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Simultaneous inhibition of interleukin-6 (IL-6) and
interleukin-8 (IL-8) signaling diminishes cancer cell migration,
and combination therapy has recently been shown to synergis-
tically reducemetastatic burden in a preclinical model of triple-
negative breast cancer. Here, we have engineered two novel bis-
pecific antibodies that target the IL-6 and IL-8 receptors to
concurrently block the signaling activity of both ligands. We
demonstrate that a first-in-class bispecific antibody design
has promising therapeutic potential, with enhanced selectivity
and potency compared with monoclonal antibody and small-
molecule drug combinations in both cellular and animal
models of metastatic triple-negative breast cancer. Mechanistic
characterization revealed that our engineered bispecific anti-
bodies have no impact on cell viability, but profoundly reduce
the migratory potential of cancer cells; hence they constitute a
true anti-metastatic treatment. Moreover, we demonstrate that
our antibodies can be readily combined with standard-of-care
anti-proliferative drugs to develop effective anti-cancer regi-
mens. Collectively, our work establishes an innovative metas-
tasis-focused direction for cancer drug development.

INTRODUCTION
Metastasis, the spread of tumor cells from a primary site to a distal site
through the circulatory or lymphatic system, is responsible for 90% of
cancer deaths.1 Despite continuous development and enhancement of
cancer therapeutics, metastatic cancers still have dramatically lower
survival rates and worse patient outcomes compared with local and
regional cancers.2,3 Among all metastatic cancers, breast cancer is sec-
ond only to melanoma in terms of the average number of distinct me-
tastases present per individual.4 Breast cancer is also the most
commonly diagnosedmalignancy in women and is the second leading
cause of female cancer deaths.3 Triple-negative breast cancer (TNBC)
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is an extremely aggressive subtype of breast cancer that is associated
with poor clinical outcomes.5,6 TNBC is estimated to account for
10%–20% of all breast cancer cases, yet it is responsible for 32% of
mortality,7–9 and whereas the median survival for all forms of breast
cancer is 55months, this figure stands at just 13months for metastatic
TNBC.9,10

In addition to lacking expression of the conventional markers used for
targeted breast cancer therapies, TNBC tumors often upregulate
epidermal growth factor receptor (EGFR), leading to a high growth
rate and poor differentiation.11–14 Clinical trials using EGFR inhibi-
tors have not been successful;15 thus, many TNBC patients are sub-
jected to systemic cytotoxic treatments without achieving clinical
benefit.16–19 Continued efforts to develop targeted therapeutics for
TNBC have resulted in two recently Food and Drug Administration
(FDA)-approved options. The immune checkpoint therapeutic pem-
brolizumab, which inhibits the programmed cell death protein 1/pro-
grammed death-ligand 1 (PD-1/PD-L1) pathway, was approved for
use in combination with chemotherapy to treat patients with locally
recurrent unresectable or metastatic TNBC.20,21 Sacituzumab govite-
can, an antibody-drug conjugate targeting the human trophoblast cell
surface antigen 2 (Trop-2) protein coupled to the topoisomerase I in-
hibitor SN-38, was approved as a third-line therapeutic for patients
with unresectable locally advanced or metastatic TNBC.19,22,23 How-
ever, these new treatments show limited efficacy, and there are no
approved therapeutics for TNBC with a mechanism of action
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specifically designed to inhibit cancer metastasis. The same is true
more generally across cancer types, with only one clinical antibody
drug (denosumab) that specifically targets cancer spread.2,24,25 It is
generally assumed that cytotoxic treatments will inhibit metastases
by reducing cancer growth at secondary sites; however, there is evi-
dence that some treatments can actually increase the occurrence of
metastases.2,26–28 There is thus an urgent need to develop new cancer
drugs that focus specifically on blocking the metastatic process,
particularly for the treatment of TNBC.

Changes in protein expression can shed light on new targets for cancer
therapy. Clinical data reveal that IL-6 and IL-8 are found at elevated
concentrations in the serum of cancer patients with lung and liver me-
tastases, and their concentrations are strongly correlated with cancer
stage.29–31 The IL-6 cytokine, which signals through a receptor com-
plex composed of IL-6 receptor-a (IL-6Ra) and gp130, has been
shown to drive cancer metastasis by promoting epithelial-to-mesen-
chymal transition (EMT) in the tumor microenvironment.32–34 The
IL-8 chemokine signals through two distinct G-protein-coupled re-
ceptors, denoted IL-8RA and IL-8RB. IL-8 activation of its receptors,
in particular IL-8RB, has been linked to pathogenesis andmetastasis of
various cancer types, including breast cancers.35–40 We recently
demonstrated that IL-6 and IL-8 are both necessary and sufficient to
induce cancer cell migration. Mechanistic analysis revealed that IL-6
and IL-8 activate their cognate receptors to stimulate Janus kinase 2
(Jak2) and signal transducer and activator of transcription 3
(STAT3), leading to Wiskott-Aldrich syndrome protein family mem-
ber 3 (WASF3) production, which prompts cancer cells to form actin-
related protein 2/3 (Arp2/3)-dependent dendritic protrusions that
facilitate migration.41 We further established the therapeutic benefit
of simultaneously blocking the IL-6/IL-8 signaling network using a
combination of tocilizumab, an anti-IL-6Ra monoclonal antibody
currently used to reduce inflammation in rheumatoid arthritis,42,43

and reparixin, a small-molecule inhibitor of both IL-8 receptors that
has been tested clinically in combination with paclitaxel to treat
TNBC.44–46 Combination treatment with tocilizumab plus reparixin
significantly decreased tumor cellmigration in vitro and alsomarkedly
suppressed cancer metastasis in vivo without impacting tumor
growth,41 presenting a promising new strategy to specifically target
the metastatic process. Unfortunately, clinical translation of an anti-
body/small-molecule combination therapy faces several challenges.
First, careful optimization of the dosing ratio is required, significantly
lengthening the clinical development and approval processes. In addi-
tion, there has been evidence of toxicity elicited by the small molecule
reparixin in phase I clinical trials,most commonly gastrointestinal dis-
orders and fatigue.44,46 Finally, clinical testing of a two-agent therapy
requires studies that enroll some patients into only one of two thera-
peutics, which delays, for some trial participants, what preclinical
testing has shown to be the optimal therapy.

To overcome the therapeutic, logistical, regulatory, and toxicity lim-
itations associated with antibody/small-molecule combination ther-
apy, we sought to engineer bispecific antibodies that simultaneously
target the IL-6 and IL-8 receptors. Bispecific antibodies are more
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effective with fewer side effects compared with monoclonal antibody
therapies, which has stimulated their rapid growth over the past 10
years, particularly in the field of oncology.47,48 The capacity to engage
two different targets confers improved selectivity, thereby reducing
the occurrence of side effects.49,50 Bispecific antibodies also show
enhanced target binding due to avidity effects, and are thus more
potent than monoclonal antibodies.51–55 In addition, dual targeting
approaches reduce the likelihood of acquired resistance through
mutational escape,56–58 which is particularly important for targeting
multi-faceted processes such as cancer metastasis.

In this study, we designed two bispecific antibodies that engage IL-
6Ra and IL-8RB (hereafter referred to as IL-6R and IL-8R), including
a novel bispecific format we developed.We demonstrated that our en-
gineered bispecific antibodies potently and specifically block tumor
cell migration. We further showed that bispecific antibodies achieved
greater therapeutic effects at significantly lower doses compared with
combination treatment with either the component monoclonal anti-
bodies or tocilizumab plus reparixin. Finally, as these antibodies
target tumor cell migration independent of cell growth, we established
that our lead construct can be readily paired with an anti-proliferative
drug as a powerful new strategy for effective inhibition of both metas-
tasis and tumor growth.

RESULTS
IL-6 and IL-8 receptors and ligands are overexpressed in

aggressive breast cancer subtypes and correlated with lower

survival rates

To gain insight into the clinical expression patterns of IL-6R and IL-
8R, we performed immunohistochemical analysis on tissue microar-
rays (TMAs) containing either breast cancer tissue (predominantly
TNBC, 120 samples) or normal adjacent breast tissue (80 samples).
Cancerous tissue displayed significantly higher levels of both IL-6R
and IL-8R (Figures 1A, S1A, and S1B), suggesting that a bispecific anti-
body targeting these receptors would selectively localize to cancerous
tissue.Weobserved that the number of cellswith detectable expression
of IL-8R in breast cancer sampleswas 5-fold higher than the number of
cells with detectable IL-6R expression. Differential expression levels of
IL-6R versus IL-8R in the tumor tissue highlight a potential additional
avidity benefit of the bispecific approach: interaction with densely ex-
pressed IL-8R on cancer cells could bring the bispecific antibody in
proximity to the more sparsely expressed IL-6R on the tumor cell sur-
face to orchestrate efficient blockade of both receptors.

We also interrogated expression of the IL-6 and IL-8 ligands using
RNA sequencing (RNA-seq) data from breast cancer patients ob-
tained through The Cancer Genome Atlas (TCGA).59 The basal-
like and TNBC designations are often used interchangeably,60 as these
subtypes frequently overlap;61 thus, the basal-like subtype was taken
to represent TNBC. We found that the IL-6 and IL-8 genes are most
highly expressed in the basal-like breast cancer subtype relative to
other breast cancer subtypes (Figure 1B), consistent with previous
findings from TNBC patients.41 Additionally, we observed a trend to-
ward upregulation of the IL-6 and IL-8 receptor genes in more



Figure 1. IL-6 and IL-8 receptors and ligands are upregulated in breast cancer tumors

(A) IHC staining of IL-6 and IL-8 receptors onmatched sequentially sectioned cores from human tissuemicroarrays (TMAs), with a representative triple-negative breast cancer

(TNBC) sample (right) and representative healthy adjacent tissue sample (left). IL-6R- and IL-8R-positive cells were quantified for each TMA, using all breast cancer tissue

cores and all healthy cores, revealing significantly higher IL-6R and IL-8R expression on tumor tissue (right). ***p < 0.001 by unpaired two-tailed Student’s t test. Bar graph

represents mean ± SEM (from left to right: n = 67, 119, 64, 115). (B) Boxplot depicting IL-6 and IL-8 expression in the indicated breast cancer subtypes, as reported in The

Cancer Genome Atlas (TCGA). Significantly higher expression of ligands was observed in basal-like compared with luminal A and luminal B subtypes. p value was computed

using the LIMMA RNA-seq pipeline. ***p < 0.001. (C) Correlation between IL-6 and IL-8 expression in the basal-like breast cancer subtype. p values were computed with the

LIMMA RNA-seq pipeline. (D) Barcode plot showing enrichment of epithelial-mesenchymal transition (EMT) pathway genes in IL-6 and IL-8 co-expressing basal-like breast

cancer patient samples deposited in TCGA. False discovery rate adjusted p value is presented. (E) Kaplan-Meier recurrence-free survival plot for TNBC subtype (534 patients

evaluated), grouped based on IL-6 and IL-8 co-expression. A median split was used to define high versus low IL-6 and IL-8 co-expression. Recurrence-free survival was

defined as the length of time that the patient survived without any signs or symptoms of that cancer after the end of primary cancer treatment. Recurrence-free survival rates

were significantly lower for patients with high expression levels of both IL-6 and IL-8. HR, hazard ratio.
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aggressive breast cancer subtypes, such as basal (TNBC) phenotype,
which overlaps strongly with triple-negative breast cancer. IL-6R
gene expression in the basal-like breast cancer subtype was signifi-
cantly higher than that in the luminal A (p = 2.65 � 10�4) and
luminal B (p = 1.08 � 10�6) subtypes (Figure S2A). Also, IL-8R
gene expression in the basal-like breast cancer subtype was signifi-
cantly higher than that in the luminal B subtype (p = 4.07 � 10�3)
(Figure S2B).

