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Monoclonal antibodies that target the inhibitory immune check-
point axis consisting of programmed cell death protein 1 (PD-1)
and its ligand, PD-L1, have changed the immune-oncology field.
We identifiedK2, an anti-humanPD-L1 single-domain antibody
fragment, that can enhance T cell activation and tumor cell
killing. In this study, the potential of different K2 formats as
immune checkpoint blocking medicines was evaluated using
a gene-based delivery approach. We showed that 2K2 and 3K2,
a bivalent and trivalent K2 format generated using a 12 GS
(glycine-serine) linker, were 313- and 135-fold more potent
in enhancing T cell receptor (TCR) signaling in PD-1POS cells
than was monovalent K2. We further showed that bivalent con-
structs generatedusing a 30GS linker ordisulfidebondwere 169-
and 35-fold less potent in enhancing TCR signaling than was
2K2. 2K2 enhanced tumor cell killing in a 3Dmelanoma model,
albeit to a lesser extent than avelumab. Therefore, an immuno-
globulin (Ig)G1 antibody-like fusion protein was generated,
referred to as K2-Fc. K2-Fc was significantly better than avelu-
mab in enhancing tumor cell killing in the 3Dmelanomamodel.
Overall, this study describes K2-based immune checkpointmed-
icines, and it highlights thebenefit of an IgG1Fc fusion toK2 that
gains bivalency, effector functions, and efficacy.

INTRODUCTION
Blockade of inhibitory immune checkpoints using monoclonal anti-
bodies (mAbs) has proven clinical value in a variety of solid tumors
and has become a mainstay therapy option.1–6 Blockade of the inhibi-
tory immune checkpoint consisting of programmed cell death protein
1 (PD-1, CD279) and its ligand PD-L1 (B7-H1, CD274) has received
much attention, as this immune checkpoint hampers the antitumor im-
mune response atmultiple levels, i.e., the priming and effector phases.7,8

PD-1 is a type 1 transmembrane receptor that is mainly expressed on
the surface of T cells upon their activation.9 Engaging PD-1 on T cells
172 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
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interferes with T cell receptor (TCR) signaling, thereby preventing
excessive stimulation, and maintaining tolerance to self-antigens.10

This poses a barrier for antitumor immunity, as PD-L1 is highly ex-
pressed on dendritic cells that need to orchestrate the antitumor im-
mune response.11 In addition, PD-L1 is often abundantly expressed
on immune cells and cancer cells in the tumor microenvironment
(TME).12–14 Expression of PD-L1 on the surface of cancer cells,
myeloid cells, and lymphoid immune cells in the TME paralyzes
the effector function of PD-1POS T cells. Also, expression of PD-L1
on the surface of T cells within the TME promotes tumor escape
through suppressive back signaling and installing a tumor-promoting
program in PD-1POS macrophages.14 Moreover, the PD-L1 signalo-
some in cancer cells promotes cancer cell survival through regulation
of resistance to pro-apoptotic stimuli, such as interferons, thereby
posing another barrier to antitumor immunity.15

We previously developed K2, a single-domain antibody fragment
(sdAb, also known as a nanobody) with nanomolar affinity for human
PD-L1.16 sdAbs are small-sized antibody derivatives with high poten-
tial in immune-oncology applications.17We showed that K2 competes
with the mAb avelumab for binding to PD-L1, allowing head-to-head
comparison of the ability of K2 and avelumab to enhance T cell acti-
vation by dendritic cells and tumor cell killing by T cells.16,18 Both
K2 and avelumab efficiently bound to PD-L1 on the surface of tumor
cells and promoted tumor cell killing by activated T cells.16 Since
sdAbs are rapidly cleared from the circulation, the adaptation for
mber 2021 ª 2021 The Author(s).
vecommons.org/licenses/by/4.0/).
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Figure 1. Functional K2 can be expressed by 293T and

624-MEL cells upon lentiviral transduction and

restores 2D3 functionality

(A) Western blot confirms the production and secretion of

His-tagged K2 and control sdAb R3 by transfected 293T

cells. One representative experiment is shown (n = 3). (B)

Representative histogram showing PD-L1 and HLA-A2

expression on 624-MEL cells that were lentivirally trans-

duced to express high PD-L1 levels (n = 6). (C) Amount of

lentivirus (LV), expressed as ng of reverse transcriptase

(RT), used to transduce 624-MEL PD-L1POS cells, versus

amount of sdAb binding on transduced 624-MEL PD-

L1POS cells, determined by extracellular staining and flow

cytometry (n = 3). (D) Representative dot plot showing 2D3

cells that were electroporated with mRNA to express the

TCR recognizing gp100 in the context of HLA-A2 (left), or

both the TCR and PD-1 (right) (n = 9). (E) PD-1POS TCRPOS

or PD-1NEG TCRPOS 2D3 cells were co-cultured with PD-

L1POS 624-MEL cells transduced with varying amounts of

K2- or R3-encoding LVs. GFP expression of 2D3 cells was

determined as a measure for 2D3 cell activation. Relative

increase in activated 2D3 cells was calculated as the ratio of

PD-1POS 2D3 cells over PD-1NEG 2D3 cells from co-cul-

tures with sdAb-producing 624-MEL cells minus the ratio

from co-cultures with untransduced 624-MEL cells. The

graph summarizes the relative increase in activated 2D3

cells as mean ± standard deviation (SD) of three indepen-

dent experiments (n = 3). (F) Activation in TCR signaling in

PD-1POS TCRPOS 2D3 cells versus PD-1NEG TCRPOS 2D3

cells when co-cultured with PD-L1POS 624-MEL cells in the

presence of different concentrations of K2 or R3 protein.

The graph summarizes the activation in TCR signaling as

the mean ± SD of three independent experiments (n = 3).

**p < 0.01.
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therapeutic purposes often requires engineering of the sdAb format or
the exploitation of alternative delivery approaches.

