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Genomic profiling and associated B cell lineages delineate the
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Summary
Background Neoadjuvant chemoimmunotherapy has offered novel therapeutic options for patients with locally
advanced oesophageal squamous cell carcinoma (ESCC). Depicting the landscape of genomic and immune profiles is
critical in predicting therapeutic responses.

Methods We integrated whole-exome sequencing, single-cell RNA sequencing, and immunofluorescence data of
ESCC samples from 24 patients who received neoadjuvant treatment with PD-1 inhibitors plus paclitaxel and
platinum-based chemotherapy to identify correlations with therapeutic responses.

Findings An elevation of small insertions and deletions was observed in responders. DNA mismatch repair (MMR)
pathway alternations were highly frequent in patients with optimal responses and correlated with tumour infiltrating
lymphocytes (TILs). Among the TILs in ESCC, dichotomous developing trajectories of B cells were identified, with
one lineage differentiating towards LMO2+ germinal centre B cells and another lineage differentiating towards CD55+

memory B cells. While LMO2+ germinal centre B cells were enriched in responding tumours, CD55+ memory B cells
were found to correlate with inferior responses to combination therapy, exhibiting immune-regulating features and
impeding the cytotoxicity of CD8+ T cells. The comprehensive evaluation of transcriptomic B cell lineage features was
validated to predict responses to immunotherapy in patients with cancer.

Interpretation This comprehensive evaluation of tumour MMR pathway alternations and intra-tumoural B cell
features will help to improve the selection and management of patients with ESCC to receive neoadjuvant
chemoimmunotherapy.
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Introduction
Immune checkpoint blockade (ICB) has shed light on
new strategies to improve the survival of various solid
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tumours, including oesophageal squamous cell carci-
noma (ESCC). As first-line therapy in patients with
advanced or metastatic ESCC, anti-PD-1 monoclonal
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Research in context

Evidence before this study
No molecular or immune biomarkers are available to guide
precise therapeutic strategies for patients with oesophageal
squamous cell carcinoma (ESCC) yet. The development of
neoadjuvant chemoimmunotherapy has shown manageable
safety and great efficacy in the treatment of locally advanced
ESCC. However, the expression of PD-L1 failed to predict
therapeutic responses of neoadjuvant chemoimmunotherapy
in ESCC, underscoring the urgent need for novel therapeutic
biomarkers. Tertiary lymphoid structures, which are mainly
formed by the aggregation of B cells, have now been
highlighted for evoking immune responses in multiple
tumours; however, the function and clinical significance of
intra-tumoural B cells have yet to be determined.

Added value of this study
We demonstrate a significant association of mismatch repair
pathway (MMR) alternations with treatment benefits.

Dichotomous lineages of B cells developing towards LMO2+

germinal centre B cells and CD55+ memory B cells were
identified within the tumour microenvironment of ESCC,
which strongly correlated with therapeutic responses. CD55+

B cells facilitate tumour growth by orchestrating
immunosuppression. Additionally, a comprehensive
evaluation of transcriptomic B cell lineage features can serve
as an effective predictor of the response to immunotherapy.

Implications of all the available evidence
CD55 blockade may inhibit the immunosuppressive functions
of B cells and contribute to the reinvigoration of anti-tumour
immune responses in ESCC. The comprehensive evaluation of
tumour MMR pathway alternation and intra-tumoural B cell
features will improve the selection and management of
patients with ESCC to receive neoadjuvant
chemoimmunotherapy.
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antibodies significantly prolonged progression-free sur-
vival in the KEYNOTE-590, ESCORT-1st, and ORIENT-
15 trials.1–4 The combination of anti-PD-1 monoclonal
antibodies and platinum-based chemotherapy leads to
superior outcomes, compared with chemotherapy alone.5

Multiple studies have attempted to determine the feasi-
bility and efficacy of chemoimmunotherapy in patients
with potentially resectable ESCC to further expand the
application. In the neoadjuvant setting, the pathologic
complete response (pCR) rate of patients receiving cam-
relizumab plus nab-paclitaxel and carboplatin reached
39.2%.6 However, PD-L1 expression cannot explain the
heterogeneous responses of ICB in ESCC.3,6 Besides, the
predictive effect of tumour mutational burden (TMB)
remains highly controversial. The TMB values were
comparable between responding and non-responding
groups in patients treated with Tislelizumab plus
chemotherapy.7 Nevertheless, significantly higher TMB
was observed in tumours with pCR comparing to tu-
mours without pCR from patients treated with camreli-
zumab plus chemotherapy.6 The cellular and molecular
mechanisms of response are fundamental knowledge
barriers in expanding the proportion of patients with
ESCC who benefit from ICB.

Studies have illustrated that mutation-associated
neoantigens (MANAs) derived from tumour somatic
mutations have divergent immunogenicity and may
promote distinct adaptive immune responses after rec-
ognised by immune cells. In adaptive immune re-
sponses, tumour-infiltrating B cells play key roles in
presenting antigens to T cells, stimulating CD4+ T cells,8

and organizing tertiary lymphoid structures (TLSs),
which positively correlate with immunotherapy effi-
cacy.9,10 However, immunosuppressive signaling within
tumour ecosystems can lead to reprogramming of
lymphocytes, including B cells, resulting in resistance to
immunotherapy. Our work aimed to characterize the
genomic and immune features correlated with hetero-
geneous responses to neoadjuvant PD-1 inhibitors plus
paclitaxel and platinum-based chemotherapy. Conse-
quently, we discovered the comprehensive evaluation of
tumour MMR pathway alternations and intratumoural B
cell features will provide a more accurate prediction for
patients with ESCC who will respond to therapy.
Methods
Patient population
Between February 2021 and January 2022, 24 patients
with histologically confirmed locally advanced ESCC
were enrolled in this study. After pretreatment biopsy,
all patients received preoperative anti-PD-1 therapy plus
paclitaxel-platinum-based chemotherapy for 2–4 cycles
and then underwent R0 resection surgery (Figure S1
and Table S1). Additionally, we collected five surgical
tumour samples from patients with untreated ESCC and
performed flow cytometry to validate the infiltration and
phenotypes of B cell subsets.

For therapy response evaluation, we applied the
Mandard tumour regression grade (TRG) system as a
surrogate endpoint, which is associated with mortality
in oesophageal cancer after neoadjuvant therapies.11

Patients with TRG grades 1–2 were regarded as re-
sponders and patients with TRG grades 3–5 were
regarded as non-responders. This neoadjuvant treat-
ment cohort included six females (25%) and 18 males
(75%), which is basically concordant with the reported
sex disparities in ESCC incidence.12 Sex of participants
was determined by biological secondary sex character-
istics. All patients provided written informed consents
www.thelancet.com Vol 100 February, 2024
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and the study was approved by the Ethics Committee of
Zhongshan Hospital, Fudan University (B2021-129).

