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ABSTRACT
T cell-engaging bispecific antibodies (TCEs) are clinically effective treatments for hematological cancers. 
While the utility of TCEs in solid malignancies is being explored, toxicities arising from antigen expression 
on normal tissues have slowed or halted several clinical trials. Here, we describe the development of TCEs 
that preferentially drive T cell-mediated death against target cells co-expressing two tumor-associated 
antigens. We show that Ly6E and B7-H4 are simultaneously expressed on approximately 50% of breast 
cancers, whereas normal tissue expression is limited and mostly orthogonal. Traditional bispecific TCEs 
targeting a singular antigen, either Ly6E or B7-H4, are active when paired with high-affinity CD3-engagers, 
but normal tissue expression presents a toxicity risk. Treatment with a murine cross-reactive B7-H4-TCE 
results in rapid and severe weight loss in mice along with damage to B7-H4-expressing tissues. To 
overcome on-target toxicity, we designed trispecific antibodies co-targeting Ly6E, B7-H4, and CD3 and 
characterized the impact of dual-antigen binding and the relative placement of each binding domain on 
tumor killing in vitro and in vivo. In vitro killing of tumor cells co-expressing both antigens correlates to the 
placement of the higher affinity B7-H4 binding domain, with only modest enhancements seen upon 
addition of Ly6E binding. In xenograft models, avid binding of appropriately designed trispecific TCEs 
enables tumor growth inhibition while evading the poor tolerability seen with active bispecific TCEs. 
Collectively these data highlight the potential for dual-antigen targeting to improve safety and efficacy, 
and expand the scope of tumors that may effectively be treated by TCEs.

Abbreviations: Chimeric antigen receptor T cells (CAR-Ts), dual-antigen targeted T cell engagers (DAT- 
TCE), Fragment antigen-binding (Fab), Hematoxylin and eosin (H&E), Institutional Animal Care and Use 
Committee (IACUC), Immunoglobulin G (IgG), immunohistochemistry (IHC), NOD SCID gamma (NSG), 
peripheral blood mononuclear cells (PBMCs), surface plasmon resonance (SPR), T cell-engagers (TCEs)
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Introduction

The clinical success of blinatumomab sparked a revolution in 
T-cell redirecting therapies, resulting in dozens of CD3- 
bispecific antibodies in clinical trials.1 Multiple therapeutics tar-
geting B-cell or myeloid cell antigens, including CD19, CD20, 
CD33, CD123 and BCMA, have advanced rapidly, with several 
now in late-stage clinical trials.2 While depletion of immune cell 
sub-types can be tolerated, most solid tissues do not rapidly 
regenerate, and solid tumor-targeted T-cell engagers (TCEs), as 
well as chimeric antigen receptor T-cells (CAR-Ts), cannot inher-
ently distinguish healthy tissues from tumors. Few antigens exist 
with specific expression on solid tumors and little to no expression 
elsewhere, and several trials exploring more broadly expressed 
antigens have been paused or halted due to toxicity and patient 
deaths.3–5 Based on these limitations multiple groups have 
explored approaches to expand the scope of tumors addressable 
with TCEs. Recent reports have described trivalent, bispecific 
antibodies that exploit avidity as a means to preferentially target 
tumor cells with elevated expression of tumor-associated antigen 
(e.g., HER2, CEA, ENPP3).6–8 This approach substantially 
improves safety margins preclinically, but is limited to antigens 
with large expression differentials (typically greater than 10-fold) 

between target cells and cellular models of ‘normal’ tissue. 
Additional approaches, including antibody masking,9 conditional 
(pH-dependent) binding,10 split anti-CD3s,11 and dual targeting 
of CD3 (P07766) and CD28 agonists,12 have been explored as 
ways to increase the selectivity of T-cell bispecifics, but to date 
they have not been clinically validated. In light of the substantial 
unmet need for effective solid tumor treatments, we investigated 
whether requiring simultaneous binding to two tumor-associated 
antigens could be used to drive selective tumor killing by TCEs.