In this study, we explored whether a gene-based delivery method and/
or formatting of K2 could circumvent the need for repeated dosing.
We addressed the importance of valency, method of sdAb linkage,
and the inclusion of an immunoglobulin (Ig)G1 Fc fragment.

RESULTS
Restoration of TCR signaling upon interaction of PD-1POS T cells

with PD-L1POS tumor cells requires high doses of K2-encoding

lentiviral vectors (LVs)

We previously showed using an in vitro 3D tumor model that repeated
dosingofK2can support tumor cell killingbyactivatedperipheral blood
mononuclear cells (PBMCs).16 However, sdAbs are characterized by
fast clearance in vivo, necessitating a smart approach to ensure suffi-
Molecular Therapy: Methods & Clin
ciently high K2 levels in the TME upon translation
of this approach to an in vivo setting. Therefore, we
evaluated gene-based delivery of K2 to tumor cells.

We cloned the 360-bp genetic code for K2 fused
to an N-terminal Igk secretion signal and a
C-terminal histidine (His)-tag into a lentiviral transfer plasmid.
The genetic code of sdAb R3, previously referred to as R3B23, bind-
ing to the idiotype of 5T2 multiple myeloma cells19, which serves as
a control sdAb, was cloned in a similar fashion (Figure S1A). To
ensure production of the sdAbs, human embryonic kidney 293T
cells were transfected with the transfer plasmids, after which the
presence of the sdAbs in supernatants was detected by western
blot. As shown in Figure 1A, both K2 and R3 were produced and
secreted by the 293T cells and exhibited the expected sizes of 13
and 15 kDa. The lentiviral transfer plasmids were used for produc-
tion of second-generation LVs that were quantified by measuring
the amount of reverse transcriptase (RT) (Figure S1B). Doses
ranging from 0.5 to 500 ng of RT were used to transduce 624-
MEL melanoma cells that express high levels of human leukocyte
antigen (HLA)-A2 and that were modified to express PD-L1 (Fig-
ure 1B). Production of K2 by these cells was evaluated in flow
ical Development Vol. 22 September 2021 173
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Figure 2. Increasing the valency of K2 reduces the necessity for high doses

of LVs

(A) Western blot was performed on supernatant derived from 293T cells transfected

with lentiviral transfer plasmids encoding His-tagged K2, 2K2, or 3K2. One repre-

sentative experiment is shown (n = 3). (B) PD-L1POS 624-MEL cells were transduced

with different amounts of LVs encoding K2, 2K2, or 3K2. sdAbs on the surface of the

transduced cells were stained using anti-His-tag antibodies. The graph shown is

representative of three independent experiments (n = 3). (C) Modified PD-L1POS

624-MEL cells were co-cultured with PD-1POS TCRPOS or PD-1NEG TCRPOS 2D3

cells. The activation of 2D3 cells was calculated as described in the legend to

Figure 1 based on GFP expression. The graph summarizes the activation in TCR

signaling as mean ± SD (n = 3). (D) 624-MEL PD-L1POS cells were incubated with

recombinant human PD-1 and varying concentrations of K2, 2K2, or 3K2. PD-1 on

the cell surface was measured using flow cytometry (n = 3).
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cytometry by detecting K2 bound to PD-L1 on the cell surface of
these PD-L1POS 624-MEL cells. We observed a dose-dependent in-
crease in surface-bound K2 on PD-L1POS 624-MEL cells (Figure 1C).
These lentivirally engineered PD-L1POS 624-MEL cells served as
antigen-presenting cells in the 2D3 reporter assay, which was
previously developed to study PD-1/PD-L1 immune checkpoint
blocking medicines.20 Herein, TCR-defective Jurkat 2D3 cells are
electroporated with mRNA encoding PD-1 and/or mRNA encoding
the TCRa/b chain of a TCR that recognizes glycoprotein (gp)
100280–288 in the context of HLA-A2 (Figure 1D). Activation of
174 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
TCR signaling in PD-1NEG 2D3 cells results in upregulation of the
transcription factor NFAT, which regulates the expression of a green
fluorescent protein (GFP). This GFP expression is decreased in
PD-1POS 2D3 cells because of the PD-1 interaction with PD-L1 on
624-MEL PD-L1POS cells (Figures S1C and S1D). We showed that
PD-L1POS 624-MEL cells that were transduced with high doses of
K2-encoding, but not R3-encoding, LVs were able to restore TCR
signaling in PD-1POS TCRPOS 2D3 cells (Figure 1E). For compari-
son, we performed a 2D3 assay using PD-L1POS 624-MEL cells
and increasing doses of exogenously added K2 or R3 purified sdAbs,
which showed maximal restoration of TCR signaling when using
100–1,000 nM K2 (Figure 1F).

Increasing the valency of K2 reduces the doses of K2-encoding

LVs required to restore TCR signaling upon interaction of

PD-1POS T cells with PD-L1POS tumor cells

Since high amounts of LVs were necessary to effectively block the
PD-1/PD-L1 interaction, we next addressed whether increasing the
functional affinity of K2 could reduce the doses of LVs required to
achieve maximal TCR signaling in PD-1POS 2D3 cells.