To probe the correlation between IL-6 and IL-8 ligand and receptor
expression, we performed correlation analyses in various breast can-
cer subtypes. IL-6 and IL-8 ligand expression showed a positive
correlative trend within the luminal A (correlation coefficient =
0.30; p = 5.0 � 10�12), luminal B (correlation coefficient = 0.36;
p = 2.2 � 10�7), human EGFR 2 (HER2)+ (correlation coefficient =
0.32; p = 4.7� 10�3), and basal-like (TNBC) (correlation coefficient =
0.38; p = 3.5 � 10�7) subtypes, indicating that the two genes are co-
expressed in tumors (Figures 1C and S2C–S2E). Moreover, IL-6 and
IL-8 receptor expression were positively correlated within the luminal
A (correlation coefficient = 0.42; p = 1.4 � 10�22), luminal B (corre-
lation coefficient = 0.41; p = 1.5 � 10�9), HER2+ (correlation coeffi-
cient = 0.31; p = 5.8 � 10�3), and basal-like (TNBC) (correlation co-
efficient = 0.34; p = 5.9 � 10�6) subtypes, indicating that the two
receptor genes, like the ligand genes, are also co-expressed in tumors
(Figures S2F–S2I).

With regard to the correlation between the IL-6/IL-8 axis and metas-
tasis, we observed significant gene upregulation for both the IL-6 and
Molecular Therapy Vol. 30 No 12 December 2022 3

http://www.moleculartherapy.org


Molecular Therapy

Please cite this article in press as: Yang et al., Engineered bispecific antibodies targeting the interleukin-6 and -8 receptors potently inhibit cancer cell migra-
tion and tumor metastasis, Molecular Therapy (2022), https://doi.org/10.1016/j.ymthe.2022.07.008
IL-8 ligands in primary tumors from TNBC patients who harbored
multiple sites of metastasis that included the brain compared
with those who had metastases in (non-brain) sites only (p =
1.11 � 10�2 and 2.42 � 10�2, respectively). In addition, IL-8 gene
expression was also significantly higher in patients who harbored
multiple metastatic sites including the brain compared with patients
who had metastases in the brain only (p = 1.17 � 10�2) (Figure S2J).
This observation corroborates the link between increased IL-6/IL-8
expression and tumor dissemination. Similarly, we observed a trend
toward upregulation of IL-6R and IL-8R genes in primary tumors
from TNBC patients who harbored multiple sites of metastasis. In
particular, IL-6R gene expression was found to be significantly higher
in patients who harbored multiple metastatic sites including the brain
compared with patients who hadmetastases in other (non-brain) sites
only (p = 2.64 � 10�2) (Figure S2K). IL-8R gene expression was
observed to be significantly higher in patients who harbored multiple
metastatic sites including the brain compared with patients who had
local tumor recurrence (p = 1.97� 10�3), metastases in the brain only
(p = 3.36 � 10�2), or metastases in other (non-brain) sites only (p =
9.26 � 10�5) (Figure S2L).

Gene set analysis revealed that expression of IL-6 and IL-8 were not
independently correlated with amplification of EMT-associated genes
in the basal-like breast cancer subtype (Figures S2M and S2N); how-
ever, statistically significant enrichment of EMT pathway genes was
observed in the context of IL-6 and IL-8 co-expression (Figure 1D),
further supporting our past finding that IL-6/IL-8 crosstalk leads to
increased migration in cancer cells.41 In similar fashion, the expres-
sion of IL-6R or IL-8R is positively correlated with the EMT pathway
genes in the basal-like breast cancer subtype (p values of 5 � 10�13

and 2 � 10�27, respectively) (Figures S2O and S2P). Notably, the
co-expression of IL-6R and IL-8R was not correlated with upregula-
tion of EMT pathway genes (Figure S2Q). This could be caused by low
expression level of IL-8R mRNA (median count of 6.6 reads across all
breast tumor samples) in the TCGA RNA-seq data.

To assess the correlation between IL-6/IL-8 ligand and receptor
expression and patient prognosis, we generated Kaplan-Meier recur-
rence-free survival curves for the TNBC patient population, stratified
on the basis of ligand expression at the RNA level using public domain
data from kmplotter62 (Figures 1E, S3A, and S3B). The 15-year sur-
vival rates were significantly reduced for patients with elevated expres-
sion of IL-6 or IL-8 (hazard ratio [HR] = 1.42 and 1.54, respectively),
and this correlation was even more pronounced for patients with high
(above median) expression of both IL-6 and IL-8 (HR = 1.71). The
same trend was also observed for analysis of distant-metastasis-free
survival rates for TNBC patients with high levels of both IL-6 and
IL-8 (HR = 1.26) (Figure S3C). The 15-year survival rates were not
significantly affected by elevation of IL-6R expression, IL-8R expres-
sion, or IL-6R and IL-8R co-expression (Figures S3D–S3F), although
we note that receptor transcript levelsmay not reflect abundance of the
surface-expressed proteins. Altogether, our protein and gene expres-
sion data revealed significant upregulation of IL-6 and IL-8 ligands
and receptors in aggressive breast cancer tumors, and particularly in
4 Molecular Therapy Vol. 30 No 12 December 2022
patients with TNBC. Moreover, the observation that elevated ligand
levels correlated with worse patient outcomes suggests that significant
clinical benefit could be achieved through specific and simultaneous
blockade of IL-6 and IL-8 signaling.

Engineered bispecific antibodies engage the IL-6 and IL-8 re-

ceptors

Motivated by the relevance of the IL-6/IL-8 axis in cancer metastasis,
we designed two human immunoglobulin G1 (IgG1)-based bispecific
antibodies that simultaneously engage the IL-6 and IL-8 receptors.
We obtained the DNA sequences of the variable heavy chain (VH)
and variable light chain (VL) of the FDA-approved antibody tocilizu-
mab from the published patent (US Patent 8562991 B2)63 for the anti-
IL6R arms. Since there is currently no FDA-approved antibody
targeting IL-8R, we obtained the hybridoma cell line for a previously
reported anti-IL-8R antibody (denoted 10H2) that specifically blocks
interaction with IL-8.64 The VH and VL sequences of 10H2 were
determined via rapid amplification of cDNA ends (RACE) PCR.65

The variable domains of tocilizumab and 10H2 were cloned into
two bispecific antibody architectures (Figure 2A). The first format
(BS1) is a novel bivalent construct we developed that combines the
knobs-into-holes heterodimerization strategy66,67 with a recently
described approach for single-chain Fab expression68 that enforces
proper assembly by fusing the C terminus of the antibody light chain
to the N terminus of the heavy chain with a long flexible linker (Fig-
ure 2A, left). The second format (BS2) is a tetravalent construction
that fuses the single-chain variable fragment (scFv) of tocilizumab
to the C terminus of the 10H2 light chain. This topology (denoted
IgG-scFv) has been previously validated for dual targeting strategies
(Figure 2A, right).69,70 Both bispecific antibodies were produced in
human embryonic kidney (HEK) 293F cells via transient co-transfec-
tion (Figures 2B and S4A–S4E). We noticed that there are two bands
shown on SDS-PAGE for BS2, and we suspected that this is due to
alternative glycosylation on the 10H2 variable domain. To confirm
the homogeneity of the recombinant bispecific antibodies and their
parental monoclonal antibodies, we measured the size of each protein
in solution via dynamic light scattering (DLS). We observed single
peak on DLS around 12–14 nm for each antibody, indicating that
each antibody solution is homogeneous (Figures S4F–S4J).

Biolayer interferometry studies confirmed binding of both bispecific
antibodies to IL-6R (BS1 KD = 120 nM; BS2 KD = 74.9 nM)
(Figures S5A and S5B; Table S6). As expected, BS1 exhibited a weaker
binding affinity compared with tocilizumab due to its monovalent
interaction with IL-6R. BS2 also exhibited a slightly lower binding af-
finity than tocilizumab, likely due to the altered topology of the IL-6R
binding arms. To demonstrate dual engagement of IL-6R and IL-8R by
BS1 and BS2 in a physiologically relevant context, we established IL-
6R+/IL-8R�, IL-6R�/IL-8R+, and IL-6R+/IL-8R+ HEK 293T cell lines
via lentiviral transduction andmeasured antibody binding to each cell
type (Figures 2C and S5C; Tables S5 and S7). Both BS1 and BS2 bound
to cells that expressed IL-6R, IL-8R, or both receptors, but not to wild-
type HEK 293T cells (IL-6R�/IL-8R�), demonstrating target speci-
ficity. BS1 and BS2 had weaker affinities for IL-6R+/IL-8R� cells



Figure 2. Engineered bispecific antibodies simultaneously block IL-6:IL-6R and IL-8:IL-8R interactions

(A) Schematics of two bispecific antibody formats (BS1 and BS2) targeting IL-6R (tocilizumab arm, magenta) and IL-8R (10H2 arm, teal). For BS1, the antibody heavy and

light chains are connected by a long flexible linker and paired by knobs-into-holes mutations in the heavy chain constant domains. For BS2, a full-length antibody is fused

to the single-chain variable fragment (scFv) of a second antibody. Variable and constant domains of the antibody heavy and light chains are labeled. (B) Non-reducing and

reducing SDS-PAGE analyses of bispecific antibodies expressed in HEK 293F cells. (C) Flow-cytometry-based binding titrations of anti-IL-6R (tocilizumab), anti-IL-8R

(10H2), BS1, and BS2 on IL-6R+/IL-8R�, IL-6R�/IL-8R+, IL-6R+/IL-8R+, and IL-6R�/IL-8R� HEK 293T cells demonstrated that engineered bispecific antibodies engage

both IL-6R and IL-8R. (D) Top: flow-cytometry-based cell surface competition assays between soluble IL-6 cytokine and either anti-IL-6R, anti-IL-8R, BS1, or BS2 on IL-