Use of a dual-antigen strategy requires: 1) co-expression of two 
antigens in proximity to each other on tumor cells to drive anti-
body binding and subsequent cell killing, and 2) limited and non- 
overlapping expression of the antigens in normal tissues to avoid 
off-tumor toxicity. While this approach exploits avidity in 
a manner analogous to trivalent bispecific antibodies, it potentially 
enables application of avidity-driven selectivity to antigens present 
at comparable levels in normal and cancerous tissues. These 
opportunities come at the expense of additional complexity both 
in the form of multi-dimensional optimization of the trispecific 
antibodies and biological complexity due to varying antigen den-
sities across tissues.
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Here, we describe the identification of Ly6E (Q16553) and 
B7-H4 (Q7Z7D3) as a pair of antigens that are suitable for 
this strategy, with substantial co-expression on human breast 
tumors and orthogonal normal tissue expression. Ly6E and 
B7-H4 antigens are both highly expressed in tumors with 
restricted normal tissue expression.13,14 Little is known about 
their native biological functions. Both Ly6E and B7-H4 have 
been pursued as antibody-drug conjugate targets based on 
this preferential tumor expression, but the potency of T cell- 
based therapies enhances the risk of toxicity for tissues with 
low levels of antigen expression. CAR-Ts targeting B7-H4 
have shown strong preclinical toxicity.15 In an attempt to 
further expand the number of tumors potentially addressable 
with TCEs, we explored whether trispecific antibodies target-
ing both B7-H4 and Ly6E could drive cell killing while 
sparing tissues that express a singular antigen. We describe 
the rationale for selection of B7-H4 and Ly6E, validation that 
incorporation of Fabs against each target result in functional 
TCEs, development of a murine model reflecting on-target, 
off-tumor toxicity of the B7-H4 TCE, and TCE optimization 
resulting in a dual-antigen targeted TCE (DAT-TCE) that 
drives tumor growth inhibition without corresponding B7- 
H4-targeted toxicity.

Results

Ly6E and B7-H4 are preferentially co-expressed in tumors

To identify a pair of antigens with properties suitable for 
avidity-driven tumor selectivity, we re-analyzed historical 
immunohistochemical (IHC) data characterizing antigen 
expression in tumors and normal tissues. Comparison of 
83 breast cancer biopsies previously evaluated for both 
Ly6E14 and B7-H413 found 65/83 (78%) expressed Ly6E 
while 59/83 (71%) expressed B7-H4 (Figure 1a). Co- 
expression of the two antigens was observed in 45/83 
biopsies (54%), with 19/83 biopsies (23%) showing at 
least 2+ staining for both antigens. In parallel, we exam-
ined published Ly6E and B7-H4 IHC staining of normal 
human tissue microarrays to determine expression pat-
terns and identify potential tissue specific toxicity risks 
associated with avid binding of Ly6E and B7-H4 
(Figure 1b).13,14 Assessment of 28 duplicate normal tissue 
cores revealed weak to moderate expression of either Ly6E 
or B7-H4 across a small number of tissues, while co- 
expression was only observed in normal breast tissue. 
Breast tissue is often surgically resected prior to systemic 
therapy for metastatic breast cancer. As a consequence, we 
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Figure 1. Immunohistochemical analysis of Ly6E and B7-H4 in breast tumor and normal tissue biopsies. A. Correlation of IHC staining for Ly6E and B7-H4 across 
83 breast cancer biopsies evaluated for both antigens. B. Correlation of IHC staining for Ly6E and B7-H4 across tissue microarrays of normal human tissue. Figure 1A. Dot 
plot showing no correlation between immunohistochemical scores for Ly6E and B7-H4 in human breast tumors.Figure 1B. Table evaluating tissue microarray staining of 
Ly6E and B7-H4 across 28 tissues. Moderate or weak staining of one antigen is seen in 11 of the tissues. Co-expression is seen only in breast tissue.
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hypothesized that therapeutics requiring simultaneous 
expression of Ly6E and B7-H4 for activity would show 
limited toxicity in normal tissues.

Ly6E and B7-H4 TCEs are active in vitro and in vivo

We initiated development of dual-targeting trispecific TCEs by 
characterizing the activities of the parent bispecifics: anti-Ly6E 
/CD3 and anti-B7-H4/CD3. We used two antibodies pre-
viously determined to have activity as bivalent antibody-drug 
conjugates, anti-Ly6E 9B1214 and anti-B7-H4 1D11.13 Bivalent 
1D11 binds the N-terminal IgV domain of human and murine 
B7-H4 with nearly equivalent affinity (2.9 vs. 5 nM at 25°C).13 

