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ABSTRACT
Background  Loss of human leukocyte antigen (HLA) class 
I expression and loss of heterozygosity (LOH) are common 
events implicated in the primary resistance of non-small 
cell lung cancer (NSCLC) to immunotherapy. However, 
there is no data on perioperative chemoimmunotherapy 
(ChIO) efficacy or response mechanisms in the context of 
HLA class I defects.
Methods  Baseline HLA class I tumor status (HLA-deficient 
(HLA-DEF) or HLA-proficient (HLA-PRO)) was determined 
by DNA LOH combined with immunohistochemistry for 
protein levels in tissue of 24 patients with NSCLC treated 
with perioperative nivolumab plus chemotherapy from 
NADIM trial (NCT03081689). We integrated HLA tumor 
status with molecular data (programmed death-ligand 
1 (PD-L1), TMB, TCR repertoire, TILs populations, bulk 
RNA-seq, and spatial transcriptomics (ST)) and clinical 
outcomes (pathological response and survival data) to 
study the activity of perioperative ChIO considering HLA 
class I defects.
Results  HLA-DEF tumors comprised 41.7% of analyzed 
tumors and showed a desert-like microenvironment at 
baseline, with lower PD-L1 levels and reduced immune 
infiltrate. However, perioperative ChIO induced similar 
complete pathological response (CPR) rates in both 
HLA-DEF and PRO tumors (50% and 60% respectively, 
p=0.670), as well as 3-year survival rates: Progression-
free survival (PFS) and overall survival (OS) of 70% (95% 
CI 32.9% to 89.2%) for HLA-DEF, and PFS 71.4% (95% 
CI 40.6% to 88.2%) and OS 92.9% (95% CI 59.1% to 
99.0%) for HLA-PRO (log-rank PFS p=0.909, OS p=0.137). 
Proof-of-concept ST analysis of a CPR HLA-DEF tumor 
after ChIO showed a strong immune response with tertiary 
lymphoid structures (TLS), CD4+T cells with HLA class II 
colocalization, and activated CD8+T cells.

Conclusions  Our findings highlight the activity of 
perioperative ChIO, and the potential role of TLS and T-cell 
immune response, in NSCLC HLA-DEF tumors.

INTRODUCTION
Lung cancer is one of the most common 
malignancies in the world. Approximately 
234,580 new cases will be diagnosed, and 
125,070 people will lose their lives in the USA 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Loss of human leukocyte antigen (HLA) class I ex-
pression and loss of heterozygosity, both related to 
tumor antigen presentation, are associated with a 
lack of response to immunotherapy. However, HLA 
class I role in the new perioperative chemoimmuno-
therapy (ChIO) non-small cell lung cancer (NSCLC) 
scenario is still unclear.
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	⇒ HLA-deficient (HLA-DEF) tumors presented a cold-
er microenvironment at baseline, however ChIO 
induced similar complete pathological response 
and survival rates, regardless of HLA class I sta-
tus. In this sense, neoadjuvant ChIO can induce a 
strong immune response involving tertiary lymphoid 
structures.
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	⇒ Our results support the activity of ChIO in HLA-DEF 
tumors, providing the first results regarding any 
HLA-based biomarker in the perioperative ChIO set-
ting of NSCLC.
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in 2024 for this type of cancer, where most of them (85%) 
will be non-small cell lung cancer (NSCLC).1 Immuno-
therapy (IO), particularly through the blockade of the 
programmed death-1 or programmed death ligand 1 
(PD-1/PD-L1) axis, has been a paradigm shift in the treat-
ment of these patients.2 Recently, neoadjuvant chemo-
immunotherapy (ChIO) has significantly improved 
pathological response and survival rates in patients with 
resectable locally advanced NSCLC, establishing a new 
standard of treatment.3 4

Despite the improvement, around 30–60% of patients 
present non-complete pathological responses (non-CPR), 
and 20–30% relapse at 2 years.4–8 In this sense, there is 
a scarcity of reliable biomarkers to identify responders, 
and doubts arise regarding the effectiveness of ChIO 
in tumors with specific characteristics due to a limited 
understanding of response mechanisms.

Different studies have demonstrated the implication 
of different elements responsible for eliciting an effec-
tive antitumor immune response after IO regimens, 
including tumor mutational burden (TMB) and a profi-
cient antigen presentation through human leukocyte 
antigen (HLA) genes.9–11 In this way, previous studies 
of our group and others have shown that neoadjuvant 
ChIO seems to be effective even in NSCLC tumors with 
low TMB, however, there is no data on neoadjuvant ChIO 
activity in the context of HLA-mediated antigenic presen-
tation defects.12

The HLA system is a large complex of genes which 
includes HLA class I, II and III genes located in the short 
arm of chromosome 6 (6p21.3), playing an important 
role in the T-cell responses.11 HLA class I complex 
consists of an alpha-heavy chain interacting with a β-2 
microglobulin, encoded in chromosome 15, and the 
HLA class II complex is composed of a similar-sized alpha 
and beta chains.13 Classical HLA class I proteins (HLA-A, 
HLA-B, and HLA-C) are responsible for the presentation 
of endogenous peptides to CD8+T cells, and classical 
HLA class II proteins (HLA-DR, HLA-DP, and HLA-DQ) 
present exogenous peptides to CD4+T cells.14 In addition, 
antigen-presenting cells (APCs) can also present exog-
enous peptides through HLA class I in a process called 
cross-priming, activating adaptive CD8 T-cell responses.15 
However, tumor cell recognition by CD8+T cell TCR is 
not possible in tumors with loss of HLA expression, being 
necessary innate receptors such as NKG2D in tumor 
resolution.16

