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Introduction
HER2 is a clinically validated target for multiple monoclonal antibodies, small molecule tyrosine kinase 
inhibitors, and the antibody-drug conjugate ado-trastuzumab emtansine (1). HER2 is a strong oncogenic 
driver of  tumor cell growth due to overexpression or activating mutations. HER2 gene amplification and/or 
overexpression occurs in about 20% of  breast cancers (HER2+ cancers) and is associated with more-aggres-
sive disease (2), whereas activating mutations are more rare (3). We have generated a highly efficacious anti-
HER2/CD3 T cell–dependent antibody (TDB) for treatment of  HER2+ cancer that demonstrates robust 
potency in HER2-overexpressing tumor models (4, 5). T cell–retargeting approaches, such as CAR T cells 
and CD3-bispecific antibodies, have shown promising response rates and durability of  response in the treat-
ment of  hematological malignancies (CD19 in B cell malignancies, refs. 6–11; BCMA in multiple myeloma, 
ref. 12), generating broad excitement for these therapies.

A key challenge for developing T cell–retargeting therapies for the treatment of  solid tumors is that, 
unlike in hematological indications, tumor-specific targets are not readily available for solid tumor indi-
cations. This can result in adverse effects caused by T cell reactivity to normal tissues that express the 
antigen. Clinical and preclinical on-target toxicities have been widely reported for engineered T cell 
approaches and CD3-bispecific therapies targeting multiple solid tumor antigens, such as CEA, EpCam, 
gp100, MAGE-A3, and EGFR and HER2 (13–18). HER2 is expressed on epithelial cells in multiple nor-
mal tissues, including gastrointestinal, respiratory, reproductive, and urinary tract, as well as in the skin, 
breast, and placenta (19). The hypothesis underlying the therapeutic index of  the anti-HER2/CD3 TDB 
relies on differential sensitivity of  HER2+ tumors and normal tissues, based on HER2 expression levels 
(4, 20). However, therapeutics redirecting T cell activity to HER2+ tumors tested in clinical trials have 
illustrated the apparent risk of  on-target/off-tumor adverse effects for this target (14, 17).

Currently, very little information is available on how key properties, such as affinity to T cells and tumor 

Systemic cytokine release and on-target/off-tumor toxicity to normal tissues are the main adverse 
effects limiting the clinical utility of T cell–redirecting therapies. This study was designed to 
determine how binding affinity for CD3 and tumor target HER2 impact the efficacy and nonclinical 
safety of anti-HER2/CD3 T cell–dependent antibodies (TDBs). Affinity was found to be a major 
determinant for the overall tolerability. Higher affinity for CD3 associated with rapidly elevated 
peripheral cytokine concentrations, weight loss in mice, and poor tolerability in cynomolgus 
monkeys. A TDB with lower CD3 affinity was better tolerated in cynomolgus monkeys compared 
with a higher CD3–affinity TDB. In contrast to tolerability, T cell binding affinity had only limited 
impact on in vitro and in vivo antitumor activity. High affinity for HER2 was critical for the tumor-
killing activity of anti-HER2/CD3 TDBs, but higher HER2 affinity also associated with a more severe 
toxicity profile, including cytokine release and damage to HER2-expressing tissues. The tolerability 
of the anti-HER2/CD3 was improved by implementing a dose-fractionation strategy. Fine-tuning 
the affinities for both the tumor target and CD3 is likely a valuable strategy for achieving maximal 
therapeutic index of CD3 bispecific antibodies.
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target, impact the antitumor activity and tolerability of  CD3-bispecific antibodies. In this study, we describe 
the importance of  customization of  the affinity for both tumor and T cell antigens to achieve the desired 
balance between antitumor activity and safety. We further demonstrate that the tolerability of  an anti-HER2/
CD3 TDB can be improved by a dose-fractionation strategy. The affinity-optimized anti-HER2/CD3 TDB is 
able to selectively target HER2-overexpressing tumors in a 2-tumor mouse model, suggesting that a therapeu-
tic index can be achieved for an anti-HER2/CD3 TDB in the treatment of  HER2+ cancer.

Results
CD3 affinity does not impact in vitro activity of  anti-HER2/CD3 TDB. Anti-HER2/CD3 TDBs (Figure 1A; see 
below) demonstrate robust single-agent antitumor activity in HER2-overexpressing tumor models (4). To 
investigate the impact of  affinity of  target binding on preclinical efficacy and safety, bispecific antibodies 
with varying affinities for either HER2 or CD3 were created. BIAcore (Table 1) and CD8+ cell binding (Fig-
ure 1B) consistently demonstrated an approximately 30-fold difference between HER2–TDB 1 (lower CD3 
affinity) and HER2–TDB 2 (higher CD3 affinity). CD3 binding affinities were generally substantially lower 
compared with previous reports (21), likely due to different experimental parameters (e.g., BIAcore mea-

Figure 1. CD3 affinity does not impact 
in vitro activity of anti-HER2/CD3 
TDB. (A) Representation of anti-HER2/
CD3 TDB. (B) Binding to human CD8+ 
cells was analyzed by flow cytometry 
(n = 1). (C) TDB-induced (1 μg/mL TDBs) 
TCR signaling pathway activation 
in splenic CD8+ cells extracted from 
huCD3 transgenic mice was analyzed 
by phos–SLP-76 Western blot (see 
complete unedited blots in the sup-
plemental material; lanes were run on 
the same gel but were noncontiguous; 
n = 1). (D) TDB-induced activation of 
human CD8+cells was analyzed by flow 
cytometry (n = 1). (E) In vitro killing 
activity of HER2-amplified SKBR3 
(solid lines) and low-HER2–expressing 
MCF7 (dotted lines) cells was analyzed 
by Cell Titer Glo viability assay (n = 3). 
Data presented as mean ± SD.
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surements made at 37°C vs. room temperature). HER2–TDB 2 resulted in slightly more robust activation 
of  T cell receptor signaling compared with HER2–TDB 1, as indicated by phosphorylation of  lymphocyte 
cytosolic protein 2 (phos–SLP-76) (Figure 1C). However, when analyzed by flow cytometry, T cell activa-
tion mediated by HER2–TDB 1 and HER2–TDB 2 was comparable (Figure 1D). Similarly, the ability to 
mediate killing of  HER2-amplified SKBR3 cells and MCF7 cells (low HER2 expression, similar to human 
normal tissue) was nearly identical (Figure 1E). These results indicate that low CD3 affinity is sufficient to 
induce robust T cell activation and TDB-mediated killing in the context of  targeting the membrane prox-
imal region of  HER2 and that increasing CD3 affinity by approximately 30-fold does not enhance T cell 
activation or tumor cell killing in vitro.

