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Abstract

Anti-HER2/CD3, a T-cell–dependent bispecific antibody
(TDB) construct, induces T-cell–mediated cell death in cancer
cells expressing HER2 by cross-linking tumor HER2 with CD3
on cytotoxic T cells, thereby creating a functional cytolytic
synapse. TDB design is a very challenging process that requires
consideration of multiple parameters. Although therapeutic
antibody design strategy is commonly driven by striving for
the highest attainable antigen-binding affinity, little is known
about how the affinity of each TDB arm can affect the targeting
ability of the other arm and the consequent distribution and
efficacy. To our knowledge, no distribution studies have been
published using preclinical models wherein the T-cell–target-
ing arm of the TDB is actively bound to T cells. We used a
combined approach involving radiochemistry, invasive bio-
distribution, and noninvasive single-photon emission tomo-

graphic (SPECT) imaging to measure TDB distribution and
catabolism in transgenic mice with human CD3e expression
on T cells. Using CD3 affinity variants, we assessed the impact
of CD3 affinity on short-term pharmacokinetics, tissue distri-
bution, and cellular uptake. Our experimental approach deter-
mined the relative effects of (i) CD3 targeting to normal
tissues, (ii) HER2 targeting to HER2-expressing tumors, and
(iii) relative HER2/CD3 affinity, all as critical drivers for TDB
distribution. We observed a strong correlation between CD3
affinity and distribution to T-cell–rich tissues, with higher CD3
affinity reducing systemic exposure and shifting TDB distribu-
tion away from tumor to T-cell–containing tissues. These
observations have important implications for clinical trans-
lation of bispecific antibodies for cancer immunotherapy. Mol
Cancer Ther; 17(4); 776–85. �2018 AACR.

Introduction
Breast cancer is the leading causeof death forwomen from20 to

59 years of age diagnosed with any cancer, with approximately
705 new cases diagnosed daily (1). About 15% to 20% of breast
cancer overexpress theHER2 and aremore likely to invade axillary
lymph nodes than other subtypes (2). Approved antibody ther-
apeutics that target HER2 include the monoclonal antibodies
trastuzumab and pertuzumab and the antibody–drug conjugate
ado-trastuzumab emtansine.However, low response rates and the
emergence of resistance limit their efficacies (3).

A promising alternative therapeutic approach for treating mul-
tiple cancer types, including breast and other solid tumors, is
T-cell–dependent bispecific (TDB) antibody therapy. TDBs are
comprised of one arm targeting a cancer cell surface antigen and
another arm targeting T-cell receptors (TCR) to engage the
patient's immune system, most commonly through CD3. These
bispecific molecules can bridge T cells to tumor cells through an
artificial immunologic synapse (4), resulting in selective killing of
target-expressing tumor cells which, in the case of CD3, occurs
independently of the presence of MHC-I or costimulatory mole-
cules (5). Targeting CD3 can lead to recruitment of both CD8þ

andCD4þT cells in vivo (6). Importantly, themechanismof action
requires that the TDB must bridge the T-cell together with the
tumor cell; therefore, in vivo distribution of TDBs may affect this
process based on relative affinities.

Bispecific antibodies in various formats have been explored as a
means to recruit cytolytic T cells to treat various tumor types.
Encouraging preclinical data have been obtained using CD3-
engaging TDBs targeting B-cell lymphomas via both CD19 (7)
and CD20 (8). Furthermore, impressive clinical data have
emerged with molecules such as the B-cell tumor-targeting
anti-CD19/CD3 bispecific T-cell engager (BiTE) blinatumomab
(9). A similar TDB strategy has been applied to solid tumors for
the treatment of HER2þ breast cancers, including those resistant
to approved HER2 therapeutics, at low picomolar concentrations
in preclinical species, independent of HER2 signaling (10).
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One issue that has not been fully explored is how affinity of
each TDB binding arm affects in vivo distribution. With two
distinct targeting arms, relative binding affinity could have a
major impact on the overall TDB tissue distribution. Herein, we
investigated how CD3 affinity alone affects the TDB's in vivo
distribution and short-term systemic pharmacokinetics. We sub-
sequently introduced the HER2-targeting arm to explore how
competition between the two targets is affected by increasing
CD3 affinity.

Materials and Methods
Generation of full-length CD3-bispecific antibodies

TDBs were generated using knobs-into-holes strategy (11) and
purified as previously described (10). Three anti-human CD3e
molecules were used with different CD3e affinities (CD3eL,
"low," KD ¼ 50 nmol/L; CD3eH, "high," KD ¼ 0.5 nmol/L, and
CD3eVH, "very high," KD ¼ 0.05 nmol/L). Affinities were mea-
sured by Biacore with human CD3eg immobilized on chip and
full-length bispecific antibody flown through, as previously
described (12). To evaluate the effect of CD3 affinity in the
absence of tumor target binding, we employed CD3 affinity
variants in conjunction with target arms recognizing viral glyco-
protein D (gD). To investigate the effect of T-cell affinity on the
in vivo properties of an anti-HER2/CD3 TDB, we used a trastu-
zumab-based anti-HER2 arm (KD 0.5 nmol/L; refs. 10, 13) paired
with either low- or high-affinity CD3 arms (50 or 0.5 nmol/L),
summarized in Table 1.