Classically, HLA class I expression has been studied in 
different tumors, being common the loss of HLA expres-
sion as an immune escape mechanism, which is associ-
ated with poor prognosis of patients.17–19 Additionally, 
loss of heterozygosity (LOH) of HLA class I (HLA LOH), 
affecting the chromosome 6 (HLA) and/or chromo-
some 15 (β-2 microglobulin), has become increasingly 
important as a potential immune escape mechanism, 
decreasing the neoantigen repertoire presented to 
T-cells.20 HLA LOH may be involved in the response of 
some tumors to IO, but HLA LOH rates vary across tumor 

types, and its prognostic value as a single biomarker is still 
unclear.21–25 Regarding ChIO, studies are scarcer and 
further investigations are needed.26 27

In the present study, we analyzed the baseline HLA class 
I LOH and HLA class I expression at diagnosis and its 
relationship to clinical outcomes in a cohort of 24 patients 
with NSCLC after perioperative ChIO from NADIM I clin-
ical trial (NCT03081689). Furthermore, we also studied 
the composition of the tumor microenvironment (TME) 
to elucidate the underlying mechanisms of response and 
resistance to ChIO based on the tumor HLA class I status.

METHODS
Patients and samples
Patients in this study were participants of NADIM clin-
ical trial (NCT03081689), which included 46 patients 
with resectable stage IIIA NSCLC who received neoadju-
vant ChIO treatment prior to surgery consisting of three 
cycles of nivolumab (360 mg) combined with paclitaxel 
(200 mg/m2) and carboplatin (area under the curve 6; 6 
mg/mL per min), followed by adjuvant nivolumab mono-
therapy for 1 year (240 mg every 2 weeks for 4 months, 
followed by 480 mg every 4 weeks for 8 months). The 
pathological responses of the tumors were assessed by 
determination of the percentage of residual viable tumor 
in the primary tumor and lymph nodes tested and clas-
sified into complete pathological response (CPR, 0% of 
viable tumor cells) or non-CPR. The median follow-up 
time was 38.0 months (95% CI 36.7 to 40.7).

Baseline (at diagnosis) and post-neoadjuvant treatment 
(at surgery) tissue samples were collected from these 
patients. Pretreatment HLA class I status (proficient 
(PRO) or deficient (DEF) at any level) was determined 
in 24 pretreatment tissue samples by DNA LOH (Immu-
noArray-24 V.2 kit) combined with pan-HLA immuno-
histochemistry (IHC) (online supplemental figure S1). 
HLA defects were not studied in the other 22 patients 
in the NADIM clinical trial due to limited baseline tissue 
samples. The techniques performed on samples from the 
24 patients with known HLA class I status are summarized 
in online supplemental table S1.

Immunohistological analysis
We could analyze 5 NSCLC cases from the patient cohort 
present in this study. 4 µm-thick tissues were cut from 
formalin-fixed paraffin-embedded (FFPE) tissue samples 
and tissue sections were mounted on pretreated slides. 
Immunohistological techniques were performed with 
the biotin-streptavidin system (supersensitive Multilink 
HRP/DAB kit, BioGenex, The Hague, The Netherlands). 
Tumor samples were evaluated by two independent 
pathologists.

The following mouse monoclonal antibodies (mAbs) 
were used to analyze HLA class I expression: EMR8-5 
against HLA-ABC heavy chain (Clone ab70328, Abcam), 
anti-b2m (Dako, Denmark) HC-10, specific for HLA-B 
and C free heavy chain (Dako, Denmark) and HCA2 
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which recognizes a subset of HLA-A locus-encoded gene 
products (Dako, Denmark). Total loss of HLA class I 
molecules was defined by negative staining with EMR85 
and anti-b2m mAbs according to the criteria established 
by the HLA and Cancer component of the 1996 Interna-
tional Histocompatibility Workshop.28 The following cells 
were excluded from scoring: Infiltrating immune cell, 
normal cells, and non-specific staining of necrotic cells. 
Immunostained tissue sections were further scanned 
and analyzed using a “Panoramic Scanner MIDI II” and 
“Panoramic Viewer” (3DHISTECH, Budapest, Hungary).