CD3 affinity does not affect in vivo antitumor activity of  anti-HER2/CD3 TDB. The effect of CD3 affinity on 
antitumor activity of the HER2 TDB was evaluated in a mouse xenograft model. NOD-Prkdcscid IL2rgnull (NSG) 
mice supplemented with human peripheral blood mononuclear cells (PBMCs) were engrafted with HER2-am-
plified KPL4 tumors and administered a single dose of HER2–TDB 1 or HER2–TDB 2. Antitumor activity 
was comparable for both molecules over the whole dose range that was tested (0.01–0.5 mg/kg) (Figure 2A). 
The PBMC-engrafted mouse model used in the experiment has limitations, since the biodistribution of thera-
peutic antibodies can be anomalous in highly immunocompromised mice (22) and humanizing the immune 
system using i.p. grafted human PBMCs is not fully representative of the intact murine immune system (23). 
We therefore further evaluated the efficacy and pharmacodynamic (PD) response of anti-HER2/CD3 TDBs in 
human CD3 transgenic mice (huCD3) (24) crossbred with human HER2 transgenic mice (MMTVhuHER2) 
(25). This model allows the assessment of human CD3-binding TDBs in a mouse tumor model with an intact 
immune system. Since human IgG1 is immunogenic in mice, only short-term experiments were performed. 
Both HER2–TDB 1 and HER2–TDB 2 induced rapid regression of spontaneous HER2+ MMTV tumors (Fig-
ure 2B) with no significant difference in the magnitude or incidence of tumor responses. Next, we analyzed the 
activation and proliferation status of tumor-infiltrating T cells 6 days after single-dose administration of 0.25 or 
0.5 mg/kg of HER2–TDB 1 or HER2–TDB 2. Both molecules induced increased T cell activation (indicated by 
CD8+PD1+) and T cell proliferation (indicated by CD8+Ki67+) in tumors (Figure 2C). A significant difference 
between HER2–TDB 1 and HER2–TDB 2 was evident at the 0.5 mg/kg dose level (Figure 2C). In conclusion, 
both CD3 affinity variants induce robust tumor regression and T cell activation in vivo at low dose levels. Con-
sistent with the in vitro results (Figure 1), increased affinity for T cells did not result in substantial improvement 
of in vivo potency. Despite the detected differences in T cell activation, taken together, our results consistently 
demonstrate that both molecules induce strong T cell activation and tumor cell killing both in vitro and in vivo.

CD3 affinity is associated with systemic cytokine release and weight loss in mice. To evaluate anti–HER2/CD3 
TDB–induced in vitro cytokine release, MCF7 cells were incubated with healthy donor whole-blood sam-
ples and anti–HER2/CD3 TDB affinity variants. No cytokines were detected in the growth media in the 
absence of  HER2-expressing target cells. HER2–TDB 1 and HER2–TDB 2 both induced dose-dependent 
increases in IL-2, IL-6, IFN-γ, and TNF-α (Figure 3A), but cytokine levels were consistently higher for 
HER2–TDB 2 (higher CD3 affinity) at all concentrations tested.

The cytokine response was evaluated in vivo following administration of  a single dose (0.5 mg/kg) of  
HER2–TDB 1 or HER2–TDB 2 to MMTVhuHER2.huCD3.TG double transgenic mice bearing sponta-
neous HER2-overexpressing mammary tumors. Maximal cytokine levels were greater in animals dosed 
with HER2–TDB 2 (Figure 3B). In animals administered with HER2–TDB 2, IL-2, IL-6, and TNF-α were 
increased 2 hours after dose. The induction of  IFN-γ was less pronounced but detectable in a subset of  
animals 6 hours after dose. All measured cytokines recovered to predose background levels by 24 hours 
after dose. In addition to increased systemic cytokine release, weight loss was observed in mice in both 

Table 1. BIAcore affinities (37°C) of anti-HER2/CD3 TDB variants

Antibody CD3 KD (nM ± SD) HER2 KD (nM ± SD)
Human Cynomolgus monkey Human Cynomolgus monkey

HER2–TDB 1 446 ± 46 387 ± 36 1.48 ± 0.08 17.3 ± 1.6
HER2–TDB 2 14.4 ± 0.42 12.8 ± 0.70 1.80 ± 0.18 19.3 ± 1.9
HER2–TDB 3 481 ± 62 534 ± 23 0.40 ± 0.17 2.42 ± 0.11
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Figure 2. CD3 affinity does not affect in vivo activity of anti-HER2/CD3 TDB. (A) Individual tumor volume response of HER2-amplified KPL4 breast cancer 
xenografts to HER2–TDB 2 (higher CD3 affinity; groups 4–7) and HER2–TDB 1 (lower CD3 affinity; groups 8–11) in NSG mice supplemented with human PBMCs. Mice 
with established tumors received a single i.v. dose at day 0 at indicated dose levels. Trellis plots of individual and fitted tumor volumes are presented, with study 
day on the x axis and tumor volume on the y axis. Each panel in the trellis depicts 1 dose group (panel headers indicate group numbers). Bold, solid black lines indi-
cate the fitted tumor volume for each dose group. Dashed blue lines indicate the fitted tumor volume for the control group (vehicle, histidine buffer). Gray lines 
indicate the tumor response over time in individual animals present through the course of the study. Red lines indicate the tumor response over time in mice that 
were removed from the study due to tumor progression beyond prespecified limits. n = 8–9 for each treatment group. (B and C) Tumor-bearing MMTVhuHER2.
huCD3.TG mice were treated with a single dose of HER2–TDB 2 (red), HER2–TDB 1 (blue), or vehicle (black) at day 0. (B) Effect of 0.5 mg/kg anti-HER2/CD3 TDB on 
tumor growth. n = 6–11 for each treatment group. (C) Effect of 0.25 mg/kg (filled symbols) or 0.5 mg/kg (open symbols) dose on T cell activation and proliferation 
markers on tumor-infiltrating CD8+ cells analyzed by flow cytometry 6 days after dose. Error bars represent mean ± SEM. n = 5–8 for each treatment group. Statis-
tical analysis using unpaired t test with Welch’s correction.
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Figure 3. CD3 affinity is associated with elevated cytokine release and weight loss. (A) To analyze cytokine release in vitro, human healthy donor 
whole blood was cocultured with MCF7 cells and HER2–TDB 1 (lower CD3 affinity; blue) or HER2–TDB 2 (higher CD3 affinity; red) for 20 hours, and 
cytokine levels in media were analyzed by Bio-Plex Pro Human Cytokine Assay. Data presented as mean (n = 3) ± SD. (B and C) Tumor-bearing 
MMTVhuHER2.huCD3.TG mice were treated with 0.5 mg/kg dose of indicated anti-HER2/CD3 variant (n = 6–7). (B) Serum cytokines were analyzed at 
indicated time points by Luminex. (C) Body weight change after TDB treatment (n = 6–9). Statistical analysis (unpaired t test with Welch’s correction) 
of body weights 4 days after treatment are presented in the right panel. Error bars represent mean ± SEM. (D) In vivo cytokine levels from cynomol-
gus monkeys treated with a single dose of 0.5 mg/kg. Data points represent individual animals (n = 2 for TDB 1; n = 1 for TDB 2).
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TDB variant groups (Figure 3C) for 6 days after treatment. The weight loss was significantly greater in 
mice treated with HER2–TDB 2. Neither molecule resulted in body temperature changes (data not shown).

