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ABSTRACT
◥

Emerging evidence indicates B-cell activating factor (BAFF,
Tnfsf13b) to be an important cytokine for antitumor immunity.
In this study, we generated a BAFF-overexpressing B16.F10 mel-
anoma cell model and found that BAFF-expressing tumors grow
more slowly in vivo than control tumors. The tumor microenvi-
ronment (TME) of BAFF-overexpressing tumors had decreased
myeloid infiltrates with lower PD-L1 expression. Monocyte
depletion and anti-PD-L1 antibody treatment confirmed the func-
tional importance of monocytes for the phenotype of BAFF-
mediated tumor growth delay. RNA sequencing analysis confirmed
that monocytes isolated from BAFF-overexpressing tumors were
characterized by a less exhaustive phenotype and were enriched
for in genes involved in activating adaptive immune responses and

NF-kB signaling. Evaluation of patients with late-stage metastatic
melanoma treated with inhibitors of the PD-1/PD-L1 axis dem-
onstrated a stratification of patients with high and low BAFF
plasma levels. Patients with high BAFF levels experienced lower
responses to anti-PD-1 immunotherapies. In summary, these
results show that BAFF, through its effect on tumor-infiltrating
monocytes, not only impacts primary tumor growth but can
serve as a biomarker to predict response to anti-PD-1 immuno-
therapy in advanced disease.

Significance: The BAFF cytokine regulates monocytes in the
melanomamicroenvironment to suppress tumor growth, highlight-
ing the importance of BAFF in antitumor immunity.

Introduction
B-cell activating factor (BAFF), a member of the tumor necrosis

factor (TNF) family, is a cytokine critical for B-cell development and
survival (1). Produced by myeloid cells (2), malignant B cells (3),

activated T cells (4), and bonemarrow stromal cells (5), BAFF exerts its
biological functions through binding with high affinity to the BAFF,
TACI, and BCMA receptors (6, 7) and affects aspects of B-cell devel-
opment, maintenance, and survival. Elevated BAFF levels have been
observed in patients with autoimmune diseases (8, 9). The functional
significance of elevated BAFF in autoimmune diseases has led to the
development of anti-BAFF mAbs such as belimumab already
approved for the treatment of systemic lupus erythematosus (10).
Emerging evidence indicates that BAFF regulates immune cells other
than B cells. BAFF-R is expressed on activated, central, and effector
memoryT cells (11) aswell asmonocytes (12). Taken together, BAFF is
a cytokine of clinical importance in autoimmune diseases and is
involved in various aspects of B-cell function but has also been shown
to affect T cells and innate immune cells.

In addition to its recognized role in autoimmune diseases, there are
reports indicating BAFF to be associated with hematologic malignan-
cies where patients have been shown to have elevated serum BAFF
levels that negatively correlated with clinical outcome (13). The above
findings are not surprising given that BAFF is a survival factor for
normal B cells and would therefore also sustain the proliferation of
malignant B cells. In solid tumors however, the pathophysiologic link
between BAFF and cancer is tenuous. Although elevated serum BAFF
levels were observed in patients with neuroendocrine tumors (14),
BAFF expression did not differ between normal and cancerous tissue
in patients with breast cancer (15). BAFF serum levels were shown to
be higher in patients with pancreatic ductal adenocarcinoma where
BAFF promoted tumor invasion and metastasis (16). When consid-
ering individual contributions of BAFF–affected immune cells to
antitumor immunity, BAFF derived from dendritic cells improved
antitumor efficacy (17) and loss of BAFF production in the epithelium
led to prostate tumor escape from immunosurveillance (18). Impor-
tantly, Yarchoan and colleagues have recently shown that in vitro
BAFF treatment upregulated multiple B-cell costimulatory molecules,
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and when administered systemically at high doses in tumor-bearing
mice, had multiple immunoregulatory functions (19) including an
accumulation of B cells and FOXP3þ T regulatory cells (Tregs) in the
spleen. When the authors mined data from The Cancer Genome Atlas
(TCGA) they found that higher BAFF expression was associated with
improved 5-year survival although it is difficult to conclude whether
the survival was based on higher BAFF expression in the tumor or in
infiltrates that are likely to be a source of BAFF (19). Although the role
of BAFF in hematologic malignancies is better established, less is
known about its prognostic or functional role in solid tumors, although
it is clear that BAFF is an important emerging cytokine involved in
antitumor immunity.

To specifically examine the effects of local BAFF within the tumor
microenvironment (TME), we generated BAFF-overexpressing
murine melanoma cell lines. We investigated their ability to impact
primary tumor growth using knockout murine models and depletion
antibodies and found that intratumoral BAFF critically affects the
number of tumor-infiltrating monocytes and their immunosuppres-
sive phenotype.

Materials and Methods
Cell culture and compounds

RMA/S and HEK293T cells were cultured and obtained as previ-
ously described (20). B16.F10.gp33 (B16.gp33) were provided by
Dr. H.P. Pircher, Freiburg, and cultured as described previously
(21). Cell lines were maintained DMEM supplemented with 10% FBS
(GIBCO), penicillin, and streptomycin. Cells routinely tested negative
for mycoplasma, last tested August 2021 (MB, Minerva Biolabs). Cells
were used for a maximum of five passages from time of thawing.

Mice
JHt�/�,Cd8�/�, Ifng�/� andBaffr�/�mice were bred in a C57BL/6

background and maintained under specific pathogen-free condi-
tions. Tumors were measured using calipers and tumor volume was
calculated using the following formula: (tumor length � width2)/2.
Experiments were approved under the authorization of the LANUV
in accordance with German law for animal protection.

Patient samples
Plasma from 11 healthy donor volunteers was collected at

University Hospital D€usseldorf, Department of Molecular Medicine
II. Forty-four plasma samples from previously untreated patients
diagnosed with melanoma were retrieved from the biobank of the
Department of Dermatology, Essen, Germany (Study no. 19-8606-
BO, 3927, 2019-373-FmB).