LOH in HLA class I region of chromosome 6 and 15 analyzed 
by single nucleotide polymorphism arrays
Evaluation of the LOH in tumor samples was done based 
on the method described.29–32 DNA samples were geno-
typed using the Illumina Infinium HTS Assay on the 
ImmunoArray-24 V.2 BeadChip (Illumina) according to 
manufacturer protocol, which detects over 250,000 single-
nucleotide polymorphisms (SNPs) selected based on 
GWAS (Genome-wide association study) of the diseases 
of the immune system. Data for LOH analysis and copy 
number (CN) analysis were obtained from the Illumina 
GenomeStudio Genotyping Module V.2.0 software as 
“Norm Theta” and “R” values. “Norm Theta” represents 
the B-allele frequency (BAF) and “R” the joined fluores-
cence intensity of both channels. While “Norm Theta” 
can be interpreted directly to detect LOH, “R” needs 
to be compared with a standard to detect regions of CN 
loss or gain. We used immunochip data from unrelated 
samples of European ancestry to obtain a median fluores-
cence value per probe to create such a standard and to 
subsequently obtain Log R ratios.31 33 A Log R ratio distri-
bution around zero can be regarded as CN neutral, while 
chromosomal intervals of mainly positive (or negative) 
Log R ratios can be interpreted as CN gains (or losses). 
Chromosomal stretches of BAF with values of mainly zero 
or one can be interpreted as LOH. Dots with a value of 
“1” represents SNPs with the “AA” genotype, those with 
a value of “0” indicate SNPs with the “BB” genotype, 
and dots at “0.5” represent heterozygous “AB” genotype. 
When a BAF pattern has all three mentioned above values, 
the sample is heterozygous (AB) and there is no LOH. 
Complete loss of all SNPs with the AB genotype indicates 
regions of LOH. We also used the University of California 
in Santa Cruz (UCSC, USA) genome browser (http://​
genome.ucsc.edu/, accessed on January 31, 2021) to map 
and characterize the range of the missing regions in chro-
mosomes 6 and 15 (GRCh38/hg38 assembly).

TMB, PD-L1 expression and TCR repertoire
TMB and PD-L1 tumor proportion score (TPS) were 
estimated from 22 pretreatment tissue samples using the 
Oncomine Tumor Mutational Load assay and IHC (22C3), 
respectively, as previously described.4 TMB higher than 
the median (5.89, range 1.68–73.95) was used to classify 
tumors with high and low TMB.

TCR sequencing was performed from FFPE using the 
Oncomine TCR Beta-SR Assay (RNA) assay as previously 
described.10 Frequency classifications of the clones in the 
TCR repertoire were done as previously described, and 
the Top 1% clonal space (CS) were defined as the aggre-
gate frequencies of the Top 1% most frequent clones.10 34 
A high CS of the Top 1% CS was defined using a 20% 
threshold.

Multiplex immunofluorescence
Multiplex immunofluorescence (mIF) was performed 
in 11 pretreatment tissues and 12 post-treatment tissues 
using Opal 7-Color fIHC Kit (Akoya Biosciences, Marl-
borough, MA) and the stained slides were scanned by 
a Vectra multispectral microscope (Akoya Biosciences). 
The immunofluorescence (IF) markers used were 
grouped into two 6-antibody panels: Panel 1 consisted of 
CD3 (red), CD8 (pink), PD-1 (green), PD-L1 (orange), 
CD68 (yellow) and pancytokeratin (cyan). Panel 2 
consisted of CD3 (red), CD8 (pink), FOXP3 (green), 
granzyme B (orange), CD45RO (yellow) and pancyto-
keratin (cyan). Different immunophenotypes of T cells 
(CD3+), cytotoxic T cells (CD3+CD8+), T regulatory 
cells (CD3+FOXP3+) and macrophages (CD68+) were 
characterized and quantified using inForm image anal-
ysis software. Individual markers for each mIF panel were 
quantified and expressed as density per mm2.35

RNA expression: bulk RNA-seq and Visium spatial 
transcriptomics
Tumor bulk-RNA sequencing was achieved using the 
Oncomine Immune Response Assay.36 RNA was obtained 
from 12 FFPE tissue samples by truXTRAC FFPE DNA 
kit (Covaris). Differential-expressed genes (DEGs) and 
pathway enrichment analysis between HLA class I status 
categories were assessed using DESeq2 and gene set 
enrichment analysis (GSEA).

The spatial features of two post-treatment tissue samples 
were analyzed using Visium Spatial for FFPE Gene 
Expression Kit for Human Transcriptome (1000336, 
10x Genomics). Prior to library construction, the RNA 
quality of the tissue was assessed by calculating DV200 of 
RNA extracted from FFPE-collected tissue sections. FFPE 
tissue sections were cut and placed in Visium spatial gene 
expression slides (1000344) and stained using H&E. The 
complementary DNA library was constructed using Dual 
Index Kit TS Set A (1000251) following Visium Spatial 
Gene Expression Reagent Kits for FFPE User Guide 
(CG000407, Rev D), and was sequenced on a NovaSeq 
X Plus (Illumina). Space Ranger pipeline (V.2.1.1; 10x 
Genomics) and Loupe Browser V.7.0.1 software (10x 
Genomics) were used to preprocess, process, and visualize 
the sequencing data. The areas of interest were previously 
defined and characterized by a pathologist.

Statistics
IBM SPSS software (V.25.0) and GraphPad Prism (V.8.0.2) 
were employed in the statistical analysis. Non-parametric 
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Mann-Whitney U test was used to analyze differences 
between HLA-PRO and HLA-DEF tumors. Progression-
free survival (PFS) and overall survival (OS) analysis were 
carried out using Kaplan-Meier, log-rank tests, and HR. 
The Ggplot2R package was used to build heatmaps and 
PCA (Principal Component Analysis) plots, and volcano 
plots were developed by VolcaNoseR18 based on the data 
obtained from DESeq2 analysis. A p value of <0.05 was 
considered statistically significant.