Impact of  CD3 affinity on PD and tolerability of  anti-HER2/CD3 TDBs in cynomolgus monkeys. To assess 
how CD3 affinity impacts the nonclinical safety profile in vivo, a single-dose toxicity study was conducted 
using HER2–TDB 1 and HER2–TDB 2 in cynomolgus monkeys at a dose level of  0.5 mg/kg administered 
via slow bolus i.v. injection.

HER2–TDB 1 was well tolerated, with transient and generally reversible clinical pathology (clinical 
chemistry and hematology) changes observed. Two animals were observed for 7 days after dose with-
out notable adverse effects. Treatment resulted in early transient decreases in lymphocytes (Supplemen-
tal Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.133757DS1); 2–6 hours after dose, MCP-1, IL-1 receptor antagonist (IL-1RA), and IL-6 were ele-
vated (Figure 3D) and T cell activation markers (CD69/CD25) were increased (data not shown). Clinical 
chemistry changes included minimal to mild increases in alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase (ALP), bilirubin, and fibrinogen and a decrease in albumin (Sup-
plemental Figure 1B). All clinical chemistry parameters trended toward or approximated baseline values by 
the end of  the study. TDB-related histopathology findings at necropsy, which was performed 7 days after 
single-dose administration, were limited to minimal portal mixed cell infiltrates in the liver and minimal 
increased lymphoid cellularity in the spleen in 1 animal each.

In contrast, HER2–TDB 2 was not tolerated (n = 1) at the 0.5 mg/kg dose level and resulted in early 
euthanasia on the day of  dosing. High levels of  systemic proinflammatory cytokines including IFN-γ, 
TNF-α, IL-2, IL-6, MCP-1, and IL-1RA (Figure 3D) were detected 2 hours after dose administration, 
consistent with cytokine release syndrome (CRS). Clinical pathology evaluation was not performed in this 
animal; however, findings noted at necropsy included microscopic inflammatory cell infiltrates in multi-
ple organs (neutrophilic or mixed inflammatory cell infiltrates in the liver, adrenal gland, and mesenteric 
lymph node) consistent with a systemic inflammatory response.

In summary, HER2–TDB 1 was well tolerated in cynomolgus monkeys at a dose of 0.5 mg/kg, but HER2–
TDB 2 was not tolerated. Increasing the affinity for CD3 was associated with severe adverse effects and sys-
temic cytokine release. The distribution and character of findings in the animal dosed with HER2–TDB 2 were 
largely consistent with expected tissue HER2 expression and pharmacology of the anti-HER2/CD3 TDBs.

HER2 affinity affects the killing activity of  anti-HER2/CD3 TDBs. The effect of  HER2 affinity on in vitro 
killing activity was tested using affinity variants of  trastuzumab (clone 4D5) in conjunction with the lower 
CD3 affinity arm. The monovalent affinities of  the variants for human HER2 have previously been report-
ed as KD 0.3, 14, and 49 nM 4D5-WT, 4D5-Y55E.D98A.F100A.Y102A, and 4D5-H91A, respectively (20). 
High HER2 affinity associated with high in vitro killing activity, suggesting that it is a critical determinant 
of  HER2-TDB potency (Figure 4A) (20). Monovalent binding affinity of  4D5 is approximately 10-fold 
lower for cynomolgus monkey HER2 compared with human HER2. For studies evaluating the impact of  
HER2 affinity on preclinical safety, we selected 4D5 and a sequence variant of  4D5 (HER2–TDB 3), which 
binds to cynomolgus monkey HER2 with 7-fold higher affinity compared with HER2–TDB 1 (Table 1). 
To demonstrate activity when targeting cynomolgus monkey HER2, CHO cell lines expressing human or 
cynomolgus monkey HER2 at comparable expression levels were generated (Supplemental Figure 2A). 
Bivalent 4D5 (trastuzumab) demonstrated similar binding to both cell lines (Supplemental Figure 2B). 
Cellular binding of  the TDB variants to cynomolgus monkey HER2–expressing CHO cells were consistent 
with measured affinities (Supplemental Figure 2C and Table 1). As expected, HER2–TDB 3 was 10-fold 
more potent in inducing killing of  cynomolgus monkey HER2–expressing CHO cells compared with 
HER2–TDB 1 (Figure 4B). In summary, these results indicate that HER2 affinity is critical for anti-HER2/
CD3 TDB activity and validate HER2 affinity variants for preclinical safety studies.

Impact of  HER2 affinity on pharmacology and tolerability of  anti-HER2/CD3 TDBs in cynomolgus monkeys. 
To investigate the impact of  HER2 affinity on in vivo tolerability, a study in cynomolgus monkeys was 
conducted to compare the HER2 affinity variants at dose levels of  0.5 and 1.5 mg/kg (n = 4/group) admin-
istered via 1-hour i.v. infusion on days 0 and 7.

Administration of  HER2–TDB 1 to cynomolgus monkeys at both dose levels was well tolerated, with 
no observed adverse effects. In contrast, HER2–TDB 3 was not tolerated, resulting in early euthanasia of  1 
of  4 animals in both the 0.5 mg/kg–dose and 1.5 mg/kg–dose groups on days 2 and 3, respectively, based 
on declining or moribund condition (observations included reduced activity, hunched posture, reduced 
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appetite, tachycardia, and dyspnea or tachypnea). Furthermore, clinical signs such as emesis and liquid 
feces/diarrhea were more frequently observed in animals treated with HER2–TDB 3.

