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T cells and PD-L1 expression

d B and plasma cells are present in tertiary lymphoid structures

in NSCLC tumors
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In brief

Patil et al. utilize scRNA-seq of NSCLC

tumors to identify three main populations

of intratumoral B and plasma cells.

Deconvolution of bulk RNA-seq of two

large randomized NSCLC clinical trials

demonstrates a strong association of

increased intratumoral plasma cells with

longer overall survival in patients treated

with PD-L1 blockade, but not with

chemotherapy.
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SUMMARY
Inhibitors of the programmed cell death-1 (PD-1/PD-L1) signaling axis are approved to treat non-small cell
lung cancer (NSCLC) patients, based on their significant overall survival (OS) benefit. Using transcriptomic
analysis of 891 NSCLC tumors from patients treated with either the PD-L1 inhibitor atezolizumab or chemo-
therapy from two large randomized clinical trials, we find a significant B cell association with extended OS
with PD-L1 blockade, independent of CD8+ T cell signals. We then derive gene signatures corresponding
to the dominant B cell subsets present in NSCLC from single-cell RNA sequencing (RNA-seq) data. Impor-
tantly, we find increased plasma cell signatures to be predictive of OS in patients treated with atezolizumab,
but not chemotherapy. B and plasma cells are also associated with the presence of tertiary lymphoid struc-
tures and organized lymphoid aggregates. Our results suggest an important contribution of B and plasma
cells to the efficacy of PD-L1 blockade in NSCLC.
INTRODUCTION

Lung cancer is the leading cause of cancer-related death world-

wide. Eighty to eighty-five percent of lung cancers are of the non-

small cell lung cancer (NSCLC) subtype (Duma et al., 2019).

Monoclonal antibodies against immune checkpoints, including

programmed cell death-1 (PD-1) and its ligand PD-L1, have pro-

vided up to 40% response rate in the monotherapy setting (Mok

et al., 2019). PD-(L)1 blockade in NSCLC is marked by durable

efficacy that results in significant overall survival benefit (Grant

et al., 2021). However, most NSCLC patients do not respond

to PD-(L)1 blockade as single agents, and intratumoral immune

infiltrates involved in the response to these therapies remain

poorly characterized (Camidge et al., 2019).

Atezolizumab is a monoclonal antibody targeting PD-L1 that

disrupts the PD-L1:PD-1 interaction and the PD-L1:B7-1 cis

interaction (Zhao et al., 2019). In NSCLC, atezolizumab is

approved in the United States for first line as monotherapy in

patients with high PD-L1 expression on tumor cells and/or intra-

tumoral immune cells (Herbst et al., 2020), as a second-line treat-

ment in all cancer immunotherapy (CIT)-naive patients (Ritt-

meyer et al., 2017) and as a first-line combination treatment

with chemotherapy (paclitaxel and carboplatin) and the VEGF in-

hibitor bevacizumab (Reck et al., 2019; Socinski et al., 2018).
Greater benefit from atezolizumab is observed in tumors with

high PD-L1 expression (Rittmeyer et al., 2017), high T-effector-

and interferon-gamma-associated gene expression (Facchi-

netti et al., 2018), and high tumor mutation burden (TMB) (Gan-

dara et al., 2018). However, there remains a significant need to

understand the biology of response and resistance and the role

of infiltrating immune cells. The association between CD8+

T cell infiltration and response to checkpoint inhibitors (CPIs)

has been described across multiple indications (Waldman

et al., 2020). Recent studies have also identified an association

between increased B cell infiltration, along with the presence of

tertiary lymphoid structures (TLSs) and improved response to

immunotherapy in tumors from melanoma, soft tissue sar-

coma, and renal cell carcinoma patients (Cabrita et al., 2020;

Helmink et al., 2020; Petitprez et al., 2020). Importantly, these

studies found patients exhibiting tumors with high expression

of B cell gene signatures to show favorable prognosis in these

indications based on single-arm studies and tumors from The

Cancer Genome Atlas (TCGA), irrespective of treatment modal-

ity (Cabrita et al., 2020; Helmink et al., 2020; Petitprez et al.,

2020). As such, it is unclear whether intratumoral B cells are

beneficial specifically in the context of PD-(L)1 blockade or

are a general marker of a better prognosis in metasta-

tic NSCLC.
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Figure 1. Intratumoral B cells associate with

increased OS in NSCLC patients treated

with atezolizumab

(A) Volcano plot depicting differentially expressed

genes (FDR p < 0.05; absolute logFC R 0.5) be-

tween patients from OAK with OS <6 months (n =

205) versus OS >12months (n = 205) after treatment

with atezolizumab. Hallmark B and plasma cell

genes and T-effector genes are represented in or-

ange and purple, respectively.

(B) Same as (A) in patients treated with docetaxel.

(C–F) Kaplan Meier (KM) curves comparing the

probability of survival in patients enriched for

CD79A, CD19, IFNG, and the IFN-inducible che-

mokine CXCL10. Gene expression was dichoto-

mized as high (top tertile T3) or low/intermediate

(tertiles T1 and T2).

See also related Figure S1 and Tables S2 and S3.
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Herein, we analyzed the transcriptomes of 891 pre-treatment

tumors from POPLAR (phase 2; Fehrenbacher et al., 2016) and

OAK (phase 3; Rittmeyer et al., 2017), two randomized clinical tri-

als of atezolizumab versus chemotherapy (docetaxel) in NSCLC,

representing the largest transcriptional collection assembled to

date in NSCLC in these settings (Table S1). We first identified a

robust B and plasma cell signal associated with overall survival

(OS) benefit in patients treated with atezolizumab, but not doce-

taxel, in both trials. We then leveraged a large single-cell RNA

sequencing (scRNA-seq) NSCLC dataset to identify specific

transcriptional signatures for intratumoral follicular B cells,

germinal center B cells, and plasma cells, which were validated

at the protein level by cytometry by time of flight (CyTOF). De-

convolution of these signatures in our large transcriptional data-

sets highlighted the importance of plasma cells toward OS

benefit with atezolizumab, independently of CD8+ T cell signa-

tures. Finally, intratumoral enrichment of the plasma cell signa-

ture associated with the presence of TLSs and/or lymphoid

aggregates, supporting a specific spatial organization for B

and plasma cell activity within tumors. Our study reveals the

importance of intratumoral B and plasma cells, independent of
2 Cancer Cell 40, 1–12, March 14, 2022
the presence of CD8+ T cells, in NSCLC

patients who derive an OS benefit from

PD-L1 checkpoint blockade.

