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Humoral IgG1 responses to tumor antigens 
underpin clinical outcomes in immune 
checkpoint blockade
 

Tumor-infiltrating T cells have been the primary focus of cancer imm
unotherapy; however, accumulating evidence points to a critical role for B 
cells and plasma cells in shaping responses to immune checkpoint blockade. 
In this study, we investigated the humoral immune response in 38 patients 
with hepatocellular carcinoma treated with neoadjuvant anti-programmed 
cell death protein 1 (PD-1) therapy. In responders, defined by more than 
50% tumor necrosis, we observed on-treatment enrichment of clonally 
expanded IgG1+ plasma cells within the tumor. Clonal tracking revealed 
that anti-PD-1 treatment expanded preexisting B cell clones associated with 
favorable clinical outcomes. Moreover, serum from responders contained 
IgG1 antibodies specific to cancer/testis antigens, including NY-ESO-1, and 
these humoral responses were linked to tumor-reactive T cell activity. We 
independently validated these findings across seven additional cohorts, 
encompassing single-cell and bulk sequencing data from 500 patients, 
spatial transcriptomics from seven patients and survival analyses from 
1,582 patients. Our findings apply to recently approved treatments, such as 
PD-1 and vascular endothelial growth factor A (VEGF-A) blockade, but not to 
chemotherapy alone, suggesting broad relevance to individuals treated with 
immunotherapy. Collectively, our results demonstrate that PD-1 blockade 
induces tumor-specific IgG1+ plasma cell responses that complement 
cellular immunity and contribute to clinical benefit, underscoring a 
coordinated humoral−cellular axis in effective antitumor immunity.

Immune checkpoint blockade (ICB) has become the backbone in the 
treatment of numerous types of cancer, although there remain major 
gaps in mechanistic understanding of what leads to clinical response1,2. 
ICB primarily targets inhibitory pathways, such as PD-1/programmed 
death ligand 1 (PD-L1) and cytotoxic T lymphocyte antigen 4 (CTLA-
4), that regulate T cell function, thereby enhancing T cell activation, 
infiltration, cytotoxicity and antitumor immune responses3,4. In addi-
tion to T cells, ICB also has the potential to modulate other lymphoid 
and myeloid lineages, including B cells, natural killer (NK) cells and 
dendritic cells. A robust tumor immune microenvironment response 

requires the coordination of several immune cell types to activate cyto-
toxic tumor-infiltrating lymphocytes (TILs)5. Previously, we described 
intratumoral niches containing mature dendritic cells and CXCL13+ 
helper T cells, leading to a coordinated clonal expansion of granzyme 
K+ and PD-1+ effector-like CD8+ T cells in ICB responders with early-stage 
hepatocellular carcinoma (HCC)6.

In several cancers, infiltrating plasma cells (PCs) and B cells carry 
strong prognostic significance and have emerged as potential predic-
tors of response to immune checkpoint inhibitors7,8,9. Moreover, they 
can perform a variety of functions, including antigen presentation 
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datasets of a combination of PD-1, PD-L1, CTLA-4 and VEGF-A blockade, 
including large cohorts such as IMbrave150 and The Cancer Genome 
Atlas (TCGA) (Fig. 1a). No sex-associated differences were observed in 
any of the analyzed outcomes, consistent with the balanced representa-
tion of male and female patients in the cohort.

First, we profiled approximately 30,000 B cells and PCs derived 
from 1.2 million single-cell transcriptomes of the tumor microenvi-
ronment, uninvolved adjacent liver and the draining lymph nodes 
resected from 38 patients with early-stage HCC of the discovery 
cohort18. Of these, 27 patients received neoadjuvant ICB in the form 
of an anti-PD-1 blocking antibody, and 11 were untreated controls 
(Extended Data Fig. 1a,b). We resolved six distinct B cell states (naive, 
memory, activated, class-switched, class-unswitched and atypical) 
alongside plasmablasts and three PC populations with discrete tran-
scriptional programs (Fig. 1b). Naive B cells were characterized by the 
expression of IGHD and CD19 and were decreased in tumor compared 
to adjacent tissue (false discovery rate (FDR) < 0.05); memory B cells 
showed MYC, CD69 and NR4A1 associated with an activation phenotype 
and with tumor enrichment, whereas PCs were characterized by MZB1 
and JCHAIN (Fig. 1c). Naive B cells dominated the B cell fraction of the 
immune cells across the tissue compartments, followed by memory 
B cells, relative to total B cells and PCs (Extended Data Fig. 1c–f). As 
expected, canonical and cluster-specific genes were expressed in more 
than 70% of cells (Extended Data Fig. 1g,h). Pathological responses to 
neoadjuvant PD-1 were defined as more than 50% necrosis of tumor at 
the time of surgery, followed by differential cell abundance showing an 
enrichment of all PC phenotypes in the tumor among ICB responders 
(FDR < 0.05), which was not as pronounced in adjacent uninvolved liver 
(Fig. 1d,e). Conversely, non-responders were enriched in unswitched 
memory B cells in tumor (FDR < 0.05) but less so in normal tissues 
(Fig. 1d,e).

Preexisting IgG1 PCs associated with clinical response are 
expanded after PD-1 blockade
We hypothesized that skewing of IgG1-producing PCs is linked to 
clinical response, given their overrepresentation in single-cell data 
from responders (Extended Data Fig. 1i). To test this, we used com-
plementary bulk RNA-seq of paired pretreatment biopsies and post-
treatment resected tumors from the discovery cohort. Principal 
component analysis showed that gene expression profiles were mark-
edly different between responders and non-responders (Fig. 1f,g and 
Extended Data Fig. 1j–k).

In posttreatment tumors, IGHG1 emerged as one of the top upregu-
lated genes. Its expression was already elevated in pretreatment sam-
ples from responders and increased significantly after therapy, whereas 
it remained unchanged or decreased in non-responders (FDR < 0.01; 

and antibody production, which enable them to support both T cell 
responses and innate mechanisms such as complement activation and 
opsonization of cancer antigens7. Tumor-associated B cells have been 
shown to play a crucial role in melanoma inflammation and have been 
associated with response to ICB therapy10. Intratumoral B cells and PCs 
identified by single-cell RNA sequencing (scRNA-seq) in non-small-cell 
lung cancer (NSCLC) showed predictive association with overall sur-
vival to PD-L1 blockade, independently of intratumoral CD8+ T cells 
and PD-L1 expression11. Additionally, these cells can also be present 
in tertiary lymphoid structures (TLSs), which may contribute to their 
differentiation into immunoglobulin-secreting plasma cells11,12. These 
TLSs, particularly those with mature organization with T cells and PCs 
surrounding germinal center class-switching B cells, have been associ-
ated with clinical benefit in multiple studies13.

Although a predictive association between PCs and overall survival 
in patients treated with anti-PD-1 or anti-PD-L1 (PD-(L)1) therapy block-
ade has been established, the underlying intricate mechanisms (clonal 
composition and dynamics, isotype and subclass usage and specificity) 
driving this association are poorly understood, and no study to date 
has demonstrated the ability of PD-(L)1 blockade to induce or potenti-
ate humoral antitumor immunity7,14. Furthermore, B cells represent a 
highly heterogenous and diverse population, and the specific subset 
of B cells or PCs that might be most important for effective antitumor 
immunity has not been clearly elucidated.

In the present study, we investigated B cells and PCs during 
ICB responses with neoadjuvant anti-PD-1 therapy, with or without 
radiation, in HCC. We used bulk, single-cell and B cell receptor (BCR) 
RNA sequencing to assess longitudinal dynamics and isotype and 
clonal expansion in tumor and normal tissues as well as lymph nodes. 
Responders showed tumor-enriched IgG1 class switching, PC differ-
entiation and clonal expansion after ICB, whereas non-responders 
accumulated dysfunctional memory B cells. The findings were vali-
dated in independent cohorts treated with PD-1, PD-L1, CTLA-4 or 
VEGF-A blockade. Baseline and tumor-enriched IgG1 PCs correlated 
with clinical response, and elevated circulating IgGs against cancer/
testis antigens (CTAs) suggested humoral antitumor immunity in 
responders after ICB15–17.

Results
PCs are enriched in clinical responders to PD-1 blockade
To test the hypothesis that B cells or PCs have a key role during immu-
notherapy and treatment response, we examined specimens from 
eight sets of independent clinical trial cohorts: two newly generated 
datasets from our own investigator-initiated trials in patients with HCC 
treated with neoadjuvant PD-1 blockade, with or without radiation, for 
discovery and validation, respectively. We also analyzed published 

