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Abstract

Purpose: CD8þ tumor-infiltrating lymphocytes (TIL) are key

mediators of antitumor immunity and are strongly associated

with survival in virtually all solid tumors. However, the prog-

nostic effect of CD8þ TIL is markedly higher in the presence

of CD20þ B cells, suggesting that cooperative interactions

between these lymphocyte subsets lead to more potent antitu-

mor immunity.

Experimental Design:We assessed the colocalization patterns,

phenotypes, and gene expression profiles of tumor-associated T-

andB-lineage cells in high-grade serous ovarian cancer (HGSC)by

multicolor IHC, flow cytometry, and bioinformatic analysis of

gene expression data from The Cancer Genome Atlas.

Results: T cells andB cells colocalized in four types of lymphoid

aggregate, ranging from small, diffuse clusters to large, well-

organized tertiary lymphoid structures (TLS) resembling activated

lymph nodes. TLSwere frequently surrounded by dense infiltrates

of plasma cells (PC), which comprised up to 90% of tumor

stroma. PCs expressed mature, oligoclonal IgG transcripts, indic-

ative of antigen-specific responses. PCs were associated with the

highest levels of CD8þ, CD4þ, and CD20þ TIL, as well as numer-

ous cytotoxicity-related gene products. CD8þ TIL carried prog-

nostic benefit only in the presence of PCs and these other TIL

subsets. PCs were independent ofmutation load, BRCA1/2 status,

and differentiation antigens but positively associated with can-

cer–testis antigens.

Conclusions: PCs are associated with the most robust, prog-

nostically favorable CD8þ TIL responses in HGSC. We propose

that TLS facilitate coordinated antitumor responses involving

the combined actions of cytolytic T cells and antibody-producing

PCs. Clin Cancer Res; 22(12); 3005–15. �2016 AACR.

Introduction

To mediate effective tumor control, the immune system must

contend with the spatial heterogeneity and dynamic evolutionary

processes that characterize human cancer. Advanced carcinomas

are composed of multiple subclones that, despite a common

cellular origin and shared founder mutations, show divergent

genetic, biologic, clinical, and immunologic properties (1).More-

over, the subclonal structure of cancers continually evolves in

response to the selective pressures imposed by the host and the

cytotoxic effects of treatment (2). Tumor evolution can lead to

the emergence of treatment-resistant variants that ultimately

give rise to fatal disease. Yet at the same time, emerging tumor

variants can express novel antigens that instigate new cycles of

immune recognition and attack. Thus, for the immune system

to successfully contend with advanced cancers, it must deploy

surveillance and effector mechanisms that continually adapt to

the evolving tumor. Understanding these mechanisms is essen-

tial for the development of immunotherapies that yield durable

responses.

These concepts arewell illustrated by high-grade serous ovarian

cancer (HGSC; ref. 3). At the genomic level, HGSC is characterized

by near universalmutations in the tumor suppressor TP53, as well

as frequent disruption of BRCA1, BRCA2, or other genes involved

in homologous DNA repair, resulting in a high degree of genomic

instability (4). Although HGSC has an intermediate mutation

load, tumors show extensive copy number variation (4). Com-

pounding this genomic complexity, HGSCdisseminates early and

extensively and typically is not detected until advanced stages (3).

As a result, HGSC exhibits a high degree of spatial heterogeneity

involving potentially dozens of genomically distinct subclones

with extensive dissemination across metastatic sites (5–7).

Although HGSC is highly sensitive to primary platinum-based

chemotherapy, the development of chemoresistant disease is

common and can bring profound changes in subclonal architec-

ture and mutation profiles (6–8).

Despite this complexity, there is a strong link between antitu-

mor immunity and patient survival in HGSC, suggesting the

immune system can contend with tumor heterogeneity in a

substantial proportion of cases. In particular, the presence of

CD8þ tumor-infiltrating lymphocytes (TIL) in primary tumors

carries a >2-fold increased likelihood of survival (9). Importantly,

however, CD8þ TILs do not operate in isolation. We have shown
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that tumors containingCD8þTIL are often additionally infiltrated

by CD20þ B cells (10,11). CD20þ TIL exhibit an antigen-experi-

enced, IgG-positive memory phenotype (11). Importantly,

tumors containing both CD8þ and CD20þ TIL are associated

with higher survival rates than those containing CD8þ TIL alone.

Similar results have been reported in a variety of other cancers

(12–14), suggesting that effective tumor immunity involves coop-

erative interactions between T cells and B cells.

