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ABSTRACT: The antitumor effects elicited by immune checkpoint
inhibitors (ICIs) have transformed cancer treatments. However, severe
immune-related adverse events (irAEs) resulting from these treatments
have restricted the application of ICIs. To overcome the adverse events,
we developed a tumor lesion-selective pro-PD-1Ig that is activated by
proteases overexpressed in tumors. We genetically linked albumin to
the N-terminus of a modified PD-1Ig (termed mutPD-1Ig hereafter)
via an MMP substrate sequence to form Alb-hinge-mutPD-1Ig. We
demonstrate that the binding activity of nondigested Alb-hinge-mutPD-
1Ig is approximately 11-folds lower than mutPD-1Ig. However,
digestion by type IV collagenase restored the binding activity of Alb-
hinge-mutPD-1Ig to a level comparable to that of native mutPD-1Ig. In order to enhance the masking efficiency of Alb-mutPD-1Ig,
we simulated the effects of diverse MMP substrate linkers for connecting albumin and PD-1 at various starting positions by
bioinformatics tools. Our validation experiments indicate Alb-hinge-mutPD-1Ig displayed the best masking efficiency among all
simulated constructs. Our study suggests that albumin may be best applicable to mask a target protein whose binding motif is
centralized and in the proximity of the N-terminus of the protein.

■ INTRODUCTION
Programmed cell death 1/programmed cell death 1 ligand 1
(PD-1/PD-L1) are crucial immune checkpoints that down-
regulate immune responses.1 Mechanistically, binding of PD-
L1 to PD-1 induces the phosphorylation of the PD-1
cytoplasmic tail that recruits tyrosine phosphatase to dampen
the T cell receptor signal transduction pathway.2,3 Con-
sequently, T cell proliferation4 and production of cytokines
such as interferon-γ5 are reduced after PD-1 engagement with
PD-L1. Inadequate expression of these immune checkpoints
contributes to autoimmune diseases,1 highlighting the
importance of the immune checkpoints in maintaining
immune homeostasis. Conversely, cancers exploit immune
checkpoints to evade immunosurveillance. It is known that
several cancers express PD-L1 to engage PD-1 expressed on
tumor-infiltrating T cells to suppress their anticancer activity.6,7

The expression of PD-L1 on cancer cells demonstrates a
negative correlation with prognosis, underscoring its implica-
tion in cancer progression.8−10 Therefore, blocking these
immune checkpoints is a rational strategy to boost antitumor
immunity.
FDA has approved several blocking antibodies against PD-1

or PD-L1 for treating multiple cancers, including non-small cell
lung cancer,11 liver cancer,12 colorectal cancer,13 cervical
cancer,14 melanoma,15 and gastric cancer.16 PD-1/PD-L1
blocking antibodies have been reported to enhance specific

T cell responses against neoantigens released from dead cancer
cells, in line with the notion that blockade of PD-1/PD-L1
checkpoint enhances antitumor immunity.17,18 However,
challenges have arisen in the application of PD-1/PD-L1
blocking antibodies. First, PD-1/PD-L1 blocking antibodies
are associated with multiple immune-related adverse effects
(IrAEs), of which 14% were ≥ grade-3 severity.19,20 Second,
only 20−30% of cancer patients responded to the PD-1/PD-
L1 antibody therapies.21 Thus, not all cancer patients will
benefit from PD-1/PD-L1 blocking antibodies, and further
developments of efficacious and safe inhibitors to PD-1/PD-L1
are needed.
Directing the action of therapeutic proteins (antibodies and

other recombinant proteins) to lesions may improve the
therapies by reducing the antigenic sink effect and drug-
induced adverse effects. To this end, we have previously
developed several inactive pro-proteins unless activated by
lesion-associated proteases. In particular, we recently engi-
neered an albumin-masked CTLA4Ig (Alb-CTLA4Ig) as a
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lesion-selective variant of CTAL4Ig.22 Alb-CTLA4Ig inhibited
joint inflammation as effectively as conventional CTLA4Ig but
without suppressing systemic immune responses. A structural
simulation revealed that albumin covers a sufficient area to
mask the binding activity of CTLA4Ig. Hence, albumin may be
a promising strategy for constructing lesion-selective pro-
proteins that are inactive in normal tissue but activated by
proteases overexpressed in lesions.
In this study, we aimed to engineer a cancer lesion-selective