Whole-exome sequencing (WES) and somatic
variant detection
DNA was extracted from formalin-fixed paraffin-
embedded (FFPE) sections using Nucleic Acid Extrac-
tion Kits and Concert-HF-48 Nucleic Acid Purifier
(Concertbio). All FFPE specimens from 23 patients were
sequenced within six months after sampling. WES li-
braries were constructed by NadPrep DNA Library
Preparation Kit (Nanodigmbio) from 500 ng FFPE-
DNA. Library yields were controlled between 500 and
1000 ng. All WES libraries were processed by single-
tube capture hybridization, following the Nanodigmbio
Hybridization capture protocol, and target capture with
NEXome Plus Panel v1.0 (Nanodigmbio) was performed
overnight. Streptavidin M270 beads were used to isolate
hybridized targets. WES libraries were then sequenced
by 150bp paired-end runs at a sequencing depth of
300–500x using a DNBSEQ-T7RS Sequencer (MGI Tech
Co, Shenzhen China). The frequencies of C > T tran-
sitions were comparable between our pre-treatment
samples and those reported in The Cancer Genome
Atlas (TCGA)-ESCC cohort. For bioinformatic filtering,
we set the variant allele frequency threshold to 5%.
Quality control data of WES are provided in Table S2.

Gapped alignment of the reads was performed with
the Burrows-Wheeler-Aligner-0.7.17-r1194 software and
the Genomic Variant Caller algorithm (GVC; Genome
Wisdom Inc) utility was used to detect somatic varia-
tions. GVC employs a machine learning model to
calculate the probability of single nucleotide variants
(SNVs), small insertions and deletions (indels), and copy
number variations (CNVs) for different genotypes of
tumour and normal control samples. For the calling of
structural variation, GVC extracts the reads from the
BAM file related to fusion candidates and also extracts
the feature information near the fusion breakpoints.

Signature analysis, human leucocyte antigen (HLA)
typing, and neoantigen prediction
Mutational signature analysis, with reference to COS-
MIC cancer signatures,13 was performed using decon-
structSigs (1.6.0), which selects combinations of known
mutational signatures that account for the observed
mutational profile in each sample. Mutational signa-
tures were represented by the following terms: MMRD
(SBS6 and SBS15), age (SBS1 and SBS5), APOBEC
(SBS2 and SBS13), smoking (SBS4), UV (SBS7), POLE
(SBS10a and -b), colibactin exposure (SBS88), aristolo-
chic acid exposure (SBS22), and aflatoxin exposure
(SBS24).

HLA class I types were determined for each tumour
and matched normal sample by Polysolver tool (4.0)
from the WES with default parameters. HLA loss of
heterozygosity (LOH) was defined as LOH over the HLA
www.thelancet.com Vol 100 February, 2024
class I locus (HLA-A/B/C). The LOHHLA tool was used
to determine LOH over the HLA class I locus. Less than
0.5 copy number statistically significant HLA alleles
were thought to be experiencing loss of heterozygosity.
Neoepitopes (9-mers) containing nonsynonymous SNV
and indel mutations were predicted by NetMHCpan
v4.1. Candidate neoantigens were selected by the
following criteria: (1) class I HLA-binding affinity of
neoepitope is less than 500 nM and (2) the rank of
tumour neoepitope is less than 0.5%.

Single-cell RNA-sequencing (scRNA-seq) and data
analysis
Ten freshly resected EESC surgical specimens were
collected for scRNA-seq. After being dissociated into
single cells, fresh ESCC samples were stained with anti-
CD45 and fluorescently conjugated antibodies. The an-
tibodies used in this study are listed in Table S3. CD45+

dye− live immune cells were purified by the Melody
fluorescence-activated cell sorter (FACS) and the BD
Rhapsody system was applied to capture single cells.
Whole-transcriptome libraries were prepared using the
BD Rhapsody single-cell whole-transcriptome amplifi-
cation workflow. An Illumina sequencer (Illumina, San
Diego, CA, USA) was used for sequencing on a 150-bp
paired-end run. UMI-tools were used to identify the cell
barcode whitelist. The UMI-based clean data were
mapped to the human reference genome (Ensemble
V.91) using the STAR algorithm. Raw data were pro-
cessed using fastp to filter adaptor sequences and
remove low-quality reads. Cells with a mitochondrial
content higher than 30% were regressed out from
further downstream analysis. After filtering cells with
high expression of mitochondrial DNA and ribosomal
RNA, we obtained 32,429 CD45+ immune cells.
Through cell type annotation by SingleR (1.8.1), we
clustered the major immune cell subtypes, which
included 7460 follicular B cells, 2383 germinal centre
(GC) B cells, 476 plasma cells, 1473 myeloid cells, 1941
NK cells, 8733 CD4+ T cells and 9963 CD8+ T cells. For
the integration of scRNA-seq data from each patient, the
Harmony algorithm (0.1.2) was used to batch correct the
samples (patient was used as the batch variable).
Pseudo-time trajectory analysis was performed by
Slingshot (3.16), comparison of cell density in lineages
was performed by condiments (1.6.0), and intercellular
communication was analysed with CellPhoneDB (3.0.0).

Co-culture of B- and T-cells
Human cells were acquired from patients with ESCC for
FACS. CD45+CD3+CD4+ T cells and CD45+CD3+CD8+ T
cells were sorted on a BD FACsAria flow cytometer
based on CD45, CD3, CD4, and CD8 surface expression
phenotypes. CD45+CD19+CD55+ B cells and
CD45+CD19+CD55− B cells were sorted on the BD FAC-
sAria flow cytometer based on CD45+, CD19+, and
CD55+/− surface expression phenotypes. Purified B-cell
3
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(2 × 104 cells/well) and T-cell (2 × 105 cells/well) subsets
from the same patient were plated in a 48-well U-bottom
plate and co-cultured for 48 h with anti-CD3 (2 mg/mL),
anti-CD28 (10 mg/mL), interleukin (IL)-2 (0.2 mg/mL),
anti-IgM (2 mg/mL), and lipopolysaccharide (10 mg/mL).
Flow cytometry was used to analyse the composition of T
cells.

Mice
Ten male NOD-SCID mice (RRID: BCBC_1262) of ten
weeks-old were used in this study. The mice were
housed at temperatures of 18–23 ◦C with 40–60% hu-
midity under specific pathogen-free conditions and fed a
normal diet. Environmental enrichment, including
nesting and houses, was provided to promote welfare.
No animal was excluded in analysis and no unexpected
adverse events occurred. Animal experiments were
conducted in compliance with protocols approved by
Zhongshan Hospital, Fudan University, with permis-
sion granted under approval number SYXK 2021-0022.

Cell lines
The ESCC cell line EC-109 (RRID: CVCL_6898) was
obtained from the Institute of Biochemistry and Cell
Biology of the Chinese Academy of Science (TCHu 69,
Shanghai, China), which was authenticated using short
tandem repeat profiling. The cell line was used in the
sixth month after receipt. EC109 cells were cultured in
Dulbecco’s modified Eagle medium containing 10%
foetal bovine serum. The cells were grown at 37 ◦C in a
5% CO2 atmosphere.

Adoptive transfer
To conduct the in vivo cell transfer experiment, we
collected lymphocytes from surgical ESCC specimens
from five patients and isolated CD8+ T cells using CD8
Microbeads (STEMCELL). In vitro co-culture of the
isolated CD8+ T cells and EC109 cells for 8 h was con-
ducted first to verify that the CD8+ T cells can recognise
and kill EC109 tumour cells. Among five patients, the
one whose CD8+ T cells expressed highest levels of
CD107a after co-culture was selected as the lymphocyte
donor for the in vivo cell transfer experiment. HLA I
compatibility was examined by GENDX SBTexcellerator
to support CD8+ T cells from the donor may recognise
EC109 cells in a MHC-I dependent manner.