Cell depletions and blocking antibodies
Natural killer (NK) cells were depleted as described previously (22).

Monocytes were depleted using the anti-CCR2 antibody (clone MC-
21; ref. 23) and used with a Rat IgG2b isotype control (BioXCell, clone
BE0090). The murine anti-PD-L1 clone 10F.9G2 (BioXCell) was used.

IHC and immunocytochemistry
Histologic analysis was performed on snap frozen tissues

that were fixed in acetone, blocked with 10% FCS, and stained
with anti-active caspase-3 (BD Biosciences), anti-cleaved caspase-8
(Cell Signaling Technology), anti-PD-L1, anti-LY6C, anti-LY6G
(all eBioscience), and anti-BAFF (R&D) antibodies. Fluorescent
images were taken with an Axiocam 503 color microscope (ZEISS)

and quantified using ImageJ. Conventional histology images were
taken using the Brightfield microscope.

Flow cytometry analysis
Tumors were excised, weighed, crushed, strained through a 0.45-

mm filter, and surface stained with: anti-LY6G, LY6C, CD8,
NK1.1, CD11b, CD45.2, F4/80, PD-L1, BAFFr, CD5, CD25, IgM,
and CD19 antibodies (eBioscience). Intracellular staining for Gran-
zyme B and IFNg was performed using the Foxp3 mouse Treg Cell
Kit (eBioscience). Experiments were performed using a FACS
Fortessa and analyzed with FlowJo software.

NK cytotoxicity assays
NK-cell cytotoxicity assays were carried out as described previously

(20).

Elisa
The TGFb1 (eBioscience) and BAFF (R&D) ELISA Kits were

performed according to the manufacturers’ instructions.

qRT-PCR
RNA was isolated using TRIzol (Invitrogen) and RT-PCR analyses

were performed using the iTaq Universal SYBR GreenOne-Step
RT-qPCR Kit (Bio-Rad) or the iTaq Universal Probes One-Step
Kit (Bio-Rad) according to the manufacturer’s instructions. Expres-
sion levels were normalized to Gadph.

Lentiviral transduction and cell line generation
Lentiviral particles were generated by calcium phosphate

transfection of HEK293T cells BAFF expression plasmid constructs
[BAFF pLenti-C-Myc-DDK and the pLenti-C-Myc-DDK-P2A-
Puro tagged open reading frame clones (Origene)]. Monoclonal
cell populations were generated through clonal dilution. Polyclonal
populations were puromycin selected (1.5 mg/mL of puromycin)
and maintained in puromycin.

RNA sequencing and gene set analysis
RNA was isolated using TRIzol (Thermo Fisher Scientific) and

500 ng total RNA was processed using the TruSeq RNA Sample
Preparation v2 Kit (low-throughput protocol; Illumina) to prepare
the barcoded libraries. Libraries were validated and quantified using
DNA 1000 and high-sensitivity chips on a Bioanalyzer (Agilent);
7.5 pmol/L denatured libraries were used as input into cBot (Illumina),
followed by deep sequencing using HiSeq 2500 (Illumina) for 101
cycles, with an additional seven cycles for index reading. Fastq files
were imported into Partek Flow (Partek Incorporated). Quality anal-
ysis and quality control were performed on all reads to assess read
quality and to determine the amount of trimming required (both ends:
13 bases 50 and 1 base 30). Trimmed reads were aligned against the
mm10 genome using the STAR v2.4.1d aligner. Unaligned reads were
further processed using Bowtie 2 v2.2.5 aligner. Aligned reads were
combined before quantifying the expression against the ENSEMBL
(release 95) database by the Partek Expectation-Maximization algo-
rithm using the counts per million normalization. Genes with missing
values and with a mean expression less than one were filtered out.
Finally, statistical gene set analysis was performed using a t test to
determine differential expression at the gene level (P < 0.05, fold
change �2). Partek flow default settings were used in all analyses.
Principal component analysis was performed using all genes using
Covariance scaling and first three components. Data have been
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publicly deposited to the NCBI GEO Database (accession no.:
GSE179670).

Pathway analysis
Gene set enrichment analysis (GSEA) was performed using the t

value from the t test comparing BAFF versus control tumors. Mouse
gene sets were comprised of curated pathways from several databases
including GO, Reactome, KEGG (August 01, 2018 version; http://
download.baderlab.org/EM_Genesets/current_release/). Data were
processed and visualized by using Cytoscape (www.cytoscape.org;
P ≤ 0.002, q ≤ 0.07, similarity cutoff 0.5). Data were auto-annotated
and visualized as clusters, which were manually annotated. Heatmap
visualization and unsupervised hierarchical clustering was performed
using all significant, differentially regulated genes from a cluster of
interested after normalizing mean expression to 0 with a standard
deviation of 1, and using Pearson dissimilarity algorithm and average
linkage in Partek Genomics Suite (Partek Incorporated). Ingenuity
pathway analysis (IPA, Qiagen) was conducted using genes with
significant differential expression (P ≤ 0.05 and fold change �2). The
significance cut-off for IPA was set to P ≤ 0.05 and z score of�1.5 for
upstream regulators. In addition, for upstream regulators we filtered
out biological drugs, all chemical and miRNA entries.

Data mining
The R2: Genomics Analysis and Visualization Platform (http://r2.

amc.nl) was used to extract the data from TCGA for the Tumor Skin
Cutaneous Melanoma cohort.

Statistical analyses
Data are expressed as mean � SEM. Statistically significant

differences were determined using the Student t test or the ANOVA
test. For Kaplan–Meier survival curves, the log-rank test was used.
Proportions were analyzed using the Fisher exact test. Values of
P < 0.05 were considered statistically significant.