RESULTS
Tumor HLA class I status at diagnosis and clinical outcomes
Baseline LOH or decreased HLA class I protein levels 
occurred in 10 out of 24 tumors analyzed (41.7%) and 
were therefore categorized as HLA-DEF status. Tumors 
without any alterations in HLA (58,3%) were classified as 
HLA-PRO. Illustrative immunostainings and SNPs arrays 
for HLA class I status determination are shown in online 
supplemental figure S1.

Patient clinical characteristics were representative of 
the complete NADIM cohort and are shown in table 1. 
There were no differences regarding age (p=1.000), sex 

(p=1.000), histology (p=0.590), smoking status (p=1.000), 
and clinical response (p=0.673), between patients with 
HLA-PRO or HLA-DEF tumors.

Tumor HLA-PRO status at baseline was not associated 
with pathological response achieved after neoadjuvant 
ChIO (p=0.670) (figure  1A). The percentage of CPR 
rates were similar regardless of HLA class I status. 50% of 
tumors with HLA-DEF status (5 out of 10 tumors) showed 
CPR, meanwhile 64% of HLA-PRO tumors showed CPR 
(7 out of 11). The pathological response of three HLA 
PRO tumors was not evaluated since the patients did not 
receive surgery.

Similarly, HLA class I status was not associated with 
long-term survival outcomes (figure  1B). Patients with 
HLA-PRO and DEF tumors showed similar 3 year PFS and 
OS rates: PFS 71.4% (95% CI 40.6% to 88.2%) and OS 
92.9% (95% CI 59.1% to 99.0%), and PFS 70% (95% CI 
32.9% to 89.2%) and OS 70% (95% CI 32.9% to 89.2%), 
respectively.

Remarkably, the combination of TMB and HLA class I 
status in a single parameter seems to improve the iden-
tification of patients that showed long-term survival 

Table 1  Demographic and clinical characteristics of patients according to pretreatment HLA class I status. An adjusted p 
value of <0.05 was considered statistically significant

Characteristic HLA-DEF (n=10) HLA-PRO (n=14) P value

Age (years)—median (range) 66.5 (59.0–76.0) 64.5 (41.0–74.0) 1.000

Sex—n (%) 1.000

 � Male 8 (80.0) 11 (78.6)

 � Female 2 (20.0) 3 (21.4)

Histology—n (%) 0.590

 � Adenocarcinoma 5 (50.0) 8 (57.1)

 � Squamous 5 (50.0) 5 (35.7)

 � No other specified 0 (0.0) 1 (7.1)

Smoking status—n (%) 1.000

 � Former 5 (50.0) 6 (42.9)

 � Current 5 (50.0) 8 (57.1)

Packs-year—median (range) 57.0 (24.0–111.0) 50 (23.0–114.0) 1.000

Clinical response—n (%) 0.673

 � Partial 6 (60.0) 10 (71.4)

 � Stable 4 (40.0) 4 (28.6)

Surgery 0.239

 � Yes 10 (100.0) 11 (78.6)

 � No 0 (0.0) 3 (21.4)

Pathological response—n (%) 0.670*, 1.000†

 � Complete 5 (50.0) 7 (50.0)

 � Major 2 (20.0) 1 (7.1)

 � Incomplete 3 (30.0) 3 (21.4)

*Complete responses versus other.
†Incomplete responses versus other.
HLA, human leukocyte antigen; HLA-DEF, HLA-deficient; HLA-PRO, HLA-proficient.
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compared with each of those biomarkers alone (online 
supplemental figure S2). Although not statistically signif-
icant, probably due to the low number of double positive 
cases, all patients with TMB-high HLA-PRO tumors (n=5) 
were free of disease progression and alive at 3 years. On 
the contrary, for the rest of the patients (n=17) the PFS 
and OS rates were 58.8% (95% CI 32.5% to 77.8%) and 
76.5% (95% CI 48.8% to 90.5%), respectively.

Tumor HLA class I status influence baseline microenvironment
Although the rates of complete responses and 3-year 
survival following neoadjuvant ChIO were similar between 
both HLA class I status groups of patients, we decided to 
investigate potential disparities in the TME composition 
at baseline. These differences may define two distinct 
immunological entities with possible unique mechanisms 
of response and resistance (figure 2).

In terms of the established response biomarkers PD-L1 
and TMB, tumors with HLA class I defects had statistically 
significantly lower PD-L1 TPS levels than tumors without 
HLA class I alterations (HLA-PRO 67.5%, IQR 10–87.5%; 
vs HLA-DEF 0%, IQR 0–10%; p=0.004). In contrast, no 
differences in TMB levels were observed between the two 
groups (p=0.987) (figure 2A).

Next, we evaluated the TCR repertoire in baseline 
tumors (figure 2B,C), since its features, specially Top 1% 
CS (ie, the aggregate frequency of the percentile one most 
frequent clonotypes), has been associated with strong and 
antigen-specific immune responses in the neoadjuvant 
scenario (both IO and ChIO).10 34 No statistically signif-
icant differences in Top 1% CS were observed between 
groups (Mann-Whitney U test, p=0.319) (figure  2B). 
However, 5 out of 11 (45%) HLA-PRO tumors showed a 
high CS occupied by the top 1% most frequent clones 
(higher than 20% of the repertoire), while none of the 8 
HLA-DEF tumors showed high Top 1% CS (Fisher’s exact 
test, p=0.045) (figure 2C). This supports that the HLA-
class I function is necessary to generate a clonal T-cell 
response at baseline.

