








Figure 4 Immune checkpoint blockade induces formation of tertiary lymphoid structures (TLS) and distinct tumor-infiltrating
lymphocytes (TIL) populations. (A) Histological examples of TLS in liver and (B) cecum of anti-CTLA-4-treated mouse. Spatial
information of immune cells (hCD45), B cells (hCD20), Cytotoxic T cells (hCD8a) and macrophages (hCD68) in TLS are shown.
Dashed yellow line indicates primary tumor. Scale-bar of area zoom 100 um. (C) Number of TLS in cecum, liver, and peritoneum
of anti-PD-1 (top) and anti-CTLA-4-treated mice (bottom). (D) Cytotoxic T cell (hCD8a), (E) B cell (hCD20), (F) regulatory T cells
(hFOXP3), and (G) macrophages (hCD68) infiltration (% relative to tissue) in cecum, liver, and peritoneum. Mann-Whitney:
*p<0.05; *p<0.01; **p<0.001; ***p<0.0001; CTLA-4, cytotoxic T-lymphocytes-associated protein 4; ns, not significant; PD-1,
programmed death ligand-1, TIL, tumor-infiltrating lymphocytes.
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Figure 5 Extended period of life after anti-CTLA-4 therapy discontinuation leads to further antitumor response and is
associated with B cell influx and TLS formation. (A) Experimental protocol of treating human immune system mice with anti-
CTLA-4 (200pg, i.p.), starting post 15 day’s orthotropic cecum-implantation with 3days interval. Inhibition with anti-CTLA-4
was discontinued at the observed endpoint (day 33) of the control group to monitor immune checkpoint blockade response.
N=5 mice per group. (B) Kaplan-Meier: overall survival rate and liver metastasis-free progression. (C) Tumor/metastases area
(hNuceloli mm? in cecum, liver, and peritoneum. (D) CD8a T cell infiltration in primary cecum tumor in CTLA-4-group 1 and
CTLA-4-group 2 animals. (E) Number of TLS formation in cecum in CTLA-4-group 1 and CTLA-4-group 2 animals. Mann-
Whitney: *p<0.05; **p<0.01; **p<0.001; ***p<0.0001; ns, not significant. (F) Negative correlation with tumor area (mm?) and
B cell infiltrate (%) in cecum, log-scaled. Gray=control, blue=CTLA-4-group 1 and red=CTLA-4-group 2. CTLA-4, cytotoxic T-
lymphocytes-associated protein 4; i.p., intraperitoneal injection; TLS, tertiary lymphoid structures.

using anti-human nucleoli for the detection of human contribution of B cells to the observed eradication of
tumor cells showed that the liver was completely tumor-  liver metastases by ICB in our model, we made use of
free in all mice in both anti-CTLA-4 treatment groups. a B cell-depleting antibody (anti-CD20; rituximab)
Moreover, primary tumor size was significantly smaller in (figure 6A). Two weeks after tumor initiation in HIS mice,

CTLA-4-group 2 than in CTLA-4-group 1 (figure 5B,C) mice received either control treatment, anti-CTLA-4,
indicating that anti-CTLA-4 therapy resulted in ongoing anti-CD20 or anti-CTLA-4 and anti-CD20. All mice were
primary tumor regression after therapy discontinuation. sacrificed at the humane endpoint of the first control
The -hurnane endpoint in CTLA-4—Freated mic€ was  anpjmals, allowing direct comparisons of tumor tissue. In
determined by unabated growth of peritoneal metastases the primary cecum tumors, B cells were localized within
and associated discomfort, including ascites formation TLS and outside TLS at the tumor border (online supple-
(figure 5C). Immunohistochemistry analysis of CTLA-4- " 1 epyal figure S9). However, in liver metastases, B cells
treat-ed primary tun;lors showed a mgmﬁcz.mt increase of oo mostly localized within TLS. More than 10-fold
the mﬂux 9f CDBa _T cells, B cells and increased TLS fewer B cells were observed in peritoneal metastases
fqr?ét;ﬁil mice lm fCTLA—5gIr)oE1:1p 21-when ccl)mpareci compared with either primary tumors or liver metas-
wit -+-group 1. (figure A ONIne supplementa tases (figure 6B). Following treatment with anti-CD20,
figure S8). Indeed, there was a highly significant correla- . .
. . . . B cells were depleted from primary tumors, liver metas-
tion between B cell influx and tumor regression over time .
tases, peritoneal metastases, spleens, and bone marrow