6R+/IL-8R� HEK 293T cells revealed that bispecific antibodies block IL-6:IL-6R interaction. Bottom: flow-cytometry-based cell surface competition assays between sol-

uble IL-8 cytokine and either anti-IL-6R, anti-IL-8R, BS1, or BS2 on IL-6R�/IL-8R+ HEK 293T cells demonstrated that bispecific antibodies block IL-8:IL-8R interaction. All

data represent mean ± SD (n = 3).
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compared with tocilizumab, consistent with biolayer interferometry
findings (Figure 2C [top left] and Table S7). As expected, BS1 bound
to IL-6R�/IL-8R+ cells with weaker affinity than 10H2 due to its
monovalent engagement of the receptor, whereas BS2 had equivalent
affinity compared with 10H2 (Figure 2C [top right] and Table S7).
Notably, BS1 showed higher maximum binding signal on IL-6R+/
IL-8R+ cells relative to BS2, confirming the bivalent versus tetravalent
binding stoichiometries (Figure 2C [bottom left] and Table S7).
Collectively, these studies demonstrated that engineered bispecific an-
tibodies bind both IL-6 and IL-8 receptors presented on target cells.
Molecular Therapy Vol. 30 No 12 December 2022 5
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Bispecific antibodies block ligand binding and signaling

As tocilizumab and 10H2 are known to obstruct the IL-6/IL-6R and
IL-8/IL-8R interactions, respectively,43,64 we expected that bispecific
antibodies would similarly neutralize ligand binding. Competitive
binding studies on IL-6R+/IL-8R� cells demonstrated that both BS1
and BS2 efficiently inhibit IL-6 interaction with IL-6R (Figures 2D
[top] and S5D; Table S7). Aligning with trends observed in binding
assays, BS1 and BS2 were slightly less potent competitors compared
with tocilizumab due to their distinct construct topologies. BS1 and
BS2 also inhibited the IL-8/IL-8R interaction on IL-6R�/IL-8R+ cells
(Figures 2D [bottom] and S5E; Table S7). Again, mirroring binding
studies, BS1 showed weaker inhibitory potency compared with
10H2 due to its monovalent construction, whereas BS2 had inhibitory
potency equivalent to that of the monoclonal antibody. To demon-
strate simultaneous inhibition of IL-6 and IL-8 binding, we per-
formed dual competition studies using IL-6R+/IL-8R+ cells (Fig-
ure S5H and Table S8). BS1 and BS2 effectively competed with
both IL-6 and IL-8 binding to cells with potency comparable with
that of the tocilizumab and 10H2 parent antibodies, respectively. As
expected because of avidity effects, BS1 and BS2 showed slightly
more potent inhibitory effects in the context of dual targeting versus
targeting the receptors separately (compare Tables S7 and S8), rein-
forcing the advantage of using bispecific antibodies for target
inhibition.

Through their blockade of IL-6 interaction with IL-6R on cells, we
anticipated that the bispecific antibodies would inhibit IL-6-mediated
signaling. Indeed, we found that both BS1 and BS2 diminished IL-6-
induced phosphorylation of STAT371 on HepG2 cells (Figures S5F
and S5G). As observed for binding competition assays, bispecific an-
tibodies inhibited IL-6 signaling with slightly reduced potency
compared with tocilizumab owing to their distinct antibody formats.
Taken together, competitive binding and signaling studies revealed
that bispecific antibodies potently and specifically obstruct the IL-6
and IL-8 ligands from engaging and activating their respective cell-
bound receptors.

Bispecific antibodies inhibit cancer cell migration more

effectively than combination treatments

Metastases from solid tumors are formed by cancer cells that travel
from the primary tumor to secondary sites through the extracellular
matrix (ECM) and traverse blood or lymphatic vessels. To simulate
metastatic tumor cell migration in vitro, type I collagen gels were
used as a surrogate for ECM, and cancer cells (MDA-MB-231
TNBC or HT-1080 fibrosarcoma) were dispersed into single-cell sus-
pensions for accurate tracking of theirmovement over time (Figures 3,
S6, and S7).41,72 Visualization of individual cell trajectories revealed
that BS1 and BS2 reduced cancer cell migration as effectively as toci-
lizumab plus reparixin combination treatment and significantly more
effectively than tocilizumab plus 10H2 combination treatment
(Figures 3A and 3B). Quantitative assessment of cell trajectories using
mean squared displacement (MSD) showed that both BS1 and BS2
effectively inhibit MDA-MB-231 and HT-1080 cell motility (Fig-
ure 3C). Cell trajectories were further analyzed using an anisotropic
6 Molecular Therapy Vol. 30 No 12 December 2022
persistent random walk (APRW) model73,74 to assess diffusivity
and persistence. BS1 and BS2 significantly reduced cancer cell diffu-
sivity, matching or surpassing the performance of combination treat-
ments in bothMDA-MB-231 andHT-1080 cells (Figure 3D). BS1 and
BS2 also significantly reduced the persistence of migration in both cell
lines, again showing strong advantage over combination treatment
with tocilizumab plus 10H2 (Figure 3E). No significant differences
in inhibition of cell migration, persistence, or diffusivity were
observed between BS1 and BS2 on MDA-MB-231 or HT-1080 cells.
Analysis of the relative cell velocity distributions revealed that bispe-
cific antibody treatment led to decreased cell speeds while also mini-
mizing the frequency of high-velocity outliers on both cell lines (Fig-
ure 3F). This finding was confirmed by MSD outlier analysis, which
corroborated that BS1 and BS2 were equally or more effective in
reducing the number of far-moving cells compared with combination
treatments (Figures 3G and 3H). Collectively, three-dimensional (3D)
cell migration studies demonstrated that bispecific antibody treat-
ment significantly inhibited tumor cell motility and also highlighted
the striking advantage of using a bispecific rather than a combination
approach.

Whereas the overwhelming majority of anti-cancer treatments shown
to have anti-metastatic potential also impact cell growth, treatments
targeting the IL-6/IL-8 axis have no observable effects on cell prolif-
eration at doses that effectively inhibit cell migration.41 Consistent
with past results, neither of the bispecific antibody constructs nor
the combination therapy treatments influenced cell proliferation
(Figures 3I and 3J). These results confirm the unique mechanistic ac-
tivities of our treatment, verifying that the inhibitory effects of bispe-
cific antibodies on tumor cell migration operate independent of
proliferation.

Bispecific antibodies reduce metastatic burden in animal

models and are more effective than combination treatments

To demonstrate the therapeutic potential for engineered bispecific an-
tibodies, we evaluated their capacity to prevent metastatic spread in
mouse tumor models. A preliminary study was performed with ortho-
topicMDA-MB-231TNBCxenografts, which identified the ideal study
length for quantifying metastatic burden as >32 days (Figures S8A–
S8D). Dose-titration studies revealed the remarkable potency of bispe-
cific antibody treatment, as a BS1 dose of just 0.1mg/kgwas found to be
highly effective in inhibiting metastasis to the lung (Figures S8E–S8J).
By contrast, previous studies required 30mg/kg doses (300-fold higher)
of tocilizumab plus reparixin combination treatment to inhibit MDA-
MB-231metastasis, underscoring the dramatic potency benefit for bis-
pecific formulations.41 Subsequent treatment of the bispecific anti-
bodieswas set to 1mg/kg, as this dosewas validated in bothpreliminary
studies (Figures S8E–S8J).

Treatment with the optimized BS1 dose was compared with saline
control, tocilizumab plus reparixin combination treatment (dosed
at 30 mg/kg), tocilizumab plus 10H2 combination treatment, and
BS2 in MDA-MB-231 orthotopic xenograft mouse models (Fig-
ure 4A). Consistent with previous findings for IL-6R/IL-8R-targeted



Figure 3. Bispecific antibodies significantly reduce in vitro cancer cell migration, without impacting proliferation

(A and B) MDA-MB-231 cells (A) or HT-1080 cells (B) were suspended at 100 cells/mL in a 2mg/mL type I collagen gel, then treated with either freshmedium (control), 150 nM

tocilizumab plus reparixin at a 1:1 mass ratio (T + R), 150 nM anti-IL-6R (tocilizumab) plus 151 nM anti-IL-8R (10H2), 150 nM BS1, or 150 nM BS2. Cells from each condition

were tracked for 12 h, and 16 randomly selected individual cell trajectories representative of each treatment condition are shown. Scale bar, 50 mm. (C–F) Analysis of MDA-

MB-231 (top) and HT-1080 (bottom) cell migration. Mean squared displacement was calculated from the x,y coordinates of individual cell trajectories of cells, and diffusivity

and persistence were calculated using the APRW model (total diffusivity and persistence time). The number of individual cells tracked per treatment group is noted on the

right. (G and H) Outlier analysis was performed on each biological repeat for migration studies using MDA-MB-231 (G) or HT-1080 (H) cells, with six total biological repeats

included for each cell line. (I and J) Relative proliferation of MDA-MB-231 (I) and HT-1080 (J) cells in collagen I gels, evaluated 48 h after the indicated treatment compared with

the control condition. Dosing for each treatment matched that ofmigration studies described in (A) and (B). All data represent mean ±SEM. *p < 0.05; **p < 0.01; ***p < 0.001,

one-way ANOVA. For ease of visualization, only significance compared with the control cohort is shown in (C), (D), and (E). All p values are recorded in Table S10.
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therapies,41 tumor growth showed similar trends for all cohorts (Fig-
ure 4B), and no significant differences were observed in tumor size at
study termination (Figures 4C and S9A). Quantitative PCR (qPCR)-
based analysis of metastatic burden revealed that bispecific antibodies
inhibited tumor spread more effectively than both tocilizumab plus
reparixin and tocilizumab plus 10H2 combination treatments, with
BS1 and BS2 reducing the metastatic burden to the lungs by
nearly 50% relative to control mice (Figure 4D). Hematoxylin and
eosin (H&E) staining of the lungs confirmed these observations
(Figures 4E, S9B, and S9C). Superior performance of the bispecific an-
tibodies compared with tocilizumab plus reparixin combination
treatment at a 30-fold lower dose showcased the superior potency
Molecular Therapy Vol. 30 No 12 December 2022 7
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Figure 4. Bispecific antibodies perform better than combination treatments in a mouse model of TNBC

(A) Illustration of mouse tumor xenograft study design and treatment schedule. NSG mice bearing orthotopic MDA-MB-231 TNBC xenografts were treated with either PBS

