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Abstract

Preclinical and clinical studies demonstrate that T cell-dependent
bispecific antibodies (TDBs) induce systemic changes in addition to
tumor killing, leading to adverse events. Here, we report an in-
depth characterization of acute responses to TDBs in tumor-
bearing mice. Contrary to modest changes in tumors, rapid and
substantial lymphocyte accumulation and endothelial cell (EC) acti-
vation occur around large blood vessels in normal organs including
the liver. We hypothesize that organ-specific ECs may account for
the differential responses in normal tissues and tumors, and we
identify a list of genes selectively upregulated by TDB in large liver
vessels. Using one of the genes as an example, we demonstrate that
CD9 facilitates ICAM-1 to support T cell-EC interaction in response
to soluble factors released from a TDB-mediated cytotoxic reaction.
Our results suggest that multiple factors may cooperatively pro-
mote T cell infiltration into normal organs as a secondary response
to TDB-mediated tumor killing. These data shed light on how differ-
ent vascular beds respond to cancer immunotherapy and may help
improve their safety and efficacy.
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Introduction

Cancer immunotherapy enhances or restores the capacity of the host
immune system to recognize and eradicate cancer (Miller &

Sadelain, 2015). Therapeutic advances in cancer immunotherapy
have rapidly emerged in the past few years. Among these advances
are T cell-retargeting approaches such as chimeric antigen receptor
(CAR) T cells and CD3-bispecific antibodies, which have shown
promising clinical activity in hematological malignancies (Bargou
et al, 2008; Kalos et al, 2011; Brentjens et al, 2013; Maude et al,
2014; Turtle et al, 2016; Kantarjian et al, 2017). CD3-bispecific anti-
bodies bridge T cells to tumor cells by binding the T cell receptor
(TCR) CD3 subunit and a surface protein expressed on cancer cells,
thereby facilitating T cell-mediated killing of target cells, indepen-
dent from tumor-antigen specificity of the T cell (Li et al, 2017). Yet,
despite encouraging preclinical data for CD3-bispecific antibodies
targeting solid tumors, evidence for clinical efficacy in solid tumors
is still scarce (Yu et al, 2017; Dahlen et al, 2018; Hosseini et al,
2021). In addition, adverse events in T cell-retargeting therapies are
often limiting the dose required to eradicate tumors (Trivedi et al,
2017). One well-documented acute adverse event for T cell-
retargeting therapies is cytokine release syndrome (CRS), which is a
whole-body reaction manifested in a myriad of symptoms including
fever, chills, tiredness, diarrhea, headache, cough, nausea, and
vomiting (Brudno & Kochenderfer, 2016; Gust et al, 2017, 2020; Hay
et al, 2017). Such extensive symptomatic manifestations imply the
involvement of multiple organs, among which liver appears to play
a significant role. Preclinical studies in mouse tumor models
revealed a transient liver toxicity phenotype within 24 h following
TDB treatment, which was resolved 4 days later. This phenotype
included multiple necro-inflammatory foci, variable perivascular,
and periportal chronic inflammatory infiltrate, as well as focal early
necrosis of hepatocytes surrounding the central vein, portal tracks,
and within lobules (Lo et al, 2021). Furthermore, a single-dose
safety study in cynomolgus monkeys using TDB treatment revealed
acute and transient off-tumor activity, which is consistent with
acute hepatocellular toxicity (Staflin et al, 2020). As the
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aforementioned adverse events pose substantial challenges in the
management of cancer patients receiving CAR T-cell and T cell-
engaging antibodies therapies (Teachey et al, 2016), we believe that
minimizing the consequences of cytokine release including liver tox-
icity will result in better patient care. Therefore, it is prudent to thor-
oughly characterize how tumors and normal tissues respond to
T cell-retargeting therapies.

Endothelial cells (ECs) are a heterogenous population at the
intra-organ and inter-organ levels (Augustin & Koh, 2017; Potente &
Makinen, 2017). EC heterogeneity manifests as differences in cell
morphology, function, gene expression, and antigen composition
(Aird, 2007a, 2007b; Potente & Makinen, 2017; Kalucka et al,
2020a). Heterogeneity is influenced by vessel sizes, flow patterns,
and cellular and molecular composition in the tissues where the
blood vessels reside (Aird, 2007a), as well as pathological condi-
tions such as tumor growth (Zhao et al, 2018, 2020). Single-cell
RNA sequencing analysis revealed that the host tissue has a major
influence on EC heterogeneity (Kalucka et al, 2020a).

The vascular system is essential for the delivery of oxygen and
nutrients throughout the body as well as for waste removal. Fur-
thermore, ECs, which line the interior of all blood and lymphatic
vessels, control immune cell trafficking by producing chemoattrac-
tant and cell adhesion molecules. Cell adhesion molecules (CAMs)
are involved in a broad range of normal physiological processes,
including cell-cell interactions and cell migration. CAMs also con-
tribute to pathologies such as cancer, inflammation, and autoim-
mune disease (Okegawa et al, 2004). The expression of CAMs and
soluble chemotactic factors in ECs facilitate leukocyte extravasa-
tion and migration into the organ parenchyma (Carman & Marti-
nelli, 2015). For example, activated endothelium expresses surface
adhesion molecules such as intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) to pro-
mote the attachment of peripheral blood leukocytes to the
endothelium (Collins, 1993; Fries et al, 1993). In order to further
facilitate leukocyte binding, previous studies have shown that
endothelial tetraspanins associate laterally with ICAM-1 and
VCAM-1 to form endothelial adhesive platforms (EAPs). Tetra-
spanin CD9 is part of the EAPs and has been shown to enhance
leukocyte adhesion and trans-endothelial leukocyte migration
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(Barreiro et al, 2005, 2008; Bailey et al, 2011; Franz et al, 2016;
Reyes et al, 2018).

In this study, we used an integrated approach involving immuno-
histochemistry, flow cytometry, and single-cell RNA sequencing to
determine how various endothelial cell subsets in the liver and
tumor respond to TDB treatment and thus, impact T cell trafficking.
We identified a subset of ECs associated with large vessels in the
liver that upregulates a list of genes upon TDB treatment. One of
these factors is Cd9/CD9, which is readily expressed at baseline in
the large liver vessels and is further upregulated upon treatment of
tumor-bearing mice with TDB. We showed that CD9 facilitates
ICAM-1 to support T cell-EC interaction in response to soluble fac-
tors released from a TDB-mediated cytotoxic reaction, while CD9
alone plays a modest role in supporting T cell-EC interaction. Our
results suggest that multiple factors may act in concert instead of
acting alone to promote T cell infiltration into normal organs as a
secondary response to TDB-mediated tumor killing. We believe that
a systematic in vivo evaluation of the candidate factors reported in
this study is required to untangle the mechanisms of TDB-induced T
cell redistribution. Overall, our data shed light on how different vas-
cular beds respond to cancer immunotherapy and reveal potential
new target(s) that could be leveraged to improve the safety and/or
efficacy of TDBs.

Results

Anti-HER2/CD3 TDB treatment promotes acute cytokine release
and transient margination

Our studies focused on the early responses in tumors versus livers
to TDB treatment because of the rationale outlined above. We uti-
lized the MMTV-HER2 Fo5 mammary tumor transplant model
(= Founder5 tumor model, Fig 1A), which has been previously
described (Lewis Phillips et al, 2008). An anti-HER2/CD3 TDB
demonstrated robust single-agent antitumor activity in this model
(Fig 1B). A rapid increase in serum cytokine levels upon treatment
with CAR-T therapies or CD3-bispecific antibodies treatment has
been reported in preclinical and clinical settings (Kochenderfer et al,

Figure 1. Anti-HER2/CD3 TDB treatment promotes greater degrees of T cell accumulation in the liver than tumor.

A Schematic of experimental setup. After tumor transplantation, mice were divided into two groups with comparable tumor volume distribution within the range of
350-500 mm? and treated with either vehicle control (ctrl) or anti-HER2/CD3 TDB via intravenous (i.v.) injections. Blood and tissue samples were analyzed 6 h,

24 h, and 4 days post treatment.

B Founder5 tumor growth kinetics in control-treated (black) and in anti-HER2/CD3 TDB-treated (red) mice (n = 7 mice/treatment), shown as mean (left plot) and indi-

vidual growth kinetics (right plot).

C Serum cytokine levels from control-treated (black) and anti-HER2/CD3 TDB-treated (red) mice, 6 h and 24 h post treatment (n = 9 mice/treatment).
D Quantification of CD4" (top panel) and CD8" (bottom panel) T cell counts in peripheral blood samples from mice treated with control (black, n = 10) or 0.5 mg/kg

anti-HER2/CD3 TDB (red, n = 9), 24 h post treatment.

E,F  Flow cytometry analysis of CD45" cells and T cells (CD4" and CD8") in dissociated tumors normalized to tumor weights (E, n = 8 mice/treatment) or dissociated

livers normalized to liver weights (F, n = 9 mice/treatment), 24 h post treatment.

G, H Representative images of tumor (G) or liver (H) sections from the Founder5 model stained with CD3 (red), Endomucin (white), and DAPI (blue). Right panels:
quantification of CD3" cell counts in FounderS whole tumor (G) or liver (H) sections normalized to tissue areas. All samples were analyzed 24 h post treatment,

n = 8/9 mice/treatment. Scale bar = 200 pum.

I, Tumor (1) or liver (J) tissue cytokine levels normalized to total protein concentration from control-treated (black) and anti-HER2/CD3 TDB-treated (red) mice, 24 h

post treatment (n = 8 mice/treatment).

Data information: Black = control-treated mice. Red = anti-HER2/CD3 TDB-treated mice. Mann-Whitney test was run to determine P-values for experiments with two
groups, and Kruskal-Wallis one-way ANOVA was used for multiple groups. Data are shown as means 4+ SEM (standard error of the mean). ROI, region of interest.

Source data are available online for this figure.
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2012; Teachey et al, 2013; Li et al, 2018). Consistent with these find-
ings, we observed that anti-HER2/CD3 TDB treatment led to an acute
elevation of multiple cytokines and chemokines, including IL-6,
TNFa, IFNy, IL-2, CXCL9, and CXCL10 shortly after TDB administra-
tion (Fig 1C), but returned to baseline levels 4 days post treatment
with the exception of CXCL9 and CXCL10 (Fig EV1A). These cytoki-
nes have been shown to contribute to antitumor efficacy and/or
adverse events (Metzemaekers et al, 2017; Berraondo et al, 2019; Qiu
et al, 2021). Another phenomenon described in patients and animals
upon TDB or CAR-T immunotherapy is the transient loss of circulat-
ing lymphocytes, known as margination (Topp et al, 2011; Sun et al,
2015; Li et al, 2017). The mechanism of margination is at present not
well understood, but is likely related to systemic changes in cytokines
and chemokines. We performed flow cytometric analysis of circulat-
ing immune cells in blood samples and consistently observed a tran-
sient decrease of T cells to varying degrees within 24 h upon TDB
treatment (Fig 1D), likely reflecting a margination response, which is
resolved 4 days after TDB treatment (Fig EV1B and C). Collectively,
these data confirmed that our model recapitulates similar responses
to TDB treatment observed in cancer patients.

Anti-HER2/CD3 TDB treatment promotes greater degrees of acute
T cell accumulation in the liver than tumor

T cell accumulation in solid tumors is an important requirement for
antitumor activity of T cells and has been shown to correlate with
responses to cancer immunotherapies (Pockaj et al, 1994; Ji et al,
2012; Peng et al, 2015; Spranger et al, 2015; Chen et al, 2016; Wang
et al, 2016; Li et al, 2019). Therefore, we analyzed the effect of TDB
treatment on intra-tumoral T cells in dissociated Founder5 tumors
by flow cytometry. On average, we observed a 1.5- to 2-fold increase
of CD4" T cells, CD8" T cells, or CD45" cells 24 h after TDB treat-
ment in the tumor (Figs 1E and EV1D). It is speculated that tempo-
rary lymphocyte margination may be followed by lymphocyte
extravasation not only into tumors but also into normal tissues,
which is undesirable as it reduces the pool of circulating T cells
available for recruitment to the tumor as well as potentially result-
ing in negative adverse events. We set out to analyze lymphocyte
distribution in normal tissues and focused on the liver because of
the acute hepatotoxicity observed in preclinical models (Staflin
et al, 2020). To our surprise, despite the absence of HER2 expres-
sion in the liver (Park et al, 2017), the magnitude of CD45" cell and
CD4" T cell accumulation was higher in the liver than the tumor
(4.5-fold and 3-fold, respectively). Even more profound was the ele-
vation of liver CD8" T cells upon TDB treatment (~25-fold increase)
(Fig 1F).