In monovalent formats, 1D11 shows ~10x preferential binding 
for murine B7-H4 (vide infra). 9B12 binds avidly to human 
Ly6E expressing cells with an affinity of 3.7 nM, but shows very 
limited monovalent binding (KD>200 nM) and is not cross- 
reactive to murine Ly6E.14,16

For the anti-CD3 component, we evaluated two closely 
related antibodies that target the N-terminus of CD3ε, anti- 
CD3.high and anti-CD3.low, previously reported to have affi-
nities of 0.5 and 50 nM, respectively.17,18 Higher affinity bind-
ing to CD3 has been shown to drive TCE activity against low 
abundance antigens.19 Previous TCEs exploiting avidity to 
selectively kill cells expressing high levels of a single antigen 
used a low affinity anti-CD3 arm.6 For simplicity, TCEs con-
taining the anti-CD3.high or anti-CD3.low affinity antibody 
arm will be denoted by a (+) or (-), respectively (Figure 2).

Tumor antigen- and CD3-targeted half-antibodies were 
expressed using the knobs-into-holes technology,20,21 

assembled into bispecific TCEs (Figure 2), and evaluated for 
antigen-dependent killing (Figure 3a). In vitro killing was 
assessed by co-culture of purified CD8 + T-cells with 
HCC1569, a human breast tumor cell line that expresses high 
levels of Ly6E and B7-H4 at both the RNA and cell-surface 
protein levels (S1 Fig). Consistent with the low affinity of the 
anti-Ly6E antibody, anti-Ly6E/CD3 TCEs with either the high 
(L_+) or low (L_-) affinity anti-CD3 arm resulted in minimal 
in vitro cell killing whereas the anti-B7-H4/CD3 bispecific 
antibodies (B0_+ and B0_-) resulted in substantial killing that 
correlated with affinity for CD3 (Figure 3a). An isotype control 
antibody (N) paired with both the high (N_+) and low (N_-) 
affinity anti-CD3 arm had no activity, confirming that tumor 
antigen engagement is necessary for TCE function. In alter-
native cell lines with high Ly6E expression, partial activity of L_ 
+ could sometimes be detected, while L_- remained inert (S2 
Fig), suggesting that a high affinity anti-CD3 arm could par-
tially compensate for low affinity Ly6E binding.

We also evaluated the in vivo activity of the TCEs against 
HCC1569x2, a cell line adapted from HCC1569 for in vivo 
growth, in NOD SCID gamma (NSG) mice engrafted with 
human peripheral blood mononuclear cells (PBMCs). 
HCC1569x2 cells were previously reported to have substantial 
expression of both Ly6E and B7-H4 by flow cytometry and 
maintain IHC 3+ staining in xenografts;13,16 however, extre-
mely poor in vitro growth makes them suboptimal for cell- 
based studies. Interestingly, while both L_+ and L_- were 
inactive in vitro, L_+ was able to substantially inhibit 
HCC1569x2 growth in vivo at 1 mg/kg (Figure 3b). When 
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B7H4.M0
(B0)
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Ly6E
(L)

Isotype
Control
(N)
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CD3.low
(-)

Bispecifics

L_+ L_- B0_+ B0_-

Trispecifics

L-_B0 N-_B0 L-_N B0-_L

Figure 2. A brief guide to key molecules. Visual descriptions and molecule codes are provided for TCEs used in key in vivo experiments. Schematic showing the five 
different binding Fabs, four different bispecific antibodies, and four key trispecific antibodies used in the text.
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paired with the low-affinity anti-CD3 binder, anti-Ly6E 
remained ineffectual at doses up to 20 mg/kg (S3 Fig). Late- 
onset weight loss was often observed for mice treated with 
PBMCs alone or combined with L_+. Given the lack of murine 
cross-reactivity of anti-Ly6E, and similarity these responses, we 
attributed the poor tolerability to graft-versus-host disease 
commonly observed in human PBMC-engrafted mice and 
not to the therapeutic (Figure 3b).22 The somewhat variable 
toxicity and tumor growth inhibition observed in negative 
control mice treated with PBMCs between experiments (vide 
infra) were attributed to the variable activities of the PBMC 
donors, but the activities of the bispecifics compared to the 
control remained well-conserved.