RESULTS

A B cell transcriptional signature
associates with prolonged OS in
patients treated with atezolizumab
We first sought to identify differentially ex-

pressed genes (DE-Gs) between tumors

from patients with or without OS benefit

to atezolizumab in OAK, comparing

patients with long survival (>12 months;

n = 313) and those with short survival

(<6 months; n = 205) within each treatment

arm. Between patients with long or short

OS with atezolizumab, 817 genes were

differentially expressed (false discovery
rate [FDR]-corrected p < 0.01; absolute logFC R 0.5; Table

S2). The top over-expressed genes were enriched for genes

associated with B and plasma cell biology, including CD19,

CD79A, BANK1, JCHAIN,MZB1, and TNFRSF17 (B cell matura-

tion antigen [BCMA]; Figure 1A). Genes associated with cyto-

toxic T cell and interferon (IFN) signals (CD3E,D,G, CD8A,

GZMA-B, IFNG, and CXCL9-10) were also detected, albeit not

significantly. None of these genes were significant in the doce-

taxel arm (Figure 1B; Table S3), suggesting a predictive value

of these B and plasma cell genes specifically for response to ate-

zolizumab. These observations were validated in the phase II

randomized clinical trial POPLAR (Figures S1A and S1B).

We then validated results from linear modeling by deriving

Kaplan-Meier curves in OAK, categorizing gene expression by

tertiles, and comparing high expression (T3) versus low/interme-

diate (T1-T2) combined. High expression of the B cell markers

CD79A (hazard ratio [HR] atezolizumab: 0.54 [0.41–0.72]; HR

chemo: 0.88 [0.67–1.13]) and CD19 (HR atezolizumab: 0.65

[0.50–0.86]; HR chemo: 0.94 [0.72–1.2]) provided increased OS

benefit over IFNG (HR atezolizumab: 0.73 [0.55–0.96]; HR

chemo: 0.95 [0.73–1.23]) or the IFN-inducible chemokine
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CXCL10 (HR atezolizumab: 0.85 [0.65–1.11]; HR chemo: 1.11

[0.85–1.44]; Figures 1C–1F). Again, similar results were observed

for POPLAR (Figures S1C–S1F).

To confirm these transcriptional findings at the protein level,

we evaluated baseline tumor samples from two responders

and two non-responders to atezolizumab by immunofluores-

cence (IF) staining for CD8, CD79, and Ki67 using multiplex IF.

Abundant CD79+ B cells were detected in tumors from patients

with objective responses compared with those without (Fig-

ure S1G). In addition, multiplex immunohistochemistry (IHC)

detected regions where CD8+ T cells were in close proximity

(9.9 ± 1.69 mm apart) with CD79+ B cells, suggestive of B cell-T

cell interactions (Cabrita et al., 2020).

Identification of B cell subsets by single-cell RNA-seq
To further characterize the B cell compartment involved in

response to atezolizumab, we analyzed a large scRNA-seq data-

set of 208,506 cells collected from lungandperipheral tissue from

44 NSCLC patients (Kim et al., 2020), focusing on the B and

plasma cell populations. Aggregating cells from tumor and drain-

ing lymph node compartments, dimensionality reduction with

uniform manifold approximation and projection (UMAP), and

graph-based clustering identified threemajor CD79A+ B cell sub-

sets across tumors, including follicular B cells, germinal center

(GC) B cells, and plasma cells (Figure 2A). While we found an

increasednumberofBandplasmacells in tumor tissuecompared

with normal adjacent tissue (NAT), the composition of GC, follic-

ularB, andplasmacellswithin theseBcell populationswassimilar

between tumor and NAT from the same patient (Figure 2B). Tran-

scriptional signatures specific to each subset were identified.

Follicular B cells were enriched for CD83, CD69, SELL, and

BANK1 (Aiba et al., 2006). Plasma cells were enriched for several

immunoglobulin transcripts (IGHG2, IGHGP, and IGHA2),MZB1,

DERL3, and XBP1 (Shaffer et al., 2004). GC center B cells were

enriched for HMGA1, AICDA, and RGS13 (Ruffin et al., 2021).

We refined these signatures by probing the expression of these

transcripts across multiple immune (myeloid, NK, and T cells),

stromal (fibroblasts and endothelial cells), and epithelial and tu-

mor cell populations (Figure S2A) from the same patients, only re-

taining genes specific for B cell compartments. We further

focused only on markers with a high degree of specificity for the

individual B cell populations (Figures 2C and S2A).

We validated the three scRNA-seq-derived signatures (follic-

ular and GC B and plasma cells) in two independent NSCLC

scRNA-seq datasets (Lambrechts et al., 2018; Maynard et al.,

2020). We found two distinct clusters of B cells in the data from

Lambrechts et al. (Figure S2B, top), and expression of individual

genes aswell as scoring cells for our previously derived gene sig-

natures clearly identified one of them as follicular B cells and the

other one as plasma cells (Figure S2B, bottom). No cluster of GC

B cells was found in the Lambrechts et al. dataset, reflecting the

limited cohort size andoverall lowprevalence of TLSs. Analysis of

the NSCLC scRNA-seq from Maynard et al. revealed three clus-

ters ofB andplasmacells, whichwe identified as follicular B cells,

plasma cells, or GC B cells using individual genes as well as

enrichment analysis of our gene signatures (Figures 2D and 2E).

We complemented this transcriptional approach with mass

cytometry, using a 38-marker CyTOF panel on single-cell sus-

pensions from six procured NSCLC tumors (Banchereau et al.,
2021a). Our analysis confirmed the presence of three intratu-

moral B cell populations, based on CD19, human leukocyte an-

tigen – DR subtype (HLA-DR), CD38, and Ki67 staining (plasma

cells: CD38+, HLA-DR�, Ki67�; GC B cells: CD38+, HLA-DR+,

Ki67+; follicular B cells: CD38�, HLA-DR+, Ki67�; Figure S2C).