Results
Expression of BAFF in the TME inhibits tumor growth

Wegenerated a BAFF overexpressing B16.F10 (BAFF,Tnfsf13b) cell
line (Supplementary Figs. S1A and S1B). In vitro, there was no
difference in growth or response to apoptotic-stimuli between the
cell lines (Supplementary Figs. S1C and S1D). B16.F10 cells, when
injected intravenously, will localize to the lung (24). C57BL/6 (B6)
mice with control tumors succumbed faster than mice with BAFF-
expressing tumors (Fig. 1A). For a more experimentally tractable
model, we injected cells subcutaneously and, as with the intravenous
model, BAFF tumors grew slower than their controls (Fig. 1B and C).
Although systemic serum BAFF levels were not different between
BAFF and control tumor bearing mice (Supplementary Fig. S1E),
BAFF mRNA and protein expression in BAFF tumors was main-
tained throughout the course of tumor growth and confirmed at an
early time point of tumor growth (Day 13) when there were no
significant differences between tumor weight and volume, and later
time point (Day 18) at sacrifice (Fig. 1D and E). To exclude any
clonal selection intrinsic effects, we regenerated a polyclonal BAFF
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Figure 1.

Elevated BAFF in the TME slows tumor growth. A, C57BL/6 mice were inoculated intravenously with 105 of BAFF-expressing or control cells (n¼ 6–7, pooled from
two independent in vivo experiments).B andC, Tumor growth of 5� 105 subcutaneously injected BAFF-expressing and control cells in C57BL/6mice are shown (n¼
5–6;B), as are tumorweights (n¼ 8–10, pooled from at least two independent in vivo experiments;C).D,Gene expression levels of BAFF (Tnfsf13B)were determined
in whole tumors. Expression was normalized to Gapdh (n ¼ 5–12, pooled from at least two independent in vivo experiments). E, BAFF protein expression was
confirmed using immunohistochemical staining of tumor tissue (representative images of n ¼ 5–12 mice pooled from at least two independent in vivo
experiments are shown). Scale bar, 50 mm. Error bars in the all experiments indicate SEM. � , P < 0.05 as determined by a Student t test (unpaired, two-tailed)
and log-rank test for analysis of Kaplan–Meier survival curves.
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expressing cell line using an independent vector. Again, subcuta-
neous BAFF-expressing tumors grew slower than control tumors
(Supplementary Figs. S1F and S1G). Taken together, BAFF expres-
sion within the TME delays tumor growth and prolongs survival of
tumor-bearing mice, a phenomenon that is independent from
intrinsic differences between the generated cell lines.

Difference in growth between BAFF and control tumors is
abrogated in JHt�/� and Baffr�/� mice

As BAFF affects B cells, we wanted to test involvement of tumor
infiltrating B cells within the TME. Yarchoan and colleagues showed
that injection of systemic BAFF upregulated the B-cell compartment
and markers of regulatory B cells including PD-L1 as well as CD5,
increased Th1 responses and Tregs in the TME (19). In our system, the
infiltration of CD19þ B cells was not significantly different in tumors
and inguinal tumor draining lymph nodes between BAFF expressing
and control tumors (Fig. 2A). It has been shown that certain subsets of
regulatory B cells (Breg) can contribute to tumor progression (25)
especially when they accumulate in tumor-draining lymph nodes (26).
The infiltration and expression of MHCII on CD19þ B220þIgMþ B
cells was also not different in the TME and lymph node between BAFF
expressing and control tumors (Fig. 2B). Although the expression of
MHCII on CD19þ B220þCD5þ CD25þ Breg’s cells was not different,
there was decreased infiltration of this Breg subset in the TME of
BAFF-expressing tumors (Fig. 2C). The concentration of IgM and IgG
within the TME was not significantly different between BAFF and

control tumors (Supplementary Fig. S2). Although the application of
exogenous systemic BAFF upregulated various costimulatory mole-
cules on B cells in the Yarchoan and colleagues study, the functional
importance of B cells to tumor regression was unclear. To test this, we
utilized two different B-cell defective models. In the JHt�/� knockout
mousemodel,mice lack the gene for the heavy chain joining region and
therefore have no functional B cells(27). Tumor growth of both BAFF-
expressing and control tumors was significantly delayed in the JHt�/�

mice (Fig. 2D).With no B cells to take up circulating BAFF, the JHt�/�

mice have 8-fold higher circulating BAFF levels comparedwith control
C57BL/6J mice (Fig. 2E). In the BAFF-R deficient (Baffr�/�) model,
the mice have reduced late transitional and follicular B cells numbers
and have no marginal zone B cells (28). The phenotype was abrogated
inBaffr�/�mice (Fig. 2F). Taken together, in the absence of B cells, the
phenotype was abrogated. These results imply B cell involvement and
BAFF-R signaling in the observed phenotype of tumor delay upon
expression of BAFF in the TME.

BAFF tumors are characterized by increased apoptosis and
lower immunosuppressive factors including PD-L1

The TME is complex and characterized by many potential inter-
actions between immune-infiltrating subsets. B cells are capable of
impacting many immune subsets including innate immune cells
within the TME (29). We attempted to uncover further differences
between the BAFF-expressing and control tumors. When we stained
tumor sections harvested at early time points, we observed increases
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Figure 2.