We designed a bivalent and trivalent K2 in which two or three K2
molecules were coupled using a 12 GS (glycine-serine) linker, referred
to as 2K2 and 3K2, respectively. Similar formats were generated for
R3, referred to as 2R3 and 3R3 (Figure S2A). We cloned the genetic
code for 2K2, 3K2, 2R3, and 3R3 fused to an N-terminal Igk secretion
signal and a C-terminal His-tag into the transfer plasmid. To ensure
production of the multivalent sdAbs, human embryonic kidney 293T
cells were transfected with the transfer plasmids, after which the pres-
ence of the sdAbs in supernatants was detected by western blot. As
shown in Figure 2A, the multivalent K2 formats were produced at
similar levels as the monovalent K2 by the 293T cells and exhibit
the expected sizes of 28 and 41 kDa. The lentiviral transfer plasmids
were used for production of second-generation LVs that were charac-
terized by measuring the amount of RT (Figure S2B). Doses ranging
from 0.5 to 100 ng of RT were used to transduce PD-L1POS 624-MEL
cells. Binding of K2, 2K2, and 3K2 on PD-L1 on the surface of these
cells was evaluated by flow cytometry to verify production of the
different K2 formats. We showed that all multivalent K2 constructs
were able to bind PD-L1, while binding of corresponding R3 con-
structs was not observed (data not shown). We moreover observed
a dose-dependent increase in binding of PD-L1 with distinct differ-
ences between K2, 2K2, and 3K2 (Figure 2B). The lentivirally engi-
neered PD-L1POS 624-MEL cells were co-cultured with PD-1POS

and TCRPOS 2D3 cells, after which expression of GFP was measured
in flow cytometry as ameasure of TCR signaling.We showed that 2K2
and 3K2 were 313- and 135-fold more potent in enhancing TCR
signaling in PD-1POS TCRPOS 2D3 cells than monovalent K2 (Fig-
ure 2C). To assess the biophysical properties of the sdAb formats
more quantitatively, K2, 2K2, and 3K2 were harvested from lentivir-
ally transduced 293T cell supernatants, concentrated, quantified, and
first used in a flow cytometry-based competition study with recombi-
nant human PD-1. Both 2K2 and 3K2 showed superior PD-L1 block-
ing abilities compared with K2 (Figure 2D). We further assessed the
mber 2021
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Figure 3. Changing the link in bivalent K2 negatively impacts the efficiency

of PD-1/PD-L1 blockade

(A) Western blot was performed on supernatant derived from 293T cells transfected

with lentiviral transfer plasmids encoding His-tagged 2K2, 2K2-30GS, or 2K2-DS.

One representative experiment is shown (n = 3). (B) PD-L1POS 624-MEL cells were

transduced with different amounts of LVs encoding 2K2, 2K2-DS, or 2K2-30GS.

sdAbs on the surface of the transduced cells were stained using anti-His-tag anti-

bodies. One representative graph is shown (n = 3). (C) Modified PD-L1POS 624-MEL

cells were co-cultured with PD-1POS TCRPOS or PD-1NEG TCRPOS 2D3 cells. The

activation of 2D3 cells was calculated as described in the legend to Figure 1 based

on GFP expression. The graph summarizes the activation in TCR signaling as

mean ± SD (n = 3).
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binding kinetics of K2, 2K2, and 3K2 using surface plasmon reso-
nance (SPR). We found that 2K2 and 3K2 showed improved binding
compared to K2, with a visual clearly improved off rate (Figure S2C).

Changing the link in bivalent K2 formats impacts the doses of

bivalent K2-encoding LVs required to restore TCR signaling

upon interaction of PD-1POS T cells with PD-L1POS tumor cells

As 2K2 showed a more favorable outcome than 3K2, we continued
with designing various bivalent constructs (Figure S3A). In 2K2, we
used a 12 GS linker, which is a flexible linker that consists of stretches
of glycine and serine residues. To achieve a better separation of the
two K2 molecules, we increased the copy number of these GS
stretches to 30. This K2 format is referred to as 2K2-30GS. We more-
over generated a bivalent K2 in which two K2 proteins with a
carboxyl-terminal IgA-hinge linker and a cysteine residue were
post-translationally linked through a disulfide bond.21 It has been
shown that carboxyl-terminal linkage avoids spatial occupancy,
which is sometimes observed with genetically linked sdAbs.22 This
K2 format is referred to as 2K2-DS.
Molecular The
We cloned the genetic code for 2K2-30GS and 2K2-DS and the cor-
responding R3 formats fused to an N-terminal Igk secretion signal
and a C-terminal His-tag into the transfer plasmid. To ensure produc-
tion of the multivalent sdAbs, human embryonic kidney 293T cells
were transfected with the transfer plasmids, after which the presence
of the sdAbs in supernatants was detected by western blot. As shown
in Figure 3A, 2K2, 2K2-30GS, and 2K2-DS exhibit the expected sizes
(in reducing conditions) of, respectively, 28, 29, and 20 kDa. While
2K2 and 2K2-DS formats were efficiently produced, the 2K2-30GS
format lagged behind in yield. Nonetheless, we continued with the
production and characterization of second-generation LVs using
these lentiviral transfer plasmids (Figure S3B). Doses varying from
0.5 to 100 ng of RT were used to transduce PD-L1POS 624-MEL cells.
Binding of 2K2, 2K2-30GS, and 2K2-DS on PD-L1 on the surface of
these 624-MEL cells was evaluated in flow cytometry to verify produc-
tion of the different K2 formats.We showed that the binding profile of
2K2 and 2K2-DS to PD-L1 was comparable, while binding of PD-L1
by 2K2-30GS was low, even when the PD-L1POS 624-MEL cells were
transduced with high doses of LVs (Figure 3B). The lentivirally engi-
neered PD-L1POS 624-MEL cells were co-cultured with PD-1POS and
TCRPOS 2D3 cells to evaluate TCR signaling as a function of PD-1/
PD-L1 blockade. We showed that 2K2-30GS and 2K2-DS were 2-
and 9-fold more potent in enhancing TCR signaling in PD-1POS

TCRPOS 2D3 cells than was monovalent K2; however, it did not reach
the level of PD-1/PD-L1 blockade that was observed with 2K2 (Fig-
ure 3C). We also produced concentrated supernatant from trans-
duced 293T cells containing 2K2-DS and used it in a flow
cytometry-based competition study with recombinant human PD-1
protein, and in SPR to assess the binding kinetics toward PD-L1. In
neither assay did 2K2-DS show improvements in binding to or block-
ing PD-L1 compared to K2 (Figure S3C). A comparative assay with
2K2-30GS is lacking, as its expression level is too low to perform
this assessment.