Previous studies have reported the adoptive transfer
of lymphocytes to male tumor-bearing mice.14,15 Only
male mice were used to avoid the different efficacy of
tumor transplantation and adoptive transfer caused by
the discrepancy of sex. The ten NOD-SCID mice of ten
weeks-old were randomly divided into two groups for
different adoptive transference (five mice per group).
The FACS-purified CD55+ B cells (4 × 105 cells), CD55-

B cells (4 × 105 cells), and CD3+ T cells (1 × 106 cells)
from the tumour of the donor were transferred into each
NOD-SCID mouse from the two groups via intravenous
injection. After 48 h, the subcutaneous ESCC model was
established with injection of EC109 cells (3 × 105 cells)
to each mouse. The same adoptive transfer protocol was
repeated for each mouse 17 days after construction of
the subcutaneous ESCC model. The mice were sacri-
ficed at the end point of the study and subcutaneous
tumours were excised and processed for further ana-
lyses. All procedures were conducted by researchers in
accordance with the Guide for the Care and Use of
Laboratory Animals.

Bulk RNA sequencing data source and processing
Patient characteristics of the TCGA-ESCC cohort were
retrieved from http://www.cbioportal.org/study. The
ICB cohort was composed of patients from the
GO29293 cohort,16,17 which includes 451 patients with
solid tumours who received atezolizumab. The gene
signatures of the CD55+ memory B (Bm) cells and the
LMO2+ GCB cells were constructed by top expressed
genes of the Bm_CD55 and GCB_LMO2 subsets from
the scRNA-seq data. The component of gene signatures
and mutational pathways used in this study are listed in
Table S4. GSVA package (1.48) was used to calculate the
ssGSEA score for each gene signature for every sample
in the TCGA-ESCC and ICB cohorts.

A support vector machine (SVM) classifier with
linear kernels was used to verify the robustness of the K-
means clustered subgroups. We used leave-one-out
cross-validation to predict K-means clustered subgroup
membership.18 To avoid overfitting, the regularization
parameter was set to 1 for each binary classification
problem, and the assigned vector of length was fixed to a
uniform vector under the assumption that each binary
classification problem is equally important. The perfor-
mance of the multiclass classifier was evaluated through
the construction of receiver operating characteristic
curves and measurement of the area under the curve
(AUC); the mean AUC was 0.972 for the categorization,
supporting the stability of K-means clustering.

Statistical analysis
The continuous variables were evaluated between two
conditions by the Mann–Whitney U test and the cate-
gorical variables were evaluated between two conditions
by the Chi-squared test or Fisher exact test. Correlation
was carried out with Spearman’s rank test. Data are
presented as box plots, including the median (centre
line) with 25th and 75th percentiles (box limits) and
standard deviation (error bars). Kaplan–Meier curves
were used for overall survival (OS) and progression-free
survival (PFS) analyses, and the log-rank test was used to
compare survival between two groups. Univariate and
multivariate logistic regression was used to analyse
variables and dichotomous status and to identify po-
tential confounders and bias in the study. Univariate
and multivariate analyses were performed by Cox
proportional-hazards regression with hazard ratios and
www.thelancet.com Vol 100 February, 2024
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95% confidence intervals. Specific statistical tests cor-
responding to each analysis are detailed in the figure
legends. The medians were defined as cut-offs to cate-
gorize samples according to high and low values of
continuous variables. The statistical analyses were per-
formed using R (3.4) and IBM SPSS Statistics V.26.0
(SPSS, Chicago, IL, USA). A two-sided P value <0.05
was considered statistically significant.

Role of funders
The funders were not involved in the study design, data
collection, data analysis, interpretation or writing of the
manuscript.
Results
Exonic mutational landscapes of ESCC associated
with response to therapy
To dissect genomic and immune profiles and identify
the determinants of therapeutic efficacy in ESCC, we
leveraged WES, scRNA-seq, and immunohistochem-
istry/multiplex immunofluorescence (mIF) data in
ESCC samples from 24 patients who received neo-
adjuvant PD-1 inhibitors plus paclitaxel-platinum-based
chemotherapy and subsequent surgeries (Fig. 1a and
Figure S1). The responses to treatment were assessed
via computed tomography and underwent pathological
review (Fig. 1b). TRG 1 was achieved in four patients,
TRG 2 in eight patients, and TRG 3–5 in 12 patients
(Fig. 1c). Among the 23 pretreatment tissues analysed
by WES, the TMB was higher in responders than in
non-responders (5.52/Mb vs 2.76/Mb; P = 0.038, Mann–
Whitney U test; Fig. 1d). However, pre-treatment TMB
was not a significant predictor of the therapy response
(Table S5). We then found that responding samples
carried significantly higher raw counts of indels, rather
than SNVs, than samples from non-responders (71 vs
32; P = 0.005, Mann–Whitney U test). The prediction
values of pre-treatment SNVs, indels and CNVs based
on raw counts suggested that pre-treatment indels
showed the highest AUC value (Figure S2a). Collec-
tively, these results indicated that the pre-treatment
indel burden predicts the response to neoadjuvant che-
moimmunotherapy in patients with ESCC, independent
of potentially confounding factors (Table S5), which is in
line with recent studies.19

Interestingly, we observed that FAT1 mutations were
completely preserved in non-responders after treatment
(Fig. 1e). In addition, patient S4, who harboured a
considerable TMB but no mutations in the NOTCH
pathway before treatment, exhibited limited benefits
from neoadjuvant chemoimmunotherapy, implicating
that NOTCH alternations may enhance chemo-
immunotherapy responsiveness.20 POLE (1/11 vs 0/12;
P = 0.478, Fisher’s exact test), MLH1 (2/11 vs 0/12;
P = 0.217, Fisher’s exact test), and OGG1 (2/11 vs 0/12;
P = 0.217, Fisher’s exact test) mutations were exclusively
www.thelancet.com Vol 100 February, 2024
identified in responders before treatment, implicating
that deficient DNA damage repair (DDR) might be
associated to therapeutic responses in ESCC. These re-
sults were enlightening but inconclusive. Moreover,
comparisons of pathway alternation frequencies be-
tween responders and non-responders in pre-treatment
samples revealed increased alternations in the PI3K,
BER, MMR, and FA pathways21,22 in responders (Fig. 1f).
In this analysis, a patient was considered to carry a
pathway alternation if a mutation in a gene in a pathway
was found in any of the preoperative tissues. In the
mutational signature analysis, MMR deficiency signa-
tures were significantly preponderated in patients with
TRG1 (Fig. 1g and Figure S2b).

To further investigate the relationship between DDR
pathways and therapeutic efficacy, we designated tu-
mours with alternations in the MMR, BER, or FA
pathways as tumours with DDR alternation. Univariable
logistic analysis showed that the integrated pre-
treatment DDR alternations showed strong potency in
predicting the therapeutic responsiveness (Fig. 2a). In
pre-treatment samples, tumours with DDR alternations
possessed higher TMB and SNV levels, and the disparity
was exacerbated when comparing the number of indels
between two groups (Fig. 2b).