(control), tocilizumab plus reparixin at a 1:1 mass ratio (T + R), anti-IL-6R (tocilizumab) plus anti-IL-8R (10H2), BS1, or BS2 (dosing as shown in figure; n = 5). Treatments were

administered via intraperitoneal injection every 3 days beginning on day 10 for a total of nine injections (q3Dx9). (B) Tumor volume, as measured every 3 days throughout the

study. (C) Tumor weight, as determined from resected tissue upon termination of the study. (D) qPCR analysis of human genomic content (HK2) in the lungs of each mouse

relative to the PBS-treated control group. Bispecific antibody treatment led to significantly reduced metastatic burden in the lungs. qPCR was performed a minimum of three

times using unique DNA, with three technical repeats per plate. All data represent mean ± SEM. **p < 0.01, one-way ANOVA. (E) Representative images of H&E-stained lung

sections from each treatment cohort. Scale bars for full sections represent 1 mm, and scale bars for higher magnification pictograms illustrating micrometastases represent

200 mm. (F) Representative images of mice bearing MDA-MB-231 orthotopic xenograft at the indicated time point after intravenous injection of 1 mg/kg infrared dye-labeled

BS1. (G) Quantification of total fluorescence intensity at each time point after injection. All data represent mean ± SD (n = 3). All p values are recorded in Table S10.
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of bispecific antibody therapy. Notably, no weight loss or visible signs
of toxicity were observed during treatment with BS1 or BS2 (Fig-
ure S9D). We repeated the study over an extended timeline to assess
the durability of bispecific antibody treatment (Figure S10A). Again,
we did not observe any effect on tumor growth rate or terminal size
and weight of the tumor (Figures S10B–S10D). In this lengthened
experiment, tocilizumab plus reparixin treatment was not effective
in reducing metastatic burden in lung tissue. By contrast, treatment
with bispecific antibody BS1 significantly inhibited lung metastasis
(Figure S10E). Once again, none of the treatments affected mouse
weight or showed evidence of toxicity (Figure S10F). We observed
higher expression of IL-8R versus IL-6R in this xenograft model (Fig-
8 Molecular Therapy Vol. 30 No 12 December 2022
ure S10G), consistent with observations from patient-derived tumors
(Figure 1A). Based on the findings in our extended study, we identi-
fied BS1 as our most promising bispecific antibody for therapeutic
translation.

To evaluate the localization and retention of BS1, we conducted bio-
distribution studies using the MDA-MB-231 orthotopic xenograft
mouse model (Figures 4F, 4G, and S9E–S9H). Intravenously injected
BS1 specifically localized to the tumor (Figures 4F and S9E) and was
detectable at the tumor site for up to 4 days, demonstrating the dura-
bility and therapeutic potential of this bispecific antibody. Intraperi-
toneally injected BS1 displayed similar localization and retention,
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validating the injection method used in our tumor xenograft models
(Figures S9F–S9H).

Owing to significant biological differences between the IL-6 and IL-8
pathways in human and mouse, the anti-human receptor bispecific
antibody we developed does not cross-react with mouse receptors,
which precludes testing this molecule in a syngeneic model. However,
as proof of concept that simultaneous inhibition of IL-6R and IL-8R
activation could lead to reduced metastasis in immunocompetent
models, we interrogated metastatic burden in the 4T1 murine breast
cancermodel using surrogatemolecules that bind themouse receptors.
We first conducted a pilot study to determine the optimal time frame
for observationofmetastasis, treatingmicewith either PBS, anti-mouse
IL-6R (mT), reparixin (R), or anti-mouse IL-6R plus reparixin (mT +R)
(Figure S11A).Micrometastaseswere visible in the lungs byH&E stain-
ing starting at day 14post tumor cell injection (Figure S11B), andquan-
tification demonstrated that both R and mT + R treatments inhibited
cancer spread (Figure S11C). To further investigate the effects of target-
ing IL-6R and IL-8R in this model, we selected an endpoint of 14 days
and repeated the study with biological replicates (Figure S11D). We
observed reduced metastatic burden in the lungs for the mT + R treat-
ment, with 50% of the mice showing no evidence of tumor cells in the
lung, thus suggesting the promise for our approach in the context of an
intact immune system (Figures S11E and S11F).

Overall, mouse tumor studies demonstrated that our lead bispecific
antibody potently and specifically inhibits dissemination of TNBC,
outperforming combination treatment with an antibody/small-mole-
cule therapy or a combination of the constituent monoclonal
antibodies.

Combined treatment with BS1 and a clinical cytotoxic drug

inhibits both tumor growth and metastasis

While the powerful anti-metastatic activity of BS1 has important
clinical implications, concurrent inhibition of tumor growth will
be vital for clinical translation of this antibody. As a first step to-
ward therapeutic design, we combined our lead antibody with a
standard-of-care chemotherapeutic drug to simultaneously and
synergistically target metastasis and tumor growth. BS1 was paired
with gemcitabine, a pyrimidine anti-metabolite commonly
included in treatment regimens for metastatic TNBC.75–79 3D
migration studies on MDA-MB-231 cells demonstrated that BS1
significantly reduced MSD and diffusivity, both in the absence
and presence of gemcitabine (Figures 5A–5C). Interestingly, gem-
citabine treatment alone was found to also attenuate 3D cell
migration, albeit to a lesser extent. Proliferation studies of
MDA-MB-231 cells embedded in 3D collagen matrices were con-
ducted using two different concentrations of gemcitabine, with a
lower concentration matching that used in migration studies and
a higher concentration to confirm cytotoxicity (Figure 5D). As
anticipated, BS1 had no effect on cell proliferation, whereas all
conditions including gemcitabine decreased cell viability in a
dose-dependent fashion, with higher doses of gemcitabine result-
ing in significant reduction in TNBC cell growth.
Encouraged by the complementarity between BS1 and gemcitabine
observed in migration studies, we proceeded to test our bispecific an-
tibodies in a patient-derived xenograft (PDX) model of TNBC. In one
study, we evaluated the capacity of therapy with BS1, gemcitabine, or
the combination thereof to suppress both tumor growth and metas-
tasis of subcutaneously implanted tumors (Figure 5E). Both cohorts
that included gemcitabine were extremely effective at reducing tumor
growth (Figures 5F–5I). Evaluation of DNA extracted from the lungs
showed that BS1, both with and without gemcitabine, dramatically
reduced metastatic burden in this patient-derived tumor model,
even in the presence of large, established tumors (Figure 5J). Cohorts
that included gemcitabine showed lowmetastatic burden to the lungs,
presumably due to their significant reduction in tumor size. As in the
MDA-MB-231 models, none of the treatments resulted in noticeable
toxicity (Figure 5K). In a second PDX study, we compared BS1, BS2,
and combination treatments with tocilizumab plus reparixin or toci-
lizumab plus 10H2 in the same TNBC model, implanted orthotopi-
cally (Figure S12A). As expected for treatments targeting the IL-6/
IL-8 axis, no effect was seen in tumor growth or final tumor metrics
for any of the treatment groups (Figures S12B–S12D). However, in
this orthotopically administered model, no detectable metastatic
burden was observed in the lungs (Figure S12E). Flow-cytometry
analysis of dissociated cells from the dissected tumors revealed that
the levels of IL-6R and IL-8R on mice that received orthotopic PDX
tumors were reduced compared with mice that received subcutaneous
PDX tumors (Figures S12G and S12H), confirming the importance of
the synergistic IL-6/IL-8 pathway in driving metastasis. Absence of
toxicity upon bispecific antibody administration in this model was re-
affirmed (Figure S12F). Taken together, cellular and animal studies
revealed that bispecific antibodies targeting the IL-6/IL-8 axis may
be readily combined with clinical anti-proliferative drugs to establish
therapeutic regimens that effectively address both metastasis and tu-
mor growth.

DISCUSSION
Tumor metastasis is a highly complex multi-stage process, which
makes it a challenging target for cancer therapies. The dearth of
approved clinical drugs that directly disrupt the metastatic process,
despite active efforts in this area, highlights the difficulty of this
approach.2,24,25 Our recent finding that a synergistic pathway driven
by the IL-6 cytokine and the IL-8 chemokine promotes cancer metas-
tasis, combined with clinical data, support the inhibition of this
pathway as a new strategy for specifically blocking tumor cell migra-
tion.We chose to obstruct IL-6 and IL-8 receptor subunits rather than
their respective ligands to avoid competition with the autocrine feed-
back loops that lead to upregulation of IL-6 and IL-8 in the tumor
microenvironment.29–31,41

Because of their precise targeting and favorable pharmaceutical prop-
erties, antibody drugs represent a major focus for cancer therapeutic
development. Inhibiting cancer metastasis represents a particularly
well-suited application for antibody drugs, as their limited diffusion
and penetration into dense tumor tissue is desirable because the
main target of a metastasis-focused regimen is peripheral cancer cells
Molecular Therapy Vol. 30 No 12 December 2022 9
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Figure 5. Engineered bispecific antibody complements standard-of-care cytotoxic therapy

(A–C) MDA-MB-231 cells were suspended at 100 cells/mL in a 2 mg/mL type I collagen gel, then treated with either fresh medium (control), 150 nM BS1, 86 mM gemcitabine

(G), or BS1 plus gemcitabine (BS1 + G). Mean squared displacement (A), total diffusivity (B), and persistence (C) calculated from tracked cells in each treatment group are

presented. (D) Relative proliferation of MDA-MB-231 cells in collagen I gels treated with BS1, G, or BS1 + G for 48 h. Gemcitabine was used at a dose of either 86 mM (G) or

300 mM (GHi). All panels represent a minimum of three biological repeats per condition. (E) Illustration of patient-derived xenograft (PDX) tumor study design and treatment

schedule. NSGmicewith subcutaneous TNBCpatient-derived tumor fragments engrafted at the flank of the animal were treated with either PBS (control), BS1, G, or BS1 +G

(dosing as shown in figure; n = 5). Treatments were administered via intraperitoneal injection every 3 days beginning on day 39 for a total of 16 injections (q3Dx16). (F) Tumor

volume, as measured every 3 days for the study duration. (G) Scaled pictures of the excised subcutaneous tumors from all treatment groups. Scale bar, 5 mm. xOne tumor in

the BS1 +G cohort was indistinguishable from the surrounding tissue and could not be isolated. (H) Final tumor volume, asmeasured from resected tumors. (I) Tumor weight,

as determined from resected tissue upon termination of the study. (J) qPCR analysis of human genomic content (HK2) in the lungs of each mouse relative to the PBS-treated

control group. qPCR was performed a minimum of three times using unique DNA, with three technical repeats per plate. (K) Mouse weight, as recorded every 3 days

throughout the study. Cohorts that included G showed significantly reduced tumor growth, and cohorts that included BS1 showed significantly decreased metastatic burden

in the lungs. All data represent mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001, one-way ANOVA. All p values are recorded in Table S10.
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at the outer edge of the tumor tissue. Whereas monoclonal antibodies
have proved to be powerful weapons for targeted cancer therapy, the
use of bispecific antibodies that simultaneously engage both the IL-6
and IL-8 receptors was critical to the success of this study for several
reasons. First, due to their dual specificity, bispecific antibodies in-
crease the affinity, avidity, and potency of protein-based therapies.80