Fig. 1 | Discovery cohort and the establishment of a plasma IgG1 isotype.  
a, Overview of cohorts analyzed in this study. The discovery cohort (D1) 
consisted of 38 patients (27 patients with HCC treated with anti-PD-1 and 11 
untreated patients with HCC). Seven additional validation cohorts were included. 
Across all cohorts (D1 and V2), data types encompassed pretreatment and 
posttreatment samples from 48 in-house and 131 external patients, including 
bulk and single-cell RNA-seq, BCR-seq, mIHC, spatial transcriptomics, seromics 
(autoantibody panel), ELISpot and ELISAs. Certain validation cohorts included 
additional therapeutic contexts—for example, V7 included cabozantinib, a 
multi-tyrosine kinase inhibitor (TKI). b, Uniform manifold approximation and 
projection (UMAP) plots showing the integrated analysis of 1.2 million cells from 
38 patients and the reclustering of 50,000 B cells and PCs. Clusters are colored 
by cell type/state. Annotation was based on canonical B cell and PC markers 
together with differentially expressed genes. c, Top, tumor enrichment scores for 
27 patients, comparing tumor versus adjacent normal tissue using Wilcoxon rank 
tests with FDR correction. Box plots show medians, interquartile ranges (IQRs) 
(Q1–Q3), whiskers (≤1.5× IQR) and outliers. Bottom, dot plot of canonical and 
top differentially expressed genes per cluster, identified by Wilcoxon tests. The 
adjacent panel shows enrichment of each cluster in normal (light blue) versus  

tumor (orange); circle size represents statistical significance. d,e, Box plots 
(as defined above) showing tissue-specific enrichment of clusters between 
responders (R; dark blue, n = 8) and non-responders (NR; dark red, n = 19). 
Proportions were estimated using Dirichlet regression; log-transformed 
fold change (log2FC) significance was assessed using log-likelihood tests and 
Benjamini−Hochberg-adjusted P values. Color indicates log2FC; circle size 
reflects adjusted P value. The y axis indicates percent of cells. f,g, Principal 
component analysis of bulk RNA-seq showing variance explained by each 
principal component and sample separation in PC1 and PC2, colored by 
response category and timepoint (pre/post). h, Box plot showing baseline IgG1 
expression, higher in responders (n = 4) than in non-responders (n = 8), with 
increases after treatment in responders (P = 3 × 10−3, left-sided Wilcoxon test) 
and no significant change in non-responders (P = 0.8). i, Volcano plot showing 
differential expression between responders and non-responders on-treatment 
(x axis: log2FC; y axis: –log10P value). j, GSVA scoring of four single-cell-derived 
signatures projected into bulk showing increased PC signature after treatment  
in responders (P < 0.05, two-sided Wilcoxon). Data represent 12 patients  
(4 responders and 8 non-responders). DC, dendritic cell; GSVA, gene set variation 
analysis; ILC, innate lymphoid cell; PC1/2, principal component 1/2.
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Fig. 1h,i). Projection of the single-cell signatures onto bulk data empha-
sized the increase of PCs in responders (FDR < 0.01) (Fig. 1j). Thus, these 
results suggest that skewing toward an IgG1 signature may exist at base-
line (pretreatment) in anti-PD-1 responders, which was significantly 
amplified after ICB treatment and was highly associated with response.

ICB responders have clonally expanded IgG1 PCs trafficking 
between the tumor and draining lymph node
Using a combination of BCR-seq with scRNA-seq, we investigated 
clonal expansion and immunoglobulin isotype (Fig. 2a). We found 

that plasmablasts and PCs were largely of the IgG1 and IgG2 subclass 
(FDR < 0.01), whereas other memory and naive B cells were an admixture 
of IgM, IgD, IgA and, to a much lesser degree, the other IgG subclasses 
(Fig. 2b, top). When stratifying by ICB response, IgG1 and IgG2 PCs were 
almost exclusive to responders, whereas IgM, IgA and IgD dominated 
in non-responders (Fig. 2b, bottom, and Extended Data Fig. 2a,b). Irre-
spective of ICB response, 26% of total B cells and PCs were expanded 
(more than one cell per clone) (Extended Data Fig. 2d,e). Responders 
exhibited marked intratumoral IgG1+ PC and plasmablast expansion, 
unlike non-responders, who showed memory B cell expansion (Fig. 2c–e 
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and Extended Data Fig. 2c,f,g). IGHG1, MZB1, JCHAIN and XBP1 were 
among the top genes enriched in clonally expanded cells from respond-
ers (Fig. 2f). In responders, clonally expanded cells were enriched for 
IgG1+ PCs, whereas non-expanded cells expressed MS4A1 (encoding 
CD20) (Fig. 2g). Together, these data suggest a tumor-specific clonal 
expansion of IgG1 antibody-producing cells in ICB responders.

Next, we investigated whether B cell differentiation and clonal 
expansion occur at the primary tumor site or in draining lymph nodes. 
In lymph nodes, IgM was the dominant isotype (Extended Data Fig. 2h). 
Although unique CDR3 sequence overlap among lymph node, tumor 
and adjacent liver samples was limited within individual patients 
(Extended Data Fig. 2i), clonal tracking revealed significantly 
larger IgG1+ and IgG2+ tumor PC clones in responders compared to 
non-responders (FDR < 0.01; Fig. 2h). The shared CDR3 clonotypes 
across cellular compartments (lymph node, naive, B memory and plas-
mablast/PC) revealed that clonally expanded cells with the same CDR3 
sequence could be found at the lymph node as well as the tumor site 
(Fig. 2i and Supplementary Table 1), thus suggesting trafficking of these 
expanded clones between the tumor and the draining lymph node. 
Further inspection of the bulk sequencing data validated the expansion 
of IGHG1 phenotype, including evidence of the same CDR3 barcodes 
before and after treatment in both responders and non-responders 
(Extended Data Fig. 2j).

Tumor microenvironment spatial distribution reveals 
PC-driven immunity in responders and memory B cell 
dysfunction in poor outcomes
Using multiplex immunohistochemistry (mIHC) and computational 
tools19, we examined the spatial distribution of the B cells (CD20+), 
PCs (MZB1+) and other immune cells in the tumor and adjacent liver 
in 17 mIHC biopsies (6 responders and 11 non-responders) from our 
discovery cohort. We observed that among anti-PD-1 responders, the 
MZB1+ PCs were highly infiltrative throughout the tumor parenchyma 
compared to the PCs in non-responders (Fig. 3a,b). Next, we used a 
radial binning approach to define cell communities or immune aggre-
gates in an unsupervised fashion (Fig. 3c). Here, responders showed 
enrichment of CD3+CD8+ T cells, CD68+ macrophages and MZB1+ PCs. 
Conversely, CD20+ B cells were found within the lymphoid aggregates 
or within the stromal compartment of the tumor rather than admixed 
with tumor parenchyma, reinforcing PC expansion as a hallmark of 
effective ICB response (Fig. 3d).

Next, we applied an single-cell variational inference-based autoen-
coder to integrate the spatial transcriptome cohort3 and then used 
CellCharter to identify spatial clusters constituted by multiple cell 
types (Fig. 3e,f). In ICB responders, we saw a marked enrichment of 
IgG1+ PCs confined to an immune-rich T cell/B cell/vascular fibroblast 
hybrid niche, with significant upregulation of IL-4 and IL-13 signaling 

(Fig. 3g,h). Pathway analysis of these clusters revealed a pro-BCR/
TCR signaling hub, marked by MZB1, IL2RG, FCER2, PRDM1 and CD79A, 
consistent with a highly immunogenic, PC-driven microenvironment 
(Fig. 3h,i). By contrast, non-responders harbored focal accumulations 
of CD27+ memory and dysfunctional B cells within fibroinflammatory 
stromal regions. These niches were accompanied by regulatory T, T 
helper 17 (TH17) and monocyte signatures, collectively defining an 
immunosuppressive ‘stromal memory/exhausted B cell reservoir’ 
(Fig. 3g–j).

IgG1 PCs in tumor and lymph nodes increase after radiation 
therapy and PD-1 checkpoint blockade
To validate these findings in an independent cohort18, we analyzed B 
cells and PCs from patients with HCC treated with neoadjuvant stereo-
tactic radiation followed by anti-PD-1 therapy (biopsy, lymph node, 
tumor and adjacent normal) (Fig. 1a and Extended Data Fig. 3a–c). 
In bulk sequencing, differential gene expression between respond-
ers and non-responders was most pronounced in pretreatment 
biopsies and posttreatment tumors but minimal in lymph nodes and 
adjacent normal tissues (Extended Data Fig. 3d–h). After treatment, 
total immunoglobulin increased, with responders showing selective 
IgG1 enrichment (Extended Data Fig. 3i,j). The bulk data also showed 
an increase in IGHG1, IGHG2 and IGHG3 expression in tumor tissue 
of responders (Extended Data Fig. 3k). As expected, we observed 
higher plasmablast and PC levels in responder biopsies (FDR < 0.2) 
(Extended Data Fig. 3l–n). Interestingly, the increase in IGHG1−IGHG4 
and decrease in IGHM were also observed in responders across tissues 
(FDR < 0.2) (Extended Data Fig. 3o). Clonal size analysis showed that 
the largest clones were identified in lymph nodes, followed by pretreat-
ment and posttreatment tumor tissue (Extended Data Fig. 3p). Shared 
clonotypes were observed between all three posttreatment tissue types 
and pretreatment biopsies (Extended Data Fig. 3q).

Consistent with our findings, validation cohort scRNA-seq revealed 
significantly enriched plasmablasts in tumor tissue (FDR < 0.05) 
(Extended Data Fig. 4a). Activated B memory, class-switched and 
unswitched cells were also enriched in responders’ adjacent nor-
mal tissues (FDR < 0.05) (Extended Data Fig. 4b). In tumor tissue of 
responders, there was a minor increase in PCs (FDR < 0.2), whereas, 
in non-responders, there was a clear increase in B memory cells 
(FDR < 0.01) (Extended Data Fig. 4c). However, differential expres-
sion analysis recapitulated IGHG1 as the top marker of clinical response 
in both tumor and adjacent liver (Fig. 4a,b). Contrary to our dis-
covery cohort, this independent validation cohort showed similar 
B cell and PC numbers between adjacent normal and tumor tissue 
(Extended Data Fig. 4e). Notably, most of the sequenced cells were 
already clonally expanded (Extended Data Fig. 4f–h). However, once 
again, the IgG1 isotype dominated across all PC and non-naive B cell 