In our prior study (11), we found that CD8þ and CD20þ TIL

often colocalized in lymphoid aggregates of various sizes and

morphology. This is reminiscent of autoimmune conditions,

where lymphoid aggregates develop in affected tissues. In

rheumatoid arthritis, lymphoid aggregates have been classified

into three grades, ranging from small perivascular collections of

B and T cells (grade I) to large, highly organized structures

resembling lymph nodes (grade III; ref. 15). These latter aggre-

gates, referred to as tertiary lymphoid structures (TLS), are

found not only in autoimmunity, but also in chronic infection,

graft rejection, and cancer (16). Like conventional lymph

nodes, TLSs harbor prominent B-cell follicles adjoined by

discrete T-cell zones containing CD4þ and CD8þ T cells, den-

dritic cells, and high endothelial venules (HEV; ref. 16). The B-

cell follicles of active TLS contain germinal centers (GC) with

interdigitating networks of follicular DCs (fDC). In the setting

of cancer, TLS are receiving increased attention, as they have

been associated with favorable prognosis in several solid

tumors (17–19).

To better understand the mechanisms by which T cells and B

cells work together to mediate antitumor immunity, we inves-

tigated the colocalization patterns, phenotypes, and gene

expression profiles of tumor-associated T- and B-lineage cells

in HGSC. We found that the most robust, prognostically

favorable CD8þ TIL responses are accompanied not only by

CD20þ TIL but by dense stromal infiltrates of IgGþ plasma

cells. We propose that optimal antitumor immunity may

involve closely integrated cytolytic- and antibody-mediated

effector mechanisms.

Materials and Methods

Additional information is provided in Supplementary

Materials.

Patient cohorts

The study protocol was approved by the Research Ethics

Board of the BC Cancer Agency and University of British

Columbia (Vancouver, BC). HGSC tumor specimens were

obtained from previously untreated patients from a prospective

cohort (treated from 2007–present) or retrospective cohort

(optimally debulked cases treated from 1984–2000; Supple-

mentary Table S4; refs. 10,20). Bioinformatic analyses utilized

data from 570 untreated HGSC cases from The Cancer Genome

Atlas (TCGA; ref. 4).

IHC and image analysis

Antibodies are listed in Supplementary Table S6. Multicolor

IHC of formalin-fixed paraffin-embedded (FFPE) tissue was per-

formed using previously described methods (11). Slides were

scanned with an Aperio ScanScope (Leica Biosystems) and ana-

lyzed using ImageScope software v12.1 (Aperio Technologies)

with the Stereology Toolkit v4.2.0 (ADCIS). TILswere enumerated

in ten random 20� fields, and cell counts were normalized to the

area of tumor epithelium evaluated. PC density was measured

using a 4-point scale (21); for survival analyses, cases with PC

scores �1 were deemed positive.

Flow cytometry

Disaggregated tumor cell suspensionswerewashed and labeled

with fluorophore-conjugated monoclonal antibodies (Supple-

mentary Table S6). Flow cytometry and sorting were performed

using a BD Influx instrument.

IgG sequence analysis

RNA was extracted from FACS-purified memory B cells and

plasma cells (1–5 � 103 each) and bulk tumor cells (2.5 � 106).

PCR reactions were performed using primers designed to amplify

all IGHG variable regions. Up to 192 clones per sample were

subjected to Sanger sequencing.

NanoString gene expression analysis

Total RNAwas prepared from FFPEwhole tumor sections using

the AllPrep DNA/RNA FFPE Kit (Ambion, Life Technologies).

Total RNA (200 ng) was analyzed using the PanCancer Immune

Profiling Panel and nCounter platform (NanoString Technolo-

gies). Data were normalized using nSolver Software.

Bioinformatic analysis

The HGSC gene expression array dataset from TCGA was

downloaded from bioconductor.org. Corresponding RNA-seq

data, nonsynonymous point mutation counts, BRCA1, BRCA2,

and TP53 mutation status, and BRCA1 promoter methylation

calls were appended.

Statistical analysis

Statistical analyses were performed using R v3.1.1 and Graph-

Pad Prism v6.0.

Results

Multicolor IHC reveals four types of lymphoid

aggregates in HGSC

To visualize the different lymphoid aggregates present in

HGSC, we developed a 6-color IHC panel that enabled simulta-

neous detection of CD8þ andCD4þ (CD3þCD8�) T cells, CD20þ

Translational Relevance

The role of B cells in anticancer immunity remains contro-

versial. Our data directly address this controversy by demon-

strating that plasma cells (PCs) are an integral component of

CD8þ tumor-infiltrating lymphocyte responses. We show that

the well-established prognostic benefit of CD8þ TIL is restrict-

ed to tumors that additionally harbor PCs. Our findings

indicate that, rather than working in opposition, the B-cell

and T-cell lineages mount closely integrated responses to

human tumors as reflected by their physical colocalization,

synergistic functional profiles, and interdependent prognostic

significance. We discuss the implications of these findings for

the development of immunotherapies that engage and fortify

intrinsic tumor surveillance mechanisms to achieve more

durable clinical responses.

Kroeger et al.
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B cells, CD21þ fDC, CD208þ activated conventional DC, and

PNAdþHEV-like vessels. The panel was applied to whole sections

from 30 randomly selected HGSC tumors. To control for ana-

tomic location, we stained an equal number of specimens from

ovary or omentum; for 7 cases, we stained matched ovary and

omentum samples to allow direct comparison between these

sites.