Intriguingly, we noted that some patients with rela-
tively high pre-treatment TMB or DDR alternations still
exhibited suboptimal clinical benefits. Since defects in
antigen presentation may obstruct neoantigen recogni-
tion and activation of immune responses, we next
inspected the LOH in HLA and alterations of genes of
the antigen-presenting machinery. While defects in the
antigen-presenting machinery exhibited no difference
between responders and non-responders (Fig. 2c), HLA
LOH was observed only in non-responders both before
and after treatments (Fig. 2c and d). We further
discovered that all patients with pre-treatment DDR al-
ternations and intact HLA responded to chemo-
immunotherapy (Fig. 2d). Therefore, it is inferred that
pre-treatment DDR alternations may only facilitate an
immune response when the HLA remains intact.

To assess the immunological mechanisms driving
distinct therapeutic responses among patients with
varied DDR status, we examined corroborated genomic
and immune data23 from the ESCC-TCGA cohort. Sig-
nificant elevation of immune cells, including total lym-
phocytes, CD8+ T cells, follicular helper T cells, and
naïve B cells, and decreased memory B cells were
observed in patients with MMR alternations compared
to patients with other DDR alternations or no DDR al-
ternations (Fig. 2e), implying an upsurge in the adaptive
immune response. Moreover, the number of mutated
MMR genes in pre-treatment specimens correlated
negatively with the percentage of residual viable tumour
cells after treatment (Fig. 2f).

To further explore the mechanism underlying the
association between MMR alternations and therapeutic
5
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Fig. 1: Exonic mutational landscapes of ESCC associating to therapeutic responses. (a) The schematic of the study workflow sum-
marizing the analysis of genomic and immune profiling in this study. (b) Representative computed tomography images and H&E images
obtained during patient treatment. Scale bar, 100 μm. (c) Bar chart of the pathological response for each patient included for analysis. (d)
Box plot comparing TMB, SNV and indels between responders and non-responders before and after treatment (Mann–Whitney U test). (e)
Landscape of genomic alterations in pre-treatment and post-treatment samples from the patients with ESCC matched according to
pathological responses. (f) Radar chart displaying the frequencies of pathway alternations in pre-treatment samples from responders
(n = 11) and non-responders (n = 12). (g) Heatmap of mutational signatures in pre-treatment samples from patients with ESCC matched
according to pathological responses. The number of samples and P values are indicated directly in the figure. Error bars in bar plots represent
the standard deviation.
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responses, we applied neoantigen binding affinity pre-
diction to determine whether MMR alternations were
associated with high-affinity mutation-associated neo-
antigens (MANAs). Although the pre-treatment counts of
overall MANAs and indel-derived MANAs failed to
distinguish the difference in therapeutic responses, the
proportion of patients who carried pre-treatment indel-
derived MANAs was higher in responders than in the
non-responders (Fig. 2g and Figure S2b), suggesting the
superior immunogenicity of the indel-derived neo-
antigens. Additionally, the proportion of tumours car-
rying pre-treatment indel-derived neoantigens was higher
in cases of ESCC with MMR alternations than tumours
without MMR alternations (Fig. 2g). The Sankey diagram
(Fig. 2h) demonstrates the relationship between dynamic
genomic profiling and therapeutic responses. The
www.thelancet.com Vol 100 February, 2024
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Fig. 2: Association of damaged DNA repair pathways with therapeutic responses. (a) Forest plot representing the odd ratios with error bars
corresponding to 95% CI bounds determined by the univariable Logistic regression model. (b) Box plot comparing pre-treatment TMB, SNV and
indels between patients with and without DNA damage repair (DDR) alterations (Mann–Whitney U test). (c) Landscape of antigen presenting
gene alterations and HLA LOH status in pre-treatment and post-treatment samples from the patients with ESCC matched according to
pathological responses. (d) Proportions of pre-treatment HLA LOH events in responders (n = 11) vs non-responders (n = 12) (0% vs 36.6%, Chi-
square P < 0.001) (left); proportions of responders in patients with pre-treatment DDR alt and HLA intact (n = 9) vs others (n = 14) (100% vs
15.4%, Chi-square P < 0.001) (right). (e) Violin plot comparing lymphocytes, CD8+ T cells, T cell follicular helpers, naïve B cells and memory B
cells according to DDR status (Mann–Whitney U test). (f) Correlation between numbers of treatment mutated MMR genes and residue viable
tumour (%) (Spearman’s rank test). (g) Proportions of patients with pre-treatment indel derived MANAs in responders (n = 11) vs non-
responders (n = 12) (47% vs 16%, Chi-square P < 0.001) (left) and in MMR alt (n = 9) vs MMR non-alt (n = 14) (54% vs 8%, Chi-square
P < 0.001) (right). (h) Sankey diagram depicting the flow of therapeutic responses across genomic profiling. APM, antigen-presenting ma-
chinery. HLA, human leukocyte antigen. LOH, loss of heterozygosity. The number of samples and P values are presented in the figure. Error bars
in bar plots represent the standard deviation.
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predictive effect of pre-treatment MMR alternations on
therapeutic responses appeared to be consistent when
adjusting for potential confounders of ESCC (Table S5).
www.thelancet.com Vol 100 February, 2024
In summary, our results indicate that DDR alternations,
especially MMR alternations, might increase the indel-
derived MANA burdens that activate immune
7
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responses and consequently influence the clinical out-
comes of neoadjuvant chemoimmunotherapy.

Immune infiltration heterogeneity of ESCC with
distinct therapeutic responsiveness
Heterogeneity of the tumour microenvironment (TME)
strongly interacts with genomic alterations within
tumour cells and determines the response to chemo-
immunotherapy. Both pre-treatment CD8+ cells and
PD-L1 expression scores on FFPE slides failed to
distinguish responders from non-responders
(Figure S3a and b). To further investigate the immu-
nological determinants, 10 tumour samples were
collected from surgery after neoadjuvant treatment and
analysed using scRNA-seq for panoramic illustration of
the TME of patients with distinct susceptibility to
treatment. After quality control, eight main immune cell
clusters were formed: CD4+ T cells, CD8+ T cells, NK
cells, follicular B cells, germinal centre B (GCB) cells,
plasma cells, and myeloid cells (Fig. 3a). Interestingly,
PDCD1 and CD274 expression levels were elevated in
non-responding tumours after treatment, especially in
GCB cells and CD4+ T cells, respectively (Fig. 3b). We
then examined the relative frequencies of immune cells
in patients with varied MMR status and therapeutic
sensitivities. Enriched follicular B cells and down-
regulated CD8+ T cells were observed in patients with
MMR alternations. In addition, follicular B cells
increased in responsive tumours, whereas CD4+ T cells
mainly infiltrated non-responsive tumours (Fig. 3c).