Changes in immunophenotyping, hematology, and coagulation parameters were generally of  similar 
magnitude for HER2–TDB 1 and HER2–TDB 3 (Figure 5 and Supplemental Figure 3); however, peripheral 
T cell activation and selected cytokines (IL-6, IFN-γ) were more notably elevated after HER2–TDB 3 treat-
ment (Figure 5, A and B). Changes in clinical pathology parameters (Figure 5 and Supplemental Figure 3) 
were consistent with the expected pharmacologic effect of  acute cytokine release leading to an acute-phase 
inflammatory response and margination of  blood lymphocytes. This included decreases in T cells, mono-
cytes, and albumin; increases in neutrophils, fibrinogen, CRP, ALT, AST, ALP, total bilirubin, BUN, and 
creatinine; and prolongation of  activated partial thromboplastin time (Figure 5C and Supplemental Figure 
3). These changes were most prominent within first 24 hours and decreased in magnitude following adminis-
tration of  the second dose on day 7 and throughout the follow-up period. Acute, transient cytokine elevations 
and lymphocyte activation were observed in both the HER2–TDB 1 and HER2–TDB 3 treatment groups 
(Figure 5B), consisting of  increased MCP-1, IL-6, IL-1RA, and IFN-γ. Reduction of  CD4+ and CD8+ T cells 
(most notably 6 hours after the first dose) corresponded with increased T cell activation (CD69+) (Figure 5, 
A–C). The 2 animals that did not tolerate HER2–TDB 3 demonstrated increased systemic IL-6 and IFN-γ 
(Figure 5B) compared with the surviving animals in the same dose groups.

Histopathological findings in animals administered HER2–TDB 1 were limited to minimal mononuclear 
cell infiltrate in the mammary gland of  1 of  4 animals in the 1.5 mg/kg–dose group but were more pro-
nounced in animals administered HER2–TDB 3. Observations in the 2 HER2–TDB 3–dosed animals that 
underwent early euthanasia included inflammatory cell infiltrates or inflammation mainly in HER2-express-
ing organs and tissues, exemplified by epithelial single cell necrosis and, occasionally, ulceration in the vagina, 
mandibular salivary gland, skin, and/or i.v. administration site; alveolar-interstitial inflammation in the lung; 
tubular damage in the kidney; and increased epithelial mitoses in the skin. In addition, decreased cellularity in 
the BM and lymphoid organs were observed. Microscopic observations in HER2–TDB 3–dosed animals that 
survived to scheduled necropsy were similar but generally less severe and less extensive. Most of  the TDB-re-
lated changes noted at terminal necropsy were not present by the end of  the recovery period.

These data demonstrate that HER2–TDB 1 was well tolerated at dose levels up to 1.5 mg/kg but 
that the higher-affinity HER2–TDB 3 was not tolerated even at the lower dose of  0.5 mg/kg. In addition, 
increased affinity to HER2 correlated with more severe histopathologic effects in HER2-expressing tissues.

Dose fractionation improves tolerability of  an anti-HER2/CD3 TDB in cynomolgus monkey. HER2–TDB 3 
was not tolerated in cynomolgus monkeys following a single 1-hour i.v. infusion of  0.5 mg/kg or 1.5 mg/
kg. Given the comparable affinity of  this molecule for human and cynomolgus monkey HER2, it seemed 
possible that the observations in cynomolgus monkeys may be predictive of  the expected tolerability profile 
of  an anti-HER2/CD3 TDB in humans. Therefore, an additional repeat dose study in cynomolgus mon-
keys was conducted to evaluate whether dose fractionation (i.e., intra-animal dose escalation) could ame-
liorate the acute cytokine release and poor tolerability observed following administration of  HER2–TDB 3.

HER2–TDB 3 was administered via 1-hour i.v. infusion at dose levels of  0.1 mg/kg or 0.2 mg/kg on 

Figure 4. HER2-affinity affects the killing activity of anti-HER2/CD3. (A) SKBR3 cells were treated with HER2 affinity 
variants of anti-HER2/CD3 TDB. (B) CHO cells were transfected to express cyno-HER2 and treated with HER2–TDB 1 
(red) or HER2–TDB 3 (blue). Viability was measured using Cell Titer Glo. Data presented as mean ± SD (n = 3).
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day 0, 0.2 mg/kg on day 1, and 0.4 mg/kg on day 7 (n = 3). Dose fractionation resulted in a reduction in 
the Cmax after the first dose (Figure 6A and Supplemental Table 1).

HER2–TDB 3 was well tolerated up to 0.4 mg/kg when the first dose was fractionated over 2 sub-
sequent days. Furthermore, the acute phase response was attenuated, and no TDB-related clinical signs 
were noted. Additionally, IL‑6 and IFN-γ increases were smaller in magnitude compared with the nonfrac-
tionated 0.5 mg/kg dose (Figure 6B). No TDB-related histopathology findings were observed at necropsy 
following administration of  dose-fractionated HER2–TDB 3.

Figure 5. Impact of HER2 affinity to anti-HER2/CD3 TDB induced leukocyte changes and acute systemic cytokine release in cynomolgus monkeys. 
Cynomolgus monkeys were treated with 0.5 and 1.5 mg/kg of HER2–TDB 1 (lower HER2 affinity; blue and magenta, respectively) or HER2–TDB 3 (higher 
HER2 affinity; red and green, respectively) on days 0 and 7. (A–C) Peripheral blood was sampled at indicated time points and analyzed for T cell activation 
(CD69) (A), systemic cytokine levels (B), and number of CD8+ and CD4+ lymphocytes (C). Data are presented as mean ± SEM (A and C) or individual animals 
(B). Arrowheads indicate time of dosing (A and C) or point out individual animals where dosing was not tolerated (3503 and 4502) or tolerated (4503 and 
4504) (B). n = 3–4 for each treatment group.
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In summary, these results suggest that dose fractionation can improve the tolerability of  HER2-CD3 
bispecific antibodies.