(figure 5F). (figure 6B, online supplemental figure S9). B cell deple-
Depletion of B cells interferes with anti-CTLA-4-mediated tion prevented the regression of liver metastases by anti-
eradication of liver metastases CTLA-4 therapy. By contrast, the formation of peritoneal
The presence of TLS and B cells predicts the response metastases was unaffected by B cell depletion, anti-CTLA-
of metastatic melanoma and sarcoma to immune check- 4-therapy or the combination-therapy (figure 6C,D). The

point inhibitors."*'® However, empirical evidence for extent of liver metastasis formation in mice receiving
their contribution to treatment efficacy in these and  both anti-CD20 and anti-CTLA-4 was similar to that in
other cancer types is currently lacking. To assess the  mice receiving anti-CD20 alone. Flow cytometry analysis
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Figure 6 Depletion of B cells results in a significant decrease of antitumor response in anti-CTLA-4 treatment. (A) Experimental
protocol of treating human immune system mice with anti-CTLA-4 (200 ug, i.p.), anti-CD20 (300 ug, i.p.) or combination, starting
post 15 days orthotropic cecum-implantation with 3days interval. N=5 mice per group. All animals are sacrificed at the first
observed endpoint (t=33 days) of control mice. (B) B cell (nCD20) population (percentage of hCD45" cells) in cecum, liver,
peritoneum, bone-marrow, and spleen samples, determined by flow cytometry. (C) Tumor/metastases area (hNucleoli mm? in
cecum, liver, and peritoneum. Mann-Whitney: *p<0.05; **p<0.01; **p<0.001; ****p<0.0001; ns, not significant. (D) Histological
(hNucleoli) examples of liver metastases, scale-bar is 100 um. CTLA-4, cytotoxic T-lymphocytes-associated protein 4; i.p.,

intraperitoneal.

revealed that B cell depletion (anti-CD20 and anti-CD20/
antti-CTLA-4 treatment groups) reduced the proportion
of CD45RO", CD69*, and CCR7" CD8" T cells in the liver,
when compared with mice treated with anti-CTLA-4 alone
(online supplemental figure S10). Thus, B cells play an
essential role in liver metastasis clearance by anti-CTLA-4.
B cell depletion did not clearly influence the effect of
anti-CTLA-4 on primary tumors but the formation of TLS
in and around primary tumors was limited at the time of
sacrifice (figure 6C). Of note, we found that B cell deple-
tion alone had an inhibitory effect on the formation of
primary tumors and liver metastases per se, pointing to
a potential tumor-promoting function of B cells in the
absence of ICB.

Anti-CTLA-4 induces site-specific transcriptional
reprogramming of T cells and B cells

The above results demonstrate an essential role for B
cells in establishing an effective antitumor immune
response in the liver. Moreover, their relative absence
from peritoneal metastases was associated with a lack

of response to therapy. However, we did observe a
treatment-induced influx of T cells into peritoneal metas-
tases (figure 4D). This prompted us to analyze therapy-
induced changes in T cell states in liver metastases versus
peritoneal metastases. To this end, we performed single-
cell RNA-seq on hCD45" immune cells isolated from
both sites (figure 7A,B). Analysis of the expression of
tumor-associated T cell signatures reflecting a cytotoxic
versus a dysfunctional state’ revealed that liver-derived
T cells were predominantly cytotoxic, while peritoneal
metastasis-derived T cells were largely dysfunctional.
Indeed, expression of transcription factors marking cyto-
toxic (KLF2), or dysfunctional (RBPJ) T cells was signifi-
cantly higher in liver metastasis and peritoneal metastasis
derived T cells, respectively (figure 7C). The cytotoxic
scores in T cells derived from the livers of control versus
anti-CTLA-4-treated mice were not significantly different
(online supplemental figure S11). However, the dysfunc-
tional scores in T cells derived from peritoneal metas-
tases were significantly higher in anti-CTLA-4-treated
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Figure 7