Since we identified differentially enriched lympho-
cyte clusters in patients with distinct therapeutic re-
sponses, we further re-clustered CD8+ T cells, CD4+ T
cells, and B cells to provide insights into the specific
immune populations that may drive therapeutic re-
sponses in ESCC (Fig. 3d). Six CD8+ T cell clusters were
categorized (Figure S4a and b). A tendency of upregu-
lated central memory CD8+ T cells and effector CD8+ T
cell was observed in responders (Figure S4c). For CD4+

T cells, we identified seven canonical CD4+ T cell clus-
ters and two Treg clusters (Fig. 3e and Figure S4d).
Compared with responders, non-responders showed
infiltration of lower proportions of central memory
CD4+ T cells, but higher proportions of IL-26+ CD4+ T
cells and Tregs (Fig. 3f), which is in line with previous
reports of immune modulation caused by Tregs and
CD4+ T cell-derived IL-26.24,25

When sub-clustering B cells, we detected seven clus-
ters and investigated their association with therapeutic
susceptibility (Fig. 3g). The Bn_YBX3 cluster was char-
acterized by highly expressed naïve markers IGHM and
IGHD. Two GCB cell subsets were detected through the
specific expression of POU2AF1 and LMO2, and a preGC
subset was distinguished by PARVB and FCRL3 expres-
sion. Moreover, the other four clusters displayed a tran-
scriptomic profile that resembles that of memory B cells
by expressing P2RY10 and VIM (Figure S4e and f). We
further investigated the transcriptomic profile of the B
cell clusters. By identifying the features of two GCB cell
subsets, GCB_STMN1 was found to express high levels
of cell cycle genes, including MKI67 and TOP2A,
consistent with a proliferating B cell population in the
GC.9,26 The other GCB cell cluster exhibited elevated
expression of LMO2. Memory B cells were tran-
scriptomically heterogeneous, among which the
Bm_CD55 subset designated by CD55 expression
expressed the highest level of activation markers
(Figure S4f). We observed that GCB_LMO2 exhibited
high relative abundance in patients harbouring MMR
alternations. Likewise, the infiltration of GCB_LMO2 cell
tended to increase in responsive tumours, while that of
Bm_CD55 cells decreased (Fig. 3h and Figure S4g and
h). These findings emphasise the importance of B cell
heterogeneity in shaping the clinical outcomes of che-
moimmunotherapy in ESCC.

Dichotomous developing trajectories of B cells in
ESCC
To gain insight into the mechanisms underlying B cell
heterogeneity in the TME with distinct therapeutic re-
sponses, we identified differentially expressed genes in B
cells between responding and non-responding samples
(Figure S5a and Table S6). Among these, the levels of
IGHM and antigen presentation genes (HLA-DMB and
CIITA) were increased in responders, while the expres-
sion of IGHA1, DDX21, and CD55 was significantly
upregulated in non-responders (Fig. 4a). Next, we estab-
lished GSVA scores of canonical B cell signatures to
identify enriched characteristics. Notably, signatures of B
cell immaturity, GC initiation, and the tertiary lymphoid
structure (TLS) increased in responding tumours.

To better understand the dynamic changes in B cells
in the setting of chemoimmunotherapy, we applied
Slingshot to reconstruct the pseudotime trajectories.
Based on the UMAP representation, Bn_YBX3 was set
as the starting point, and the end point was inferred via
pseudotime ordering. Intriguingly, two divergent line-
ages were established: a GC entry lineage extended to
GCB cell subsets and a Bm activation lineage differen-
tiated towards CD55+ memory B cells (Fig. 4b and
Figure S5b). Differentially expressed gene analysis
showed that BCL6 and LMO2 expression increased with
pseudotime in the GC entry lineage, while TNFRSF13B
and VIM were upregulated in the Bm activation lineage
(Fig. 4c and Table S7). We also found progressive in-
creases in MHC II and B cell activation signatures ac-
cording to pseudotime in GC entry lineage and Bm
activation lineage, respectively (Fig. 4c). This finding is
in line with a previous report showing that the B cell
activation feature increased in antigen-experienced
memory B cells and diminished in GCB cells.27

Determination of the developmental status analysis
of B cells showed that B cells from samples of re-
sponders were located in the early portion of both
www.thelancet.com Vol 100 February, 2024
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Fig. 3: Immune infiltration heterogeneity of ESCC with distinct therapeutic responses. (a) UMAP plot showing clustering for immune cells
from 10 patients with ESCC (left), expression of selected genes (middle) and distribution according to different therapeutic responses (right). (b)
Dot plot showing the expression of PDCD1 and CD274 in immune cell clusters from responders and non-responders. (c) Lollipop chart showing
difference of proportions of immune cell clusters in patients with different MMR status (left) and therapeutic responses (right) (scales of circles
indicate the –log P value; Student’s t test). (d) Expression heatmap of signature genes in distinct lymphocyte clusters. (e) UMAP plot showing
the subclustering for CD4+ T cells from 10 patients with ESCC (left), expression of selected genes (middle) and distribution in different
therapeutic responses (right). (f) Lollipop chart showing differences of proportions of CD4+ T cell subclusters from patients with different MMR
status (left) and therapeutic responses (right) (scales of circles indicate the –log P value; Student’s t test). (g) UMAP plot showing the sub-
clustering for B cells from 10 patients with ESCC (left), expression of selected genes (middle) and distribution according to different therapeutic
responses (right). (h) Lollipop and column chart showing difference of proportions of B cell subclusters from patients with different MMR status
(scales of circles indicate the –log P value; Student’s t test; left) and therapeutic responses (Chi-square test; right). P values are indicated in the
figure.
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trajectories and in the late position of the GC entry
lineage, whereas B cells from samples of non-
responders were located in the intermediate portion of
the GC entry lineage and in the late stage of the Bm
activation lineage (Fig. 4d). The skew towards GCB cells
in responders and that towards activated memory B cells
in non-responders is concordant with the aforemen-
tioned differential infiltration of the GCB cell subsets
and Bm_CD55 subset. Significant activation of pathways
www.thelancet.com Vol 100 February, 2024
involving cytokine binding and inflammatory response
was observed in GC entry lineage, along with down-
regulation of immunoglobulin production and B cell
activation pathways (Fig. 4e). In summary, our data
supports two linear trajectories associated with distinct
B cell phenotypes, with GCB cells more frequently
found at the end of the GC entry lineage, and activated
memory B cells located later in the pseudotime trajec-
tory of the Bm activation lineage.
9
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Fig. 4: Dichotomous B cell lineages correlate with therapeutic responses. (a) Violin plot showing the expression levels of genes and sig-
natures in B cells from responders and non-responders (Mann–Whitney U test). (b) Pseudotime trajectories for B cells based on Slingshot,
highlighting two lineages; the colour is annotated for pseudotime. (c) Expression of genes and signatures along pseudotime within two B cell
lineages. (d) Histogram showing distribution of B cells from responders and non-responders according to pseudotime for the two lineages. (e)
Bar plot showing differential pathways enriched in GCB entry lineage and Bm activation lineage by GSVA; the t-value is determined by a two-
sided unpaired limma-moderated t test. (f) Differential expressed genes in GCB cells from responders and non-responders. (g) Heatmap
showing the ratio of the number of significant interacting pairs between GCB cells and T cell clusters in responders and that in non-responders,
identified by CellphoneDB. (h) Representative flow cytometric plots of the expression of GL7 and CD23 on LMO2+ B cells. (i) Representative
immunofluorescence staining of a TLS for CD19 (green) and LMO2 (red) in ESCC samples. DAPI staining is shown in blue. Scale bar, 30 μm. (j)
Violin plot showing comparison of LMO2+ GCB cell signature between B cells from responders and non-responders (Mann–Whitney U test). (k)
Correlation between the TLS signature and LMO2+ GCB cell signature in TCGA-ESCC (Spearman’s rank test). P values are indicated in the figure.
Error bars in bar plots represent the standard deviation.
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GCB cells are enriched in ESCC benefitting from ICB
Next, we sought to investigate the phenotype of B cells
in ESCC. Since responsive patients exhibited higher
GCB cell levels than patients resistant to the chemo-
immunotherapy, we investigated the function of GCB
cells within the TME. Discrete markers were then
identified in GCB cells from responders and non-
responders (Figure S5c and Table S8). The expression
of antigen-presenting genes, especially MHC II (HLA-
DQA1), and immunoglobin (IGHM and IGHD) genes
was upregulated in GCB cells from responders (Fig. 4f).
To infer the mechanisms by which GCB cells promote
www.thelancet.com Vol 100 February, 2024
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treatment responsiveness in the TME, we identified
significant ligand–receptor pairs between GCB cells and
various T cell subsets in responders and non-
responders. An increased number of interacting pairs
between GCB cells and T cells was observed in re-
sponders, especially between the GCB_LMO2 and
CD4em_CXCL13 clusters (Fig. 4g).