These markers showed similar expression patterns in the

scRNA-seq dataset (Figure S2D). In summary, we identified

expression signatures consistently identifying follicular B cells,

plasma cells, and GC B cells across three independent NSCLC

scRNA-seq datasets. The presence of these three populations

was further confirmed at the protein level using CyTOF.

scRNA-seq-derived signatures for bulk RNA-seq
analysis
We then asked whether these B cell signatures identified from

scRNA-seq analyses could predict patient survival following

treatment with atezolizumab or docetaxel. We first validated

that signatures derived from scRNA-seq could be applied to

bulk RNA-seq data by measuring gene co-expression and per-

forming hierarchical clustering on these co-expression patterns

(Figures 3A and S3A). Our analyses revealed high correlation be-

tween expression of GC and follicular B cells markers in bulk tu-

mors (Figure S3B; R = 0.74). Plasma cell markers were also

strongly correlated but showed lower correlations with GC or

follicular B cell markers (Figure S3B; mean R = 0.5). Importantly,

we found no correlation between plasma cell signature scores

and percent neoplastic cells defined by hematoxylin and eosin

(H&E) stain (R=�0.084), suggesting that tumor purity is not a rele-

vant confounder of these transcriptomic signatures (Figure S3C).

To additionally validate our signatures, we performed paired

bulk RNA-seq and multiplex IF (mIF) on 23 NSCLC tumors. In a

blinded review, a trained pathologist confirmed that CD138+/

panCK� cells in the non-tumor area matched plasma cells iden-

tified by H&E (Figure 3B). As expected, CD138 was only specific

for plasma cells in the non-tumor area, whereas, in the tumor

area, there were often panCK+/CD138+ cells that were negative

for additional plasma cell markers (BCMA) and did not show

plasma cell morphology (Figure S5A). The relationship between

RNA-seq and mIF was then assessed by normalizing the mIF

plasma cell quantification to total tumor panCK+ cells to account

for differences in tumor size, since the RNA-seq data were

derived from different serial sections of the same tissue blocks.

Overall, quantification of plasma cells by mIF or RNA-seq was

highly correlated (SpearmanR=0.49; p=0.02; Figure 3C). Impor-

tantly, dichotomizing samples by the highest tertile (T3) versus

the bottom two tertiles (T1-T2) yielded highly similar stratifica-

tions (Figure 3D). Moreover, the plasma cell RNA-seq signature

genes individually correlated with themIF plasma cell quantifica-

tion, whereas the follicular B cell andGC signatures did not, high-

lighting the specificity of the plasma cell signature (Figure 3E). In

sum, using an orthogonal method to quantify plasma cell infil-

trate, we demonstrate that the scRNA-seq-derived signature

(Table S4) is highly specific for plasma cells and adequate for

further sample stratification by bulk RNA-seq.

High plasma cell signature predicts OS benefit from
atezolizumab
We then dichotomized these signatures using the tertile split and

comparing high (T3) versus low/intermediate (T1/T2) expression
Cancer Cell 40, 1–12, March 14, 2022 3
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Figure 2. Identification of three B cell subsets in NSCLC tumors

(A) (Left) UMAP dimensionality reduction of 20,362 cells (dots) colored by cluster assignment. The same UMAP is given on the top right, here colored by CD79A

expression. (Middle right) The fraction of cells in each cluster from metastatic lymph node (mLN), non-metastatic lymph node (nLN), normal adjacent lung tissue

(nLung), tumor biopsy (Tbio), and tumor resection (T res) is shown. (Bottom) Relative average expression of indicated markers in clusters from (A) is shown.

(B) (Left) The fraction of cells comparing normal and tumor samples from each patient (rows) for clusters given in (A). (Right) Absolute numbers of cells from each

patient for clusters in (A) are shown.

(C) Violin plots indicating the expression of marker genes in clusters from (A).

(A)–(C) are all based on the dataset from Kim et al. (2020).

(D) UMAPs of B cell clusters (Maynard et al., 2020) colored by expression of single marker genes (left) or scores for gene signatures derived for follicular B cells

(top), GC B cells (middle), and plasma cells (bottom).

(E) Distribution of scores (y axis) across clusters (x axis) for signatures as shown in (D).

See also related Figure S2.
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Figure 3. B cell subset signatures in bulk RNA-seq profiles

(A) Hierarchical clustering of the three B cell signatures identified from the scRNA-seq data in OAK.

(B) Representative NSCLC H&E (top) and mIF (bottom) demonstrating histologically defined plasma cells can be identified as CD138+/panCK� cells. Scale bar

indicates 50 mm.

(C) Correlation of mIF versus RNA-seq quantified plasma cells. The Spearman R value is reported.

(D) Dichotomized plasma cell signature score and mIF quantified plasma cells by tertile. p value is a Fisher’s exact test.

(E) Expression of the genes that comprise the three B cell signatures ordered by increasing mIF plasma cell quantification.

See also related Figure S3 and Table S4.
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Figure 4. The plasma cell signature independently predicts response to atezolizumab

(A–C) Kaplan-Meier curves of OS for each of the indicated signatures, dichotomized as T3 (top tertile) versus T1-T2 (low/median tertiles).

(D) Heatmap depicting the results from Cox proportional hazard models testing hazard ratios within and across arms. Red dots represent statistically significant

HRs (p < 0.05).

(E) Significance of the three B cell signatures and a previously reported 8-gene T-effector signature (tGE8) in univariate interaction models, where the interaction

between signature score and treatment arm is considered.

(F) Forest plots depicting the significance of the plasma cell and tGE8 signatures with PD-L1 IHC (22C3 assay) and tissue TMB (FMI tTMB). Signatures are

dichotomized as T3 versus T1-T2 in all models, tTMB utilizes a cut of 16, and PD-L1 R50% tumor proportion score.

(G) Forest plots depicting atezolizumab versus docetaxel OS HRs separately by histology in the indicated plasma cell infiltration expression groups. Error bars

represent 95% confidence intervals.

(H) Dichotomized plasma cell signature score by tertile stratifying best overall responses as objective responses or durable stable disease (SD) (with progression-

free survival [PFS] R6 months) versus progressive disease or non-durable SD (with PFS <6 months) within each arm. p value is a Fisher’s exact test.