Difference in tumor growth between BAFF and control tumors is abrogated in JHt�/� and Baffr�/� mice. C57BL/6 (B6), JHt�/� or Baffr�/� mice were inoculated
subcutaneouslywith 5� 105 ofBAFF-expressing or control cells and tumorswere analyzed as indicated onday 13 after tumor inoculation.A,Numbersof CD19þBcells
in the tumor and tumor-draining lymph node (LN) were assessed using FACS in B6 mice (n ¼ 6–10). B and C, Numbers and surface MHCII expression of
CD19þB220þIgMþ (B) and CD19þB220þCD5þCD25þ (C) B cells in the tumor and lymph node are shown (n¼ 6). D and F, Tumor growth was analyzed in JHt�/� or
Baffr�/�mice (n¼ 4–9, pooled from at least two independent in vivo experiments). E, Serum levels of BAFF in na€�ve B6, or JHt�/�micewere analyzed by ELISA (n¼
4–5). Error bars in all experiments indicate SEM. �, P < 0.05 as determined by a Student t test (unpaired, two-tailed) or a two-way ANOVA with a post hoc test.
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in cleaved caspase-8 and cleaved active caspase-8 and caspase-3
(Fig. 3A) in BAFF-expressing tumors. When we checked for
perivascular heterogeneity using PDGFRb at early time points
during tumor growth, there was no difference between control and
BAFF-expressing tumors (Supplementary Fig. S3A).

To further characterize the differences between BAFF-expressing
and control tumors on a molecular whole-tumor level, we assayed the
mRNA expression of a variety of growth factors, ligands, cytokines,
and IFN responsive genes known to impact tumor growth. There was
no difference between the expression of angiogenesis-related genes
Vegfa and Vegfb, which is in line with what we observed for the
PDGFRb staining. The expression of immunosuppressive factors such
as Tgfb1, Il10, Pdgfb, and Fgf1 were significantly lower in the BAFF-
expressing tumors at Day 13 after tumor injection (Fig. 3B). IL10
was not detectable in the tumor, and there were no significant
differences in secreted TGFb1 at the early time point between
BAFF-expressing and control tumors (Fig. 3C), leading us to
conclude that IL10 or TGFb1 were likely not responsible for
the observed phenotype. The expression of the PD-L1 was also
lower in BAFF-expressing tumors (Fig. 3B; Supplementary
Fig. S3B). PD-L1 is a crucial inhibitory ligand expressed on immune
cells of the myeloid lineage, activated cells of lymphoid and
epithelial origin including cancer cells (30). PD-L1 binding to
PD-1 expressed on T cells decreases T-cell activation and function,
therefore consequentially blunting antitumor immunity (31).
When we assessed PD-L1 expression using IHC, there were differ-
ences between BAFF-expressing and control tumors (Fig. 3D).
Next, we decided to uncover the source of the differences in PD-L1
expression. As primary human and murine tumors have been
shown to express PD-L1, including those generated from B16
cells (32), we assessed PD-L1 expression in the tumor cells and
stroma (CD45.2� cells). Indeed, the percentage of PD-L1 expres-
sing CD45.2� cells in the BAFF-expressing tumors was signi-
ficantly lower than in control tumors (Fig. 3E). As assessed by FACS
analysis, PD-L1 expression was significantly lower on infiltrating
CD11bþLY6GhighLY6Clow granulocytes and CD11bþLY6ChighLY6G�

monocytes but not CD11bþF4/80highLY6ClowLY6G� tumor-associated
macrophages (TAM) and CD19þ cells (Fig. 3F; Supplementary
Figs. S3C–S3E). Taken together, BAFF-expressing tumors were
characterized by increased apoptosis and decreased expression
of immunosuppressive factors including PD-L1 whose expres-
sion was decreased on tumor cells, infiltrating monocytes and
granulocytes.

PD-L1 and monocytes are functionally important for
BAFF-mediated reduction in tumor growth

When we stained tumor sections harvested from mice bearing
BAFF-expressing or control tumors, we observed a decrease in LY6C
positive cell infiltrates (Fig. 4A), which was corroborated using FACS
analysis (Fig. 4B). Specifically, we saw reduction in tumor-infiltrating
monocytes and TAMs but not granulocytes in BAFF-expressing
tumors (Fig. 4B). As monocytes can transform into TAMs, their
reduction in BAFF-expressing tumors alongside the monocytes was
not surprising. Because we observed deceased PD-L1 expression on
monocytes, we decided to focus on this population and observed that
upon depletion of monocytes using an anti-CCR2 antibody this
population was critical for the TME-BAFF associated phenotype
(Fig. 4C). To confirm the functional importance of PD-L1 to
BAFF-mediated repression of PD-L1 expression, we treated mice
inoculated with BAFF-expressing and control cells with an anti-
PD-L1 antibody and found that although the phenotype was main-

tained with control treatment, it was abrogated with anti-PD-L1
treatment (Fig. 4D).

As we have shown the phenotype to be dependent on BAFF-R
signaling (Fig. 2F), we assessed the expression of BAFF-R in inflam-
matory monocytes. Treatment of ex vivo cultured inflammatory
monocytes derived from the bone marrow with BAFF led to the
upregulation of the BAFF-R as well as engagers of adaptive immunity
MHCII, CD80, and CD86 (Fig. 4E). Collectively, we have demon-
strated that differences in PD-L1 expression between BAFF-expressing
and control tumors occur in the infiltrating monocytic populations,
which are functionally critical for the maintenance of BAFF-mediated
differences in tumor growth.