Given that LMO2 was found to be preferentially
expressed in GCB cells from responding tumours, we
sought to define LMO2 as a specific marker for GCB
cells. By performing flow cytometry with fresh ESCC
samples, we discerned the co-expression of LMO2 with
the conventional GCB cell markers GL-7 and CD23
(Fig. 4h), concordant with previous findings.28 Recent
studies indicated a significant benefit of the TLS to ICB
in various tumours,10,29,30 and GC structures have been
revealed as key compartments in TLS formation.31

Therefore, we further investigated the distribution of
the LMO2+ GCB cells. Through mIF, LMO2+ B cells
were identified in the TLS (Fig. 4i). Moreover, the gene
signature of GCB_LMO2 cluster was constructed, which
showed a dominance of B cells from responders
(Fig. 4j). Transcriptomic expression of the LMO2+ GCB
cell score was also highly correlated with that of the TLS
signature (Fig. 4k). Therefore, our data illustrated that
LMO2+ GCB cells were dispersed in the TLS in ESCC,
promoting an anti-tumour immune response and
possibly contributing to improved chemo-
immunotherapy responsiveness.

Immunosuppressive characteristics of CD55+ B cells
in ESCC
The analyses described above revealed that CD55+ B
cells may play a central role in mitigating therapeutic
responses. Thus, we generated a gene set of CD55+ Bm
cells that were increased among the B cells from non-
responders (Fig. 5a). From post-treatment ESCC tissue
slides, we discovered that CD55+ B cells were mainly
located outside the TLS and infiltrated the tumour
stroma (Fig. 5b). To further illustrate CD55+ B cell
phenotypes, we detected differentially expressed genes
and pathways between CD55+ B cells and CD55- B cells
(Table S9). Of note, we found that the expression of
LMO2 was significantly downregulated with the in-
crease of CD55 expression (Fig. 5c), which underlines
the notion that CD55 expression disturbs affinity
maturation and GC initiation.32 Moreover, GSVA
scoring of B cells indicated that complement-dependent
cytotoxicity and inflammatory response pathways
decreased in CD55+ B cells (Figure S5e). Flow cytometry
showed that the abundance of CD55+ B cells highly
varied among tissue origins and individuals (Figure S6a
and b). Classical B cell markers were then examined
along with CD55, which revealed that intra-tumoural
CD55+ B cells mainly exhibited the CD27+ phenotype
and lacked CD38 expression (Fig. 5d and Figure S6b).
The CD55+ B cells in ESCC were predominantly
www.thelancet.com Vol 100 February, 2024
CD19+CD27+CD20+ memory B cells, although a small
fraction of CD55+ B cells had the CD20−CD27− pheno-
type (Figure S6c). The expression of CD20 was previ-
ously reported to be lost during differentiation at the
plasmablast stage,33 suggesting that the
CD19+CD20−CD27−CD55+ cells might be in a transient
state to plasmablast cells. Moreover, CD55+ B cells were
predominantly IgD− (Fig. 5e). Regarding cytokine
secretion, we observed elevated levels of TGF-β pro-
duction by CD55+ B cells (Fig. 5e). The analysis by
scRNA-seq data further indicated the expression of
TGFB1 in CD55+ B cells (Fig. 5f).

Discrete receptor–ligand interactions between
CD55+ B cells and T cells were also predicted by Cell-
phoneDB for responders and non-responders
(Table S10). CD55+ B cells evidently interacted with
exhausted CD8+ T cells and Tregs in non-responders,
compared with responders (Fig. 5g). Notably, TGFB1
ligand–receptor pairs may mediate crosstalk between
CD55+ B cells and Tregs. To directly investigate whether
CD55+ B cells enhance Treg differentiation through
TGF-β, we purified human CD55+ B cells and other B
cells from fresh ESCC specimens using FACS
(Figure S6e), followed by in vitro co-culture with CD4+T
cells in the absence or presence of the TGF- β neutral-
izer. The results indicated that CD55+ B cells remark-
ably induced CD4+ T cell differentiation into Treg cells,
which was inhibited by TGF-β neutralization (Fig. 5h
and Figure S6f). Additionally, the CD55-ADGRE5
ligand–receptor pair was enriched between CD55+ B
cells and exhausted CD8+ T cells, suggesting a potential
role for CD55+ B cells in suppressing CD8+ T cells. In
comparison with other B cells isolated from the same
tumours, CD55+ B cells showed higher capacity to
impair the functional ability and expansion of CD8+ T
cells from the same patient, reducing their IFN-γ, PRF1,
TNF-α, CD107a, and Ki-67 expression. CD55 blockade
reinforced the anti-tumour effects of CD8+ T cells
(Fig. 5i and Figure S6g). Therefore, our data showed
that CD55+ B cells exhibit immune-regulating pheno-
types and contribute to immune evasion by facilitating T
cell exhaustion.