See also related Figure S4.
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groups. Kaplan-Meier analysis revealed that, while a trend to-

ward OS benefit was observed with atezolizumab for the three

signatures, only the plasma cell signature was significant (inter-

action p < 0.05) (atezolizumab high versus low HR = 0.63

[0.48–0.83]; chemo high versus low HR = 0.92 [0.71–1.2]; atezo-
6 Cancer Cell 40, 1–12, March 14, 2022
lizumab high versus chemo high HR = 0.64 [0.47–0.88]; Figures

4A–4D). There was a similar strong stratification of OS by the

plasma cell signature in POPLAR (Figures S4A–S4C). The poten-

tial predictive value of the plasma cell signature was confirmed in

models testing the interaction of each signature with treatment



ll
Article

Please cite this article in press as: Patil et al., Intratumoral plasma cells predict outcomes to PD-L1 blockade in non-small cell lung cancer, Cancer Cell
(2022), https://doi.org/10.1016/j.ccell.2022.02.002
arms (Figure 4E). Importantly, neither the GC B cell, follicular B

cell, nor our 8-gene T-effector signature tGE8 (composed of

IFNG, CXCL9, CD8A, GZMA, GZMB, CXCL10, PRF1, and

TBX21; Mariathasan et al., 2018) were significant in these

models (Figure 4E). The predictive value of the plasma cell

signature also held in multivariate models, including all four sig-

natures (atezolizumab HR = 0.67 [0.50–0.89]; chemo HR = 0.94

[0.70–1.26]), confirming that the effect observed with the plasma

cell signature may be specific and independent of CD8 T cell

presence (Figure S4D).

Within our cohort, 207 patients (atezolizumab n = 99; doce-

taxel n = 108) had comprehensive biomarker profiling with PD-

L1 IHC (22C3 assay), RNA-seq, and tissue TMB (FMI tTMB).

To assess the predictive value and independence of the plasma

cell signatures compared with known biomarkers of CPI

response, we combined these features in amultivariate Cox pro-

portional hazard analysis (plasma cell signature high, tGE8

signature high, PD-L1 R50%, and tTMB R16). Here, we find

that the plasma cell signature has the strongest effect on OS in

the atezo arm (plasma HR: 0.61 [0.36–1.01]). These associations

were absent in the docetaxel arm (plasma HR: 1.00 [0.61–1.64]),

underscoring the specificity of these signals with benefit, but not

chemotherapy (Figure 4F).

In other indications, the increased presence of intratumoral B

cells has potential prognostic implications in TCGA (Cabrita

et al., 2020; Helmink et al., 2020; Petitprez et al., 2020); however,

our data suggest a predictive signal for plasma-cell-rich NSCLC

tumors specifically with immune checkpoint inhibition. Indeed,

the plasma cell signature dichotomized by tertile split in TCGA

NSCLC tumors had no impact on stratification of overall survival

(Figure S4E). We further tested the plasma cell signature in our

previouslypublishedstudy inurothelial cancer (IMvigor210, single

armof atezolizumab;Mariathasan et al., 2018). The signaturewas

dichotomized as high versus low around the median expression.

Patients with high plasma cell signature expression exhibited

longer OS (HR = 0.77; p = 0.05; Figure S4F). In IMvigor210, we

alsoobservedasignificant andpositiveassociationwithOS in IM-

vigor210 and the continuous plasma cell signature score (HR =

0.84; p = 0.02), suggesting that this phenomenon may not be

restricted to only NSCLC. In total, these data suggest that

plasma-cell-rich tumors may portend OS benefit in patients

treated with immune CPIs.

While OS is the gold standard for assessing CPI benefit in

NSCLC, we also explored whether these findings are replicated

when considering objective responses defined by RECIST 1.1

(Eisenhauer et al., 2009). Indeed, plasma cell high tumors

showed significantly more patients who experienced clinical

benefit, defined as best overall response of complete response,

partial response, or durable stable disease (SD) (R6 months),

only in the atezolizumab arm (Figure 4H). Gene set enrichment

analyses demonstrated enrichment of the plasma cell signature

in patients with clinical benefit compared with those without clin-

ical benefit in the atezolizumab arm (Figure S4G), but not in the

docetaxel arm (Figure S4H). These data further underscore the

importance of the plasma cell signature for predicting clinical

benefit specifically to atezolizumab with different outcome

parameters.

In addition, the strength of the plasma cell signature for pre-

dicting atezolizumab benefit was sustained in several subgroup
analyses. When separating squamous and non-squamous

NSCLC patients in OAK, patients in the top tertile of plasma

cell signatures score in either histology demonstrated longer

OS benefit of atezolizumab over docetaxel (Figure 4G). There

were no significant differences in the bottom two tertiles be-

tween atezolizumab and docetaxel OS benefit (Figure 4G).

Several mutations in NSCLC have been reported to be associ-

ated with either poor prognosis or specifically poor outcomes

on CPI (Lisberg et al., 2018; Skoulidis et al., 2018; Wohlhieter

et al., 2020). Though numbers are low, patients with high plasma

cell signatures and mutations in EGFR, STK11, or KEAP1 main-

tain the trend of longer OS for atezolizumab compared with

docetaxel in these subsets of patients (Figure S4I). These data

underscore the applicability of the plasma cell signature for pre-

dicting outcomes to atezolizumab across patient subgroups.

The plasma cell signature is enriched in tumors with
tertiary lymphoid structures and/or lymphoid
aggregates
In previous studies, intratumoral B cells have been found in orga-

nized TLSs (Sharonov et al., 2020). We therefore evaluated

baseline tumor H&E slides for the presence of TLS or lymphoid

aggregates (LAs) only (no observed GCs) in the same samples

we had performed RNA-seq and mIF to compare features of

TLSs and LAs at the cellular phenotype level. We found that

TLSs defined by H&E are marked by a distinct GC dominated

by CD20+ B cells. The GC was surrounded by a mix of CD20+

B cells and CD3+ T cells, which were composed of both CD8�

(CD4+ T cells) and CD8+ T cells (Figures 5A and S5B). Moreover,

all identified TLSs were marked by surrounding plasma cells in

close proximity (Figures 5A and S5B). LAs had more mixed fea-

tures with no distinct CD20+ GC, and the balance shifted in favor

of CD3+ T cells over CD20+ B cells (Figure 5A). Plasma cells were

also found in or around LAs (Figure 5A).

To further understand the relationship between plasma cells

and other cell types, we explored correlations with other cell

types via mIF. Here, we utilized a leave-one-out approach to

assess the correlation between plasma cells and other cell

types captured by mIF. Plasma cells were most correlated

with T cell infiltrate (CD3+). Plasma cells’ levels were equally

correlated with tumor-associated macrophages (CD68+ or

CD163+), CD8 T cells (CD3+/CD8+), and CD4 T cells (CD3+/

CD8�), while also strongly correlated with overall B cells

(CD20+; Figure S5C). Together, these data suggest that plasma

cell infiltration may be linked to T cell infiltration in a TLS or LA.