Figure 7

- Receptor

Immune checkpoint blockade induces site-specific transcriptional reprogramming in T cells and the formation of
antigen-presenting B cells in TLS. (A) Experimental protocol of treating human immune system mice with anti-CTLA-4 (200 ug,
i.p.), starting post 15 day’s orthotropic cecum-implantation with 3days interval. All animals are sacrificed at the first observed
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endpoint (t=33 days) of control mice. Immune cells (nCD45%) from liver metastasis and peritoneum metastasis were sorted for
single-cell RNA sequencing. i.p. intraperitoneal injection. (B) t-SNE projection of single-cell RNA sequencing log-transformed
counts on all detectable genes in hCD45* cells. Scores of microenvironment cell populations'?, including cell types: T cell, NK
cell, B cell, monocytic, dendritic and neutrophil. (C) Cytotoxic-scores and dysfunctional-scores® for T cells of liver (red) and
peritoneum (blue) tissue. Expression (log) of associated transcription-factors KLF2 and RBPJ with cytotoxic- and dysfunctional
scores, respectively. Mann-Whitney: **p<0.01; ***p<0.001. (D) Differential gene expression analysis between B cells from control
and anti-CTLA-4-treated mice. Red and blue colors indicate upregulated and downregulated genes, respectively. Functional
network analysis using ClueGO Cytoscape and gene ontology terms as nodes of upregulated genes (n=235) in anti-CTLA-
4-treated derived B cells. (E) Positive correlation with anti-CTLA-4 induced genes in B cells signature and ‘T cell activation’
signature in a CRC cohort.*? (F) Boxplots showing expression of a B cell gene signature associated with response to ICB
therapy, and genes in the ‘antigen processing and presentation’ pathway (KEGG: hsa04612) in B cells in control and anti-CTLA-
4-treated mice. (G) Inference and analysis of cell-cell communication using CellChat.>' Bar plot represents the total number

of inferred interactions (left) and interaction strength (right) of B and T cells derived from livers of control (red) or anti-CTLA-4
treated (blue) mice. (H) Bubble plot representing the communication probabilities for the identified ligand-receptor interactions
between cell groups. () Histological analysis of HLA-DRA" B cells juxtaposed to CD4* T cells in TLS in anti-CTLA-4-treated
mouse livers. Scale-bar 50 ym. CRC, colorectal cancer; CTLA-4, cytotoxic T-lymphocytes-associated protein 4; ICB, immune
checkpoint blockade; i.p., intraperitoneal; NK, natural killer; TLS, tertiary lymphoid structures, t-SNE, t-distributed stochastic

neighbor embedding.

mice when compared with control mice (online supple-
mental figure S11).

To investigate how B cells in TLS influence T cell
function and T cell-mediated antitumor immunity, we
assessed the impact of anti-CTLA-4 treatment on B cell
states, using single-cell RNA-seq. Differential gene expres-
sion analysis showed that 235 genes were upregulated in
B cells from anti-CTLA-4-treated mice when compared
with B cells from control-treated mice, including MHC
class IT genes (HLA-DRA, HLA-DRB5) (figure 7D). There
was no difference in the expression of genes encoding
immunoglobulin heavy or light chains. Gene ontology
analysis of the upregulated genes in anti-CTLA-4 treated
B cells demonstrated enrichment of signatures reflecting
‘antigen processing and presentation’ as well as “T cell
receptor signalling’ (figure 7D, online supplemental
table 3). Indeed, expression of the anti-CTLA-4-induced
B cell genes correlated extremely well with expression of
the gene ontology term ‘T cell activation (GO:42110)’
in transcriptome data of CRC tumors™? (Pearson r=0.70,
p=9.9¢-86; figure 7E). Furthermore, a B cell signature
that predicts clinical responsiveness to ICB therapy in
melanoma'* was significantly higher in B cells from anti-
CTLA-4-treated mice (figure 7F).