BAFF induces differential gene expression in tumor-infiltrating
monocytes

To determine what signaling pathways are affected by BAFF in
tumoral monocytes, we sorted tumor-infiltrating monocytes from
early Day 13 tumors. We performed RNA-seq analysis on the sorted
monocytes (Supplementary Figs. S4A and S4B). As expected, mono-
cytes sorted from BAFF-expressing tumors were characterized by
lower PD-L1 mRNA levels (Supplementary Fig. S4C). GSEA on the
differentially expressed genes (Supplementary Table S1) was imple-
mented to determine prominent pathways altered between mono-
cytes harvested from control and BAFF-expressing tumors visualized
using Cytoscape (Fig. 5A). Regulation of adaptive immune responses,
NF-kB, and apoptosis signaling pathways was enriched in monocytes
harvested from BAFF-expressing expressing tumors. In contrast,
cell-cycle regulation and ECM/Collagen formation pathways were
enriched in monocytes harvested from control tumors. Significant
individual genes differentially regulated in regulation of adaptive
immune responses, apoptosis, and NF-kB signaling pathways are
represented in heatmaps (Fig. 5B). Genes involved in the activation
of NF-kB signaling (Tnfrs8, Adgrg3, Id1, Malt1) were upregulated in
monocytes harvested from BAFF tumors whereas negative regula-
tors (Traip, Gas6) were downregulated. Fittingly, proapoptotic
genes (Fas, Tnfsf14, Tnfrsf12A) were downregulated and pro-
survival (Mybl2, Hells, Trim2, Pik3r3) genes were upregulated in
monocytes harvested from control tumors. This is in accordance
with the decreased numbers of infiltrating monocytes observed
in BAFF-expressing tumors pointing to an expansion of PD-L1
positive immunosuppressive monocytes in control tumors. In addi-
tion, factors such as Pglyrp1, which are also cytotoxic to cancer
cells, were also upregulated in monocytes from BAFF-expressing
tumors (33) as were genes that positively engage the adaptive arm
of the immune system, indicating a shift in proinflammatory,
antitumorigenic responses, and the activation of CD8þ T and NK
cells. Specifically, expression of receptors and factors that activate
CD8þ T cells and/or NK cells Tarm1, Cd80, Cd86, Tnfs14 (34) were
upregulated on monocytes harvested from BAFF tumors. This is
further supported by IPA, which showed that the top upstream
regulators in monocytes from BAFF-expressing tumors were IFNg ,
TNF, and IL1b (Fig. 5C). In contrast, cell-cycle–related genes were
inactivated in BAFF-expressing tumor harvested monocytes (Sup-
plementary Fig. S4D). Taken together, tumoral BAFF shifts the
monocytic phenotype to an antitumorigenic state and curbs expan-
sion of PD-L1 positive immunosuppressive monocytes.

NK cells are important for BAFF-triggered differences in tumor
growth

As shown by the RNA-seq data, monocytes from BAFF-expressing
tumors were enriched for factors activating cytotoxic lymphocyte
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Figure 3.

BAFF tumors are characterized by increased apoptosis and decreased immunosuppressive factors including PD-L1. A–F, C57BL/6 mice were inoculated
subcutaneously with 5 � 105 of BAFF-expressing or control cells and tumors were analyzed as indicated at day 13. A, Tumor apoptosis was assessed using
conventional IHC staining for active caspase-3 and cleaved caspase-8 (representative images of n ¼ 3–4 mice are shown). Scale bar, 50 mm. B, Gene expression
level of various factors was determined in whole tumors. Expression was normalized to Gapdh and then to control tumors within each independent experiment
(n¼ 5–6, pooled from two independent in vivo experiments). C, The levels of soluble TGFb1 protein in tumors were determined using ELISA (n¼ 6–8, pooled from
two independent in vivo experiments). D, PD-L1 protein expression in tumors was assessed using fluorescent IHC (a representative image of n ¼ 5–6 mice from
two independent experiments is shown; left) and quantified (right). E, Percent of PD-L1–positive CD45.2� cells in tumors was assessed using FACS (n ¼ 9–10,
pooled from three independent in vivo experiments). F, PD-L1 expression was measured on monocytes and granulocytes using FACS (n ¼ 9–10, pooled from
three independent in vivo experiments). All scale bars indicate 50 mm. Error bars in all experiments indicate SEM. � , P < 0.05 as determined by a Student t test
(unpaired, two-tailed).
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CD8þ T and NK cells. We therefore wondered about the effects of
BAFF on cytotoxic lymphocytes. First, we evaluated tumor infil-
trating CD8þ T cells using FACS analysis and found no significant
differences in infiltrating CD8þ T and CD8þ T IFNg producing cell
numbers between BAFF-expressing and control tumors (Fig. 6A).
Expression of surface molecule exhaustion markers PD-1 and IL7
receptor (IL7R) as well markers indicating improved T-cell immu-
nity such as granzyme B or Eomes were also not different between
CD8þ T cells isolated from BAFF-expressing and control tumors

(Supplementary Fig. S5A). When mice lacking CD8 T cells (Cd8�/�)
were inoculated with BAFF-expressing and control cells, there were
significant differences in tumor growth between BAFF and control
tumors (Fig. 6B), indicating that the phenotype may mainly not be
dependent on CD8þ T cells. The B16.F10 cells also express the
H-2Db-restricted GP33 peptide CTL epitope (residues 33 to 41 of
the glycoprotein from the lymphocytic choriomeningitis virus;
ref. 21). However, numbers of tetramer specific CD8þ T cells in
the tumor and inguinal lymph node were not different between
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Figure 4.

PD-L1 and monocytes are functionally important
for the BAFF-mediated reduction in tumor
growth. A–D, C57BL/6 mice were inoculated
subcutaneously with 5 � 105 of BAFF-
expressing or control cells and tumors were
analyzed as indicated at day 13. A, LY6C and
LY6G expression in tumors was assessed
using fluorescent IHC (representative images
of n ¼ 5–7 mice are shown). Scale bar, 50 mm.
B, Numbers of monocyte, granulocyte, and
TAMs infiltrates in tumors were analyzed using
FACS (n ¼ 6–10). C, C57BL/6 (B6) mice were
treated with monocyte depleting antibody
(anti-CCR2) and tumor growth was followed
(n ¼ 7–8, pooled from two independent
in vivo experiments). D, C57BL/6 (B6) mice
were treated with anti-PD-L1 antibody and
tumor growth was followed (n ¼ 4–5). E, Bone
marrow–derived inflammatory monocytes
were treated with 1 mg of BAFF protein
for 24 hours 4 days post-isolation from the
bone marrow. Expression of MHCII, CD86,
CD80, and BAFF-R was analyzed using FACS
(n ¼ 4). Error bars in all experiments indicate
SEM. � , P < 0.05 as determined by a Student
t test (unpaired, two-tailed) or a two-way
ANOVA with a post hoc test.
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BAFF-expressing and control tumors (Supplementary Fig. S5B).
Without additional stimulation, antigen presentation would not
elicit strong adaptive responses in this poorly immunogenic “cold”
tumor model. Depletion of CD4þ T cells also maintained
the phenotype (Supplementary Fig. S5C) and the infiltration of

Tregs (CD4þCD25þFOXP3þ) was not different between BAFF-
expressing and control tumors within the TME (Supplementary
Fig. S5D).