Radiochemistry
Iodine-125 [125I] was obtained as sodium iodide in 0.1 N

sodium hydroxide from Perkin Elmer. Note that 1 mCi of 125I
(�3mL)was used to label randomly through tyrosine residues at a
specific activity of approximately 10 mCi/mg with 125I using the
indirect Iodogen method (Pierce). Radiosynthesis of 111In-
labeled antibodies (�8 mCi/mg) was achieved through incubation
of 111InCl3 and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraa-
cetic acid (DOTA)–conjugated (randomly through lysines) mAb
in 0.3 mol/L ammonium acetate pH 7 at 37�C for 1 hour.
Purification of all radioimmunoconjugates was achieved using
NAP5 columns equilibrated in PBS and confirmed by size-exclu-
sion chromatography. To prevent thyroid sequestration of 125I,
100 mL of 30 mg/mL of sodium iodide was intraperitoneally
administered 1 and 24 hours prior to dosing.

Tissue distribution studies
The humanCD3 epsilon transgenic (huCD3e-TG)mice express

both mouse and human CD3 on T cells (14). Incorporation of
human CD3 to the TCR does not disturb normal T-cell develop-
ment (14), and huCD3e-TG T cells can kill human HER2-expres-
sing target cells (10). The huCD3e subunit can both structurally
and functionally substitute for murine CD3e in the transgenic

mouse. In addition, the chimeric T-cell receptor in this model
supports normal T-cell development and selection of repertoires
in vivo and canmediate activity of the huCD3e-specificHER2/CD3
bispecific antibody (14).

All animal experiments were conducted in accordance with an
Institutional Animal Care and Use Committee. Biodistribution
studies were performed in huCD3e-TGmice bearing two different
xenografts on each leg flank. CT26 cell lines were transfected to
overexpress HER2. Xenografts of CT26 parental cells were inoc-
ulated on the left flank, whereas CT26-HER2 cells were inoculated
on the rightflank as previously described, reaching 200mm3prior
to TDB dosing (10).

Female huCD3e-TG mice (20–30 g) were randomly assigned
to groups (n ¼ 5) and administered an intravenous bolus
consisting of a mixture of 125I- and 111In-labeled TDB tracers
(5 mCi of each) plus the respective unmodified antibody for a
total dose of either 0.5 mg/kg (tracer groups) or 50.5 mg/kg
(competition groups). Competition groups contained 50 mg/kg
dose of nonradiolabeled bivalent antibody that could compete
with a single arm of the TDB. Blood samples were collected
from each animal at 1, 24, and 72 hours to derive plasma and
whole-blood antibody concentrations. At 72 hours, tissue sam-
ples were promptly collected by terminal organ harvest and
counted for radioactivity using a 1480 WIZARD Gamma
Counter in the energy windows for 111In (245 keV; decay
t1/2 ¼ 2.8 days) and 125I (35 keV; decay t1/2 ¼ 59.4 days) with
automatic background and decay correction.

Cell lines
CT-26 cells were purchased from the ATCC. All other cell lines

were obtained fromGenentech's cell line core facility gCell. Short
tandem repeat (STR) profiles were determined for each line using
the Promega PowerPlex 16 System. This was performed once and
compared with external STR profiles of cell lines (when available)
to determine cell line ancestry. Sixteen different loci were detected
(15 STR loci and Amelogenin for gender identification) including
D3S1358, TH01, D21S11, D18S51, Penta E, D5S818, D13S317,
D7S820,D16S539,CSF1PO,PentaD,AMEL, vWA,D8S1179, and
TPOX. Cell lines were also determined to be mycoplasma free
prior to use.

SPECT-CT
In vivo distribution was obtained by single-photon emission

computed tomography/X ray computed tomography (SPECT-CT)
imaging of huCD3e-TG mice bearing CT26 and CT26-HER2
tumors with 111In-labeled TDBs as previously described (15).
Mice received an average dose of 405 mCi (range, 383–416 mCi) of
111In-labeled antibodies for SPECT-CT or 5 mCi for invasive
biodistribution analysis, at a dose of 5 mg/kg. Immediately after
CT acquisition, SPECT was performed on the photopeaks of 111In
using a 5-pinhole collimator with 5.5 cm radius of rotation.
Tissues were collected for gamma counting as in the nonimaging
study arm. SPECT images were visualized using Amira software
(TGS).

Image analysis
Data were analyzed and graphed using GraphPad Prism

(version 7.00 for Windows). All values are expressed as mean
� SEM, and P values were assessed by unpaired, two-tailed,
Student t test, unless otherwise indicated. P < 0.05 was considered
statistically significant.

Table 1. T-cell–dependent bispecific antibody monovalent affinities

Target KD
a (nmol/L)

HER2 0.5
CD3eL 50
CD3eH 0.5
CD3eVH 0.05
aMonovalent KD was determined using Biacore and reported as nmol/L values.
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Results
Cellular binding of TDBs

Binding of gD/CD3andHER2/CD3 toHER2-expressing SKBR3
cells was determined by flow cytometry. As expected, gD/CD3
TDBs did not bind to SKBR3 cells, whereas HER2/CD3eL and
HER2/CD3eH showed similar binding profiles (Supplementary
Fig. S1A). Similarly, CD3-expressing Jurkat cell lines were incu-
bated with either gD/CD3 or HER2/CD3 TDBs with increasing
CD3 affinity. As expected, Jurkat cell–binding profiles increased
with CD3 affinity; however, the replacement of gDwith the HER2
arm had no effect on CD3 binding (Supplementary Fig. S1B).
Taken together, these data confirm expected cellular binding for
the TDBs.

Characterization of dual tumor model
Several parameters of tumors may affect tumor distribution of

CD3 bispecific antibodies including expression level of the tumor
target, tumor vascularization, and level of T-cell infiltration in
tumors. Significant differences between CT26 and CT26-HER2
tumors in above parameters would complicate interpretation of
tumor distribution results and were therefore characterized in
detail.