Treatment with murine cross-reactive anti-B7-H4 paired 
with the low-affinity CD3 arm (B0_-) up 20 mg/kg was well 
tolerated, but failed to substantially inhibit tumor growth 

(Figure 3c). Conversely, anti-B7-H4 paired with a high affinity 
CD3 (B0_+) resulted in tumor regression, but also substantial 
weight loss, jaundice, and lethargy distinct from PBMCs alone 
(Figure 3c). These findings suggest treatment with murine 
cross-reactive B0_+ drives on-target, off-tumor toxicities.

B7-H4-targeted TCEs drive pathology in B7-H4-expressing 
tissues

Given the poor tolerability of B7-H4-targeted TCEs, we chose 
to isolate tissues previously reported to express B7-H4 in mice 
to investigate antigen-specific toxicity.13,15 Hematoxylin and 
eosin (H&E) staining of liver, female reproductive tracts, pan-
creas and kidney from mice treated with 2 mg/kg of B0_+ for 
14 d revealed varying degrees of chronic inflammatory cell 
infiltration composed of lymphocytes, plasma cells and 
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Figure 3. Activities of Ly6E and B7-H4 TCEs. A. Format of knob-into-hole bispecific and Fab-IgG trivalent bispecific antibodies. B. HCC1569 cells were cocultured with 
purified human CD8+ T-cells at an E:T ratio of 4:1 in the presence of indicated antibodies for three days. Following incubation, cell number was assessed using Cell Titer 
Glo. Points represent the average of n = 2. C-D. NSG mice bearing HCC1569x2 xenografts and engrafted with human PBMCs were treated once as indicated and body 
weight (top) and tumor growth (bottom) were monitored over time. Graph legends: thin lines: responses of individual mice; thick black lines: group average; dashed 
blue line: average response of mice treated with PBMCs alone; red lines: mice that reached the humane endpoints before the study end. Note, in D.i., both B0_+ and 
vehicle arms were halted prematurely due to the poor tolerability of the B0_+. Figure 3A. Schematic illustration of bispecific antibodies in 1 + 1 or 2 + 1 formats. 
Figure 3B. Dose-response curves of bispecific antibodies. B0_+ is highly active, B0_- is less active, and all others are weakly active.Figure 3c-d. Linear mixed-effects 
model-fitted tumor growth curve of HCC1569x2 tumors and body weights of mice treated with indicated antibodies. Activity is seen only when bispecific antibodies are 
paired with high affinity anti-CD3 arms. Body weight loss is seen with B0_+
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histiocytes (Figure 4). The staining is perivascular and asso-
ciated with structures reported to express B7-H4 (e.g., bile 
ducts, islets endometrium, fallopian tubes). Perivenous infil-
trate, necrosis, and obliterative/sclerosing cholangitis were uni-
formly observed in TCE-treated mice, but rarely or never 
observed in mice treated with vehicle control. Minimal inflam-
matory changes were observed in the kidney, with rare samples 
showing predominantly mild to moderate perivascular and 
tubular-associated chronic inflammation. Lower grade or no 
lesions were found in mice treated with PBMCs alone. 
Collectively, these data suggest that PBMC treatment alone 
may induce a graft-versus-host-like response evidenced by 
low grade immune lesions in endometrium, liver, and kidney, 
but that the observed inflammation is exacerbated by B7-H4- 
TCE treatment represented by more severe lesions in B7-H4 
+ tissues from treated mice. Given the low to moderate expres-
sion of B7-H4 in normal tissues, the requirement for high 
affinity anti-CD3 to drive robust anti-tumor activity, and the 
poor tolerability of the murine cross-reactive anti-B7-H4 
TCEs, we concluded B7-H4 TCEs were unlikely to be well 
tolerated at clinically active doses. While not directly tested 
due to the lack of murine cross-reactive antibodies, pharmaco-
logically active Ly6E-TCEs were also considered high risk due 
to low-to-moderate normal tissue expression and the require-
ment for high potency CD3 binders. Thus, we explored 
whether dual-antigen targeting might enable more tumor- 
specific cell killing.