Fig. 2 | Clonality. a, Flowchart illustrating Ig isotype mapping for 37,000 single 
B cells, including 30,000 cells with paired BCR-seq and 7,000 additional cells 
mapped via gene-expression-based inference. Bottom panels show correlations 
between isotype assignments from gene expression and scBCR-seq for the 
30,000 cells with paired data. b, Stacked bar plots showing isotype composition 
per sample and per patient. Multiple samples per patient were sequenced to 
ensure reproducibility. Single-cell BCR-seq data include six patients with HCC 
treated with ICB (two responders and four non-responders). Using scRNA-seq-
based isotype inference, the analysis was expanded to 8 responders and 14 
non-responders. The y axis represents the proportion of cells (0–1). Consistent 
across BCR-seq and scRNA-seq-rescued isotypes, PC clusters are enriched for 
IgG1/IgG2, whereas naive and memory B cell clusters predominantly express 
IGHM and IGHA (bottom bar plots and pie charts). c, Volcano plot showing 
Dirichlet regression comparing responder and non-responder frequencies 
across clusters and isotypes (from both scRNA-seq and scBCR-seq). The log-
transformed fold changes and P values were obtained from log-likelihood tests; 
adjusted P values were computed using Benjamini−Hochberg correction. PCs 

and IgG1/IgG2 responses are significantly enriched in responders. d, Box plot 
(as defined in Fig. 1c) showing increased IgG1+ PC representation in tumor tissue 
of responders with available BCR-seq. Ratios were estimated using Dirichlet 
regression with log-likelihood testing. e, Stacked bar plot of expanded clones 
per cluster, defining expansion as two or more cells per clonotype. Expansion 
occurs specifically in PCs of responders. f, Differential expression (two-sided 
Wilcoxon test, Benjamini−Hochberg adjusted) comparing expanded clones in 
responders versus non-responders. IGHG1, MZB1, JCHAIN and XBP1 are associated 
with clinical response. g, Differential expression comparing expanded versus 
non-expanded cells in responders shows expansion-associated upregulation 
of IGHG1, MZB1, JCHAIN and XBP1, whereas non-expanded cells upregulate LTB, 
MS4A1, CD52 and IRF8 (Benjamini−Hochberg adjusted). h, Box plots showing 
clonal sizes after filtering for shared CDR3 sequences within clonotypes and 
clusters across 27 patients. Clonal sizes increase for IgG1, IgG2, IgA and IgM 
in both B and plasma compartments (two-sided Wilcoxon test). i, Clonal sizes 
of expanded (≥2 cell) clones from bulk BCR-seq in two responders and non-
responders show increased IgG1 expansion in responders. LN, lymph node.

http://www.nature.com/naturemedicine


Nature Medicine

Article https://doi.org/10.1038/s41591-025-04177-6

a

(D1) Isotype composition
per cluster

(D1) Average isotype composition
per clinical response

0

0.25

0.50

0.75

1.00

Naiv
e B

Memory 
B

Memory 
B ac

tiv
ate

d

Memory 
B at

yp
ical

Memory 
B sw

itc
hed

Memory 
B unsw

itc
hed

Plas
ma κ

 chain

Plas
ma λ

 chain

Plas
ma

Plas
mab

las
ts

Pe
rc

en
t

Clusters (n = 27)

Non­responders Responders

0

0.25

0.50

0.75

1.00

Samples

Patients Patients

Patients Samples Patients

Pe
rc

en
t

Pe
rc

en
t

IGHA
IGHD
IGHE

IGHG1
IGHG2
IGHG3
IGHG4

IGHM

(D1) Isotype during clinical response in tumor tissue (BCR­seq)(D1) Flowchart to map Ig isotype
from scRNA­seq & BCR­seq

(D1) Isotype during clinical response in tumor tissue (scRNA­seq)

0

0.25

0.50

0.75

1.00

Tumor tissue
responders

Tumor tissue
Non­responders

Non Responders Responders

e

h i(D1) Unique vs expanded
di�erential expression

clones with response only

JCHAIN

−l
og

10
(a

dj
. P

)

XBP1

MZB1
IGHG1

HSP90B1
SSR4

MS4A1
LTBCD52

IRF8

BANK1

0
0.5

1.0

1.5

2.0

−5 0 5
log2FC

Unique clones
Expanded clones

Clonal status

(D1) R vs NR
di�erential expression
expanded clones only

CD37
CD52
CD83

CD74
RPS14

IGHG1
MZB1
XBP1

JCHAIN

HSP90B1 FKBP11

0
0.5
1.0

1.5

2.0

−10 0 10
log2FC

−l
og

10
(a

dj
. P

)

NR
R

Clinical outcome

f g

b

c (D1) Cluster & isotype
di�erential abundance

Plasma IGHG1
Plasma κ IGHG2

Plasma λ IGHG1
Plasma λ IGHG2

Plasmablasts IGHG1

RNR

0

2

4

6

8

−5.0 0 5.0

−l
og

10
(a

dj
. P

)

Response enrichment
log2FC (adj. P < 0.05)

NR
R

d

RNR

n = 27

(D1) Cluster & isotype ratio enrichment

Memory B unswitched IGHM
Naive B IGHM

Memory B unswitched IGHG1
Memory B IGHG1

Plasmablasts IgG1 IGHG2
Plasmablasts IgG1 IGHG1

Plasma IgG1 IGHG2
Plasma IgG1 IGHG1

Response enrichment
log2FC (adj. P < 0.05)

NR
−2

.5 0 2.5 5.0
R

Pe
rc

en
t

Non­responder (n = 19)

(D1) Clonal expansion landscape in tumor

Responder (n = 8)

Naiv
e B

Memory
B

Memory
B ac

tiv
ate

d

Memory
B aty

pical

Memory
B sw

itc
hed

Memory
B unsw

itc
hed

Plas
ma κ chain

Plas
ma λ chain

Plas
ma

Plas
mab

las
ts

Naiv
e B

Memory
B

Memory
B ac

tiv
ate

d

Memory
B Atyp

ical

Memory
B sw

itc
hed

Memory
B unsw

itc
hed

Plas
ma κ chain

Plas
ma λ chain

Plas
ma

Plas
mab

las
ts

0

0.25

0.50

0.75

1.00

Expanded

Unique

Clonality

(D1) Tumor tissue (shared clones)
clonal sizes across origin

(BCR­seq)

1040

IGHM IGHA IGHD IGHE

IGHG1 IGHG2 IGHG3 IGHG4

1025
1031
1032
1040

1041

1025

LN
na

iv
e

Tu
m

or
pl

as
m

a
Tu

m
or

m
em

or
y

Tu
m

or
na

iv
e

LN
na

iv
e

Tu
m

or
pl

as
m

a
Tu

m
or

m
em

or
y

Tu
m

or
na

iv
e

LN
na

iv
e

Tu
m

or
pl

as
m

a
Tu

m
or

m
em

or
y

Tu
m

or
na

iv
e

LN
na

iv
e

Tu
m

or
pl

as
m

a
Tu

m
or

m
em

or
y

Tu
m

or
na

iv
e

1031
1032

1037
1041

Pa
tie

nt
s

Clonal size

10
0

20
0

30
0

40
0

50
0

1037

NR
R

Clinical
Outcomes

NR
R

Clinical
Outcomes

(D1) Tumor tissue (all clones)
clonal sizes across origin

(scRNA­seq)

IGHG2IGHG1

n = 27

LN
naiv

e

Tu
mor naiv

e

Tu
mor memory

Tu
mor plas

ma

LN
naiv

e

Tu
mor naiv

e

Tu
mor memory

Tu
mor plas

ma

0

0

3

6

9

IGHMIGHA

3

6

9

0

3

6

9

3

6

9

lo
g 2

(c
lo

na
ls

iz
es

)

0.001
0.01

Single­cell
BCR­seq

Single­cell
RNA­seq

All 
gene 

expression

Only IGH
gene 

expression

Counts 1,000>
per isotype

7k cells

Counts 10 >
per isotype
30k cells

V D J C

4

5

6

7

8

9IGHA
IGHG1
IGHG2
IGHG3
IGHG4
IGHM

IG
H

A
IG

H
G

1
IG

H
G

2
IG

H
G

3
IG

H
G

4
IG

H
M

FDR<0.01
ρ = 0.95

IGHA IGHG1

IGHG2IGHG3

IGHG4

IGHM

0

250

500

750

0 250 500 750

BCR­seq

sc
RN

A­
se

q

Correlation between
BCR­seq/scRNA­seq isotype

BCR­seq/scRNA­seq
isotype mapping

In­house discovery cohort D1

anti­PD­1

Pre
(bas

elin
e)

Im
munotherap

y

Post
(at

su
rg

ery)

n = 27 n = 27

n = 27

http://www.nature.com/naturemedicine


Nature Medicine

Article https://doi.org/10.1038/s41591-025-04177-6

R NR0% >20%

P031 P021P037 P017

0% >20%

P003P006P017 P021

Normalization
embeddings
analysis

Train
Responders

Non-responders
Update

(V7) Spatial validation cohort
autoencoder-based data integration

4

−3

0

3

6

−3

0

3

6

NR R NR R NR R NR R NR R NR R NR R NR R NR R

0
0.06 0.11 0.23 0.02 0.02 0.030.04

10 3 962
0.5

1
0.07
11

z-
sc

or
e

cl
us

te
r p

ro
po

rt
io

n

n = 7 n = 7 n = 7 n = 7 n = 7 n = 7 n = 7 n = 7 n = 7

e

f

g

i

j

h

Infiltration score Infiltration score

Distance (µm)

C
el

l p
ro

po
rt

io
n

C
el

l p
ro

po
rt

io
n

0

0.2

0.4

0.6

0 250 500 750 1,000

Distance (µm)

0

0.1

0.2

0.3

0.4

0 250 500 750 1,000

Distance (µm)

0

0.25

0.50

0.75

0 250 500 750 1,000

Distance (µm)
0 250 500 750 1,000

0

0.25

0.50

0.75

1.00

Distance (µm)
0 250 500 750 1,000

0

0.2

0.4

Distance (µm)
0 250 500 750 1,000

0

0.05

0.10

0.15

0.20

B cells (CD20+) PCs (MZB1+) Macrophages (CD68+)

T cytotoxic (CD3+CD8+) T helper (CD3+CD8–FOXP3–) Treg (CD3+CD8–FOXP3+)