2K2 is similarly as potent as avelumab in enhancing TCR

signaling

Of the formats tested, 2K2 showed the best performance in the resto-
ration of TCR signaling when delivered by LVs. To enable a side-by-
side comparison with avelumab, a mAb that competes with K2 for
binding to PD-L1,16 we produced 2K2 in a protein format. The
sequence of K2, 2K2, and the corresponding controls R3 and 2R3
were cloned into the pHEN6 plasmid to fuse them to a carboxyl-ter-
minal His-tag. Bacteria were transformed and subsequently sdAbs
were isolated from the periplasmatic extract by performing immobi-
lized metal affinity chromatography followed by size-exclusion chro-
matography. The purity and expected sizes of the sdAbs, i.e., 15 kDa
for K2 and R3 and 30 kDa for 2K2 and 2R3, were confirmed by
SDS-PAGE (Figure 4A). To evaluate the capacity to enhance TCR
signaling, we co-cultured PD-L1POS 624-MEL cells with PD-1POS

TCRPOS 2D3 cells in presence of different amounts of K2, 2K2, ave-
lumab, or control sdAbs. Bivalency shifts the concentration-response
curve of K2 into the picomolar range, comparable to the effects
achieved with avelumab. The half-maximal effective concentrations
(EC50s) of 2K2 and avelumab were 42- and 31-fold lower than the
rapy: Methods & Clinical Development Vol. 22 September 2021 175
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Figure 4. 2K2 is similarly as potent as avelumab in enhancing TCR signaling

(A) SDS-PAGE of 20 mg of purified K2, 2K2, R3, or 2R3 (n = 1). (B) PD-L1POS 624-

MEL cells were co-cultured with PD-1POS TCRPOS or PD-1NEG TCRPOS 2D3 cells in

the presence of serially diluted K2, 2K2, or avelumab. The activation of 2D3 cells

was calculated as described in the legend to Figure 1 on the basis of GFP

expression. The graph summarizes the activation in TCR signaling as mean ± SD

(n = 2).
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Figure 5. Lentiviral delivery of 2K2 to 3D tumors in vitro has therapeutic

efficacy

(A and B) Activated PBMCs were added to 624-MEL GFPPOS cells that were grown

in 3D tumors. 3D tumors were transduced with LVs encoding 2K2 or 2R3 or were

treated with avelumab. 3D tumors that were not treated served as a control. The

green object confluence, representing viable tumor cells, was measured every hour

for 5 consecutive days using the IncuCyte Zoom live cell imaging system. The area

under the curve (AUC) of treated 3D tumors was normalized to the AUC of non-

treated 3D tumors, after which treatment modalities were compared. (A) Repre-

sentative decline in green fluorescent confluence in a non-treated (gray tinted) and

avelumab treated (black) condition. (B) Relative reduced tumor volume calculated as

1 – AUCTREATED/AUCMOCK (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001.
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EC50 of K2. 2K2 shows a comparable or slightly better potential than
avelumab in enhancing TCR signaling (Figure 4B).

Tumor killing is facilitated upon lentiviral delivery of 2K2 in an

allogeneic 3D melanoma model

We demonstrated that 2K2 can effectively activate TCR signaling.
Next, we investigated the effect of 2K2 on tumor cell killing. To ensure
that the sdAbs or avelumab did not directly affect proliferation of 624-
MEL PD-L1POS cells, we evaluated cell growth in the presence of 2K2,
2R3, or avelumab. We could not observe differences in 624-MEL pro-
liferation (Figure S4A). We generated 3D tumor cultures from wild-
type 624-MEL cells. We transduced these 3D tumors with LVs encod-
ing 2K2 or 2R3 to mimic a relevant in vivo setting where LVs are
administered intratumorally. The 3D tumors were co-cultured with
PBMCs from HLA-A2POS donors in the presence of interleukin
(IL)-15 to stimulate immune cell-mediated tumor rejection. Untrans-
duced 624-MEL 3D tumors and 3D tumors that were not treated or
treated with avelumab served as negative or positive controls, respec-
tively. We demonstrated that 2K2 can facilitate 3D tumor destruction
when delivered by LVs. However, the effects achieved with 2K2 were
less pronounced than the effects achieved with avelumab (Figure 5B).
We evaluated composition of immune cells and their activation dur-
ing the killing assay using flow cytometry (Figure S4B). Avelumab
administration led to an increase in CD8POS T cells and a decrease
in CD4POS T cells and natural killer (NK) cells. OnNK cells, avelumab
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led to increased CD134 and CD137 expression. Moreover, we
observed a strong decline in CD16 expression when avelumab was
administered. While avelumab effectively modulated immune cell
composition and activation, 2K2 did not cause significant changes
(Figure S4C).

Tumor cell killing is achieved in an allogeneic 3D melanoma

model upon lentiviral delivery of an IgG1 antibody-like K2 format

The previous experiment showed that 2K2 facilitates tumor killing in
a 3D melanoma model and that avelumab facilitated tumor killing
more efficiently than did 2K2. IL-15 is an activator for a variety of im-
mune cells, including, among others, T cells and NK cells. Especially
the latter will exhibit cytolytic activity after encountering IL-15. One
of these mechanisms is antibody-dependent cell-mediated cytotox-
icity (ADCC) when CD16 on the surface of NK cells binds to the
Fc tail of an IgG1 antibody. Avelumab contains an IgG1 domain.
Since 2K2 was shown to be more efficient in restoring TCR signaling
than avelumab, effector functions mediated by the IgG1 domain of
avelumab could be responsible for the more efficient tumor rejection.
To evaluate whether IgG1 and ADCC are responsible for the
enhanced tumor cell killing, we genetically fused the sequences of
K2 via a hinge region to the sequence of the Fc region of IgG1
comprising an E333A substitution that increases the capacity to
induce ADCC.23 We cloned this construct, referred to as K2-Fc,
into a lentiviral transfer plasmid. In analogy, a corresponding control
construct with the sequence of sdAb R3 was created (Figure S5A). The
lentiviral transfer plasmids were used for the production of second-
generation LVs that were characterized by measuring the amount
mber 2021