We observed a variety of lymphoid aggregates, which we

classified into four types based on size, cellular composition, and

degree of organization. Type I aggregates were small (approxi-

mately 20–50 cells), compact, and composed of CD4þ and CD8þ

T cells, B cells, and occasional DCs (Fig. 1A), thereby resembling

grade I aggregates in rheumatoid arthritis (15). Type II aggregates

were larger (100–>1000 cells) and composed of CD4þ and CD8þ

T cells and CD20þ B cells (Fig. 1B). These aggregates were diffuse

and lacked discrete zones or follicles. Type III aggregates repre-

sented fully developed TLS, similar to grade III aggregates in

rheumatoid arthritis (15). TLS had prominent B-cell follicles with

GC-like structures characterized by interdigitating networks of

CD21þ fDC. In addition, they contained discrete T-cell zoneswith

CD4þ and CD8þ T cells, DCs, and PNAdþ HEV-like vessels (Fig.

1C). Finally, type IV aggregates were composed of approximately

100 to 300 CD20þ B cells and fDC organized into follicles with

few CD4þ and CD8þ T cells (Fig. 1D). As these structures did not

contain clear T-cell zones and were primarily (6/7) found in

omental samples, we speculated many or all were normal milky

spots (22).

The four types of aggregates were strongly associated with one

another. Type I and II aggregates were found in the same 17 of 30

tumors. TLS were found in 7 of 30 tumors, all of which contained

type I and II aggregates. Type IV aggregates were observed in 7 of

30 tumors, ofwhich 7 of 7 contained type I and II aggregates and 5

of 7 contained TLS. There was a trend toward a higher prevalence

of type I–III aggregates in omental versus ovarian samples; how-

ever, this did not reach statistical significance. Given their high

degree of coincidence, type I–III aggregates could represent a

developmental continuum of structures, as has been suggested

for similar aggregates in rheumatoid arthritis (15). Alternatively,

they could reflect distinct immunologic processes underway in the

tumor microenvironment.

All four types of aggregates were strongly associated with TIL.

Tumors containing type I or II aggregates were positive for CD4þ

and CD8þ TIL in 17 of 17 cases and CD20þ TIL in 14 of 17 cases.

Likewise, all tumors containing TLS (7/7) contained CD4þ,

CD8þ, and CD20þ TIL (Fig. 1E). We compared the density of

TIL in TLS-proximal (<500 mm from the TLS center) versus TLS-

distal (>500 mm) tumor regions. CD20þ TIL showed a >10-fold
greater density in TLS-proximal epithelium (28.5 vs. 2.5 cells/20�

field; P ¼ 0.013, Mann–Whitney test; Fig. 1F). CD4þ and CD8þ

TIL showed a similar trend (72 vs. 24 and 227 vs. 59 cells/20�

field, respectively), although this did not reach statistical signif-

icance (Fig. 1F). TIL densities were similar between omental

and ovarian sites (all P > 0.4, Mann–Whitney test).

TLS are associated with dense plasma cell infiltrates in

tumor stroma

To investigate whether the GC-like structures observed in TLS

were sites of B-cell differentiation, sections containing TLS were

subjected to 3-color IHC with antibodies to BCL-6, CD3, and

CD20. We detected nuclear expression of BCL-6 in both CD20þ

and CD3þ cells within B-cell follicles, indicating the presence of

GCB cells and follicular helper T cells (Tfh), respectively (Fig. 2A).

Moreover, virtually all TLS contained AIDþ CD20þ B cells, which

are indicative of ongoing immunoglobulin class switching and

somatic hypermutation (Fig. 2B). BCL-6þ and AIDþ B cells were

also observed in type IV aggregates, but not type I or II aggregates.

Thus, TLS exhibited the hallmarks of ongoing GC reactions.

Tumors were stained with antibodies to CD38, CD138, and

CD79a to distinguish PCs (which areCD20�but coexpress CD38,

CD138, and cytosolic CD79a) from na€�ve and memory B cells

(which areCD38�CD138�but expressmembranousCD79a) and

CD138þ tumor or stromal cells. PCs were found in 21 of 30

tumors and generally formed dense stromal infiltrates, constitut-

ing 50% to 90% of stromal cells (Fig. 2C and D). PCs were

typically concentrated near the periphery of TLS (Fig. 2E). In

several cases, CD138þ cells were observed in GCs (Fig. 2F). There

was a strong association between TLS and the density of stromal

PCs (mean PC score in the presence of TLS ¼ 2.6 vs. 1.0 in the

absence of TLS, P ¼ 0.0004, Mann–Whitney test; Fig. 2G),

although 2 of 30 tumors contained abundant PCs (PC score of

3) in the absence of TLS (Fig. 2G). Thus, TLS-associatedGCs could

serve as sites of PC differentiation. The density of PCs was also

positively associated with the intraepithelial density of CD4þ,

CD8þ, and CD20þ TIL (all Spearman r > 0.6, P < 0.001; Fig. 2F).