A dose-fractionated anti-HER2/CD3 TDB retains antitumor activity. Recognizing that dose fractionation may 
be a useful tool to mitigate clinical safety concerns, the impact of  this dosing regimen on antitumor activity 
in an in vivo mouse xenograft model was evaluated. Mice with established HER2-amplified KPL4 tumors 
were dosed weekly with 0.05 mg/kg of  HER2–TDB 1 (Figure 6C). Alternatively, the initial dose of  0.05 mg/
kg was fractionated into two 0.025-mg/kg doses administered on day 0 and day 1, followed by weekly doses 
of  0.05 mg/kg. HER2–TDB 1 was equally active with both dose schedules, demonstrating that dose fraction-
ation can maintain antitumor efficacy while providing an option to mitigate acute toxicity in the clinic.

In vivo selectivity for HER2-overexpressing tumors in mice supports preclinical therapeutic index for an anti-HER2/CD3 
TDB. Anti-HER2/CD3 TDBs do not bind to normal mouse tissues, and cynomolgus monkeys do not devel-
op HER2-overexpressing tumors. To test the selectivity of an anti-HER2/CD3 TDB for HER2-overexpressing 
tumors in a single-animal model in vivo, 2 human xenograft tumors with different levels of HER2 expression 
were engrafted in opposite flanks of mice (Figure 7A), and a single 0.05 mg/kg i.v. dose of HER2–TDB 1 
was administered. KPL4 is a HER2-amplified tumor xenograft that was used to model HER2-overexpressing 
tumor. HT55 expresses similar levels of HER2 compared with MCF7 and noncancerous cells, such as cultured 
cardiomyocytes (4), and was used to model on-target activity on low HER2–expressing tissues. HER2 copy 
number has been previously determined in KPL4 (>600.000) and HT55 (~25.000) (20). HER2–TDB 1 induced 
regression of KPL4 tumors (Figure 7B) but did not impact progression of HT55 tumors, further supporting the 
hypothesis that therapeutic index based on the high expression level of HER2 in HER2+ tumors is attainable.

Figure 6. Dose fractionation reduces anti-HER2/CD3 TDB–induced systemic cytokine release in cynomolgus monkey 
but retains antitumor activity in mice. (A) Effect of dose fractionation of HER2–TDB 3 on systemic exposure in cyno-
molgus monkey. Animals in group 1A (0.2 mg/kg on days 0 and 1, 0.4 mg/kg on day 7; n = 1) and group 1B (0.1 mg/kg on 
days 0 and 1, 0.4 mg/kg on day 7; n = 2) were dosed using dose fractionation. Animals in group 2 (n = 4) received 0.5 mg/
kg on days 0 and 7. Blood samples were collected at indicated time points, and human IgG was detected by ELISA. Data 
are presented as mean ± SD for group 2 and as exposure for individual animal for group 1. PK parameters are presented 
in Supplemental Table 1. (B) Serum cytokine analysis using Luminex from cynomolgus monkeys dosed using the dose 
fractionation strategy (n = 3, individual animal data depicted). (C) Individual tumor volume response of HER2-amplified 
KPL4 breast cancer xenografts to anti-HER2/CD3 TDB in NSG mice supplemented with human PBMCs. Mice were treated 
with 0.05 mg/kg (once a week x2) dose (blue). Alternatively, the initial dose was fractionated to 2 doses of 0.025 mg/kg 
administered on days 0 and 1 (red). n = 8–9 for each dose group. Arrows indicate time of dosing.
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Discussion
Optimally, T cell–retargeting therapies can result in robust clinical antitumor activity. Extreme potency of  
redirected T cells, however, also poses substantial safety risks. While T cell–retargeting therapies have been 
successful in hematological cancers, solid tumor indications have unique challenges, including the lack of  
lineage-restricted targets expression. Because several of  the solid tumor targets also have widespread nor-
mal tissue distribution, it is even more paramount to understand how TDB characteristics such as affinity 
impact both safety and efficacy. In this study, we addressed how binding affinity for tumor and T cell targets 
affect properties of  an anti-HER2/CD3 TDB. We demonstrated that lower affinities for both antigens were 
generally better tolerated compared with higher-affinity variants. Antitumor activity, on the other hand, 
depended on high HER2 affinity, whereas CD3 affinity did not affect the efficacy.

Based on the mechanism of  action of  anti-HER2/CD3 TDB, key expected toxicities were CRS and T 
cell–mediated activity on HER2-expressing healthy tissues. Additionally, dose-limiting neurotoxicity has 
been detected in patients treated with the anti-CD19/CD3 bispecific T cell engager (BiTE) blinatumomab 
and CD19-chimeric antigen receptor T cell (CAR T) constructs (6, 26). As the mechanism of  neurotoxicity 
of  these agents is largely unclear, it is also a potential risk for an anti-HER2/CD3 TDB.

Cynomolgus monkey toxicity studies with anti-HER2/CD3 TDBs revealed a robust and expected 
pharmacologic effect, including acute cytokine release, an acute-phase inflammatory response, and periph-
eral lymphocyte margination. Most TDB-induced findings were transient and reversible and included clin-
ical signs and changes in serum chemistry consistent with CRS (e.g., emesis, liquid feces, reduced activity, 
and increased serum cytokines and CRP). The US Food and Drug Administration (FDA) defines CRS in 
nonclinical in vivo safety models by evidence of  increased levels of  cytokines and at least 3 CRS-related 
clinical findings, including emesis, diarrhea, tremor, hypoactivity/lethargy, redness or swelling of  face, 
body temperature change, hypotension, heart rate change, or dyspnea in a dose group (27). Adverse effects 
induced by HER2–TDB 2 and HER2–TDB 3 at the 0.5 mg/kg–dose level meet the CRS criteria.

Retargeting T cells to kill HER2-expressing cells may induce adverse effects on HER2-expressing tis-
sues at high dose levels. Tissue damage was detected in multiple tissues following administration of  HER2–
TDB 3; with the exception of  the liver, all affected tissues express HER2. Differentiating between direct T 
cell activity on tissue and secondary toxicity caused by inflammation and cytokines can be difficult, and 
the hepatic findings may potentially be secondary to cytokine-induced hepatocellular damage and related 
immune cell infiltration.

None of  the anti-HER2/CD3 TDB constructs tested induced histopathological findings in the central 
nervous system in our studies. However, some of  the clinical symptoms of  neurotoxicity such as confusion, 
aphasia, speech disorders, and dizziness cannot be evaluated in preclinical safety models.

