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Abstract Bispecific killer cell engagers (BiKEs) are a powerful tool to incite the killing power of

natural killer (NK) cells. Here, we posited that the BiKE technology could be utilized to deplete activated

immune cells expressing programmed death-1 (PD-1þ cells), and hence treat autoimmune diseases since

these cells drive the disorders. We designed and generated PD-1 BiKE that targets an activating NK cell

receptor, CD16, and PD-1. PD-1 BiKE showed specific binding to PD-1þ cells and engaged CD16 simul-

taneously. PD-1 BiKE enhanced NK cell-mediated apoptosis and depletion of PD-1þ Raji cells, but not

PD-1- Raji cells. Further, PD-1 BiKE induced apoptosis of primary PD-1þ T lymphocytes that are highly

relevant to autoimmune disease progression. The BiKE depleted 42% of primary T cells that were stim-

ulated in vitro. Importantly, those ablated primary T cells were activated cells. Meanwhile, naive T cells

were spared by the BiKE treatment, supporting the crucial selectivity of PD-1 BiKE-directed cell deple-

tion. Lastly, PD-1 BiKE is more effective than a conventional depleting antibody in the depletion of

PD-1þ cells. The current work supports PD-1 BiKE is a selective, potent, and safe tool to deplete

PD-1þ cells.
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1. Introduction

Bispecific killer cell engagers (BiKEs), a subtype of bispecific
antibody, have recently gained popularity for their ability to
activate, direct, and release the killing power of effector immune
cells such as cytotoxic T cells and natural killer (NK) cells to-
wards target cells. NK cells, crucial members of innate immunity,
are potent effector cells of BiKEs due to their early cytokine
production and ability to lyse cells without any prior sensitiza-
tion1,2.To date, BiKEs that utilize NK cells have achieved
remarkable clinical success in cancer treatment3,4. We posit that
this type of BiKE may be developed to deplete lymphocytes
expressing programmed death-1 (PD-1þ cells) and alleviate
autoimmune diseases.

PD-1þ cells drive the progression of autoimmune diseases5-8,
and the specific depletion of PD-1þ lymphocytes with an immu-
notoxin alleviates symptoms in animal models of multiple scle-
rosis (MS) and type-1 diabetes (T1D)9,10. The specific depletion of
activated PD-1þ lymphocytes may offer a new therapeutic
approach for autoimmune diseases with advantages in safety and
efficacy over current therapies, which indiscriminately deplete
naı̈ve and activated lymphocytes, compromise lymphocyte reper-
toires, and lead to long-term, broad immune deficiency11,12. For
the clinical translation of this therapeutic approach, we initially
developed a conventional depleting aPD-1 targeting PD-1þ cells.
However, this antibody only showed modest efficacy towards
primary PD-1þ lymphocytes that have moderate and dynamic PD-
1 expression. The suboptimal outcome may be attributed to an
insufficient amount of depleting aPD-1 antibodies per PD-1þ cell
to effectively trigger Fc-mediated effector mechanisms, a chal-
lenge that BiKEs could overcome. We hypothesized that a BiKE
could be used to target PD-1þ lymphocytes and increase NK cell-
mediated cytotoxicity towards PD-1þ cells. BiKEs have not yet
been utilized as an autoimmune disease therapy, although they are
promising for their success in treating HER2-positive breast
cancers, Hodgkins lymphoma, Myelodysplastic syndromes, and
acute myeloid leukemia, among others13-17. In fact, BiKEs have
shown superior efficacy compared to their depleting antibody
counterparts with minimal sensitivity to antigen expression
level18-20, rendering them an ideal approach to address the
aforementioned obstacle of depleting primary PD-1þ cells.

In terms of engaging and activating NK cells through BiKEs,
several NK cell receptors have been explored including NKG2D,
Nkp46, Nkp30, and CD1621-23. Among these receptors, CD16
(FcgRIII), has gained popularity as a BiKE target24. CD16 is an
activating receptor constitutively expressed by approximately 90%
of NK cells. CD16þ NK cells are mature NK cells responsible for
inducing antibody-dependent cellular cytotoxicity (ADCC)
whereas CD16‒ cells are immature and do not contribute to
ADCC25. ADCC is initiated when CD16 molecules on NK cells
recognize the Fcs of antibodies and become clustered. After
clustering, adaptor proteins of CD16 become crosslinked where
phosphorylation of the immunoreceptor tyrosine-based activation
motif (ITAM) activates the NK cells, triggering their degranula-
tion and, ultimately, their lysis of the antibody-coated target
cell25,26. Though conventional depleting antibodies can induce
ADCC through CD16, their mediated ADCC suffers from limi-
tations such as the inherent low-affinity interaction between the Fc
of the antibody and CD16, and competition between depleting
antibodies and endogenous IgGs for CD1627. Because of this,
BiKEs have been engineered to bind CD16 with higher specificity
and affinity via aCD16 variable fragments (Fvs), creating more

potent ADCC towards the target cell. This family of CD16 BiKEs
has demonstrated tremendous preclinical and clinical success,
with several currently in Phase I/II clinical trials2,28.

The architecture of BiKEs can be chosen based on the appli-
cation, with general considerations for size, half-life, and stability.
Structurally, BiKEs can be broadly categorized as either IgG-like
or non-IgG-like based on whether they contain the Fc portion of
an IgG. IgG-like BiKEs were first introduced as molecules that
resemble a native IgG molecule with an Fc and two Fabs, where
each Fab bound a distinct target with monovalence29. Further
developments have led to tetravalent “appended, IgG-like BiKEs”
that are made up of a whole IgG with additional Fvs attached to
the Fc, usually via flexible amino acid linkers. In this case, the IgG
backbone is directed at one antigen with bivalency, and the
appended Fvs are directed at the other antigen with bivalency3,23.
IgG-like BiKEs are, therefore, equal or larger in size compared to
native IgG and have similar biological properties in terms of long
plasma half-life and overall stability30. On the other hand, non-
IgG-like BiKEs do not contain an Fc, are smaller in size, and
lack any Fc-mediated effector function30,31. While IgG-like
BiKEs range in molecular weights from 150 to 200 kDa, non-
IgG-like BiKEs are typically between 25 and 100 kDa. Due to
their larger size and the presence of an Fc, IgG-like BiKEs have
elimination half-lives between 2 and 3 weeks, which offers ther-
apeutic advantages in many cases32. With smaller molecular
weights and the absence of an Fc, non-IgG-like BiKEs have
shorter elimination half-lives, ranging from 2 to 11 h33-35. Overall,
both formats of BiKEs have had success in ablating malignant
cells. However, it remains unknown whether non-IgG-like or IgG-
like BiKEs are more advantageous in the context of autoimmune
diseases as BiKEs have not been examined in these disorders.

Another design consideration of both IgG-like and non-IgG-
like BiKEs is how many antigen binding sites they will possess
(i.e., their valencies). BiKEs can be bivalent with one binding site
for each antigen, or tetravalent with two binding sites for each
antigen23. As CD16 crosslinking on the NK cell surface is
necessary to induce NK cell activation and ADCC, the majority of
CD16-targeting BiKEs have been engineered in tetravalent for-
mats17-19,26,36. With two CD16 binding sites per molecule, it is
hypothesized that tetravalent BiKEs can thus achieve the neces-
sary CD16 crosslinking and NK cell activation more readily than a
conventional depleting antibody due to the BiKE’ s ability to
engage two CD16 molecules at one time26. Though some CD16-
targeting BiKEs are designed to be bivalent, certain comparisons
have shown that the tetravalent counterpart is more effective at
inducing NK cell activity towards the target cell37. In fact, tetra-
valent BiKEs may be more favorable as they increase the chances
of CD16 binding by utilizing two scFvs as opposed to one.

With these design considerations, we hypothesized that a
tetravalent BiKE targeting PD-1 and CD16 (PD-1 BiKE herein)
would increase NK cell engagement and potently direct NK cells
to deplete PD-1þ cells. We designed PD-1 BiKE in a tetravalent
IgG-like format with the intent of engineering a stable, dual-
affinity molecule. The resulting PD-1 BiKE demonstrated spe-
cific and simultaneous binding to both targets, PD-1 and CD16.
Further, PD-1 BiKE successfully induced NK cell-mediated
apoptosis and depletion of PD-1þ T and B cells and was more
effective than a depleting aPD-1 antibody, consistent with our
hypothesis. The current work supports that PD-1 BiKE is a se-
lective and potent molecule to facilitate the depletion of PD-1þ

cells, providing a clinically relevant and promising therapeutic for
autoimmune diseases.
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2. Materials and methods

2.1. Reagents

Expi293 cells were purchased from ThermoFisher (Franklin, MA,
USA); Raji-hPD-1 cell line was purchased from Invivogen (San
Diego, CA, USA); Apheresis blood cones for isolation of primary
human lymphocytes were obtained from the University of Utah
ARUP Laboratories. Human NK cell and T cell isolation kits, NK
and T cell culturing materials were all purchased from
STEMCELL Technologies (Vancouver, BC, Canada). FITC-anti-
human CD56 (clone 5.1H11), APC-anti-His (clone J095G-46),
APC-anti-human CD107a (clone H4A3), PerCP-anti-human CD3
(clone OKT3); APC-anti-human CD19 (clone H1B19); PE- anti-
human CD16 (clone QA1813); PE-anti-human PD-1 (clone
EH12.2H7); FITC-anti-human CD69 (clone FN50), anti-human
CD16 (clone QA1813) were all purchased from Biolegend (San
Diego, CA, USA). Annexin V (Ref. A35110); PI (Ref. P3566);
anti-mouse IgG2a-HRP conjugate (Y2a) were purchased from
Invitrogen (Eugene, OR, USA); APC-anti-human IgG Fc
(G18145) was purchased from BD Biosciences (San Jose, CA,
USA). Human CD16a recombinant protein-His (cat. F176) and
human PD-1 recombinant protein-mouse Fc Tag (cat. PD-1-
H5255) were purchased from AcroBiosystems (Newark, DE,
USA); CCK8 metabolic assay (ab228554) was purchased from
Abcam (Eugene, OR, USA). SuperSignal ELISA Pico Chemilu-
minescent Substrate (Ref. 37069) was purchased from
ThermoFisher Scientific (Euguene, OR, USA).

2.2. Methods

2.2.1. Cell culture
Raji-hPD-1 cells were cultured in an incubator with 5% CO2 at
37 �C in RPMI containing 10% FBS, 25 mmol/L HEPES, 1%
penicillinestreptomycin, and 100 mg/mL Normocin, according to
manufacturer’s guidelines. Deidentified blood samples were
collected from healthy donors by the ARUP Laboratories and
obtained for this study, a procedure that does not need an IRB
approval according to policies of the University of Utah. PBMCs
were isolated from the blood samples using ficoll density gradient
centrifugation. Primary T cells were isolated from PBMCs by
magnetic negative selection, then cultured in 5% CO2 at 37

�C in
complete T cell expansion media containing anti-CD3/anti-CD28
cocktail (STEMCELL Technologies, Vancouver, BC, Canada), or
cultured in 5% CO2 at 37 �C in T cell expansion media
(STEMCELL Technologies, Vancouver, BC, Canada) with no
anti-CD3/anti-CD28 cocktail for unstimulated T cell conditions;
Primary NK cells were isolated by magnetic negative selection,
and cultured in 5% CO2 at 37

�C in complete NK cell expansion
media (STEMCELL Technologies, Vancouver, BC, Canada).
Expi293 cells were cultured in a shaking incubator in 8% CO2 at
37 �C in BalanCD HEK293 media supplemented with
L-glutamine (Irvine Scientific, Santa Ana, CA, USA).

2.2.2. Production of PD-1 BiKE and monoclonal antibodies
Gene sequences for anti-PD-1 antibodies and anti-CD16 variable
domains were obtained from published sources38,39. For PD-1
BiKE, and anti-PD-1 antibodies heavy and light chain gene se-
quences were cloned into separate pcDNA3.1 mammalian
expression vectors and plasmids were amplified in Escherichia
coli. Plasmid DNA was purified using ZymoPURE II Plasmid
Midiprep Kit (Irvine, CA, USA). Plasmids were then used to

transfect Expi293 cells a 2:1 light chain: heavy chain ratio. After 5
days, cell supernatant was harvested, and proteins were isolated
with either Protein G chromatography for mAbs, or SEC for PD-1
BiKE. Purity was assessed with FPLC and SDS-PAGE.

2.2.3. PD-1 BiKE stability assay
PD-1 BiKEwas incubated in 5mLFBS at a concentration of 4 nmol/
L at 37 �C for 48 h. At t Z 0, and t Z 24 h, 700 mL aliquots were
removed and stored at�20 �C. After 48 h, samples were thawed and
ELISAwas used to quantify the amount of functional BiKE in each
sample. For ELISA: a flat-bottom96-well platewas coated overnight
at 4 �Cwith 150 nmol/L PD-1 protein; wells were blocked with PBS
þ 1% BSA for 2 h; 100 mL samples from each time point were then
incubated for 1 h; wells were washed 3 times with PBS þ 0.05%
Tween 20, then incubated for 1 h with 80 nmol/L soluble CD16
protein carrying a tag; wells werewashed 3 times; anti-His-HRPwas
added for 1 h; wells were washed 3 times and chemiluminescent
substrate was added; luminescence was detected using a Tecan
Infinite 200 Pro Microplate Reader.

2.2.4. Target binding assays
2.2.4.1. Flow cytometry. For binding to PD-1, PD-1þ or
PD-1� cells were incubated with 30 nmol/L PD-1 BiKE for
30 min in PBS at 4 �C. Cells were washed twice, then anti-human
IgG Fc-APC detection antibody was added for 30 min at 4 �C.
Flow cytometry (BD FACS Canto) was used to detect BiKE-
bound cells. For simultaneous binding to PD-1 and CD16, PD-
1þ cells were incubated with varying concentrations of PD-1
BiKE for 30 min in PBS at 4 �C, washed twice, then 150 nmol/
L CD16 soluble protein carrying a His tag was added for 30 min.
After two washes, APC-anti-His antibody was added to cells to
detect CD16-bound cells, cells were washed, then flow cytometry
was used to determine the quantity of cells bound by PD-1 BiKE
and CD16 protein.

2.2.4.2. ELISA. A flat-bottom 96-well plate was coated over-
night at 4 �C with 150 nmol/L CD16 protein; wells were blocked
with PBS þ 1% BSA for 2 h; PD-1 BiKE or anti-PD-1 antibodies
were added at varying concentrations in PBS þ 0.05% Tween
20 þ 1% BSA and incubated for 1 h; wells were washed 3 times
with PBS þ 0.05% Tween 20, then incubated for 1 h with
80 nmol/L soluble PD-1 protein carrying a mouse Fc (IgG2a) tag;
wells were washed 3 times; anti-mouse IgG2a-HRP conjugate was
added for 1 h; wells were washed 3 times and chemiluminescent
substrate was added; luminescence was detected using a Tecan
Infinite 200 Pro Microplate Reader.

2.2.5. NK cell activation assays
PD-1þ Raji cells and primary NK cells were seeded at a 2:1 E:T
ratio in 400 mL RPMI containing 10% FBS. Varying concentra-
tions of either PD-1 BiKE or depleting aPD-1 were added to
respective wells, and plates were incubated at 37 �C with 5% CO2

for 4 h. Cells were transferred to tubes, washed, then resuspended
in PBS þ 2% FBS. Cells were stained with FITC-CD56 antibody
and APC-CD107a antibody for 30 min at 4 �C. Cells were washed
twice, then analyzed with flow cytometry. Cells that stained pos-
itive for CD56 and CD107a were characterized as activated NK
cells. Mean fluorescence intensities (MFI) were quantified and
fold-increase was determined by dividing respective MFIs by the
MFI of NK cells co-cultured with Raji in the absence of PD-1
BiKE or depleting aPD-1.
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2.2.6. Apoptosis assays
Target cells and primary NK cells were seeded at a 2:1 of E:T ratio
in a 48-well plate in 400 mL RPMI containing 10% FBS with
varying concentrations of PD-1 BiKE. Cells were incubated at
37 �C with 5% CO2 for 4 h. Cells were transferred to tubes,
washed, and resuspended in Annexin V binding buffer; FITC-anti-
CD56, Annexin V, and PI were incubated with cells for 30 min at
4 �C. Cells were washed twice then analyzed by flow cytometry:
cells that stained negative for CD56, and positive for Annexin V,
PI, or both were determined to be apoptotic target cells.

2.2.7. Target cell depletion assays
2.2.7.1. Flow cytometry. Target cells and primary NK cells
were seeded at varying ratios in a 48-well plate in 400 mL RPMI
containing 10% FBS and dosed with various concentrations of PD-1
BiKE, aPD-1 antibodies, or aCD16 antibody. Plates were incubated
at 37 �C in 5% CO2. After 24 h, cells were transferred to tubes,
washed, and resuspended in PBS containing 2% FBS. Cells were
stained with FITC-anti-CD56 antibody, and either APC-anti-CD19
(Raji cells) or PerCP-anti-CD3 (primary T cells) antibodies for
30 min at 4 �C, then washed twice. Flow cytometry was used to
quantify the percentages of NK cells and target cells remaining in
each sample after 24 h. For CD69þ T cell depletion assays, target
cells and primary NK cells were seeded at varying ratios in a 48-well
plate in 400 mL RPMI containing 10% FBS and dosed with various
concentrations of PD-1 BiKE or depleting aPD-1. Plates were
incubated at 37 �C in 5% CO2. After 24 h, cells were transferred to
tubes, washed, and resuspended in PBS containing 2% FBS. Cells
were stained with PerCP-anti-CD3 and FITC-anti-CD69 for 30 min
at 4 �C, then washed twice. Flow cytometry was used to quantify the
number of total T cells, and CD69þ T cells for each group.

2.2.7.2. CCK-8 assay. Either PD-1þ Raji or WT Raji were
seeded at a 1:1 ratio with primary NK cells in a 96-well plate in
200mLofRPMI containing 10%FBS. Several concentrations of PD-
1 BiKE were added to respective wells then plates were incubated at
37 �C in 5% CO2 for 24 h. CCK8 solution (Abcam, Eugene, OR,
USA) was added to each well and incubated at 37 �C for 2 h.
Absorbance was read at 450 nm on a colorimetric plate reader.

2.2.8. Intrinsic cytotoxicity of PD-1 BiKE to target cells
PD-1þ Raji, WT Raji, or primary T cells were incubated with
varying concentrations of PD-1 BiKE in 200 mL RPMIþ 10% FBS.
After 24 h, CCK-8 reagent was added and absorbance was read at
450 nm on a colorimetric plate reader to determine cell viability.

2.2.9. Statistical analysis
Analysis of variance (ANOVA) was used to assess the differences
among the means of treatment groups followed by multiple
comparisons using the Benferroni adjustment when
doseeresponse was examined. Additional two-sample compari-
sons using a one-sided t-test were performed for groups of interest
and are reported in figures.

3. Results

3.1. Design and production of PD-1 BiKE

We designed PD-1 BiKE to potentiate the engagement of NK cells
and their ADCC directed at autoreactive PD-1þ lymphocytes
compared to a conventional depleting aPD-1 (Fig. 1A). The PD-1

BiKE assumed an IgG-scFv configuration36, comprising a whole
aPD-1 backbone, with two CD16-targeting scFvs tethered to the C
terminus of the aPD-1 Fc via flexible peptide linkers (Fig. 1B).
Nivolumab was used as the aPD-1 backbone38, which belongs to
the IgG4 isotype. For the CD16-targeting domains, the VL and VH

of an anti-human CD16 antibody (clone NM3E2) were used39.
Two separate plasmids were designed for the expression of PD-1
BiKE (Fig. 1C). The first plasmid encodes an extended heavy
chain which, from N to C terminus, contains the heavy chains of
nivolumab, the peptide linker (GGGGS)3, the aCD16 VH, another
linker, (GGGGS)3, and the aCD16 VL (Fig. 1C). The second
plasmid encodes the light chain of nivolumab. The PD-1 BiKE has
a theoretical molecular weight of approximately 200 kDa.

To express PD-1 BiKE, Expi293 cells were transfected with
the aforementioned plasmids at a 2:1 light:heavy chain ratio.
Purified BiKE was examined by using size exclusion chroma-
tography and eluted at a position consistent with a globular
200 kDa protein (Fig. 1D). Results of SDS-PAGE confirmed the
purity of PD-1 BiKE (Fig. 1E); in the sample treated with
reducing loading buffer, there were only two bands present, one at
75 kDa (extended heavy chain) and one at 25 kDa (aPD-1 light
chain); in the sample treated with non-reducing buffer, there is
only a single band with no impurities present. The SDS-PAGE
results of reduced samples also show that the extended heavy
chain and the light chain are connected by disulfide bonds. The
final yield of PD-1 BiKE was w60 mg/L of culture. The stability
of PD-1 BiKE under physiological conditions was confirmed with
ELISA. After 24 h, 91% of PD-1 BIKE maintained the capacity to
bind with PD-1 and CD16 simultaneously; after 48 h, 87%
remained with this capacity (Fig. 1F).

3.2. PD-1 BiKE specifically binds to PD-1 and CD16

We investigated the specific binding of PD-1 BiKE to PD-1 using
a Raji cell line modified to overexpress PD-1 (PD-1þ Raji)
compared to WT Raji, which do not express PD-1 (Supporting
Information Fig. S1A). Flow cytometry analysis showed that
when incubated with 30 nmol/L PD-1 BiKE, 98% of PD-1þ Raji
cells were bound by PD-1 BiKE, a significantly greater percentage
compared to WT Raji (Fig. 2A), indicating selectivity of the aPD-
1 domain of PD-1 BiKE.

Critical to PD-1 BiKE function is its ability to simultaneously
bind PD-1 and CD16. Leveraging the availability of PD-1þ Raji
cells, we examined whether PD-1 BiKE that is bound to PD-1þ

cells can also bind to CD16. We dosed PD-1þ Raji cells with
either 0, 1, 10, or 100 nmol/L PD-1 BiKE, then incubated cells
with soluble CD16 carrying a His-tag. Lastly, an anti-His detec-
tion antibody was used to detect the number of PD-1þ Raji cells
that were bound by CD16 (Fig. S1B). At 1 nmol/L, approximately
28% of PD-1þ Raji were bound to CD16 (Fig. 2B). At 10 nmol/L
and 100 nmol/L, the percentages of CD16-bound cells were 78%
and 96%, respectively. Compared to the condition where PD-1
BiKE was absent, the association of CD16 to PD-1þ Raji was
significantly higher at all three concentrations of PD-1 BiKE. The
difference indicates that the binding of CD16 to PD-1þ Raji cells
was dependent on PD-1 BiKE. The results also confirm the BiKE’
s capacity to simultaneously bind PD-1 and CD16.

The next important feature of the PD-1 BiKE design is that its
binding to CD16 was primarily due to the aCD16 scFvs of PD-1
BiKE and not the Fc region of its nivolumab backbone. To
examine this, we first generated nivolumab in-house and confirmed
its binding to PD-1þ cells (Supporting Information Fig. S2A and
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S2B). The binding of PD-1 BiKE versus nivolumab to CD16 was
compared by ELISA. Here, a 96-well plate was first coated with
CD16 protein. Either PD-1 BiKE or nivolumab were incubated in
the wells and allowed to interact with the CD16 for 1 h. After

incubation, the bound PD-1 BiKE and nivolumab were quantified
using soluble PD-1 in combination with an HRP-aPD-1 detection
antibody (Fig. 2C). As expected, the binding of PD-1 BiKE to the
coated wells was w43 times greater than that of nivolumab

Figure 1 Design and production of PD-1 BiKE. (A) Schematic illustrating the advantage of PD-1 BiKE versus a conventional depleting aPD-1

at engaging NK cells, activating them, and directing their cytotoxic activity towards PD-1þ cells; (B) The tetravalent structure of PD-1 BiKE that

contains an aPD-1 backbone (nivolumab) with two aCD16 scFvs attached to the Fc via flexible amino acid linkers; (C) Schematic depicting the

domain organization of PD-1 BiKE, encoded by the genes of two plasmids used to transfect Expi293 cells; (D) SEC chromatogram showing

elution of PD-1 BiKE (red line) compared to a depleting antibody (IgG, blue line) at a flow rate of 0.600 mL/min; the elution position of protein

markers 200 kDa and 66 kDa are indicated by dashed lines; (E) SDS-PAGE verifying the purity of PD-1 BiKE after it was treated with reducing

(R) and non-reducing (NR) loading buffers; after treatment with reducing buffer, the extended heavy chain (HC) of PD-1 BiKE migrates to

w75 kDa while the aPD-1 light chain (LC) migrates to w25 kDa and confirms that the HC and LC of PD-1 BiKE are connected via disulfide

bonds; (F) Relative percentages of functional PD-1 BiKE remaining after 24 and 48 h of incubation under physiological conditions; PD-1 BiKE

was incubated at 37 �C in serum and aliquots were removed at designated time points, then ELISAwas used to quantify the amount of PD-1 BiKE

present in the sample that could bind to both PD-1 and CD16. Percentages were calculated by normalizing to PD-1 BiKE signal at tZ 0. Data are

mean � SD, n Z 4.

Figure 2 PD-1 BiKE specifically binds to its targets, PD-1 and CD16. (A) PD-1 BiKE binds to PD-1þ Raji cells, but not WT Raji cells;

(B) PD-1 BiKE binding to PD-1þ Raji cells and CD16 protein simultaneously; PD-1þ Raji cells were incubated with varying concentrations of

PD-1 BiKE, then exposed to CD16 soluble protein carrying a His-Tag; after washing, cells were incubated with an aHis-APC detection antibody;

cells that stained positive for aHis-APC were considered associated with CD16; at each concentration of PD-1 BiKE there is a greater percentage

of cells associated with CD16 than the condition of 0 nmol/L PD-1 BiKE; (C) Schematic of ELISA design to determine binding to CD16; a

96-well plate was coated with CD16 protein and exposed to either PD-1 BiKE or nivolumab (IgG4), then incubated with PD-1 protein with a

mouse Fc tag (mFc), an HRP-conjugated a-mFc detection antibody was used to detect bound antibodies; (D) Luminescence signal produced by

PD-1 BiKE is greater than nivolumab (IgG4); Data are mean � SD, n Z 5; t-test ***P < 0.001.

1234 Lauren C. Naatz et al.



(Fig. 2D). Because the PD-1 binding domains of both PD-1 BiKE
and nivolumab are identical, the difference is attributed to the
stronger binding to CD16 by PD-1 BiKE than nivolumab.

Altogether, the results show that the produced PD-1 BiKE
assumed a conformation that supports its binding domains,
underscored by its binding to both PD-1 and CD16. Further, PD-1
BiKE demonstrated a high degree of specificity for PD-1 by its
binding selectivity for PD-1þ Raji compared to WT Raji. PD-1
BiKE was able to simultaneously bind both PD-1 and CD16, and
it showed greater affinity to CD16 than a conventional antibody.

3.3. PD-1 BiKE induces NK cell-mediated apoptosis and
depletion of PD-1þ Raji cells

To determine whether PD-1 BiKE could direct NK cell-mediated
cytotoxicity specifically towards PD-1þ cells, we first examined
the apoptosis of PD-1þ cells induced by PD-1 BiKE in the pres-
ence of NK cells. We employed both PD-1þ Raji and WT Raji as
target cells. We found that the presence of PD-1 BiKE at all tested
concentrations, ranging from 0.1 to 100 nmol/L, increased the
fractions of apoptotic PD-1þ Raji when compared to the result
where PD-1 BiKE is absent (Fig. 3A). Further, we found that all
concentrations of PD-1 BIKE resulted in more apoptotic PD-1þ

Raji cells than WT Raji cells (P < 0.001; ANOVA). Indeed, the
0.1 nmol/L concentration of PD-1 BiKE increased the fraction of
apoptotic cells to 38% among PD-1þ Raji compared to 25% of
WT Raji. The 1 nmol/L concentration of PD-1 BiKE resulted in
39% apoptotic PD-1þ Raji cells while the fraction was only 27%
among WT Raji. The higher concentrations of 10 and 100 nmol/L
PD-1 BiKE both induced apoptosis among 43% of PD-1þ Raji
cells; in contrast, the apoptotic fractions of WT Raji cells
remained at the same level as when there was no PD-1 BiKE
present (Fig. 3A). Altogether, this result showed that PD-1 BiKE
promoted apoptosis in PD-1þ cells.

Next, we sought to evaluate the ability of PD-1 BiKE to
induce NK cell-mediated depletion of PD-1þ target cells. Either
PD-1þ Raji or WT Raji cells were incubated with NK cells at a
1:1 effector: target (E: T) ratio for 24 h in the presence or absence
of 30 nmol/L PD-1 BiKE. The percentages of Raji cells that
survived the incubation were determined using flow cytometry.
To account for nonspecific killing of target cells by NK cells or
cell amplification during the incubation, the percentages of live
Raji cells remaining for treatment groups were calculated by
normalizing to the percentage of Raji remaining when there was
no PD-1 BiKE present. Results show that 22.92% of PD-1þ Raji
cells remained after treatment with PD-1 BiKE, meaning that
77.08% of the cells were ablated (Fig. 3B). An example histo-
gram shows that in the absence of PD-1 BiKE, there is a large
PD-1þ Raji peak; however, this peak nearly disappears after PD-1
BiKE treatment (Fig. 3C). On the other hand, 95% of the WT
Raji cells survived after PD-1 BiKE treatment (Fig. 3B and C).
Interestingly, the same level of effect of PD-1 BiKE was also
observed when a 5:1 E:T ratio was used (Supporting Information
Fig. S3A and S3B). As target cell depletion was the same for the
two ratios, this indicates that PD-1 BiKE is effective at depleting
PD-1þ cells even with fewer NK cells present. Importantly, there
was no decrease in PD-1þ or WT Raji when incubated with PD-1
BiKE in the absence of NK cells, suggesting that the BiKE has no
intrinsic cytotoxicity (Fig. S3C).

We next expanded the aforementioned study by using multiple
concentrations of PD-1 BiKE ranging from 0.3 to 30 nmol/L.
Here, all concentrations of PD-1 BiKE resulted in significant
depletion of PD-1þ Raji compared to the controls without PD-1
BiKE (Fig. 3D). To our surprise, there was no statistically sig-
nificant dose-dependence observed within the tested concentration
range. Even the lowest concentration, 0.3 nmol/L, resulted in only
30% of PD-1þ Raji cells remaining, while the percentages of
remaining PD-1þ Raji cells were 26% and 22% for the 3 nmol/L
and 30 nmol/L groups, respectively. These results indicated sub-
nanomolar potency of PD-1 BiKE. Meanwhile, the potency of
PD-1 BiKE was dependent on PD-1 expression of the target cells
since, at the 30 nmol/L concentration, there was no reduction in
WT Raji cells (Fig. 3D). Further, the importance of bispecificity in
the BiKE design was highlighted by the result that PD-1þ Raji
cells were not depleted when they were co-cultured with NK cells
and an aCD16 antibody instead of PD-1 BiKE (Fig. S3D).

Lastly, we wanted to further expand the PD-1 BiKE concen-
tration range and examine whether its cytotoxicity is
concentration-dependent. We determined the cell viability after
treatments using a high-throughput, metabolism-based assay
(CCK-8). Overall, the treatment with PD-1 BiKE resulted in lower
numbers of live PD-1þ Raji cells, reflected by the lower absor-
bance values of the CCK-8 assay, than live WT Raji (P < 0.001;
ANOVA) (Fig. 3E). For the PD-1þ Raji cells, there was a clear
trend of decreasing absorbance values with increasing concen-
trations of PD-1 BiKE. When the PD-1 BiKE concentration was
above 0.6 nmol/L, the absorbance values plateaued at 0.48, indi-
cating maximum cytotoxicity of PD-1 BiKE in the presence of NK
cells. This is consistent with our previous depletion data obtained
from flow cytometry (Fig. 3D), where between 0.3 and 30 nmol/L,
there was no significant increase in cytotoxicity.

Altogether, the data show that PD-1 BiKE is extremely potent
at inducing NK cell-mediated cytotoxicity towards PD-1þ Raji
cells and that the effects of PD-1 BiKE are dependent on PD-1.

3.4. PD-1 BiKE induces greater NK cell activation and
depletion of PD-1þ Raji cells compared to depleting aPD-1

Because PD-1 BiKE was confirmed to promote NK cell-mediated
depletion of PD-1þ cells, we wondered whether PD-1 BiKE would
be more effective than a conventional depleting aPD-1 in this
capacity. To answer this question, a depleting aPD-1 was produced
using the same PD-1 variable domains as PD-1 BiKE (nivolumab),
with an IgG1 isotype for the heavy chain constant regions
(Supporting Information Fig. S4). After obtaining the aPD-1, we
first compared its binding to CD16 to that of PD-1 BiKE and
nivolumab using the ELISA format described in Fig. 1C. As ex-
pected, PD-1 BiKE demonstrated significantly stronger binding to
CD16 than the depleting aPD-1 (Fig. 4A). At 40 nmol/L, PD-1
BiKE produced 6 times more signal than depleting aPD-1. In
fact, at every tested concentration, PD-1 BiKE resulted in higher
luminescence than depleting aPD-1. Even the lowest concentration
of 0.3 nmol/L PD-1 BiKE produced 2.5 times greater signal than
40 nmol/L depleting aPD-1. These results support that PD-1 BiKE
has stronger binding to CD16 than the Fc of the depleting aPD-1.
Lastly, the depleting aPD-1 (IgG1) produced w2 times more
signal than the nivolumab (IgG4) control (Fig. 4A), consistent with
the Fc of IgG1’s higher affinity for CD16 than the Fc of IgG440.
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Figure 3 PD-1 BiKE effectively mediates apoptosis and depletion of PD-1þ Raji cells. (A) Percentages of apoptotic PD-1þ Raji cells vs. WT

Raji after 4-h of co-culture with NK cells; at all concentrations tested PD-1 BiKE induced more apoptosis in PD-1þ Raji compared to WT Raji;

(B) Percentages of PD-1þ Raji vs. WT Raji remaining after 24 h of co-culture with NK cells at a 1:1 E:T ratio with or without 30 nmol/L PD-1

BiKE; treatment with PD-1 BiKE resulted in greater depletion of PD-1þ Raji cells compared to WT Raji; (C) Representative flow cytometry

histograms showing PD-1þ Raji, WT Raji, and NK cell populations after 24 h with or without 30 nmol/L PD-1 BiKE; when treated with PD-1

BiKE, the PD-1þ Raji population is reduced while the WT Raji population remains the same as when there is no PD-1 BiKE present; (D)

Percentages of PD-1þ Raji or WT Raji remaining after 24 h of co-culture with NK cells at a 1:1 E:T ratio with varying concentrations of PD-1

BiKE; each concentration of PD-1 BiKE tested reduced the PD-1þ Raji cell fraction while the highest PD-1 BiKE concentration had no effect on

WT Raji; (E) Absorbance values from CCK-8 assay with either PD-1þ Raji or WT Raji after 24 h of co-culture with NK cells at a 1:1 E:T ratio

with varying concentrations of PD-1 BiKE; PD-1 BiKE treatment resulted in lower absorbance values for PD-1þ Raji cells at all concentrations

compared to WT Raji. Data are mean � SD, n Z 3; t-test *P < 0.05, **P < 0.01, and ***P < 0.001; ns, not significant. Percentages shown in

(B) and (D) are normalized to respective 0 nmol/L PD-1 BiKE groups.

Figure 4 PD-1 BiKE is more effective at inducing NK cell activation and depletion of PD-1þ target cells compared to depleting aPD-1 (IgG1).

(A) ELISA results showing binding to CD16 by PD-1 BiKE, depleting aPD-1 (IgG1), and nivolumab (IgG4); each concentration of PD-1 BiKE

produced higher luminescence signal compared to the depleting aPD-1; (B) CD107a expression on NK cells induced by PD-1 BiKE vs. depleting

aPD-1; all concentrations of PD-1 BiKE induced a greater fold increase in CD107a expression compared to the depleting aPD-1; (C) PD-1þ Raji

cells remaining after 24 h of co-culture with NK cells at a 1:1 ratio in the presence or absence of varying concentrations of PD-1 BiKE or

depleting aPD-1; fractions of PD-1þ Raji were significantly lower when treated with PD-1 BiKE at all concentrations tested. Data are mean � SD,

nZ 4 (A), nZ 3 (B, C); t-test *P < 0.05, **P < 0.01, and ***P < 0.001. Percentages shown in (C) are normalized to respective 0 nmol/L PD-1

BiKE groups.
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We next examined whether PD-1 BiKE would induce greater
NK cell activation than the depleting aPD-1. Co-cultures of PD-
1þ Raji cells and NK cells were treated with PD-1 BiKE,
depleting aPD-1, or medium only. The activation of NK cells was
measured by CD107a expression. Overall, PD-1 BiKE induced
greater CD107a expression on NK cells than depleting aPD-1
(P < 0.05; ANOVA) (Fig. 4B). Compared to the medium only-
treated co-cultures, 0.1 nmol/L PD-1 BiKE resulted in a six-fold
increase in NK cell CD107a expression, while 0.1 nmol/L
depleting aPD-1 only increased the expression by one-fold.
Interestingly, there was only a slight increase in CD107a expres-
sion between 1 nmol/L and 10 nmol/L of depleting aPD-1 (18-
and 19-fold higher than medium-treated, respectively). However,
the difference was drastic between 1 nmol/L PD-1 BiKE and
10 nmol/L BiKE, 27- versus 33-fold higher than the medium-
treated co-culture. The higher CD107a expression observed after
PD-1 BiKE treatment suggests that the PD-1 BiKE is more
effective than the depleting aPD-1 at activating NK cells.

Lastly, we examined whether PD-1 BiKE is also more potent
than the depleting aPD-1 for the depletion of PD-1þ cells. PD-1þ

Raji cells were seeded with NK cells and given 0.3e30 nmol/L
doses of either PD-1 BiKE or depleting aPD-1. Overall, PD-1
BiKE resulted in a greater reduction of PD-1þ Raji cells
compared to the depleting aPD-1 (P < 0.001; ANOVA) (Fig. 4C).
As low as 0.3 nmol/L PD-1 BiKE reduced the percentage of
PD-1þ Raji cells to 19.6%, whereas 0.3 nmol/L depleting aPD-1
only reduced PD-1þ Raji cells to 46.5%. When treated with
3 nmol/L and 30 nmol/L PD-1 BiKE, the percentages of remaining
PD-1þ Raji cells were less than 15%, on average. In contrast, the
remaining PD-1þ Raji cells were 41% and 45%, respectively, after
treatments with 3 and 30 nmol/L of depleting aPD-1.

In conclusion, PD-1 BiKE demonstrated stronger capacities
than the depleting aPD-1 in binding to CD16, NK cell activation,
and the depletion of PD-1þ Raji cells.

3.5. PD-1 BiKE induces apoptosis and NK cell-mediated
depletion of PD-1þ primary T cells

To investigate whether PD-1 BiKE could induce NK cell activa-
tion when the target cells are primary PD-1þ cells, we subjected
primary human T cells to stimulating conditions using aCD3 and
aCD28 to induce their PD-1 expression. Approximately 50%e
60% of primary T cells that received stimulating treatment (herein
TþSTIM sample) became PD-1þ (Fig. 5A). In contrast, 88.5% of
primary T cells without stimulation (TUNSTIM sample) are PD-1-,
with a very small fraction (w12.5%) expressing PD-1 (Fig. 5A).

We used the TþSTIM and TUNSTIM samples to investigate
whether PD-1 BiKE could bind to primary PD-1þ cells selectively.
For the cells in the TþSTIM samples, approximately 60% were
bound to PD-1 BiKE, while there was no significant binding to the
cells in the TUNSTIM samples (Fig. 5B). Further, we examined the
simultaneous binding by PD-1 BiKE to TþSTIM cells and CD16
protein with the same methods described in Fig. S1B. We con-
ducted the study with PD-1 BiKE concentrations ranging from
0 to 250 nmol/L and found dose-dependent association of CD16
with TþSTIM cells. At a 25 nmol/L dose of PD-1 BiKE, 36% of
TþSTIM cells stained positive for the detection antibody, suggest-
ing that they were associated with CD16 (Fig. 5C), compared to
less than 1% when there was no PD-1 BiKE present. At 50 nmol/L
PD-1 BiKE, the percentage of CD16-associated cells increased to
40%, while at 250 nmol/L PD-1 BiKE, that percentage was 56%.
This data shows that the association of CD16 with TþSTIM cells is

dependent on PD-1 BiKE and further suggests that PD-1 BiKE
simultaneously binds primary PD-1þ cells and CD16.

Next, we investigated whether PD-1 BiKE could induce NK
cell-mediated apoptosis towards cells in the TþSTIM samples. In
the co-culture of TþSTIM and NK cells, 1 nmol/L PD-1 BiKE
induced apoptosis in 24.6% of TþSTIM cells compared to 15.1% of
cells without any PD-1 BiKE present (Fig. 5D). The 5 nmol/L
dose of PD-1 BiKE induced apoptosis in 30.1% of TSTIM cells, a
two-fold increase from the group with no PD-1 BiKE present
(Fig. 5D). The data supports the hypothesis that PD-1 BiKE can
direct NK cells to induce apoptosis in primary PD-1þ cells.

Finally, we examined whether the BiKE could also augment the
depletion of primary PD-1þ cells by NK cells. To answer this
question, we measured T (CD3þ) cell numbers in the NK and
TþSTIM cell mixtures after treatments and compared them to T cell
numbers in the cell mixture without BiKE. Since the detecting
aPD-1 and PD-1 BiKE compete for PD-1, we were not able to
count the number of PD-1þ cells directly after the BiKE treatment.
Instead, we quantified the fractions of total T cells in the TþSTIM

and TUNSTIM samples after PD-1 BiKE treatment. TþSTIM cells
were co-cultured with NK cells at two E:T ratios, 1:1 or 5:1. At a
1:1 ratio, PD-1 BiKE reduced TþSTIM cells to 70.4% as compared
to treatment groups without BiKE, indicating the reduction of
29.6% of TþSTIM cells (Fig. 5E and F). At the 5:1 ratio, there was a
38% reduction (Fig. 5E and F). Since TþSTIM cells are composed
of both PD-1þ and PD-1‒ T cells (Fig. 5A), complete ablation of
TþSTIM cells is neither expected nor desired, as that would indicate
depletion of PD-1- T cells as well. In fact, when TUNSTIM samples,
which consist of primarily PD-1- cells, were used for this study, the
treatment of PD-1 BiKE did not significantly reduce T cell
numbers (Supporting Information Fig. S5A), highlighting the
correlation of PD-1 expression with the efficacy of PD-1 BiKE.
Consistent with our previous data with PD-1þ Raji cells, PD-1
BiKE is also more potent than the depleting aPD-1 in the deple-
tion of primary PD-1þ T cells (Fig. S5B).

Since the ultimate goal of depleting PD-1þ cells is to remove
activated lymphocytes in autoimmune diseases, we wondered if
PD-1 BiKE indeed reduced the number of activated T cells in the
TþSTIM samples. For this, we exploited CD69, a marker of acti-
vated T cells. The expression of CD69 correlates with PD-1
expression among TþSTIM cells (Fig. S5C). After treatment with
PD-1 BiKE, there were an average of 560 CD69þ T cells
remaining per well of a 48-well plate, a significant decrease
compared to the average of 999 CD69þ T cells remaining per well
when there was no BiKE present (Fig. 5G). Meanwhile, PD-1
BiKE did not significantly reduce the CD69- T cell population
(Fig. 5H). This reinforces the conclusion that PD-1 BiKE can
selectively induce the depletion of activated primary T cells while
sparing inactivated primary cells.

Altogether, PD-1 BiKE binds to primary PD-1þ T cells and
CD16 simultaneously and induces NK cell-mediated cytotoxicity
towards primary PD-1þ cells, illustrated by both apoptosis and
depletion assays. Importantly, PD-1 BiKE selectively induced the
depletion of activated but not inactivated primary T cells.

4. Discussion

PD-1 BiKE was designed to assume an IgG-like configuration and
be tetravalent with two binding sites for PD-1 and two for CD16.
The structure and design were proven effective based on the
characterization results of the BiKE. PD-1 BiKE demonstrated a
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high degree of binding specificity for PD-1þ cells, whether the
PD-1þ cells were cell lines (high and constant PD-1 expression) or
primary T cells (moderate and dynamic PD-1 expression). PD-1
BiKE bound with both PD-1 and CD16 simultaneously. Further-
more, PD-1 BiKE was able to activate NK cells in the presence of
PD-1þ cells, which is attributed to the "engager" function of the
BiKE. It is noteworthy the NK cells are only activated by the co-
presence of PD-1 BiKE and PD-1þ cells (Fig. 3A), not by one of
these two factors, highlighting a controlled and specific activation

condition. Consistent with the NK cell activation results, PD-1
BiKE induced specific NK-cell mediated cytotoxicity to PD-1þ

cells. Additionally, the extent of the cytotoxicity was dependent on
BiKE concentrations. Interestingly, the effect of the BiKE was so
intensive, that even picomolar amounts of BiKE cause salient
cytotoxicity to PD-1þ cells (Fig. 3E). Another important design of
PD-1 BiKE is its use of aCD16 scFVs to engage with CD16 of
NK cells, even though the Fc within the BiKE can also interact
with the CD16. Our data confirmed this design aspect since the

Figure 5 PD-1 BiKE binds to PD-1þ primary T cells and induces their apoptosis and depletion via NK cell-mediated cytotoxicity. (A)

Representative flow cytometry histogram showing the PD-1 expression of primary T cells stimulated with aCD3 and aCD28 (TþSTIM) vs.

unstimulated primary T cells (TUNSTIM); (B) PD-1 BiKE binds to TþSTIM cells but not to TUNSTIM cells; (C) PD-1 BiKE binds to primary PD-1þ

cells and CD16 protein simultaneously; TþSTIM cells were incubated with varying concentrations of PD-1 BiKE, washed, then incubated with