To determine the different immunophenotypes of 
the immune cell populations, mIF was performed on 
pretreatment tissue samples. Concerning lymphocytes 
populations, HLA-DEF tumors seemed to exhibit a 
desertic TME, displaying decreased densities of CD3+ 
(total T-cells; p=0.072), CD3+CD8+ (cytotoxic T-cells; 
p=0.012), CD3+PD-1+ (antigen-experienced T-cells37 ; 
p=0.006), and CD3+PD-L1+ (inhibitory T-cells,38 p=0.012) 
cells (figure  2D). On the other hand, the macrophage 

Figure 1  HLA class I status is not associated with pathological response and survival after neoadjuvant treatment. (A) Number 
of patients with HLA-proficient (n=11) or deficient (n=10) tumors, and CPR (n=12) or non-CPR (n=9) (p=0.670). Pathological 
response of three HLA-PRO tumors was not evaluated since the patients did not receive surgery. (B) Kaplan-Meier survival 
curves of progression-free survival (PFS, on the left) and overall survival (OS, on the right) for HLA-proficient (n=14) and HLA-
deficient (n=10) patients (p=0.909 and p=0.137). An adjusted p value of<0.05 was considered statistically significant. CPR, 
complete pathological response; HLA, human leukocyte antigen; HLA-DEF, HLA-deficient; HLA-PRO, HLA-proficient.
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component seemed to be conserved in HLA-DEF tumors, 
with no differences in total macrophages (CD68+cells, 
p=0.412). However, HLA-DEF tumors showed reduced 
densities of macrophages PD-L1+ (p=0.024) (figure 2D). 
No differences were observed when analyzing the other 
immune populations detected by mIF. Similar differences 
in cell densities were observed considering both the 
tumor area and stroma (online supplemental figure S3).

Consistent with these results, GSEA using RNA-bulk 
tumor expression data showed that HLA-DEF tumors 
exhibited downregulation of the lymphocyte infiltrate 
pathway, as well as upregulation of both proliferation and 
tumor marker pathways (figure 2E). Analysis by DESeq2 
identified four DEGs that were upregulated in HLA-DEF 
tumors, specifically CCL22, CCL17, IL1B, and CXCL8 
(online supplemental figure S4), which are related to 

Figure 2  Tumor HLA class I status influence baseline tumor microenvironment. (A) Tumor proportion score (TPS) of PD-L1 
(n=22), TMB levels (n=22). (B) Top 1% CS in HLA-DEF and PRO tumors (n=19). T cell clonotypes were ranked according to their 
frequency as the Top 1% most frequent clonotypes. (C) Patients with HLA-DEF and PRO classified as high or low Top 1% CS. 
A high CS of the Top 1% was defined using a 20% threshold. (D)  Density of total T-cells (CD-3+), cytotoxic T-cells (CD3+CD8+), 
PD-1+T cells (CD3+PD-1+), PD-L1+T cells (CD3+PD-L1+), macrophages (CD68+) and PD-L1+macrophages (CD68+PD-L1+) 
(n=11 for all immune cell populations). (E) Gene set enrichment analysis for HLA class I status. Differentially upregulated and 
downregulated pathways in HLA-proficient (n=7) and HLA-deficient (n=5) pretreatment tumors. Non-parametric Mann-Whitney 
test was used for comparisons. An adjusted p value of<0.05 was considered statistically significant. FDR, False Discovery Rate; 
HLA, human leukocyte antigen; HLA-DEF, HLA-deficient; HLA-PRO, HLA-proficient; NES, Normalized Enrichment Score; PD-L1, 
programmed death ligand 1; TMB, tumor mutational burden; Top 1% CS, Top 1% clonal space.
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immunosuppressive TME, tumor growth, metastasis and 
lack of response to IO.39–41

Treatment-induced changes are HLA class I status-dependent
To understand the treatment effects in TMEs according 
to baseline HLA class I status, we analyzed the differ-
ences between the tumor immune component at diag-
nosis and post-treatment. HLA-PRO tumors decreased 
their percentage of tumor cells expressing PD-L1 after 
treatment (CK PD-L1+) (HLA-PRO pretreatment 30%, 
IQR 7.7–59.3%; vs HLA-PRO post-treatment 0.6%, IQR 
0.1–1.2%; p=0.016), while HLA-DEF tumors maintained 
their levels low (p=0.401) (figure  3A). Similar changes 
occurred for different PD-L1 positive immune cell popu-
lations, including T-cells (CD3+PD-L1+) (HLA-PRO 
pretreatment 523.5, IQR 122.8–1124; vs HLA-PRO post-
treatment 10.79, IQR 6.5–12.4; p=0.016), cytotoxic T-cells 
(CD3+CD8+ PD-L1+) (HLA-PRO pretreatment 334.2, IQR 
94–582.1; vs HLA-PRO post-treatment 7.9, IQR 4.4–11.4; 
p=0.016) and macrophages (CD68+PD-L1+) (HLA-PRO 
pretreatment 125.1, IQR 23.5–291.8; vs HLA-PRO post-
treatment 4.7, IQR 2.6–18.44; p=0.032) (figure  3B). In 
the same direction, the densities of cytotoxic T-cells, and 