By Western blot and flow cytometry (Supplementary Fig. S2A
and S2B) of the cell lines, CT26-HER2 cells express high levels
of HER2. HER2 expression in CT26-HER2 cells was slightly
lower than HER2-amplified SKBR3 and KPL4 cells, but sub-
stantially higher than MCF7. Further HER2 analysis was done
from tumors excised from mice. Strong HER2 staining was
detected in CD45� cells by flow cytometry (Supplementary
Fig. S2C). Tumor sections were also stained using HER2 IHC
(Supplementary Fig. S3A–S3D) and scored using ASCO-CAP,
2013 HER2 IHC guidelines for breast cancer. All CT26-HER2
tumors demonstrated heterogeneous, but strong positive (3þ),
HER2 staining that was most prominent at tumor nodule
peripheries (Supplementary Fig. S3C and S3D). No HER2
expression was detected in parallel analysis of CT26 cells and
tumors (Supplementary Figs. S2C, S3A and S3B).

Differential vascularization may affect tumor distribution of
antibodies. Tumor vascularization in CT26 and CT26-HER2
tumors was assessed using MECA-32 (anti-PLVAP) IHC (Supple-
mentary Fig. S4). MECA-32 staining was similar in both CT26-
HER2– and CT26-derived xenografts (Supplementary Fig. S3I–
S3L). Quantification of MECA-32–positive area (Supplementary
Fig. S3M) and vessel perimeter (Supplementary Fig. S3N) showed
no significant differences across HER2þ and HER2� tumors,
indicating equivalent vascularization.

Tumors were also analyzed for T-cell infiltration. Similar
levels of T-cell infiltration were detected in CT26 tumors and
CT26-HER2 tumors by flow cytometry (Supplementary Fig. S4A
and S4B). In addition, tumor sections were stained using CD3e
IHC (Supplementary Fig. S3E–S3H). As expected, CD3e staining
intensities in tumor-derived T cells were identical between the
models (Supplementary Fig. S3E–S3H). Both tumor models
demonstrated similar levels of dispersed intratumoral CD3eþ

cells. Peripheral regions of CT26-HER2 tumors demonstrated
consistently more pronounced T-cell infiltration compared with
CT26 tumors. Taken together, these data confirm that CT26-HER2
tumors express high levels of HER2 and indicate comparable
vascular properties and baseline T-cell infiltration relative to the
parental CT26 model.

Experimental system for TDB distribution studies
To quantitatively determine how CD3 affinity independently

affects TDB distribution in the absence of a HER2-targeting arm,
we performed biodistribution and limited pharmacokinetic (PK)
studies using 111In- and 125I-labeled gD/CD3 TDBs. The dual-
tracer approach can differentiate between intact and internalized/
degraded TDB based on differences in biodistribution patterns of
the attached radiotracers (15, 16). When iodinated antibodies
(Fig. 1A) become internalized and degraded in lysosomes, the
free-radioactive iodide and/or iodotyrosine rapidly diffuses from
the cell and is cleared from systemic circulation. Consequently,
the 125I signal represents only intact antibody. In contrast, the
same internalization and lysosomal degradation of 111In-labeled
antibodies (Fig. 1B) yields an 111In-DOTA-amino acid adduct that
is cell impermeable and accumulates over time. Therefore, sub-
tracting 125I signal from 111In signal can be used to calculate the
internalized/degraded (catabolized) antibody.

CD3 affinity does not affect anti-gD/CD3 TDB distribution to
tumors

The effect of CD3 affinity on TDB distribution in the absence of
HER2 binding was analyzed utilizing anti-gD/CD3 TDBs.
HuCD3e-TG mice bearing both CT26 parental and CT26-HER2
tumors (Fig. 1C) received a therapeutically relevant dose
(0.5 mg/kg) of gD/CD3 TDBs. Table 1 lists the human affinities
of each binding arm of the TDB. The effect of CD3 affinity on
tissue distribution at 3 days and short-term systemic PK were
measured (Fig. 2A). Due to limited sampling and study duration,
PK parameters were not estimated, but short-term plasma expo-
sures were calculated as AUC0–3d. The plasma PK profile of the
low (50 nmol/L) CD3 binder (gD/CD3eL) exhibited a compara-
ble exposure to the bivalent anti-gD control antibody with mean
AUC0–3d values of 2,789 and 2,629 %ID/mL�day, respectively
(Fig. 2B). Increasing CD3 affinity to 0.5 nmol/L (gD/CD3eH) and
0.05 nmol/L (gD/CD3eVH) caused a significant decrease in
short-term systemic exposure with reduced mean AUC0–3d values
of 1,975 and 1,909 %ID/mL�day, respectively (Fig. 2B, P < 0.001
for both compared with gD control). Because plasma samples
would not contain circulating T-cell–bound TDB, we also ana-
lyzed whole blood and cell pellet samples and observed no
evidence of TDB sequestration or accumulation in circulating
cells (Supplementary Fig. S5A and S5B).