Figure 2. T cell phenotypes differ in tumor and liver upon TDB treatment.

Patricia Himmels et al

We corroborated our flow cytometric results with immunohisto-
chemistry (IHC) analysis. TDB treatment in the Founder5 tumor
model led to a modest increase of CD3" T cells in the tumors within
24 h (Fig 1G). Consistent with the flow cytometric analysis, we
found that the acute increase of T cells is more profound in the liv-
ers compared to tumors (Fig 1H). Using a dual chromogenic IHC for
CD8a and pan-cytokeratin (AE1/AE3) to label tumor cells, we found
that the majority of the infiltrating T cells in the tumor and liver
were indeed cytotoxic CD8" T cells (Fig EVIE and F, respectively).
When comparing CD8" T cell infiltration 4 days after TDB treat-
ment, we found an increased number of T cells in the tumor
(Fig EV1E), in line with our observation that TDB treatment showed
robust antitumor efficacy after several days (Fig 1B). In this model,
the number of T cells in the liver returned to the control levels
4 days after TDB treatment (Fig EV1F).

Consistent with the pathology seen in cynomolgus monkeys
(Staflin et al, 2020), we observed a modest and transient elevation
in liver enzyme levels, such as alanine transaminase (ALT) and
aspartate aminotransferase (AST) 6 h and 24 h post treatment,
which is resolved after 4 days (Fig EV1G). When we compared cyto-
kine and chemokine levels within the tumors and livers, we found
that many were acutely increased in the tumor upon TDB treatment,
but were mostly unchanged in the liver (Figs 1I and J, and EV1H
and I). This finding indicates that the primary response occurred
within the tumor, and the liver changes reflect a secondary response
to cytokines and chemokines released into circulation.

We confirmed that the effects observed were dependent on the
engagement of TDB with T cells and tumor cells, as non-tumor-
bearing mice did not show any of these effects with regard to circu-
lating cytokine/chemokines, lymphocyte counts in the liver, or liver
enzymes (Fig EV2A-C, respectively). These data also suggest that
the acute hepatotoxicity observed in preclinical models is most
likely not due to drug-induced hepatotoxicity or drug-induced liver
injury (DILI). To determine if the increased T cell infiltration into
livers is due to vascular activation triggered by intravenous (i.v.)
injection, we compared i.v. versus intraperitoneal (i.p.) TDB admin-
istration and found no significant difference with regard to the
changes in ALT/AST levels, cytokine/chemokine levels, and lym-
phocytes counts (Fig EV2C-E, respectively).

Interestingly, when we further analyzed the T cell phenotype in
the liver versus tumor tissues (Fig 2A), we observed that T cells
(CD8" and CD4" T cells) in the tumor showed an activation pattern
(upregulation of CD69" and GZMB™ in T cells; Fig 2B and C upper
panels) consistent with T cell-receptor (TCR) engagement. However,
T cells in the liver did not show this type of activation (Fig 2B and C
lower panels). In line with this finding, T cells in the tumor showed

A Gating strategy for flow cytometry analysis of T cells. Singlets are gated based on forward scatter area (FSC-A) versus forward scatter height (FSC-H). CD45" cells
are gated from viable cells, and T cells are sub-divided as CD8" versus CD4" T cells from viable cells and CD45" cells. T cells are further gated for proliferation status
(Ki67"), activation status (CD69" or GZMB™), or T cell subtypes (Tegem: CD44™ CD62L'Y; Temem: CD44™ CD62LMEM, T, .ive: CD44'" CD62LMEM). Eff/em, effector/effector

memory; cmem, central memory.

B, C Flow cytometry analysis of T cell phenotype and T cell subsets for CD8" T cells (B) and CD4" T cells (C) in dissociated tumors normalized to tumor weights (upper
panels) or dissociated livers normalized to liver weights (lower panels), 24 h post treatment (n = 8 mice/treatment).

Data information: Black = control-treated mice. Red = anti-HER2/CD3 TDB-treated mice. Mann-Whitney test was run to determine P-values for experiments with two
groups; Kruskal-Wallis one-way ANOVA was used for multiple groups. Data are shown as means + SEM.

Source data are available online for this figure.
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a shift towards effector T cells, whereas no shift in T cell subpopula-
tions was observed in the liver. Proliferation was only observed in
the CD4" T cells in the tumor (Fig 2B and C). Taken together, our
results strongly argue that T cell accumulation in the liver is a sec-
ondary response to TDB-mediated T cell activation in the tumor and
the subsequent release of cytokines and chemokines into
circulation.

The finding that TDB-induced T cell accumulation in the liver
was greater than in the tumor was confirmed in another tumor
model: mice harboring ID8 ovarian cancer overexpressing a surface
molecule LYPD1 and treated with an anti-LYPD1/CD3 TDB (Lo
et al, 2021). In this model, we also observed an acute response as
circulating cytokines and chemokines were elevated shortly after
TDB treatment but resolved 4 days after TDB treatment (Fig EV3A).
In addition, T cell margination was observed 24 h after treatment
(Fig EV3B). Similar to the Fo5 tumor model, we observed T cell
accumulation around large vessels in the livers but not in the
tumors (Fig EV3C and D). Liver enzyme levels were also acutely
increased (Fig EV3E), similar to what we observed in the Fo5 tumor
model. In this model, however, we did not observe an increase in
tumor-infiltrating T cells, even 4 days after treatment. In summary,
our analysis revealed that TDB treatment induces a greater extent of
acute T cell accumulation in the liver than in the tumor, which is
dependent on the presence of tumors.

TDB treatment leads to EC activation and upregulation of
adhesion molecules

We noticed T cell accumulation around large vessel walls in the
liver (Fig 1H), indicating potential trafficking across the vascular
endothelium. In order to evaluate if TDB-induced circulating mole-
cules promoted T cell-EC adhesion, we set up an in vitro assay. This
allowed us to mimic to a certain degree our in vivo observations but
in a more accessible and controlled environment. For this, an anti-
CD20/CD3 TDB was added to peripheral blood mononuclear cells
(PBMCs) isolated from healthy human blood samples (Fig 3A), lead-
ing to B cell killing (CD20-positive) by T cells and the release of var-
ious signaling molecules into the culture media, which are similar to
the cytokine/chemokines found in vivo (Fig 3B). We used this TDB-
conditioned PBMC supernatant to stimulate confluent primary ECs,
and we observed elevation of adhesion molecules ICAM-1 and
VCAM-1 (Fig 3C and D) to a similar extent as treatment with tumor
necrosis factor o (TNFo) (Fig 3D), which is known to be a potent
stimulant of endothelial cell activation (Liao, 2013). Furthermore,
pretreatment of ECs with TDB-conditioned PBMC supernatant led to
increased T cell adhesion compared to ECs pre-treated with control
PBMC supernatant (Fig 3E and F).

Since TDB-conditioned PBMC supernatant is capable of activat-
ing ECs in vitro and factors in the supernatant are similar to circulat-
ing factors in HER2/CD3 TDB-treated mice, we went on to examine
EC activation in vivo. TDB treatment significantly upregulated the
adhesion molecules ICAM-1 and VCAM-1 in the liver to a greater
extent compared to tumor tissues (Fig 4A and B, respectively). Simi-
larly, we observed a greater degree of endothelial activation in the
liver than in the tumor in the ID8/LYPD1X4 ovarian cancer model
(Fig EV3F and G). Bulk RNA sequencing of matching liver and
tumor samples 24 h after treatment also revealed known endothelial
transcripts, including adhesion markers (Icam1, Icam2, Vcaml1, Sele,
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Selp, Podxl, Pdpn, CdhS, Mcam), being upregulated in TDB-treated
liver and tumor samples (Fig 4C and D, respectively). Coinciding
with the greater degree of T cell accumulation in the liver than in
the tumor, the degree of ICAM-1 and VCAM-1 upregulation in the
liver was greater compared to the tumor. We then carried out addi-
tional analysis of the vasculature in the liver and tumor and found
that vessel density was not changed by TDB treatment in either tis-
sue (Fig 4E and F, left panels). We also did not observe a significant
change upon TDB treatment when examining pericyte coverage of
vessels (NG2¥, Desmin”, aSMA*, Endomucin®) as a readout for vas-
cular stability and maturity (Fig 4E and F, right panels). Interest-
ingly, when correlating pericyte coverage with expression of
adhesion molecules, we found that vascular ICAM-1, but not
VCAM-1, correlated with mature vessels in the liver (Fig 4G),
whereas only vascular VCAM-1 but not ICAM-1 expression on ves-
sels correlated with pericyte coverage in the tumor (Fig 4H). This
implies that the composition of vascular subtypes differs between
the liver and tumor, and therefore, they responded differently to the
TDB-induced systemic factors. In addition, we also measured circu-
lating angiopoietin-2 (ANG2) levels as a surrogate of endothelial cell
activation in vivo (Fiedler & Augustin, 2006; Scholz et al, 2015), and
we found that TDB treatment increased the levels of circulating
ANG2 (Fig 41). However, tissue levels of ANG2 were not signifi-
cantly changed in the liver and tumor (Fig 4J and K, respectively),
suggesting that ANG2 release instead of synthesis was changed in
response to TDB treatment. These findings implied that the liver
vasculature more readily responded to TDB-induced circulating fac-
tors and was, therefore, more capable of supporting T cell infiltra-
tion than the tumor vasculature.

Anti-HER2/CD3 TDB treatment induces dramatic transcriptional
differences in the liver but does not change EC
subpopulation identities

We hypothesized that organ-specific EC subtypes may account for
the differential T cell accumulation in normal tissues versus tumors
in response to TDB. Thus, we set out to identify the molecular
response of liver ECs to TDB treatment using single-cell analyses.
Single cells isolated from the liver were processed for single-cell
RNA sequencing (scRNAseq) and analyzed. Read alignment, unique
molecular identifier (UMI) counting, and low RNA-content cell-
filtering were done using the Cell Ranger pipeline (Zheng et al,
2017). Cells with high mitochondrial gene counts (> 25%) were
removed as lysing/apoptotic cells. Liver tissue samples were ana-
lyzed in biological triplicates and were found to equally contribute
to each of the clusters, ruling out potential batch effects (Fig EV4A).
After performing these quality control (QC) steps, 12,170 liver cells
from three control-treated mice and 11,566 liver cells from three
TDB-treated mice were analyzed jointly. Through unsupervised
clustering, 25 clusters in liver tissue samples were distinguished and
visualized using t-distributed Stochastic Neighbor Embedding
(tSNE) (Figs SA and EV4B). Based on the expression of a panel of
known markers and cell types from the mouse cell atlas (Han et al,
2018), we identified four T cell clusters, one B cell cluster, eight
myeloid clusters, and six distinct EC clusters, as well as organ-
specific cell types (Kupffer cells 1-5 and hepatocyte) as expected. In
addition, we identified one cluster that appeared to be a mixture of
ECs and T cells (EC/T cluster), as markers of both cell types were
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Figure 3. TDB-conditioned PBMC supernatant upregulates adhesion molecules on primary human endothelial cells in vitro.

A Schematic of experimental setup for obtaining and using TDB-conditioned peripheral blood mononuclear cell (PBMC) supernatant. Briefly, PBMCs isolated from
healthy human blood samples were incubated with or without an anti-CD20/CD3 TDB, and the supernatants were harvested 18 h post treatment. PBMC supernatants
were then used to treat primary human umbilical vein endothelial cells (HUVECs).