Indeed, plasma cells by mIF are enriched in samples containing

TLS or LA (Figure S5D).

We therefore evaluated tumor H&E for the presence of TLSs or

LAs in POPLAR. Of the 254 patient samples analyzed, 9% had

TLS-like structures with GCs, 21% had LAs with no observed

GCs, and the remaining 70% had no detectable TLSs or LAs.

Lymph node metastases samples (4% of all samples) were

excluded from this analysis. There was no difference (p = 0.47)

in TLS or LA distribution between samples from atezolizumab

or docetaxel treatment arms (Figure 5B). Patients with tumors

containing TLSs and/or LAs exhibited significantly increased

OS when treated with atezolizumab (HR = 0.60 [0.38–0.94]),

but not with docetaxel (HR = 0.93 [0.62–0.1.41]; Figure 5C).

Similar to the plasma cell signatures, these data suggest that
Cancer Cell 40, 1–12, March 14, 2022 7
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Figure 5. Patients with TLS/LA+ tumors exhibit improved OS with atezolizumab

(A) H&E staining and mIF for the indicated markers for representative TLSs (top two rows) and LAs (bottom two rows). Cellular phenotypes displayed are panCK+

(tumor cells), CD138+/panCK� (plasma cells), CD3+ (T cells), CD20+ (B cells), CD3+/CD8+ (CD8 T cells), and CD3+/CD8� (CD4 T cells). Scale bar indicates 50 mm.

(B) Bar chart representing the proportion of tumors with TLSs, lymphoid aggregates (LAs) only, or neither in each treatment arm in POPLAR.

(C) Kaplan-Meier curve representing OS for tumors from POPLAR with TLSs or LAs identified by H&E versus those with neither, by treatment arm.

See also related Figure S5.
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Figure 6. TLS/LA+ tumors are enriched for plasma cells

(A) Hierarchical cluster of the three B cell subset signatures. Samples are ordered by TLS and/or LA status in POPLAR.

(B) Volcano plot representing differentially expressed genes between tumors with TLS and/or LA versus tumors with neither in POPLAR. Genes from the three B

cell signatures are highlighted.

(C) Violin plots depicting signature Z scores for the plasma cell, germinal center B cell, and follicular B cells, grouped by TLS and/or LA status in POPLAR.

Wilcoxon p values are reported.

See also related Figure S6.
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TLS/LA presence is strongly associated with OS benefit specif-

ically in atezolizumab-treated, but not docetaxel-treated,

patients.

A linear model was then applied to identify DE-Gs between

TLS/LA+ and TLS/LA� tumors. Between the two groups, 928

genes were differentially expressed (FDR-corrected p < 0.01;

absolute logFC R 0.5). TLS/LA+ tumors were highly enriched

for genes from each of the three intratumoral B cell subsets

but especially plasma cell genes, including MZB1, TNFRSF17

(BCMA), and immunoglobulins (Figures 6A and 6B). Quantitative

analysis of the three B cell signatures confirmed the increase in

plasma cells in TLS/LA+ tumors (p = 4.1 3 10�12). GC B cell

(p = 2.6 3 10�7) and follicular B cell signatures (p = 5.3 3 10�5)

were also increased in TLS/LA+ tumors (Figure 6C). Similarly, in

the samples with paired mIF and RNA-seq, we found similar
enrichment of the plasma cell signature and related genes in

samples with mIF-identified TLSs or LAs (Figures S6A and S6B).

Overall, our study integrating bulk transcriptomes from two

large randomized clinical trials of atezolizumab versus doce-

taxel, as well as scRNA and protein measurement, demon-

strated that the presence of high levels of intratumoral plasma

cells in NSCLC associates strongly with longer OS in patients

receiving atezolizumab.

DISCUSSION

Our data show that the presence of intratumoral B cells, espe-

cially plasma cells, at baseline is a key factor in determining the

duration of OS in NSCLC patients treated with atezolizumab.

Several studies have suggested that the presence of B cells
Cancer Cell 40, 1–12, March 14, 2022 9
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may be prognostic in several types of cancer (Blenman et al.,

2018; Greiff et al., 2015; Knief et al., 2016; Nelson, 2010; Wouters

and Nelson, 2018). Prior studies exploring B and plasma cells in

NSCLC (Al-Shibli et al., 2008; Fujimoto et al., 2013; Gentles et al.,

2015; Lohr et al., 2013) or TLS (Germain et al., 2014) have found

that they are associated with better outcomes. These studies

were almost exclusively conducted with early-stage settings,

different treatment regimens, and in retrospective analyses

across a mix of real-world and clinical trial samples. Therefore,

the role of B cells in NSCLC in the context of immunotherapy in

randomized trials has not been established (Patel et al., 2020).

To our knowledge, our data provide the first substantial evidence

that the presence of plasma cells and existence of organized

lymphoid structures, such as TLSs at baseline, are associated

with atezolizumab, but not with chemotherapy-mediated OS

benefit. These data suggest a potential predictive rather than

prognostic effect of these signals. To do so, we analyzed tran-

scriptomic data from two large independent randomized clinical

trial cohorts (OAK, n = 699 and POPLAR, n = 192), comprising the

largest publicly available transcriptomic NSCLC database of pa-

tients treated with CPI or chemotherapy and their associated

clinical outcome.

In our study, gene expression analyses revealed a strong

association between B cell markers and longer OS with atezoli-

zumab treatment. We utilized single cell analyses to derive and

validate specific and robust gene signatures to reliably decon-

volve follicular B cells, GC B cells, and plasma cells from bulk tu-

mor transcriptomes. Importantly, these associations were found

in subgroup analyses of histology and mutational status. While

each B cell subset had some association with outcomes, plasma

cells seem to be themost important. This is perhaps indicative of

a productive local GC reaction whereby mature plasma cells are

the end product. These data are bolstered by similarly significant

clinical benefit in patients with histologically identified TLS or

TLS-like structures. Moreover, using mIF, we find that TLSs are

generally surrounded by plasma cells. Taken together, these

data suggest that tumors with high plasma cell infiltration identify

tumors with TLS or TLS-like structures that can provide sus-

tained tumor killing once stimulated by CPI.