Accordingly, we observed that our bispecific antibodies outperformed
monoclonal antibody/small-molecule combination treatment at a
30-fold lower dose (Figures 4 and S9). Reduced dosing requirements
for our bispecific antibodies carry several benefits for clinical develop-
ment, including expedited and lower cost of manufacturing, as well as
10 Molecular Therapy Vol. 30 No 12 December 2022
fewer side effects. A second advantage of using bispecific antibodies is
that they improve the selectivity of treatment by favoring cells that ex-
press both targets (i.e., metastatic tumor cells in the case of IL-6R and
IL-8R). IL-6 exhibits paradoxical effects in cancer therapy, as it has
been shown to both promote the proliferation andmigration of cancer
cells and to boost the anti-tumor effects of cytotoxic T cells.81,82 We
hypothesized that specifically inhibiting IL-6R on cancer cells would
maximize the anti-tumor activity of an IL-6R-targeted antibody.
Our observation that IL-8 receptor expression is higher than that of
IL-6 receptor while mitigating off-target effects on tumor cells (Fig-
ure 1) motivated our decision to formulate bispecific antibodies, so
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that the IL-8R arm would localize the molecule to the tumor cells to
facilitate antibody engagement of IL-6R. Indeed, both in vitro cell
migration studies (Figure 3) and in vivo tumormodels (Figure 4) illus-
trated the clear advantage of bispecific antibody formulations
compared with combination treatment with the constituent mono-
clonal antibodies. Moreover, given the specificity of our antibody to
tumor cells, antibody-dependent cellular cytotoxicity (ADCC) could
enhance the therapeutic efficacy of our engineered bispecific antibody,
and the effect could be further improved by introducing mutations
into the Fc region.83,84 Conversely, if we observe off-target toxicities
due toADCC toward healthy tissues or immune cells, effector function
can be attenuated or eliminated through Fc region modification.85,86

Finally, whereas monoclonal antibodies are highly susceptible to ac-
quired resistance,87 which occurs through preferential outgrowth of
drug-resistant mutant cells within a tumor, use of bispecific antibodies
reduces the risk of drug resistance by simultaneously blocking two
different antigens.51,53,54,88 These key features of our bispecific mole-
cules will be important for the clinical advancement of our approach.

Preclinical validation of our bispecific antibodies opens up exciting
avenues for therapeutic translation. The IL-6R-targeted arm of our
antibodies derives from the FDA-approved antibody tocilizumab,42,43

precluding concerns of immunogenicity. The IL-8R arm of our anti-
bodies presents a new template for future therapeutic design, as there
is currently no FDA-approved IL-8R blocking antibody.89 Unlike
most cancer therapeutic candidates in the clinical pipeline, the bispe-
cific antibodies we have engineered act through a strictly metastasis-
focused mechanism, dramatically reducing cell migration without
affecting cell proliferation. We show the benefits of our novel metas-
tasis-directed therapy in TNBC, and this concept can be extended to
develop new therapeutic regimens to treat a range of aggressive neo-
plasias. Moreover, preliminary studies in a syngeneic mouse model
hinted that targeting the IL-6/IL-8 axis may inhibit metastasis in
the context of a functional immune system, and use of a bispecific
approach could lead to enhanced therapeutic activity, as was observed
in xenograft models.

Comparing the two bispecific antibodies, BS2 showed superior inhi-
bition of tumor cell motility relative to BS1 when evaluated in vitro
via 3D cell migration studies. This result is likely due to the higher af-
finity and avidity for the tetravalent BS2 compared with the bivalent
BS1. However, when evaluated in animal models, BS1 and BS2
showed similar efficacy in inhibiting metastasis, and BS1 was more
effective than BS2 in a longer-term study (Figure S9). This interesting
finding is presumably linked to the compact bivalent format of BS1. In
the primary tumor microenvironment cells are in close contact with
one another, and it has been shown that lateral diffusion of receptor
proteins within the cell membrane decreases with increasing cell-cell
contact.90 With less membrane diffusion of IL-6R and IL-8R, bivalent
versus tetravalent receptor engagement is likely to be more efficient.
Furthermore, the higher levels of IL-8R relative to IL-6R expression
on tumor cells (Figures S9 and S12) exaggerates the affinity bias of
BS2, which favors IL-8R over IL-6R binding due to its topology (Fig-
ure 2). Thus, BS2 is likely to behave more similarly to an anti-IL-8R
monoclonal antibody in the context of the tumor microenvironment,
compared with BS1, which has a smaller disparity in the IL-8R versus
IL-6R affinities and is therefore more likely to engage both targets
within a single molecule (Figure 2 and Table S7). This effect is ex-
pected to translate to human patients, as tissue microarray studies
demonstrated higher levels of IL-8R compared with IL-6R expression
(Figure 1). Another exciting advantage of our novel bispecific format
is its high-yield production from mammalian cells. For research pur-
poses, we used a transient transfection technique to produce both bis-
pecific antibodies, but significant production optimization is need for
the biomanufacture and clinical translation of our engineered bispe-
cific antibodies. However, even with transient transfection, BS1 ex-
hibited >7-fold higher yields compared with the commonly used
BS2 design (Figure S4), a promising result from a manufacturing
and development standpoint. Localization and retention at the tumor
site (Figure 4) as well as the absence of toxicity indications also sup-
port the translational potential for BS1. More generally, the versatile
single-chain knobs-into-holes format we have created can be readily
adapted to target any antigens of interest for widespread use in a range
of research and medical applications.

Effective cancer therapy strategies must address both metastasis
and tumor growth. Armed with promising new molecules that
significantly inhibit tumor dissemination, we combined our lead
antibody with standard-of-care cytotoxic drugs to harness its full
potential as a cancer therapeutic. We established that BS1 is com-
plementary to clinical chemotherapeutic gemcitabine in inhibiting
tumor cell migration and proliferation, as well as in reducing
metastasis and tumor growth, in a PDX mouse model of TNBC
(Figure 5). As gemcitabine is used in multiple cancer types,
including pancreatic, lung, and ovarian cancers,91–93 compatibility
of BS1 with gemcitabine suggests that combination therapy could
be used in multiple cancer types to address both metastasis and tu-
mor growth. In summary, we have developed a novel drug candi-
date that acts through a unique metastasis-focused mechanism and
has potential to inform the design of more effective therapeutic
regimens to treat cancer.

MATERIALS AND METHODS
Cell culture

Human embryonic kidney (HEK) 293F cells were maintained in Free-
style 293 Expression Medium (Thermo Fisher) supplemented with
2 U/mL penicillin-streptomycin (pen-strep) (Gibco). HEK 293T cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Me-
diatech) supplemented with 10% fetal bovine serum (FBS) (Hyclone),
2 mM L-glutamine (Gibco), and 100 U/mL pen-strep. During lentivi-
ruses production, HEK 293T cells were cultured in Iscove’s modified
Dulbecco’s medium (IMDM) (Thermo Fisher) supplemented with
10% FBS and 2 mM L-glutamine. HepG2 cells were cultured in mini-
mum essential medium (Thermo Fisher) supplemented with 10%
FBS, 2 mM L-glutamine, and 100 U/mL pen-strep. MDA-MB-231
and HT1080 cells (ATCC) were cultured in DMEM (Corning), with
4.5 g/L glucose, 2 mM L-glutamine, 1 mM sodium pyruvate, and
10% FBS (Corning). MDA-MB-231 medium contained 100 U/mL
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pen-strep, and HT-1080 medium contained 0.05 mg/mL gentamicin
sulfate (VWR). All cells were maintained at 37�C with 5% CO2.

Immunohistochemistry staining of human breast cancer TMAs

Formalin-fixed and paraffin-embedded tissue microarrays (TMAs)
were purchased from US Biomax. The breast cancer microarray
BR1202a contains predominantly TNBC subtype samples, and freshly
cut sequential sections (066 and 067) were used. The healthy adjacent
tissue microarray BRN801c contains predominantly adjacent normal
breast tissue, and freshly cut sequential sections (SA14 and SA15)
were used. Immunostainingwas performed at theOncology Tissue Ser-
vices Core of Johns Hopkins University. In brief, following dewaxing
and rehydration, slides were immersed in 1% Tween 20, after which
heat-induced antigen retrieval was performed in a steamer using Anti-
gen Unmasking Buffer (Vector Labs, cat. #H-3300) for 25 min. Slides
were rinsed in PBST (phosphate-buffered saline [PBS, Fisher Scientific]
[pH 7.3] plus 0.1% Tween 20 detergent [Thermo]), and endogenous
peroxidase and phosphatase was blocked (Dako, cat. #S2003). Sections
were then incubated with primary antibody: anti-IL-6Ra (1:100 dilu-
tion; Novus Biologicals, cat. #NBP2-45414) or anti-IL-8RB (1:100 dilu-
tion; Abcam, cat. #ab14935) for 45 min at room temperature. Primary
antibodies were detected by 30 min of incubation with horseradish
peroxidase (HRP)-labeled anti-mouse secondary antibody (Leica Mi-
crosystems, cat. #PV6114) or HRP-labeled anti-rabbit secondary anti-
body (Leica Microsystems, cat. #PV6119), followed by detection with
3,30-diaminobenzidine (DAB) (Sigma, cat. #D4293), counterstaining
with Mayer’s hematoxylin, dehydration, and mounting.

Image quantification of immunohistochemistry-stained TMAs

Images of immunohistochemistry (IHC)-stained TMAs were quanti-
fied using a previously developed method.94 In brief, the hematoxylin
and DAB channels were first isolated using color deconvolution. Us-
ing k-means clustering analysis, 100 clusters were identified to repre-
sent the optical densities of the image. The most common blue-
favored optical density was chosen to represent the hematoxylin
channel, and the most common red-favored optical density was cho-
sen to represent the DAB channel. The background optical density
was fixed as the inverse of the average of the H&E optical densities.
These three optical densities were used to deconvolve the red-
green-blue color image into hematoxylin, DAB, and background
channel images. Next, bandpass filters were applied to the hematox-
ylin and DAB channel images. Two-dimensional intensity peaks in
the hematoxylin channel were located, representing all cell coordi-
nates. The intensity of the DAB channel at coordinates containing
nuclei were observed, and cells with intensities greater than a chosen
cutoff were labeled as IL-6R positive or IL-8R positive. For each TMA,
the number of positive cells was quantified and plotted.