A coordinated antitumor response including PCs is associated

with survival in HGSC

To assess the prognostic significance of tumor-associated PCs,

we analyzed a retrospective HGSC tissue microarray, which has

been previously evaluated for numerous TIL subsets (10,11,23).

Consistent with our initial immunohistochemical analysis, PCs

were found in 36% (62/172) of cases and showed a predomi-

nantly stromal location. When PCs were considered in relation to

other TIL subsets, 90% of cases (155/172) fell into one of six

subgroups: (i) no TIL (11% of cases); (ii) CD8þ TIL alone (7.5%);

(iii) CD8þ and CD4þ TIL (20%); (iv) CD8þ and CD4þ TIL with

PCs (13%); (v) CD8þ, CD4þ, and CD20þ TIL (16%); and (vi)

CD8þ, CD4þ, and CD20þ TIL with PCs (23%; Fig. 3A). These

subgroupswere associatedwith stepwise increases in the densities

of CD8þ, CD4þ, and CD20þ TIL (all ANOVA P < 0.0001). The

density of CD25þFoxP3þ TIL (23) followed a similar pattern

(ANOVA P ¼ 0.0007). TIL patterns showed no association with

patient age or stage of disease (ANOVA P¼ 0.777, c2P ¼ 0.6173,

respectively). Thus, PCs were associated with increasingly dense

infiltrates of both effector and regulatory T cells.

The six subgroups carried distinct prognostic significance (Fig.

3B). The survival rate associated with CD8þ TIL alone was similar

to tumors lacking TIL altogether. Of tumors containing CD8þ TIL,

those that additionally contained CD4þ TIL, CD20þ TIL, or PCs

were associated with minor, statistically insignificant increases in

survival. However, tumors containing CD8þ, CD4þ, and CD20þ

TIL together with PCs were associated with markedly increased

survival, with approximately 65% of patients alive at 10 years.

Thus, the prognostic benefit of CD8þ TIL was restricted to tumors

that additionally harbor PCs and these other TIL subsets.

Tumor-associated PCs are IgGþCXCR3þ and clonally expanded

The phenotype of PCs was further defined by flow cytometry of

disaggregated viable tumor samples corresponding to 12 of 30

cases used in our multicolor IHC analysis above (Figs. 1 and 2).

The proportion of CD19þ B cells varied widely between tumors

(mean ¼ 6.1% of viable lymphocytes; range ¼ 0.4–30). On the

Plasma Cells, CD8 T Cells, and Survival in Ovarian Cancer
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Figure 1.

Six-color IHC reveals four types of lymphoid aggregates in HGSC and associations with TIL. Antibodies to CD3 (green), CD8 (purple), CD20 (red), CD21 (blue),

CD208 (black), and PNAd (brown) were used to visualize lymphoid aggregates in whole tumor sections from 30 HGSC cases. A, type I aggregates contained

CD8
þ
T cells, CD4

þ
T cells (detected as CD3

þ
CD8

�
cells), CD20

þ
B cells, and CD208

þ
DCs. B, type II aggregates contained CD8

þ
T cells, CD4

þ
T cells,

and CD20
þ
B cells in diffuse patterns with no clear follicles or T-cell zones. C, type III aggregates (TLS) contained B-cell follicles with GCs distinguished by

interdigitating networks of CD21
þ
fDCs. B-cell follicles were adjacent to T-cell zones containing primarily CD4

þ
T cells and CD208

þ
DCs, as well as CD8

þ
T cells.

PNAd
þ
vessels were found in T-cell zones and surrounding follicles. D, type IV aggregates contained CD20

þ
B cells and CD21

þ
fDCs without clear T-cell

zones andmay representmilky spots. E, densities of CD4
þ
, CD8

þ
, andCD20

þ
TIL in tumors inwhich TLSswere present (n¼ 7) or absent (n¼ 23). F,mean densities of

CD4
þ
, CD8

þ
, and CD20

þ
TIL in 10 random fields versus 10 fields within 500 mm of a TLS center (n ¼ 7 cases). P values refer to means that were compared

using unpaired (E) or paired (F) t tests. Scale bars: A and D ¼ 50 mm; B and C¼100 mm.

Kroeger et al.
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Figure 2.