PD-L1 inhibitor for cancer treatment. PD-1 is structurally
similar to CTLA4, both of which are grouped in the CD28
receptor family of the immunoglobulin superfamily (IgSF).23,24

In addition, several matrix metalloproteinases (MMPs) are
overexpressed in the tumor microenvironment.25−27 Based on
our experience with Alb-CTLA4Ig, we genetically linked
albumin to the N-terminus of a modified PD-1Ig (mutPD-
1Ig) through a substrate sequence of MMP2/9 (type IV
collagenase) to form Alb-mutPD-1Ig. Albumin can be cleaved
and removed by MMP2/9 to restore mutPD-1Ig in the tumor
microenvironment (Figure 1). We designed and tested the

binding activities of several Alb-mutPD-1Ig constructs in which
albumin was connected to mutPD-1Ig with a series of different
linkers. Furthermore, we tested whether the binding activity of
Alb-mutPD-1Ig can be restored after MMPs cleavage. Our data
indicate that albumin moderately masks the binding activity of
mutPD-1Ig.

■ MATERIALS AND METHODS
Construction of Expressing Vectors of Recombinant

Proteins. The coding sequences of human albumin (Alb) and
the extracellular domain (ECD) of human PD-1 were custom-
synthesized (Genomics, New Taipei, Taiwan). To construct
PD-1Ig, we linked the coding sequences of human wild-type
PD-1 to the coding sequences of Fc fragments of a human IgG1
by overlapping PCR.28 The PD-1Ig sequence was then
subcloned into the pLNCX expression vector using ClaI and
SfiI restriction sites. A site-directed mutagenesis kit (New
England Biolabs, Ipswich, MA, USA) was used to introduce
amino substitutions G124S, K131Y, and A132I in PD-1 ECD
to generate mutPD-1Ig. To construct Alb-hinge-mutPD-1Ig,
the coding sequences of albumin and mutPD-1Ig were linked
through the hinge sequence by a second overlapping PCR and
subcloned into the pLNCX vector. Similar cloning procedures
were used to generate different Alb-linker-mutPD-1Ig con-

structs. Table S1 lists the primer sets used in the construction
of the fusion proteins (Table S1).

Expression and Purification of Recombinant Pro-
teins. ExpiCHO-S cells were cultured in ExpiCHO expression
medium (Thermo Fisher Scientific, Waltham, MA, USA) with
shaking (120 rpm) in 8% CO2 at 37 °C. The expression
vectors encoding various constructs were transfected into
ExpiCHO-S cells using an ExpiFectamine CHO Transfection
Kit (Thermo Fisher Scientific) following the manufacturer’s
manual. Culture supernatants were collected for purification 10
days after transfection.
To the culture supernatants were added 1% tween-20 and 30

mM imidazole and purified by a nickel-chelating column (GE
Life Sciences, Malborough, MA, USA) as previously
described.22 Purified proteins were dialyzed against PBS and
stored at −80 °C until use. The purity of the recombinant
protein was assessed by SDS-PAGE/coomamassie blue
staining. The identity of the recombinant proteins was
routinely assessed by Western blot using a HRP-conjugated
goat antihuman IgG Fcγ (Jackson ImmunoResearch Labo-
ratories, West Grove, PA, USA). In some cases, Alb-mutPD-
1Ig was assessed by Western blot using a mouse antihuman
PD-1 antibody, followed by an HRP-conjugated goat
antimouse IgG Fcγ (Jackson Immunoresearch Laboratories).

Digestion of Recombinant Proteins by IV Collage-
nases. Four hundred nanograms (400 ng) of recombinant
proteins were cleaved with 2 μg of type IV collagenase (Sigma-
Aldrich, St. Louis, MO, USA) in 40 μL of TCNB buffer (0.5%
Brij-35, 0.1 M CaCl2, 1.5 M NaCl and 0.5 M Tris, pH 7.5)
containing 0.1% BSA, 37 °C for 1 h. EDTA was added to a
final concentration of 10 mM to stop the digestion. The extent
of collagenase cleavage was assessed by Western blot using a
HRP-conjugated goat antihuman IgG Fcγ.