B Cytokine concentrations in conditioned medium of HUVECs cultured without treatment (blue diamond, treatment b), or with 600 pg/ml TNFa (pink circle, treatment
¢), or with control PBMC supernatant (orange triangle, treatment d), or with TDB-conditioned PBMC supernatant (purple square, treatment e). All done in n = 6 repli-
cates with 6 h incubation. Endothelial cell culture medium alone (black circle, treatment a, n = 4) was plotted as reference.

C Gating strategy for flow cytometry analysis of surface expression of ICAM-1 and VCAM-1 on HUVECs. Singlets were gated based on forward scatter area (FSC-A) versus
forward scatter height (FSC-H). Activated endothelial cells were gated as ICAM-1* or VCAM-1* endothelial cells from viable cells.

D Quantification of percentage of ICAM-1* (top panel) and VCAM-1* (bottom panel) endothelial cells with the same treatments as defined in panel (B). All done in
triplicates.

E Schematic of experimental setup for T cell-EC adhesion assay. Briefly, confluent HUVECs were treated for 24 h as described in panel (B). T cells were added and
allowed to adhere for 3 min, and the unadhered T cells were removed by inverted spin. The percentage of adhered T cells was calculated as: [remaining T cells after
inverted spin (T2)/total input T cells (T1)] x 100.

F Quantification of T cell adhesion to a monolayer of HUVECs treated with the same treatments as defined in panel (B). All done in biological triplicates with eight tech-
nical replicates per biological replicate.

Data information: HUVECs cultured without treatment (blue diamond, treatment b), or with 600 pg/m| TNFa. (pink circle, treatment c), or with control PBMC

supernatant (orange triangle, treatment d), or with TDB-conditioned PBMC supernatant (purple square, treatment €). Endothelial cell culture medium alone (black circle,

treatment a). Ordinary one-way ANOVA was applied. Data are shown as means £ SEM. EC, endothelial cell; RBCs, red blood cells.

Source data are available online for this figure.
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Figure 4. TDB treatment leads to EC activation and upregulation of adhesion molecules in vivo.

A B Representative images of liver (A) or tumor (B) sections from the Founder5 tumor-bearing mice stained with ICAM-1 (red), VCAM-1 (white), and Endomucin (green)
24 h post treatment. Right panels are enlarged views of the boxed areas showing only ICAM-1 and VCAM-1. Scale bar =100 um. Below: quantification of total
ICAM-1" and VCAM-1" areas as well as vascular (vasc)) ICAM-1" (ICAM-1" Endomucin™) and vascular VCAM-1" (VCAM-1" Endomucin®) areas normalized to tissue
areas. n = 9 mice/treatment.

C, D Principal component analysis (PCA) plots for bulk RNAseq analysis of the liver (n = 3, C) or tumors (n = 3, D) from the Founder5 model 24 h post treatment. Each
dot represents a sample and is colored by treatment (left plot). Boxplots (right) show the gene set enrichment score for common adhesion markers in the liver (C)
and in the tumor (D) samples. Boxes represent interquartile ranges (IQR), and medians are horizontal lines in the boxes. Whiskers above and below the boxes are
the lowest and highest values within 1.5 times IQR.

E, F Densities of total blood vessels (left panel) and mature blood vessels (right panel) in liver (E) and tumor (F) sections from the Founder5 tumor-bearing mice normal-
ized to tissue areas. n = 9 mice/treatment.

G, H Left panels: representative images of liver (G) or tumor (H) sections from the Founder5 model stained with ICAM-1 (white), pericyte markers (pink), and Endomucin
(green) (top panel) or stained with VCAM-1 (white), pericyte markers (pink), and Endomucin (green) (bottom panel) 24 h post treatment. Scale bar = 100 pum. Right
panels: linear regression analysis comparing adhesion molecule (ICAM-1 and VCAM-1) expression (x-axis) and vessel maturity (y-axis). The coefficients of determi-
nation (R) are indicated. n = 9 mice/treatment.

I-K  Quantification of circulating (I, n = 7 control-treated and n = 8 anti-HER2/CD3 TDB-treated mice) ANG2 levels as well as tissue ANG2 levels in the liver (, n =8
mice/treatment) and tumor (K, n = 8 mice/treatment) 24 h post treatment.

Data information: Black = control-treated mice. Red = anti-HER2/CD3 TDB-treated mice. Mann—-Whitney test was run to determine P-values for experiments with two

groups unless otherwise indicated. Data are shown as means &+ SEM unless otherwise indicated. EC, endothelial cell.

Source data are available online for this figure.

highly expressed in this population. Doublet detection further con-
firmed this cluster to consist of two distinct cell populations
(Figs SA and EV4B-D).

To better define the impact of TDB treatment on the transcrip-
tional landscape of cells within the liver, we compared gene expres-
sion of control- versus TDB-treated samples and saw a systemic
response indicated by the dichotomous pattern in the tSNE plots
(Fig 5B). Although the number and types of cells captured could be
affected by many factors, this pattern was reproduced in several
experiments. Furthermore, hepatocytes did not show a significant
transcriptional change upon TDB treatment, indicating that the
observed changes were due to the TDB treatment and not batch
effects.

Given the striking pattern of T cell accumulation around large
vessels in the liver, we set out to investigate how different subtypes
and/or cell states of liver blood vessels responded to TDB. An in-
depth analysis focusing on the 11,757 liver endothelial cells from all
samples refined their classification into 12 transcriptional clusters
(Fig 5C). To characterize each of these EC clusters, we compared
their gene expression profiles to published transcriptional markers
of EC subtypes (Kalucka et al, 2020a; Data ref: Kalucka et al,
2020b). Gratifyingly, we found that our liver ECs matched most
closely to the liver ECs in the published dataset (Fig EV4E), and we
were able to assign EC subtypes based on expression of several key
genes. For example, Fabp4, Vwf, Rspo3, and Cdhl3 were highly

expressed in venous ECs, whereas Flt4, Stab2, and Lyve-1 were
more restricted to sinusoidal endothelium, and the expressions of
Clu, Ehd4, Plac8, and Cd200 were enriched in arteries. The largest
subpopulation appears to represent capillary endothelium with high
expression for Bmp2, Maf, and Dnasell3 (Fig 5C and D and
Dataset EV1). We did not observe any skewed distribution of cells
with treatment in any subpopulation. Thus, TDB treatment did not
change EC subpopulation identities.

TDB treatment upregulates a transcriptional program that may
support T cell adhesion and migration in the large vessels

To gain further insights on how TDB treatment impacted each vas-
cular subtype, we performed differential expression analysis
between TDB-treated and control samples within the following four
EC subtypes: ECs of large vessels (clusters 7 and 9), small vessels—
sinusoidal (clusters 1, 2, 6, 4, 8, and 12), small vessels—capillary
(clusters 3, 5, and 10), and the EC/T cell-mixed cluster (cluster 11)
(Fig SE, Dataset EV2). Gene Set Enrichment Analysis (GSEA) using
the “hallmark gene sets” from the Molecular Signatures Database
(MSigDB) (Subramanian et al, 2005; Liberzon et al, 2015) revealed
that several biological processes, including interferon-inducible
inflammatory signaling as well as pro-inflammatory response such
as TNFa-mediated signaling, were enriched in TDB-upregulated
genes across all EC subtypes (Dataset EV3), indicating a profound

Figure 5. TDB treatment upregulates a transcriptional program that may support T cell adhesion and migration in the large vessels of the liver.

A, B t-SNE plot of 23,736 liver cells (three replicates per treatment) with color-coded clusters and bar graph showing relative transcriptional distribution of various cell
types (A) or separated into vehicle control (left, 12,170 cells) and anti-HER2/CD3 TDB-treated (right, 11,566 cells) samples with gray open circles indicating cells

belonging to the other treatment group (B). M, myeloid cells.

C UMAP plot color-coded for either transcriptional clusters (left) or treatment (right) of 11,757 liver endothelial cells based on classification shown in (A).

o

Heatmap of indicated endothelial cell subtypes showing normalized expression levels of subtype markers among the 12 identified clusters.

E Venn diagram showing significantly upregulated genes when comparing different endothelial cell subtypes. The number of significantly upregulated genes is

indicated.

F UMAP plot showing the relative expression levels of genes in “topic 9” from topic modeling. EC clusters 7 and 9 showed highest expression.
G Top 20 DEGs upregulated by TDB in topic 9; the top 11 hits ordered by FDR-adjusted P-values match the DEGs identified in the GSEA analysis in (E).

Source data are available online for this figure.
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IFN-licensing response across all liver vessels upon TDB treatment.
Such a broad response indicated that it is likely induced by the sys-
temic cytokines and might explain the off-tumor and off-target effect
of TDB therapy.
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Based on our immunohistochemistry findings, we hypothesized
that specific EC subtypes may respond differently to TDB treatment.
Beyond the common changes shared by all ECs, we were also able
to identify unique biology in individual EC subsets. We identified a
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distinct set of 71 genes that were enriched in the ECs of large liver
vessels (Fig SE and Dataset EV4), which might be responsible for
increased T cell accumulation in response to TDB treatment. Carry-
ing out GSEA using the Cellular Component list from Gene Ontology
(GO C5) of the EC clusters representing large vessels in the control
liver (cluster 7, Fig 5C) and TDB-treated liver (cluster 9, Fig 5C), we
found that among the top 50 TDB-upregulated hits, 16 gene sets
were related to cell adhesion, immune cell activation, cytokine pro-
duction, and T cell activation. In contrast, using the same analysis
on small vessels consisting of capillary or sinusoidal endothelium,
only five and six gene sets related to the aforementioned biological
functions were upregulated by TDB, respectively (Dataset EV3).
These data suggested that TDB upregulates a transcriptional pro-
gram that may support T cell adhesion and migration in the large
vessels to a greater degree than in small vessels.

To deconvolve the functional impact of TDB treatment on ECs
using an unbiased approach, we performed topic modeling analysis
on the same EC scRNAseq profiles (Dey et al, 2017). A model con-
sisting of nine transcriptional programs (topics) was chosen to cap-
ture the transcriptional dynamics within the different EC subtypes
with and without TDB treatment (Fig EV5A and B). In all EC sub-
types, topic 1 scores were enriched in cells under control condition,
while topic 5 and topic 6 scores were high in TDB-treated condition,
corroborating the previously described IFN-licensing phenotype that
was driven by response to TDB in all vessel subtypes (Dataset EV5).
Meanwhile topics 2, 3, 4, 8, and 9 explained differences of the EC
subtypes regardless of TDB treatment. Topic 7 featured T cell tran-
scriptional profiles, representing the previously identified mixed EC/
T cell-mixed cluster. Gratifyingly, topic 9 supported our hypothesis
that large vessels responded to TDB more than small vessels. The
topic 9 genes were enriched specifically in the large vessels (Figs 5F
and EV5B). Among the differentially expressed genes (DEGs) upreg-
ulated by TDB in topic 9, we found that the top 11 hits ordered by
FDR-adjusted P-values matched the DEGs identified in the analysis
described above (Fig 5G).

In summary, TDB treatment altered many biological processes
involved in vascular responses to inflammatory stimuli independent

EMBO reports

of EC subtype. In addition, we have identified a specific set of genes
that is upregulated in large liver blood vessels that might be respon-
sible for increased T cell accumulation observed upon TDB
treatment.