In our study, we confirmed TLS/LA identification by H&E with

mIF in procured samples and then applied this approach to POP-

LAR. Here, tumorswith TLS or LA comprised�30%of all NSCLC

tumors analyzed and were enriched for B and plasma cell signa-

tures. The presence of TLS/LA is associated significantly with

improved OS following treatment with atezolizumab, suggesting

they may play an important role in sustained intratumoral im-

mune responseswith PD-(L)1 blockade. Supporting our findings,

B-cell-rich TLSs have been associated with favorable outcomes

in the context of immune checkpoint blockade for melanoma,

soft tissue sarcoma, and renal cell carcinoma (RCC) (Cabrita

et al., 2020; Helmink et al., 2020; Petitprez et al., 2020). These

prior studies were limited by small cohorts of CPI-treated pa-

tients or with TCGA analyses and therefore only demonstrated

largely prognostic associations with B and plasma cells and out-

comes. When we applied the plasma cell signature to TCGA

NSCLC transcriptomes from patients who were not primarily

treated with CPI, we found no association with OS, suggesting

that infiltration of plasma cells is not simply prognostic in NSCLC.

Overall, our data in the context of two large randomized clinical
10 Cancer Cell 40, 1–12, March 14, 2022
trials of atezolizumab versus chemotherapy show a strong pre-

dictive association between B and plasma cells and OS that is

specific to PD-L1 blockade.

The mechanisms by which B and plasma cells contribute to

anti-tumoral immunity remain unclear. Plasma cellsmay produce

tumor-antigen-specific antibodies, leading to antibody-depen-

dent cellular cytotoxicity and complement activation (Sharonov

et al., 2020). B cellsmay also provide costimulatory signals to an-

tigen-presenting cells (APCs) and CD4+ T cells for an optimal

response after countering inhibitory signals on exhausted cyto-

toxic T cells with PD-(L)1 blockade. While dendritic cells (DCs)

are the main APCs, they migrate to secondary lymphoid organs

once they are activated. On the other hand, mature B cells and

plasma cells remain in the tumor and can form TLSs. B cells ex-

pressing specific B cell receptors (BCRs) can also act as an

APC, capable of presenting antigen to CD4+ and CD8+ T cells

(Adler et al., 2017; Bruno et al., 2017). These cells may be able

to provide sustained co-stimulation to tumor-resident T lympho-

cytes and enable chemokine-mediated T lymphocyte tumor traf-

ficking, thus contributing to the maintenance and expansion of

long-term tumor immunity (Ruffin et al., 2021). Our analysis

shows CD79+ B cells and CD8+ T cells are present in close prox-

imity when visualized by IF imaging, supporting a role of these

cells as APCs. Moreover, mIF demonstrated that plasma cells

are highly correlated with CD4 and CD8 T cells, supporting a po-

tential direct interaction. Class-switched and memory B cells

were enriched in tumors from CIT responders in melanoma and

RCC, where they may promote antigen presentation to prime

cytotoxic T cells (Helmink et al., 2020; Petitprez et al., 2020). In

support of the antigen presentation hypothesis, Bruno et al.

(2017) have described that TIL-B cells influence the phenotype

and function of CD4+ TILs in NSCLC patient tumors in vitro.

Our analysis shows a significant correlation between TLSs

defined by histology and B cell subset gene signatures, which

clearly points to a common underlying B cell biology likely

including a humoral immune response that contributes to the

overall response to atezolizumab. The distinct B and plasma

cell subtypes are intimately related. It is likely that the presence

of intratumoral B and plasma cells relies on the development of

mature TLSs. Our findings also clearly show that increased fre-

quency of B and plasma cells at baseline associates with

improved clinical outcome in NSCLC patients treatedwith atezo-

lizumab, independently of cytotoxic T cell signatures. Novel ther-

apeutics or combination therapies that engage both the cellular

and humoral arms of the adaptive immune systemmay establish

efficient immune surveillance mechanisms that will lead not only

to tumor shrinkage and short-term responses but also can serve

to reset the immune contexture of the tumor microenvironment,

leading to sustained immune responses and OS benefit.
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POPLAR NSCLC samples (n=192) This study N/A

Human NSCLC tissue collection (n=23) Avaden Biosciences N/A

Human NSCLC tissue collection for

CyTOF (n=6)

Discovery Life Sciences N/A

Critical commercial assays

Illumina TruSeq RNA Library Prep for

Enrichment

Illumina Cat#20020189

Illumina TruSeq RNA Enrichment Illumina Cat#20020490

Illumina TruSeq RNA Exome Panel Illumina Cat#20020183

Targeted Gene Alterations Foundation Medicine FoundationOne (T7)

Deposited data

Raw and processed RNA-seq data from

OAK (n=699) and POPLAR (n=192).

European Genome-phenome Archive EGA: EGAS00001005013

Relevant clinical data from OAK and

POPLAR.

European Genome-phenome Archive EGA: EGAS00001005013

OAK 22C3 PD-L1 TC status (n=361),

relevant mutation status (n=517), and tTMB

status (n=425).

European Genome-phenome Archive EGA: EGAS00001005013

NSCLC scRNA-seq Kim et al., 2020 GSE131907

NSCLC scRNA-seq Maynard et al., 2020 https://drive.google.com/drive/folders/

1qZJiFFf9ggfi0Sn79n8uOhWqVDfvjKHp

NSCLC scRNA-seq Lambrechts et al., 2018 https://gbiomed.kuleuven.be/english/

research/50000622/laboratories/

54213024/scRNAseq-NSCLC

NSCLC CyTOF Banchereau et al., 2021a https://flowrepository.org/id/FR-

FCM-Z3NA

Software and algorithms

R Statistical Software version 4.0.0 The R Foundation https://www.r-project.org/

survminer package version 0.4.3 CRAN Repository https://cran.r-project.org/web/packages/

survminer/index.html

survival package version 2.42-3 CRAN Repository https://cran.r-project.org/web/packages/

survival/index.html

qusage package v2.18.0 Bioconductor https://www.bioconductor.org/packages/

release/bioc/html/qusage.html

limma package v3.50.0 Bioconductor https://bioconductor.org/packages/

release/bioc/html/limma.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests should be directed and will be fulfilled by the lead contact, Namrata Patil (patil.namrata@gene.com)

Materials availability
This study did not generate new unique reagents.