Cell-Based Enzyme-Linked Immunosorbent Assay
(ELISA). Ninety-six-well ELISA plates were precoated with
polylysine (100 μg/mL, 50 μL/well) at room temperature for
5 min and air-dried. H1975 human lung adenocarcinoma cells
were added to the plates (5 × 104 cells/well) and incubated for
14 h. Culture medium were removed, and cells were fixed with
5% formalin in PBS for 30 min on ice. The cells were washed
with PBS and then blocked nonspecific binding with 5% skim
milk in PBST at room temperature for 1 h. Recombinant
proteins were diluted with PBS containing 0.1% BSA and
added to the plates at room temperature for 1 h, followed by
sequential addition of HRP-conjugated goat antihuman IgG
Fcγ and TMB substrate (Invitrogen, Carlsbad, CA, USA). The
optical density was measured at 450 nm in a microplate reader
(Molecular Devices, San Jose, CA, USA). Half-maximal
binding (EC50) was calculated after fitting the absorbance
against protein concentrations using a four-parameter logistic
fit with the GraphPad Prism software (Graph-Pad, San Diego,
CA, USA).

Protein-Based ELISA. Human PD-L1 mouse Fc fusion
proteins (Sino Biological, Wayne, PA, USA) were coated (0.1
μg/mL, 50 μL/well) to 96-well plates in PBS. The plates were
blocked nonspecific binding with 1% BSA in PBST.
Recombinant proteins were added to the plates and detected
by ELISA procedures as described in “Cell-based enzyme-
linked immunosorbent assay (ELISA)” above.

■ RESULT
Binding Activity of Alb-Hinge-mutPD-1Ig was Mod-

erately Masked. In order to develop a PD-1Ig as a PD-L1

Figure 1. Strategy of cancer lesion-selective Alb-mutPD-1Ig. Albumin
is linked to the N-terminus of mutPD-1Ig by a matrix metal-
loproteinase (MMP) substrate sequence. Albumin masks can be
removed to restore the binding activity of mutPD-1Ig by MMPs
overexpressed in the tumor microenvironment.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06216
ACS Omega 2023, 8, 40911−40920

40912

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06216/suppl_file/ao3c06216_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06216/suppl_file/ao3c06216_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06216?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06216?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06216?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06216?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


inhibitor, we first constructed an expression vector of PD-1Ig
by linking the extracellular domain (P21-R161) (NCBI
RefSeq: NP_005009.2) of wild-type human PD-1 and a Fc

fragment (Ig) of human IgG29 (IMGT: J00228). Subsequently,
we purified PD-1Ig from the culture supernatants of
ExpiCHO-S transiently transfected with the expression vector.

Figure 2. Production and the Masking Effect of Alb-hinge-mutPD-1Ig. (A) Organization of the Alb-hinge-mutPD-1Ig expression vector. His(6x):
histidine tag. (B) The purity of Alb-hinge-mutPD-1Ig was assessed by reducing SDS-PAGE/coomassie blue staining (left panel). The identity of
the Alb-hinge-mutPD-1Ig was assessed by Western blotting using a HRP-conjugated antihuman Fcγ antibody (right panel). Supernatant: culture
supernatants of ExpiCHO-S transiently transfected with Alb-hinge-mutPD-1Ig expression vector. (C) Graded amounts of native mutPD-1Ig (blue
curve) and nondigested Alb-hinge-mutPD-1Ig (red curve) were added in a cell-based ELISA where H1975 overexpressing PD-L1 was coated as
antigens. The EC50 of each protein were indicated by matching colors.