Next, we analyzed the communication between T cells
and B cells in the livers from control and anti-CTLA-4-
treated mice using CellChat software.”’ We found that
anti-CTLA-4 treatment significantly induced 22 inter-
actions between liver-derived B cells and T cells, while
only 6 such interactions were found in control mice
(figure 7G). Of the 22 cell-cell interactions in anti-CTLA-
4-treated mice, the vast majority (n=8) were HLA mole-
cules expressed on B cells interacting with CD4 expressed
on T cells, further supporting the notion that antigen
presentation by B cells to CD4" T cells is a potential
mechanism of action in the eradication of liver metas-
tases by anti-CTLA-4 treatment in the PDO-HIS model
(figure 7H, online supplemental figure S12). Moreover,
we also observed a CTLA-4-induced interaction between
T cell-expressed IL-16 acting on T cell CD4, pointing

to a T cell recruitment pathway evoked by anti-CTLA-4
treatment.”® Indeed, immunohistochemistry and immu-
nofluorescence analysis demonstrated the presence of
HLA-DRA" B cells near CD4" and CD8" Tcells in liver-
resident TLS of anti-CTLA-4-treated mice (figure 7I,
online supplemental figure S13). CXCLI13-producing
cells were also clearly detected in the same TLS. In addi-
tion, we observed significantly higher expression of MHC
class II genes in myeloid cells on anti-CTLA-4 treatment
(online supplemental figure S14A). Differential gene
expression analyses showed that 53 genes were upregu-
lated in CD4" T cells from anti-CTLA-4-treated mice when
compared with CD4" T cells from control-treated mice.
Gene ontology analysis showed that these genes reflected
‘immune response-activating signal transduction’ and
‘regulation of T cell activation’ (online supplemental
figure 14B). In summary, anti-CTLA-4 treatment induced
transcriptional reprogramming of T cells and B cells.

DISCUSSION

In this study, we have established a novel model for MSI-H
mCRC, based on a combination of organoid and human-
ized mouse technologies. The kinetics of organoid-
initiated tumor growth and metastasis formation were
not significantly different in immune-deficient versus
humanized mice indicating that the HIS in these mice
was tolerant towards the growing, presumably MHC-
disparate, tumors. This tolerance was at least partly medi-
ated by CTLA-4 and PD-1, since antibodies blocking these
checkpoints overcame the observed tolerance in both the
liver and the cecum. Regression of the primary cecum
tumor continued after cessation of the treatment, indi-
cating that once tolerance was broken by ICB therapy the
effector immune cells continue to attack the tumor in the
absence of the blocking antibodies. Whereas the primary
tumor and liver metastases were eradicated by the ICB,
peritoneal metastases were not affected, and tumor-
bearing mice eventually succumbed to unabated growth
of peritoneal metastases. CD8" T cell influx was observed
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in the primary tumor and liver metastases but less in the
peritoneum. Moreover, CD8" T cells in liver metastases
were in an active cytotoxic state whereas those in the peri-
toneum were in a dysfunctional state. These observations
are consistent with the generally accepted idea that active
CD8" CTL mediate tumor regression. Given the similari-
ties regarding disease progression and response to ICB in
patients with MSI-H cancer and the model presented in
this report, the alloantigens in the model may be consid-
ered as surrogate neoantigens.