Responders

12

3
7

2

10

0

4

NKG7
PDCD1

BCL6
CD79A

FCER2
PRDM1
CSF1R

5
8
1
6
11
9

Sp
at

ia
l c

lu
st

er
0

0.
2

0.
4

0.
6

log2FC

B cell–vascular fibroblast hybrid niche
Monocytic inflammatory infiltrate
Mixed B/T cell and hepatocytes
Mixed vascular and B cells
Hepatocyte-fibroblast-pericytes
Endothelial-fibro-inflammatory mix
Sinusoidal endothelial and ductal cells
Treg,TH17, plasma and M2 features
Endothelial/stromal with IL-6 axis
Fibroinflammatory niche with B cells
ECM remodeling/mixed stromal-hepatic
Kup¢er–hepatocyte compartment
Endothelial and monocyte-rich stroma

UMAP 1

U
M

AP
 2

17,000 spots, n = 7 patients

(V7) UMAP based on CellCharter

Non-responders

IL-4 and IL-13 signaling
Spatial clusters

Collagen-containing ECM
Primary immunode£ciency
B cell receptor signaling pathway
Lymphocyte proliferation
Regulation of antigen receptor
Complement and coagulation
Positive regulation of ERK1 and ERK2
Regulation of monocyte di¢erentiation
Vascular endothelial growth factor
PI3K−Akt signaling pathway
Regulation of TH17 cell di¢erentiation
CD163 anti-inflammatory response
RUNX1 and FOXP3 control of Treg cells
Vascular wound healing
Regulation of T cell di¢erentiation
IL-6 receptor binding
T cell chemotaxis
Increased in¥ammatory response
Increased neutrophil chemotaxis
Cellular response to cytokine stimulus
Monocyte chemotaxis
Formation of fibrin clot
B cell proliferation
Regulation of apoptotic process

−5

0

5
−log10(FDR)

0 1 2 3 4

NR
R

NRR

03 104
IL-2RG
CCL26

PC
in£ltration

(MZB1)

PC
in£ltration

(MZB1)

PC
in£ltration

(MZB1)

PC 
in£ltration

(MZB1)

PC
in£ltration

(MZB1)

PC
in£ltration

(MZB1)

CTLA-4
CD55

ANGPT2

IL-10
MYC
PC

in£ltration
(MZB1)

SFRP4
GATA4
IL-6R

c

d

12345678
9

10

Community of cells
in proximity

Starter
cell

×

10% area search

relative to the distance

B cells
CD4 T cells Cholangiocytes

Cytokine signalingCytotoxic T cells
Endothelium

Exhausted T cellsFibroblasts
Hepatocytes Myeloid cells

NK cells
Naive B cells

NeuralPlasma
Smooth muscle

T cellsTH17/Treg cells
Tolerance T cells Treg cells

Communities
Negative

CD20+

CD3+
CD8+

NR
R

NR
R

NR
R

a b
P = 0.0015

n = 16

n = 16

0

0.03

0.06

0.09

0.12

0

0.1

0.2

0.3

m
IH

C
 s

co
re

RNRRNR

In
fil

tr
at

io
n 

sc
or

e NR
R

C
RE

M
C

D
C

20
TB

X2
1

C
D

72
C

D
79

A
PT

PR
C

M
S4

A1
M

YC
BC

L6
PR

D
M

1
IL

7R
AN

XA
4

SL
C

4A
2

KR
T7

SO
X9

IL
6R

BC
L1

1B
IL

2R
G

M
RC

1
TC

IM
C

C
L2

1
FC

N
2

FL
T1

VW
F

RE
RG

L
ST

AB
2

AP
O

LD
1

ZN
F4

42
RG

S5
AN

G
PT

2
C

D
34

PE
C

AM
1

KD
R

C
LE

C
4G TF

PI
C

TL
A4

PD
C

D
1

M
G

P
PD

G
FR

A
AP

C
D

D
1

IT
M

2A
FB

N
1

LS
P1

PI
16

F1
3A

1
ST

C
2

FM
O

1
C

O
L1

A1
SF

RP
4

C
YP

3A
4

TT
R

C
C

N
B1

AL
B

C
D

K1 TF
C

YP
2E

1
AF

P
C

C
N

B2 H
P

C
1Q

A
FC

G
R3

A
C

C
R2

C
SF

1R
LY

Z
C

D
68

C
D

16
3

M
AR

C
O

G
N

LY
N

KG
7

C
D

69
RB

FO
X2

SN
AP

25
JC

H
AI

N
M

ZB
1

M
C

AM
M

YH
11

C
D

4
C

XC
R3

G
AT

A3 IL
10

IF
N

G
IS

G
20

L2
C

C
L2

6
IS

G
20

N
R4

A1
FO

XP
3

58127111962

(D1) PC infiltration score between responders and non-responders (D1) PC infiltration score per patient

(D1) Spatial cell community enrichment
through radial gradient

(D1) Spatial cell type enrichment through radial gradient

(V7) Canonical signatures per spatial cluster

(V7) Di¢erentially abundant clusters between R and NR

(V7) Spatial clustering and cell type enrichment (V7) Pathways associated with spatial clusters
and response enrichment

NR
R

NR
R

NR
R

http://www.nature.com/naturemedicine


Nature Medicine

Article https://doi.org/10.1038/s41591-025-04177-6

phenotypes in tumor tissues of responders, whereas non-responder B 
cells and PCs were more prevalent for IgM and IgA (Fig. 4c). Regardless 
of tissue, differential abundance analysis showed that IGHG1 isotype, 
activated memory B cells, PCs and plasmablasts were associated with 
response, whereas IgM and IgG2 in memory B cells were enriched in 
non-responders (Fig. 4d,e). Although clonal expansion sizes were 
similar between B cells and PCs, tracking shared CDR3 clones revealed 
greater memory-to-plasma compartment transitions in responders, 
with exceptionally large IGHG1 clones (Fig. 4f,g). Together, these results 
show that IgG1 PCs account for more than 50% of total isotypes identi-
fied in responders and for less than 30% in non-responders (Fig. 4h).

IgG1 skewing is associated with response in other 
ICB-responsive tumors
To further extend our observations, we analyzed public datasets and 
found that patients with melanoma who responded to PD-1 with or 
without CTLA-4 blockade3 also showed expansion of PCs after treat-
ment and a decrease in non-responders, despite a larger non-responder 
PC compartment before treatment, potentially due to low number 
of cells in this study (Fig. 4i–k). Furthermore, inspection of the iso-
type also showed IgG1 enrichment in PCs of responders (Fig. 4i–k and 
Extended Data Fig. 5e). Next, we validated our findings in advanced 
HCC treated with anti-PD-1 and anti-VEGF-A therapies in two independ-
ent cohorts of unresectable HCC: IMbrave150 (ref. 20) and Cappuyns 
et al.21 (Fig. 4l,m). In both datasets, responders exhibited a skewing 
toward the IgG1 isotype, with IgG1 emerging as the dominant subclass. 
Another independent cohort of patients with HCC and intrahepatic 
cholangiocarcinoma (ICCA)22 showed that HCC tumors had a low tumor 
diversity score, linked to favorable outcomes, whereas ICCA tumors 
exhibited a high tumor diversity score, linked to a more aggressive 

phenotype and worse outcomes (6-month survival for ICCA versus 
26-month survival for HCC). Notably, HCC samples had greater PC 
abundance, consistent with better progression-free survival in HCC 
than in ICCA (Fig. 4n,o). Together, these findings suggest that IgG1 PCs 
are strongly linked to ICB response.

ICB responders produce IgG antibodies against cancer 
antigens
Given the enrichment of IgG1 PCs in ICB responders, we explored 
whether these patients potentially generated antitumor antibodies 
detectable in the patients’ serum. Thus, we investigated serum samples 
collected before and during treatment from our discovery cohort, test-
ing against a panel of 20 tumor-associated antigens. This panel included 
common CTAs, mutational antigens and stem-cell-associated antigens. 
A higher proportion of responders (63%) exhibited antitumor IgG anti-
bodies in their serum compared to non-responders (17%), with the 
IgG antibodies primarily belonging to the IgG1 subclass and targeting 
CTAs such as MAGE-A, GAGE7, PRAME and NY-ESO-1 (Fig. 5a,b). These 
data suggest that responders with circulating IgG antibodies against 
CTAs generally had higher titers than non-responders. Conversely, IgG 
titers in non-responders were less dynamic, showing minimal changes 
after anti-PD-1 treatment. IgG1 antibodies targeting CTAs can enhance 
antigen presentation by antigen-presenting cells and potentially prime 
CD8+ T cells through immune complexes and cross-presentation23,24.

Next, to investigate T cell responses, we performed an ELISpot 
assay with CD8+ T cells isolated from pretreatment and on-treatment 
peripheral blood mononuclear cells (PBMCs), resected tumors and 
draining lymph nodes with detectable NY-ESO-1 antibodies. The 
responder’s CD8+ T cells showed significant IFNγ, whereas the CD8+ 
T cells from the non-responder, who had predominantly IgA, showed 

Fig. 3 | Spatial analysis of immune infiltrating cells. a, Representative examples 
showing increased PC infiltration in responders compared to non-responders, 
quantified as the percentage of PCs within unsupervised neighborhood 
regions derived from mIHC images. P, patient. b, Box plots (as defined in Fig. 1c) 
comparing PC infiltration scores between responders (n = 6) and non-responders 
(n = 10), shown both per patient and as averaged scores across regions (P < 0.05, 
two-sided Wilcoxon rank test). The left plot displays individual regions per 
patient; the right plot summarizes patient-level averages across 16 total 
patients. c, Unsupervised identification of immune cell aggregates from mIHC 
using a spatial enrichment analysis. A radial gradient approach quantifies local 
immune communities by evaluating up to three markers within a 10-µm distance 
(approximately one cell diameter) from a reference cell. Community size is 
estimated by the area captured within the radial gradient. d, Spatial enrichment 
of immune populations within aggregates in responders versus non-responders. 
Responders show increased PCs (MZB1+), cytotoxic T cells (CD3+CD8+) and 
macrophages (CD68+), whereas non-responders show higher levels of B cells 
(CD20+) and regulatory T (Treg) cells (CD3+CD8−FOXP3+). e, Schematic of  

spatial transcriptomics integration using an autoencoder-based framework 
to cluster spatial spots. f, Spot clustering results identifying 13 spatial clusters 
across approximately 17,000 spots from seven patients (four responders and 
three non-responders). g, Enrichment of responder-associated clusters and top 
markers per most abundant cluster for each patient, demonstrating sample-
level concordance between spatial clusters and biological phenotypes. h, Top 
pathways associated with each spatial cluster, highlighting cellular, molecular 
and functional programs tied to distinct microenvironmental niches. i, Box 
plots (as in Fig. 1c) showing cluster-level enrichment patterns stratified by 
clinical response. Responders exhibit higher representation of plasma, T cell 
and myeloid-associated clusters, whereas non-responders are enriched for 
regulatory and dysfunctional phenotypes. Statistical significance was assessed 
with a two-sided Wilcoxon rank test across seven patients (four responders and 
three non-responders). j, Canonical cell markers enriched per cluster, confirming 
the identity of dominant immune and stromal populations defining each spatial 
niche. ECM, extracellular matrix.