Figure 3. Production and masking effects of Alb-GPLGVR-mutPD-1IIg, Alb-PGPLGVR-mutPD-1Ig, and Alb-hinge-mutPD-1P28Ig. (A) Summary
of design of Alb-GPLGVR-mutPD-1IIg, Alb-PGPLGVR-mutPD-1Ig, and Alb-hinge-mutPD-1P28Ig. (B) Graded amounts of mutPD-1Ig (blue
curve), Alb-hinge-mutPD-1Ig (red curve), Alb-GPLGVR-mutPD-1Ig (orange curve), and Alb-PGPLGVR-mutPD-1Ig (green curve) were added to
the cell-based ELISA. The EC50 of each protein were indicated by matching colors. (C) Graded amounts of mutPD-1Ig (blue curve), Alb-hinge-
mutPD-1Ig (red curve), and Alb-hinge-mutPD-1P28Ig (brown curve) were added to the cell-based ELISA. The EC50 of each protein were indicated
by matching colors.
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However, initial binding tests using cell-based ELISA with PD-
L1-expressing cells indicated that wild-type PD-1Ig bound PD-
L1 weakly, as 10 nM of wild-type PD-1Ig gave rise to low
signal (OD450 nm = 0.18, Figure S1A), consistent with previous
reports indicating that PD-1 binds to PD-L1 with a μM
affinity.23 Similarly, wild-type PD-1Ig bound to PD-L1-
expressing cells poorly in flow cytometry (Figure S1B). In
order to increase the binding activity of PD-1Ig, we mutated
three amino acids at position Gly124, Lys131, Ala132 to Ser,
Tyr, and Ile, respectively, in PD-1 ECD following a previous
study.29−32 We produced and purified the mutated PD-1Ig
(termed mutPD-1Ig hereafter) from supernatants of Ex-
piCHO-S transiently transfected with the expression vector
encoding mutPD-1Ig. Indeed, the binding activity of mutPD-
1Ig increased to 0.1 nM in terms of the EC50 (Figure S1C).
This mutPD-1Ig was used as a prototype for constructing
albumin-masked PD-1Ig fusion proteins in subsequent studies.
In order to develop a tumor lesion-selective mutPD-1Ig, we

linked the sequence of human albumin (D25-L609) (NCBI
RefSeq: NP_000468.1) to the N-terminus of mutPD-1Ig via a
lower hinge/upper CH2 sequence (CPPCPAPELLGGPA) of
human IgG (named Alb-hinge-mutPD-1Ig, Figure 2A). We
produced and purified Alb-hinge-mutPD-1Ig from super-
natants of ExpiCHO-S transiently transfected with the
expression vector. Purified Alb-hinge-mutPD-1Ig displayed a
monomeric molecular weight of ∼130 kDa under reducing
condition (Figure 2B), which is slightly larger than calculated

(110.6 kDa), due to glycosylation on PD-1 and IgG Fc.33,34

The purity of Alb-hinge-mutPD-1Ig after purification was
>95% (Figure 2B).
We next tested whether albumin could mask the binding

activity of mutPD-1Ig. We analyzed the binding kinetics of
Alb-hinge-mutPD-1Ig, using an ELISA in which PD-L1
expressing cells were precoated in the plates as antigens. We
found the concentration that gives rise to half-maximal binding
signal (EC50) of Alb-hinge-mutPD-1Ig (1.53 nM) is 11.69-fold
higher than mutPD-1Ig (0.13 nM) (Figure 2C), indicating
albumin masked binding activity of mutPD-1Ig. However, the
masking effect of albumin on mutPD-1Ig was moderate.

Construction of Alb-GPLGVR-mutPD-1Ig, Alb-
PGPLGVR-mutPD-1Ig, and Alb-Hinge-mutPD-1P28Ig. To
test whether the distance between albumin and PD-1Ig affects
masking efficacy, we linked albumin and mutPD-1Ig with a
shorter MMP2/9 substrate sequence (GPLGVR, Figure 3A).
Additionally, we added a proline to the substrate sequence
(PGPLGVR, Figure 3A) to introduce an angle between
albumin and mutPD-1Ig. These two MMP2/9 substrate
sequences lack the cysteine required for disulfide bond
formation. Thus, the GPLGVR and PGPLGVR are expected
to be flexible linkers.
In Alb-CTLA4Ig, the albumin-hinge sequence is connected

to CTLA4 at M38, which is adjacent to the MYPPPY motif.
However, in Alb-hinge-mutPD-1Ig, the hinge was connected to
PD-1 at P21. Thus, in a third construct, we kept the original