Generation and characterization of trispecific antibodies

We next investigated whether trispecific antibodies targeting 
Ly6E, B7-H4, and CD3 could maintain activity on tumors co- 
expressing both antigens, while reducing the toxicity driven by 
monovalent (B7-H4-targeted) binding to mouse tissue. Trispecific 

antibodies were assembled from Fab-IgG and IgG half-Abs 
(Figure 2 and Figure 5a). On the Fab-IgG half-Ab, the 
N-terminal Fab (Position 1) was linked to the second Fab 
(Position 2) using the upper hinge as a linker (Fab1-DKTHT- 
Fab2-Fc)6 and selectively paired with the IgG half-Ab (Position 3) 
using the knobs-into-holes mutations (Figure 5a). For ease of 
communication, the trispecifics are abbreviated analogously to 
our bispecifics with the “_” used to indicate separate half- 
antibodies. For example, anti-Ly6E(position 1)-CD3.high(posi-
tion 2)_B7-H4(position 3) is abbreviated to L+_B (Figure 2).

We chose to prioritize constructs with the low-affinity anti- 
CD3 Fab in Position 2. Lower affinity binders have been pre-
viously shown to drive selective avidity-based killing with 
TCEs, and placement of anti-CD3 binders in this format has 
validated activity.6,7 This arrangement results in the long dis-
tance (position 1-position 3) interaction taking place on the 
tumor cell surface, while the intercellular tumor-to-T-cell dis-
tances (positions 1–2 and 2–3) are minimized. The tighter 
synapse is thought to improve T cell-mediated killing.23 

Surface plasmon resonance (SPR) analysis confirmed anti-B7- 
H4 affinity was not affected by placement at either of the 
external positions (S4 Fig), and fluorescence-activated cell 
sorting analysis confirmed Ly6E drove equivalent levels of 
avid binding regardless of position (S5 Fig). Cell killing of the 
trispecific antibodies was assessed in coculture assays with 
CD8 + T-cells and HCC1569 cells expressing both Ly6E and 
B7-H4 (Figure 5b). All trispecific antibodies shown were able 
to induce T cell-mediated death. Interestingly, the relative 
placement of the anti-Ly6E and anti-B7-H4 appeared to mod-
estly affect the activity, with placement of the higher affinity 
anti-B7-H4 Fab at position 1 leading to enhanced killing. In 
additional cell lines with more balanced expression of Ly6E 
and B7-H4, the impact of the specific Fab placement showed 
a substantially enhanced effect (Figures 5c, and d).

Uterus Liver Kidney

PBMCs

PBMCs +
B0_+

200 µm 100 µm

c. .e.a

d. .f.b

Figure 4. Histology of B7-H4 TCE treated mice. Representative areas of uterus show mild chronic inflammation of endometrium and myometrium in PBMC-treated 
mice (A, top left), but more pronounced, full-thickness chronic inflammation in the uteri of PBMC with B0/+-treated mice (B, bottom left). Similarly, livers of mice 
receiving PBMC only show only mild, focal perivascular chronic inflammatory infiltrates (C, top middle) while livers from treated mice show more pronounced portal 
inflammation with evidence of sclerosing cholangitis (D, bottom middle). Kidneys of both PBMC and treated mice (E, F, top right, bottom right respectively) show only 
small, rare, areas of mild chronic inflammation. Six panels looking at H&E staining of uterus, liver, or kidney tissues taken from mice treated with PBMCs or PBMCs and B0 

_+. Perivenous infiltrate, necrosis, and obliterative/sclerosing cholangitis are seen in tissues treated with B0_+, but not in control tissues.
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In vivo analysis of trispecific antibodies

With trispecific molecules in hand, we investigated whether 
avid binding could drive tumor killing, without recapitulating 
the observed toxicities. Notably, anti-B7-H4 has higher affinity 
for murine vs. human antigen (0.7 vs. 13 nM), thus providing 
a high bar for selective killing. Based on the observation that 
the relative placement of the tumor antigen-binding arms 
could influence T-cell engager activity in vitro (Figure 5b-d), 
we compared in vivo activities of both B0-_L and L-_B0 
(Figure 6a). In contrast to the limited activity seen with bispe-
cific antibodies containing a low affinity CD3 (Figure 3c-d), 
both trispecific antibodies were able to suppress tumor growth. 
Interestingly, B0-_L, which showed more activity in vitro 
(Figures 5b-d), drove rapid and profound weight loss and 
jaundice, while L-_B0 was tolerated similarly to PBMCs alone.