In addition to CD8þ T cells, cytotoxic lymphocytic elimination of
cancer cells can also be mediated by NK cells whose cytotoxic tumor-
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Figure 5.

BAFF induces differential gene expression in tumor-infiltrating monocytes. C57BL/6 mice were inoculated subcutaneously with 5 � 105 of BAFF-expressing
or control cells. A, Thirteen days post-inoculation, monocytes were sorted from BAFF and control tumors, and analyzed using RNA-seq analysis for GSEA.
B, Significant individual genes differentially regulated in regulation of adaptive immune responses, apoptosis, andNF-kB signaling pathways are shown as heatmaps.
C, Top upstream regulators as assessed by IPA in monocytes harvested form BAFF-expressing tumors are shown (n ¼ 3).
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killing functions are independent of MHC-mediated antigen presen-
tation (35,36). BAFF-expressing and control tumors were character-
ized by similar levels of NK infiltrates (Fig. 6C). However, upon
depletion of NK cells, there were no difference in growth between the
BAFF-expressing and control tumors (Fig. 6D), indicating that NK
cells contribute to the observed phenotype. Intracellular staining of
tumoral NK cells showed that a higher percentage of NK cells
harvested from BAFF-expressing tumors expressed granzyme B and
IFNg as compared with control tumors (Fig. 6E). Production of the
pleiotropic cytokine IFNg , which is produced by activated lympho-
cytes including NK cells, has a complex, often beneficial role in

antitumor immunity and has been shown to be an effector of cytotoxic
NK cells (36).Whenwe inoculated IFNg knockoutmice (Ifng�/�) with
BAFF-expressing and control cells, there was no difference in tumor
growth (Fig. 6F; Supplementary Fig. S7). There were no differences in
tumoral IFNg levels at the early time points (Supplementary Fig. S5E).
Addition of BAFF to ex vivo cultures of NK cells did not alter their
ability to kill target cells (Fig. 6G), indicating that the engagement of
the other immune infiltrates are needed to alter their phenotype in the
context of BAFF-expressing and control tumors. When we isolated
monocytes from BAFF and control tumors and added them to ex vivo
cultures of NK cells and RMA/S cells, there was also no difference in
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Figure 6.

NK cells contribute to BAFF-triggered differences in tumor growth. A–F, C57BL/6 (B6) or Ifng�/� mice were inoculated subcutaneously with 5 � 105 of BAFF-
expressing or control cells and tumors were analyzed 13 days post-inoculation. A, Left, numbers of CD8þ T-cell infiltrates in BAFF and control tumors were analyzed
using FACS (n¼ 6, pooled from two independent in vivo experiments; right) as were number of IFNgþ CD8þ T cells (n¼ 4; right). B, Tumor growth was followed in
Cd8�/� mice (n ¼ 3–6). C, Numbers of Nk1.1þ cell infiltrates in tumors were analyzed using FACS (n ¼ 9–10, pooled from three independent in vivo experiments).
D, Tumor growthwas followed in C57BL/6mice treated with NK-cell depleting antibody (anti-Nk1.1; n¼ 5). E,Granzyme B (GZMB) and IFNg intracellular expression
wasmeasured in tumor-infiltrating Nk1.1 cells using FACS analysis at day 13 after tumor inoculation (n¼ 3–5). F, Tumor growthwas followed in Ifng�/� and C57BL/6
(B6)mice (n¼ 5–8, pooled from two independent in vivo experiments).G andH, The ability of BAFF (1mg)-treated NK cells (G) or NK cells combinedwithmonocytes
harvested from BAFF-expressing or control tumors (H) to kill RMA/S cell was measured at the indicated effector/target ratios (n ¼ 3). Error bars in all
experiments indicate SEM. � , P < 0.05 as determined by a Student t test (unpaired, two-tailed) or a two-way ANOVA with a post hoc test.
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NK-cell killing ability (Fig. 6H). Taken together, although NK cells
contributed to the observed growth differences between BAFF-
expressing and control tumors, the effects are unlikely to be mediated
by a direct monocyte–NK-cell interaction but possibly involve medi-
ator cells such as B cells.

Melanoma patients have variable BAFF levels prior to
immunotherapy treatment

Resistance and the inability to predict response to checkpoint
inhibitors has posed challenges necessitating a deeper understanding
of the factors regulating PD-L1 and PD-1 (31). Inmelanoma, although
patients expressing PD-L1 have a better prognosis, PD-L1 expression
is not necessarily predictive (37).

We wondered whether patients with melanoma have higher sys-
temic levels of BAFF as was observed in some solid tumor types
(14, 16). We analyzed BAFF plasma levels in a cohort of 44 melanoma
anti-PD-1 therapy na€�ve patients and 11 healthy volunteer controls.
Baseline S100 and tumoral PD-L1 datawere available for some patients

(Fig. 7A; Supplementary Table S2). The S100 family of proteins are
intracellular calcium sensors that are often dysregulated in cancer and
useful as biomarkers of prognosis, relapse, and treatment progress (38).
In contrast to the patients with melanoma, which exhibited a broad
range of BAFF plasma concentrations (16–6,859 pg/mL), the healthy
controls had a narrower BAFF range (Fig. 7B). The evaluated patients
with melanoma were all at advanced stages of disease namely AJCC
Stage IV (defined as having by distant metastases (Supplementary
Table S2) and some Stage III patients (defined as having microme-
tastases; ref. 39). When we compared BAFF plasma levels between the
different stages, patients with a lower stage had significantly higher
BAFF plasma levels than state IV patients (Fig. 7C). A higher stage also
corresponds to an increased primary tumor thickness (39), which is
in accordance to what we observed in our in vivomouse models. We
postulated that if elevated BAFF levels led to a decrease in PD-L1
expression, these patients might respond differently to immu-
notherapies as they would have already had the benefit of reduced
PD-1/PD-L1 without prior immunotherapy administration. In
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Figure 7.