Gene expression analysis of primary breast cancer gene

expression data in TCGA

Analyses of TCGA data derived from 945 primary breast cancer tumor
samples were performed using both RNA-seq data and clinical annota-
tions of tumor subtypes from theTCGApan-cancer analysis95 obtained
from the National Cancer Institute Genomics Data Commons (TCGA:
12 Molecular Therapy Vol. 30 No 12 December 2022
https://gdc.cancer.gov/about-data/publications/pancanatlas). The data
for the breast cohort was well validated in previous studies96 and
robustly preprocessed through the consortium efforts, and was found
not to have any significant batch effects between institutions. Addi-
tional analyses were performed for samples comparing breast cancer
subtypes annotated in the TCGA clinical data, with particular focus
of the 171 basal breast tumors from the total 945 invasive breast carci-
noma tumor samples in TCGA. Therefore, we used the validated bulk
RNA-seq data preprocessed with the RNA-seq RSEM V2 pipeline.
Gene expression values were VOOM transformed97 with the R/Bio-
conductor LIMMA98 for visualization and Pearson correlation statis-
tics. Differential expression statistics were computed across cancer sub-
types and for association with VOOM transformed values of IL-6 (IL6)
and IL-8 (CXCL8) expression using empirical Bayes moderated differ-
ential expression statistics for RNA-seq data fromLIMMA. For the case
of IL-6 and IL-8 ligand expression, the linearmodel includes the expres-
sion for each gene independently and their interaction for samples from
each breast cancer subtype. p values were Benjamini-Hochberg
adjusted for false discovery rate among genes associatedwith cellmigra-
tion (e.g., RhoA/ROCK1/MLCK/myosin IIA axis), cell invasion (e.g.,
matrix metalloproteinases), cell proliferation (e.g., MAPK and phos-
phoinositide 3-kinase pathways, which are activated by IL-8 signaling),
and EMT (e.g., Snail/Slug/Zeb1/Zeb2/Twist). Benjamini-Hochberg
adjusted p values from a one-sided gene set test from LIMMA were
further computed for the Hallmark,99 KEGG, and Biocarta pathways
associated with these processes in MSigDB100 version 7.1. Note that
since gene set analysis is performed on a continuous metric for co-
expression based on the interaction term in a linear model associating
IL6 and IL8 expression with other genes, no threshold was needed as a
cutoff for co-expression in this analysis.

Primary breast cancer gene expression data by metastatic site

Gene expressiondata fromAffymetrix hgu133plus2microarrays of pri-
mary breast cancer tumors that were followed for later relapse andme-
tastases101 were accessed from the NCBI Gene Expression Omnibus
database (GEO: GSE12276). Samples were categorized by the sites of
their eventual metastases, including those leading to brain metastases,
those with brain as well as other sites, those remaining localized, and
those which only metastasized to other sites not including brain. Data-
sets used for analyzing correlation between the IL-6/IL-8 axis and
metastasis only contain gene expression data from primary breast can-
cers with known sites of relapse, with “local” referring to local occur-
rence. The R/Bioconductor package fRMA102 was used to pre-process
the microarray expression data. Expression of IL-6 and IL-8 was
compared across these sample groupsusing LIMMAfor fRMAnormal-
ized data from the genes and pathways described for the TCGAanalysis
above. The code used to generate the panels associated with gene
expression analysis of primary breast cancer gene expression data in
TCGA and primary breast cancer gene expression data by metastatic
site is included in the supplemental information.

Survival curve generation

Kaplan-Meier recurrence-free survival plots for TNBC subtype were
generated using KMPlotter (http://kmplot.com/).62 The mRNA gene

https://gdc.cancer.gov/about-data/publications/pancanatlas
http://kmplot.com/
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chip database for breast cancer was used, with the source data from
GEO, European Genome-phenome Archive, and TCGA. The
TNBC subtype was isolated by selecting negative for status of estrogen
receptor, progesterone receptor, and HER2. This resulted in a patient
pool of 534. For co-expression recurrence-free survival plots the 534
patients were split by mean expression level of IL-6 (205,207_at) and
IL-8 (211506_s_at), or IL-6R (205945_at) and IL8R (207008_at)
given equal weighting. For the single-expression recurrence-free sur-
vival plot, a median split was used from each gene. A co-expression
distant-metastasis-free survival plot was also generated using the
same plotting criteria, with a patient pool of 424.

Plasmid construction

The VH and VL regions of the anti-IL-6Ra antibody tocilizumab were
obtained from the published patent (US Patent 8562991 B2).63 The
VH and VL regions of the anti-IL-8RB antibody (10H2)64 were deter-
mined via RACE PCR65 on the commercially available hybridoma cell
line (ATCC HB-11494), performed by GenScript. Amino acid se-
quences for all variable regions are provided in Table S1. The VH

and VL sequences of tocilizumab and 10H2 were cloned into two hu-
man IgG1-based bispecific binding agent formats and are denoted as
BS1 and BS2 (Figure 2A). The bivalent BS1 format combines a knobs-
in-holes strategy66,103 with a single-chain Fab design to ensure proper
heterodimerization (Table S2).68 Amino acid substitution T642W
(knobs mutation) was introduced into the 10H2 CH3 domain, and
the complementary amino acid substitutions T645S, L647A, and
Y686V (holes mutations) were introduced into the tocilizumab CH3
domain.66,104 A 40-amino-acid flexible linker, designed based on
the sc36 linker reported in Koerber et al.,68 was used to connect the
C terminus of the constant light chain to the N terminus of the VH

chain. The tetravalent BS2 format is a previously validated scFv-
IgG fusion protein format (Table S3)69 that fuses the full-length
10H2 antibody to the scFv of tocilizumab, connected by a flexible
(G4S)2 at the C terminus of the 10H2 light chain. The nucleotide se-
quences encoding the BS1 knobs-and-holes constructs and the BS2
heavy and light chains were separately cloned into the gWiz (Genlan-
tis) mammalian expression vector for protein production (Table S4).

Protein expression and purification

Plasmids encoding either the BS1 knobs-and-holes constructs or the
heavy and light chains of BS2 were transiently co-transfected using a
previously reported method into HEK 293F cells for soluble expres-
sion of the bispecific antibodies.105 Similarly, the heavy and light
chains of tocilizumab and 10H2 were transiently co-transfected into
HEK 293F cells for soluble expression of the corresponding mono-
clonal antibodies. In brief, each pair of plasmids mixture and polye-
thyleneimine (PEI) (Polysciences) were diluted to 0.05 and 0.1 mg/
mL in OptiPro medium (Thermo Life Technologies) independently
and incubated at room temperature for 15 min. Equal volumes of
DNA and PEI solution were mixed and incubated at room tempera-
ture for another 15 min. HEK 293F cells at 1.0 � 106 per milliliter
were transfected with the plasmid and PEI mixture and incubated
at 37�C and 5% CO2 with rotation at 125 rpm for 4 days. Plasmid ra-
tios were titrated using a small-scale expression assay to determine the
optimal conditions for large-scale transfections (Figures S4A and
S4B). BS1 and BS2 were purified from large-scale transfected HEK
293F cell supernatants via protein G chromatography followed by
size-exclusion chromatography using a Superdex 200 column on a
fast protein liquid chromatography (FPLC) system (Cytiva).

The extracellular domain of human IL-6Ra (residues 89–303) was
cloned into the gWiz mammalian expression plasmid with a C-termi-
nal biotin acceptor peptide (BAP)-LNDIFEAQKIEWHE and a C-ter-
minal hexahistidine sequence. IL-6Ra was expressed via transient
transfection of HEK 293F cells using PEI, as described for antibodies.
Secreted protein was extracted from cell supernatants via nickel-nitri-
lotriacetic acid (Ni-NTA) chromatography, biotinylated using the
soluble BirA ligase enzyme in 0.5 mM Bicine (pH 8.3), 100 mM
ATP, 100 mM magnesium acetate, and 500 mM biotin (Sigma),
and further purified by size-exclusion chromatography using a Super-
dex 200 column on an FPLC instrument (Cytiva). Purity of all pro-
teins (>99%) was confirmed via SDS-PAGE analysis. Proteins were
stored in PBS (pH 7.3) or HEPES-buffered saline (150 mM NaCl in
10 mM HEPES [pH 7.3]).

Dynamic light-scattering analysis

Fifty micrograms of 1 mg/mL commercial anti-IL-6R (tocilizumab),
recombinant anti-IL-6R, anti-IL-8R (10H2), BS1, or BS2 protein so-
lution was added to a UV-transparent disposable cuvette (Sarstedt)
and analyzed using a Zetasizer Pro (Malvern). The dynamic light-
scattering chromatogram and mean hydrodynamic diameter of
each protein were collected.

Biolayer interferometry binding studies

Biotinylated human IL-6Ra was immobilized to streptavidin-coated
tips for analysis on an Octet Red96 BLI instrument (Sartorius). Less
than 5 signal units (nm) of receptor were immobilized to minimize
mass transfer effects. Tips were exposed to serial dilutions of tocilizu-
mab, 10H2, BS1, or BS2 in a 96-well plate for 300 s, and dissociation
was measured for 600 s. Surface regeneration was conducted using
15 s exposure to 0.1 M glycine (pH 3.0). Experiments were carried
out in PBSA (phosphate-buffered saline [PBS, Fisher Scientific] [pH
7.3] plus 0.1% BSA [Thermo]) at 25�C. Data was visualized and pro-
cessed using the Octet Data Analysis software version 7.1 (Sartorius).
Binding kinetic curves were fitted in the data analysis software
assuming 1:1 ligand/receptor ratio. Equilibrium titration curve fitting
and determination of the equilibrium dissociation constant (KD) was
implemented using a first-order logistic model using Prism software
(GraphPad). Experiments were conducted twice with similar results.

Generation of IL-6Ra- and IL-8RB-expressing cell lines

The full-length IL-6Ra and IL-8RB genes were separately cloned into
the pCDH lentiviral expression plasmid (Addgene). Viruses were pre-
pared using the pPACKH1 HIV Lentivector Packaging Kit (System
Bioscience). In brief, 3 � 106 HEK 293T cells were plated on 10-cm
dishes and cultured in IMDM culture medium overnight. The next
day, 2 mg of pCDH plasmids encoding either IL-6Ra or IL-8RB was
transfected into HEK 293T cells, along with the pPACK packaging
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plasmid mix. GeneJuice (Sigma) was used as the transfection reagent.
IL-6Ra and IL-8RB lentivirus was collected frommedium after 2 days
and filtered through 0.45-mm filters. Approximately 1 � 105 HEK
293T cells cultured in a 24-well plate were transduced with either
IL-6Ra, IL8RB, or a combination of the two lentiviruses in the pres-
ence of 8 mg/mL polybrene (Sigma) in 500 mL of complete DMEM
culture medium. Immediately after transduction, HEK 293T cells
were centrifuged at 800� g for 30 min at 32�C. Cells were then incu-
bated overnight at 37�C in a humidified 5% CO2 incubator. The cul-
ture medium was replaced with fresh complete DMEM culture me-
dium on the day after transduction, and transduced cells were
harvested 10 days post transduction for assessment of IL-6Ra and
IL-8RB expression via flow cytometry. Four cell lines were generated:
IL-6Ra+/IL-8RB�, IL-6Ra�/IL-8RB+, IL-6Ra+/IL-8RB+, and IL-
6Ra�/IL-8RB� HEK 293T cells. Quantification of transduced recep-
tors on each cell line is provided in Table S1.