Fig. 4 | Validation sets. V2 cohort (radiation + anti-PD-1): a,b, Differential 
expression analysis of adjacent normal and tumor tissues revealed IGHG1 as the 
most significant gene associated with response, using a two-sided moderated 
t-test. c, Tumor heavy-chain isotype composition by cell cluster showed IGHG1 
enrichment in responders. d, Differential abundance modeling using Dirichlet 
regression and log-likelihood testing identified IGHG1+ PC and B cell phenotypes 
as significantly enriched in responders. e, Box plots (as in Fig. 1c) illustrate the 
magnitude and heterogeneity of cluster enrichment in responders versus non-
responders across 10 patients (four responders and six non-responders),  
with significant findings at FDR < 0.05 (Benjamini−Hochberg correction).  
f, Proportions of clonally expanded cells (BCR-seq derived) showed that most 
cells were expanded in both groups, with no significant difference in overall 
expansion prevalence. g, Dot plots of shared heavy-chain clonal sizes per patient 
demonstrated larger IGHG1 clonal expansions in responders. h, Responders 
showed dominant and expanded IgG1 PC isotypes in both tumor and adjacent 
normal tissue. V3 cohort (anti-PD-1 and CTLA-4 plus PD-1): i, Heavy-chain isotype 

analysis confirmed that PC isotypes were predominantly IgG1. j, Box plots 
comparing pretreatment and posttreatment samples showed that responders 
increase PC abundance over time, whereas non-responders decrease; memory 
B cell frequencies remained unchanged (Wilcoxon test). k, Both PD-1 alone and 
CTLA-4+ PD-1 therapies induced a responder-specific plasma IgG1 signature.  
V4 cohort (IMbrave150): l, Bulk RNA-seq showed nominal posttreatment 
increases in CD20 (MS4A1) and MZB1 expression in responders although not 
statistically significant due to expression heterogeneity (moderated t-test). V5 
cohort (anti-PD-1 and anti-VEGF-A): m, Responders receiving VEGF-A blockade in 
combination with PD-1 therapy also exhibited increased plasma IgG1 abundance 
relative to non-responders. V6 cohort (multiple treatments in HCC and ICCA): 
n, Box plots show that HCC samples contain higher PC abundance than ICCA 
samples and display slower progression times (Wilcoxon test). o, Across samples, 
disease progression positively correlated with tumor diversity scores and 
inversely correlated with PC abundance.NA, not available.
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Fig. 5 | Cancer antigens and serological markers. a,b, Pie chart and bar plots 
showing that antibodies against cancer-associated antigens are predominantly 
enriched in responders compared to non-responders, respectively. c,d, ELISpot 
analysis of IFNγ-secreting cells in response to varying effector-to-target (E:T) 
ratios. The left panel shows wells with decreasing numbers of spots from top 
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higher frequencies of cells secreting IFNγ. e, Similarly, a broader characterization 
using seromics indicates increased abundance of autoantibodies against CTAs 
in responders compared to non-responders. f, Number of antigens enriched 
between responders and non-responders. g, Analysis of 16 patients (8 responders 
and 8 non-responders) showed that an enrichment of antibodies against CTA, 
tumor-associated antigen (Tu/AutoAg) and other antigens was also higher in 

responders. Specifically, comparisons of CTA-specific IgG and IgA levels between 
responders and non-responders showed statistically significant differences 
(P = 0.04 and P = 0.01, respectively), as determined by the Wilcoxon rank-sum 
test and visualized by box plots (same definition as in Fig. 1c). h, Box plots (same 
definition as in Fig. 1c) showing the CTA gene expression signature divided by 
timepoint (pre or post) and clinical response (responders and non-responders); 
paired t-test and Wilcoxon rank test were used to estimate the significance 
between both groups; only paired t-test results are shown in the figure. i,j, The 
increase in autoantibodies against CTAs in responders, specifically in the IgG1 
and IgA isotypes, was assessed using a heatmap to visualize relative abundance 
patterns across samples, violin plots to display the distribution and variability of 
antibody levels and quantile−quantile (Q−Q) plots to evaluate deviations from 
normality and highlight differences in distribution between responders and 
non-responders. KS, Kolmogorov–Smirnov test; NS, not significant; P/I, phorbol 
myristate acetate (PMA) and ionomycin positive control.
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only minimal reactivity (Fig. 5c,d). Notably, the responder had circu-
lating NY-ESO-1 antibodies before ICB treatment, but IFNγ production 
by CD8+ T cells was observed only in on-treatment samples, suggest-
ing that antitumor B cell response may precede T cell response, as in 
previous reports23,24.

To assess if serum autoantibodies target cancer antigens more 
than other autoimmune targets, we performed seromic profiling (IgG 
and IgA against approximately 20,000 antigens, including 186 CTAs; 
Supplementary Table 1) on 32 paired pretreatment and posttreatment 
samples from a discovery HCC neoadjuvant PD-1 cohort (8 responders 
and 8 non-responders). We observed that IgG autoantibodies and, to a 
lesser extent, IgA were enriched for CTAs in responders compared to 
non-responders (Fig. 5e).

Surprisingly, reactivity to CTA was enriched for response, as anti-
bodies detected to another approximately 400 other known non-CTA 
tumor antigens (including p53) had similar prevalence in respond-
ers and non-responders for IgG and IgA (Fig. 5f). Notably, almost all 
antigen-specific antibodies were unique to individual patients and were 
found before treatment and after treatment, although some increases 
in reactivity were noted after treatment (Extended Data Fig. 4i,j). Look-
ing in individual samples, only CTA-specific antibodies showed a sig-
nificant increase with clinical benefit in total number of reactivities 
(on average, 2−3 hits in responders versus 0−1 hits in non-responders) 
(Fig. 5g). In parallel, we did not observe correlation between gene 
expression of CTAs and autoantibodies, suggesting that immuno-
genicity is more important than expression alone (Fig. 5h). Finally, the 
increase in autoantibodies against CTAs in responders (P < 0.05) in IgG 
was identified as specific for CTAs compared to IgA, autoantigens and 
other antigens (Fig. 5i,j). Together, these results support the notion 
that antibody production and reactivity against CTAs are indicators of 
clinical response to ICB, in parallel to an increase of IgG1 PCs.

Plasma IgG1 signature associated with improved survival in 
immunotherapy
To explore the relevance of IgG1 PC expression in patient survival, 
we used independent immunotherapy clinical trials (approximately 
1,500 patients)25–27. Notably, high IGHG1 expression was associated 
with improved overall survival in multiple datasets, including skin 
cutaneous melanoma (SKCM) (TCGA)25 and POPLAR26 and OAK26 tri-
als (patients with NSCLC treated with anti-PD-L1) (Fig. 6a). Notably, 
non-immunotherapy trials showed no effect of IGHG1 on survival (lung 
squamous cell carcinoma (LUSC) and liver hepatocellular carcinoma 
(LIHC)). These results indicate that chemotherapy-treated cancers 
have no clear link between clinical response and IGHG1.

B cells differentiate toward plasma IgG1 in clinical responders
Finally, we evaluated the immune cell contributions in cell−cell com-
munication networks. IgG1 PCs, alongside specific macrophage and 
T cell subsets, were key drivers of interaction strength in respond-
ers (Fig. 6b). Responders showed stronger interaction scores among 

IgG1 PCs, plasmacytoid dendritic cells and macrophages, whereas 
non-responders had enriched interactions involving monocytes, 
regulatory T cells, NK cells and immature dendritic cells (Fig. 6c,d). 
These findings suggest IgG1-skewed PCs foster a favorable immu-
nogenic microenvironment through enhanced immunostimulatory 
signaling, potentially improving immunotherapy outcomes. We also 
identified key pathways potentially driving plasma IgG1 differentia-
tion, including IL-6, TNF, MK, CD70, BTLA, MIF, BAG and CypA, which 
were enriched as both incoming and outgoing signals (FDR < 0.05) 
(Extended Data Fig. 5a–d and Supplementary Table 2).

By integrating these signaling results with differential gene 
expression and pseudotime analysis, we identified genes strongly 
associated with clinical outcomes. Responders showed higher expres-
sion of genes related to PC differentiation, such as ERN1 and RRBP1, 
whereas non-responders showed increased CXCR4 (Fig. 6e,f and 
Supplementary Table 2). These patterns suggest that ICB induces B 
cell activation and class switching, leading to plasmablast expansion 
and differentiation into IgG1-secreting PCs (Fig. 6f,g). By contrast, 
non-responders accumulate fewer diverse memory cells, atypical B 
cells and non-IgG1 PCs. In summary, we identified critical gene pro-
grams that support sustained B cell activation and plasma IgG1 differ-
entiation, both of which are associated with favorable clinical response.