To confirm whether CD55+ B cells exert immune-
regulating effects in vivo, we performed adoptive
transfer of T cells and CD55+ or CD55− B cells into
NOD-SCID mice subcutaneously injected with the
EC109 cell line (Fig. 5j). Tumour progression was
inhibited by T cells co-transferred with CD55− B cells,
but not by T cells co-transferred with CD55+ B cells
(Fig. 5k), indicating that CD55+ B cells are an immu-
nosuppressive subset. CD55+ B cell transfer signifi-
cantly blunted the function of CD8+ T cells, diminishing
the secretion of IFN-γ, PRF1, and CD107a in CD8+ T
cells, while increasing the proportion of FOXP3+ Tregs
(Fig. 5l and Figure S6g). Thus, these results validate the
crucial role of CD55+ B cells in immunoevasion and
tumour growth in ESCC.
11
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Fig. 5: CD55+ B cells exhibit immunosuppressing ability and facilitate tumour growth. (a) Comparison of the CD55+ Bm cell signature
between B cells from responders and non-responders (Mann–Whitney U test). (b) Representative immunofluorescence staining for CD19
(green) and CD55 (red) in TLS and stromal of ESCC samples. DAPI staining is shown in blue. Scale bar, 100 μm and 50 μm (zoomed-in image).
(c) Volcano plot showing differentially expressed genes between CD55+ B cells and CD55− B cells. (d and e) Representative flow cytometric plots
depicting the phenotype of CD45+CD19+CD55+ B cells defined by markers including CD27, CD38, IgD, and TGF-β. (f) Differentially expressed
cytokines and chemokines in CD55+ B cells and CD55− B cells. (g) Heatmap showing the strength of interacting pairs between CD55+ Bm cells
and T cell clusters in responders and non-responders identified by CellphoneDB. (h) The detection of CD25+FOXP3+ Tregs after co-culture of
CD4+ T cells and B cells subsets (left) and corresponding statistical analysis (right) (n = 3 per group; Mann–Whitney U test). (i) The detection of T
cell functions after co-culture of CD8+ T cells and B cells subsets (left) and corresponding statistical analysis (right) (n = 3 per group; Mann–
Whitney U test). (j) T cell and B cell subset were transferred to NOD-SCID mice followed by establishment of a subcutaneous ESCC tumour
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B cell lineage features predict clinical outcomes
Since the vital roles of intratumoural B cell lineages on
the response of ESCC to chemoimmunotherapy were
demonstrated, we sought to detect B cell subsets in pre-
treatment ESCC samples and explore their potency to
predict therapeutic sensitivities. LMO2, CD55, and the B
cell marker CD19 were detected in pre-treatment biopsy
ESCC tissues (Fig. 6a). The total pre-treatment B cell
density was higher in responders, but there was no
significant difference in the number of pre-treatment
TLSs between responders and non-responders
(Figure S7a). Moreover, pre-treatment LMO2+ B cell
infiltration increased in responders, and pre-treatment
CD55+ B cell density was higher in non-responders,
suggesting the predictive effect of B cell subsets
(Fig. 6b). Additionally, in multivariate logistic regression
analyses, the predictive effect of pre-treatment CD55+ B
cells on therapeutic responses appeared to be consistent
when adjusting for potential confounders of ESCC
(Table S5).

We then analysed a pan-cancer ICB cohort16,17 to
verify the capacity of diverse B cell profiles to predict
ICB efficacy. We found that CD55+ Bm cells were
associated with suboptimal PFS in the pan-cancer ICB
cohort (Fig. 6c). Moreover, high levels of LMO2+ GCB
cells predicted significantly prolonged PFS after ICB
(Fig. 6d). When integrating LMO2+ GCB cells and TLS
into the survival analysis, only patients with both high
LMO2+ GCB cells and TLS scores acquired pro-
nounced survival benefits from ICB (Fig. 6d), indi-
cating that TLS may activate the immune response
only with the presence of LMO2+ GCB cells. To
demonstrate the unique prediction of ICB responses
by transcriptomic B cell subset features, this model
was further tested in the chemotherapy cohort from
ESCC-TCGA. The results of univariable Cox regres-
sion showed that the CD55+ Bm score and LMO2+

GCB cell score were not significant prognosticators for
patients with ESCC who received adjuvant chemo-
therapy (Figure S7b). In conclusion, these results
showed that the transcriptomic features of B cell lin-
eages might serve as key predictive factors for thera-
peutic susceptibility.

For comprehensive characterization of B cell line-
ages, we categorized the patients into different groups
based on CD55+ Bm cell, LMO2+ GCB cell and TLS
signatures. We performed K-means clustering within
the ESCC-TCGA cohort and found four groups of pa-
tients with distinct B cell features (Fig. 6e). Tumours
from patients in Group 1 exhibited high CD55+ Bm cell
infiltration and a sparse abundance of LMO2+ GCB cells
model. (k) Tumour weights after adoptive transfer and subcutaneous ES
test). (l) Comparison of intra-tumoral CD8+ T cell functions and Treg prop
construction (n = 5 per group; Mann–Whitney U test). P values are ind
deviation.
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and TLS. Survival analysis and log-rank tests demon-
strated that Group 1 had the shortest OS (Fig. 6e).
Trained with the ESCC-TCGA cohort, we then built a
binary classifier using a SVM with linear kernel.
Through the SVM model we stratified each patient in
the pan-cancer ICB cohort into four groups according to
the signature expression of CD55+ Bm cells, LMO2+

GCB cells, and TLS. Likewise, Group 1 showed the
shortest progression interval (Fig. 6f), even when
compared to that of Group 2, which included patients
with high CD55+ Bm cells and high LMO2+ GCB cells.
Taken together, these results demonstrate that risk
grouping based on transcriptomic B cell lineage features
may serve as a useful predictor of the clinical benefits of
immunotherapy.

We further validate our findings among patients
receiving PD-1 inhibitors plus nab-paclitaxel and
platinum-based chemotherapy in our cohort. In pre-
treatment samples, the responders carried significantly
higher indel counts and deficient MMR signature scores
comparing to non-responders (Figure S8a and b).
Comparisons of DDR pathway alternations also revealed
higher frequencies of MMR alternations in responsive
tumours before treatments (Figure S8b). Of note, pre-
treatment indel-derived neoantigens were only carried
by ESCC with MMR alternations (Figure S8c).

Regarding the B cell features, analysis through
scRNA-seq data revealed increased proportion of
Bm_CD55 cells among total B cells in tumors from non-
responders after therapy (Figure S8e). In pre-treatment
samples, CD55+ B cell infiltration was observed to in-
crease in non-responders, while LMO2+ B cell density
was higher in responders (Figure S8g). Overall, indel
counts, MMR alternations and recognised B cell fea-
tures in this study are correlated with the responses of
neoadjuvant PD-1 inhibitors plus nab-paclitaxel and
platinum-based chemotherapy in ESCC.