BAFF serum levels affect response to immuno-
therapy.A,A schematic of the time line of sample
collection (red) and treatment (black) of na€�ve
melanoma patients is shown. BAFF plasma levels
were assessed in healthy controls (n ¼ 11) and
na€�ve melanoma patients (n ¼ 44). B, Patients
were stratified according to their BAFF plasma
levels into high and low groups. C, BAFF plasma
levels of patients categorized according to tumor
stage are shown. D, Best response to anti-PD-1
therapy was compared in the high and low BAFF
na€�ve melanoma patients. E, Expression of
tumoral BAFF mined from TCGA using the R2:
Genomics Analysis and Visualization Platform
was grouped by melanoma stage. F, BAFF
expression was correlated with Breslow thick-
ness. G, A model proposing effects of intratu-
moral BAFF on the immune infiltrates in the
TME is shown. It is proposed that tumoral BAFF
directly (1) affects monocytes or indirectly (2)
through other immune infiltrates, mainly B
cells. Error bars in all experiments indicate SEM.
� , P < 0.05 as determined by a Student t test
(unpaired, two-tailed). A Fisher exact test was
used to compare proportions of responders in the
high and low BAFF groups.
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other melanoma cohorts, PD-L1 positivity (≥1%) was associated
with response and overall survival (OS) in checkpoint inhibitor
treated patients (40) and PD-L1 expression was higher in tumor
cells and macrophages of responders after 2 months of pembroli-
zumab/nivolumab treatment (41).

All patients in our cohort were treated with several rounds of
pembrolizumab or nivolumab. When we compared responders and
non-responders on the basis of BAFF or S100 concentrations, there
was no significant differences between the two groups (Supplementary
Fig. S6A). Given the broad range of BAFF, we were able to divide the
cohort into two groups. Using control volunteer group as a reference,
we stratified the melanoma patients into high BAFF (>500 pg/mL)
and low BAFF cohorts (≤500 pg/mL; Fig. 7B). Next, we analyzed
the proportion of responders and patients with progressive disease
following anti-PD-1 treatment. BAFF plasma levels were able to
predict best overall response following several rounds of staging and
multiple treatment cycles (Fig. 7D; Table 1). Although there was no
difference in overall survival between the high and low BAFF groups,
the patients with high BAFF plasma levels had a lower probability of
progression-free survival (Supplementary Fig. S6B), which strengthens
the response to immunotherapy prediction.

Rising S100 protein levels (>0.2 mg/L) have been shown to be
indicative of malignant melanoma tumor progression (38, 42). We
therefore wondered whether elevated BAFF levels are merely a by-
stander consequence of a worsening disease state. However, there were
no significant differences in S100 levels between the high and low
BAFF group immunotherapy na€�ve melanoma patients (Supplemen-
tary Fig. S6C). S100 or PD-L1 (using a 10%, 5%, and 1% cut-off) as
single biomarkers were not able to identify responders to anti-PD-1
therapy (Table 1; Supplementary Table S3). However, this would have
to evaluated with higher number of patients. A combined analysis of
BAFF with the other biomarkers was also able to identify therapy
responders (Table 1), indicating that BAFF can be combined with

these two markers to improve prediction of therapy outcome. Using
the R2: Genomics Analysis and Visualization Platform (http://r2.
amc.nl), we used also this cohort to confirm that higher BAFF
expression was associated with a lower tumor stage and tumor
thickness (Fig. 7E and F).

Discussion
BAFF plays a crucial role in antitumor immunity through its effects

on immune cells within the TME, lymph nodes and systemic circu-
lation. While the study by Yarchoan and colleagues focused on
systemic BAFF and effects on B cells (19), through tumor-specific
expression of BAFF within the TME, we found that monocytes were
also critical tomaintaining the delay in tumor growth in BAFF tumors.
PD-L1 positive monocytes are crucial in maintaining an immuno-
suppressive, protumorigenic phenotype (32, 43–45) and exert their
immunosuppressive effects through inhibition of antitumor functions
of T and NK cells, secretion of immunoregulatory cytokines and
presentation of surface inhibitory molecules(32, 44, 46).

Monocyte and TAM numbers were decreased in BAFF tumors,
indicating that BAFF inhibited their infiltration and/or expansion
within the TME, in line with proapoptotic genes being upregulated
and proliferation genes being downregulated in monocytes harvested
from BAFF-expressing tumors. Positive regulators of NF-kB signaling
were upregulated in monocytes harvested from BAFF-expressing
tumors. As NF-kB signaling occurs after binding of BAFF to the
BAFF-R and ex vivo treatment with BAFF upregulated the BAFF-R on
monocytes, we speculate that some forward signaling occurs directly
through the BAFF-R on monocytes. This is supported by studies
showing direct activating effects of BAFF on monocytes and cell
lines (47).

Upregulation of PD-L1 in the TME is mediated by IFNg (48),
interferon receptor signaling pathways (49), by monocyte-derived

Table 1. Evaluation of BAFF, S100, and PD-L1 as biomarkers of response to anti-PD1 therapy.