Figure 6. Lentiviral delivery of K2-Fc enhances tumor cell killing

(A) SDS-PAGE was performed on supernatants derived from 293T cells transduced

with lentiviral vectors encoding K2-Fc (n = 3). (B) PD-L1POS 624-MEL cells were

transduced with varying amounts K2-, 2K2-, or K2-Fc-encoding LVs and subse-

quently co-cultured with PD-1POS TCRPOS or PD-1NEG TCRPOS 2D3 cells. The

activation of 2D3 cells was calculated as described in the legend to Figure 1 on the

basis of GFP expression. The graph summarizes the activation in TCR signaling as

mean ± SD (n = 2). (C) Activated PBMCs were added to 624-MEL GFPPOS cells that

were grown in 3D tumors. 3D tumors were transduced with LVs encoding K2-Fc or

R3-Fc or were treated with avelumab or left untreated. The green object confluence,

representing viable tumor cells, was measured every hour for 5 consecutive days

using the IncuCyte Zoom live cell imaging system. The AUC of treated 3D tumors

was normalized to the AUC of non-treated 3D tumors. Treatment modalities were

compared as relative reduced tumor volume (n = 6). **p < 0.01, ****p < 0.0001.
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of RT (Figure S5B). We transduced 293T cells to produce K2-Fc. The
sdAb-containing supernatants were concentrated and the presence of
K2-Fc was confirmed using SDS-PAGE (Figure 6A). The superna-
tants were used in a flow cytometry-based competition study with re-
combinant human PD-1. Analogous to avelumab and compared to
K2, K2-Fc showed superior PD-1 blocking capacities (Figure S5C).
We further assessed the binding kinetics of K2-Fc using SPR. We
found that K2-Fc has a similar affinity as avelumab for binding to
PD-L1 (Figure S5D). To evaluate the capacity of LV-mediated deliv-
ery of K2-Fc to block the PD-1/PD-L1 interaction, we transduced
624-MEL PD-L1POS cells with doses ranging from 0.5 to 100 ng of
RT of K2-Fc- or R3-Fc-encoding LVs. The cells were co-cultured
with PD-1POS and TCRPOS 2D3 cells, after which GFP expression
was measured by flow cytometry as a measure of TCR signaling.
We demonstrated that K2-Fc is 23-fold more and 14-fold less potent
in enhancing TCR signaling in PD-1POS TCRPOS 2D3 cells than K2
Molecular The
and 2K2, respectively (Figure 6B). To determine whether K2-Fc af-
fects the viability of 624-MEL PD-L1POS cells, we evaluated cell
growth in the presence of K2-Fc and R3-Fc. K2-Fc did not directly
affect 624-MEL PD-L1POS proliferation (Figure S5E). Next, we
created 3D tumors from wild-type 624-MEL cells and transduced
these 3D tumors with LVs encoding K2-Fc and R3-Fc. After trans-
duction, 3D tumors were co-cultured with PBMCs that were stimu-
lated with IL-15. The decrease in 3D tumor confluence wasmonitored
as a measure for tumor cell killing. Increased tumor cell killing was
observed in 3D tumors transduced with LVs encoding K2-Fc
compared to 3D tumors transduced with LVs encoding R3-Fc or
3D tumors treated with avelumab (Figure 6C). We evaluated the im-
mune cell composition and activation. Analogous to avelumab, K2-Fc
led to a decrease of CD4POS T cells and NK cells (Figure 7A). Within
the NK cell fraction and equally to avelumab, K2-Fc elevated CD134,
CD137, and PD-1 expression. K2-Fc strongly abrogated CD16 (Fig-
ure 7B). Within the CD4POS T cells, K2-Fc led to a decrease in
CD69, CD134, and PD-1 expression (Figure 7C). In the CD8POS

T cell fraction K2-Fc led to upregulation of CD134, CD137, and
PD-1 (Figure 7D).

DISCUSSION
A challenge in implementation of the immune checkpoint blockade
for cancer therapy is to limit the activation of the immune system
to the site of interest, the tumor, as systemic immune activation with-
holds the risk of severe adverse effects, such as autoimmunity and
nonspecific inflammation.24,25 Therefore, local delivery of antibodies
targeting regulatory immune checkpoints, including PD-1/PD-L1,
has been studied with delivery strategies ranging from peritumoral in-
jection of mAbs to their gene-based delivery using viral and nonviral
vectors.26–28 The genetic delivery of therapeutic antibodies might
offer a number of advantages as compared to their intratumoral/peri-
tumoral administration, of which omitting the need for repeated
injection and as such reducing the therapy cost is one.29 Several viral
delivery systems have been studied in the context of immune check-
point inhibition among other adeno-associated viral vectors and
retroviral vectors.30 In this study, we chose LVs as a delivery system
for human PD-L1 targeting sdAbs, as LVs were previously shown
to efficiently deliver their cargo to mainly tumor cells upon intratu-
moral delivery,31 and because LVs have been used in a clinical setting
for therapy for primary immunodeficiencies and cancers.32 To mimic
delivery of LVs to tumors, we used 3D tumors and activated PBMCs
to which LVs are delivered. This in vitro model allows evaluation of
the therapeutic efficacy of the delivered cargo,16 enabling us to
demonstrate efficient PD-1/PD-L1 blockade after the administration
of LVs encoding 2K2 or K2-Fc to these 3D tumors.