Evidence of ongoing immune reactions

within TLS in HGSC. TLS were analyzed

by multicolor IHC for various immune-

related markers. A, three-color stain for

BCL-6 (brown), CD3 (green), and CD20

(red) showing BCL-6
þ
B cells and Tfh in a

GC. B, two-color stain for AID (brown)

and CD20 (red) showing AID
þ
B cells in a

GC. C, three-color stain for CD38

(brown), CD79a (blue), and CD138 (red)

showingdense stromal infiltration byPCs

(PC score¼ 3). D, false-colored image of

PCs showing colocalization of CD38

(green) and CD138 (red) (merge ¼

yellow). E, example of a TLS surrounded

by PCs. F, CD138
þ
cells (arrow) within a

TLS-associated GC, possibly

representing an early stage of PC

differentiation. G, average stromal

density of PCs (on a scale of 0–3) in

tumors without (n¼ 23) and with (n¼ 7)

TLS. P value, Mann–Whitney test. H,

association between stromal PC scores

and the average density of CD4
þ
, CD8

þ
,

and CD20
þ
TIL. r and P values refer to

Spearmann correlation. Scale bars: A, B,

and D ¼ 50 mm; C ¼ 100 mm; E and F ¼

200 mm.

Plasma Cells, CD8 T Cells, and Survival in Ovarian Cancer
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basis of the surface expression of IgD and CD38, we identified

threemajorCD19þ lymphocyte subsets: IgDþIgG�CD38�na€�veB

cells, IgD�IgGþCD38�memoryB cells, and IgD�IgGþCD38þPCs

(Fig. 4A). As shown previously (11), the majority of memory

B cells were IgG positive (Fig. 4B). PCs comprised from 5% to

88% of CD19þ cells and also expressed surface IgG (Fig. 4B). As

in the immunohistochemical analysis, there was a trend toward

larger proportions of PCs in tumors containing TLS (mean

proportion of CD19þ cells: 39% vs. 25%), although 2 of 12

tumors had abundant PCs (>30% of CD19þ cells) despite

lacking TLS.

CD19þ cells were further assessed for expression of B-cell

differentiation markers. As expected, na€�ve B cells were CD20þ

CD27�CD95�CD138�, and memory B cells were CD20þ

CD27þCD95þCD138� (Fig. 4C). Also as expected, PCs were

CD20�CD27þCD95þ and showed low but consistent expression

of CD138 (Fig. 4C). The chemokine receptors CXCR5 and CXCR3

recruit B-lineage cells into follicles and sites of inflammation,

respectively. As expected, na€�ve B cells expressed CXCR5 but not

CXCR3, whereas the memory B-cell population was a mixture of

CXCR5þ and CXCR3þ cells (Fig. 4C). In contrast, PCs universally

expressed CXCR3, but not CXCR5. Thus, PCs appeared to be at an

early stage of differentiation andhad an inflammatory chemokine

receptor profile.

To assess clonality, we FACS-purified PCs from 3 tumors and

sequenced the immunoglobulin heavy-chain variable regions.

Bulk tumor samples and FACS-purified memory B cells were

analyzed for comparison. In 3 of 3 tumors, PC-derived sequences

were restricted to 10 to 28 distinct VDJ families (Fig. 4D, Sup-

plementary Table S1), suggesting a high degree of clonal expan-

sion. There was also widespread evidence of somatic hypermuta-

tion within VDJ families, with most sequences showing at least

5% divergence from germline. Although CDR3 sequences from

PCs and memory B cells showed some overlap, PC-derived

sequences were most similar to those from bulk tumor in terms

of bothdiversity andprevalence (Fig. 4D). Thus, PCswere clonally

expanded and represented the predominant source of IgGmRNA

in tumors.

Identification of a minimal plasma cell gene

expression signature

To investigate the relationship between PCs and the underlying

molecular and genetic features of HGSC, we sought to identify a

PC-associated gene expression signature that could be used to

interrogate the TCGA dataset. We assessed the expression of 770

cancer/immune–related genes in 19 HGSC samples that, in the

above immunohistochemical analyses, were found to be (i)

positive for both PCs and CD20þ B cells (n ¼ 10), (ii) positive

for PCs but negative for CD20þ B cells (n ¼ 4), (iii) negative for

PCs but positive for CD20þ B cells (n¼ 2), and (iv) negative for

both PCs and CD20þ B cells (n ¼ 3). All tumors contained

CD4þ and CD8þ TIL. Average transcript counts between the 4

subgroups were highly concordant (Fig 5A; Pearson r2 > 0.85).

However, 66 genes were expressed at >10-fold higher levels in

PC high tumors (PC score of 3; n¼ 4; Supplementary Table S2),

including the B-lineage genes CD79A, MS4A1 (CD20), and

TNFRSF17 (B-cell maturation antigen; BCMA; Fig. 5A). Of

these, expression of TNFRSF17 was uniquely associated with

PC-positive tumors compared with tumors containing B cells

but not PCs, or the other subgroups of tumors (Supplementary

Table S2). TNFRSF17/BCMA is known to be expressed when

B cells differentiate into antibody-secreting cells (24), and it is

essential for the survival of long-lived PCs, but not memory B

cells (25). Moreover, TNFRSF17 has been described as a sig-

nature gene for human PCs (26).