Tetraspanin CD9 is upregulated in large liver blood vessels upon
TDB treatment and contributes to T cell-EC adhesion

Among the top 11 DEGs identified by GSEA and topic modeling
(Fig 5G) mentioned before, we selected tetraspanin CD9 as an exam-
ple to demonstrate how we further characterized these candidate
factors. Cd9 expression analysis of the 12 identified transcriptional
EC clusters revealed that Cd9 was already highly expressed at base-
line in large liver vessels (Fig 6A, cluster 7) and was further upregu-
lated upon TDB treatment (Fig 6A, cluster 9). In situ hybridization
and immunofluorescence staining confirmed that the CD9 message
and protein localized in the endothelium of large vessels in the liver
(Fig 6B and C). In contrast, immunofluorescence staining of tumors
revealed that CD9 is mostly expressed by circulating cells within the
lumen of blood vessels but not by the endothelium itself (Fig 6D).
Flow cytometry analysis of CD31" liver and tumor ECs showed that
CD9-positive ECs are abundant in the liver, whereas a negligible
number of CD9-positive ECs are found in the tumor at ~0.5% of live
cells (Fig G6E). Primary ECs treated with TDB-conditioned PBMC
supernatant also upregulated Cd9 expression in vitro, in line with
our scRNAseq data (Fig 6F). To further evaluate our hypothesis that
CD9 plays a role in mediating lymphocyte binding upon TDB treat-
ment, we knocked down CD9 in primary ECs and examined T cell
adhesion to ECs stimulated by soluble factors released upon TDB-
mediated killing. CD9 protein is substantially reduced in primary
ECs 48 h after transfection with a CD9-specific siRNA compared to a
control siRNA (Fig 6G). When T cell adhesion to primary ECs was
evaluated under control condition, no difference between control
siRNA and CD9 siRNA was observed (Fig 6H). However, when pri-
mary ECs were treated with TDB-conditioned PBMC supernatant,
CD9 knockdown modestly reduced the number of T cells attached
to the endothelial monolayer. Furthermore, when CD9 knockdown

Figure 6. Tetraspanin CD9 is highly expressed in large liver vessels and upregulated by TDB.

A Box plots showing relative Cd9 expression levels across the 12 transcriptionally distinct EC clusters defined in Fig 5. Boxes represent interquartile ranges (IQR), and
medians are horizontal lines in the boxes. Whiskers above and below the boxes are the lowest and highest values within 1.5 times IQR. Outliers are shown as circle
beyond the whiskers. Color codes denote either EC clusters (left) or treatment (right).

B Representative images of an in situ hybridization for Cd9 transcripts distribution in control (upper panels) and TDB-treated (lower panels) liver sections from the
Founder5 model. Right panels are enlarged views of the boxed areas highlighting large vessel structures. Scale bar = 1,000 um.

C, D Representative images of liver (C) or tumor (D) sections from the Founder5 model stained with the following combinations of markers: (left panels) CD9 (green) and
ICAM-1 (red); (right panels) CD9 (green) and CD31 (white); 24 h post treatment. In (D) the 3™ right panels are enlarged views of the boxed areas showing CD9" cells
inside the lumen of blood vessels but not in the endothelium; orthogonal views (z) of selected planes are shown on the far right. Scale bar =100 pm.

E Confirmation of CD9 expression in liver ECs but negligible in tumor ECs. Flow cytometry analysis of CD9 expression on endothelial cells (CD31") in dissociated livers
(top panel) or dissociated tumors (bottom panel) shown as percentage of viable cells, 24 h post treatment (n = 8 mice/treatment). Black = control-treated mice.
Red = anti-HER2/CD3 TDB-treated mice. Mann-Whitney test was run to determine P-values. Data are shown as mean & SEM.

F Quantitative RT-gPCR analysis of relative expression of Cd9 normalized to Gapdh in HUVEC after stimulation with either control (blue diamond, n =9) or PBMC
TDB-conditioned supernatant (lilac square, n = 3) for 6 h and 24 h. Ordinary one-way ANOVA was applied. Data are shown as means &+ SEM.

G Knockdown efficiency of CD9-specific siRNA was analyzed in HUVEC lysates using the capillary western blot (Wes) assay, and results are shown as gel-like image
view (lower panel) and quantification of CD9 band intensity normalized to B-actin (top panel). Two biological experiments (Exp) with two technical replicates per

experiment.

H Quantification of T-cell adhesion to a monolayer of HUVECs transfected with either negative control siRNA (black) or CD9-specifc siRNA (green) under shear stress-
like conditions (100 rpm) treated with the indicated conditions. All done in biological duplicates with four technical replicates per biological replicate. Representa-
tive data of one experiment shown. FOV, field of view. Ordinary one-way ANOVA was applied. Data are shown as means + SEM.

Source data are available online for this figure.
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was combined with ICAM-1 blockade, T cell adhesion was further
reduced compared to ICAM-1 blockade alone (Fig 6H), supporting
the notion that CD9 enhances T cell adhesion to the endothelium by
recruiting ICAM-1 to the EAPs (Barreiro et al, 2005, 2008; Bailey
et al, 2011; Franz et al, 2016; Reyes et al, 2018).

These findings supported our hypothesis that different factors
produced by organ-specific EC subtypes may account for the
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differential T cell accumulation in normal tissues versus tumors
in response to TDB, and CD9 represents one of the candidate
factors that mediates enhanced T cell accumulation in the liver.
The modest effect of CD9 knockdown implies that multiple factors
may be required to account for the observed phenotype in vivo.
Taken together, our data provided new insights on how different
vascular subtypes respond to cancer immunotherapy and could
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provide novel opportunities to improve the safety and/or efficacy of
this class of cancer therapies.

Discussion

Over the past decade, tremendous progress has been made in
enhancing our understanding of the complex mechanisms and path-
ways that regulate the immune system’s response to cancer. Innova-
tive approaches have been employed to leverage the antitumor
immune response, leading to therapeutic advances in the field of
cancer immunotherapy (CIT). However, despite the remarkable
achievements, a large number of patients are not yet benefiting from
these therapies. Some of the underlying reasons and challenges
have been extensively described elsewhere (Ventola, 2017a, 2017b;
Hegde & Chen, 2020), many of which reflect the complex and highly
regulated nature of the immune system. In this study, we aimed at
improving our understanding of the impact of TDB as an emerging
modality in CIT, and we focused on T cell trafficking and its tissue
distribution with the ultimate goal of increasing T cell infiltration
into tumors and/or reducing their redistribution into normal organs.
More specifically, we wanted to determine if and how different sub-
types of blood vessels support T cell redistribution in response to
TDB because the endothelium is an important gateway for T cell
trafficking.

Defying conventional wisdom, we found that TDB treatment
leads to a more profound acute accumulation of T cells in the liver
compared to tumors. Based on the spatial and temporal pattern of
the T cell accumulation, we hypothesize that organ-specific ECs
may account for the differential T cell accumulation in normal tis-
sues versus tumors in response to TDB, and we set out to identify
the responsible EC molecular phenotype using single-cell analyses.
Previous scRNAseq studies of various tumor types have revealed an
extensive heterogeneity in tumor cells and tumor-associated stromal
cell types, including ECs, fibroblasts, smooth muscle cells, and
immune cells (Patel et al, 2014; Lambrechts et al, 2018; Zhao et al,
2018). It is hypothesized that the extent of heterogeneity is shaped
by interactions with other cells in the tumor mass, but could also be
affected by various factors such as therapies. Therefore, we won-
dered whether TDB treatment leads to a transcriptionally heteroge-
nous response and whether this goes beyond the tumor and its
microenvironment and could potentially explain the off-tumor
effects of TDB.

To the best of our knowledge, this study is the first in-depth
transcriptional analysis of how ECs of normal organs respond to a
cancer immunotherapy agent, in this case TDB. We found that
TDB treatment induced dramatic transcriptional changes in liver
ECs. Previous studies characterizing the impact of immune check-
point inhibitor therapy (another modality of CIT) together with
TGFpB blockade on the tumor microenvironment have found that
all major cell types throughout the tumor microenvironment
showed a unique transcriptional response referred to as IFN licens-
ing as these were highly enriched for a broad range of molecules
associated with interferon signaling (Grauel et al, 2020). Similarly,
we also observed a TDB-mediated IFN response signature in the
liver. These findings suggest that enhancing T cell activities within
tumors can lead to IFN release and invoke broad transcriptional
changes in many normal cell types irrespective of the CIT
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modalities. In addition to the IFN-licensing program, we also found
that TDB treatment led to unique transcriptional responses depend-
ing on EC subtype. In this regard, we identified a specific subset of
genes highly enriched in ECs of large vessels. Within this gene set,
we identified tetraspanin CD9 as one of the potential contributors
that facilitate T cell adhesion to the large liver vessels in response
to TDB. Previous studies have shown that CD9 is a component of
the EAPs, a molecular complex that promotes firm leukocyte
attachment to the endothelium and increases the probability of
leukocyte trans-endothelial migration (Barreiro et al, 2008; Bailey
et al, 2011; Franz et al, 2016; Reyes et al, 2018). Knockdown of
CD9 in primary endothelial cells dampened the lymphocyte—en-
dothelium adhesion in response to factors released from TDB-
mediated Kkilling of target cells (Fig 6H), substantiating our hypoth-
esis that CD9 also functions in the context of response to TDB.
Our in vitro functional assay demonstrated that CD9 alone plays a
modest role in supporting T cell-EC interaction, and it contributes
to the adhesive function of ICAM-1. These results indicate that
multiple factors are likely acting in concert instead of alone to pro-
mote T cell infiltration into normal organs. Therefore, a systematic
evaluation of multiple candidate factors individually and in combi-
nation is required to identify optimal targets for the management
of TDB treatment.

Many current efforts focus on how targeting other cell types in
combination with CIT could improve CIT efficacy and/or safety
(Arora & Pal, 2021). Our study indicated that the vasculature could
be a promising target. Over the past decades, vascular modulating
agents have been shown to have the potential to modulate the
tumor microenvironment and improve CIT activity (Fukumura et al,
2018; Ciciola et al, 2020; Lee et al, 2020). Our findings suggest that
modulating the vasculature in normal tissues may also have the
potential to improve the safety and efficacy profile of TDB, which
could ultimately lead to better patient outcomes. We hypothesize
that reducing leukocyte-endothelial interactions in tumor-antigen-
negative organs may limit the extravasation of T cells into normal
tissues, thereof alleviating off-tumor adverse response. In addition,
shunting T cells away from normal organs might increase the pool
of T cells that could be recruited into tumors, leading to improved
antitumor efficacy.

Given these exciting new findings, we would also like to point
out the limitations of this study. First, the model systems used are
not of human origin, and translating such findings into human
patients is a common challenge many biomedical studies are facing.
One factor that alleviates this concern is that many common fea-
tures are shared between our model system and findings in human
patients, including acute cytokine release and lymphocyte margina-
tion induced by TDB. Directly validating T cell redistribution in
human patients is currently impractical, given the ethical challenges
of taking biopsies from normal organs from cancer patients. The
ultimate proof of our finding in human awaits major technical
advances. Second, the response to TDB is a multistep complex pro-
cess, and our work is part of the collective efforts to clearly define
this process.

Taking our data and published studies together, we propose that
TDB-mediated T cell activation is the first step that triggers the release
of cytokines and chemokines, which in turn induces vascular activa-
tion in normal tissues, including the liver. This leads to subsequent
infiltration of T cells to the liver and promotes hepatic injury.
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However, we cannot exclude the possibility that circulating tumor
cells might enter the liver, and that some hepatocytes are pre-
conditioned by making contact with a tumor cell under the influence
of the TDB.

Materials and Methods

Reagents and Tools table

Reagent/resource

Patricia Himmels et al

Despite the limitation, our data highlight the importance of care-
fully characterizing the role of the vasculature in CIT and opens a
new area of investigation and innovation to improve the safety and
efficacy profiles of CIT.