Data and code availability
Raw and processed transcriptomic data, relevant mutation status, and limited clinical data has been deposited at the European

Genome-phenome Archive (EGA), which is hosted by the EBI and the CRG, under accession number EGA: EGAS00001005013.

Additional clinical data is available via request from vivli.org.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient population and biomarker collection
This studywas performed using tissue samples from the open-label, randomized Phase 2 POPLAR (NCT01903993) and Phase 3OAK

trials (NCT02008227), which evaluated atezolizumab versus docetaxel in patients with NSCLC who progressed following platinum-

based chemotherapy (Fehrenbacher et al., 2016; Rittmeyer et al., 2017), and enrolled 287 and 1225 patients, respectively. Patients in

all trials received either 1200mg atezolizumab IV every 3 weeks (q3w) until disease progression or loss of clinical benefit, or 75mg/m2

docetaxel IV q3w until PD. POPLAR and OAK studies demonstrated significant improvement in OS with atezolizumab vs. docetaxel,

regardless of PD-L1 expression (Fehrenbacher et al., 2016; Rittmeyer et al., 2017). No crossover was allowed, and OS was the pri-

mary endpoint. Both the POPLAR and OAK studies were performed in full accordance with the guidelines for Good Clinical Practice

and the Declaration of Helsinki, and all patients gave written informed consent. Protocol approval was obtained from independent

ethics committees for each participating site for both studies and an independent data monitoring committee reviewed the safety

data (Fehrenbacher et al., 2016; Rittmeyer et al., 2017) (Table S5). Pre-treatment tissue was collected from paraffin-embedded tissue

(FFPE) from 699 patients from OAK and 192 patients from POPLAR. FFPE tumor tissue was stained for PD-L1 by IHC using a pro-

prietary diagnostic anti-human PD-L1 monoclonal antibody (22C3).

METHOD DETAILS

Gene expression analysis
RNA extraction was conducted for all samples that contained a minimum of 20% TC, greater than 75% of the tumors had more than

45% tumor purity. H&E images were marked for macro-dissection by a pathologist. RNA (High Pure FFPET RNA Isolation Kit, Roche)

was extracted from the macro-dissected sections. All transcriptome profiles were generated using TruSeq RNA Access technology

(Illumina�) for 192 patients from the POPLAR and 699 patients from OAK. Alignment of RNAseq reads to ribosomal RNA sequences

was performed to remove ribosomal reads. NCI Build 38 human reference genome was then used to align the remaining reads using

GSNAP version 2013-10-10 wherein a maximum of two mismatches per 75 base sequence (parameters: ‘-M 2 -n 10 -B 2 -i 1 -N 1 -w

200000 -E 1 –pairmax-rna=200000 –clip-overlap) was allowed. Transcript annotation was based on the Ensembl genes database

(release 77). To quantify gene expression levels, the number of reads mapped to the exons of each RefSeq gene was calculated

in a strand-specific manner using the functionality provided by the R package Genomic Alignments (Bioconductor) (Lawrence

et al., 2013; Mariathasan et al., 2018).

To identify biology associated with OS benefit with atezolizumab, we grouped patients with either survival of <6 months or

>12 months (Fehrenbacher et al., 2016). Differentially expressed genes between these two groups were determined using the R

package limma (Bioconductor), which implements an empirical Bayesian approach to estimate gene expression changes using

moderated t-tests (Ritchie et al., 2015). All expression based associations with outcomes were first tested in OAK and then validated

in POPLAR.

scRNA-seq processing and population-specific signatures
Sampleswere obtained fromGene ExpressionOmnibus (GEO) under accessionGSE131907 as rawUMI counts per cell. Additionally,

annotations of cell type and sample origin for each cell were retrieved. These cell type annotations from the authors were used to

isolate B cells from tumor and normal adjacent tissue as well as draining lymph nodes from the expression matrix. The Seurat pack-

age (v3.1.4) (Butler et al., 2018) was used for downstream analysis of B cells in R (3.6.2).

We filtered cells with less than 500 measured genes or more than 10 percent mitochondrial reads and normalized the expression

counts of the remaining cells to log(CPM/100+1). Principal component analysis was performed on the 2000most variable genes, and

the first 30 principal components were used for UMAP dimensionality reduction and graph-based clustering.

Clusters were determined using a resolution of 0.3. Markers for each cluster were detected by comparing all cells in a particular

cluster to the rest of the cells in the dataset using Wilcoxon’s rank sum test adjusted for multiple testing with Benjamini Hochberg.

From the initial dataset we removed non-B cell contaminant clusters (CD3+ T cells, GZMB+ LILRA4+ pDCs, and HBA2+ red blood
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cells). After removal of these contaminant cells, we re-ran variable gene detection, PCA, and UMAP dimensionality reduction with the

parameters described above, but using a resolution of 0.05. Markers for each B cell subset were identified as genes with an adjusted

p-value <0.001 and logFC >0.5 comparing B cells in a cluster to all other cells in the dataset. To guarantee B-cell specific expression

of markers, we further only retainedmarker genes that were not expressed by non- B cells in the full dataset including stromal, tumor,

and non-B immune cells (retained genes: average log(CPM/100+1) <1 across non B cell populations). To increase sensitivity further,

we removed additional genes with even low expression found in tumor/epithelial cells (given these cells represent themajority of cells

in most samples; retained genes: average CPM in epithelial cells <0.08). Heatmaps for visual comparisons were created using the

pheatmap R package (1.0.12).

The dataset from Maynard et al. was retrieved as a Seurat object provided by the authors (https://drive.google.com/drive/folders/

1qZJiFFf9ggfi0Sn79n8uOhWqVDfvjKHp). Data was normalized to log(CPM/10+1) and dimensionality reduction and clustering was

performed as described above, here using 30 PCs and a resolution of 0.5. We focused our analysis on B cells (identified based on

CD79A expression in all clusters) and performed dimensionality reduction and clustering on this subset of cells (PCs: 30; resolution

0.1). To assign a score to each cell for the three gene signatures obtained in the dataset fromKim et al., we used the addModuleScore

function in Seurat.

B cell expression data from Lambrechts et al. were directly obtained from SCope (https://gbiomed.kuleuven.be/english/research/

50000622/laboratories/54213024/scRNAseq-NSCLC) in loom format. Data was converted into a Seurat object (as.Seurat function)

and normalized to log(CPM/100+1). We used 30 PCs and a resolution of 0.01 for dimensionality reduction and clustering. Scores for

gene signatures in cells were assigned as described above.