Association of B cell heterogeneity with genome
characteristics of ESCC
Genomic features have been established as key in-
dicators of therapeutic benefits in ESCC.34 To investigate
whether B cell features were associated with somatic
genomic variations, we followed a pathway-focused
approach to identify enriched genomic alterations. By
examining the association between pathway alternations
and B cell feature groupings, we found an exclusion of
alternations in MMR pathways in patients from Group 1
(Fig. 6g), characterised by tumours harbouring pre-
dominantly CD55+ Bm cells and a low proportion of
LMO2+ GCB cells. This supported the link between
CC tumour model construction (n = 5 per group; Mann–Whitney U
ortions after adoptive transfer and subcutaneous ESCC tumour model
icated in the figure. Error bars in bar plots represent the standard
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Fig. 6: B cell linage features predict clinical outcomes and correlate with MMR alteration status. (a) Representative immunofluorescence
staining for CD19 (magenta), LMO2 (green) and CD55 (red) in pre-treatment ESCC tissues. DAPI staining is shown in blue (left). Scale bar,
50 μm and 20 μm (zoomed-in image). (b) Comparison of infiltrating LMO2+ B cells and CD55+ B cells between responders and non-responders
before treatment (right; Mann–Whitney U test). (c) Survival curves generated for CD55+ Bm cell signatures in ICB cohort (n = 451; log-rank test).
(d) Progression-free survival curves generated for LMO2+ GCB cell signatures (upper) and combined with TLS signatures (lower) in the ICB
cohort (n = 451; log-rank test). (e) Circular heatmap showing risk grouping based on B cell lineage features in the ESCC-TCGA cohort (the outer
circle represents scaled CD55+ Bm cell expression, middle circle represents scaled LMO2+ GCB cell expression, and inner circle represents scaled
TLS expression; left) and overall survival curves generated for risk groups (n = 94; log-rank test; right). (f) Risk grouping based on B cell lineage
features in the ICB cohort (the outer circle represents scaled CD55+ Bm cell expression, middle circle represents scaled LMO2+ GCB cell
expression, and inner circle represents scaled TLS expression; left) and progression-free survival curves generated for risk groups (log-rank test;
right). (g) Volcano plot showing the odd ratios of frequencies of pathway alternations in different risk groups calculated by the univariate
logistic regression model in the ESCC-TCGA cohort. (h) Comparison of CD55+ Bm cells, LMO2+ GCB cells, and TLS according to MMR and DDR
status (Mann–Whitney U test). The number of samples and P values are indicated directly in the figure. Error bars in bar plots represent the
standard deviation.
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MMR pathway alternations and B cell lineage features.
Moreover, CD55+ Bm cells were diminished while
LMO2+ GCB cells and TLS signatures were elevated in
tumours with MMR alterations from the ESCC-TCGA
cohort (Fig. 6h). In summary, we have provided evi-
dence that MMR pathway alternations may correlate
with B cell lineages, thus contributing to ICB
susceptibility.
www.thelancet.com Vol 100 February, 2024
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Discussion
Neoadjuvant anti-PD-1-based chemoimmunotherapy
has provided additional treatment opportunities for pa-
tients with locally advanced ESCC, resulting in pro-
longed survival. However, therapeutic sensitivity varies
substantially among individuals, and the mutational and
immunological determinants of these responses remain
unknown. In this study, we demonstrated that tumours
with high indel mutations exhibited robust responses to
combination therapy. Given the frameshift nature of
indel mutations, which create novel open reading
frames and mutagenic peptides, indels may induce a
vigorous immune response and exaggerate immuno-
therapy efficacy.19,35 We further identified that ESCC
with mutational MMR alternations was more sensitive
to neoadjuvant chemoimmunotherapy and exhibited
vigorous anti-tumour immune response with increased
infiltration of B cells. As speculated, these MMR-
alternated tumours contained more indel-derived
MANAs, which exhibit predictive potential for the
therapeutic response.

Through scRNA-seq, we found non-responding tu-
mours were enriched with Tregs and CD55+ Bm cells,
whereas tumours from responders possessed a high
abundance of naïve B and GCB cells. Prior bulk RNA-
seq and scRNA-seq analyses have demonstrated the
key role of intra-tumoural B cells in responding to
tumour development and influencing ICB sensitivity in
various tumours.36–39 In the present study, dichotomous
B cell lineages were observed in post-treated ESCC, with
distinctive expression of LMO2 or CD55, consistent
with a recent report showing that CD55 repression is
required to induce GCB cells.32 After somatic hyper-
mutation and affinity maturation, GCB cells are crucial
for antigen presentation via MHC II and T-cell activa-
tion within the TLS.9,40 Our results indicate that LMO2+

GCB cells play key roles in mounting anti-tumour im-
mune responses, and only TLSs with sufficient LMO2+

GCB cell infiltration may demonstrate a clinical benefit
from immunotherapy.

In addition, TLS is highly heterogeneous and can
evolve through different stages of maturation. In
immature TLSs, B cells are aggregated, but neither B
cell follicles nor follicular dendritic cells are present and
memory B cells therein do not further mature, often
acquiring immunosuppressive activities.41 Here, we
identified a regulatory cluster of CD55+ Bm cells within
ESCC, expressing preponderated transcriptomic signa-
tures of memory B cell activation, which are involved in
immune regulation.42–44 Within the TME of ESCC,
CD55+ B cells were detected outside of the GC and TLS,
implicating that CD55+ memory B cells were generated
from a lineage other than the GCB lineage. In addition
to complement regulation, CD55 was reported to bind to
ADGRE5, an EGF-TM7 receptor, and regulate T cell
activation, leading to the induction of IL-10-producing
Tr1 regulatory cells.45–47 Herein, the CD55-ADGRE5
www.thelancet.com Vol 100 February, 2024
interactions between CD55+ B cells and exhausted CD8+

T cells were predicted. We demonstrated that CD55+ B
cells may directly inhibit the anti-tumour effects of
CD8+ T cells and blocking CD55 reinforced CD8+ T cell
activation. Our study thus offers a new perspective to
understand the anti-tumour mechanisms of CD55 in-
hibitors, warranting further exploration of the applica-
tion of B cell-specific CD55 inhibitors.

After validating that the pre-treatment and post-
treatment levels of intratumoural LMO2+ B cells and
CD55+ B cells may distinguish responses to combina-
tion therapy in our cohort, transcriptomic signatures
were then designed to infer comprehensive B cell line-
age features in bulk transcriptomes and examined to
predict ICB responsiveness. We found that the abun-
dance of LMO2+ GCB cells was associated with better
prognosis in patients treated with ICB, whereas patients
with high CD55+ Bm cell scores hardly benefited from
ICB. Additionally, a group of patients with high CD55+

Bm cells and low LMO2+ GCB cells plus TLS was
stratified for the worst clinical outcomes in both the
ESCC-TCGA and ICB cohorts, exhibiting the prognostic
and predictive value of B cell features. Moreover, tu-
mours with MMR alternations harboured less CD55+

Bm cells but more LMO2+ GCB cells and TLS, sug-
gesting a reciprocal relationship between TME and
genomic profiling within ESCC. We plan to follow up
with this cohort with respect to the subsequent treat-
ment status and the 3-year PFS to validate the prog-
nostic value of the recognized features for ESCC treated
with the combination regimen.

As limitations, this study was observational in nature
and limited in sample size. In addition, the variation of
therapy regimen may affect therapeutic outcomes. Re-
ports have been made to demonstrate the better efficacy
of nab-paclitaxel comparing to solvent-based paclitaxel.48

Due to the small sample size, the discrepancy of ther-
apeutic efficacy of different formulations of paclitaxel
was unidentifiable in this study. We further examined
and confirmed the correlation of indel counts, MMR
alternations, and B cell features with therapeutic re-
sponses in patients receiving neoadjuvant PD-1 in-
hibitors plus nab-paclitaxel and platinum-based
chemotherapy. Moreover, our understanding of the
mechanisms underlying the biological effects of tumour
molecular profiles on TME remains insufficient. In
future studies, we plan to conduct biochemical experi-
ments to investigate the molecular mechanisms of
MMR alternations in tumour cells that harness immune
responses. Furthermore, prospective clinical trials with
homogeneous immunotherapy and chemotherapy regi-
mens are needed to validate the prognostic value of
recognised genomic and immune features in this study.
We also expect to expand the cohorts and integrate
lymph node and peripheral blood samples into exami-
nations from patients receiving single-agent therapy to
provide a more thorough understanding of the
15
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dynamics of immune profiling for the selection of pa-
tients with ESCC to undergo immunotherapies.
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