HER2 is expressed in cardiomyocytes, and cardiac dysfunction is a recognized clinical adverse effect of  
HER2-targeted therapies (28). No cardiovascular effects were observed in our studies; however, minimal mul-
tifocal mononuclear cell infiltrates in the heart and myocardial degeneration were noted in individual mon-
keys. Since these histologic findings are recognized background findings in cynomolgus monkeys, it is unclear 
whether these findings were related to anti-HER2/CD3 TDB administration (29). Evidence from previous 
nonclinical studies suggests that anti-HER2 therapy may not be directly cardiotoxic but rather can interrupt 

Figure 7. In vivo selectivity to HER2-overexpressing tumors in mice supports therapeutic index for anti-HER2/
CD3 TDB. (A) In the 2-tumor model, each NSG mouse was implanted with HER2-amplified KPL4 tumors and HT55 
tumors, which express low levels of HER2. Mice were further supplemented with human PBMCs by i.p. injection. 
HER2 expression was analyzed by Western blot. Lanes were run on the same gel but were noncontiguous (n = 1). 
(B) Mice with 2 established tumors were treated with single 0.05 mg/kg dose of HER2–TDB 1. n = 5 for each group. 
Data represented as mean ± SEM.
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important cardioprotective functions of  the HER2 signaling pathway in the damaged heart, interfering with 
cardiac myocytes survival and repair of  injury (30). Although no evidence of  overt cardiotoxicity was detect-
ed in these studies, it is recognized that nonclinical animal models are suboptimal predictors of  the cardio-
toxicity observed clinically with HER2-targeting biologics (31). Therefore, the inclusion of  cardiac function 
monitoring in clinical trials with anti-HER2/CD3 TDBs may be appropriate as a conservative safety measure.

The clear difference in dependency on high HER2 affinity but not on high CD3 affinity for anti-HER2/
CD3 activity was a somewhat unexpected finding. The membrane proximal epitope on HER2 appears to 
facilitate an effective interaction between tumor cells and T cells, supporting our previous studies (32) and 
illustrating that the optimal binding properties to tumor cells are critical determinants for high activity of  a 
bispecific antibody. In context of  optimal target cell binding, T cell affinity is not rate limiting for triggering 
and lysis of  target cells. Naturally, target biology (e.g., copy number, structural features, and localization in 
membrane microdomains) is likely to play a significant role in affinity dependencies, and our findings may 
not accurately predict what the drivers are in other contexts. We have previously demonstrated that high 
T cell affinity perturbs HER2-dependent distribution of  an anti-HER2/CD3 TDB to the tumor — driving 
it, instead, to secondary lymphatic organs (33); therefore, the comparable in vivo efficacy of  HER2–TDB 
1 and HER2–TDB 2 was somewhat unexpected. However, in vitro studies have demonstrated that very 
low receptor occupancy (0.01%–0.05%) is sufficient for anti-HER2/CD3 TDB–mediated T cell triggering 
(4), consistent with studies of  TCR triggering and suggesting that engagement of  as few as 1–25 TCRs is 
sufficient for T cell responses (34–36).

In contrast to efficacy, the safety profile of  the anti-HER2/CD3 TDBs was substantially affected 
by T cell affinity. Higher-affinity CD3 binding resulted in higher levels of  cytokine release in vitro, in 
mice, and in cynomolgus monkeys. Furthermore, high cytokine levels were associated with weight 
loss in mice and serious adverse effects in cynomolgus monkey safety studies. In general, impacts of  
affinities on activity and safety of  CD3 bispecific molecules are likely target biology– and context-de-
pendent properties, and caution should be used in extrapolating from our studies. However, higher 
CD3 affinity has been previously reported to associate with elevated cytokine production and reduced 
tolerability in the context of  hematological targets CLL-1 (21) and CD38 (37), extending our findings 
and suggesting more generalizable risk associated with high CD3 affinity.

High HER2 affinity is critical for the antitumor activity of  an anti-HER2/CD3 TDB (Figure 4) (20). 
However, higher affinity to the tumor antigen is also correlated with a more severe adverse effect profile, 
clearly demonstrating that increasing the potency of  the molecule comes with the trade-off  of  increased 
risk for adverse effects. HER2–TDB 3 was poorly tolerated and induced substantial microscopic findings in 
multiple HER2-expressing tissues, including apoptosis, tissue damage, and inflammatory infiltrates in mul-
tiple epithelial tissues. The development of  adverse effects occurred at different time points with HER2–
TDB 2 and HER2–TDB 3, suggesting that the mechanisms of  toxicity may differ depending on the affinity 
to each targeting arm of  the molecule.

Nonidentical binding affinity to either tumor antigen or CD3 between human and the nonclinical tox-
icology species is a common challenge for modeling the nonclinical safety of  CD3 bispecific constructs. 
Differences in affinity should be considered when interpreting nonclinical safety studies with molecules 
that differ substantially in affinity between human and the toxicology species.

Dose fractionation, also called step dosing, is a recognized strategy for the mitigation of  cytokine release 
and associated toxicities following administration of  blinatumomab (38). Data from the cynomolgus monkey 
study of  HER2–TDB 3 in which the 0.5 mg/kg single dose was fractionated into 2 sequential 0.2-mg/kg 
doses transformed a nontolerated dose to one that was well tolerated, confirming that this strategy may be 
broadly applicable to the mitigation of  adverse events with CD3-bispecific molecules and suggesting that Cmax 
may be a major driver of  T cell–engaging bispecific antibody–mediated acute toxicities. In vivo efficacy was 
not impaired by dose fractionation, suggesting that efficacy may be more dependent on sustained exposure. 
Further studies are required to understand the long-term tolerability of  anti-HER2/CD3 TDBs.

Our data indicate that affinity is a critical determinant of  both efficacy and safety, and demonstrates 
the importance of  detailed nonclinical safety and efficacy studies that enable optimization of  the efficacy/
safety profile for bispecific molecules prior to clinical trials. Our nonclinical studies also served to identify 
adverse effect risks that require clinical monitoring and management. Finally, we confirmed that intrapa-
tient dose escalation (dose fractionation/step dosing) may be an effective and simple strategy to mitigate 
adverse effects, and it is not expected to impair antitumor activity.
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Methods
Bispecific antibodies. Bispecific antibodies were produced as described earlier (4, 39). Briefly, the “knob” 
and “hole” half  antibodies were expressed in CHO cells and purified independently by Protein A affinity 
chromatography. After annealing the knob and hole in vitro at a 1:1 ratio in the presence of  reduced glu-
tathione, the assembled bispecific antibody was purified by hydrophobic interaction chromatography. The 
purified antibodies were characterized by mass spectrometry, analytical size exclusion chromatography, 
and SDS-PAGE, showing less than 1% aggregates and less than 2% homodimers. Anti-CD3 antibodies 
were generated at Genentech. Anti-HER2 arms were based on trastuzumab (humanized 4D5; ref. 40). 
HER2–TDB 3 included light chain N30S and heavy chain D98S substitutions in the hu4D5. All TDBs 
include N297G substitution in Fc.