Discussion
Although ICB is a cornerstone of cancer therapy, its effect on humoral 
immunity is not well understood. The presence of intratumoral B cells 
is strongly associated with positive ICB responses across various 
cancers14, but the specificity of these cells to tumor antigens and the 
mechanisms driving this benefit remain unclear28,29. We found that clini-
cal responders were enriched in IgG1 PCs, which have high antitumor 
potential, similar to findings in colorectal cancer30. We observed a 
dynamic, tumor-specific differentiation of these IgG1 PCs, which were 
present at baseline and expanded upon ICB treatment. Conversely, 
non-responders had an abundance of naive and memory B cells, pheno-
types that can contribute to cancer progression31–33. These data suggest 
that different B cell phenotypes are recruited to the tumor or lymph 
nodes12,34, and improper differentiation can worsen outcomes35–38. This 
is supported by observations that antigen-specific B cells differentiat-
ing into PCs are associated with improved ICB outcomes39–41.

The presence and expansion of circulating IgG1 antibodies against 
CTAs in responders further suggests a dynamic, antigen-driven adap-
tive immune response. We hypothesize that these antibodies enhance 
T cell induction through cross-priming23,24, which aligns with previous 
findings where CTA seropositivity correlates with ICB benefit15–17,42,43 
despite being linked to worse prognosis44–46. Although both responders 
and non-responders have preexisting tumor-specific clonotypes, only 
responders show significant clonal expansion with immunotherapy. 
Correspondingly, PCs in responders heavily infiltrate the tumor paren-
chyma, mimicking CD8+ T cells, whereas infiltration in non-responders 
is sparse. These findings suggest that PCs in responders have active 

Fig. 6 | Survival analysis and potential cell−cell interactions and mechanisms 
behind IgG1 phenotype. a, Kaplan−Meier survival analysis from TCGA and 
clinical trial cohorts (POPLAR and OAK) stratified by high versus low IgG1 
expression levels across multiple cancer types (SKCM, LUSC and LIHC). High 
IgG1 expression is associated with improved survival in several contexts (log-
rank P values shown). OS, overall survival. b, Cell−cell interaction contribution 
scores for each cell type, highlighting plasma IgG1 cells as major contributors 
in responders. Bar plot shows interaction weight ratios (R/NR) per interaction 
pathway, color coded by interaction strength. cDC1/2, conventional type 1/2 
dendritic cells; HSC, hematopoietic stem cells; MAIT, mucosal-associated 
invariant T cells; TFH, follicular helper T cells. c,d, Top cell−cell interactions 
enriched in responders (blue) and non-responders (red), based on ligand−
receptor analysis. Arrows indicate the directionality and magnitude of cell type 
interactions, with plasma IgG1 cells and myeloid compartments prominently 

engaged in responders. e, Trajectory analysis and differential expression 
overlap between responders and non-responders showing genes significantly 
changing between compartments and between responders and non-responders 
(FDR < 0.05 and Moran’s I > 0.5, estimated using two-sided Wilcoxon rank test 
and the Monocle 3 pseudotime package). f, Line plots showing the pseudobulk 
normalized median expression of RRBP1, CXCR4, ERN1 and IGHG1 along the 
trajectory path traced using the Monocle 3 algorithm and Moran’s I statistical 
tests (FDR < 0.05 and Moran’s I > 0.5 were estimated in e using two-sided 
Wilcoxon rank test and Monocle 3 pseudotime package). g, RNA trajectories 
build using either responders (blue) or non-responders (red) showing that 
responders differentiate mostly in activated and switched B cells leading to 
plasmablasts and PCs, whereas non-responders have higher pseudotime scores 
in atypical and memory B cells. Trj., trajectory.
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effector functions and that CTA-targeted therapies, such as vaccines 
combined with ICB, could be a promising strategy to stimulate these 
beneficial IgG1 responses47. Combined, these findings suggest that 
PCs of responders have active effector function compared to other 
subsets of B cells.

The B cells and PCs present in the tumor or adjacent tissues in 
non-responders had a diverse immunoglobulin repertoire, including 
IgA, IgG1−IgG4 and IgM without specific isotype enrichment, whereas, 
on the contrary, responders had an enrichment of IgG1 PCs and plasma-
blasts. Interestingly, studies have associated IgA plasmablasts derived 
from reprogramming by cancer-associated fibroblasts to be linked 
with poor clinical outcomes48. However, we noted that, in responders, 
not only was there a skewing toward IgG1 at baseline, but there was 
also an amplification of preexisting matching CDR3 IgG1 cells after 
immunotherapy compared to their abundance in biopsies taken prior 
to treatment. The expansion of plasma IgG1 effector cells is potentially 
associated with immunotherapy induced type I interferon responses49. 
Together, these findings suggest that an IgG1 PC signature may serve 
as an important pretreatment biomarker. Moreover, the observed 
increase in IgG1 abundance after ICB indicates that this dynamic change 
is strongly associated with a favorable response to therapy. Incorpo-
rating these insights into current treatment strategies could involve 
promoting B cell differentiation toward IgG1-producing PCs by target-
ing pathways identified in this study, such as IL6, TNF, RRBP1, ERN1 
and CD70 signaling. Therapeutic agents such as IL-6 agonists or TNF 
pathway activators warrant exploration as potential means to enhance 
IgG1 skewing, thereby potentially improving the efficacy of ICB.

A potential mechanism that favors the survival and expansion of 
plasma IgG1 involves the CyPA and Midkine signaling pathways, which 
help inhibit IL-6 degradation and promote survival through CD74, 
respectively50,51. In combination with proinflammatory conditions 
due to stimulation from myeloid cells through MIF, GAS, CXCL and 
Complement, IgG1-secreting PCs may be sustained during antitumoral 
response52,53. Elegant in vitro studies congruent with our trajectory 
analysis have emphasized the importance of sustained signaling of PCs 
and stimulation of ERN1 to achieve clinical response54,55. We observed 
significant clonal expansion after combination of radiation and ICB, sug-
gesting that Ig-secreting PCs survived the radiation treatment, which was 
also reported to be associated with activation of ERN1 and XBP1 genes56.

These findings from patients with liver cancer treated with neoad-
juvant ICB mirror observations in patients with advanced melanoma 
or NSCLC3 treated with PD-1 with or without CTLA-4 inhibitors from 
TGCA-SKCM25, POPLAR26 and OAK27 cohorts (immunotherapy as front-
line). By contrast, cancers where chemotherapy is frontline are not 
associated with the IgG1 PC phenotype (TCGA-LUSC and TCGA-LIHC). 
The association between IgG1 skewing and improved survival across dif-
ferent tumor types underscores the broader implications of our results 
in guiding immunotherapy strategies34,57–59. The dominance of IgG1 
subclass antibodies and their correlation with T cell activation high-
lights the interplay between humoral and cellular immune responses 
in mediating antitumor immunity. Overall, our study provides insights 
into the key role of B cell and PC responses in antitumor immunity and 
in response to ICB therapy, offering potential biomarkers for treat-
ment stratification, and supports the hypothesis that tumor-specific 
humoral immunity is involved in ICB response. Further exploration of 
these mechanisms may facilitate the development of more effective 
immunotherapeutic strategies that further harness the role of the 
humoral immune system in antitumor immunity.

A shortcoming of our study was small pretreatment biopsy sizes, 
restricting comprehensive immune tumor microenvironment analysis 
and allowing only bulk sequencing before ICB. Low cell and patient 
numbers from single-cell sequencing, limited clonal tracking to unique 
CDR3 regions and unverified antigen specificity of clonally expanded 
PCs were additional constraints. For instance, in the radiation plus 
cemiplimab (PD-1) cohort, PCs were abundant in non-responders but 

lacked clear IgG1 signatures seen in responders. However, we aimed 
to overcome these limitations by integrating multiple approaches 
and cohorts that consistently linked increased IgG1 PC phenotype to 
posttreatment clinical response.
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Methods
Cohort descriptions
Discovery cohort (D1). Early-stage HCC lesions and matched 
non-involved liver specimens were surgically resected after two doses of 
cemiplimab (ClinicalTrials.gov registration: NCT03916627; cohort B1) 
or 2−4 doses of nivolumab. Patients across all HCC etiologies responded 
to ICB, defined as ≥50% tumor necrosis by pathological examination18.

Validation cohort (V2). Early-stage HCC lesions and matched 
non-involved liver specimens were treated with stereotactic body 
radiotherapy ((SBRT) 8 Gy × three fractions) followed by two doses 
of cemiplimab prior to surgery. These patients were subsequently 
surgically resected after two doses of cemiplimab. Patients across all 
HCC etiologies responded to ICB, defined as ≥50% tumor necrosis by 
pathological examination18 (NCT03916627; cohort B2).

Biopsies and tumor tissues from D1 and V2 cohorts were obtained 
from these patients undergoing surgical resection at Mount Sinai Hos-
pital, after obtaining informed consent in accordance with a protocol 
reviewed and approved by the institutional review board (IRB) at the 
Icahn School of Medicine at Mount Sinai (IRB 18-00407).

Validation cohort (V3), Sade-Feldman et al.3. Patients with meta-
static melanoma provided written informed consent for the collection 
of tissue and blood samples for research and genomic profiling, as 
approved by the Dana-Farber/Harvard Cancer Center IRB (DF/HCC 
protocol 11-181) and The University of Texas MD Anderson Cancer 
Center (IRB LAB00-063 and 2012-0846). Tumor samples (n = 48) were 
obtained from 32 patients at baseline and/or after checkpoint therapy. 
Checkpoint blockade therapy used antibodies targeting CTLA-4, PD-1 
or PDL-1 (database of Genotypes and Phenotypes (dbGaP) study acces-
sion numbers phs001680.v1.p1 and PRJNA489548).

Validation cohort (V4), IMbrave150 (ref. 20): a phase 3, open-label, 
randomized study of atezolizumab in combination with bevacizumab 
compared to sorafenib in patients and untreated locally advanced 
or metastatic HCC. This study evaluated the efficacy and safety of 
atezolizumab in combination with bevacizumab compared to sorafenib 
in participants with locally advanced or metastatic HCC who have 
received no prior systemic treatment. The participants were rand-
omized in a 2:1 ratio to one of the two treatment arms: arm A (experi-
mental arm): atezolizumab + bevacizumab; arm B (control arm): 
sorafenib (NCT03434379).