All gD/CD3 TDBs distributed similarly to both tumors,
comparable with a bivalent gD control antibody, ranging from
3.3 to 5.2 %ID/g with no significant differences across affinity
variants or tumors (Fig. 2C). As expected, expression of HER2
by tumor cells had no effect on the distribution of anti-gD/CD3
TDBs. Distribution of intact (125I-labeled) gD/CD3 TDBs in
HER2-expressing tumors was 3.8 to 5.2 %ID/g and in HER2
nonexpressing tumors was 3.3 to 4.9 %ID/g (Fig. 2C). Catab-
olism was monitored by subtracting the 125I %ID/g (intact)
from 111In %ID/g (intact and degraded). Similar to the intact
antibody distribution, CD3 affinity did not affect catabolism in
either tumor except for gD/CD3eVH. Coadministration of 100-
fold excess of nonradiolabeled antibodies (Fig. 2C and D, "þ
CD3 Block") did not induce competition for either intact or
catabolized antibodies for most variants (Fig. 2C and D),
suggesting that CD3 binding does not drive tumor distribution.
The exception was slightly increased catabolism observed for
gD/CD3eVH, potentially reflecting increased uptake by tumor-
infiltrating T cells (Fig. 2D; ref. 10). The catabolism levels
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(�2 %ID/g) indicate that none of the gD/CD3 variants exhib-
ited robust tumor cell internalization.

High CD3 affinity drives anti-gD/CD3 TDB distribution to
secondary lymphatic organs

In addition to measuring tumor distribution of TDBs, we also
determined how CD3 affinity, in the absence of tumor target arm
binding, affects distribution to T-cell–containing tissues. Distri-
bution to the spleen and lymph nodes was strongly correlated
with CD3 affinity (Fig. 2E and F). The distribution profile of
gD/CD3eL was similar to bivalent anti-gD control with %ID/g
values under 2.5, indicating that 50 nmol/L affinity to CD3
on T cells is not sufficient to drive distribution to lymphatic
organs. In striking contrast, gD/CD3 TDBs with subnanomolar
(0.5 nmol/L) and picomolar (0.05 nmol/L) affinity exhibited
significantly increased distribution to T-cell–containing tissues
(Fig. 2E, P < 0.05 for all 3 variants in spleen and P < 0.01 for the
gD/CD3eVH and gD/CD3eH in lymph nodes). Intact splenic
distribution for gD/CD3eVH and gD/CD3eH was 3.8 and
2.6 %ID/g, respectively, whereas intact lymphatic distribution
was 30 and 10.5 %ID/g. There was also significant catabolism of
the CD3eH TDBs (5.3 %ID/g in spleen and 27.9 %ID/g in lymph
nodes) and CD3eVH (7.1 %ID/g in spleen and 64.7 %ID/g
in lymph nodes), suggesting robust internalization of high CD3
affinity TDBs in selected lymphoid organs (Fig 2F, P < 0.001 in
spleen and P < 0.01 in lymph nodes). This finding, although
seemingly contrasting with our data in tumor wherein little to
no TDB catabolism occurred, may merely reflect a much higher
enrichment of T cells in spleen and lymphnodes relative to tumor.
Minimal catabolism of gD/CD3eL was observed (Fig. 2F).
Competition assays using a coadministered 100-fold excess
of nonradiolabeled gD/CD3 antibodies showed strongly reduc-
ed distribution and catabolism in T-cell–containing tissues,
indicating that these processes were CD3 driven (Fig. 2E and F,

P < 0.05). In summary, in the absence of HER2 binding, CD3
affinity does not affect tumor distribution. However, high
affinity to T cells is correlated with increased distribution to
T-cell–containing tissues and reduced plasma exposures.

High CD3 affinity disturbs HER2-dependent tumor
distribution of anti-HER2/CD3 TDB

After characterizing the effects of isolated CD3 affinity on
biodistribution, we studied how CD3 affinity affects distribution
when paired with the tumor (HER2) targeting arm. Each radi-
olabeled anti-HER2/CD3 TDB variant was administered in a
single IV bolus (0.5 mg/kg) to the double-tumor–bearing
huCD3e-TG mice, with limited plasma PK samples collected
throughout the study followed by tissue distribution assessment
at 3 days after injection (Fig. 3A). The short-term exposure of high
CD3 affinity molecule (HER2/CD3eH, mean AUC0–3d ¼ 2102
%ID/mL�day) was lower compared with the low CD3 affinity
antibody (HER2/CD3eL, mean AUC0–3d ¼ 2438 %ID/mL�day)
over the course of 3 days (Fig 3B). The inverse correlation of
systemic exposure with CD3 affinity was similar but less pro-
nounced to that observed with gD/CD3 TDBs (13.8% vs. 24.9%
reduction in AUC0–3d, Figs. 2B and 3B). This key finding suggests
that, when pairedwithHER2 targeting, CD3 affinity is not the sole
driver of tissue distribution (i.e., TDBs leaving systemic circula-
tion). We also analyzed whole blood and cell pellet samples and
observed no evidence of TDB sequestration or accumulation in
circulating cells (Supplementary Fig. S5C and S5D).

Distribution of HER2/CD3eL (7.2%ID/g) to the HER2-expres-
sing tumor was significantly higher compared with the HER2/
CD3eH (4.8 %ID/g, P < 0.05; Fig. 3C). Blocking the HER2 arm
with 100-fold excess of nonradiolabeled antibody significantly
reduced distribution (2.3 %ID/g) and catabolism (2.6 %ID/g) of
HER2/CD3eL to HER2þ tumors (Fig. 3C and D; P < 0.001). This
effect was weaker and not significant for the HER2/CD3eH
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Figure 1.