HER2 binding. Recombinant human (Genentech) and cynomolgus monkey (Sino Biologicals) HER2 
extracellular domain (ECD) were used to determine the binding affinity of  anti-HER2/CD3 TDB for 
HER2 ECD by surface plasmon resonance (SPR) technology using a Biacore T200 instrument (GE Health-
care). Mouse anti–huIgG Fc (GE Healthcare) was covalently mobilized to all 4 flow cells (FCs) of  a Series 
S Sensor Chip CM5 (GE Healthcare) using a standard amine coupling method. Anti-HER2/CD3 TDB 
was injected into FC2 and FC4, and the other 2 FCs — FC1 and FC3 — were used as in-line references 
for FC2 and FC4, respectively. Various concentrations of  recombinant HER2 ECD were then injected into 
all 4 FCs for 2 minutes, and dissociation was allowed to proceed for 15 minutes. At the end of  each asso-
ciation/dissociation cycle, the chip was regenerated using 3M MgCl2. All experiments were conducted at 
37°C. Affinity (KD), dissociation rate constant (kd), and association rate constant (ka) were calculated from 
a 1:1 analyte binding model using Biacore Evaluation Software (GE Healthcare).

CD3 binding. Human and cynomolgus monkey CD3ε peptides (Genentech) were used to determine the 
binding affinity of  anti-HER2/CD3 TDBs for CD3ε by SPR using a Biacore T200 instrument. Biotinylated 
peptides were immobilized to FC2, FC3, and FC4 of  a Series S Sensor Chip Streptavidin (GE Healthcare). 
No peptide was immobilized to FC1, which was used as an in-line reference for FC2, FC3, and FC4. Vari-
ous concentrations of  anti-HER2/CD3 were then injected into all FCs for 5 minutes, and dissociation was 
allowed to proceed for 2 minutes. At the end of  each association/dissociation cycle, the chip was regener-
ated using 3M MgCl2. All experiments were conducted at 37°C. The off-rate for the low-affinity CD3 mol-
ecule was too fast to obtain kinetic information. Therefore, steady-state binding analysis was used to derive 
CD3 KD for all anti-HER2/CD3 molecules using Biacore Evaluation Software.

Cancer cell lines. Cell lines were authenticated/quality controlled using short tandem repeat (STR) profil-
ing (Promega PowerPlex 16 System) and by high-throughput SNP profiling (Fluidigm multiplexed assays)

Isolation of  human CD8+ T cells. Human PBMCs were separated from the blood of  healthy volunteers 
using lymphocyte separation medium (MP biomedicals). CD8+ T cells were extracted from PBMC using 
human CD8+ Isolation Kit from Miltenyi Biotec (catalog 130-094-156) by negative selection.

TDB binding to human CD8+ T cells. Ten thousand human CD8+ T cells per well were placed in 96 
well V-bottom plate (Corning) and incubated with anti-HER2/CD3 TDB as indicated on ice for 15 
minutes. Cells were washed with FACS buffer (PBS, 2% FBS, 1 mM EDTA) and stained with goat 
anti–human-IgG-APC (Jackson ImmunoResearch) and anti–CD8-FITC (BD Bioscience, clone HIT8a, 
catalog 555634) on ice for 15 minutes. Cells were washed twice with FACS buffer and propidium iodide 
(PI) was added to the final cell suspension. The binding activity was analyzed by flow cytometry, and the 
geometric means fluorescence of  APC on cells in CD8+ gate was plotted.

Western blot analysis. To evaluate TCR signaling pathway activation, SKBR3 cells were incubated 
with splenic CD8+ T cells harvested from huCD3 TG mice at an effector/target cell (E:T) ratio of  3:1. 
Cells were treated with 1 μg/mL TDBs for indicated times. Phos–SLP-76 (Cell Signaling Technologies, 
catalog 13177), CD3 (Cell Signaling Techologies, catalog 85061), and HER2 (Dako, catalog A0485) 
antibodies were used for detection.

T cell activation. All antibodies for flow cytometry cell staining were from BD Biosciences. Cocultures 
of  human CD8+ T cells and SKBR3 cells (3:1 ratio) were incubated with the anti-HER2/CD3 TDBs for 
24 hours and stained with anti–CD8-FITC (BD Bioscience, clone HIT8a, catalog 555634), anti–CD69-PE  
(BD Bioscience, clone FN50, catalog 555531), and anti–CD25-APC (BD Bioscience, clone M-A251, cat-
alog 555434). CD69 and CD25 surface expression was detected on CD8+ T cells by flow cytometry. T cell 
activation was reported as percentage of  CD8+ T cells that were CD69+CD25+.

Flow cytometry analysis of  in vitro cell killing. Target cells were labeled with carboxyfluorescein succin-

https://doi.org/10.1172/jci.insight.133757


1 3insight.jci.org      https://doi.org/10.1172/jci.insight.133757

R E S E A R C H  A R T I C L E

imidyl ester (CFSE; Thermo Fisher Scientific) following the manufacturer’s instructions. Human CD8+ 
T cells and CFSE-labeled target cells (3:1 ratio) were cocultured with the anti-HER2/CD3 TDBs for 24 
hours. After treatment, cells were lifted with 0.25% trypsin/EDTA (Thermo Fisher Scientific) at 37°C for 
5 minutes and washed once with FACS buffer. PI was added to the final cell suspension. The number of  
live target cells was counted by flow cytometry using a gate of  CFSE+PI–. Killing activity was calculated as: 
([number of  live target cells without treatment – number of  live target cells with treatment]/[number of  live 
target cells without treatment]) × 100%.

In vitro killing of  human and cynomolgus monkey HER2–expressing CHO cells. CHO cells were transfected 
with full-length human or cynomolgus monkey HER2 using Lipofectamine 2000 (Thermo Fisher Scien-
tific). Twenty-four hours after transfection, cells were stained with APC mouse anti–human HER-2/neu 
(clone NEU 24.7, catalog 340554, BD Biosciences), and HER2+ cells were sorted by FACS. Five thousand 
HER2+ CHO cells were incubated at 37°C overnight before adding 15,000 human CD8+ cells and treating 
with the HER2/CD3 TDBs for 48 hours. Viability was assayed using Cell Titer-Glo (Promega).