Prior to these 3D tumor models, we investigated the therapeutic effi-
cacy of monovalent K2 in the 2D3 reporter assay that was previously
developed to evaluate the efficacy of PD-L1 blocking agents.20 We
showed that high doses of LVs were required to enable full activation
of PD-1POS 2D3 cells upon interaction with modified PD-L1POS 624-
MEL cells. Since such high doses of LVs are prohibitive for in vivo
translation, we evaluated whether formatting of K2 could result in
rapy: Methods & Clinical Development Vol. 22 September 2021 177
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Figure 7. K2-Fc effectively modulates immune cell composition and activation

(A–D) Activated PBMCs were added to 624-MEL cells that were grown in in vitro 3D tumors. 3D tumors were transduced with LVs encoding K2-Fc or R3-Fc or were treated

with avelumab. Once spheroid size was visibly reduced, immune cells were isolated and analyzed using flow cytometry (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001.
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similar therapy efficacy, but using lower doses of LVs. First, we
increased the valency, as this strategy has been previously used to
enhance the efficacy of sdAbs in cancer therapy.33 We evaluated
3K2, a trivalent, and 2K2, a bivalent format of K2 and observed
that the number of LVs encoding 2K2 that was needed to restore
TCR signaling in PD-1POS 2D3 cells upon interaction with PD-
L1POS 624-MEL cells was about 2- and 313-fold less than the number
of LVs encoding 3K2 and K2, respectively. Contrary to our observa-
tions in this functional assay, 3K2 shows superior blocking abilities
compared to 2K2 when delivered as protein. This suggests that the
higher efficiency of 2K2-encoding LVs could be attributed to better
transduction efficiencies. The choice of an appropriate linker between
sdAbs is an important consideration in rational sdAb drug design and
has been shown to be a decisive factor influencing the biological ac-
tivity and expression.33–36 We showed that bivalent constructs gener-
ated using a 30 GS linker or disulfide bond, as opposed to a 12 GS
linker, were 35- and 169-fold less potent in enhancing TCR signaling.
This could in part be explained by the lower expression levels of 2K2-
30GS and highlights that potency screening of sdAb formats with
different linkers when pursuing a genetic approach should take into
consideration factors such as transcription, translation, post-transla-
tional modification, and secretion of the encoded sdAb. Therefore,
178 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
the optimal sdAb linker for gene delivery has to be empirically deter-
mined based on the sdAbs and the target antigen. Next, to genetic
linkage between the carboxyl and amino terminus of K2, we evaluated
the bivalent construct 2K2-DS, which is post-translationally assem-
bled via disulfide bonds. It has been shown earlier that the function-
ality of sdAbs could be impaired due to spatial occupancy of the linker
in a genetically fused sdAb and that sdAbs linked via carboxyl termini
retain their biological activity.22,37 However, we could not observe im-
provements of this construct when delivered by LVs. Conversely, we
observed that the blocking efficiency was not increased and that the
affinity profile regarding dissociation rates did not show improve-
ments compared to monovalent K2. It has been shown earlier that
next to spontaneous dimerization, glutathione capping can occur,
leading to the formation of monovalent entities.21

Avelumab has a high affinity compared to other clinically approved
PD-L1 antibodies.38 We found that K2 has a lower affinity for PD-
L1, and it is therefore less potent in restoring TCR signaling. Bivalency
could increase the functional affinity and potency to a level compara-
ble to avelumab. However, when we compared lentivirally delivered
2K2 to exogenously added avelumab in the 3D tumor model, we
observed that avelumab was more potent in stimulating tumor cell
mber 2021
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killing by IL-15-activated PBMCs. Therefore, we decided to link K2 to
a human IgG1 Fc fragment through which K2 gained bivalency,
effector functions, and efficacy, as shown in the 3D tumor model in
which lentiviral delivery of K2-Fc stimulated tumor cell killing more
efficiently than did avelumab. However, avelumab contains a native
Fc domain whereas K2 was fused to a modified IgG1 Fc domain
with an enhanced affinity for the FcgRIII and increased capacity to
induce ADCC.23,39 It is likely that this modified Fc domain enhanced
tumor cell killing more effectively than did the native Fc domain of
avelumab. Both avelumab and K2-Fc effectively modulated immune
cell composition and activation in a similar way. Chimeric antibody
constructs have been generated with sdAbs that compete with durva-
lumab for binding to PD-L1. This construct, referred to as KN035 or
envafolimab, has been used in a subcutaneous therapy strategy and
was shown to have low immunogenicity, a good tumor penetrance,
and antitumor efficacy in preclinical models.38 Envafolimab was
administered subcutaneously as well in a phase I clinical trial for treat-
ment of patients with solid tumors, showing safety and evidence of
antitumor activity.40 These results have pushed the evaluation of enva-
folimab in a phase II study for microsatellite instability-high advanced
solid tumors and a phase III trial for patients with cholangiocarcinoma
in China. The results obtained so far with subcutaneous administra-
tion of envafolimab together with the data presented in this study
on lentiviral delivery of K2-Fc warrant further in vivo research into
the use of K2-Fc as an immune checkpoint medicine.