These data provided support for the concept that avid 
binding could enhance activity in vivo. To model the impact 
of trispecific binding to tissues expressing only one of the two 
targeted antigens we generated format-matched trispecific 
antibodies in which one of the tumor-targeted Fabs was 
replaced with an isotype control (N). Consistent with the 
experiment in Figure 6a, treatment with 5 mg/kg of L-_B0 

resulted in near complete tumor growth inhibition in 6/8 
mice (Figure 6b), without evident weight loss or jaundice. By 
contrast, both antibodies targeting just a single tumor antigen 
(N-_B0, and L-_N) failed to affect tumor growth. To concretely 
distinguish between the effects of simultaneous binding from 
additive impacts of two antigens, we also compared the activity 
of the trispecific antibody to the combination of N-_B0 and 
L-_N (S6 Fig). Combining trispecific antibodies that each bind 
only Ly6E or B7-H4 failed to inhibit tumor growth, confirming 
the essential role of avidity in driving the anti-tumor activities 
of the TCEs. Collectively these data suggest that dual-antigen 
targeting can enhance therapeutic efficacy while minimizing 
substantial on-target, off-tumor toxicity.

Discussion

Avidity as a means to enhance binding has been appreciated for 
more than a century. For antibodies, the high avidity of IgMs is 
thought to allow widespread surveillance for antigens that have 
not previously been encountered,24 while bivalent engagement 
with affinity matured IgGs enables selective but long-lived 
interactions with their cell-surface targets. Recently, several 
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groups have exploited avidity by combining high affinity ‘tar-
geting’ Fabs with low affinity ‘active’ antibody or ligand.25–28 

These approaches allow selective activation of cytokine recep-
tors or checkpoint inhibitors both in vitro and in vivo, but the 
applicability of this approach is limited to therapeutic strategies 
where the target antigen expression is highly specific (typically 
immune cells) or where partial activity of the active moiety in 
normal tissues is tolerated. Several reports by Mazor and col-
leagues explored dual-antigen selectivity in the context of 
EGFR/HER229 and CD4/CD7030 bispecific antibodies. Avidity- 
driven EGFR/HER2 inhibition reduces cell growth in vitro and 

in xenograft models co-expressing both antigens while not 
impacting the growth of cells expressing only EGFR. With 
CD4/CD70, Mazor et al. exploited hinge binding to FcγRs to 
drive selective antibody-dependent cell-mediated killing of 
T cells co-expressing the antigens in vitro, but extension of 
this work to in vivo systems was not reported.

Here we describe a process for the selection of optimal target 
antigens and optimization of trispecific antibodies for targeted 
T cell-dependent killing of cells co-expressing two tumor- 
associated antigens. We show that Ly6E and B7-H4 are simulta-
neously expressed in ~50% of human breast cancer biopsies, 
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Figure 6. In vivo activities of trispecific antibodies. A-B. The HCC1569x2 model was implanted into NSG mice engrafted with human PBMCs. Once tumors reached 
~200 mm3, tumor growth (top) and body weight (bottom.) were assessed following a single administration of the indicated treatments. Graph legends: thin lines: 
responses of individual mice; thick black lines: group average; dashed blue line: average response of mice treated with PBMCs alone. Figure 6A. LME-fitted tumor growth 
curve of HCC1569x2 tumors and body weights of mice treated with indicated antibodies. L-_B0 shows tumor control without substantial body weight loss while B0_L 
shows substantial body weight regression.Figure 6B. LME-fitted tumor growth curve of HCC1569x2 tumors and body weights of mice treated with indicated antibodies. 
L-_B0 shows tumor control without substantial body weight loss while trispecific antibodies binding only a single tumor antigen are ineffective.

MABS e2115213-7



including high levels of co-expression (IHC 3+ for both) in 6/83 
(7%) of tumors. For comparison, HER2, also explored as an 
avidity driven target, is expressed on ~15% of breast tumors.6,31 