Given our observation that PCs contribute the majority of IgG

mRNA in HGSC tumors (Fig. 3D), we reasoned that TNFRSF17

and IgG gene expression levels should be correlated. Indeed,

analysis of microarray data from 570 untreated HGSC tumor

specimens in the TCGA dataset (27) revealed a strong correlation

between the expression of TNFRSF17 and the immunoglobulin-

joining region (IGJ) gene segment, which is common to all

antibody mRNA transcripts (Spearman r ¼ 0.86; Pearson r2 ¼

0.81). When we plotted normalized gene expression values for

these two genes, three patient subgroups emerged (Fig. 5B): (i)

high expressionof bothTNFRSF17 and IGJ (n¼56), (ii)moderate

to high expression of IGJ but not TNFRSF17 (n ¼ 313), and (iii)

negligible expression of TNFRSF17 and IGJ (n ¼ 201). A similar

patternwas seenusingRNA-seqdata froma subset of these tumors

(Fig. 5C). As expected, tumors that expressed both TNFRSF17 and

IGJ also expressed high levels of IGHV segments (Fig. 5D). The

majority of such cases expressed 5 to 15 IGHV segments (Fig. 5D),

consistent with the oligoclonal nature of IgG transcripts previ-

ously observed by Sanger sequencing of IGHV regions (Fig. 4D).

Finally, in accord with our flow cytometry data (Fig. 4B), IgG-

derived transcripts were far more abundant than other immuno-

globulin subtypes. Specifically, IGG1, IGG2, and IGG3 were

predominant, with low expression of IGG4, IGA1, and IGM in

some cases (Supplementary Fig. S1). Thus, TNFRSF17 and IGJ

comprised a 2-gene signature that distinguished TCGA cases with
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(i) both PCs and CD20þ TIL (TNFRSF17high and IGJhigh); (ii)

CD20þ TIL without PCs (TNFRSF17low and IGJhigh); and (iii)

neither CD20þ TIL nor PCs (TNFRSF17low and IGJlow).

Association of the PC signature with immune-related genes,

patient survival, and cancer–testis antigens

The TNFRSF17/IGJ gene signature was used to explore associa-

tions betweenPCs andother immune-related geneproducts in the

TCGA gene expression microarray dataset. Consistent with our

IHC data (Fig. 2E), tumors with a PC signature (i.e., TNFRSF17high

and IGJhigh) showed elevated expression of CXCL13 (which con-

tributes to the establishment and organization of TLS) and IL21

(which is produced primarily by Tfh cells; Fig. 6A). Although a

marker of TLS, CXCL13 is unlikely to serve as a chemoattractant

for PCs, as PCs express the inflammation-associated chemokine

receptor CXCR3 rather than CXCR5 (Fig. 4C; ref. 28). Indeed, the

three CXCR3 ligands (CXCL9, CXCL10, andCXCL11) were highly

expressed in tumors with PC or B-cell signatures (Fig. 6B), pro-

viding a plausible mechanism for attraction of PCs to the tumor

microenvironment. Tumors with a PC signature also showed high

expression of TNFSF13B (BAFF, a ligand for BCMA; Fig. 6C). In

contrast, IL6 levels were only modestly elevated, and TNFSF13

(APRIL) and CXCL12 levels were similar to the PC-negative

subgroups (Fig. 6C). Thus, the BAFF/BCMA axis might provide

the primary growth and survival signal for PCs in the HGSC

microenvironment.

We also evaluated the relationship between PCs, cytolytic gene

signatures, andprognosis. Consistentwithour IHCdata (Fig. 2H),

we observed a stepwise increase in the expression of CD8A (a

marker of CD8þ TIL) in cases with B-cell and PC signatures (Fig.

6D), whereas expression of the Treg-associated transcription

factor FOXP3was uniform across subgroups (Fig. 6E). Cases with

the PC gene signature also showed elevated expression of IFNG,

GZMB, and PRF1 (Fig. 6F). The PC gene signature was strongly

associated with overall survival (no B cells vs. PC, log rank P ¼

0.0086; B cells vs. PC P ¼ 0.0241), whereas IGJ alone carried no

prognostic benefit (Fig. 6G). Thus, consistent with our IHC data

(Fig. 3B), PCs were associated with cytotoxic immune responses

and patient survival.

To gain insight into potential target antigens of PCs, we eval-

uated the relationship between the PC gene signature and various

classes of tumor antigen. Nonsynonymous point mutations can

give rise to "neo-epitopes" that are recognized byCD8þ andCD4þ

TIL (29). However, neither the PC nor B-cell gene signatures

showed an association with the total number of point mutations

in tumors (c2P¼ 0.9429; Fig. 6H) nor predictedHLA-A associated

neoepitopes (c2P ¼ 0.7675; Supplementary Fig. S2A). Although

BRCA1 impairment has been correlated with the expression of

TIL-related genes in HGSC (30,31), the PC and B-cell gene

signatures showed no association with BRCA1 impairment

(including germline mutations, somatic mutations, and DNA

methylation; c2P ¼ 0.7415; Fig. 6I) nor BRCA2 mutation (c2P
¼ 0.9142). Likewise, the PC and B-cell gene signatures were not

associated with specific types of TP53 mutation (c2P ¼ 0.7175;