Reference or source

Identifier or catalog
number

Experimental models

HUVEC-c, single donor, female, Caucasian, LOT#434Z011

Promocell

C-12200

FVB/NJ mice Jackson Laboratory JAX stock number:
001800

hu.CD3E.tg.B6N mice Charles River Labs #6679

Recombinant DNA

Not applicable

Antibodies

Fixable Viability Dye eFluor™ 780 ThermoFisher Scientific 65-0865-14

Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc Block™), clone 2.4G2 (RUO) BD Biosciences 553141

FcR Blocking Reagent, human Miltenyi Biotec 130-059-901

Mouse anti-human CD54-BV421, clone HA58 BD Biosciences 566262

Mouse anti-human CD106-FITC, clone 51-10C9 BD Biosciences 551146

Rat anti-mouse CD4-BV650, clone GK1.5 (RUO) BD Biosciences 563232

Rat anti-mouse CD4-PE/Cyanine7, clone RM4-5 Biolegend 100528

Rat anti-mouse CD45-BUV395, clone 30-F11 (RUO) BD Biosciences 564279

Rat anti-mouse CD8a-BV711, clone 53-6.7 (RUO) BD Biosciences 563046

Rat anti-mouse CD8a-BUV737, clone 5H10-1 (RUO) BD Biosciences 752639

Rat anti-mouse Ki-67 eFluor™ 450, clone SolA15 ThermoFisher Scientific 48-5698-82

Armenian Hamster anti-mouse CD69-BV650, clone H1.2F3 (RUO) Biolegend 104541

Mouse anti-human GZMB-APC, clone GB12 ThermoFisher Scientific MHGBO5

Rat anti-mouse CD44-BV510, clone IM7 (RUO) BD Biosciences 563114

Rat anti-mouse CD62L-FITC, clone MEL-14 (RUO) BD Biosciences 553150

Rat anti-mouse CD31-Alexa Fluor® 488, clone 390 (RUO) BD Biosciences 563607

Rat anti-mouse CD9-eFluor™ 450, clone KMC8 ThermoFisher Scientific 48-0091-82

CD8a:10126 [21E3.TRANS] This paper Not applicable
Pan Cytokeratin [AE1/AE3] Abcam Ab27988
Rat monoclonal anti-Endomucin [V.7C7.1] Abcam ab106100
Rabbit monoclonal anti-VCAM-1 [EPR5047] Abcam ab215380
Rat monoclonal anti-ICAM-1 [YN1/1.7.4] Abcam ab119871
Rabbit monoclonal anti-CD3 [SP7] ThermoFisher Scientific RM-9107-S
Rabbit polyclonal anti-Desmin Abcam ab15200
Rabbit polyclonal anti-NG2 Sigma-Aldrich AB5320
Rabbit polyclonal anti-Smooth Muscle Actin ThermoFisher Scientific RB9010P
Anti-CD9 antibody produced in rabbit Sigma-Aldrich 9993
Monoclonal rat Anti-Mouse Panendothelial Cell Antigen, MECA-32 BD Pharmingen™ 553849
Donkey anti-rabbit 1gG Alexa Fluor® 594 ThermoFisher Scientific A-21207
Donkey anti-rat 1gG Alexa Fluor® 647 Jackson ImmunoResearch 712-605-153
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Reagents and Tools table (continued)
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Identifier or catalog

Reagent/resource Reference or source number
RNAscope® Probe- Mm-Cd9-C1 Advanced Cell Diagnostics, 430631

Inc.
Human ICAM-1/CD54 R&D systems AF720
b-Actin (D6AS8) rabbit mAb Cell Signaling Technology 8457
Rabbit polyclonal anti-CD9 antibody Abcam ab223052
Anti-CD20/CD3 TDB This paper 2H7v/6/38E4.v.1
Anti-HER2(4D5-2C11)/CD3 used concentrations for the antibodies can be found in This paper PUR# 1BE46637

Materials and Methods

Oligonucleotides and sequence-based reagents

Silencer™ Negative control No. 2 siRNA ThermoFisher Scientific AM4613
Silencer® Select Cd9 ID:s2599 ThermoFisher Scientific 4392420
Chemicals, enzymes and other reagents

cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail Roche 4693159001

Software

R version 4.0.0 (2020-04-24)

R Core Team (2020)

https://www.R-project.
org/

Definiens Developer XD

Baatz et al (2009), Definiens

Definiens.com

Matlab, r2020b

Mathworks

https://www.mathworks.
com/

10x Genomics Cell Ranger 3.1.0

Zheng et al (2017), 10x
Genomics

10xgenomics.com

BioRender.com

BioRender.com

BioRender.com

Other

MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead Panel — Premixed 30 Plex — Millipore HCYTMAG-60K-PX30
Immunology Multiplex Assay

MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel — Premixed 32 Plex — Millipore MCYTMAG-70K-PX32

Immunology Multiplex Assay

Pan T Cell Isolation Kit, human Miltenyi Biotec 130-096-535
Mouse/Rat Angiopoietin-2 Quantikine ELISA Kit R&D Systems MANG20
Mouse Angiopoietin-2 ELISA Kit Abcam ab171335
FOXP3 Fix/Perm Buffer Set 421403 Biolegend
Alexa Fluor™ 488 Tyramide SuperBoost™ Invitrogen B40932
TSA Cyanine 5 Akoya Bioscience Inc. NEL745001KT
RNAscope® Multiplex Fluorescent Detection Kit v2 Advanced Cell Diagnostics, 323110

Inc.
Liver Dissociation Kit, mouse Miltenyi Biotec 130-105-807
Agilent High Sensitivity DNA Kit Agilent 5067-4626
Kapa Library Quantification Kit Kapa Biosystems KK4873
RNAeasy Plus Mini Kit (50) Qiagen 74134
PS5 Primary Cell Amaxa™ 4D-Nucleofector Kit Lonza V4XP-5024
12-230 kDa Separation Module, 25 capillary cartridges ProteinSimple SM-W004
Anti-rabbit detection module ProteinSimple DM-001
Pierce™ BCA Assay Kit ThermoFisher Scientific 23227
High-Capacity RNA-to-cDNA™ Kit ThermoFisher Scientific 4388950
TagMan™ Fast Advanced Master Mix ThermoFisher Scientific 444964

Human Cd9 TagMan® Gene expression assay

ThermoFisher Scientific

Hs01124022_m1

Human Gapdh TagMan® Gene expression assay

ThermoFisher Scientific

4333764F

Corning Matrigel Matrix

Corning

356237
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Methods and Protocols

Generation of TDB-conditioned PBMC supernatant and T cell adhe-
sion assays

Peripheral blood mononuclear cells (PBMCs) were isolated from
whole blood of healthy donors by Ficoll separation using Lympho-
cyte Separation Medium (LSM™, ref: 0850494-CF, MP Biomedicals).
PBMCs were treated with 0.5 pg/ml anti-CD20/CD3 TDB (2H7v/6/
38E4.v.1) and cultured over night at 37°C, 5% CO, in endothelial
cell growth medium-2 (EGM™-2 Endothelial Cell Growth Medium-2
BulletKit™, ref: CC-3162, LONZA). B cell killing was confirmed by
flow cytometric analysis. Supernatants from untreated PBMCs as
well as TDB-conditioned PBMCs were used for further downstream
analysis, e.g., cytokine analysis, EC activation assay, and T cell
adhesion assay.

Endothelial cell culture

Primary endothelial cells (HUVEC-c, single donor, female, Cau-
casian, Promocell, ref: C-12200, Lot# 434Z011) were cultured in
endothelial cell growth medium-2 (EGM™-2 Endothelial Cell Growth
Medium-2 BulletKit™, ref: CC-3162, LONZA) at 37°C, 5% CO, until
they reached 90-95% confluency. HUVECs at passage 5 were used
in this study.

Endothelial cell activation assay in vitro

Confluent endothelial cells were incubated with TDB-conditioned
PBMC supernatant for 6 h at 37°C, 5% CO,. Supernatants were har-
vested and cytokine analysis was performed. Cells were harvested
using TrypLE™ (ThermoFisher Scientific, ref: 12604013), and single-
cell suspensions were incubated 15 min at room temperature in the
dark with the fixable viability dye (ref: 65-0865-14, ThermoFisher
Scientific). After washing with FACS buffer, cells were blocked with
anti-human FcR blocking reagent (Miltenyi Biotec, ref: 130-059-
901). After blocking, cells were incubated with either mouse anti-
human CD54-BV421 (BD Biosciences, ref: 566262, clone HA58) or
mouse anti-human CD106-FITC (BD Biosciences, ref: 551146, clone
51-10C9). After wash, samples were fixed and run on analyzers.

Human cytokine and chemokine analysis

Cytokines and chemokines from TDB-conditioned PBMC super-
natant were analyzed using the human cytokine Luminex assay
(HCYTMAG-60K-PX30, Millipore) according to the manufacturer’s
instructions.

T cell adhesion assay in vitro

Human Pan T cells were isolated from PBMCs of whole blood of
healthy donors using a human Pan T cell isolation kit (Miltenyi
Biotec, ref: 130-096-535) according to the manufacturer’s instruc-
tions. Cells were cultured in ImmunoCult™-XF T Cell Expansion
medium (STEMCELL Technologies, ref: 10981) at 37°C, 5% CO,.
Primary endothelial cells (HUVEC-c, single donor, female, Cau-
casian, Promocell, ref: C-12200, Lot# 434Z011) were cultured in
endothelial cell growth medium-2 (EGM™-2 Endothelial Cell
Growth Medium-2 BulletKit™, ref: CC-3162, LONZA) at 37°C, 5%
CO, until they reached 90-95% confluency in 96-well plates. Sub-
sequently, endothelial cells were incubated with TDB-conditioned
PBMC supernatant for 24 h at 37°C, 5% CO,. Prior to performing
T cell adhesion assay, T cells were labeled using CellTracker™
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Green CMFDA Dye (ThermoFisher Scientific, ref: C7025; final con-
centration of 0.5 uM) in endothelial cell medium. For T cell adhe-
sion assay, 7500 labeled T cells per well were added to TDB-
conditioned PBMC supernatant-treated endothelial cells and cen-
trifuged for 3 min, RT at 300 rpm. Images (=T;) of every well
were acquired using Incucyte® Zoom (Essen BioScience). Subse-
quently, plates were inverted and centrifuged for 15s at 30 g.
Images of every well (=T,) were acquired using Incucyte® Zoom
(Essen BioScience). Percentage of adhesion was calculated as: [re-
maining cells (T,)/starting cells (T,) x 100].

Endothelial cell transfection

Primary endothelial cells (HUVEC-c, single donor, female, Cau-
casian, Promocell, ref: C-12200, Lot# 434Z011) were cultured in
endothelial cell growth medium-2 (EGM™-2 Endothelial Cell Growth
Medium-2 BulletKit™, ref: CC-3162, LONZA) at 37°C, 5% CO, until
they reached 90-95% confluency. For knockdown of CD9, a siRNA
specific for CD9 (Silencer® Select Cd9 ID:s2599, ThermoFisher Sci-
entific, ref: 4392420) was used. As control siRNA, a non-targeting
siRNA (Silencer™ Negative control No. 2 siRNA, ThermoFisher Sci-
entific, ref: AM4613) was used. Per transfection 2 x 10® HUVEC
cells were transfected with 200 pmol of siRNAs using the PS Pri-
mary Cell 4D-Nucleofector™ X Kit L (Lonza, ref: V4XP-5024) accord-
ing to the manufacturer’s instructions. After 48 h, knockdown
efficacy was assessed and functional T cell adhesion assays were
performed.

Functional T cell adhesion assay after CD9 knockdown

Human Pan T cells were isolated from PBMCs of whole blood of
healthy donors using a human Pan T cell isolation kit (Miltenyi
Biotec, ref: 130-096-535) according to the manufacturer’s instruc-
tions. Cells were cultured in ImmunoCult™-XF T Cell Expansion
medium (STEMCELL Technologies, ref: 10981) supplemented with
10 ng/ml rh-IL2 (Roche, ref: 11147528001) for 24 h. Next day,
T cells were stimulated for 3 days with ImmunoCult™-XF T Cell
Expansion medium (STEMCELL Technologies, ref: 10981) supple-
mented with 10 ng/ml rh-IL2 (Roche, ref: 11147528001) and
ImmunoCult™-Human CD3/CD28 T cell Activator (STEMCELL
Technologies, ref: 10971). Prior to performing T cell adhesion assay,
T cells were labeled using CellTracker™ Green CMFDA Dye (Ther-
moFisher Scientific, ref: C7025; final concentration of 0.5 pM) in
endothelial cell medium.

HUVECs transfected with either negative control siRNA or siRNA
specific for CD9 were incubated either in control medium or with
TDB-conditioned PBMC supernatant with and without 12.5 pg/ml
anti-ICAM-1 (R&D systems, ref: AF720) for 24 h at 37°C, 5% CO,.