Both Ly6E and B7-H4-targeted TCEs can inhibit xenograft 
growth with appropriate CD3-binding arms, but, consistent 
with previous studies with CAR-Ts,15 murine cross-reactive anti- 
B7-H4 antibodies drive tissue damage in B7-H4-expressing tis-
sues (Figure 4). The murine cross reactivity of our more active 
anti-B7-H4 binder enabled simultaneous evaluation of toxicity 
and efficacy, facilitating selection of advantaged therapeutics. It is 
worth noting that TCEs drive toxicity both through direct T cell- 
mediated killing of tissues expressing the target antigen and via 
cytokine release initiating with on-target activity of T-cells and 
propagating through the myeloid compartment.32 While step- 
fractionated dosing can substantially limit uncontrolled cytokine 
release,33 approaches to reduce on-target toxicity in normal tis-
sues are more limited. In principle, either cytokine release or 
direct killing could be responsible for the observed weight loss 
in our studies, but the observation of direct toxicity in B7-H4- 
expressing tissues, along with jaundice in the affected mice, are 
supportive of direct T-cell toxicity. The enhanced affinity of our 
reagents for murine B7-H4 over human B7-H4 presents a high 
bar for demonstrating activity in the absence of on-target toxicity. 
Anti-Ly6E is not murine cross-reactive, therefore the approach 
taken in these studies cannot directly identify Ly6E-associated 
toxicities, or characterize an increase in therapeutic window for 
the dual-targeting approach. On human cells, in culture and in 
xenograft models, Ly6E TCEs paired with low affinity CD3 
binders bound weakly to Ly6E-expressing cells and failed to 
induce any detectable cell death without B7H4 co-engagement.

Our data highlights that engineered avidity, resulting from 
simultaneously targeting two tumor-associated antigens, is able 
to enhance TCE-mediated killing (Figure 6b), and that appro-
priate placement of binding domains can profoundly influence 
the biological activity of the trispecifics (Figure 5, Figure 6a). 
We propose that the observed differences in activity are driven 
by synapse distance and maximal activity is achieved when the 
more potent Fab is placed at position 1 in proximity to the anti- 
CD3 Fab.34 These data are consistent with the hypothesis that 
avid binding to Ly6E can restore activity to a weakly potent 
(but better tolerated) anti-B7-H4 TCE.

Collectively, this work demonstrates dual-antigen targeting 
can expand the scope of tumors addressable with TCEs. More 
generally, the approach of requiring two antigens for cell bind-
ing may enable refined cell targeting and/or therapeutic deliv-
ery. In addition to more precise targeting of a specific tissue, 
avidity-driven dual-antigen targeting may also enable thera-
peutic differentiation between immune (or other highly plastic) 
cells in different states of activation or maturation, further 
expanding the effective target space that may be amenable to 
intervention with targeted therapeutics.

Materials and methods

DNA and protein design and production

Expression vectors for IgG and Fab-IgG half-antibodies were 
generated as previously described.35 For 1Fab-IgG constructs, 
the coding region for Ly6E (9B12) or B7-H4 (1D11) targeted 

Fab directly preceded the coding region of the anti-CD3.knob 
sequence. The Fc was in hIgG1 format, which includes the 
N297G mutation to avoid glycosylation, reduces binding to Fc- 
gamma-receptors,36 and prevents undesired nonspecific cross- 
linking of CD3. Charge pairing mutations were installed within 
the Fab-IgG HC and the corresponding light chains to drive 
appropriate chain-pairing.35 Half-antibodies were produced by 
transient transfection of Expi293 or Chinese hamster ovary cells 
at 30 mL (for in vitro assays) or at ≥1 L scale, respectively, and 
were purified by MAbSelectSure (GE Healthcare).34 Knob and 
hole half-antibodies were assembled into the desired bi- or tri- 
specific format by applying procedures previously established 
for bispecific antibodies.37 Following assembly and purification, 
all trispecific antibodies were of the appropriate format with 
>99% monomer by size exclusion chromatography and with the 
expected mass for the correctly assembled antibody as the major 
peak by liquid chromatography-mass spectrometry.38 For 
in vitro screening, trispecific expression and assembly were 
performed without optimizing each construct’s DNA ratios or 
fractionating the assembled species, resulting in chain-pairing 
efficiencies of at least 76% correct, with many constructs in the 
85–95% range (S7 Fig). The major impurity contained two 
copies of the tumor-targeted light chain in the Fab-IgG half- 
Ab resulting in an inactive anti-CD3 binding site (S7 Fig). For 
in vivo studies, DNA ratios were optimized to minimize mis-
pairing, and residual mispaired species were separated chroma-
tographically, resulting in >95% correctly paired products.

Histology

Tissues were fixed for up to 24 h in 10% neutral buffered formalin 
then transferred to 70% ethanol prior to embedding. Samples 
were paraffin-embedded and 4 μm-thick sections were cut onto 
Superfrost Plus glass slides. H&E staining was performed accord-
ing to a routine standard operating procedure using a Leica 
Autostainer XL (Leica, Buffalo Grove, IL). Tissues were dewaxed 
and rehydrated before staining. Hematoxylin (American 
Mastertech, Lodi, CA) was applied for 8 minutes followed by 
a 30 second differentiation in 0.5% acid alcohol and bluing 
agent (Richard-Allan, Kalamazoo, MI) for 1 minute after which 
eosin (Eosin Y, American Mastertech, Lodi, CA) was applied for 
30 seconds.