CyTOF sample acquisition, staining and data processing
Six fresh NSCLC tumor samples were procured from a commercial vendor (Discovery Life Sciences) as part of adult patients under-

going surgical resection, as described (Banchereau et al., 2021a). We complied with all ethical standards of the Roche Ethics Com-

mittee. Informed consent was obtained from all sampled individuals. After overnight fixation, cells were washed with 3 mL of

MaxPar� cell staining buffer and centrifuged at 800 x g for 5 minutes. After aspiration of the wash buffer and resuspension of the

cell pellet, another round of wash was performed with 4 mL of MaxPar� Water (Fluidigm). Cells were resuspended in 1mL of

MaxPar� Water and counted. After obtaining cell counts, 3 mL of MaxPar� Water was added and cells were pelleted one final

time prior to instrument acquisition. Before introduction into the Helios�, a CyTOF� System (Fluidigm), pelleted cells were resus-

pended with 1X MaxPar� Water containing EQ� Four Element Calibration Beads (Fluidigm) then filtered using a 12 x 75 mm

tube with a 35 mm nylon mesh cell-strainer cap (Corning). All FCS files were normalized together using the MATLAB� (MathWorks)

normalizer and analyzed using FlowJo� software (FlowJo, LLC, Ashland, Oregon). Protein marker expression intensities from mass

cytometry analysis were aggregated from multiple samples and transformed using the inverse hyperbolic sine function. Dimension-

ality reduction was applied to the transformed expression matrix using the uniform manifold approximation and projection (UMAP)

package with the following default parameters: min_dist :0.1, n_neighbors: 15, n_components: 2, and metric: euclidean. Individual

samples were downsampled to 8,000 cells per sample in CD45+ and CD8+ populations. UMAP coordinates were appended to ‘‘.fcs’’

files as additional channels for integration with manual gating analysis in FlowJo (FlowJo, LLC).

Multiplex immunofluorescence
Triple immunofluorescence (CD8/CD79/Ki-67) was performed on 4 mm sections of formalin fixed paraffin embedded (FFPE) tumor

samples from our clinical studies, following deparaffinization, rehydration, and epitope retrieval with Target Retrieval Solution pH 6

for 20 minutes at 99�C. Each staining round began with quenching in 3% hydrogen peroxide. Sections were incubated in anti-

CD79a rabbit monoclonal (SP18) (Thermo Fischer Scientific, MA5-14556) diluted 1:300, detected with PowerVision Poly-horseradish

peroxidase (HRP) anti-rabbit, and amplified with Alexa-Fluor 488 Tyramide. Elution was performed in Target Retrieval Solution pre-

warmed to 99�C for 20 minutes. Sections were incubated in anti-CD8 mouse monoclonal C8/144B (Dako, M7103) diluted to

1.5 mg/ml, detected with PowerVision Poly-HRP anti-mouse, and amplified with Alexa-Fluor 647 Tyramide. Following an elution

step, sections were incubated in anti-Ki67 mouse monoclonal (MIB-1) (Dako, M7240) diluted to 1 mg/ml, detected with PowerVision

Poly-HRP anti-mouse, and amplified with Alexa-Fluor 555 Tyramide. Slides were counterstained with 4’,6-diamidino-2-phenylindole

(DAPI). Images of fluorescent slides were acquired on a NanoZoomer XR.

An NSCLC tissue collection (n = 23) was procured from Avaden Biosciences for orthogonal validation of TLS/LA calling and bulk

RNA-seq deconvolution. Procured samples had appropriate Institutional Review Board (IRB) approval. The mIF panel was designed

to capture plasma cells (pan-cytokeratin [panCK], CD3, CD8, CD163/68 cocktail, CD20, CD138, BCMA, DC-LAMP). Multiplex IF

staining was performed as previously described (Vasaturo and Galon, 2019). In brief, FFPE samples are dewaxed and epitope

retrieval is performed. After blocking, the slides are incubated with DNA-barcoded primary antibodies. All the targets are amplified

and then mixed with fluorescently-tagged probes for hybridization and labeling. Images are then serially acquired for each channel

and thresholds are set for each channel to assign positivity. These data are then used to quantify cellular phenotypes of interest. In a

blinded review, a trained pathologist confirmed that the non-tumor CD138+/panCK- cells exhibited classic plasma cell cytological

features. For comparison to RNA-seq data, the mIF defined cellular phenotypes were normalized to the number of panCK+ cells

to account for differences in tumor/slide size between samples. To compare correlation of mIF plasma cells with other mIF identified

cell phenotypes and leave-one-out cross-validation approach.
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Tertiary lymphoid structure and lymphoid aggregate calling from H&E
TLS were identified on H&E stained FFPE sections by a board-certified hemato-pathologist (HK); definition of a TLS required pres-

ence of a true germinal center with cellular heterogeneity (centrocytes, centroblasts, tingible-body macrophages) surrounded by a

zone of small lymphoid cells and - in most cases - focal accumulations of plasma cells. Lymphoid aggregates (LA) on the other hand

were defined as well-circumscribed, rather dense aggregates of mostly small lymphoid cells without the cellular diversity seen in TLS

(Dieu-Nosjean et al., 2014).

Comprehensive genomic profiling (CGP) by FoundationOne
Comprehensive genomic profiling was carried out as previously described (Banchereau et al., 2021b). In brief, hybrid capture was

performed on FFPE tumor DNA libraries and sequenced to high uniform depth (>500X). We only considered mutations in genes

previously identified to impact CPI outcomes (EGFR, STK11, KEAP1). tTMB was calculated as previously described (Gandara

et al., 2018).

QUANTIFICATION AND STATISTICAL ANALYSIS

Survival and statistical analysis
The Wilcoxon and Chi-squared tests were used where indicated. For survival analyses, the log-rank test was used to compare Ka-

plan-Meier survival curves. Cox proportional hazards regression models were used to generate hazard ratios and 95% confidence

intervals as stratified by distribution-based cut-points (e.g. tertiles), as described in the corresponding legend and text. Multivariable

Cox proportional hazards regression models were used to compare the interdependence of distinct biomarkers for prediction of OS

benefit. Differential gene expression analyses were conducted using the limma R package. All P-values are FDR corrected unless

otherwise indicated. All analyses were conducted using R v.4.0.0 with the survminer, survival, and limma packages.
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