PD-1 positive T-cells and cytotoxic T-cells decreased after 
treatment in HLA-PRO tumors (HLA-PRO pretreatment 
879,3, IQR 429,3–1585; vs HLA-PRO post-treatment 
229, IQR 154.3–252.2; p=0.016 in T-cells; HLA-PRO 
pretreatment 163,4, IQR 109.5–223.2; vs HLA-PRO post-
treatment 59.2, IQR 6.7–92.9; p=0.038 in PD-1+T cells; 
and HLA-PRO pretreatment 86.4, IQR 68.12–119; vs 
HLA-PRO post-treatment 12.7, IQR 2.1–25.7; p=0.016 
in PD-1+cytotoxic T-cells), but there were no differences 
between post-treatment immune infiltration of HLA-DEF 
and PRO tumors (figure  3C). Similar differences were 
observed in both tumor area and stroma of the tumors 
(online supplemental figure S5).

Perioperative ChIO is capable of inducing a strong immune 
response in an HLA-DEF tumor context involving tertiary 
lymphoid structures
Despite HLA defects, 50% of HLA-DEF tumors achieved 
CPR after neoadjuvant ChIO. To investigate the mecha-
nisms underlying these complete responses in a defective 
antigenic presentation scenario, we studied the TME after 
induction with ChIO by spatial transcriptomics (ST) in 

Figure 3  Treatment-induced changes in tumors are HLA class I status-dependent. (A) Percentage of total PD-L1+tumor 
cells (CK PD-L1+). (B) Density of total PD-L1+T cells (CD3+PD-L1+), PD-L1+cytotoxic T-cells (CD3+CD8+PD-L1+) and 
PD-L1+macrophages (CD68+PD-L1+). (C) Density of total cytotoxic T-cells (CD3+CD8+), PD-1+T cells (CD3+PD-1+) 
and PD-1+cytotoxic T-cells (CD3+CD8+PD-1+). n=11 and n=12 for pretreatment and post-treatment multiplex IF data, 
respectively. Non-parametric Mann-Whitney test was used for comparisons. An adjusted p value of<0.05 was considered 
statistically significant. HLA, human leukocyte antigen; HLA-DEF post, HLA-deficient post-treatment; HLA-DEF pre, HLA-
deficient pretreatment; HLA-PRO post, HLA-proficient post-treatment; HLA-PRO pre, HLA-proficient pretreatment; IF, 
immunofluorescence; PD-1, programmed cell death protein-1; PD-L1, programmed death ligand 1.

https://dx.doi.org/10.1136/jitc-2024-009762
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two tumor resection specimens at surgery, corresponding 
to HLA-DEF tumors with CPR and non-CPR responses.

As a first approximation, we grouped the ST data into 6 
k-means based clusters, which matched the tissue micro-
anatomy observed by H&E, and tested the expression of 
different genes related to basic immune populations in 
each cluster (figure 4A).

Regarding CPR HLA-DEF tumor, immune infiltration 
was predominately in clusters 2 and 6. Cluster 6 was notably 
enriched in MS4A1 expression (CD20, B-cell marker), 
meanwhile cluster 2 was enriched in CD14, CD68, CD3E, 
CD4, and CD8A expression, compatible with high macro-
phages and T-cells infiltration. In the case of the non-CPR 

tumor, immune infiltration was restrained to clusters 1, 
5, and 6.

Notably, in the immune infiltrate of the tumor that 
achieved complete response, there was a high number 
of lymphoid aggregates visible by H&E that were not 
present in the sample with incomplete response, which 
presented a more dispersed inflammatory component. 
These lymphoid aggregates exhibit a different expression 
profile, assigned to cluster 6, and are compatible with 
tertiary lymphoid structures (TLS) in which B-cells are 
predominant (figure 4A).

Thus, CPR HLA-DEF TME showed abundant and large 
aggregates of organized B-cells (based on MS4A1 and 

Figure 4  Spatial transcriptomic analysis reveals a strong immune response and TLS presence in an HLA-deficient CPR 
tumor after neoadjuvant chemoimmunotherapy. (A) Clusters defined in both CPR and non-CPR HLA-deficient tumors and their 
corresponding heatmap of immune cell genes. (B) B cells infiltrate (MS4A1, CD19) and TLS (MS4A1, CD19, CR2, CXCL13) in 
CPR and non-CPR HLA-deficient tumors. Dots in purple express simultaneously the genes listed in each category. Marked in 
red are areas of interest with increased immune infiltration for subsequent analysis. CPR, complete pathological response; HLA, 
human leukocyte antigen; HLA-DEF, HLA-deficient; TLS, tertiary lymphoid structure.
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CD19 positivity), whereas B-cells were barely detected 
in non-CPR tumor. To determine whether any of these 
aggregates were mature TLS, we evaluated a TLS signa-
ture including MS4A1, CD19, CR2, and CXCL13 genes, 
which encode CD20, CD19, CD21 and CXCL13, respec-
tively. Most of the B-cell aggregates were mature TLS, 
demonstrating strong immune responses after neoad-
juvant ChIO in HLA-DEF tumors that achieve CPR, 
and suggesting a response mechanism in the context of 
impaired HLA antigen presentation (figure 4B).

