
the compartment, and then normalized to the exposure 
time and bit depth at which the images were captured.15

CD44 antibody validation
To assess antibody specificity, we followed the guidelines 
for pillars of validation proposed by Uhlen et al.16 We tested 
two independent anti-CD44 antibodies (clone 156–3 C11 
(Cell Signaling) and clone EPR1013Y, (Abcam)) targeting 
non-overlapping epitopes (online supplemental table 
S3) in an NSCLC test array (YTMA295), which contained 
35 lung tumor cores with variable CD44 expression. For 
each antibody, first we assessed membrane localization, 
then optimized the titration, and then compared the 
CD44 QIF scores obtained with the optimal antibody 
concentration of each clone. A high correlation in the 
quantitative measurements of CD44 between indepen-
dent antibodies would prove specificity for recognizing 
the target.16 17

Immunotherapy efficacy assessment
We used Response Evaluation Criteria in Solid Tumors 
V.1.1 to retrospectively evaluate treatment response to 
immune checkpoint blockade. We defined clinical benefit 
as having experienced complete or partial response, or 
stable disease lasting  ≥6 months, whereas non-clinical 
benefit was defined as primary progressive disease or 
stable disease lasting  <6 months. Patients with stable 
disease who did not progress and were censored before 6 
months of follow-up were non-evaluable. Overall survival 
(OS) and progression-free survival (PFS) were calculated 
from the treatment start date to the date of death or loss 
of follow-up, or the date of disease progression, death, or 
loss of follow-up, respectively. For those patients who did 
not die or progress during the study period, the outcome 
was considered left-censored.

Data processing and statistical analysis
To analyze the association between marker expression and 
patients’ clinical-pathological characteristics or survival, 
normalized counts or QIF scores were averaged across 
all ROIs of each tissue sample to derive a single value 
per patient. We used non-parametric tests to compare 
CD44 counts between patient clinical subgroups or tissue 
compartments. For survival prediction analysis (PFS and 
OS), we used the Cox proportional hazards model, first 
utilizing averaged counts or QIF scores as continuous 
log2-transformed data. We used the X-tile software18 to 
explore the optimal cutpoint for patients’ survival strati-
fication. Survival curves were computed with the Kaplan-
Meier method and compared using the log-rank test. For 
prediction of clinical benefit (binary outcome) in the vali-
dation set, we utilized log2-transformed counts from each 
ROI independently (without averaging across ROIs) and 
fitted a regular logistic regression model with clustering 
by patient using Stata V.17.0 software. To test the associ-
ation between CD44 counts in the tumor compartment 
with other immune-related proteins measured in the 
same compartment, we selected those ROIs containing 
matched tumor and immune compartment protein 
measurements and considered each ROI as an inde-
pendent sample, since we aimed to assess the immune 
microenvironment features in each of the independently 
profiled intratumoral regions. Then, we used two comple-
mentary analyses. First, we used protein counts as contin-
uous variables and tested the association between tumor 
cell CD44 with each of the other immune related markers 
using Pearson correlation analysis. Second, we dichoto-
mized tumor cell CD44 expression using a clinically rele-
vant cutpoint (upper tertile) to analyze what proteins 
were differentially expressed in tumor cell CD44 high 
versus tumor cell CD44 low ROIs. For this differential 
expression analysis, we quantified the fold change (FC) of 
all protein levels in ROIs with elevated CD44 expression 
relative to ROIs with low CD44 expression, and tested 
the significance with non-parametric tests accounting 
for multiple comparisons (Benjamini-Hochberg false 
discovery rate (FDR) method) using MetaboAnalyst V.5.0 
software. All hypothesis testing was performed at a two-
sided significance level of α=0.05.

RESULTS
We first assessed the YTMA471 discovery cohort using the 
DSP system. One-hundred and ten ROIs were generated 
in 56 NSCLC cases. Seventy-one proteins were measured 
selectively from four compartments (figure  1A–C), 
resulting in a total of 284 protein variables per ROI. 
Using continuous log-scaled data, PD-L1 expression in 
the tumor compartment (HR=0.67, p=0.017) and in the 
immune compartment (HR=0.52, p=0.008) was predictive 
of longer PFS, thus validating the cohort. Among the novel 
candidate predictors, CD44 expression measured in the 
tumor compartment, but not in stromal compartments, 
was associated with longer PFS both in the univariate 
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(HR=0.76, 95% CI 0.61 to 0.96; p=0.024) and in the multi-
variate analysis after controlling for stage, baseline liver 
metastasis, and Lung Immune Prognostic Index (LIPI) 
score19 (HR=0.68, 95% CI 0.46 to 0.99; p=0.043) (online 
supplemental table S4), and was selected for further study 
and validation.

In the quantitative analysis using DSP, CD44 levels 
followed a continuous distribution. CD44 counts were 
significantly higher in the immune compartment than in 
the tumor compartment (Wilcoxon paired test, p<0.001) 
(online supplemental figure S1A). CD44 levels in the 
tumor compartment were significantly higher in patients 
with squamous-cell carcinomas (SCC) (Kruskal-Wallis 
test, p=0.0014) and patients with no baseline liver metas-
tasis (Mann-Whitney test, p=0.0026). Tumor CD44 expres-
sion was not significantly different among other clinical 
factors analyzed (online supplemental figure S1B–H).

As the initial step for validation, we aimed to repro-
duce the DSP findings using an orthogonal QIF-based 
method in the same cohort. First, we sought to prove 
specificity for detecting CD44. For this purpose, we tested 
two different anti-CD44 antibodies that recognized non-
overlapping epitopes in an NSCLC test array (YTMA295). 
We observed a good dynamic range (online supplemental 
figure S2A,B) and a specific membranous CD44 staining 
pattern with both antibodies (online supplemental 
figure S2C,D). Then, we compared the CD44 QIF scores 
obtained with the two clones, showing a high correlation 
coefficient (R2=0.88) (online supplemental figure S2E). 
This provided evidence that both antibodies specifically 
recognized CD44 without significant cross reactivity, and 
we selected clone 156–3 C11 as a validated antibody for 
the remainder of the QIF studies. CD44 quantitative 
measurements were concordant between QIF and DSP 
methods (R2=0.44) (online supplemental figure S2F).

Then, we evaluated CD44 expression patterns and 
outcome performance using QIF in YTMA471 cohort. 
CD44 displayed predominantly membranous staining 
pattern and was detected both in tumor cells and stromal 
cells (figure  1D,E). Virtually all tumors were visually 
positive for CD44 in the stroma, while 70% of NSCLCs 
had CD44 staining in tumor cells. CD44 QIF scores also 
followed a continuous distribution and were numeri-
cally higher in the stromal compartment than in the 
tumor compartment (Wilcoxon paired test, p=0.13) 
(figure 1F,G). Consistent with DSP findings, CD44 levels 
in the tumor compartment assessed as continuous QIF 
scores were significantly associated with longer PFS 
(multivariate HR=0.31, 95% CI 0.11 to 0.87; p=0.022) and 
OS (multivariate HR=0.29, 95% CI 0.09 to 0.97; p=0.038). 
Using the X-tile software, the highest quartile was deter-
mined as the optimal single cutpoint that significantly 
predicted both PFS (log-rank test, p=0.0068) and OS (log-
rank test, p=0.0031) in this cohort (figure  1H,I). CD44 
QIF levels in the stromal compartment did not predict 
outcomes, either as continuous data or using median, 
tertile, or quartile cutpoints (online supplemental figure 
S3A–F).

Next, after having validated tumor cell CD44 as a 
candidate predictor using two orthogonal methods in 
the discovery set, we sought for external validation in the 
H12O_ITX1 cohort using DSP. We generated a total of 
662 ROIs from 128 patient-derived whole tissue sections 
(average ROI per tissue sample=6 (1–12)), each ROI 
was then segmented in the tumor compartment and the 
immune compartment (figure 2A). In this validation set, 
PD-L1 as well as other known markers such as CD3 or CD8 
were associated with outcomes from PD-1 axis blockade 
(online supplemental figure S4A–F), thus providing 
validity to the cohort and the ROI selection approach.

Consistent with the results in the YTMA471 discovery 
cohort, CD44 expression in the tumor compartment 
followed a continuous distribution (figure  2B) and was 
significantly higher in the immune compartment than in 
the tumor compartment (Wilcoxon paired test, p<0.001) 
(figure 2C). As seen in the training set, tumor cell CD44 
expression was significantly higher in patients with SCC 
(Kruskal-Wallis test, p<0.001) (online supplemental 
figure S5A–F). In terms of outcome, CD44 expression in 
the tumor compartment validated as a predictor of clin-
ical outcomes in the H12O_ITX1 cohort. Assessed as a 
continuous variable, CD44 levels in the tumor compart-
ment were predictive of clinical benefit (OR=1.22, 95% 
CI 1.03 to 1.45; p=0.018). Using the top tertile cutpoint, 
patients with high CD44 expression in the tumor 
compartment showed significantly longer PFS under 
single-agent PD-1 axis blockade (HR=0.58, 95% CI 0.38 
to 0.87; p=0.01) (figure 2D). In the multivariate analysis, 
CD44 expression in the tumor compartment remained 
as an independent predictor of PFS after adjusting for 
performance status, baseline liver metastasis, and LIPI 
score (HR=0.62, 95% CI 0.40 to 0.96; p=0.035). The 
effect of tumor cell CD44 in predicting PFS remained 
significant after correcting for PD-L1 Tumor Proportion 
Score (TPS), either using the PD-L1 ≥1% TPS cutpoint 
(HR=0.25, p=0.003 in the discovery set; HR=0.59, p=0.015 
in the validation set), or the PD-L1 ≥50% TPS cutpoint 
(HR=0.26, p=0.004 in the discovery set; HR=0.62, p=0.032 
in the validation set) (online supplemental table S5). In 
this regard, when stratifying patients with NSCLC by clin-
ically relevant cutpoints for tumor cell CD44 and PD-L1 
TPS, there were approximately 45% of discordant cases 
when using the PD-L1 ≥1% TPS cutpoint, and about 30% 
of discordant cases when using the PD-L1  ≥50% TPS 
cutpoint consistently in both cohorts (online supple-
mental figure S6A–D). In the validation set, the differ-
ences in OS according to tumor cell CD44 levels were not 
statistically significant (log-rank test, p=0.08) (figure 2E). 
CD44 expression in the immune compartment showed 
no association with clinical outcomes (online supple-
mental figure S7A,B).

Then, to assess the prognostic value of tumor cell 
CD44 expression, we analyzed two control cohorts of 
patients with NSCLC that never received PD-1 axis 
inhibitors during the whole course of their disease. 
The quantitative analysis of CD44 expression in these 
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cohorts confirmed significantly higher CD44 levels in 
the immune compartment, and higher CD44 expression 
in the tumor compartment in patients with SCC (online 
supplemental figure S8A–D). In contrast to the immuno-
therapy treated cohorts, CD44 expression in the tumor 
compartment, assessed either by DSP (CIMA-CUN), or by 
QIF (YTMA423), was not predictive of survival outcomes 
in the absence of PD-1 axis blockade (figure 2F,G).

Finally, we explored whether a distinct tumor micro-
environment could potentially explain a higher respon-
siveness to PD-1 axis blockade of NSCLC cases with 
high tumor cell CD44 expression. For this analysis, we 
used ROI-level counts in the tumor compartment from 
two cohorts, H12O_ITX1 and CIMA-CUN, as they were 
assessed with the same DSP assay and covered a greater 
number of ROIs in each tissue sample. First, we tested 
the correlation between tumor cell CD44 expression and 
each individual marker as continuous variables. Among 
all the markers with statistically significant results (online 
supplemental table S6), CD80 showed the highest, 
although modest, positive correlation (R2  >0.2) consis-
tently in both cohorts (figure 3A,B). There was a statis-
tically significant (p<0.0001) but modest correlation 
(R2  <0.3) between tumor cell CD44 counts and PD-L1 
counts in the CIMA-CUN cohort, but this was not repro-
duced in the H12O_ITX1 cohort (figure 3C,D). In the 
H12O_ITX1 data set, the association between tumor cell 
CD44 and PD-L1 was significant (p=0.005) when removing 
extreme CD44 and PD-L1 values falling outside the upper 
limits of expression in the CIMA-CUN data set, but still 
with a loose correlation coefficient (R2=0.01) (online 
supplemental figure S9). Then, we interrogated what 
proteins were differentially expressed in the ROIs with 
high CD44 expression in the tumor compartment (top 
tertile) as compared with those with low CD44 expression 
(rest). Consistently in the two cohorts, CD44 high ROIs 
showed prominent and statistically significant upregu-
lation (FC >1.5, FDR-adjusted p<0.05) of PD-L1, TIM-3, 
ICOS, and CD40. Other immune cell markers (CD45, 
CD8, CD11c), co-inhibitory molecules (VISTA, B7-H3), 
and co-stimulatory molecules (CD27), were also enriched 
in ROIs with elevated CD44 expression in both cohorts, 
but were less prominently upregulated (figure 3E,F and 
online supplemental table S7).

DISCUSSION
In the present study, we have discovered and validated 
tumor cell CD44 as a new biomarker associated with 
sensitivity to PD-1 axis blockade across multiple NSCLC 
cohorts. Using two quantitative and spatially informed 
technologies in independent NSCLC cohorts, we show 
that CD44 overexpression in the tumor compartment, 
but not in the immune compartment, predicts clin-
ical outcomes from PD-1 axis blockade. By analyzing 
two additional immunotherapy untreated cohorts, we 
found that the association between tumor cell CD44 and 
outcome was specific for anti-PD-1/PD-L1 treatment. 

Finally, we show that NSCLCs with CD44 overexpression 
in the tumor compartment are associated with a unique 
immune microenvironment.

CD44 plays multifaceted roles in cancer biology, 
including modulation of antitumor immunity. It is a 
surface marker commonly overexpressed by tumor cells 
with cancer initiating properties,6 7 20 and has therefore 
been repeatedly associated with cancer stem cells partic-
ularly in breast cancer.20–24 To our knowledge, the asso-
ciation between tumor cell CD44 overexpression and 
improved clinical outcomes to PD-1 axis blockade has 
not been previously reported. In the present study, we 
have performed rigorous validation of this novel finding, 
including orthogonal biomarker assessment with a second 
QIF-based technology (with prior validation of an anti-
CD44 antibody following recommended guidelines16), 
and external validation utilizing whole tissue sections by 
independent investigators. It is possible that the use of 
a technology that provides quantitative data considering 
the cell compartment of expression might have increased 
the sensitivity to detect predictive information in our 
study. For instance, there are several studies that have eval-
uated the association between bulk tumor transcriptomes 
and response to PD-1 axis blockade, where CD44 is not 
among the list of overexpressed genes linked to response 
and PFS.25 However, as CD44 protein is quantitatively 
more abundant in the immune compartment than in the 
epithelial compartment, the predictive capacity of tumor 
cell CD44 might have been diluted when using bulk 
mRNA analysis25 or more subjective and semiquantitative 
methods such as IHC. Using spatially resolved quantita-
tive protein measurements, we also excluded prognostic 
relevance of tumor cell CD44 expression. Although some 
studies have reported that CD44 overexpression is asso-
ciated with poor prognosis (particularly overexpression 
of variant isoform 6 (CD44v6)) in some tumor types,26 27 
these studies have not used quantitative assays enabling 
cell compartment specific protein measurements.

The higher sensitivity to PD-1 axis inhibition observed 
in NSCLCs with CD44 overexpression by cancer cells 
in this study could be at least partially explained by the 
role of CD44 in regulating antitumor immunity. CD44 
has been identified as a PD-L1 modulator in preclinical 
models.13 14 Notably, CD44 expressing cancer cells derived 
from human squamous cell carcinoma of the head and 
neck showed higher responsiveness to IFN-γ than CD44 
negative cells, which resulted in greater inducible PD-L1 
expression following IFN-γ exposure in vitro.13 Consistent 
with these preclinical findings, we did observe a statisti-
cally significant association between tumor cell CD44 and 
PD-L1, but the strength of this association, particularly the 
linear relationship between both markers when assessed 
as continuous values, is low-to-modest at best. From a clin-
ical perspective, this means that there is non-redundancy 
or at least some degree of complementarity between both 
biomarkers for patient stratification. Beyond its poten-
tial role in PD-L1 modulation, and further supporting a 
role for CD44 in adaptive immune resistance, it has been 
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shown that tumor initiating cancer cells expressing CD44 
can selectively upregulate CD80 under immune pres-
sure, thereby suppressing T cell immunity in a CTLA4-
dependent manner.28 This is also concordant with the 
significant correlation observed between CD44 and CD80 
counts in the tumor compartment in our study. On the 
other hand, CD44 is a necessary protein for EMT,5–9 and 
EMT has been associated with a broad inflammatory 
microenvironment characterized by coexistent upreg-
ulation of co-stimulatory and co-inhibitory checkpoint 

molecules in human lung cancer.24 29–31 We also observed 
that intratumoral regions with elevated tumor cell CD44 
had prominent upregulation of co-inhibitory (TIM-3, 
B7-H3, PD-L1) and co-stimulatory (ICOS, CD40, CD27) 
molecules in two independent NSCLC cohorts. Of note, 
although EMT has been generally associated with poorer 
outcomes and treatment resistance in several cancers,6 7 
some tumor types with more mesenchymal features such 
as sarcomatoid malignant pleural mesotheliomas32 or 
certain subtypes of small cell lung cancers (SCLC),33 also 

Figure 3  CD44 levels in the tumor compartment and immune microenvironment features in human NSCLC. (A–B) Correlation 
between CD44 and CD80 levels in the tumor compartment in H12O_ITX1 cohort (A) and CIMA-CUN cohort (B). (C–
D) Correlation between CD44 and PD-L1 levels in the tumor compartment in H12O_ITX1 cohort (C) and CIMA-CUN cohort 
(D). (E–F) Differentially expressed protein markers in ROIs with high CD44 expression in the tumor compartment (top tertile) 
relative to ROIs with low CD44 expression in the tumor compartment (rest) in H12O_ITX1 cohort (E) and CIMA-CUN cohort 
(F). The significance (FDR-adjusted p values) is represented relative to the FC in protein levels in CD44 high relative to CD44 low 
ROIs. Only statistically significant markers are highlighted. Markers with a FC >1.5 and FDR-adjusted p values<0.05 in the two 
cohorts are marked in red bold. DSP, digital spatial profiling; FC, fold change; FDR, false discovery rate; PD-L1, programmed 
death-ligand 1; NSCLC, non-small-cell lung cancer; ROI, regions of interest.
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display an inflammatory microenvironment and show 
higher sensitivity to checkpoint blockade therapies.33 34 
Whether tumor cell CD44 plays a role in determining 
sensitivity to immunotherapy in these tumor types remains 
unknown, but might deserve to be explored in future 
studies. Collectively, these data suggest that NSCLCs with 
CD44 overexpression in cancer cells contain a distinct 
tumor microenvironment that is potentially more prone 
to immune checkpoint blockade responsiveness.

From a clinical standpoint, it needs to be considered 
that with the current use of chemoimmunotherapy in 
the front-line setting of advanced NSCLC, where even 
PD-L1 has no or limited utility to select best candidates to 
receive PD-1 axis inhibitors, it is unlikely that tumor cell 
CD44 will have an immediate major clinical impact as a 
biomarker for patient stratification. However, as quantita-
tive tumor cell CD44 expression appears non-redundant 
with PD-L1 expression, there is potential to use them 
as complementary biomarkers. This possibility seems 
particularly appealing in tumor types where PD-L1 offers 
limited predictive information.34–37 On the other hand, 
CD44 is a surface glycoprotein potentially amenable for 
therapeutic antibody-based blockade. Some attempts to 
target CD44 using monoclonal antibodies have shown 
little clinical activity,27 38 but based on our findings, CD44 
could be reconsidered as a target for tumor-cell-specific 
antibody-based strategies particularly in combination 
with PD-L1 blockade (ie, bi-specific antibodies with cis 
co-engagement39 or anti-CD44 probody formats40), and 
preferentially in those cases with specifically tumor cell 
CD44 overexpression.

This study needs to be interpreted in the context of a 
number of limitations. First, we analyzed tumor samples 
collected from retrospective immunotherapy treated 
cohorts, not randomized clinical trials. Retrospective 
studies have limitations including the possibility of selec-
tion bias, so despite having found tumor cell CD44 over-
expression as a marker associated with sensitivity to PD-1 
axis blockade in two independent cohorts, these results 
still need to be interpreted with caution and can only be 
considered hypothesis generating. In this same line, in 
the absence of randomization, we could not perform an 
interaction test between CD44 and PD-1 axis inhibitor 
treatment in a statistical model to prove that CD44 is a 
predictive biomarker. We were able to show absence of 
prognostic value and thus have used the term ‘indica-
tive’ rather than predictive. Second, the tumor samples 
used for this study were archived samples from different 
tumor sites, not collected immediately preceding immu-
notherapy in most of the cases. The optimal time to assess 
immunotherapy biomarkers is still undefined, and some 
studies suggest that the key biological information is 
reasonably preserved in archived tissue.41 Another limita-
tion is that we do not fully validate an identical cutpoint in 
the training and validation sets for optimal patient strat-
ification. Future studies addressing the predictive value 
of CD44 will require the validation of an optimal and 
reproducible cutpoint in larger well-powered cohorts. 

It is perhaps also a limitation that we could not correct 
the CD44 survival prediction analysis by TMB since most 
of the patients in our cohorts did not have their tumors 
assessed for TMB status. Finally, this study does not prove 
the mechanism by which NSCLCs with CD44 overexpres-
sion in the tumor compartment are more sensitive to PD-1 
axis blockade. Although the unique immune microenvi-
ronment of these tumors might partially explain a higher 
responsiveness, further functional studies are needed to 
understand the interplay between CD44 positive cancer 
stem cell phenotype and mechanisms of immune evasion.

In conclusion, this works highlights a previously under-
appreciated role for tumor cell CD44 and sensitivity to 
PD-1 axis blockade in NSCLC. With further validation, 
CD44 could complement existing biomarkers for optimal 
patient stratification, and potentially open new thera-
peutic strategies to improve precision immunotherapy in 
lung cancer.
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