Quantification of IL-6 and IL-8 receptors on 293T cells

The surface expression levels of IL-6Ra and IL-8RB on lentivirus
transduced HEK293T cells were quantified using Quantum Simply
Cellular anti-mouse IgG beads (Bangs Laboratories) according to
the manufacturer’s protocol. In brief, standard beads were incubated
with 1:20 dilution of either APC-conjugated mouse anti-human IL-
6Ra (BioLegend, clone UV4) antibody or fluorescein isothiocyanate
(FITC)-conjugated mouse anti-IL8RB (BioLegend, clone 5E8/
CXCR2) antibody in PBSA for 30 min at 4�C. The beads were then
washed twice, resuspended in PBSA, and analyzed via flow cytometry
to generate a standard curve. Transduced HEK293T cells were trypsi-
nized, resuspended in PBSA, and aliquoted into 96-well plates
(2 � 105 cells per well). Cells were incubated with 1:20 anti-human
IL-6Ra or anti-IL8RB antibody solution in PBSA as described above.
Cells were washed twice, resuspended in PBSA, and analyzed via flow
cytometry at the same time with standard beads. Mean fluorescence
intensity values were compared with the generated calibration curve
to determine IL-6Ra and IL-8RB expression levels.

IL-6Ra and IL-8RB HEK 293T cell surface binding assays

IL-6Ra+/IL-8RB�, IL-6Ra�/IL-8RB+, IL-6Ra+/IL-8RB+, and IL-
6Ra�/IL-8RB� HEK 293T cells were trypsinized for detachment
and resuspended in PBSA. Cells (1 � 105 per well) were placed into
96-well plates and incubated with titrations of monoclonal or bispe-
cific antibodies (tocilizumab, 10H2, BS1, and BS2) for 2 h at 4�C. Cells
were then washed and incubated with a 1:100 dilution of allophyco-
cyanin (APC)-conjugated anti-human IgG1 antibody (BioLegend,
Clone HP6017) in PBSA for 15 min at 4�C. After a final wash, cells
were resuspended in PBSA and analyzed on a CytoFLEX flow cytom-
eter (Beckman Coulter). Background-subtracted binding curves were
fitted to a first-order logistic model, and KD values were calculated us-
ing Prism software (GraphPad). Experiments were conducted with
three technical repeats and performed twice with similar results.

IL-6 and IL-8 HEK 293T cell surface binding competition assays

IL-6Ra+/IL-8RB� HEK 293T cells were trypsinized, resuspended in
PBSA, and aliquoted into 96-well plates (2 � 105 cells per well). IL-
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6Ra+/IL-8RB� 293T cells were incubated with titrations of mono-
clonal or bispecific antibodies (either tocilizumab, 10H2, BS1, or
BS2) in the presence of a saturating concentration (100 nM) of bio-
tinlyated IL-6 (ACROBiosystems) for 2 h at 4�C. Cells were then
washed and incubated with a 1:200 dilution of Alexa Fluor
647-conjugated streptavidin (Fisher Scientific, cat. #S21374) in
PBSA for 15 min at 4�C. After a final wash, cells were resuspended
in PBSA and analyzed on a CytoFLEX flow cytometer (Beckman
Coulter). Similarly, IL-6Ra�/IL-8RB+ 293T cells were incubated
with titrations of monoclonal or bispecific antibodies (either tocilizu-
mab, 10H2, BS1, or BS2) in the presence of a saturating concentration
(400 nM) of His-tagged IL-8 (Sino Biological) for 2 h at 4�C. Cells
were then washed and incubated with a 1:50 dilution of Alexa Fluor
647-conjugated anti-penta-His antibody (Qiagen, cat. #35370) in
PBSA for 15 min at 4�C. After a final wash, cells were analyzed on
a CytoFLEX flow cytometer (Beckman Coulter). For the IL-6 and
IL-8 dual binding competition study, IL-6Ra+/IL-8RB+ 293T cells
were incubated with titrations of monoclonal or bispecific antibodies
(either tocilizumab, 10H2, BS1, or BS2) in the presence of a saturating
concentration (100 nM) of biotinlyated IL-6 (ACROBiosystems) and
a saturating concentration (400 nM) of His-tagged IL-8 (Sino Biolog-
ical) for 2 h at 4�C. Cells were then washed and incubated with a 1:50
dilution of phycoerythrin-conjugated streptavidin (Fisher Scientific,
cat. #12-4317-87) and 1:50 dilution Alexa Fluor 647-conjugated
anti-penta-His antibody (Qiagen, cat. #35370) in PBSA for 15 min
at 4�C. After a final wash, cells were analyzed on a CytoFLEX flow cy-
tometer (Beckman Coulter). For all competition studies, background-
subtracted fluorescence measurements were normalized to samples
which did not contain antibody competitor. Curves were fitted to a
first-order logistic model, and IC50 values were calculated using
GraphPad Prism software. Experiments were conducted with three
technical repeats and performed twice with similar results.

IL-6 signaling inhibition assays

HepG2 cells were trypsinized for detachment, resuspended in PBSA,
and disbursed into 96-well plates (2 � 105 cells per well). Cells were
incubated with a saturating concentration of IL-6 (10 nM) (R&D Sys-
tems) and titrations of monoclonal or bispecific antibodies (either to-
cilizumab, 10H2, BS1, or BS2) for 20 min at 37�C. Cells were then
fixed with 1.6% paraformaldehyde, permeabilized with methanol,
and incubated with a 1:50 dilution of Alexa Fluor 647-conjugated
anti-pSTAT3 antibody (BD Biosciences, clone 4/P-STAT3) in PBSA
for 2 h at room temperature. After two washes in PBSA, cells were re-
suspended in PBSA and analyzed on a CytoFLEX flow cytometer
(Beckman Coulter). Background-subtracted fluorescence measure-
ments were normalized to samples in which antibody competitor
was not present. Curves were fitted to a first-order logistic model,
and IC50 values were calculated using Prism software (GraphPad).
Experiments were conducted with three technical repeats and per-
formed twice with similar results.

3D tumor cell migration assays

Collagen gels were prepared with slight modifications from past
studies.72 First, high-concentration rat tail collagen type 1 (Corning)
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was diluted to 2mg/mL using an equal volumetric ratio of ice-cold cell
medium and a buffer solution of 262 mM HEPES (Acros Organics)
and 202 mM sodium bicarbonate (Gibco). MDA-MB-231 or HT-
1080 cells were trypsinized for detachment and added to the soluble
gel to a final cell concentration of approximately 100 cells/mL. The so-
lution was then neutralized using 1 M NaOH (EMD Millipore), and
plated in a 24-well plate (Falcon). To increase homogeneity, the plate
was placed on a heat block set to 37�C for 5 min to decrease the set
time on the gel. The plate was then incubated for 1 h at 37�C in a hu-
midified 5% CO2 incubator, after which culture medium was added,
and the incubation proceeded to allow cells to acclimatize to the new
environment (48 h for MDA-MB-231 and 24 h for HT-1080).
Following incubation, 100 mL of fresh medium containing various
treatments were added to each well. Treatment conditions included:
(1) untreated control; (2) 150 nM tocilizumab (Genentech) plus
78 mM reparixin (MedChem Express) (T + R) (1:1 [w/w] ratio); (3)
150 nM tocilizumab (recombinantly produced) plus 151 nM 10H2
(anti-IL-6R + anti-IL-8R) (1:1 [w/w] ratio); (4) 150 nM BS1; (5)
150 nM BS2; (6) 86 mM gemcitabine (Sagent); and (7) 150 nM BS1
plus 86 mM gemcitabine (Sagent) (1:1 [w/w] ratio).

Phase contrast images of single-cell collagen matrices were taken us-
ing a 10� objective every 10 min for 16 h using an ORCA-ER digital
camera (Hamamatsu) mounted on a Nikon TE2000 microscope. In-
dividual cells were tracked using Metamorph (Molecular Devices),
and x and y coordinates were used to calculate MSD. The x,y coordi-
nates were processed via MATLAB (MathWorks) using the APRW
model, a custom model designed for analyzing 3D migration,73 to
determine the diffusivity of the cells along primary and secondary
axes, total diffusivity, and persistence. A minimum of 50 cells were
tracked per condition in each experiment with a minimum of three
independent biological repeats per condition.

3D tumor cell proliferation assays

Collagen gels were prepared as described for 3D tumor cell migration
assays and added to a 96-well plate. The plate was placed on a heat
block set to 37�C and incubated for 5 min. The plate was then incu-
bated for 1 h at 37�C in a humidified 5% CO2 incubator, after which
culture medium was added and incubation proceeded for 24 h.
Following incubation, 100 mL of fresh medium containing various
treatments were added to each well. Treatment conditions included:
(1) untreated control; (2) 150 nM tocilizumab (Genentech) plus
78 mM reparixin (MedChem Express) (T + R) (1:1 [w/w] ratio); (3)
150 nM tocilizumab (recombinantly produced) plus 151 nM 10H2
(anti-IL-6R + anti-IL-8R) (1:1 [w/w] ratio); (4) 150 nM BS1; (5)
150 nM BS2; (6) 86 mM gemcitabine (Sagent); (7) 150 nM BS1 plus
86 mM gemcitabine (Sagent) (1:1 [w/w] ratio); (8) 300 mM gemcita-
bine (Sagent); and (9) 150 nM BS1 plus 300 mM gemcitabine (Sagent)
(1:1 [w/w] ratio). Forty-eight hours after treatment, proliferation was
assessed using the PrestoBlue assay (Invitrogen) according to the
manufacturer’s protocol. In brief, PrestoBlue solution was added to
each well (including empty wells to assess background) to a final con-
centration of 1�. Plates were incubated at 37�C for 3 h to allow com-
plete dispersion of the dye through the gel. One hundred microliters
of medium from each well was then transferred to a black-bottomed
96-well plate (Costar), and the RFU was measured using a 560 nm
excitation and 590 nm emission on a SpectraMax M3 Multi-
Mode Mircoplate Reader (Molecular Devices). Background-sub-
tracted readings were normalized to the control condition. At least
four technical repeats were performed per condition for each exper-
iment, with a minimum of three independent biological repeats per
condition.