Figure 4. In silico analyses of the masking efficiency of Alb-linkers-PD-1 using bioinformatics analyses. (A) Flowchart of calculating the masking
effect of albumin in with predicted structures. (B) Crystal structure of human PD-1/PD-L1 (PDB ID: 4ZQK) and the predicted structure of Alb-
hinge-linkers-PD-1 were aligned on PD-1. The extent to which albumin masked the binding of PD-L1 to PD-1 can be determined by considering
the region where albumin overlapped with PD-L1 (circle). (C) Estimation of albumin masking effect (expressed as the ratio of overlapped volume)
in Alb-hinge-CTLA4, Alb-hinge-mutPD-1 (red), Alb-GPLGVR-mutPD-1 (orange), Alb-PGPLGVR-mutPD-1 (green), and Alb-hinge-mutPD-1P28
(brown) using predicted structures. Alb-CTLA4 (blue) was used as a performance reference for the bioinformatics analyses.
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hinge sequence but connected to PD-1 at P28, shortening the
distance between albumin and mutPD-1Ig (Alb-hinge-mutPD-
1P28Ig, Figure 3A).
In order to assess the masking effects in Alb-GPLGVR-

mutPD-1Ig, Alb-PGPLGVR-mutPD-1Ig, and Alb-hinge-
mutPD-1P28Ig, we analyzed the binding activity through the
cell-based ELISA. We found that GPLGVR/PGPLGVR linkers
did not enhance the masking efficiency; the EC50 values for
GPLGVR-linked and PGPLGVR-linked constructs are 0.45
and 0.8 nM, respectively, compared to 1.9 nM for the original

hinge-linked construct (Figure 3B). Similarly, connecting
albumin to P28 of mutPD-1 did not enhance the masking
efficiency (EC50: 1.52 nM vs 2.56 nM for Alb-hinge-mutPD-
1P28Ig and Alb-hinge-mutPD-1Ig, respectively, Figure 3C).
These data indicate that altering the relative distance of
albumin and mutPD-1 by either shortening the linkers or
connecting to a deeper amino acid in mutPD-1 did not
enhance the masking efficacy by albumin.

Bioinformatics Analyses to Predict the Masking
Effects of Alb-Linker-mutPD-1Ig. We considered how

Figure 5. Production and the masking effect of Alb-linker3−4-mutPD-1Ig, Alb-linker3−6-mutPD-1Ig, and Alb-linker3−8-mutPD-1Ig. (A) Summary of
the design of Alb-linkers-mutPD-1Ig with different linkers for estimation of the ratio of overlapped volume. (B) Divergence of N-termini of human
CTLA-4 and PD-1. (C) The estimation of the albumin masking effect (expressed as ratio of overlapped volume) of the Alb-linkers-mutPD-1Ig with
difference linkers. (D) Purity and identity of Alb-linker3−4-mutPD-1Ig, Alb-linker3−6-mutPD-1Ig, and Alb-linker3−8-mutPD-1Ig assessed by reducing
SDS-PAGE/coomassie blue staining and Western blotting using a HRP-conjugated antihuman IgG Fcγ antibody. (E) Graded amounts of mutPD-
1Ig (blue curve), Alb-hinge-PD-1Ig (red curve), Alb-linker3−4-mutPD-1Ig (pink curve), Alb-linker3−6-mutPD-1Ig (green curve), and Alb-linker3−8-
mutPD-1Ig (light blue curve) were added in a protein-based ELISA where purified PD-L1 was coated as an antigen. The EC50 of each protein were
indicated by matching colors.
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albumin linked to mutPD-1Ig (i.e., linker sequences and
connecting amino acid on mutPD-1Ig) could play a major role
in determining the masking efficiency of albumin. In order to
more systemically and logically design Alb-mutPD-1Ig, we
tried bioinformatics tools to model Alb-hinge-mutPD-1
binding to PD-L1 (Figure 4A). First, we used homology
modeling to construct the structure of Alb-hinge-mutPD-1
using ROBETTA. For the sake of simplicity, the Ig part of the
fusion protein was not included in the prediction. The
structure of Alb-hinge-mutPD-1 were predicted using the
crystal structures of human albumin (PDB ID: 6JE7), human
PD-1 (PDB ID: 2M2D), and the secondary structures of the
linkers predicted by the PSIPRED algorithm35 as templates in
the homology modeling.36 Next, we excluded the predicted
structures in which albumin and PD-1 were spatially entangled.
Then, we aligned PD-1 in predicted Alb-hinge-mutPD-1 and
the cocrystal structure of human PD-1/PD-L1 (PDB ID:
4ZQK,37), using the UCSF Chimera algorithm.38,39 The
volume of PD-L1 overlapped by albumin was then calculated
(expressed as the ratio of overlapped volume”, Figure 4B). As a
positive control of the analysis, the volume of CD80
overlapped by albumin in the case of Alb-CTLA4 was
calculated. