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Activation of the programmed cell death protein 1 and
programmed cell death ligand 1 (PD-1/PD-L1) signaling axis
plays important roles in intrinsic or acquired resistance to
human epidermal growth factor receptor 2 (HER2)-directed
therapies in the clinic. Therefore, therapies simultaneously
targeting both HER2 and PD-1/PD-L1 signaling pathways are
of great significance. Here, aiming to direct the anti-PD-L1
responses toward HER2-expressing tumor cells, we con-
structed a humanized bispecific IgG1 subclass antibody tar-
geting both HER2 and PD-L1 (HER2/PD-L1; BsAb), which
displayed satisfactory purity, thermostability, and serum sta-
bility. We found that BsAb showed enhanced antibody-
dependent cell-mediated cytotoxicity (ADCC) activity in vitro.
In the late phase of peripheral blood mononuclear cell
(PBMC)-humanized HER2+ tumor xenograft models, BsAb
showed superior therapeutic efficacies as compared with
monoclonal antibodies (mAbs) or combination treatment
strategies. In cynomolgus monkeys, BsAb showed favorable
pharmacokinetics and toxicity profiles when administered at a
10 mg/kg dosage. Thus, HER2/PD-L1 BsAb was demonstrated
as a potentially effective option for managing HER2+ and
trastuzumab-resistant tumors in the clinic. We propose that
the enhanced antitumor activities of BsAb in vivo may be due
to direct inhibition of HER2 signaling or activation of T cells.

Human epidermal growth factor receptor-2 (HER2, HER2/
neu, or human ERBB-2) belongs to a family of four-
transmembrane receptors involved in the regulation of cell
growth and differentiation (1). HER2 is overexpressed inmultiple
solid tumors including breast (BC), colorectal (CRC), gastric
(GC), gastroesophageal junction (GEJC), non-small-cell lung
(NSCLC), biliary tract (BTC), and bladder cancers. The emer-
gence of trastuzumab (Herceptin), a widely used monoclonal
antibody (mAb) therapy that blocks HER2 signaling and induces
antibody-dependent cell-mediated cytotoxicity (ADCC) toward
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HER2+ tumors, has significantly improved the survival rate of
HER2+ carcinoma patients (2–5). However, approximately 50%
to 80% of HER2+ BC patients would benefit from trastuzumab,
while the rest either show no response throughout the treatment
or develop drug resistance posttreatment (6).

Known causes of trastuzumab-induced drug resistance
include downregulation of HER2, upregulation of PD-L1
expression in tumor cells, or mutations in the HER2-PI3K-
AKT signaling pathway (7–9). PD-L1 is highly expressed in
various types of tumor cells, and its counter receptor PD-1 is
typically expressed in various immune cells, such as tumor
infiltrating T cells. Their interaction mediates different
mechanisms of immune escape, including T cell apoptosis,
functional inhibition, and exhaustion (10–13). It has been
previously reported that trastuzumab treatment can increase
both PD-1 and PD-L1 expression levels in clinical and pre-
clinical models (8, 14). It is thus believed that the upregulation
of PD-L1 is, at least partially, the cause for induced drug
resistance of HER2+ tumors to trastuzumab.

The clinical benefits of antagonistic mAbs against PD-1 or
PD-L1 have been demonstrated in a variety of human cancers
(15–17). However, a substantial number of patients fail to
respond to anti-PD-1 or anti-PD-L1 monotherapies (18, 19).
Preclinical and clinical data have demonstrated the effectiveness
of trastuzumab and anti-PD-1 combination therapy in man-
aging HER2+ cancers (20–22). In trastuzumab-refractory
HER2+ metastatic BC patients, a combination of trastuzumab,
pembrolizumab, and chemotherapy resulted in long-lasting
clinical responses (20), demonstrating the power of targeting
HER2 and PD-1/PD-L1 signaling pathways simultaneously.

Bispecific antibodies (BsAbs) that recognize two separate
epitopes or antigens by design are a rapidly growing class of
cancer therapeutics. The advantages of BsAbs over mAb and
combination therapies include acting on two synergistically
related or complementary signaling pathways, increasing af-
finity to tumor tissues expressing both targets, recruiting target
one-expressing effector cells to target two-expressing tumor
tissues, and/or reducing drug resistance caused by down-
regulation of either target (23–25). To date, three BsAbs are on
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Inhibition of tumor growth by HER2/PD-L1 BsAb
the market, and hundreds of others, mostly in the oncology
field, are in the preclinical or clinical development stages (26).

Various modular structures of immunoglobulins have been
exploited to create alternative BsAb configurations (27, 28),
including tetravalent immunoglobulin G-single chain variable
fragment (IgG-scFV), which contains a whole mAb-like mole-
cule targeting one antigen, and a tandem C-terminal-attached
scFV targeting a different antigen or epitope (28). ScFVs are
usually assembled from the antigen-binding domains of the
variable heavy (VH) and light chain (VL) regions of mAbs or
screened directly out from antibody scFV phage display libraries
(29). The symmetric structure of IgG-scFV can overcome heavy
and light-chain-pairing problems (30), but inclusion of the scFV
may affect the affinity, stability, and solubility of BsAb molecules
(31), potentially resulting in loss of activity (32).

Two BsAbs targeting HER2 and PD-1 have been reported
and show promising antitumor activities in animal models
(33). However, both molecules adopted unmodified IgG1 as
their backbone, which may temper their clinical effectiveness.
Although IgG1-triggered effector functions such as ADCC,
complement-dependent cytotoxicity (CDC), and antibody-
dependent cellular phagocytosis (ADCP) contribute to the
antitumor activities by trastuzumab, they can cause collateral
damage to PD-1-expressing immune cells, especially tumor-
infiltrating T cells.

In this study, we generated a stable HER2/PD-L1 BsAb with
complete trastuzumab in IgG1 subclass coupled to humanized
anti-PD-L1 scFVs. BsAb exhibited enhancedADCC to tumor cells
when compared with trastuzumab. In the late phase of PBMC-
humanized tumor xenograft disease model, the BsAb showed
superior tumor inhibition compared with mAb and combination
therapies, possibly through the inhibition of HER2 signaling,
blockade of PD-L1/PD-1 signaling, and enhanced ADCC.
Therefore, simultaneously targeting both HER2 and PD-L1 mol-
eculeswithBsAb strategymay offer a highly effectivemanagement
solution for trastuzumab-resistant HER2+ carcinomas.

Results

HER2/PD-L1 BsAb displayed excellent purity and
thermostability

The HER2/PD-L1 BsAb was constructed with whole tras-
tuzumab IgG1 and tandem anti-PD-L1 scFVs in the format of
IgG-scFV (Fig. 1A). Following expression and purification,
BsAb was evaluated by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE), size exclusion chromatog-
raphy (SEC)-HPLC, and differential scanning fluorimetry
(DSF). BsAb displayed excellent purity and thermal stability in
these assays (Fig. 1, B–D).

Binding and neutralizing activities of BsAb

Firstly, we evaluated the binding properties of BsAb to human,
mouse, and cynomolgus ERBB-2 and PD-L1 molecules. We
observed dose-dependent binding of BsAb to human and cyn-
omolgus ERBB-2 and PD-L1 but not tomouse ERBB-2 or PD-L1
(Fig. 2, A and B). To test whether BsAb can simultaneously bind
to both targets, bridging ELISA was performed, with the results
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indicating that BsAb, but not trastuzumab, was capable of
binding to HER2 and PD-L1 at the same time (Fig. 2C).

We further characterized the binding abilities of BsAb to
HER2 and PD-L1 using biolayer interferometry (BLI) tech-
nology (Table S1). The equilibrium dissociation constant (KD)
values of BsAb and trastuzumab binding to HER2 were 6.36
and 7.86 nM, respectively. BsAb’s KD value of binding to hu-
man PD-L1 was greater than that of avelumab.

Neutralizing ELISA was conducted to assess the ability of
BsAb to block PD-L1 and PD-1 interaction (Fig. 3A). Both
BsAb and avelumab efficiently blocked the binding of human
PD-1 to PD-L1 at relatively low concentrations, with IC50
values of 29.33 and 21.83 nM, respectively.

Activation of T cells in vitro

Mixed lymphocyte reaction (MLR) was utilized first to
measure the activities of BsAb at activating T cells. Mature
dendritic cells were cocultured with T cells from different
donors to stimulate allogenic T cell activation and subsequent
release of cytokines, such as IFN-γ. Both BsAb and avelumab
markedly augmented IFN-γ production, but the former was
more potent than the latter at concentrations of both 10 and
100 nM (Fig. 3B), even though a significant difference was not
observed at 100 nM. Anti-CD3 and anti-CD28-stimulated
human CD4+ T cell proliferation assay was also used to
further examine BsAb at the cellular level. As shown in
Figure 3C, T cell proliferation was significantly reduced by
incubation with PD-L1. BsAb and avelumab, but not the iso-
type control treatment, reversed the inhibitive effects of PD-L1
(Fig. 3C). Therefore, BsAb retained and, under certain cir-
cumstances, enhanced the ability of PD-L1 mAb to activate T
cells in two different cell-based assays.

Antitumor activities in vitro

We first utilized SKBR3 cells to examine the ability of BsAb
to directly inhibit HER2+ tumor cells in vitro. Both BsAb and
trastuzumab were effective in inhibiting SKBR3 cell prolifer-
ation (Fig. 4B), and the half maximal inhibitory concentration
(IC50) values were determined to be 0.1960 and 0.8229 nM,
respectively.

One of the key mechanisms of action (MOAs) of trastuzu-
mab is ADCC (34), and as such, we compared the abilities of
BsAb and trastuzumab in promoting ADCC using human
PBMCs as effector cells and HER2+ NCI-N87 and HCC1954
tumor cells as target cells. Interestingly, BsAb exhibited much
more efficient ADCC than trastuzumab in both cell lines, even
though NCI-N87 cells did not initially express PD-L1 (Fig. 5, A
and B). Nevertheless, we found that trastuzumab treatment
could upregulate IFN-γ production in the supernatant of the
coculture of PBMCs with either tumor cell line (Fig. 5E), and
IFN-γ treatment could elevate the expression of PD-L1 in both
HCC1954 and NCI-N87 cells (Fig. 5F). Taken together, our
data suggest that the HER2/PD-L1 BsAb might enhance
trastuzumab-mediated ADCC through IFN-γ-mediated upre-
gulation of PD-L1 expression in both PD-L1+ and PD-L1−

tumor cells.



Figure 1. The structure, purity, and stability of HER2/PD-L1 BsAb. A, BsAb is composed of intact trastuzumab IgG1 mAb and scFV fragments from anti-
PD-L1 fused to the C-terminal of the trastuzumab Fc via a flexible (GGGGS)3 linker. B, BsAb and trastuzumab were analyzed by reduced and nonreduced
SDS-PAGE. Lane 1, reduced trastuzumab; lane 2, reduced BsAb; lane 3, nonreduced trastuzumab; lane 4, nonreduced BsAb; M, Molecular weight markers.
C, the purities of BsAb and trastuzumab analyzed by SEC-HPLC. D, comparing the thermostabilities of BsAb and trastuzumab by DSF analysis performed on a
Bio-Rad real-time PCR instrument.

Inhibition of tumor growth by HER2/PD-L1 BsAb
Antitumor activities in PBMC-“humanized” tumor xenograft
models

Since BsAb does not cross-react with mouse PD-L1, we
injected human peripheral blood mononuclear cells (PBMCs)
into immunocompromised NOD SCID gamma (NSG) mice to
create PBMC-“humanized” immune system in mice, on which
tumor xenograft model was established.

Firstly, we compared the antitumor activities of BsAb and
trastuzumab in the HER2+PD-L1− NCI-N87 tumor xenograft
model. Both BsAb and trastuzumab exhibited significant in-
hibition of tumor growth. Interestingly, BsAb displayed com-
parable antitumor activities to trastuzumab in the early phase
of the model but gradually gained advantage over the latter in
the late phase of the disease model (Fig. 6).

Secondly, we analyzed the antitumor activities of BsAb
in HER2 and PD-L1 double-positive PBMC-“humanized”
HCC1954 tumor xenograft mouse model. BsAb exhibited
significantly stronger tumor growth inhibition (TGI: 71.36%)
in comparison to trastuzumab (TGI: 56.17%) and combination
therapy (TGI: 63.55%) on day 41 (Fig. 7, B and C, and
Table S2). Similar to the NCI-N87 xenograft model, there was
no significant difference among BsAb, trastuzumab, and
combination treatments in the early phase of the model, but
the BsAb treatment group gradually gained superiority
(Fig. 7A) and became the only group to achieve p < 0.0001 in
tumor volume in comparison to the isotype-treated group
(Fig. 7B). No significant changes in body weight or toxicity
were observed among any group (data not shown).

Therefore, our in vivo results suggest that BsAb is superior
to trastuzumab or even the combination therapy in battling
HER2-expressing, PD-L1 positive or negative, human tumors.

Favorable PK and toxicity profiles in cynomolgus monkeys

BsAb was administered (10 mg/kg single intravenous in-
jection) into cynomolgus monkeys, blood samples were
collected at set time points, and serum concentrations of intact
BsAb were measured by ELISA. BsAb exhibited the typical PK
profile of antibodies (Fig. 8), and its serum concentration was
still detected at the 504-h time point. In addition, no blood,
liver, or renal toxicities of BsAb were observed in two
J. Biol. Chem. (2021) 297(6) 101420 3



Figure 2. The binding activities of HER2/PD-L1 BsAb to PD-1 and ERBB-2 from different species. A, the binding affinities of HER2/PD-L1 BsAb for
mouse (msPD-L1), cynomolgus monkey (cynoPD-L1), and human (humanPD-L1) PD-L1 were measured by ELISA. B, the binding affinities of BsAb for mouse
(msERBB-2), cynomolgus monkey (cynoERBB-2), and human (humanERBB-2 or HER2) were measured by ELISA. C, HER2/PD-L1 could bind human PD-L1 and
HER2 simultaneously as determined by bridging ELISA, in which HER2 proteins were coated onto the plates and biotinylated-PD-L1 proteins were used as
detection agent.

Inhibition of tumor growth by HER2/PD-L1 BsAb
cynomolgus monkeys (one male and one female), as revealed
by blood biochemistry and cell tests (Fig. S1).
Discussion

Trastuzumab has been tested in patients with various
solid tumors harboring HER2 overexpression, amplifications,
and/or mutations (35, 36). Unfortunately, its successes in
BCs and GCs have not been recapitulated in other HER2+

cancer types such as BTC, CRC, NSCLC, or bladder cancers
(37, 38). The diverse responses of solid tumors to trastu-
zumab may be due to the difference in the levels of HER2
expression, degrees of dependence, and/or other aspects of
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the disease biology. Although a variety of anti-HER2 ther-
apeutics are being actively pursued, including antibody–drug
conjugates (39, 40) and BsAbs, such as HER2/HER2
(different epitopes), HER2/HER3, and HER2/CD3 BsAbs
(41–44), these therapeutic strategies are not expected to
completely overcome induced or intrinsic drug resistance to
anti-HER2 therapies.

A number of studies have demonstrated that HER2-targeted
therapies can induce upregulation of PD-L1 expression in
HER2+ tumors (45). Previous studies have reported that the
combination of trastuzumab and pembrolizumab exhibits
long-lasting clinical benefits in HER2+ BC, GEJC, GC, and
esophageal cancers, reinforcing the hypothesis that



Figure 3. HER2/PD-L1 BsAb blocked PD1/PD-L1 interaction. A, BsAb suppressed PD-L1 interaction with PD-1 in ELISA. Avelumab and trastuzumab were
used as positive and negative controls, respectively. B, IFN-γ secretion induced by BsAb in mixed lymphocyte reaction (MLR) assays. CD4+ T cells were
cocultured with allogeneic DCs in the presence of BsAb, avelumab, or isotype for 6 days. Supernatants were harvested on day 5 to measure IFN-γ secretion
by ELISA. C, BsAb overcame PD-L1-mediated suppression of T-cell activation. The effects of BsAb treatment on IFN-γ secretion in primary T cell activation
induced by anti-CD3, anti-CD28 and PD-L1. *p < 0.05 as indicated by Student’s t test. Data were represented as mean ± STE.

Inhibition of tumor growth by HER2/PD-L1 BsAb
upregulation of PD-L1 contributes to resistance to trastuzu-
mab (20, 22). In our study, we constructed a HER2/PD-L1
BsAb in the IgG1 subclass with the purpose of combining
HER2 targeted therapy with immune checkpoint PD-1/PD-L1
blocking therapy to treat HER2-overexpressing solid tumors.
We mimicked the trastuzumab-induced clinically observed
drug resistance with the late phase of PBMC-humanized
HCC1954 xenograft tumor model. HER2/PD-L1 BsAb
demonstrated advantages over mAb and combination thera-
pies, achieving synergy between targeting HER2 and PD-L1
pathways. Therefore, HER2/PD-L1 BsAbs are applicable to
treat solid tumors expressing both HER2 and PD-L1 and to
overcome tumor resistance to HER2-directed therapies
clinically.

Two HER2/PD-1 BsAbs, both in the IgG1 subclass, have
been reported, with one entering Phase I clinical trial
(NCT04162327) (33). HER2/PD-L1 BsAbs provide an MOA
different from that of HER2/PD-1 BsAbs and may offer pa-
tients additional clinical benefits. IgG1 in trastuzumab is a
potent trigger of ADCC and CDC (46), mediated by NK cells
and complements to attack HER2+ tumor cells. In the case of
HER2/PD-1 BsAb, however, IgG1 may cause collateral damage
to activated T cells. Although HER2/PD-1 BsAbs in IgG2 or
IgG4 can spare damages to activated T cells, they are unable to
engage tumor-targeted ADCC and CDC. This dilemma could
be potentially solved by using HER2/PD-L1 BsAbs in the IgG1
subclass, since PD-L1 is mainly expressed in tumor cells. The
caveat of this strategy is that HER2/PD-L1 BsAbs cannot
bridge PD-1-expressing T cells to HER2-expressing tumors.
Because human NK cells cannot be reconstructed in the
PBMC-“humanized” tumor xenograft model, the question of
whether the antitumor efficacy and potency of HER2/PD-L1 in
IgG1 are superior to that of HER2/PD-1 BsAb in IgG4, which
is currently under intense testing at our laboratory, is yet to be
answered.

ADCC is one of the primary MOAs of trastuzumab.
Interestingly, HER2/PD-L1 BsAb displayed more efficient
ADCC than trastuzumab to not only PD-L1+ but also to PD-
J. Biol. Chem. (2021) 297(6) 101420 5



Figure 4. HER2/PD-L1 BsAb suppressed the proliferation of HER2+ tumor cells. A, HER2/PD-L1 BsAb and trastuzumab, but not avelumab, could bind to
SKBR3 cells. B, HER2/PD-L1 BsAb and trastuzumab, but not isotype control, suppressed SKBR3 cells proliferation in CCK-8 assay.

Inhibition of tumor growth by HER2/PD-L1 BsAb
L1− tumor cells. We questioned how this enhanced efficiency
was achieved. Chaganty et al. (8) previously reported that
targeting HER2 with trastuzumab could upregulate PD-L1
expression in tumor cells by inducing IFN-γ production in
the tumor microenvironment, thereby contributing to induced
immune resistance to HER2 targeted therapy. In our study, we
demonstrated that trastuzumab induced the release of IFN-γ
in the coculture of PBMCs with both N87 and HCC1954
tumor cell lines. IFN-γ production, in turn, upregulated the
level of PD-L1 expression in both tumor cell lines that were
originally PD-L1-negative. As a consequence, the ADCC effect
of BsAb was enhanced because of the upregulation of PD-L1
on the tumor cell surface. Thus, we suggest that during
trastuzumab treatment in cancer patients, trastuzumab stim-
ulates IFN-γ production, which turns PD-L1-negative “hot”
tumors into PD-L1+ “cold” tumors, evading immune attacks
mediated by T and NK cells. Our preclinical results indicated
that the application of HER2/PD-L1 BsAb could potentially
prevent this “turning” process and thus achieved long-lasting
clinical benefits in our tumor xenograft models.

In summary, HER2/PD-L1 BsAb in the IgG1 subclass
retained the activities of both parental mAbs and demon-
strated enhanced ADCC to HER2+ tumor cells. In the late
stage of the PBMC-“humanized” HCC1954 xenograft tumor
model, its therapeutic efficacy was superior to mAb and
combination therapies. Collectively, HER2/PD-L1 BsAb was
6 J. Biol. Chem. (2021) 297(6) 101420
potentially an effective option for managing HER2+ but
trastuzumab-resistant tumors.
Experimental procedures

Cell lines and reagents

NCI-N87, HCC1954, and SKBR3 cells were obtained from
the Shanghai Cell Line Bank. RPMI1640 medium (61870036),
Freestyle 293 medium, Dynabeads CD4 Positive Isolation Kit
(11331D), TMB substrate, and fetal calf serum (FCS) were
obtained from Thermo Fisher Scientific. PE-labeled goat anti-
human IgG (409304), streptavidin-PE (405203), anti-human-
CD3 (clone HIT3a), and anti-human-CD28 (clone CD28.2)
were obtained from Biolegend. Trastuzumab and humanized
anti-PD-L1 scFV were prepared in house. Cell Counting Kit-8
(CCK8) was obtained from Dojindo Laboratories. Human
antibody germline sequence and primers were synthesized by
Sangon Biotech. IL-4 and GM-CSF were obtained from R&D
Systems, and all other recombinant proteins were products of
Sino Biological. SYPRO Orange was obtained from Sigma-
Aldrich. Human IFN-γ ELISA Kit (EHC102g) was obtained
from Neobioscience. Cytotoxicity detection kit (LDH) was
from Roche Life Science. Matrigel was obtained from BD
Biosciences. Polyethylenimine (PEI) was obtained from Poly-
sciences. Protein A probes were obtained from Pall Corpora-
tion. Protein A-Sepharose Column was obtained from



Figure 5. The enhanced ADCC activities of HER2/PD-L1 BsAb. A and B, HER2 and PD-L1 expression levels on HCC1954 and NCI-N87 cells were measured
by flow cytometry. C and D, ADCC activities of HER2/PD-L1 BsAb and trastuzumab to HCC1954 and NCI-N87 cells using human PBMCs as effector cells.
Tumor cells were cocultured with human PBMCs (1:20) in the presence of HER2/PD-L1 BsAb, trastuzumab, or isotype for 18 h. Supernatants were harvested
to measure the LDH release by ELISA. E, the production of IFN-γ in tumor cells and human PBMC coculture was measured by ELISA. F, IFN-γ-induced
upregulation of PD-L1 expression on NCI-N87 cells as determined by flow cytometry.*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 as indicated by
Student’s t test. Data were represented as mean ± STE.

Inhibition of tumor growth by HER2/PD-L1 BsAb
BioVision. HRP-conjugated goat anti-human IgG (H + L) was
obtained from Jackson ImmunoResearch. Monocyte purifica-
tion kit was obtained from Miltenyi Biotec. Ficoll gradient was
obtained from GE healthcare. Human PBMCs were obtained
from Allcells.
Humanization of anti-PD-L1 mAb by framework shuffling

Murine hybridoma cells secreting mAbs against human
PD-L1 were prepared in a different study. Total RNA was
isolated from hybridoma cells, and variable region genes of the
PD-L1 antibody were obtained by degenerate polymerase
J. Biol. Chem. (2021) 297(6) 101420 7



Figure 6. Antitumor responses of HER2/PD-L1 BsAb in NCI-N87 tumor
xenograft model. NOG mice were subcutaneously inoculated with NCI-
N87 cells and human PBMCs (107 cells/mouse) were injected to the tumor
sites when tumor volumes reached 100 mm3. Mice were randomized into
different groups and received i.v. administration of BsAb (10 mg/kg, n = 8),
trastuzumab (7.5 mg/kg, n = 8) or isotype control (7.5 mg/kg, n = 8), BIW, as
indicated. *p < 0.05 and **p < 0.01 as indicated by one-way ANOVA fol-
lowed by Newman–Keuls multiple comparisons test. Data were represented
as mean ± STE.

Inhibition of tumor growth by HER2/PD-L1 BsAb
chain reaction (PCR). Anti-PD-L1 mAb was humanized using
a framework shuffling strategy with human heavy and light
germline genes. The procedure was carried out as previously
described (25) and resulted in the discovery of one humanized
antibody molecule exhibiting excellent thermal stability,
binding affinity, and specificity as determined by ELISA.

Vector construction, protein expression, and purification
A disulfate bond was inserted into anti-PD-L1 scFVs be-

tween VH (heavy chain variable domain) 44 and VL (light
chain variable domain) 100 to increase the stability of scFV
molecules (24). Trastuzumab light and heavy chain amino acid
sequences were obtained from the international ImMunoGe-
neTics information system (IMGT/mAb-DB). Anti-PD-L1
scFV was linked to the C-terminus of trastuzumab Fc using
flexible peptide linker (GGGGS)3. The DNA sequences were
synthesized and subcloned into a pcDNA3.1 vector and
amplified in E. coli. Purified plasmids were then transfected
into HEK293F cells using the PEI technique. Subsequently, the
cells were grown in suspension in Freestyle 293 expression
medium. After 6 days of culture, the supernatant was collected,
and the antibodies were purified using Protein A columns. The
purified antibodies were dialyzed against phosphate buffered
saline (PBS), concentrated, flash frozen, and kept at −8 �C.

Binding ELISA

The potency of BsAb interaction with antigens (PD-L1 and
HER2) derived from different species was assessed using
enzyme-linked immunosorbent assay (ELISA). Ninety-six-well
immuno-plates were coated with 2 μg/ml 6xHis-tagged anti-
gen proteins overnight at 4 �C. Three-fold serial dilutions of
BsAb and control antibodies (avelumab and trastuzumab)
8 J. Biol. Chem. (2021) 297(6) 101420
were applied to wells. Following 1-h incubation, horseradish
peroxidase (HRP)-conjugated goat anti-human IgG (H + L)
was added and incubated for 1 h at 37 �C. The plate was then
washed and developed with 3,30,5,50-tetramethylbenzidine
(TMB) substrate. Visualization was performed at 450 nm using
a SpectraMax M5e (Molecular Devices) microplate reader.

Dual-target bridging ELISA

PD-L1-ECD protein (2 μg/ml) was coated onto 96-well
immuno-plates (Greiner) at 4 �C overnight. The plates were
washed with PBS, blocked for 1 h with 1% casein in PBS, and
incubated with three-fold serial dilutions of antibodies for
another hour at 37 �C. The plates were then washed three
times and incubated with 2 μg/ml biotinylated-HER2 protein
for 1 h at 37 �C. After washing, streptavidin-HRP was added
and incubated for 1 h at 37 �C. The plates were washed and the
reaction developed with TMB substrates. Visualization was
performed at 450 nm using a SpectraMax M5e microplate
reader.

Biolayer interferometry (BLI)

BsAbs were diluted to 10 μg/ml using sample buffer (0.02%
Tween 20 and 0.1% BSA in PBS). Hu (human)-HER2 and hu-
PD-L1 proteins (6xHis-tagged) were diluted to 100 nM using
sample buffer. Binding of BsAb with specific hu-HER2 and hu-
PD-L1 antigens was analyzed on ForteBio’s Octet RED96 BLI
system. All measurements were performed in the sample
buffer at room temperature (RT). BsAb (10 μg/ml) was
immobilized onto Protein A biosensors, and antigens were
twofold serially titrated from 100 nM to achieve rate constants
and affinity measurements. KD values were calculated using
the vendor-supplied software.

PD1/PD-L1 blocking ELISA

The ability of BsAb to block the PD1 and PD-L1 interaction
was measured using a competitive ELISA. In brief, hu-PD-L1
protein was coated onto 96-well immuno-plates (Greiner) at
4 �C overnight. Next, threefold serial dilutions of BsAb and
trastuzumab were introduced to the wells along with 1 μg/ml
of biotinylated hu-PD1 protein. Following a 1-h incubation,
the bound competitive ligands were detected using HRP-
conjugated streptavidin and developed with TMB substrate.
The IC50 of antibodies was measured using software on a
SpectraMax M5e microplate reader.

Flow cytometry

HER2 and PD-L1 expression levels in HCC1954 and NCI-
N87 human cancer cells were measured by flow cytometry.
In short, single-cell suspensions (3 × 105 cells) were stained
with avelumab (for PD-L1), trastuzumab (for HER2), and
isotype-matched control in 5-ml FACS tubes. After washing,
the cells were incubated with PE-conjugated anti-human IgG
antibody and then analyzed by a CytoFLEX flow cytometer
(Beckman Coulter). To measure IFN-γ-induced PD-L1
expression levels, tumor cells were split into 6-well cell cul-
ture plates at 4 × 105 cells/well and cultured with different



Figure 7. HER2/PD-L1 BsAb was superior to mAb and combination therapies in PBMC-“humanized” HCC1954 xenograft model. NOG mice were
subcutaneously inoculated with HCC1954 cells and human PBMCs (107 cells/mouse) were injected to the tumor sites when tumor volumes reached
100 mm3. NOG mice were randomized into different groups after mean tumor volumes reached 150 mm3 and received i.v. administration of BsAb (10 mg/
kg, n = 7, G4), trastuzumab (7.5 mg/kg, n = 7, G2), trastuzumab + anti-PD-L1 mAb (7.5 mg/kg +7.5 mg/kg, n = 7, G3), or isotype control (7.5 mg/kg, n = 7, G1),
BIW, as indicated. A, tumor growth in PBMC-“humanized” HCC1954 xenograft model after received different treatments. B, tumor weights on the day when
the group of mice were euthanized. C, tumor images on the day when the group of mice were euthanized. **p < 0.01 and ***p < 0.001 as indicated by one-
way ANOVA followed by Newman–Keuls multiple comparisons test. Data were represented as mean ± STE.
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concentrations of IFN-γ (1, 10, or 100 ng/ml) for 24 h at 37 �C
in complete media. Single cancer cell suspensions (4 × 105 cell/
ml) were then prepared, and the expression levels of PD-L1
were determined by flow cytometry as described above.

Differential scanning fluorimetry (DSF)

DSF was used to evaluate the thermal stability of antibodies.
One microliter of SYPRO Orange (#S6650, Thermo Fisher
Scientific) 250× working solution was added into 24 μl of PBS-
diluted antibody at 20 μM. Relative fluorescence units (RFUs),
dRFU/dT curve, and primer melting temperature (Tm) values
were obtained on a CF×96 Touch qPCR machine (Bio-Rad).

Size exclusion chromatography (SEC)-HPLC

SEC-HPLC analysis was conducted to evaluate the purity,
aggregation, and degradation of antibodies. Samples were
analyzed with an Agilent 1260 HPLC system (Agilent) on a
Thermo MAbPac SEC-1, 5 μm, (7.8 mm × 300 mm) column
(P/N 088460). Mobile-phase condition was 50 mM sodium
phosphate, 300 mM sodium chloride, pH 6.8. SEC chro-
matograms were observed at 280-nm absorbance at 25 �C,
with a flow rate of 0.7 ml/min and sample injection volume of
15 μl.

Mixed lymphocyte reaction (MLR)

Human blood monocytes were extracted from human
PBMCs with a monocyte purification kit and grown in culture
for 7 days in 500 U/ml IL-4 and 250 U/ml GM-CSF to produce
dendritic cells (DCs). Subsequently, CD4+ T cells
(1 × 105 cells) and allogeneic DCs (1 × 104 cells) were cocul-
tured, in the presence or absence of BsAb, avelumab, or
isotype-matched control. After 5 days of culture, cell super-
natants were collected to measure secreted IFN-γ with ELISA.

T-cell activation assay

Anti-CD3 (clone HIT3a, 1 μg/ml), anti-CD28 (clone
CD28.2, 1 μg/ml), and human PD-L1 (6xHis-tagged, 5 μg/ml)
J. Biol. Chem. (2021) 297(6) 101420 9



Figure 8. Serum concentration of intact HER2/PD-L1 BsAb after a single
i.v. administration of 10 mg/kg HER2/PD-L1 BsAb to cynomolgus
monkeys. n = 2 monkeys per time point. Serum concentrations were
measured with antigen capture ELISA.
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were coated onto Corning 96-well cell culture plates over-
night at 4 �C. Control wells were coated with either mouse
IgG2a isotype control alone or with anti-CD3 and anti-CD28
antibodies. CD4+ T cells were extracted with Dynabeads CD4
cell positive isolation kit according to manufacturer’s guide-
lines. CD4+ T cells were cultured in precoated 96-well plates,
in the presence or absence of antibodies at the above-
mentioned concentrations for 4 days at 37 �C in RPMI1640
with 10% FBS. After 4 days, cells were counted using a CCK-8
kit.
Tumor cell inhibition

Tumor cells were split into 96-well plates at 10,000 cells/
well. After incubation overnight, serial dilutions of BsAb
and trastuzumab in culture media were added to the wells.
The plates were maintained in a CO2 incubator for 96 h at
37 �C. Subsequently, CCK-8 agent was introduced, and the
cells were further incubated until untreated control cells’
OD450 values were greater than 1. Growth suppression
was evaluated as the percentage of growth relative to un-
treated cells. The dose–response curves were plotted from
the average of three measurements. IC50 values were
calculated using software on a SpectraMax M5e microplate
reader.
Antibody-dependent cellular cytotoxicity (ADCC)

Human PBMCs were purified from the “buffy coats” pro-
vided by Zhongshan Blood Center with Ficoll gradient ac-
cording to manufacturer’s guidance. NK cells were extracted
from human PBMCs with negative selection and magnetic
beads (Miltenyi Biotec). NK cells (3 × 106 cells) and target
cells (3 × 105 cells) were cocultured in the presence or
absence of testing antibodies. Following incubation for 18 h,
LDH release into culture supernatants was analyzed by
ELISA. After an additional 18-h incubation, the cell super-
natant was collected to measure the concentrations of
secreted IFN-γ by ELISA.
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Antitumor effect in PBMC-“humanized” tumor xenograft
models

HCC1954 cells (5 × 106 cells) were subcutaneously
administered to the right flank of NOG mice on day 12.
Next, PBMCs (1 × 107 cells) were resuspended with PBS and
administered via the tail veins of NOG mice on day 7.
The mean tumor volume was �100 mm3 12 days post
inoculation (day 0). At this time point, the mice were
assigned to four equal groups based on their tumor volumes.
Mice were dosed intraperitoneally (IP) as listed below: Group
1, 7.5 mg/kg isotype; Group 2, 7.5 mg/kg trastuzumab;
Group 3, 7.5 mg/kg trastuzumab +7.5 mg/kg anti-PD-L1
mAb; Group 4, 10 mg/kg BsAb. Administrations were
routinely performed on days 0, 4, 7, 11, 14, 18, 21, 29, and
37 post inoculation. Tumor volume was measured twice a
week and calculated as V = LW2/2 (V = volume, L = length,
W = width).

Similarly, NCI-N87 cells (5 × 106 cells) were subcutane-
ously administered to the right flank of NOG mice on day 14.
PBMCs (5.5 × 106 cells) resuspended in PBS were adminis-
tered to the tail veins of NOG mice on day 9. The mean
tumor volume was �100 mm3 14 days post inoculation (day
0). At this time, the mice were equally assigned to three
groups based on their tumor volumes: Group 1, 7.5 mg/kg
isotype; Group 2, 10 mg/kg BsAb; and Group 3, 7.5 mg/kg
trastuzumab. Administrations were routinely performed IP on
days 0, 4, 7, 11, 14, and 18 post inoculation. Tumor volumes
were measured and calculated as described above. All live
animal studies were approved by the Ethical Committee of
SIMM, CAS.

Serum stability in cynomolgus monkeys

In a single-dose serum stability examination, two cyn-
omolgus monkeys were injected intravenously with 10 mg/kg
BsAb. Subsequently, blood samples were collected in antico-
agulant tubes at 0, 1, 4, 8, 12, 24, 48, 96, 192, 264, 360, and
504 h post administration. Concentrations of BsAb in cyn-
omolgus monkey sera were measured using the standard curve
plotted by ELISA. Hu-PD-L1-6xHis was coated onto plates
(Greiner) overnight, washed, and incubated with serial di-
lutions of monkey sera collected. After washing, biotinylated
HER2 protein was added and incubated for 1 h. HRP-
streptavidin was then developed with TMB substrate. The
OD450 value was measured using a SpectraMax M5e micro-
plate reader. Blood samples were collected on days 0, 8, 18, and
22 post administration for toxicity tests with a Cobasb 221
system (Roche) and an automated hematology analyzer
(SYSMEX). All live animal studies were approved by the
Ethical Committee of SIMM, CAS.

Statistical analysis

For comparison between two groups, Student’s t test was
used. For multiple group comparison, one-way ANOVA fol-
lowed by Newman–Keuls multiple comparisons test was used.
In both cases, p value less than 0.05 was considered significant.
Data are represented as mean ± STE in our results.
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