CD16 soluble protein carrying a His-Tag, after washing, cells were incubated with an aHis-APC antibody and analyzed for simultaneous binding

to PD-1 and CD16 by flow cytometry; (D) Percentages of apoptotic TþSTIM cells after 4 h of incubation with varying concentrations of PD-1 BiKE

and NK cells at a 1:1 ratio; when given either 1 or 5 nmol/L PD-1 BiKE the percentage of apoptotic T cells increased compared to 0 nmol/L PD-1

BiKE; (E) Representative flow cytometry gating showing the number of TþSTIM cells remaining after 24 h of co-culture with NK cells with or

without 30 nmol/L PD-1 BiKE at either 1:1 or 5:1 E:T ratios; at both ratios, the T cell population is smaller when treated with PD-1 BiKE

compared to when there is no PD-1 BiKE present; (F) Data summarizing results from (E); at both ratios, there is a significant reduction in total T

cells when incubated with 30 nmol/L PD-1 BiKE compared to the groups when PD-1 BiKE is absent; (G) Numbers of CD69þ T cells remaining

after coculture of TþSTIM cells with NK cells at a 1:1 ratio in the presence or absence of 5 nmol/L PD-1 BiKE; CD69þ T cells were investigated as

they constitute the fraction of TþSTIM cells that are activated T cells; PD-1 BiKE significantly reduced the number of CD69þ T cells compared

to when there is no PD-1 BiKE present; (H) Number of CD69- T cells remaining after co-culture of TþSTIM cells with NK cells and PD-1 BiKE;

PD-1 BiKE had no significant effect on CD69- T cells, representing those that are inactivated T cells. Data are mean � SD; n Z 4 (B, C), n Z 3

(D‒J), t-test *P < 0.05, **P < 0.01, and ***P < 0.001; ns, not significant. Percentages shown in (F) are normalized to 0 nmol/L PD-1 BiKE

groups.
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interactions between the BiKE and CD16 were primarily due to
the scFvs, and not the Fc of the BiKE (Fig. 1D). This confirmation
is critical as the intended function of PD-1 BiKE is to potentiate
engagement with NK cells by possessing two high-affinity aCD16
scFvs compared to the single Fc, which only has moderate affinity
to CD1640,41.

A driving factor of this project is to develop a PD-1þ cell-
targeted, depleting agent that is more effective than conventional
depleting antibodies. This need was met according to comparisons
between PD-1 BiKE and the depleting IgG1 aPD-1. First, PD-1
BiKE showed higher binding affinity to CD16 compared to the
depleting aPD-1. Further, PD-1 BiKE demonstrated superior effi-
cacy over the depleting antibody when used to ablate both PD-1þ

Raji cells and PD-1þ primary T cells. Consistent with other re-
ports18,24,36, our data reinforce that bivalent, specific targeting of
NK cells via CD16 is a useful strategy to harness and enhance their
cytotoxic activity compared to conventional depleting antibodies.
The superiority of BiKEs over conventional depleting antibodies
has a great implication for autoimmune disease treatments as these
types of therapies generally have a higher bar for safety than cancer
treatments. Similar to monoclonal antibodies, BiKEs have favorable
safety profiles42 and may hold greater promise in clinical trans-
lations than immunotoxins, which we have previously used for PD-
1þ cell depletion9,10, though the immunotoxins are advantageous
for direct and simple working mechanisms.

Our data clearly show that PD-1 BiKE directed the cytotoxicity
of NK cells towards PD-1þ lymphocytes but spared PD-1- cells
(Figs. 3 and 5). Additionally, the treatment of PD-1 BiKE reduced
activated primary T cells but not inactivated T cells. These results
reinforce one important advantage of targeting PD-1þ cells as a
treatment of autoimmune diseases, which is its confined immu-
nosuppression and hence, safety. Current therapies such as ocre-
lizumab (aCD20) or teplizumab (aCD3) indiscriminately deplete
B and T cell populations regardless of activation status. These
therapies cause long-term lymphopenia12,43 and immune defi-
ciency, elevating patients’ susceptibility to infections and malig-
nancies44. In contrast, PD-1 is only expressed on activated,
effector lymphocytes but not naı̈ve lymphocytes45. Thus,
depleting PD-1þ cells reduces activated lymphocytes (Fig. 5G)
and halts the progression of autoimmune diseases46, while pre-
serving naive lymphocytes and maintaining lymphocyte reper-
toires. The saved repertoires can then give rise to activated
lymphocytes upon immune stimulation and protect treated patients
from future infection and malignancy after the depleting agents
for PD-1þ cells are cleared. Thus, although depleting PD-1þ cells
could cause acute immunosuppression when the depleting agents
are in the body, the suppression would be lifted when the depleting
agents are gone. The PD-1þ cell depletion is therefore not ex-
pected to cause the long-term lymphopenia and immunodeficiency
that plague current autoimmune diseases therapeutics like ocreli-
zumab and templizumab, a distinction that is supported by the
results of PD-1 BiKE.

The reported PD-1 BiKE starts an intriguing exploration into
the development and application of the BiKE approach in auto-
immune disease treatments. To date, the majority of reported
BiKEs have shown tremendous clinical and preclinical success as
anti-cancer therapies, though it is entirely unknown whether
BiKEs can be successfully utilized in treating autoimmune dis-
eases. There are several factors that may demand entirely new

considerations and designs when using BiKEs in autoimmune
diseases: (i) the immune environment of autoimmune diseases,
which is different from cancer; (ii) the target cells of BiKE are
primary lymphocytes in autoimmune diseases while the target
cells in cancer are tumor cells; (iii) the target antigens in auto-
immune diseases, such as PD-1, have dynamic and moderate
expression while tumor antigens in cancer often have high and
consistent expression. The unknown and new conditions around
BiKEs in autoimmune diseases inspire extensive investigations in
the future and could bring unprecedented insights. The PD-1
BiKE described here provides an important tool for such inves-
tigation and demonstrates the feasibility of depleting primary
lymphocytes by BiKEs.

5. Conclusions

In summary, we produced and purified an IgG-like tetravalent
BiKE targeting PD-1 and CD16 for the specific depletion of PD-
1þ cells. We found that PD-1 BiKE specifically bound to both PD-
1 and CD16 independently, and simultaneously. PD-1 BiKE
effectively engages NK cells and directs their cytotoxicity towards
PD-1þ cells, demonstrated by the depletion of the PD-1þ Raji cell
line and primary PD-1þ T cells. PD-1 BiKE is a potent and se-
lective tool for the depletion of PD-1þ cells, presenting a powerful
and clinically viable molecule for the treatment of autoimmune
diseases.
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