Response according to best overall responsea: individual biomarker
BAFF S100 PD-L1

R NR R NR R NR

Low < 500 pg/mL 24 7 Low < 0.2 mg/L 13 4 Low < 10% 19 10
High ≥ 500 pg/mL 4 9 High ≥ 0.2 mg/L 10 10 High ≥ 10% 3 1
Fisher P 0.0058 Fisher P 0.1734 Fisher P 1
PPV 0.56 PPV 0.71 PPV 0.09
NPV 0.86 NPV 0.57 NPV 0.86
LR 3.07 LR 2.13 LR 0.73

Response according to best overall response: combined biomarkers
BAFF þ PD-L1 BAFF þ S100 BAFF þ S100þ PD-L1

R NR R NR R NR

Low 22 11 Low 21 8 Low 25 9
Highb 0 0 Highb 2 6 Highc 3 7
Fisher P 1 Fisher P 0.0345 Fisher P 0.0225
PPV 0 PPV 0.43 PPV 0.44
NPV 1 NPV 0.91 NPV 0.89
LR LR 2.72 LR 2.64

Abbreviations: NPV, negative predictive value; NR, no response [progressive disease (PD), death orMRwith progression to neworgan sites]; PPV, positive predictive
value; R, response [complete remission (CR), partial response (PR), stable disease (SD), and mixed response (MR) with no involvement of new organ sites].
aBest overall response is dependent on progress of disease after multiple courses of treatment, three staging and radiological analysis.
bElevated BAFF and other biomarker elevated.
cAny two or more biomarkers elevated.
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IL10 (43) and TNFa (50). Although IFNg was shown to impact the
growth difference between BAFF and control tumors, it is likely not
a causative factor as there was no difference in IFNg levels in early
tumor growth. Tumoral IL10 was not detectable and there were no
expression differences in interferon signaling genes and Tnfa within
the tumormaking these factors likely not responsible for the decreased
monocytic and CD45.2� cell PD-L1 expression in BAFF-expressing
tumors. Although the contribution of other factors downregulated
in BAFF tumors such as Pdgf2 and Fgfr1 in shaping the TME re-
mains to be further explored, host- and tumor-derived PD-L1 expres-
sion, particularly in the myeloid compartment, is crucial in regulating
antitumor immunity (51).

In our system, as NK cell depletion abolished the difference
in growth between BAFF and control tumors, we can speculate that
NK-mediated cytotoxicity has a functional role in the phenotype.
NK cytotoxic effector function is governed by a balance between
expression of NK inhibitory and activating receptors on NK cells (36).
Studies have shown that monocytes can directly inhibit NK cytotox-
icity through the PD-1/PD-L1 axis (52, 53) and that PD-1 plays a role
inNK cell cytotoxic functions (54). In our system, ex vivo incubation of
NK cells, monocytes, and BAFF did not lead to increased NK cyto-
toxicity, indicating the involvement of additional immune populations
such as B cells. In our system, infiltrating B cells encounter BAFF
within the TME, which could account for the subtler effects and
decreased immunoregulatory activities observed when compared with
the earlier Yarchoan and colleagues study (19). B cells within the tumor
can shape antitumor responses (29) and the decrease of infiltrating
CD19þB220þCD5þCD25þ Breg subsets in BAFF tumors and the
abrogation of the phenotype in murine models lacking B suggests
that this is plausible. Depending on the context, BAFF can either
induce or reduce the number of Breg’s (29, 55). The number of Breg’s
in the TMEof BAFF tumorswas reduced and this could account for the
reduction in monocyte immunosuppression as Breg’s, through cyto-
kine secretion can suppress myeloid cells, reduce NK cytotoxicity (29)
and foster an immunosuppressive environment such as the one
observed in our system where increased PD-L1 was observed on
myeloid and tumor cells (Fig. 7G). NK cells are also affected by
changes in B-cell mediated intratumoral antibody production that
trigger antibody-dependent cell cytotoxicity mediated by NK cells
(29). While at day 13 intratumoral IgG and IgM levels were not
different between BAFF and control tumors, a more detailed time-
dependent analysis of the antibody repertoire might demonstrate a
functional link between NK and B cells in our system.

Increasing BAFF levels within the tumor could be an attractive
therapeutic option potentially realized by using BAFF as a vaccine
adjuvant (19) and/or incorporation of BAFF into virus-based thera-
peutic vaccines or oncolytic viruses (56). Another strategy would be to
trigger tumor-infiltrating cells to produce BAFF within the TME.
Raising tumoral BAFF levels could be especially therapeutically rel-
evant in the context of “cold,” poorly infiltrating tumors, which are not
expected to respond to immunotherapies.

At present, although there exists no single effective biomarker
to predict immunotherapy response, the importance of PD-L1
expression prior to treatment, has been shown to be a critical
predictor of response to PD-L1 pathway blockade in several tumor
types (32, 57, 58). The potential application of systemic levels of BAFF
as a biomarker of response to anti-PD-1 therapy is an intriguing
possibility, which, given its technical feasibility, could be added to the
already existing repertoire of suggested biomarkers (59–61). Further-
more, BAFF plasma levels could indicate the preferential use of

immunotherapies that do not directly target the PD-1/PD-L1 axis
such as Ipilimumab (anti-CTLA4) or that anti-PD-1/PD-L1 therapies
should be used in combination with Ipilimumab as opposed to a
monotherapy. However, the utility of BAFF as a biomarker of potential
immunotherapy response would need to be explored across larger
cohorts of patients as would the finding that patients with higher BAFF
responded poorly to immunotherapy given that the presence of
tumoral BAFF was beneficial in preclinical models. Perhaps primary
tumors that advanced to the metastatic stage despite high BAFFmight
have developed highly complex immunosuppressive mechanisms
rendering them less responsive to immunotherapies.

In conclusion, we have identified a role for the BAFF cytokine in the
context of a cold aggressive tumor type. We have shown that BAFF
decreases the numbers and the suppressive phenotype of infiltrating
monocytes and as a consequence, alleviates the immunosuppressive
tumor environment. Taken together, this work further highlights the
important role of BAFF in antitumor immunity.
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