For T cell adhesion assay, 44,500 labeled T cells per well (24-
well plates) were added to the endothelial cells while shaking
(100 rpm) for 10 min to mimic shear stress-like conditions. Subse-
quently, medium was aspirated and replaced with endothelial
growth medium. Images of every well were acquired using
Incucyte® Zoom (Essen BioScience).

Western blot using Simple Western™

Forty-eight hours post transfection, HUVECs were lysed in Triton X-
100-containing lysis buffer (50 nM Tris HCL, pH 7.4, 1% [vol/vol]
Triton X-100, 150 mM NaCl, protease inhibitors (cOmplete™, Mini,
EDTA-free Protease Inhibitor Cocktail, Roche, ref:
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04693159001)) for 30 min on ice and then centrifuged at 4°C. Total
protein concentrations were determined using the Pierce Micro BCA
Protein Assay Kit (ThermoFisher Scientific, ref: 23227). A capillary-
based western blotting system (ProteinSimple Wes, ref: SM-W004)
was used to assess protein expression. All procedures were com-
pleted according to the manufacturer’s instructions and default set-
tings. Protein lysate concentration used was 4 mg/ml. CD9
knockdown efficacy was analyzed using polyclonal rabbit anti-CD9
(1:20, Abcam, ref: ab223052). B-Actin (D6AS8) (rabbit mAb, 1:20,
Cell Signaling Technology, ref: 8457) was used for normalization.
The anti-rabbit secondary antibodies included in the Wes Detection
Module kit (ProteinSimple Wes, ref: DM-001) were used. All data
were analyzed with the Compass Software associated with the Wes
instrument (ProteinSimple Wes).

Real-time quantitative PCR

Total RNA was extracted from cells with Rneasy Mini Plus Kits (ref:
74034, Qiagen) and reverse-transcribed with High-Capacity RNA-to-
cDNA™ Kit (ref: 4388950, ThermoFisher Scientific) following manu-
facturer’s instructions. The PCR reactions were set up by mixing
cDNA template with primers and TagMan™ Fast Advanced Master
Mix (ref: 444964, ThermoFisher Scientific) according to manufac-
turer’s protocol. Gene expression was measured on a ViiA™ 7 Real-
Time PCR System (Applied Biosystems): Human Cd9 TagMan®
Gene expression assay: Hs01124022_m1 (ThermoFisher Scientific)
and human Gapdh TagMan® Gene expression assay: 4333764F
(ThermoFisher Scientific).

Animals

All in vivo mouse experimental procedures conformed to the guiding
principles of the American Physiology Society and were approved
by the Institutional Animal Care and Use Committee (IACUC) at
Genentech, Inc. All mice used in our experiments were between 6
and 12 weeks of age and were housed under standard housing con-
ditions at the animal research facility (Genentech Inc.). In order to
avoid biases related to sex differences in the immune system and
tumor growth, only female mice were used in this study if not stated
otherwise. Female and male FVB/NJ (JAX:001800) mice between 6
and 8 weeks of age were purchased from Jackson Laboratory.
Female hu.CD3E.tg.B6N (#6679) mice between 6 and 8 weeks of
age were purchased from Charles River Labs. Animals were age-
and sex-matched and randomly assigned in control and treatment
groups. Mice were maintained on a standard day-night (12-h) cycle,
with ad libitum access to food (standard chow) and water.

Fo5 tumor allograft model (as described in Li et al, 2018)

A 1-cm incision was made in the skin just rostral to the third mam-
mary fat pad on FVB WT mice obtained from Jackson Laboratory
(FVB/NJ JAX stock number: 001800). A pocket for the tumor was
made into the no. 2/3 mammary fat pad and a 2 x 2 mm MMTV-
HER2-transgenic Founder #5 (Fo5) tumor section was placed into
the pocket (Lewis Phillips et al, 2008). The skin was closed using
wound clips. Wound clips were removed at 7-10 days post-surgery,
and mice were monitored for appearance of palpable tumors. When
tumor volumes grew to an average of approximately 350-500 mm?,
they were randomly placed into treatment cohorts with an equiva-
lent tumor volume average size. Only animals that appeared to be
healthy and free of obvious abnormalities were used in the study.
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For efficacy study shown in Fig 1A, dosing initiated (day 0) and
mice were treated as indicated. All treatments were administered
QWXS5, intravenously, by tail vein injection at a volume of 0.1 ml on
days 0, 7, 14, 21, and 28. Tumor volumes and weights were mea-
sured at least two times a week for the duration of the study. The
study ended on day 31 after first treatment.

For acute response studies, anti-HER2(4D5-2C11)/CD3 antibody
diluted in vehicle solution (20 mM Histidine acetate, 240 mM
sucrose, 0.02% Tween-20, pH 5.5 buffer) was administered once to
mice intravenously (i.v.) by tail vein injection or intraperitoneally
(i.p.) at 5 mg/kg (if not stated otherwise). The vehicle buffer was
used as the control and was given at the same volume as the treat-
ment antibodies. Mice were harvested 24 h or 4 days post treatment.

ID8/LYPD1X4 ovarian cancer model (as described in Lo et al, 2021)
Four million ID8-LYPD1 cells/mouse suspended in HBSS/Matrigel
(ref: 356237, Corning) were inoculated in the thoracic mammary fat
pad (0.2 ml) of female hu.CD3E.tg.B6N mice (Charles River Labs
stock number: 6679). Mice with 150-250 mm?® tumor volume were
treatment randomized, and dosing was initiated (day 0). Only ani-
mals that appeared to be healthy and free of obvious abnormalities
were used in the study. For acute response studies, anti-LYPD1/CD3
antibody diluted in vehicle solution (20 mM Histidine acetate,
240 mM sucrose, 0.02 % Tween-20, pH 5.5 buffer) was administered
once to mice intravenously (i.v.) by tail vein injection at 10 mg/kg.
The vehicle buffer was used as the control, and was given at the
same volume as the treatment antibodies. Mice were harvested 24 h
or 4 days post treatment.

Blinding and randomization statement

The experimenter was not blinded when sacrificing animals for an
experiment. Animals were randomly placed into treatment cohorts
with an equivalent tumor volume average size. The experimenter
was blinded when processing samples for analysis, during data
acquisition, and data analysis.

Bispecific antibodies
Bispecific antibodies were produced as described earlier (Junttila
et al, 2014; Sun et al, 2015; Li et al, 2019; Lo et al, 2021).

Mouse serum cytokine and chemokine analysis

Mouse blood was transferred to a serum separator tubes (ref:
365967, BD Biosciences) and centrifuged at 15,000 g for 10 min at
room temperature (RT). Cytokines and chemokines from mouse
serum were analyzed using the mouse cytokine Luminex assay
(MCYTMG-70K-PX32, Millipore) according to the manufacturer’s
instructions.

Quantification of mouse serum ANG2 protein levels by ELISA
Mouse blood was transferred to a serum separator tubes (ref:
365967, BD Biosciences) and centrifuged at 15,000 g for 10 min at
room temperature (RT). Quantification of mouse ANG2 protein
levels from mouse serum was analyzed according to the manufac-
turer’s instructions (R&D Systems, Quantikine MANG20).

Mouse tissue cytokine and chemokine analysis
Liver and tumor tissue were snap-frozen in 500 pl tissue lysis buffer
(1x protease inhibitor cocktail) per 100 mg tissue. Liver and tumor
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tissues were cut into smaller pieces with scissors and transferred
into Soft Tissue Homogenizing bead tubes (ref: 10158-610, VWR) or
Lysing Matrix D tube (ref: 116913050, MP), respectively. Tissue
samples were homogenized using Bead Ruptor Elite—Omni Inc.
(6.8 m/s, 30 s, 1 cycle). Samples were kept on ice for 10 min and
then centrifuged at 20,000 g for 10 min at 4°C. Supernatants were
filtered through ultrafree-MC centrifugal filter (0.45 um; ref:
UFC30HVNB, Millipore). Total protein concentration of clear
homogenate was determined by Pierce Micro BCA Protein Assay Kit
(ThermoFisher Scientific, ref: 23227). Total protein concentration
was normalized to tissue weight. Cytokines and chemokines from
tissue homogenates were analyzed using the mouse cytokine
Luminex assay (MCYTMG-70K-PX32, Millipore) according to the
manufacturer’s instructions.

Quantification of mouse tissue ANG2 protein levels by ELISA
Quantification of mouse ANG2 protein levels from tissue homoge-
nates (see above) was analyzed according to the manufacturer’s
instructions (ref: ab171335, Abcam). ANG2 levels were normalized
to total protein concentration.

Mouse blood preparation for flow cytometry analysis

Mouse peripheral blood was collected in tubes containing EDTA
(ref: 41.1504.105, Sarstedt Inc.). Red blood cells were lysed using
ACK lysis buffer once to twice. Remaining cells were resuspended
in FACS buffer. Small aliquots were taken for cell counting. The
rest of the samples were stained with the indicated markers for
flow cytometry analysis. The live/dead fixable near-infrared dye
(ref: 65-0865-14, ThermoFisher Scientific) was used to exclude
dead cells.

Mouse tumor tissue preparation for flow cytometry analysis
Tumors were cut into small pieces of 2-4 mm and transferred to
gentleMACS C Tubes (ref: 130096334, Miltenyi Biotec) in 5 ml of
CDTI buffer (RPMI supplemented with 2% heat-inactivated FBS,
2 mg/ml collagenase D [ref: 11088882001, Roche], 40 U/ml DNase
bovine pancreas grade I [ref: D4527-40 KU, SIGMA-Aldrich], and
1 mg/ml trypsin inhibitor [ref: T9003-1G, Sigma-Aldrich]). C-tubes
were placed onto gentleMACS Octo Dissociator, and GentleMACS
program m_impTumor_03 was used, followed by 45-min incubation
at 37°C and GentleMACS program m_impTumor_01. After centrifu-
gation (1,400 rpm, 7 min, 4°C), red blood cells were lysed using
ACK lysis buffer. Samples were filtered through a 100-pm cell
strainer and spun down at 1,500 rpm for 7 min. Single-cell suspen-
sions were prepared in FACS buffer and stained against the indi-
cated markers for flow cytometric analysis. The live/dead fixable
near-infrared dye (ref: 65-0865-14, ThermoFisher Scientific) was
used to exclude dead cells.

Mouse liver tissue preparation for flow cytometry analysis

Livers were cut into small pieces of 2-4 mm and transferred to 6-
well plates containing 5 ml of 2 mg/ml collagenase D (ref:
11088866001, Roche) solution. Liver tissues were incubated at 37°C
for 40 min and filtered through a 70-pum cell strainer. After centrifu-
gation (1,500 rpm, 5 min, 4°C), red blood cells were lysed using
ACK lysis buffer. Samples were spun down at 1,500 rpm for 5 min,
and single-cell suspensions were prepared in FACS buffer and
stained against the indicated markers for flow cytometric analysis.
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The live/dead fixable near-infrared dye (ref: 65-0865-14, Thermo-
Fisher Scientific) was used to exclude dead cells.

Flow cytometry analysis
Single-cell suspensions were incubated 15 min at room temperature
in the dark with the fixable viability dye (ref: 65-0865-14, Thermo-
Fisher Scientific) and washed with FACS buffer and blocked with
anti-mouse CD16/CD32 (ref: 553141, BD Fc Block™). After blocking,
cells were incubated with conjugated antibodies. After wash, sam-
ples were either fixed and permeabilized (ref: 421403, Biolegend)
for intracellular staining or fixed and run on analyzers.

Antibodies used in the flow cytometric analyses are listed in the
Reagents and Tools table.