The differential site-specific response to anti-CTLA-4
treatment correlated with the presence of TLS and B
cells. This is consistent with recent observations showing
an association of the presence of TLS and B cells in
tumors with a favorable outcome in patients treated with
anti-PD-1."*7'° An expression signature for memory B cells
has also been correlated with response to anti-CTLA-4.”
The PDO-HIS model presented here provides empirical
evidence—through B cell depletion—of an essential role
for B cells in the eradication of liver metastases by anti-
CTLA-4 therapy. B cells may help generate an effective
antitumor immune response via several mechanisms. We
found that B cells in primary tumors and liver metastases
express high levels of class II MHC antigens and are in
close physical contact with CD4" T cells within TLS, as
has been observed in patient tissues’ suggesting that
the B cells activate CD4" T cells which may subsequently
help CD8" CTL to attack tumor cells. Because the tumor
cells are at least partly MHC disparate from the T cells
and B cells, one should assume that the T cells are acti-
vated by an indirect alloantigen pathway.” B cells may
also contribute to anti-CTLA-4-induced tumor regression
by producing antibodies that may mediate complement-
mediated cytotoxicity, or antibody-dependent-cellular
cytotoxicity mediated by FcR-expressing effector cells
such as natural killer cells and/or monocytes. A recent
study in syngeneic mouse models for triple negative
breast cancer showed that B cells and T cells activate
each other during ICB with anti-CTLA-4 and anti-PD-1.”*
In this setting, the activated T follicular helper cells
provided help to B cells to produce antibodies and loss
of antibody secretion concomitant with ICB diminished
the antitumor response.”* We performed a limited anal-
ysis of the B cells present in the tumors, which suggested
that only in the cecum a change in the B cell composi-
tion occurred. There was an increase in CD24™ IgM" IgD~
and switched, CD24" IgM™ IgD" cells in the cecum after
treatment with anti-CTLA-4, but whether this results in
production of tumor-specific IgM/IgG/IgA antibodies
has yet to be determined. B cells may also be important
for formation of the intratumor TLS, thereby creating an
environment for optimal interaction of T cells with B cells
and dendritic cells. We found that B cells in cecum tumors
and liver metastases expressed lymphotoxin alpha and
beta transcripts, making it likely that they express LTo132
on the cell surface. However, how TLS in these niches
were formed in the absence of human non-hematopoietic
stromal cells remains to be established.

Our finding that treatment benefit was dependent
on the anatomical site where tumor cells were growing
indicates that organ-specific niches are important deter-
minants of treatment outcome. Organ site-dependent
TLS formation has previously been demonstrated in
mouse models of metastatic breast cancer.”® Likewise,
organ site-dependent differences in the response to
ICB therapy have recently also been demonstrated in
models for castration-resistant prostate cancer.”” In
the latter study, TGFB signaling in the bone marrow
niche prevented the generation of an effective immune
response against bone metastases, and this could be
relieved by TGFf inhibition. Elucidating the influence
of organ site on ICB therapy response is now recognized
as an important novel area of research that is aimed at
elucidating the mechanisms of resistance against ICB
therapies.”

The finding that peritoneal metastases in this model
are insensitive to ICB are clinically highly relevant, as
recent studies have demonstrated that patients with
MSI-H mCRC with peritoneal metastases and ascites
are unlikely to benefit from ICB."® ¥ Moreover, our
finding that ascites contains very high levels of immu-
nosuppressive cytokines (both in patients with cancer
and in the model) provides a first clue as to why peri-
toneal metastases may be refractory to ICB. Follow-up
studies with specific antibodies or inhibitors neutral-
izing one or more of these immunosuppressive signals
(including IL-10 and the various TGFB isoforms) are
needed to identify cause-effect relationships and design
and test therapeutic approaches that may sensitize
the poor-prognosis subgroup of patients with MSI-H
mCRC with peritoneal metastases to ICB. Alternatively,
the models can be applied to design TLS biogenesis-
stimulating therapeutic approaches in the perito-
neum, such as tumor vessel normalization.”® Finally, by
choosing specific PDOs with distinct patterns of meta-
static organotropism the humanized mouse models
provide a unique platform for studying organ site-
specific responses to ICB. Possibly, distinct strategies
will be needed to sensitize metastases growing in these
completely distinct microenvironments, to ICB.
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