Supplementary Fig. S2B). We also evaluated the expression of 45

commonly overexpressed antigens and 15 well-characterized

differentiation antigens (Supplementary Table S3) but found no

association with the PC or B-cell gene signatures (Supplementary

Fig. S2C). Finally, we assessed the expression of 104 cancer–testis

(CT) antigens. Tumors with a PC signature expressed 2-fold more

CT antigens on average than tumors with a B-cell signature or no

B-cell signature (cutoff: z¼ 3, ANOVA P¼ 0.0003; Fig. 6J). Similar

results were obtained using different thresholds for gene expres-

sion (z ¼ 2, P ¼ 0.0093 and z ¼ 4, P < 0.0001). Semisupervised

hierarchical clustering revealed a subset of CT antigens that were
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overrepresented in caseswith aPCgene signature (Supplementary

Fig. S3), including known targets of autoantibody responses such

as NY-ESO-1, MAGEA1, and CTAG2 (Supplementary Fig. S3;

Supplementary Table S4). Thus, from this broad bioinformatic

analysis, CT antigens emerged as a potential class of target antigen

underlying PC responses in HGSC.

Discussion

While investigating lymphoid aggregates in HGSC, we discov-

ered a novel, prognostically significant association between TIL,

TLS, and PCs. PCs were strongly associated with mature TLS and

formed dense aggregates in tumor stroma. PCs had an early-

differentiated phenotype, expressed surface IgG, and showed

evidence of clonal expansion and somatic hypermutation. PC

infiltrates were strongly associated with CD8þ TIL and other

hallmarks of cytotoxic immune responses. Indeed, CD8þ TIL

carried prognostic benefit only when found in combination with

PCs, CD20þ TIL, andCD4þ TIL, suggesting these four lymphocyte

subsets work in concert to promote antitumor immunity. Inter-

rogation of the TCGA dataset revealed correlations between PCs

and other features of active antitumor responses, including B-

lymphoid growth and survival factors, TLS-associated genes, and

cytokines and chemokines associated with cytolytic immune

responses. Tumorswith a PC gene signature had averagemutation

loads and BRCA1/2 status but expressed more CT antigens,

suggesting the latter represent target antigens for PC responses.

Collectively, our findings reveal an important but underappreci-

ated collaboration between PCs and TIL in antitumor immunity.

With better understanding, it may be possible to enhance these

functional interactions to achieve improved tumor surveillance

and more durable responses to immunotherapy.

The positive associations we found between PCs and tumor

immunity are consistent with some, but not all, prior reports

concerning the immunologic role of PCs. On the positive side,

PCs or PC-like gene signatures have been associated with favor-

able prognosis in breast (14), lung (21), colorectal (12), and other

cancers (13). Indeed, in a recent pan-cancer gene expression

analysis, a PC-associated gene signature was among the strongest

positive prognostic factors across cancer types (26). Moreover,

prognostically favorable "B-cell" gene signatures often contain

immunoglobulin transcripts (14,32), which our data indicate are

likely attributable toPCs (Fig. 4D).On theother hand, bothB cells

(33,34) and PCs have been shown to play inhibitory roles in

cancer and other settings. Recent studies in infection and auto-

immunity have identified a subset of PCs ("regulatory" PCs) that

inhibit T-cell responses via the immunosuppressive cytokines

IL10 and IL35 (35). Shalapour and colleagues recently described

a similar PC subset in murine and human prostate cancer that

inhibited CD8þ T cell–mediated tumor immunity and conse-

quently the effectiveness of chemotherapy (36). Notably, this PC

subset expressed IgA, IL10, and PD-L1 and differentiated in

response to TGFb. In contrast, we found that PCs in HGSC

universally expressed IgG (Fig. 4B and Supplementary Fig. S1),

suggesting they undergo class switching in a proimmune milieu

dominated by cytokines such as IFNg rather thanTGFb.Moreover,

HGSC-associated PCs expressed CXCR3 (Fig. 4C), which is

induced in B-lineage cells by an IFNg/T-bet dependent pathway
and enables their recruitment to inflammatory sites (37).CXCR3þ

PCs have also been described in autoimmunity, where they serve

to exacerbate rather than suppress immune responses (38,39).

Thus, the immunosuppressive PCs described in prostate cancer

(36)may be unique to that disease, as the PCs found inHGSC and

other malignancies have properties and associations consistent

with a positive role in antitumor immunity.