In vitro cytokine release. RBCs were lysed from heparin-treated healthy donor blood using ammonium 
chloride potassium (ACK) red cell lysis buffer. Four-hundred thousand whole blood cells were incubated 
with MCF7 cells and the HER2-TDBs for 20 hours in 10:1 E:T ratio. Cytokine release from supernatants 
was analyzed by Bio-Plex Pro Human Cytokine Assays (Bio-Rad).

In vivo efficacy in treatment of  KPL4 tumors. Three million KPL4 cells were inoculated into the thoracic 
mammary fat pad of  8-week-old NSG mice (The Jackson Laboratory; stock no. 005557) in HBSS/matrigel 
in a volume of  0.2 mL. One day later, 10 × 106 human PBMCs cultured overnight in nonactivating condi-
tions were injected i.p. The tumor-bearing mice were randomized into control and treatment groups based 
on the tumor volumes (~200 mm3), and dosing was initiated at day 0. All treatments were administered i.v. 
by tail vein injection. Antibodies were diluted in Histidine Buffer #8 (vehicle; Histidine Acetate 20 mM, 
Sucrose 240 mM, TW-20 0.02%, pH 5.5).

In vivo efficacy in treatment of  2-tumor model. Mice were inoculated with 3 × 106 HER2-amplified 
KPL4 cells suspended in 0.2 mL of  HBSS/Matrigel (1:1, v/v) in the left thoracic mammary fat pad 
and 5 × 106 low HER2–expressing HT55 cells suspended in 0.1 mL of  HBSS in the right unilateral 
thoracic flank. Human PBMCs were inoculated as described above, and treatments were initiated 9 
days after cell inoculation (day 0).

huHER2.huCD3 transgenic mice. Mice expressing human WT HER2 in mammary epithelial cells and 
human CD3ε in T cells have been previously described (5).

Mouse tumor tissue preparation for f low cytometry analysis. Processing of  MMTVhuHER2 tumors for 
flow cytometry was done using the Human Tumor Dissociation Kit (Miltenyi Biotec) according to 
manufacturer’s instruction. Briefly, tumors were cut into small pieces of  2–4 mm and transferred to 
gentleMACS C-tubes (Miltenyi Biotec) in 5 mL of  fresh-made ice-cold RPMI medium with enzyme 
mix. C-tubes were placed onto gentleMACS Octo Dissociator with Heaters. GentleMACS program 
37C_m_TDK_2 was used to dissociate tumors. Samples were filtered through a 70-μm cell strainer and 
spun down at 200 x g for 5 minutes. Single-cell suspensions were prepared in FACS buffer and stained 
against the indicated markers for flow cytometric analysis. The live/dead fixable near-infrared dye 
(Invitrogen) was used to exclude dead cells. For intracellular staining of  Ki67, cells were first stained 
with cell surface markers and then fixed and permeabilized with fixation and permeabilization buffers 
(eBioscience) before stained with anti-Ki67 (BD Bioscience, clone B56, catalog 561277).

Mouse cytokine analysis. MMTV.huHER2.FVB/n transgenic female mice were treated with HER2-
TDBs at 0.5 mg/kg. Mouse blood was collected in serum separator tubes (BD Biosciences) and centrifuged 
at 1,200 x g for 10 minutes. The sera were stored at –80°C. Cytokines in serum were analyzed using the 
mouse cytokine Luminex assay (Bio-Rad) according to the manufacturer instructions.

Cynomolgus monkey tolerability studies. The toxicology studies were conducted at Charles River Labora-
tories (CRL); all animals were experimentally naive, purpose-bred cynomolgus monkeys (Macaca fascicu-
laris). A single-dose tolerability study in female cynomolgus monkeys was performed comparing HER2–
TDB 1 (n = 2) and HER2–TDB 2 (n = 1). Both molecules were administered via i.v. slow bolus infusion at 
a dose level of  0.5 mg/kg. A second multiple dose tolerability study was conducted in female cynomolgus 
monkeys comparing HER2–TDB 1 and HER2–TDB 3. Both molecules were administered via i.v. infusion 
(1 hour) at a dose level of  0.5 mg/kg or 1.5 mg/kg (n = 4) administered on days 0 and 7, with reversibility 
assessment on day 35. A third, dose fractionation study was performed in female cynomolgus monkeys 
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with HER2–TDB 3 as a fractionated dose to achieve a similar exposure as the previous multidose study. 
Three animals were dosed with 0.1 (n = 2) or 0.2 mg/kg (n = 1) on day 0, 0.2 mg/kg on day 1, and 0.4 mg/
kg on day 7 via i.v. infusion (1 hour).

In-life evaluations in all studies included clinical signs, body weights, food consumption, respira-
tory rate, body temperature, clinical pathology (e.g., hematology, coagulation, and serum chemistry), 
immunology parameters (immunophenotyping and cytokines), toxicokinetics, gross necropsy findings, 
organ weights, and histopathology.

Serum test article concentrations at multiple time points were determined by enzyme-linked immu-
nosorbent assay, and concentration-time profiles were used to estimate pharmacokinetic parameters using 
WinNonlin software (Pharsight). Cytokine assessment was conducted by Luminex on plasma samples and 
included IL-1RA, IL-2, IL-6, IFN-γ, TNF-α, and MCP-1. Immunophenotyping by flow cytometry was 
used to quantify T cell populations and activation markers (CD69) in the peripheral blood. Immunopheno-
typing and cytokine quantitation are further described in the Supplemental Methods.

Statistics. Welch’s t test (unpaired with parametric and unequal variances t test) was used to test for 
differences between groups. Results were determined to be significant at P < 0.05. Statistical analyses were 
performed using GraphPad Prism version 7.

Study approval. All in vivo mouse experimental procedures conformed to the guiding principles of  
the American Physiology Society and were approved by Genentech’s IACUC. All toxicology study pro-
cedures were conducted according to written study protocols and testing facility standard operating pro-
cedures, approved by the CRL IACUC, and performed in compliance with the Animal Welfare Act, 
the Guide for the Care and Use of  Laboratory Animals (National Academies Press, 2011), and the Office of  
Laboratory Animal Welfare.
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