MATERIALS AND METHODS
Reagents

Mouse anti-His-tag antibodies (clone AD1.1.10, Bio-Rad, Belgium)
were used as primary antibodies for the staining of His-tagged sdAbs
in flow cytometry and western blot. As a secondary antibody for
detection of His-tagged sdAbs on PD-L1POS 624-MEL cells in flow cy-
tometry, phycoerythrin (PE)-conjugated anti-mouse IgG antibody
(cloneA85-1, BDBiosciences, Belgium)was used. As a secondary anti-
body for the detection of His-tagged sdAbs on western blot mem-
branes, near infrared IRDye 800CW anti-mouse IgG antibody was
used (LI-CORBiosciences, USA). BrilliantViolet (BV)421-conjugated
anti-human IgG-Fc antibody (HP6017, BioLegend, USA) was used to
detect the binding of recombinant human PD-1-Fc to PD-L1POS 624-
MEL cells in flow cytometry. PD-L1 expression was confirmed with
PE-CF594-conjugated anti-PD-L1 antibodies (MIH1, BD Biosci-
ences). HLA-A2 expression on 624-MEL cells was verified using fluo-
rescein isothiocyanate (FITC)-conjugated anti-HLA-A2 antibodies
(BB7.2, BD Biosciences) or BV421 conjugated anti-HLA-A2 anti-
bodies (BB7.2, BioLegend). 2D3 cells were characterized using allo-
phycocyanin (APC)-H7-conjugated anti-CD8 antibodies (clone
SK1, BD Biosciences), BV421-conjugated anti-PD-1 antibodies
(EH12.2H7, BioLegend), and PE-conjugated anti-TCRa/b antibodies
(clone IP26, BioLegend). To increase the specificity of immunofluo-
rescent staining, FcR blocking reagent (Miltenyi Biotec, Bergisch
Gladbach, Germany) was used. Antibodies used for the characteriza-
tion of immune cells were Alexa Fluor 700-conjugated anti-
CD45 (HI30, BioLegend), BV605-conjugated anti-CD3 (SK7, BD
Biosciences), PE/cyanine 7-conjugated anti-CD4 (SK3, BioLegend),
Molecular The
BV421-conjugated anti-CD8 (RPA-T8, BioLegend), PE-Dazzle594-
conjugated anti-CD56 (5.1H11, BioLegend), peridinin chlorophyll
protein/cyanine 5.5-conjugated anti-CD69 (FN50, BioLegend),
APC-conjugated anti-CD134 (Ber-ACT35, BioLegend), PE-conju-
gated anti-CD137 (4B4-1, BioLegend), FITC-conjugated anti-PD-1
(A17188B, BioLegend), APC-Fire750-conjugated anti-CD16 (3G8,
BioLegend), and Zombie Aqua (BioLegend) were used to discriminate
between live and dead cell populations. Human gp100280–288 peptide
(Eurogentec, Belgium) was used for pulsing 624-MEL cells in the
2D3 assay. Avelumab (Bavencio, provided by Merck [EMD Serono]
and Pfizer) was used in the 2D3 assay and the 3D melanoma model.
Biacore consumables were from Cytiva (Machelen, Belgium). Recom-
binant His-tagged human PD-L1 protein (R&D Systems, Minneapo-
lis, MN, USA) was used for SPR analysis of PD-L1 binding sdAbs. Re-
combinant human PD-1-Fc and biotinylated recombinant human
PD-1 were used for flow cytometry-based competition studies.

Cell lines

293T cells were acquired from the American Type Culture Collection
(ATCC, USA) and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich, Belgium) supplemented with 10% fetal
bovine serum (FBS) (Harlan, the Netherlands), 2 mM L-glutamine,
100 U/mL penicillin, and 100 mg/mL streptomycin (Sigma-Aldrich).
2D3 cells were generated as described earlier20 and cultured in Is-
cove’s modified Dulbecco’s medium (IMDM) (Thermo Scientific)
supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL peni-
cillin, and 100 mg/mL streptomycin. HLA-A*0201POS 624-MEL cells
were provided by S.L. Topalian (National Cancer Institute, Baltimore,
MD, USA) and were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (Sigma-Aldrich) supplemented with 10% fetal
clone I serum (Thermo Scientific), 2 mM L-glutamine, 100 U/mL
penicillin, 100 mg/mL streptomycin, 1 mM sodium pyruvate, and
nonessential amino acids (Sigma-Aldrich).

PBMCs obtained from HLA-A*0201POS donors were provided by the
service of Hematology of the Brussels University Hospital. These cells
were collected using a blood cell separator (Spectra Optia apheresis
system, Terumo BCT, USA) by processing up to 7 L of whole blood.
The PBMC concentrate was subjected to elutriation using a semi-
automatic counter-flow elutriation instrument (Elutra cell separation
system, version 1.1, Terumo BCT) using a user defined profile. The
program that was used collects cells in five fractions. The chamber
rotation speed was maintained at 2,400 revolutions per minute for
fractions 1 through 4, and the media flow rate was maintained at
37 mL per minute for fraction 1, 97.5 mL per minute for fraction 2,
103.4mL per minute for fraction 3, and 103.9 mL per minute for
fractions 4 and 5. Fraction 5 consists of the cells remaining in the sep-
aration chamber and that are collected with the rotor turned off. Frac-
tions 2–4 were pooled and further referred to as PBMCs. This study
was approved by the Ethical Committee of the UZ Brussel (2013/198).

LV production and characterization

The packaging plasmid pCMVDR8.9 and the envelope plasmid
pMD.G were a kind gift from D. Trono (University of Geneva,
rapy: Methods & Clinical Development Vol. 22 September 2021 179
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Italy). The pHR0 transfer plasmids encoding PD-L1 and GFP were
previously described.7,41 DNA sequences encoding the different
sdAb formats containing a murine Igk secretion signal and a His-
tag were designed in silico using SnapGene in order to generate
the transfer plasmids encoding the different sdAb formats. The co-
dons of the sequences were optimized using the codon optimization
tool of Integrated DNA Technologies (IDT) and synthesized by IDT
(Belgium). DNA fragments were foreseen with overhangs allowing
the ligation into the pHR0 vector digested with the restriction en-
zymes EcoRI and BamHI. DNA fragments were ligated using the
NEBuilder HiFi DNA assembly master mix (New England Biolabs
[NEB], USA) according to the manufacturer’s instructions. The
plasmids were transformed in NEB 5-alpha competent Escherichia
coli bacteria (NEB) and subsequently in XL1Blue E. coli using the
TransformAid bacterial transformation kit (Thermo Scientific).
The selection of clones was performed on ampicillin (0.1 mg/mL,
Bristol-Myers Squib, Belgium)-enriched Luria-Bertani (LB) agar
plates. Large bacterial cultures in LB medium containing 0.1 mg/
mL ampicillin were used to extract plasmid DNA (Maxiprep kit,
QIAGEN, Germany). The plasmid DNA yield was determined by
spectrophotometry.