To shed light on this, we studied the role of T-cells in 
each type of response. To do that, we selected a TLS-
rich region of the CPR tumor and the area of increased 
immune infiltration of non-CPR tumor (figure 5).

On the one hand, CD4 T-cells (based on CD3E and 
CD4 positivity) were detected in both CPR and non-CPR 
HLA-DEF tumors, but the infiltration was higher in CPR 
tumor. In addition, we included some genes related to 
HLA class II antigenic presentation (CIITA, CD80) to 
study whether these T-cells may coexist in regions of high 
presentation of antigens through HLA class II. Including 
these genes expression, the spots marked as CD4+T cell 
infiltrate mostly disappeared in non-CPR tumor, whereas 
were well maintained in CPR tissue, notably inside of 
TLS, suggesting that TLS may potentiate the activation of 
CD4+T cells recognizing their cognate antigens via HLA 
class II (figure  5). Furthermore, we observed that CPR 
tissue had higher expression of HLA-DRA, HLA-DPA1 

and HLA-DQA1 compared with non-CPR tumor, further 
supporting the idea of the importance of class II antigenic 
presentation in the response of HLA-DEF tumors (online 
supplemental figure S6).

On the other hand, CD8+T cells (based on CD3E and 
CD8A positivity) were detected in both tumors, although 
the infiltrate seemed to be higher in the CPR tumors, 
where lymphocytes were located around TLS. To deter-
mine whether these CD8+T cells were activated, we 
included the GZMB and KLRK1 genes, which encode 
granzyme B and NKG2D proteins. A significant fraction 
of the detected CD8+T cell infiltrate was activated in CPR 
tumor, but not in non-CPR tumor, highlighting that the 
cytotoxic action of CD8+T cells is also an important factor 
in generating complete responses in HLA-DEF tumors 
(figure 5).

DISCUSSION
In this study we evaluated the relevance of HLA class I 
status in the NADIM clinical trial patient cohort, studying 
the association with key clinical outcomes and identifying 
possible mechanisms of response to neoadjuvant ChIO. 
To our knowledge these are the first results regarding 
the predictive value of any HLA-based biomarker in the 
perioperative IO setting of NSCLC.12

The presentation of tumor antigens through HLA is 
one of the most important elements in tumor recognition 

Figure 5  CPR HLA-deficient tumor presents a CD4+and CD8+ immune response involving TLS. Infiltrating CD4+T cells (CD4), 
CD4 T-cells coexisting with HLA class II (CD4, CD80, CIITA), infiltrating CD8+T cells (CD8A) and activated CD8+T cells (CD8, 
GZMB, KLRK1) in both CPR (A) and non-CPR (B) HLA-deficient tumors. Dots in purple express simultaneously the genes listed 
in each category. CPR, complete pathological response; HLA, human leukocyte antigen; HLA-DEF, HLA-deficient; TLS, tertiary 
lymphoid structure.

https://dx.doi.org/10.1136/jitc-2024-009762
https://dx.doi.org/10.1136/jitc-2024-009762
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by the immune system.11 Both HLA expression and 
the repertoire of neoantigens that can be presented 
may be involved in tumor evolution and treatment 
responses.17 18 42 43 In the NADIM clinical trial cohort, 
41.7% of tested tumors at baseline were HLA-DEF, simi-
larly to other studies.23 33 42 This means that almost half of 
patients with NSCLC could be categorized according to 
their tumor HLA class I status, with possible implications 
in their TME, response to therapy, and long-term survival.

Nevertheless, HLA class I status did not seem to be 
associated with either pathological response or survival 
after perioperative ChIO in our study. Some authors have 
associated defects that contribute to a lower diversity 
of presented neoantigens (such as HLA LOH or more 
recently HED, ie, germline HLA class I evolutionary 
divergence) with a poor response to IO in NSCLC.21 44 
However, the predictive value of HLA class I status for 
ChIO may be less straightforward. The study by Jiang et 
al on patients with NSCLC with metastatic disease treated 
with ChIO, showed that HLA LOH alone failed to predict 
the benefit of ChIO, similar to our results in the periop-
erative scenario. However, a predictive value for HED was 
observed.27 In this regard, HED could serve as a more 
refined biomarker and might better capture the diversity 
of presented peptides in a more gradual manner than 
HLA heterozygosity status. Thus, beyond HLA LOH, HED 
could play a key role, especially in ChIO, whose value in 
the perioperative context would need to be validated in 
future studies.

Similarly, the combined HLA class I status with TMB 
may be informative in the perioperative ChIO context, 
overcoming observed limitations for HLA class I status 
alone. Although the differences were not statistically 
significant, probably due to the limited number of cases, 
all patients with tumors with HLA-PRO status and high 
TMB from the NADIM study were alive and free of 
disease progression at 3 years. TMB predictive value has 
been limited, specifically for ChIO.45 In this sense, this is 
not the first time that correction of TMB with HLA class 
I status is described to improve its prognostic value.25 46

In any case, apart from its potential value as a predic-
tive biomarker for response to IO-based therapies, there 
appears to be a growing consensus on HLA role in tumor 
evolution and its interaction with the microenviron-
ment.23 27 31 33 47

Thus, higher PD-L1 TPS has been described in tumors 
with higher HED.27 In the same line, we found that HLA-
PRO status was associated with high PD-L1 TPS and, on 
the contrary, HLA-DEF status was associated with low 
PD-L1 TPS.