Given the strong prognostic significance of CD8þ TIL, it is

widely assumed that they are the primary mediators of antitumor

immunity. However, CD8þ TILs are often functionally impaired

in the tumor microenvironment (40), raising the possibility that

alternative immune mechanisms are equally, if not more, impor-

tant. As the normal physiologic role of PCs is to serve as "antibody

factories", they could mediate antitumor effects by producing

antibodies against tumor-associated antigens. Such effects might
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be augmented by the dense localization of PCs in tumor stroma,

which would enable high concentrations of antibody to accu-

mulate locally. Theoretically, PC-derived antibodies could

mediate direct antitumor effects by binding to and disrupting

the function of their cognate antigens, activating the comple-

ment pathway, and/or triggering antibody-dependent cellular

cytotoxicity (ADCC; ref. 41). In this regard, the predominant

antibody subtypes in HGSC included IgG1 and IgG3 (Supple-

mentary Fig. S1), which can activate both complement and

ADCC (41). Finally, PC-derived antibodies could opsonize

tumor antigens, thereby facilitating antigen presentation and

broadening of T-cell responses (42).

Defining the antitumor mechanisms used by PCs will require

identification of their cognate antigens. Our TCGA analyses
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Figure 6.

The PC gene signature is associated

with markers of active humoral and

cellular immunity, patient survival, and

CT antigen expression. As in Fig. 5,

TCGA cases were stratified into three

groups based on the expression of IGJ

and TNFRSF17: red ¼ no B-cell

signature, blue ¼ B-cell signature, and

green ¼ PC signature. A, expression of

TLS-associated factors. B, expression of

chemokine ligands for CXCR3.

C, expression of PC survival factors.

D, expression of CD8A, an indicator of

CD8
þ
TIL. E, expression of FOXP3.

F, expression of cytotoxicity-associated

gene products. A–F, P values refer to

one-way ANOVA with Tukey post hoc

comparison. � , P < 0.05; ��� , P < 0.001;
���� , P < 0.0001. G, Kaplan–Meier

survival analysis ofHGSCcases from the

TCGA dataset (n ¼ 570). �� , log rank

tests between indicated groups: no B

cells versus PC P ¼ 0.0086, B cells

versus PC P¼ 0.0241. H, TCGA RNA-seq

normalized gene expression values for

IGJ and TNFRSF17 were overlaid with

calls for above median levels of

nonsynonymous point mutations

(n¼ 219). P value, c
2
test. I, analysis was

performed as in A but overlaid with

BRCA1 alterations (including germline

and somatic mutations and promotor

methylation) and BRCA2 mutations

(germline and somatic; n ¼ 316).

P value, c
2
test. J, average numbers of

expressed CT antigens (TCGA

microarray gene expression values

> 3 SDs above the mean) in cases with

no B-cell signature, the B-cell signature,

or the PC signature (n ¼ 570). P value,

one-way ANOVA with Tukey post

hoc comparisons; �� , P < 0.01;
��� , P < 0.0001.
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suggest that PC-derived antibodies preferentially recognize CT

antigens over differentiation/overexpressed antigens or mutant

gene products (Fig. 6 and Supplementary Fig. S2). Of the 31 CT

antigens that were associated with PC signature–positive tumors

(Supplementary Table S4), 27 (87%) are encoded on the X

chromosome (CT-X antigens). Given that CT-X antigens represent

only about 50% of all known or predicted CT antigens (http://

www.cta.lncc.br/), this represents a marked overrepresentation of

CT-X antigens in PC-positive tumors. In agreement with our

findings, Germain and colleagues recently demonstrated recog-

nition of multiple CT-X antigens by tumor-associated antibodies

in lung cancer (43). Thus, aberrant expression of X chromosome

genesmight be a generalmechanism for inducing PC responses in

cancer. Other classes of antigen might also be relevant, as lung

cancer–derived antibodies have also been shown to recognize p53

and various overexpressed self-antigens (44). Furthermore, anti-

bodies derived from medullary breast cancer were shown to

recognize ganglioside D3 and an apoptosis-associated form of

actin (45,46).

In addition to antibodies, PCs could influence antitumor

immunity through cell-based mechanisms. PCs can regulate T-

cell responses by expressing cytokines and other immunomod-

ulatory factors (35). Another possibility is that PCs might phys-

ically exclude immune-suppressive cell types, such as cancer-

associated fibroblasts and myeloid-derived suppressor cells

(47), creating a more permissive tumor microenvironment for

CD8þ TIL responses. Indeed, lymphocyte- and mesenchymal-

derived gene signatures are inversely correlated in HGSC (4,30).

Our findings suggest several novel avenues for cancer immu-

notherapy. The antibody-mediated effects of PCs could poten-

tially be mimicked through administration of recombinant anti-

bodies combined with immune modulators that enhance down-

stream processes such as antigen spreading, CDC and ADCC. The

cell-mediated effects of PCs could potentially be reproduced by

adoptive transfer of tumor-specific PCs, induction of TLS using

vectors that express relevant cytokines/chemokines (48), or ther-

apeutic vaccination (49,50). By designing immunotherapies that

engageboth thehumoral and cellular armsof the immune system,

it should be possible to establish endogenous tumor surveillance

mechanisms that more effectively contend with the spatial het-

erogeneity and continual evolution of advanced cancers.
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