The production of LVs and their characterization using the colori-
metric RT assay (Roche, Germany) was performed as detailed
elsewhere.42,43

Transduction

624-MEL cells were seeded at 105 cells per well in a six-well tissue cul-
ture plate (Thermo Scientific) and treated overnight with 800 mL of
DMEM containing 100 ng of RT of LVs. Cells were expanded and
subsequently sorted using a BD FACSAria cell sorter (BD Biosci-
ences) on GFPHIGH cells. PD-L1POS 624-MEL cells were generated
as described earlier.16

2D3 assay

PD-L1POS 624-MEL cells were seeded at 5� 104 cells per well in a six-
well plate and left for 24 h to adhere. These adherent cells were trans-
duced with different doses of sdAb-encoding LVs ranging from 0.5 to
500 ng of RT in 700 mL of DMEM. Eighteen hours later, the transduc-
tion mixture was replaced with RPMI 1640. The cells were detached
48 h after transduction. A part of the cells was analyzed in flow cytom-
etry to assess expression of PD-L1 and binding of sdAbs to PD-L1. A
part of the cells was pulsed with 50 mg/mL gp100280–288 peptide, after
which they were seeded in duplicate at 2 � 104 cells per well of a 96-
well round-bottom plate. 2D3 cells were electroporated with mRNA
encoding the TCRa and TCRb chain of a TCR recognizing the
gp100280–288 peptide in the context of HLA-A2 (2.5 mg/106 cells)
with or without 2.5 mg of mRNA-encoding PD-1, as previously
described.20 Expression of PD-1 and the TCR was confirmed by
flow cytometry. A total of 2 � 105 PD-1POS or PD-1NEG, however,
TCRPOS 2D3 cells were added per well to the 624-MEL cells. Expres-
sion of GFP by the 2D3 cells, which serves as a measure of TCR
signaling, was determined by flow cytometry. The relative increase
in TCR signaling was calculated as follows: (% GFP of PD-1POS
180 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
2D3 cells/% GFP of PD-1NEG 2D3 cells)TRANSDUCED � (% GFP of
PD-1POS 2D3 cells/% GFP of PD-1NEG 2D3 cells)UNTRANSDUCED.

Flow Cytometry

Cell staining procedures were performed as described previously.41

Cells were acquired on the LSRFortessa flow cytometer (BD Biosci-
ences). Data were analyzed using FACSDiva software (BD Biosci-
ences) or FlowJo v10 (BD Biosciences).

Production, purification, and quality control of sdAbs

In bacteria

sdAb production and purification were described earlier.44 Briefly, the
DNA sequences of K2, 2K2, R3, and 2R3 were cloned in silico using
SnapGene software. The sequences contained overhangs, allowing
the ligation into the pHEN6 plasmid. DNA fragments were subse-
quently synthesized and produced by IDT. The pHEN6 vector was di-
gested using PstI and BstEII, and the DNA fragments were ligated by
Gibson assembly master mix according to the manufacturer’s instruc-
tions. The resulting plasmids were transformed into WK6 E. coli for
large-scale production. sdAbs were purified from the periplasmatic
extract as described earlier.45

In mammalian cells

293T cells were transduced using LVs encoding K2, 2K2, 3K2, 2K2-
DS, or K2-Fc. Modified cells were expanded. Subsequently, the me-
dium was replaced by Opti-MEM (Thermo Scientific). Supernatants
were concentrated using Vivaspin columns (Sartorius, Germany),
and SDS-PAGE was performed. After Coomassie blue staining gels
were analyzed using the Odyssey Fc dual-mode imaging system
(LI-COR Biosciences, USA), and quantities were estimated using
band intensities and interpolation.

SPR

The affinity of sdAbs was evaluated on immobilized human PD-L1
proteins, as described earlier.16 For the regeneration 0.5 M NaCl
and 20 nM NaOH solution was used.

Competition study

624-MEL PD-L1POS cells were incubated with recombinant human
PD-1-Fc protein (R&D Systems) or biotinylated recombinant human
PD-1 (Abcam) and subsequently incubated with various amounts
of PD-L1-binding sdAbs. Cells were stained for Fc or biotin and
analyzed using flow cytometry.

3D melanoma killing assay

GFPPOS 624-MEL cells were cultured in ultra-low adherence plates
(Greiner Bio-One and Costar) in 50 mL of DMEM (Sigma-Aldrich).
After 48 h, LVs at an amount of 100 ng of RT were added in 50 mL
of DMEM containing 20 mg/mL protamine sulfate. Another 48 h
later, PBMCs were thawed and 3� 105 cells were added to the 3D tu-
mors in RPMI 1640 containing 100 ng/mL IL-15 (PeproTech, USA).
Green fluorescence confluence of 3D tumors was monitored every
hour for 5 consecutive days using the IncuCyte Zoom live cell imaging
system (EssenBio, UK). Each 3D tumor confluence was normalized to
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the 3D tumor confluence at 0 h. The percentage killing was calculated
from the area under the curve (AUC) from 50 h onward as 1 –

(AUCTREATED/AUCMOCK). For the evaluation of immune cell activa-
tion, a 3D melanoma killing assay was performed the same way, but
with GFPNEG 624-MEL cells. Immune cells were isolated once tumor
size was visibly reduced, but not completely diminished. Cells were
analyzed using flow cytometry.
Statistical analysis

All statistical analyses were performed using GraphPad Prism soft-
ware v8.4.3. p values were calculated using either a Student’s t test
or a repeated measures one-way ANOVA with multiple comparison
and a Fisher’s least significant difference (LSD) test. Statistical signif-
icance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001; n.s., not significant.
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