Cellular metabolic pathways of radiolabeled antibodies and mouse model used in the tissue distribution studies. A and B, Schematic diagram of cellular metabolic
pathways of radiolabeled antibodies. Upon target binding, the antibody–receptor complex is internalized and directed to lysosomes for degradation.
The resulting radioadducts have cellular fates dependent on the radionuclide used for labeling.A,Molecular fates of 125I-labeled antibodies. Catabolites of 125I-labeled
TDBs are free to diffuse across the cellular membrane, likely followed by entry to systemic circulation and renal clearance. B, Molecular fates of 111In-DOTA–labeled
antibodies. In contrast, the charged, polar catabolite of 111In-DOTA-labeled TDBs, 111In-DOTA-lysine, is unable to diffuse across the membrane and accumulates
intracellularly over time. C, Schematic diagram of mouse model. Anti-human CD3 antibodies do not crossreact with murine CD3. To study the effect of
huCD3 and HER2 affinities on pharmacokinetics and drug distribution, huCD3e-TG mice were implanted with CT26- and huHER2-transfected-CT26 tumors on
opposite flanks of the mice.
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Figure 2.

CD3 affinity drives anti-gD/CD3 TDB distribution to T-cell–containing tissues, but not to tumor. A, Study design. The huCD3e-TG mice bearing CT26 and huHER2-
CT26 tumors on opposite flanks were injected with a single IV bolus of 125I- and 111In-labeled anti-gD/CD3 TDBs (0.5 mg/kg) with low (CD3eL), high (CD3eH),
or very high (CD3eVH) affinity to human CD3. Sparse blood sampling was done at 1, 24, and 72 hours. At 72 hours, mice were sacrificed for tissue distribution.
Values are reported as a percentage of injected radioactive dose normalized to gram of dry blotted tissue (%ID/g) to convey changes in enrichment. In the groups
denoted as "Block," the radiolabeled 0.5 mg/kg anti-gD/CD3 TDB was coadministered with 50 mg/kg nonradiolabeled bivalent anti-CD3 antibody. B,
Pharmacokinetics. Plasma levels of 125I-radiolabeled antibody are represented as %ID/mL. AUC and AUC� SEM values were calculated using GraphPad Prism with
��� , P < 0.001 when compared with anti-gD. C–F, Tissue distribution. Tissue concentrations of intact anti-gD/CD3 antibodies expressed as 125I (ID/g) in (C)
tumor and (E) T-cell–containing tissues. Catabolized antibody values in tumorswere determined by subtracting the 125I (%ID/g) from the 111In (%ID/g), and plotted as
catabolism (%ID/g) in (D) tumors and (F) T-cell–containing tissues. All graphs are mean � SEM for each group with n ¼ 5. P values were obtained by the
Student t test, and significance was determined by comparing each gD/CD3 TDB distribution to either anti-gD (a control IgG) or the corresponding CD3 block.
Comparisons with anti-gD are indicated as significant with asterisks over the bars within each tissue. The CD3 block comparisons for each TDB are indicated
under the bars, with lines confirming the direct comparison checked for significance in each tissue. In addition, to determine the impact of HER2 expression on CD3
distribution in tumors (C–D), CD3eL, CD3eH, and CD3eVH were compared with the counter group across HER2þ/� tumors; however, results were not
significant. All significant P values were reported as � , P < 0.05; �� , P � 0.01; and ��� , and P � 0.001.
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antibody (3.5%ID/g intact and 4.6%ID/g catabolized). Thus, the
increased CD3 affinity of HER2/CD3eH significantly reduced
the impact of the HER2 arm on tumor distribution. The lack of

competition when blocking HER2 or CD3 in both tumors
indicates that neither arm significantly drives distribution of
HER2/CD3eH to tumors, suggesting that much of the uptake is

Figure 3.

IncreasedCD3affinity negatively affects HER2/CD3TDB tumordistribution anddrives distribution to T-cell–containing tissues.A,Study design. The huCD3e-TGmice
bearing CT26 and huHER2-CT26 tumors on opposite flanks were injected with a single IV bolus of 125I- and 111In-labeled anti-HER2/CD3 TDBs (0.5 mg/kg)
with low (CD3eL) or high (CD3eH) affinity to human CD3. Sparse blood samples were collected at 1, 24, and 72 hours. At 72 hours, mice were sacrificed for tissue
distribution. Values are reported as a percentage of injected radioactive dose normalized to gram of dry blotted tissue (%ID/g) to convey changes in
enrichment. In the groups denoted as "Block," the radiolabeled 0.5 mg/kg anti-HER2/CD3 TDB was coadministered with 50 mg/kg nonradiolabeled bivalent
anti-CD3 antibody. B, Pharmacokinetics. Plasma levels of 125I-radiolabeled antibody are represented as %ID/mL. AUC and AUC � SEM values were calculated
using GraphPad Prism, and significance was determined using a Student t test comparing the two exposures. C–F, Tissue distribution. Tissue concentrations
of intact anti-HER2/CD3 antibodies expressed as 125I (%ID/g) for (C) tumors and (E) T-cell–containing tissues. Catabolized antibody values in tumorwere determined
by subtracting the 125I (%ID/g) from the 111In (%ID/g) and plotted as catabolism (%ID/g) in (D) tumors and (F) T-cell–containing tissues. All graphs show mean
� SEMerror bars of each groupwith n¼ 5.P valueswere obtained by the Student t test. HER2/CD3 TDB comparisonswith corresponding blocks against HER2 or CD3
were indicated as significant with asterisks over the bars within each tissue. In addition, HER2/CD3eL and HER2/CD3eH were compared within and across
HER2þ/� tumors. Corresponding significance was indicated via brackets over the bars to clearly identify each significant comparison. All significant P values were
reported as � , P < 0.05; �� , P � 0.01; ��� , and P � 0.001.
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nonspecific or non–receptor-mediated (Fig 3C and D). However,
blocking the HER2 arm significantly reduced distribution and
catabolism of HER2/CD3eL to HER2 tumors (Fig. 3C and D;
P < 0.001) indicating HER2-dependent tumor distribution.
HER2/CD3eH demonstrated poor HER2-dependent tumor dis-
tribution as indicated by similar distribution to both HER2-
expressing and nonexpressing tumors (Fig. 3C). Similar intact
(125I) HER2/CD3eH signals were detected in HER2-positive
(4.8 %ID/g) and -negative (3.6 %ID/g) tumors (Fig. 3C). Thus,
increasingCD3 affinity significantly limits the impact of theHER2
arm on tumor distribution.