SPR analysis

Binding of trispecific Fab-IgG antibodies to recombinant B7- 
H4 extracellular domain was evaluated by SPR analysis using 
a Biacore T200 system. Antibodies in 10 mM HEPES, 150 mM 
NaCl, 0.05% Tween 20, 1 mM EDTA, pH 7.4, were captured 
non-covalently on a CM5-based human antibody capture chip 
and binding of recombinant, soluble B7-H4 ECD-His was 
monitored in real time using single-cycle kinetics and an 
assay temperature of 37°C. Data were fit to a 1:1 binding 
model using Biacore Evaluation Software.

Flow cytometry and cell killing assays

Cells were cultured as recommended by the ATCC. Prior to 
staining adherent lines were released by Accutase treatment, all 
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cells were filtered and equilibrated in BD Stain buffer. Cells 
were stained with primary antibodies at indicated concentra-
tions for 1 h at 4°C, washed x 3, stained with secondary Ab 
(Jackson ImmunoResearch 109–606-003) (1:100) for 1 h at 
4°C, washed, stained with Fixable Viability Dye eFluor 780 
(1:1000) for 1 h at 4°C, and washed x 2. Samples were fixed 
in 1% paraformaldehyde in phosphate-buffered saline (PBS) 
prior to analysis. Samples were assessed on a BD LSRFortessa. 
Following exclusion of dead cells, singlets were assessed for 
antibody binding using FlowJo software. Methods for PBMCs 
and CD8+ separation and cell quantitation by CellTiter-Glo 
(Promega) were described previously.39 CD8+ cells were used 
as effectors in a 4:1 effector:target ratio for three days.

Xenograft studies

The efficacy of T cell-directing bispecific or trispecific anti-
bodies targeting B7-H4 and/or Ly6E was investigated in 
a human breast cancer HCC1569X2 xenograft model in 
mice. The HCC1569X2 cell line was derived at Genentech 
from parental HCC1569 cells (ATCC) to provide optimal 
tumor growth in mice and was authenticated by short tandem 
repeat profiling using the Promega PowerPlex 16 System. 
Animal studies using this cell line were carried out at 
Genentech in compliance with National Institutes of Health 
guidelines for the care and use of laboratory animals and were 
approved by the Genentech Institutional Animal Care and 
Use Committee (IACUC) under study number 18–0468. To 
establish the xenograft model, three million tumor cells (sus-
pended in 0.2 mL of Hanks’ Balanced Salt Solution with 
Matrigel) were inoculated into the thoracic mammary fat 
pad of female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (common 
name NOD/scid gamma; NSG) mice (Jackson Laboratory, 
Sacramanto, CA).

When tumors reached the desired volume (~200 mm3), 
animals were randomized into groups of n = 5–8 with similar 
distribution of tumor volumes, and received intravenous 
dose(s) of vehicle (20 mM histidine acetate, 240 mM sucrose, 
0.02% polysorbate-20, pH 5.5) or antibodies through the tail 
vein (Day 0). At 7–10 days prior to randomization, a subset of 
animals received an intraperitoneal injection of 10 million 
human PBMCs suspended in 0.1 mL of sterile PBS. PBMCs 
were purified from the blood of healthy donors to 
Genentech’s onsite donation program. All donors signed 
forms indicating their informed consent. PBMCs were iso-
lated from whole blood using the Lymphocyte Separation 
Medium (MP Biomedical, LLC) and cryopreserved at – 80C, 
and cultured overnight in non-activating condition before 
harvest for injection. The treatment information was not 
blinded during measurement. Tumors were measured in 
two dimensions (length and width) using calipers and 
tumor volume was calculated using the formula: Tumor size 
(mm3) = 0.5 x (length x width x width). Changes in body 
weights were reported as a percentage relative to the starting 
weight. Tumor sizes and mouse body weights were recorded 
twice weekly over the course of the study. Mice whose tumor 
volume exceeded 2000 mm3 or whose body weight loss was 
>20% of their starting weight were promptly euthanized per 
IACUC guidelines.
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