Hematoxylin and eosin (H&E) staining
Six-micrometer thick formalin-fixed paraffin-embedded unstained
slides were stained for H&Es using standard protocols.

panCK/CD8 IHC dual staining

Immunohistochemistry (IHC) was performed on 4-pm thick
formalin-fixed paraffin-embedded tissue sections mounted on glass
slides. All THC steps were carried out on the Ventana Discovery
Ultra (Ventana Medical Systems, Tucson, AZ) autostainer. Pretreat-
ment was done with Cell Conditioning Solution 1 for 64 min. Pri-
mary antibody CD8a (Genentech Inc., South San Francisco, CA) was
used at the concentration of 5 pg/ml and was incubated on slides
for 60 min at 37°C. Ventana Rabbit OmniMap (Ventana Medical
Systems, AZ) was used as the detection system and incubated for
16 min followed by Ventana DAB. Elution was performed with Cell
Conditioning Solution 2 followed by the primary antibody Pan
Cytokeratin (ab27988, Abcam, Cambridge, MA) at 2 pg/ml for
32 min at 37°C. A rabbit recombinant anti-IgG1+IgG2a+IgG2 anti-
body (Abcam, Cambridge, MA) was used at 5 pg/ml for 32 min.
Ventana Rabbit OmniMap (Ventana Medical Systems, AZ) was used
as the detection system and incubated for 16 min. Ventana Discov-
ery Purple and Hematoxylin II were used for chromogenic detection
and counterstain. Slides were scanned on a NanoZoomer X360
whole slide imager (Hamamatsu, Bridgewater, NJ) at 200x final
magnification.

Immunofluorescence staining (IF)

Formalin-fixed paraffin-embedded tumor and liver samples were
used (thickness: 6 pm). For IF, slides were de-paraffinized in xyle-
nes, re-hydrated, and boiled in Dako target retrieval buffer, pH 6
(ref: S2369, Dako) for 25 min. Samples were first blocked with Avi-
din/Biotin (ref: SP-2001, Vector) following manufacturer’s instruc-
tions and then for 60 min at room temperature with Dako protein-
free blocking solution (ref: X0909, Dako). Primary antibody for
endomucin (rat monoclonal [V.7c7.1], Abcam ab106100—1:100)
was applied in Dako protein-free blocking solution overnight at 4°C,
followed by a 2-min Alexa 488-tyramide labeling reaction following
the manufacturer’s instructions (Alexa Fluor™ 488 Tyramide
SuperBoost™; Invitrogen B40932). Subsequently, samples were sub-
jected to a second antigen retrieval (as above), then blocked with
Dako protein-free blocking solution (ref: X0909, Dako) for 60 min at
room temperature before applying the second set of primary anti-
bodies overnight at 4°C (rabbit monoclonal anti-VCAM-1
[EPR5047], Abcam ab215380—1:100; rat monoclonal anti-ICAM-1
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[YN1/1.7.4], Abcam ab119871—1:100; rabbit monoclonal anti-CD3
[SP7], ThermoFisher Scientific RM-9107-S—1:100; Pericyte panel
[rabbit anti-Desmin, Abcam ab15200—1:50 + rabbit anti-NG2,
AB5320—1:50 + rabbit anti Smooth Muscle Actin, ThermoFisher
Scientific RB9010P—1:50]). Secondary antibodies (donkey anti-
rabbit IgG Alexa Fluor® 594; ThermoFisher Scientific A-21207,
1:500; donkey anti-rat IgG Alexa Fluor® 647; Jackson ImmunoRe-
search 712-605-153, 1:500) diluted in Dako protein-free blocking
solution were applied for 60 min at room temperature, followed by
DAPI staining before mounting (ProLong Gold Antifade Mountant;
Life Technologies P36930). All washes were performed using TBS-T
buffer (10 mM TRIS, pH 8.0, 150 mM NacCl, 0.1% Tween 20).

Snap-frozen-embedded liver samples were sectioned (thickness:
10 pm) and fixed with ice-cold methanol for 30 min at —20°C. Anal-
ogous, 4%-PFA fixed tumor samples were sectioned (thickness:
10 pm). Subsequently, samples were blocked with Dako protein-
free blocking solution (ref: X0909, Dako). Combinations of primary
antibody for CD9 (rabbit polyclonal; Sigma C9993—1:100) together
with either anti-ICAM-1 (rat monoclonal anti-ICAM-1 [YN1/1.7.4],
Abcam ab119871—1:100) or anti-MECA32 (rat monoclonal anti-
mouse panendothelial cell antigen [MECA-32], BD Pharmingen™,
553849—1:100) were applied in Dako protein-free blocking solution
overnight at 4°C, followed by secondary antibody incubation for
60 min at room temperature (donkey anti-rabbit IgG Alexa Fluor®
488; ThermoFisher Scientific A-21206, 1:500, donkey anti-rat IgG
Alexa Fluor® 647; Jackson ImmunoResearch 712-605-153, 1:500)
diluted in Dako protein-free blocking solution, followed by DAPI
staining before mounting (ProLong Gold Antifade Mountant; Life
Technologies P36930). All washes were performed using TBS-T
buffer (10 mM TRIS, pH 8.0, 150 mM NaCl, 0.1% Tween 20).
Images of entire sections were acquired either on the 3D Histech
Pannoramic SCAN 150 (Budapest, Hungary) with Carl Zeiss Plan-
Apochromat 20x/N.A. 0.8 objective or NanoZoomer S60 Digital
slide scanner (Hamamatsu) Nikon 40x/N.A. 0.75 objective with
0.23 um/pixel resolution or on 3i Marianas CSU-W1spinning disk
confocal microscope with Carl Zeiss Plan-Apochromat 20x/N.A. 0.8
objective.

RNAscope

In situ hybridization using the RNAscope technique was performed
according to the manufacturer’s instruction (Advanced Cell Diag-
nostics [ACD]), using multiplex fluorescent Reagent Kit v2. Six-
micrometer thick FFPE sections were pretreated according to the
manufacturer’s instruction for FFPE samples, with a 30-min target
retrieval step and a 30-min incubation step with RNAscope® Prote-
ase Plus. The probe Mm-Cd9 (ACD, Mm-Cd9-C1, #430631) was
used, detected with TSA® Plus Cyanine 5 (NEL745001KT; Akoya
Bioscience Inc, Marlborough, MA, USA), and tissue sections were
counterstained with DAPI (ACD). Images of entire sections were
acquired on the NanoZoomer S60 Digital slide scanner (Hama-
matsu) Nikon 20x/N.A. 0.75 objective with 0.46 um/pixel
resolution.

Image analysis

Automated image analysis was performed using custom algorithms
developed in Definiens Developer XD image analysis software
(Definiens, Munich, Germany; Baatz et al, 2009). Whole slide
images were analyzed in native 3DHistech or Nanozoomer scanner
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file format. Viable tissue regions of interest (ROIs) were manually
annotated, taking care to exclude tissue artifacts such as out of focus
regions, tissue tears, and folds. Necrotic areas were excluded based
on nuclear morphology and defined as areas with small-punctate
nuclei and/or areas of low cell density.

Positive cell counting

In both, tumor and liver tissue sections, individual cell objects were
segmented by thresholding on background corrected DAPI
immunofluorescence intensity. Background correction was per-
formed using a top-hat filter, a locally adaptive technique which
normalizes pixel intensity by a neighborhood mean. The segmented
positive pixels were then split into individual cells by applying a
classic cell watershed segmentation routine. The boundaries of each
cell were then dilated to capture cytoplasmic/cell surface marker
expression. Individual cells were evaluated for CD3 positivity by
measuring AF594 mean fluorescent expression within the cell
boundaries.

Vascular activation analysis

In both, tumor and liver tissue sections, vasculature was segmented
by thresholding on AF488-positive pixel signal. The segmented vas-
cular objects served as the ROI to quantify activation marker expres-
sion. ICAM-1 (AF647) and VCAM-1 (AF594) positive pixels were
segmented both inside and outside of vessel boundaries.

PanCK/CD8 IHC analysis

Segmentation of panCK positive tumor regions and CD8 positive
DAB positive pixels was performed by a custom algorithm using
HSV color thresholding and standard morphological operations in
Matlab 2020b (Mathworks, Natick, MA).

Bulk RNAseq analysis

Total RNA was extracted from tissues using the RNAeasy Mini Kit
(Cat. #74104, Qiagen) following the provider’s recommendations.
The libraries were sequenced on Illumina HiSeq4000 (Illumina).
We obtained on average 26 million single-end RNA-seq reads
(50 bp) per sample. Sequencing reads were aligned to the mouse
genome (NCBI Build 38) using GSNAP (Wu & Nacu, 2010) version
“2013-10-10”, allowing a maximum of two mismatches per 50 base
pair sequence (parameters: “-M 2 -n 10 -B 2 -i 1 -N 1 -w 200000 -
El --pairmax-rna=200000 --clip-overlap”). Lastly, gene expression
levels were quantified by calculating the number of reads mapped
to the exons of each RefSeq gene using the HTSeqGenie R pack-
age. Transcript annotation was based on the RefSeq database NCBI
Annotation Releases 104 for mouse. Read counts were scaled by
library size, quantile normalized, and precision weights calculated
using the “voom” R package (Law et al, 2014). Subsequently, dif-
ferential expression analysis on the normalized count data was
performed using the “limma” R package (Ritchie et al, 2015) by
contrasting treated samples with control samples, respectively.
Gene expression was considered significantly different across
groups if we observed a |log,-fold change| > 1 (estimated from the
model coefficients) associated with an FDR-adjusted P-
value < 0.05. In addition, gene expression was obtained in the
form of normalized Reads Per Kilobase gene model per Million
total reads (nRPKM) as described previously (Srinivasan et al,
2016).
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Gene set enrichment score analysis

The adhesion signature was accomplished by using ssGSEA method
described previously (Barbie et al, 2009). Genes in each sample
were ranked by their absolute expression, and an enrichment score
was calculated by adding the difference between a weighted Empiri-
cal Cumulative Distribution Functions (ECDF) of the genes in the
signature over the ECDF of remaining genes in the sample.

Mouse liver tissue preparation for scRNAseq analysis

Livers were perfused through the inferior vena cava (IVC) with
20 ml cold EGTA solution using a 22-gauge needle. The big liver
lobe was dissociated using the Liver Dissociation Kit (ref: 130-105-
807, Miltenyi Biotec) following manufacturer’s instructions. Sam-
ples were filtered through a 100-um cell strainer, washed with
10 ml DMEM, and spun down at 300 g for 10 min at 4°C. Red blood
cells were lysed using ACK lysis buffer. Samples were washed with
10 ml DMEM and filtered through a 20-pm cell strainer. For further
downstream processing, 3 ml of filtered cell suspension was used
and spun down at 300 g for 10 min at 4°C. Red blood cells were
lysed for a second time using ACK lysis buffer. Samples were
washed with 10 ml DMEM and spun down at 300 g for 10 min at
4°C. Subsequently, samples were resuspended in 3 ml 10% FBS in
PBS, centrifuged again (300 g, 10 min at 4°C) before resuspending
for final cell count in 3 ml 10% FBS.

Library prep and sequencing scRNAseq

cDNAs and libraries were prepared following the manufacturer’s
manual (10X Genomics). Libraries were profiled by Bioanalyzer
High Sensitivity DNA kit (ref: 5067-4626, Agilent Technologies) and
quantified using Kapa Library Quantification Kit (Kapa Biosystems,
Wilmington, MA). Each library was sequenced in one lane of
HiSeq4000 (Illumina) following the manufacturer’s sequencing spec-
ification (10X Genomics).

Sequencing data were processed as described previously (Long
et al, 2019). In short, reads were tallied and demultiplexed based on
their association with cell-specific barcodes. Only barcodes with
> 10K associated reads were considered for further processing. For
each cell, reads were mapped to the mouse reference genomes using
the same GSNAP settings as for bulk RNA, respectively. The number
of transcripts per gene was quantified based on unique molecular
identifiers (UMI) using reads that overlapped exonic regions in
sense direction. Only cells with a mitochondrial UMI fraction < 0.25
were considered for analysis. Per-gene UMI counts were normalized
by the total number of transcripts per cell and scaled by the median
number of transcripts across all cells.

Data processing analysis scRANseq

Sequencing data were processed as follows: Sample demultiplexing,
barcode processing, and single-cell 3’ gene counting were performed
using 10X Cell Ranger (Zheng et al, 2017). Only cells with a mito-
chondrial UMI fraction < 0.25 were considered for analysis. Per-
gene UMI counts were normalized by the total number of transcripts
per cell, scaled by the median number of transcripts across all cells,
and log-transformed for downstream analysis.