Validation cohort (V5), Cappuyns et al.21. This cohort was from 
the University Hospitals Leuven in Leuven, Belgium. Single-cell tran-
scriptomics was used to characterize the intratumoral and periph-
eral immune context of patients with advanced HCC treated with 
atezolizumab + bevacizumab. Both blood and tumor tissue were 
evaluated (EGAS00001007547).

Validation cohort (V6), Ma et al.22. This cohort consists of indi-
viduals aged 18 years or older diagnosed with gastrointestinal can-
cers, including throat, stomach, gallbladder, liver, pancreatic or colon 
cancer, who are scheduled for treatment at the National Institutes of 
Health (NIH) Clinical Center. Participants will undergo a screening 
process involving a physical examination and medical history, provide 
a baseline blood sample and contribute additional blood samples at 
2 months and 4 months after baseline as well as at the completion of 
their treatment, across 1−4 NIH visits. They will also provide tumor tis-
sue samples if they undergo cancer-related surgery, with no treatment 
provided as part of this study, which focuses on analyzing their immune 
system’s response to the cancer through these samples. The data are 
available at the Sequence Read Archive (SRA) repository: GSE151530 
(NCT01313442).

Validation cohort (V7), Zhang et al.60. This cohort consists of data 
from the tumor microenvironment in HCC resection specimens from a 
prospective clinical trial of neoadjuvant cabozantinib, a multi-tyrosine 
kinase inhibitor that primarily blocks VEGFR2, and nivolumab, a PD-1 
inhibitor in which five out of 15 patients were found to have a pathologic 
response at the time of resection. However, only four responders and 

three non-responders had data available. The data are available at the 
SRA repository: GSE238264 (NCT03299946).

Validation cohort (V8)25–27. Multiple cohorts with available overall 
survival data were evaluated with survival analysis. These cohorts 
include TCGA cohorts25. Data were accessed via the Genomic Data 
Commons (https://portal.gdc.cancer.gov) and https://www.cancer.
gov/tcga. Furthermore, we also investigated the cohorts POPLAR and 
OAK from NCT01903993 and NCT02008227, respectively.

Grand serology ELISA. ELISA was used to detect and quantify circulat-
ing IgG antibodies to known tumor antigens, as previously described. 
In brief, plasma samples were analyzed by low-volume semiautomated 
ELISA for seroreactivity to a panel of recombinant protein antigens 
(NY-ESO-1, p53, SOX2, HORMAD1, ERG, DHFR, PRAME, WT1, MELAN-A, 
SURVIVIN, UBTD2, CT47, MAGE-A1, MAGE-A4, SSX4, CT10, SSX2, XAGE, 
GAGE7 and MAGE-A10). Low-volume 96-well plates were coated over-
night at 4 °C with 0.5–1 μg ml−1 antigen and blocked for 2 h at room 
temperature with PBS containing 5% non-fat milk and 0.1% Tween 
20. Plasma was titrated from 1:100 to 1:6,400 in fourfold dilutions 
and added to blocked and washed 96-well plates. For assay validation 
and titer calculation, each plate contained positive and negative con-
trols (pool of healthy donor sera). After overnight incubation, plates 
were extensively washed with PBS 0.2% Tween 20 and rinsed with 
PBS. Plasma antigen-specific IgG was detected after incubation with 
alkaline-phosphatase-conjugated goat anti-human IgG (SouthernBio-
tech, 2040-4, diluted 1:4,500), revelation using AttoPhos substrate and 
buffer and measurement using a fluorescence reader (BioTek Synergy). 
By linear regression, a reciprocal titer was calculated for each sample 
and for each antigen as the predicted or interpolated dilution value at 
which the titration curve meets a cutoff value7. A positive significant 
result was defined as reciprocal titers more than 100.

ELISpot assay. After bead-guided selection, CD8+ T cells were indepen-
dently cultured with peptide-pulsed, irradiated T-cell-depleted PBMCs 
(serving as antigen-presenting cells) in RPMI + 10% serum type AB (to 
avoid potential reactivity) supplemented with IL-2 (10 U ml−1) and IL-7 
(20 ng ml−1) twice a week. Cells were assessed for specificity at day 10 of 
culture for CD8, using autologous antigen-presenting cells pulsed with 
NY-ESO-1 peptides or controls (influenza nucleoprotein peptide pool 
or dimethyl sulfoxide (DMSO)). The IFNγ ELISpot assay was performed 
on CD8+ T cells. In brief, 96-well nitrocellulose ELISpot plates (Millipore, 
MAHA S4510) were coated overnight at 4 °C with 2 μg ml−1 anti-human 
IFNγ monoclonal antibody (1-D1K) and blocked with 10% human AB 
serum containing RPMI 1640 for 2 h at 37 °C. Then, 2 × 104 sensitized CD8+ 
T cells and 2 × 104 peptide-pulsed T-APCs were placed in each well of the 
ELISpot plate at a final volume of 100 μl of RPMI 1640 medium without 
serum. After incubation for 22 h at 37 °C in a CO2 incubator, the plate was 
developed using 0.2 μg ml−1 biotinylated anti-human IFNγ monoclonal 
antibody (Mabtech, 7-B6-1), 1 μg ml−1 streptavidin-alkaline phosphatase 
conjugate (Roche Diagnostics) and 5-bromo-4-chloro-3-indolyl phos-
phate/NBT (Sigma-Aldrich). The number of spots was evaluated using 
a CTL ImmunoSpot analyzer and software (Cellular Technology Lim-
ited). Results are shown as the number of spot-forming cells without 
subtracting the number of background spots, because the number of 
spot-forming cells in negative control was fewer than three spots per well 
in all assays. A positive response with more than 50 spot counts per well 
as well as spot counts ≥twofold more than background spots obtained 
with non-pulsed target cells was considered to be significant. The signifi-
cance was defined descriptively only, if the number of spots observed for 
NY-ESO-1 in pre, post or lymph node was greater than >2× the number of 
spots in control DMSO as well as more than 50 spots per 50,000 cells.

Seromics. Seromics profiling was performed using CDI Labs’ HuProt 
Human Proteome Microarray version 4.0, which includes over 21,000 
individually purified full-length human proteins and isoforms, 
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providing comprehensive coverage of more than 80% of the human 
proteome. The proteins were printed in duplicate pairs on PATH nitro-
cellulose slides (CDI Labs). Patient sera were diluted 1:500 in Seromics 
Sample Buffer. Simultaneously, the barcoded HuProt Microarrays were 
blocked using CDIArrayBlock buffer to minimize non-specific binding. 
The diluted sera samples were applied to the blocked microarrays 
and incubated for 1 h at room temperature on a shaker. After incuba-
tion, the microarrays underwent a series of washes. Goat Anti-Human 
IgG Fc Cross-Adsorbed Secondary Antibody DyLight 550 and Goat 
Anti-Human IgA Chain Alpha Antibody DyLight 650 were applied to 
the microarrays. These were incubated for 1 h at room temperature on 
a shaker, followed by additional washes. The microarrays were gently 
dried and scanned immediately using a GenePix 4300A Microarray 
Scanner, using GenePix Pro software (Molecular Devices). The resulting 
images were analyzed with Mapix microarray image acquisition and 
analysis software (Innopsys), where signal intensities of background 
and positive and negative control spots were quantified.

Single-cell RNA-seq. Sample preparation: single-cell suspensions 
from HCC tissues were obtained, as described above. Cell dissociation 
was achieved using gentleMACS standard dissociation protocol. Sam-
ples were broadly enriched for CD45+ cells by fluorescence-activated 
cell sorting, and these cells were suspended in PBS supplemented with 
0.05% BSA. Viability of single cells was assessed using Acridine Orange/
Propidium Iodide viability staining reagent (Nexcelom Bioscience), 
and debris-free suspensions of more than 80% viability were deemed 
suitable for the experiments. Single-cell RNA-seq was performed using 
the Chromium platform (10x Genomics) with the 5′ gene expression 
(5′ GEX) V2 kit, as per the manufacturer’s instructions, for a target 
cell recovery of 10,000 cells per lane. Both gene expression and BCR 
V(D)J libraries were constructed, according to the manufacturer’s 
instructions. All libraries were quantified via Agilent 2100 hsDNA 
Bioanalyzer or TapeStation 4200 and KAPA library quantification kit 
(Roche, 0797014001). Libraries were sequenced at a targeted depth 
of 25,000 reads per cell for gene expression and 5,000 reads per cell 
for BCR V(D)J, using the paired-end Illumina NovaSeq S4 300-cycle kit.

Spatial transcriptomics analysis. Seven HCC samples (cohort V7) 
profiled using 10x Genomics Visium were integrated using scVI (ver-
sion 1.3.0). Spatial clustering was performed with CellCharter (ver-
sion 0.3.3), and differential gene expression analysis was conducted 
within the scVI framework. For each cluster, canonical immune and 
HCC-related genes were subjected to pathway enrichment analysis 
(using gseapy version 1.1.8) to guide annotation. Non-canonical genes 
were included if uniquely or highly expressed within a specific cluster. 
Heatmaps of enriched pathways and marker expression profiles were 
generated for visual comparison.

mIHC and TLS community detection. Seventeen mIHC biopsies (six 
responders and 11 non-responders) from the discovery cohort (D1) were 
analyzed to identify TLS-like communities. CD3+, CD8+ and CD20+ cells 
were used as seeds for community detection. Cells within 10 µm of each 
other were iteratively connected if positive for any of the three mark-
ers, forming spatially contiguous TLS-like communities. Radial density 
profiles were computed for CD20+, CD3+, CD8+ and MZB1+ cells within 
each community by defining concentric rings from the centroid—deter-
mined via mean shift clustering—to encompass approximately 10% of 
the effective community area per ring. Marker-specific densities were 
calculated cumulatively across these rings.