HLA class I defects, such as low HLA class I expression, 
have been correlated with a reduction of tumor-infiltrating 
lymphocytes (TILs), especially CD8+T cells, in a gradual 
transition involving cancer immunoediting, leading to 
a poorly immunogenic tumor phenotype.33 48 Baseline 
HLA-DEF tissue samples analyzed here also showed a 
decreased infiltrate of different immune cell populations, 
including cytotoxic T-cells or macrophages, generating 

a “cold” TME, confirmed by their downregulation of 
the lymphocyte infiltrate pathway in the GSEA of bulk 
RNAseq data, as well as a lack of T cell clonal expansion 
revealed by TCR repertoire analysis.

In contrast, it seems that HLA-PRO tumors showed a 
“hot” but exhausted immune infiltrate, in which tumor 
cells were able to elicit an immune response to the 
extent of recruiting T-cells, that recognized their cognate 
antigen (and therefore express PD-1), generating T cell 
clonal expansions, but by definition (there is a macro-
scopic tumor that is in the escape phase) are probably 
inhibited by increased expression of PD-L1 in the TME 
and associated immune infiltrate (higher densities of 
PD-L1+macrophages and T-cells).

One limitation of the study is the potential oversimpli-
fication of the determined HLA status, as proper anti-
genic presentation involves numerous proteins, such as 
TAP and others.49 50 However, our results support that, 
despite the lack of predictive value for response to ChIO, 
the HLA class I status measured in our study has a clear 
impact on the biology of the tumor and its microenviron-
ment at baseline. Likewise, the results reinforce the role 
of HLA in tumor evolution, where the presence of an 
HLA defect at some point in development conditions the 
TME at diagnosis, making the overexpression of PD-L1 
less relevant as an immune escape mechanism for HLA-
DEF tumors.

Therefore, the absence of differences in patient prog-
nosis according to HLA class I status does not exclude its 
importance in tumor biology, but it could be related to 
the efficacy of ChIO in patients with HLA defects and low 
immune infiltrate, compared with IO alone,44 supporting 
the improved clinical outcomes observed with neoadju-
vant ChIO over IO.3

It is difficult to know exactly what occurs during neoad-
juvant therapy, due to the impossibility of re-biopsy during 
treatment, but surgical tumor specimens after neoadju-
vant treatment may give evidence of the processes that 
have taken place in the TME. From a descriptive stand-
point, ST showed large infiltrates of B-cells forming TLS 
in an HLA-DEF tumor showing CPR. In the last few years, 
TLS have been described as a central element in tumor 
resolution and associated with strong responses to IO and 
ChIO in NSCLC, probably because of their role in the 
development and organization of adaptative antitumor 
responses.51–53 This implies a clear immune mechanism 
in the response of some tumors with defects in HLA 
beyond the activity of chemotherapy alone. Comparing 
CPR and non-CPR HLA-DEF tumors, CD4+T cell infil-
trate was detected in both tumors. However, coexistence 
with HLA class II APCs occurred only inside TLS of CPR 
tumor, suggesting that this interaction could be a major 
contributor to the response of HLA-DEF tumors.54 Simi-
larly to CD4+T cells, CD8+T cells were infiltrating both 
HLA-DEF tumors. However, activated CD8+T cells were 
detected mainly surrounding the TLS of the CPR tumor. 
CD8+T cells generally recognize endogenous antigens 
through HLA class I, but may recognize exogenous 
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antigens presented by APCs, such as tumor antigens, 
through a cross-activation mechanism that primes CD8 
T-cell cytotoxicity against the tumor and could therefore 
be activated in HLA-DEF tumors despite defects in the 
HLA class I of the tumor.15 Following activation, T-cells 
can carry out an adaptive response through HLA class 
I, but it has also been described that the expression of 
receptors such as NKG2D allows these cells to exert an 
innate cytotoxicity against tumors with defects in anti-
genic presentation.16 55

Recently, PD-1/PD-L1 axis inhibitors have been 
reported to increase tumor-specific γδ T-cell tumor infil-
tration, especially in HLA-defective tumors,56 57 being 
likely that they also participate in the neoadjuvant ChIO 
response scenario. This, in turn, reinforces that there are 
differential mechanisms of response to IO-based treat-
ment based on the basal HLA status of the tumors.

In any case, the presence of TLS following neoadju-
vant therapy in an HLA class I DEF context highlights 
the importance of the immune system in their response. 
Additionally, it demonstrates the capacity to develop TLS 
despite a baseline HLA defect and unveils a potential 
response mechanism to be therapeutically enhanced in 
non-responsive tumors.

Conclusions
In conclusion, our findings highlight the activity of 
perioperative ChIO in NSCLC HLA-DEF tumors, and the 
potential role of TLS, as well as the action of helper and 
cytotoxic T-cells, in tumor resolution. However, further 
investigations in larger cohorts will be needed to dilu-
cidate the complex interplay between HLA, immune 
response, and clinical outcomes in perioperative ChIO 
scenarios for NSCLC.
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