High CD3 affinity drives anti-HER2/CD3 TDB distribution to
secondary lymphatic organs

In addition to measuring tumor distribution of TDBs, we also
determined how CD3 affinity affects distribution to T-cell–con-
taining tissues such as the spleen and lymphnodes in the presence
of the tumor-targeting arm. In contrast to the dramatic changes
observed in tumor accumulation, replacing the non–target-bind-
ing gD arm with the anti-HER2 arm did not alter the pattern of
distribution. The HER2/CD3eH TDB demonstrated significantly
higher CD3-dependent distribution to the lymph nodes com-
pared with HER2/CD3eL (Fig. 3E; P < 0.05). HER2/CD3eH
demonstrated intact distribution values of 2.1 %ID/g in spleen
and 3.8 %ID/g in lymph nodes, whereas HER2/CD3eL had intact
distribution values of 1.7 %ID/g in spleen and 1.6 %ID/g in
lymphnodes (Fig. 3C). Interestingly, althoughHER2/CD3eHand
HER2/CD3eL had similar intact distribution to the spleen, HER2/
CD3eH had significantly higher catabolism (Fig. 3E and F; P <
0.01). These data together clearly show that increasing CD3
affinity dramatically increases distribution to secondary lymphat-
ic tissues and negatively affects tumor distribution.

SPECT-CT imaging demonstrates that high CD3 affinity
negatively affects HER2 tumor distribution kinetics

To observe longitudinal tumor uptake, we employed a nonin-
vasive SPECT-CT imaging technique as an adjunct to the invasive
biodistribution study (15, 16). The double-tumor–bearing
huCD3e-TG mice received a single intravenous injection of
111In-labeled HER2/CD3 TDB (5mg/kg), which is 10-fold higher
in protein dose than in the invasive biodistribution arms.
SPECT-CT allows whole-body imaging of antibody distribution
and was performed at approximately 2, 24, 48, and 72 hours.
Consistent with the nonimaging (invasive) distribution arms,
HER2-dependent tumor distribution was observed with both
HER2/CD3 TDBs, but was more striking for HER2/CD3eL
(Fig. 4A). Within 48 hours, a clear increase in HER2þ tumor accu-
mulation was observed, particularly for HER2/CD3eL, and
increased for the duration of the study. Accumulation of 111In
in tumors occurred sooner for HER2/CD3eL than for HER2/
CD3eH (Fig. 4A). A modest HER2-independent accumulation
was also observed in the HER2-negative tumor for both anti-
bodies, possibly due to tumor-infiltrating T cells or alternatively
due to nonspecific uptake. After noninvasive SPECT-CT image
acquisitions, harvested tumor distribution was analyzed at 3 days
as in the nonimaging studies. SPECT-CT animals were subjected
to biodistribution analysis alongside 4 additional animals receiv-
ing only 5 mCi of radiolabeled TDB, but at a matched dose of
5 mg/kg. HER2/CD3eL showed significantly higher (P < 0.01)
distribution of 111In-labeled TDB in HER2þ tumors compared
with HER2/CD3eH (14.5 vs. 9.5 %ID/g, respectively, Fig. 4B).
Both HER2/CD3eL and HER2/CD3eH exhibited significantly
higher distribution in the HER2þ tumors (14.5 and 9.5 %ID/g)
compared with the HER2� tumors (4.3 and 5 %ID/g respectively
in HER2� tumors, Fig. 4B). Taken together, these data indicate

Figure 4.

Noninvasive SPECT-CT imaging of HER2/CD3 TBDs allows visualization of kinetics of tumor distribution. The huCD3e-TG mice bearing CT26 and huHER2-CT26
tumors on opposite flanks were injected with 111In-labeled anti-HER2/CD3 TDBs with low (CD3eL) and high (CD3eH) affinity to human CD3 at 5 mg/kg,
representing distribution of both intact and catabolized TDBs. Mice were injected with a single IV bolus of approximately 400 uCi of 111In-labeled TDB at 5mg/kg and
imaged at multiple time points using SPECT-CT. A, SPECT-CT images. All images were acquired consistently and visualized at the same exposure to depict
changes in relative accumulation. B, Tissue distribution including SPECT-CT animals. Additional mice were injected with a single IV bolus of approximately 5 uCi
of 111In-labeled TDB at 5 mg/kg and subjected to tissue distribution analysis alongside the SPECT-CT mice 3 days after injection. The graphs show means �
SEM error bars of each group with n ¼ 5, and p-values were obtained by Student's t-test versus control for each parameter tested. HER2/CD3eL and HER2/CD3eH
were compared with each other by a Student t test, with brackets over the bars indicating the comparison and resulting P value. The HER2/CD3eL and
HER2/CD3eH were compared across HER2-positive and -negative tumors with corresponding P values below the x axis. Square symbols represent SPECT-CT
distribution data. All significant P values were reported as � , P < 0.05; �� , P � 0.01; ���, P � 0.001.
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that high CD3 affinity reduces HER2-dependent tumor distribu-
tion of anti-HER2/CD3 TDBs.