PC infiltration scoring. To assess global infiltration of MZB1+ PCs, spa-
tial graphs were constructed using all cell centroids within each tissue 
section. A k-nearest neighbor (KNN) graph (k = 10) was constructed and 
partitioned using the Leiden algorithm. The infiltration score for each 
community was defined as the ratio of MZB1+ cells to the total number 

of cells within the community. These scores were used to compare PC 
dispersion between responders and non-responders.

Statistical analysis. Gene expression reads were aligned to the hg38 
reference transcriptome, and count matrices were generated using 
the default Cell Ranger 2.1 workflow, using the ‘raw’ matrix output. 
After alignment, barcodes matching cells contained more than 200 
unique genes and at maximum 1,000 counts. From these cells, those 
with transcripts more than 25% mitochondrial genes were filtered from 
downstream analyses. Matrix scaling, logarithmic normalization and 
batch correction via data alignment through canonical correlation 
analysis and unsupervised clustering using a KNN graph partitioning 
approach were performed as previously described. Single-cell clus-
tering was done on the top 2,000−3,000 genes based on the dataset. 
Immunoglobulin light, heavy and variable chains were excluded from 
clustering due to their overabundance in PCs and B cells. Differen-
tially expressed genes were identified using the FindMarkers function 
(Seurat). Mean unique molecular identifiers (UMIs) were imputed to 
determine logarithmic fold changes in expression between cell states 
to further the analysis of markers of interest. Gene set enrichment 
analysis was performed using the Enrichr, Gene Ontology and Kyoto 
Encyclopedia of Genes and Genomes databases. Other R packages 
used include scDissector version 1.0.0, ComplexHeatmap version 
2.0, ggplot2 version 3.3.5, tidyverse version 1.0, Matrix version 0.9.8, 
seriation version 1.3.5, Dream version 1.0, singleR version 1.0, CellChat 
version 1.0, Dirichlet version 0.9 and immunarch version 1.5. Survival 
analyses were performed using the survival, survminer and gtsummary 
R packages. Differential abundance was done using Dirichlet regres-
sion modeling strategies. BCR analysis was done using immunarch and 
Wilcoxon rank test. Reconstruction of BCRs from bulk and single cells 
was done using TRUST4 and MixCR algorithms. Trajectory analyses 
were conducted using Monocle 3 and Moran’s I index.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The following external bulk and single-cell RNA-seq datasets were used 
for analyses shown in this study: GSE206325, GSE238264, GSE120575, 
GSE151530 and EGAS00001007547. The data generated by this study 
are available via Zenodo (https://doi.org/10.5281/zenodo.17393774)61. 
For additional details, please contact edgar.gonzalez-kozlova@mssm.
edu, and we will respond within 48 h.

Code availability
The analysis code is available at https://github.com/eegk/B_and_
Plasma_Cell_Studies. For additional details, please contact edgar.
gonzalez-kozlova@mssm.edu, and we will respond within 48 h.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Complementary single cell analysis. a. Schematics of 
the workflow for downstream of cell ranger single cell analysis. b. Table showing 
the number of patients without treatment, with and without treatment stratified 
in adjacent normal and tumor tissue. c. Stacked bar plot showing the cluster 
composition per sample. d. Bar plot showing the landscape of cells per cluster. 
e, f. UMAP and pie chart showing that 54% of cells corresponded to tumor tissue 
and 29% of cells belong to patients who responded to therapy, respectively. g. Dot 
plot showing the percent expressed and average expression levels of canonical 
genes associated with Plasma and B Cells. In parallel, we show the absence of gene 
expression associated to non-B/Plasma cells such as CD3, CD4, CD8 and similar.  

h. Top 10 most expressed genes per cluster. i. Volcano plot showing the 
significant genes for differential expression between non-responders (NR) in 
dark red and responders (R) in dark blue. Differential expression was calculated 
using a two-sided moderate t test through mixed effect models. The top 4 genes 
based on Log2FC, and percent expressed cells (transparency) are labeled.  
j. Bulk RNAseq HCC cohort, violin plot showing the percent variance explained 
associated with patient, infiltration, response and timepoint, ordered from most 
to least variance explained. k. Principal component analysis of HCC bulk RNAseq 
data showing the variance explained for each component.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Complementary BCR analysis. a. Pie chart showing on 
top the number of patients and cells with available scBCRseq. Bottom shows the 
number of responder and non-responders. b. Heatmap showing the average 
log10 expression per isotype for every cluster of cells identified. c. Percent of 
plasma cell isotypes identified in responder and non-responders in normal 
tissue; differences did not reach statistical significance. The percent values are 
shown in the y-axis, while the isotype labels are shown by colors. d. Distribution 
of clonally expanded B and plasma cells. e. Pie chart showing the total number 
of cells classified as expanded or unique. f. Stacked bar plot panel showing 
expansion levels for all the data set, normal tissue and tumor issue, from left to 

right, respectively. g. Stacked bar plot showing the composition of expanded  
and non-expanded cells in normal tissue for responders and non-responders.  
h. Bar plot showing the isotype composition of cells in the lymph node. i. Overlap 
of CDR3 barcodes between LN, tumor and adjacent normal tissue samples for 3 
patients, samples are matched per patient. j. Y-axis average shared clonotypes 
per individual identified in cells across different clusters (LN (lymph node), 
Naïve, Memory and Plasma compartments) for IgG1, IgG2, IgM and IgA. This 
figure shows that plasma IgG1 and IgG2 have larger clones in responders, while 
Naïve or Memory cells with IgM or IgA isotype are most commonly present in 
non-responders.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Complementary bulk RNA-seq analysis. Bulk RNAseq 
(Radiation+PD-1 cohort) a. Table showing the number of samples per tissue type 
and response. b. Principal component analysis showing the percent variance 
explained by every principal component. c. Violin plot from the variance analysis 
showing the effect of covariates modeled in this analysis. Tissue type was the 
largest source of variance for this bulk RNAseq. d. Barplot showing the number 
of differentially expressed associated with either response or non-response 
per comparison using moderated t test statistics. e–j. Volcano plots showing 
the direction and position of IG heavy chains in the differential expression 
gene (DEG) results. In tissue comparisons, there was no difference between 
responders and non-responders for IGH isotypes. However, changes over time 
for either responders or non-responders showed an increase of IGH expression 
(i-j). The p-values were calculated using a two-sided moderate t test. k. Boxplots 
(same definition as 1c) showing the average clonal sizes for responders and 
non-responders. Median increase in IGHG1 and IGHG2 reached nominal 

statistical significance (pval<0.05), but not FDR correction when using a two-
sided Wilcoxon rank test. l. Boxplots (same definition as 1c) showing the results 
from a projection of previously identified single cell signatures for Plasma and 
Plasmablast clusters into bulk RNAseq showed a significant increase when using 
a two-sided Wilcoxon rank test at the time of biopsy and borderline significant 
changes post treatment for plasma cells. Single cell RNAseq (Radiation+PD-1 
cohort). m, n. Principal component analysis showing PC1 and 2 reflecting 
approximately 50% of the variance distinguishing clinical response and tissue 
type. o. Box plots (same definition as 1c) showing the normalized expression 
levels of IGHX heavy chain genes corresponding to either responder and non-
responder. The p-values were estimated using a two-sided Wilcoxon rank test 
p. Dotplots showing the average clonal sizes per patient for the different tissue 
types and timepoints available. q. Dotplots showing the heavy chain clonal sizes 
per isotype that are shared between tissue origin and clinical response status.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Complementary single-cell and seromics analysis 
in validation cohort. Validation cohort, Radiation+PD-1 treatment. a. Tumor 
enrichment in normal and adjacent tumor tissue using Dirichlet regression. 
The number of samples analyzed was 20. The stars and circles above the figure 
represent the log2FC and pvalue calculated using a log-likelihood test.  
b, c. Boxplot (same definition as 1c) showing the Dirichlet regression and log-
likelihood test comparing responders and non-responders in either normal 
or tumor tissue for 8 responders and 12 non-responders. Single cell RNAseq 
results. d. Sample distribution in validation cohort scRNAseq data. e, f. Principal 
components of the RNAseq profiles labeled for response and type of treatment, 
respectively. Both figures capture the variance between samples represented as 

distances between each point. c. Normalized gene expression for heavy chains 
IGHG1-2, A and M for biopsies (pre-treatment), and post-treatment lymph nodes, 
adjacent normal and tumor tissues. g. Dotplot showing the average clonal sizes 
between tissues for every patient regardless of response and IG heavy chain 
isotype. h. Dotplots showing the heavy chain clonal sizes that are shared between 
tissues for every IG isotypes stratified per response. i, j. IgG antibody reactivity 
against human antigens including CTs, tumor antigens and others. Top bar shows 
response in red (NR) and blue (R), while lateral bar shows CTs in color black. The 
scale is the normalized log2 titers converted to z-score across samples for  
easier visualization.

http://www.nature.com/naturemedicine


Nature Medicine

Article https://doi.org/10.1038/s41591-025-04177-6

Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Complementary cell–cell interaction analysis.  
a. Heatmap showing incoming and outgoing signaling pathways between B or 
plasma cell clusters in tumor tissue calculated using the algorithm cellchat. 
b. Heatmap showing the average expression per category of cells and specific 
genes corresponding to signaling pathways with FDR < 0.01. c. Heatmap showing 
incoming and outgoing signaling pathways between B or plasma cell clusters 

in responders and non-responders calculated using the algorithm cellchat. 
d. Spearman Correlation plots showing the directionality and strength of the 
association between differentially expressed genes that are also high in Moran I’s 
score for responders and non-responders (FDR < 0.05 & Moran I > 0.5). e. Barplot 
showing the isotype composition of immunoglobulin heavy chain stratified by 
responders, treatment and pre/post tissues in Feldman et al. re-analysis.
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