Cell clustering, visualization, and differential expression analysis
were performed as prescribed in the OSCA book (https://
bioconductor.org/books/release/OSCA/). We used the top 20 principal
components for clustering and visualization, the 25 nearest neighbors
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(k = 25) for graph-based clustering, and performed marker detection
using the pair-wise t-test with a log-fold change threshold of 1.

For doublet detection, we used scDblFinder::scDblFinder() func-
tion (Germain et al, 2020), which is based on doublet simulation. A
set of simulated doublets was generated by adding transcriptional
profiles of pairs of cells from neighboring clusters. The putative dou-
blet score was calculated by comparing each cell to artificially cre-
ated doublets (https://bioconductor.org/books/release/OSCA/).

Mapping the liver EC scRNAseq data onto Single-Cell Transcrip-
tome Atlas of Murine Endothelial Cells (Data ref: Kalucka et al, 2020b)
was performed using Seurat Unimodal UMAP Projection approach.
We performed standard preprocessing (log-normalization) and identi-
fied top 2,000 variable features for both our liver EC scRNAseq data
and the reference scRNAseq data. We used default parameters includ-
ing the number of dimensionality (30) to identify anchors that were
used to transfer cell type labels and to project the query data onto the
UMAP structure of the reference (Stuart et al, 2019).

To characterize cells based on the activity of transcriptional pro-
grams, we performed topic modeling using functions from the
CountClust R package (Dey et al, 2017). We evaluated a range
between 2 and 15 topics for their fit using the FitGoM function. A
total of nine topics were selected to represent the data after inspect-
ing the AIC and BIC statistics. Top genes associated with each topic
were identified by applying the ExtractTopFeatures function, which
uses the relative gene expression profile of the GoM clusters and
applies a KL-divergence-based method to obtain a list of top features
that drive each of the clusters.

Gene set analysis scRANseq

We tested for the enrichment of particular gene categories to identify
relevant biological processes associated with: (i) differential expres-
sion or (ii) transcriptional programs (topics), by using functions from
the “clusterProfiler” R package (Wu et al, 2021) and the MSigDB gene
set collection (Liberzon et al, 2011). In the case of differential expres-
sion, treated samples were contrasted with control samples, genes
were ranked based on the  statistic (t =1ogFC x —log;o(P-val)) (Xiao
et al, 2014), and subsequently gene set enrichment was performed
using the clusterProfiler::GSEA function.

Statistical analysis

GraphPad Prism 9 (http://www.graphpad.com/) was used for all the
statistical analysis. Experiments were repeated at least twice. No sta-
tistical method was used to predetermine sample size. Mann—Whitney
test was used for the majority of data if it is not described otherwise in
the figure legends. For multiple comparisons, Kruskal-Wallis one-way
ANOVA was used if it is not described otherwise in the figure legends.
Simple linear regression analysis was used for correlation analysis.
Data are represented as means + SEM (standard error of the mean) of
biological replicates. In all figures, statistical significance between the
indicated sample and control or between marked pairs is indicated.

Data availability

All RNA-seq data are publicly available as of the date of this publica-
tion. This paper does not report original code. Any additional infor-
mation required to reanalyze the data reported in this paper is
available from the Lead Contact upon request. The datasets produced

© 2023 Genentech, Inc


https://bioconductor.org/books/release/OSCA/
https://bioconductor.org/books/release/OSCA/
https://bioconductor.org/books/release/OSCA/
http://www.graphpad.com/

Patricia Himmels et al

in this study are available in the following databases: Superseries:
T cell dependent bispecific antibodies (TDBs) promote T cell redistri-
bution through organ-specific alteration of vascular endothelial cell
GSE198869 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc =
GSE198869). Subseries: T cell dependent bispecific antibodies (TDBs)
promote T cell redistribution through organ-specific alteration of vas-
cular endothelial cell (bulk RNAseq) GSE198867 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc = GSE198867). Subseries: T cell
dependent bispecific antibodies (TDBs) promote T cell redistribution
through organ-specific alteration of vascular endothelial cell
(scRNAseq) GSE198868 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc = GSE198868).

Expanded View for this article is available online.
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Expanded View Figures

Figure EV1. The observed systemic effects of TDB treatment are largely acute and transient.

A Serum cytokine levels from control-treated (black) and anti-HER2/CD3 TDB-treated (red) mice, 4 days post treatment (n = 8 mice/treatment).

B Gating strategy for flow cytometry analysis of circulating immune cells. Singlets are gated based on forward scatter area (FSC-A) versus forward scatter height (FSC-
H). CD45" cells are gated from viable cells, and T cells are sub-divided as CD8" versus CD4" T cells from viable cells and CD45" cells.

C  Quantification of CD4" (top panel) and CD8" (bottom panel) T cell counts in peripheral blood samples from mice treated with control (black) or anti-HER2/CD3 TDB
(red), 4 days post treatment (n = 8 mice/treatment).

D  Gating strategy for flow cytometry analysis of immune cells in dissociated tissue samples. Singlets are gated based on forward scatter area (FSC-A) versus forward
scatter height (FSC-H). CD45" cells are gated from viable cells and T cells are sub-divided as CD8" versus CD4" T cells from viable cells and CD45" cells.

E, F Representative dual chromogenic IHC for CD8a and pan-cytokeratin (AE1/AE3) staining of Founder5 tumor sections (E) or liver sections (F) from vehicle control-
treated and anti-HER2/CD3 TDB-treated mice (top panels). Scale bar = 1,000 pum. Insets show enlarged view of the boxed area. Scale bar of insets = 100 um. Quan-
tification of CD8" cell counts in Founder5 whole tumor sections normalized to tumor tissue areas (E) or liver sections normalized to tissue areas (F), 24 h (n =9
mice/treatment) or 4 days post treatment (n = 8 mice/treatment) (bottom panels).

G Serum levels of alanine transaminase (ALT, top panel) and aspartate aminotransferase (AST, bottom panel) from control-treated (black) and anti-HER2/CD3 TDB-

treated (red) mice, 6 h, 24 h, and 4 days post treatment (n = 5-9 mice/treatment).

I Tumor (H) or liver (1) tissue cytokine levels normalized to total protein concentration from control-treated (black) and anti-HER2/CD3 TDB-treated (red) mice, 4 days

post treatment (n = 6/7 mice/treatment).

Data information: Black = control-treated mice. Red = anti-HER2/CD3 TDB-treated mice. Mann-Whitney test was run to determine P-values for experiments with two
groups, and Kruskal-Wallis one-way ANOVA was used for multiple groups. Data are shown as means + SEM.
Source data are available online for this figure.
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Figure EV2. The observed effects of TDB treatment are dependent on the engagement of TDB with T cells and tumor antigen.

A Serum cytokine levels from control-treated (black) and anti-HER2/CD3 TDB-treated (red) non-tumor-bearing mice, 24 h post treatment (n = 10 mice/treatment) in
female (left, rose-shaded) and male (right, blue-shaded). Kruskal-Wallis one-way ANOVA analysis showed no difference between groups. nd, not detected.

B Quantification of CD3" cell counts in liver sections normalized to tissue areas from control-treated (black) and anti-HER2/CD3 TDB-treated (red) non-tumor-bearing
mice, 24 h post treatment (n = 9/10 mice/treatment). Kruskal-Wallis one-way ANOVA analysis showed no difference between groups.

C Serum levels of alanine transaminase (ALT, left) and aspartate aminotransferase (AST, right) from control-treated (black) and anti-HER2/CD3 TDB-treated (red) non-
tumor-bearing mice, 24 h post treatment (n = 6-8 mice/treatment), comparing intravenous (i.v,, filled symbols) and intraperitoneal (i.p., unfilled symbols) injections.

D Serum cytokine levels from control-treated (black) and anti-HER2/CD3 TDB-treated (red) tumor-bearing mice, 6 h and 24 h post treatment (n = 9/10 mice/treatment),
comparing intravenous (i.v., filled symbols) and intraperitoneal (i.p., unfilled symbols) injections. Kruskal-Wallis one-way ANOVA analysis showed no difference
between groups.

E Quantification of CD3" cell counts in Founders liver (left) and tumor (right) sections normalized to tissue areas from control-treated (black) and anti-HER2/CD3 TDB-
treated (red) mice, 24 h post treatment (n = 9/10 mice/treatment), comparing intravenous (i.v,, filled symbols) and intraperitoneal (i.p., unfilled symbols) injections.
Kruskal-Wallis one-way ANOVA analysis showed no difference between groups.

Data information: Black = control-treated mice. Red = anti-HER2/CD3 TDB-treated mice. Kruskal-Wallis one-way ANOVA was used for multiple groups. Data are shown
as means &+ SEM.
Source data are available online for this figure.
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Figure EV3. TDB treatment effects are independent of tumor model and TDB used.

F. G

Serum cytokine levels from control-treated (black) and anti-LYPD1/CD3 TDB-treated (purple) tumor-bearing mice from the ID8/LYPD1X4 ovarian cancer model, 6 h,
24 h, and 4 days post treatment (n = 8 mice/treatment).

Quantification of CD4" (top panel) and CD8" (bottom panel) T cell counts in peripheral blood samples from mice treated with control (black, n = 8) or anti-LYPD1/
CD3 TDB (purple, n = 8), 24 h post treatment.

Representative images of ID8/LYPD1X4 tumor sections (C, left) or liver sections (D, left) stained with CD3 (red), Endomucin (white), and DAPI (blue) 24 h post
treatment (top panels). Scale bar = 200 um. Quantification of CD3" cell counts in ID8/LYPD1X4 whole tumor sections (C) or liver sections (D) normalized to tissue
areas 24 h and 4 days post treatment (n = 8 mice/treatment) (bottom panels).

Serum levels of alanine transaminase (ALT, top panel) and aspartate aminotransferase (AST, bottom panel) from control-treated (black) and anti-LYPD1/CD3 TDB-
treated (purple) mice, 24 h and 4 days post treatment (n = 7-8 mice/treatment).

Quantification of vascular ICAM-1" (ICAM-1* Endomucin®) and vascular VCAM-1" (VCAM-1" Endomucin®) areas in tumor sections (F) and liver sections (G) normal-
ized to tissue areas from control-treated (black) and anti-LYPD1/CD3 TDB-treated (purple) mice, 24 h post treatment (n = 6-8 mice/treatment).

Data information: Black = control-treated mice. Purple = anti-LYPD1/CD3 TDB-treated mice. Mann-Whitney test was run to determine P-values for experiments with two
groups; Kruskal-Wallis one-way ANOVA was used for multiple groups. Data are shown as means + SEM. ROI, region of interest.
Source data are available online for this figure.
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Figure EV4. Anti-HER2/CD3 TDB treatment induces dramatic transcriptional changes in the liver but does not change EC subpopulation identities.

A t-SNE plot with color-coded clusters of liver cells shown per replicate (left). Right panel shows relative abundance of detected cell types per sample. No batch effect
was detected.

B t-SNE plot highlighting expression levels of selected cell type markers in the liver.

Heatmap of selected established cell type markers.

D Calculated DoubletScore levels are shown as t-SNE plot (left) or as box plot (right). Boxes represent interquartile ranges (IQR); medians are lines in the boxes. Whiskers
above and below the boxes are the lowest and highest values within 1.5 times IQR. Outliers are shown as circle beyond the whiskers.

E UMAP plot of endothelial cells color-coded for mouse organs/tissues based on reference dataset (Data ref: Kalucka et al, 2020b) and annotation (left) and our data
mapped into the same UMAP space (right, # indicates the number of cells that mapped into the indicated organ transcriptional profile), confirming the origin of our
endothelial cells being liver.

(@}

Source data are available online for this figure.
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Figure EV5. Topic modeling captures the transcriptional dynamics within the different EC subtypes with and without TDB treatment.

A UMAP plot showing the relative expression levels for the nine topics based on topic modeling.
B Box plots showing the relative expression levels for the nine topics based on topic modeling across the previous identified 12 EC sub-clusters. Boxes represent
interquartile ranges (IQR); medians are lines in the boxes. Whiskers above and below the boxes are the lowest and highest values within 1.5 times IQR.

Source data are available online for this figure.
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