Tumor distribution of TDBs is dependent on balancing low
CD3 affinity with the HER2 affinity

In order to compare data across two distinct biodistribution
studies (Figs. 2 and 3), we normalized tumor distribution and
catabolism to the corresponding data in muscle. Muscle tissue
distribution is low and can be used to normalize tumor data
against interanimal and interstudy variability in dosing and/or
exposure. When comparing across studies, HER2/CD3 TDBs had
increased distribution to HER2þ tumors compared with the gD/
CD3 TDBs.However, HER2/CD3eL had themost favorable tumor
distribution among all variants (Fig. 5A).

Splenic distribution was relatively equal for both gD/CD3
and HER2/CD3 TDBs, but catabolism was the highest for HER2/
CD3eH (Fig. 5B). Inclusion of the HER2 arm did not reduce splenic
distribution, indicating that targeting HER2 does not interfere with
spleen uptake (Fig. 5A). However, targeting HER2 (vs. gD) dramat-
ically affected lymph node distribution. HER2/CD3eH had the
highest distribution and catabolism in lymph nodes (Fig 5A and
B). However, HER2/CD3 TDBs showed reduced lymphatic distri-
bution compared with the gD/CD3 TDBs, suggesting some com-
petition between the HER2þ tumor and lymph nodes (Fig. 5A).
Despite this competition, higher CD3 affinity still drove a higher
proportion of the HER2/CD3 TDB to the lymph nodes (Fig. 5A).

Discussion
Theworkhereinhas demonstrated that, in the absence of tumor

target arm binding, CD3 affinity is unimportant for tumor uptake
but does affect systemic exposure and spleen/lymph node uptake
(Fig. 2). Furthermore, in the presence of HER2-mediated tumor
targeting, high CD3 affinity negatively affects HER2þ tumor
distribution while still driving uptake to secondary lymphatic
tissues (Figs. 3–5).Overall, uptake in tumors reflects afinebalance
between affinity for CD3on T cells andHER2on tumor cells, both
of which are required for efficacy to some extent.

To our knowledge, no distribution studies have beenpublished
using preclinical models wherein the T-cell arm of the bispecific is

actively bound to T cells. Nude mice are commonly employed to
investigate the biodistribution and tumor uptake of TDBs
(17, 18), but they lack endogenous T cells. CD3 antibodies do
not crossreact between human and mouse CD3 orthologues,
which substantially complicates preclinical in vivo pharmacology
of CD3-bispecific antibodies. Typical in vivo efficacy models
consist of a human xenograft tumor grafted into immunecom-
promised mice. Human T cells are used as effectors either by
cograftment with the tumor cells or by spatially and temporally
separated injection into the intraperitoneal cavity. Although
these "humanized" mice provide robust models for proof-of-
concept antitumor activity and dose-response studies, the value
for other in vivo pharmacology readouts such as target-dependent
clearance and tissue distribution is limited. As a consequence,
very little is known about the effect of affinities on in vivo pro-
perties of CD3-bispecific antibodies.

To overcome this challenge, we exploited a unique preclinical
mouse model which expresses the human CD3 epsilon in T cells
(huCD3e-TG mice) to evaluate systemic in vivo properties of
human CD3-specific TDB (14). T cells in these mice express both
mouse and humanCD3 at approximately 50% levels respective to
Balb/c mouse or human T cells (10). The human CD3e subunit
can both structurally and functionally substitute formurine CD3e
in the transgenic mouse. To appropriately investigate the role of
target competition, we selected a model that also recapitulates
both targets of the TDB (i.e., HER2 and CD3). huCD3e-TG T cells
can kill humanHER2-expressing target cells in vitro either through
stimulation with huCD3 or murine CD3-reactive TDBs (10).
Syngeneic CT26 tumors engineered to express human HER2
(CT26-HER2) are partially sensitive to HER2 TDB treatment in
huCD3e-TG mice in efficacy studies, although PD-1/PDL-1 sig-
naling substantially limits the activity (10).

Our results with the gD/CD3 TDB, which binds to T cells while
the target arm is nonbinding, demonstrated that CD3 affinity had
a dramatic impact on systemic TDB distribution and exposure
(Fig. 2). Previous reports suggested that low CD3 affinity is also
desirable to avoid trapping of the TDB by circulating T cells and
their activation (19). Furthermore, the observed increase in target-
mediated clearance (i.e., reduced exposure) by high T-cell affinity
is consistent with results observed with the CLL-1–targeting TDB

Figure 5.

Tissue and tumor distribution of HER2/CD3 TDBs represents a balance between CD3 and HER2 affinities. Data from gD/CD3 and HER2/CD3 distribution
studies (Figs. 2 and 3) were normalized to muscle for direct comparison by dividing the %ID/g of each tissue by the %ID/g of the muscle measured for each
individual animal.A, Intact antibody distribution. Tissue concentrations of intact (125I) anti-HER2/CD3 antibodies expressed as%ID/g for tumor and T-cell–containing
tissues. B, Catabolized antibody accumulation. Catabolized antibody values in tumor were determined by subtracting the 125I %ID/g from the 111In %ID/g, and
plotted as the catabolism observed as %ID/g in tumors and T-cell–containing tissues.
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(12). In our studies, higher CD3 affinity (�1 nmol/L) molecules
accumulated in T-cell–rich tissues such as the spleen and lymph
nodes, whereas 50 nmol/L CD3 affinity was not sufficient to drive
distribution to these secondary lymphatic organs (Fig. 2). In the
absence of target-driven distribution, isolated T-cell affinity alone
wasnot sufficient to affect the tumor localizationof gD/CD3TDBs
(Fig. 2). However, when a HER2-binding target arm was incor-
porated into the TDB, high CD3 affinity impaired HER2-depen-
dent tumor distribution of anti-HER2/CD3 TDBs (Fig. 3). The
negative impact of increased CD3 affinity on HER2-dependent
tumor uptake was also observed in a longitudinal noninvasive
SPECT imaging study (Fig. 4). Higher CD3 affinity increased
distribution to T-cell–containing tissues while decreasing tumor
distribution, indicating that the relative affinity between the two
arms of the TDB imparted competition affecting both distribution
and exposure. These distribution differences warrant attention for
their potential impacts on therapeutic indices of clinical candi-
dates and the overall design process for TDBs.