Mouse orthotopic breast cancer tumor xenograft models

All procedures conducted were approved through the Johns Hopkins
University Animal Care and Use Committee, in accordance with the
NIH Guide for the Care and Use of Laboratory Animals. Five- to
7-week-old female NOD scid gamma (NSG) mice were obtained
through an internal core facility at the Johns Hopkins Medical Insti-
tution and maintained in housing with a 12:12 h dark/light cycle. For
MDA-MB-231 orthotopic tumor xenograft models, 1 � 106 MDA-
MB-231 cells in 1:1 PBS/Matrigel solution were injected into the
mammary fat pad. Tumor size and mouse weight were monitored
every 3 days. Tumor sizes were calculated using two perpendicular
measurements taken by calipers, the first measurement taken of the
longest dimension. The volume was then estimated either as a sphere
(if the two measurements were only 1 mm or less apart) or as an ellip-
soid. Mice who received treatments were injected intraperitoneally
every 3 days with the prescribed antibody or combination treatment,
starting 10 days after the cell injection. Treatment conditions and
dosing for each experiment are indicated in the corresponding figures
and legends. For the first pilot study (n = 1 per cohort), mice were not
administered treatment, as the goal was to determine the earliest time
point at which micrometastases were detectable in the liver and
lungs. For the second pilot study (n = 1 per cohort), a dose titration
of BS1 was conducted to determine the effective dosing range for bis-
pecific antibodies. For the third pilot study (n = 1 per cohort),
another dose titration of BS1 was conducted to confirm the previous
results. All full studies contained n = 5 per treatment group unless
otherwise noted. For the PDX models, cohorts of J000108981
(PDX001) and J000106531 (PDX002) were obtained from The Jack-
son Laboratory, with the tumor fragments either subcutaneously or
orthotopically engrafted as noted in the figures. When the tumors
grew large enough to measure, the mice were randomly sorted into
groups and treatments administered every 3 days. The following
treatment groups were evaluated: (1) PBS-treated control; (2)
30 mg/kg tocilizumab (Genentech) plus 30 mg/kg reparixin
(MedChem Express) (T + R); (3) 1 mg/kg tocilizumab (recombi-
nantly produced) plus 1 mg/kg 10H2 (anti-IL-6R + anti-IL-8R); (4)
1 mg/kg BS1; (5) 1 mg/kg BS2; (6) 30 mg/kg gemcitabine (Sagent);
and (7) 1 mg/kg BS1 plus 30 mg/kg gemcitabine (Sagent). Treatments
were administered as stated in the figures. At the end of the studies,
tumors, lungs, and liver were extracted for testing. The lungs were in-
flated with 2% agarose (Boston BioProducts). One lobe of lung and
liver were preserved in 10% formalin (VWR) and sent to an internal
core at Johns Hopkins Medical Institute for sectioning and H&E
staining. The remaining lung and liver tissue was flash frozen with
liquid nitrogen and stored at �80�C.
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Genetic assessment of metastatic burden to the lung

A portion of the dissected lung and liver tissue from each mouse
(�20 mg) was digested to extract DNA using a PureLink Genomic
DNAMini Kit (Invitrogen). qPCR was performed utilizing iTaq Uni-
versal SYBRGreen Supermix (Bio-Rad), using primers synthesized by
IDT (Table S9). HumanHK2was used to determine the relative num-
ber of human cells that had reached the secondary organs106,107 while
the remaining primers were used as reference genes to correct for
overall DNA content, which was normalized to a minimum of four
reference genes via geometric averaging for each analysis.108 For pilot
MDA-MB-231 mouse tumor xenograft studies, two independent
qPCR runs with three technical repeats was conducted for each sam-
ple. Results for the full MDA-MB-231 mouse tumor xenograft study
represent the average of three independent qPCR runs containing
three technical repeats.

Quantification of micrometastases in mouse lungs

Harvested murine lungs were inflated, formalin fixed, and paraffin
embedded. Specimens were sectioned, stained with H&E, and
scanned at 20�magnification at the Johns Hopkins University Refer-
ence Histology Laboratory. A previously developed method for se-
mantic image segmentation was used to identify biological features
in the images.94 On hundred manual annotations each of cancer, al-
veoli, “lung gland” (ductal or vascular structures), and non-tissue
space were created using Aperio ImageScope. These annotations
were loaded into MATLAB 2020a and used for training and valida-
tion of a convolutional neural network (CNN). The model was
trained using an augmented database of 90% of the manual annota-
tions, with annotations from a single image held out for validation ac-
curacy calculations. The model achieved a validation accuracy of 91%
per class, with a cancer-detection precision and recall of 93% and
90%, respectively. All images were semantically segmented, creating
labeled histological images. From these images, the number and
size of cancer clusters were quantified by detection of pixels corre-
sponding to the cancer label.

Tumor cell isolation

Tumors dissected from the PBS-treated control group at the termina-
tion of each mouse study were used to evaluate the IL-6Ra and IL8RB
expression levels on the cancer cells. Tumor cells were isolated using
either a cancer cell isolation kit (Panomics) or collagenase IV. When
using the cancer cell isolation kit, the manufacturer’s protocol was fol-
lowed. In brief, tumor tissue was minced into small pieces in RPMI
medium and resuspended in Tumor Cell Digestion Solution at
37�C for 2 h with agitation. The digestion mixture was then strained
through a 100-mm cell strainer and layered carefully on top of 20 mL
of Tumor Cell Purification Solution for 6 min at room temperature.
After 6 min, the tumor cells were enriched and harvested from the
bottom layer of the Tumor Cell Purification Solution. Cells were
washed in excess amount of PBS for further staining. When collage-
nase IV was used to isolate the tumor cells, minced tumor pieces were
resuspended in 2 mg/mL collagenase IV (Sigma) in DMEM medium
and incubated at 37�C for 1 h. Cells were strained through a 70-mm
strainer (Corning) and resuspended in 1 mL of ACK lysing buffer
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(Gibco) for 1 min at room temperature. Cells were then washed
with excess PBS for further staining.

Tumor cell phenotyping

Isolated tumor cells (2� 105 per well) were placed into 96-well plates
and incubated with a 1:1,000 dilution of LIVE/DEAD Fixable Aqua
dead cell stain (Thermo Fisher Scientific) in PBS for 30 min on ice.
Cells were washed twice with PBS and resuspended in 1:20 dilution
of APC-conjugated anti-IL6Ra (BioLegend, clone UV4), Alexa Fluor
647-conjugated anti-IL8RB (BioLegend, clone 5E8/CXCR2), FITC-
conjugated anti-IL8RB (BioLegend, clone 5E8/CXCR2) antibody, or
the respective isotype control antibodies (BioLegend) in PBSA for
30 min at 4�C. Cells were then washed twice with ice-cold PBSA
and analyzed on a CytoFLEX flow cytometer (Beckman Coulter). Ex-
periments were conducted with three technical repeats.

Infrared dye labeling of antibodies

BS1, tocilizumab, and 10H2 were purified as described above and
labeled with the infrared dye IRDye 800CW-N-hydroxysuccinimide
ester (IRDye-800CW-NHS; LI-COR Biosciences), following the man-
ufacturer’s protocol. In brief, IRDye-800CW-NHS ester was dissolved
in 10mg/mL dimethyl sulfoxide and incubated with BS1, tocilizumab,
or 10H2 (1:33 dye/antibody weight ratio) in 1�HBS (pH 8.5) in dark-
ness at 4�C for 2 h. The labeled antibody was purified via size-exclu-
sion chromatography using a Superdex 200 column on an FPLC in-
strument (Cytiva). The degree of labeling of each antibody was
determined via absorbance measurement on a Nanodrop spectropho-
tometer (Thermo Fisher Scientific).

In vivo imaging of antibody biodistribution

Mice were administered MDA-MB-231 orthotopic tumor xenografts
as described above. Three weeks after cancer cell injection, mice were
intravenously injected with 1 mg/kg BS1 (n = 3). Each mouse was
imaged on an LI-COR Pearl Impulse Imager (LI-COR Biosciences)
in the 800 nm channel with 170 mm resolution at 1, 6, 18, 24, 48,
72, and 96 h post injection. Fluorescence intensity overlays were
generated by first normalizing the signal to the degree of labeling of
each antibody. The maximum intensity of all groups among different
time points was then set as the maximum for the heatmaps of every
image to allow relative comparison. A background-level cutoff was
also determined using the maximum-intensity image and maintained
for all images. Fluorescence intensity was quantified by taking the
sum of the intensity of all pixels over the background cutoff. A similar
assay was also conducted using intraperitoneal injection, reflecting
the injection method used in therapeutic studies. In this case, mice
were injected with (1) 1 mg/kg tocilizumab, (2) 1 mg/kg 10H2, or
(3) 1 mg/kg BS1 (n = 1 per cohort). Each mouse was imaged at 24,
48, 72, and 96 h post injection. Images were analyzed as for the intra-
venous injection study.

Syngeneic mouse model of 4T1 breast cancer

Five- to 7-week-old female BALB/c mice were obtained from The
Jackson Laboratory and maintained in housing with a 12:12 h dark/
light cycle. Fifty thousand 4T1 cells suspended in ice-cold PBS were
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injected into the lateral tail vein. Mice received treatments injected
intraperitoneally every 3 days starting on the same day cancer cells
were injected. For the first pilot study (n = 4 per treatment group),
the following treatment groups were evaluated: (1) PBS; (2)
30 mg/kg anti-mouse IL-6R antibody (BioXcell) (T); (3) 30 mg/kg
reparixin (MedChem Express) (R); or (4) 30 mg/kg anti-mouse IL-
6R antibody (BioXcell) and 30 mg/kg reparixin at a 1:1 mass ratio
(MedChem Express) (mT + R). To evaluate the growth of metastases
over time, one mouse from each treatment group was terminated at 2,
7, 14, and 21 days after injection. To further evaluate the effects of
each treatment on inhibiting cancer metastasis, the study was
repeated with four mice per treatment group (n = 4), and all mice
were terminated at 14 days after tumor injection. At the end of
each study, animals were sacrificed, the lung and liver excised and
formalin fixed (VWR), and sent to a histology core facility at Johns
Hopkins Medical Institute. Prior to excision, lungs were inflated
with a 2% agarose solution (Boston BioProducts). For the pilot study,
quantification of micrometastases was performed in Aperio
ImageScope, utilizing the Positive Pixel Count v9 algorithm. Positive
cell count was normalized by area of the tissue. For the follow-up
study, quantification of micrometastases was performed using a
CNN to classify metastases from healthy tissue for each group. The
percentage of total tissue area that contained a metastatic lesion
was evaluated.
Statistical analysis

Unpaired two-tailed Student’s t test was conducted on receptor
expression as measured on TMAs. Analysis of the primary breast can-
cer dataset in TCGA was conducted using the LIMMA RNA-seq
pipeline as described above. The association of IL-6 and IL-8 expres-
sion levels with patient survival was measured using the log-rank test.
For the cancer cell migration experiments, all treatment groups were
analyzed using Tukey’s multiple comparisons test. For the mouse
study, each treatment group contained five mice, and all data were
analyzed using Tukey’s multiple comparisons test. All p values are re-
corded in Table S10.
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