In many cases, therapeutic antibody design strategy is driven
by striving for the highest attainable antigen-binding affinity
(20, 21). However, in the case of TDB design, more factors have
to be considered because there are two distinct targets, each with
its own tissue expression profile, on/off rates of antigen binding,
and turnover rate. We observed higher amounts of catabolism
with higher CD3 affinity variants in secondary lymphatic tissues
(Figs. 2 and 3), suggesting that lower CD3 affinity is preferable
to avoid high distribution to secondary lymphatic tissues and
CD3-mediated plasma clearance of TDB. However, a portion of
TDB bound to T cells in lymphoid organs might still be able to
reenter circulation and traffic to other tissues including tumor.
Tumor antigen turnover rates and/or antigen shedding can also
affect TDB distribution. Cell surfaceHER2 in human breast cancer
has a slow turnover rate and is resistant to downregulation.
Consistently, trastuzumab binding does not induce HER2 down-
regulation but rather passively recycles after HER2 endocytosis
(22, 23). For a TDB with a rapidly internalizing tumor target,
lower tumor target affinity might be desirable to lower the risk of
rapid depletion, whereas slowly internalizing tumor targets
might benefit from higher affinity. A high CD3 affinity arm could
prompt increased cytolytic synapse formation, thereby decreasing
the tumor receptor–mediated internalization rate (24). However,
theworkhereinunderscores the importance of balancing thiswith
the tumor-targeting arm to achieve a desirable affinity-driven
distribution. Future work that utilizes modeling of TDB affinities
and turnover rates will enable a better characterization of what
combinations are ideal on a case-by-case basis.

Although bivalent anti-CD3 antibodies can activate T cells and
elicit massive cytokine release, monovalent anti–CD3-bispecific
antibodies are much weaker at inducing T-cell activation in the
absence of target cell recognition and are thus expected to bemore
tolerable (25, 26). However, safety of TDBsmust still be assessed,
and addressing the potential impact of CD3 affinity on safety has
unfortunately been a challenge in preclinical species. TDBs with
CD3 affinity in the nanomolar range had increased distribution to
secondary lymphatic tissue which may lead to off-target toxicity
(Figs. 2–5). Previous studies with TDBs that have CD3 affinity in a
similar range observed grade Ill–IV toxicity at selected doses
within an hour of infusing a folate receptor/CD3-bispecific anti-
body in ovarian cancer patients, prompted by coating of periph-
eral T cells with the bispecific antibody and subsequent T-cell
activation and cytokine release (27). Furthermore, increasingCD3

or another TCR component affinity could have similar negative
safety implications. For example, in clinical trials involving T-cell–
activating therapies, patients need to be monitored for hemopha-
gocytic lymphohistiocytosis and any other symptomsof cytokine-
related illnesses (28). Severe reactions have been reported with
CD3-directed TDBs in the clinic (28), including death in EpCAM/
CD3 TDB phase I clinical trials (29), all of which resulted from
overactivation of T cells. Although our model was beneficial in
determining a more clinically relevant tissue distribution by active-
ly binding the mouse's T cells, it is still not a valid safety model and
these efforts will be reported elsewhere. Nevertheless, our data
indicate a clear platform from which these issues could arise, and
support utilizing TDBs with lower CD3 affinities which retain
HER2-mediated tumor targeting while avoiding issues that could
potentially arise from distribution to T-cell–containing tissues.

In addition to understanding how target arm affinities affect
distribution, the effects on formation of functional cytolytic
synapses with the target cell are also crucial for TDB design and
selection. Our dual-tracer approach included both nonresidualiz-
ing radiohalogen (125I) and residualizing radiometal-chelate
(111In-DOTA) labels to simultaneously detect intact and total
(including catabolized) protein uptake, respectively. This partial-
ly addresses the intendedmechanismof action, as only cell surface
or interstitial (i.e., nondegraded) TDB, reflected by the 125I label,
would still be capable of synapse formation. However, onemajor
limitation of our experimental approach is that we are unable to
conclusively differentiate among radiolabeled TDB that is T-cell–
associated, HER2-associated, or bridged between both cell types,
the latter of which is the active drug form. In other words, our
radioanalytical method was unable to verify the extent, if at all, to
which synapse formation has occurred. If TBD initially distributes
to tumor, T-cell engagementmust still occur. Conversely, binding
of TDB to T cells could occur first, raising the important question
of howmuch T-cell–associated TDB can still effectively distribute
to tumor.

The design of TDBs and other bispecific antibodies is a complex
endeavor that requires consideration of multiple parameters. We
have shown that balancing the binding of both targeting arms of
the TDB to their respective targets affects distribution to tumor
and T-cell-rich tissues, each of which may ultimately influence
efficacy and/or safety. Future studies exploringhow these precisely
relate to each other will provide a more informed design process
for future TDB therapeutics.
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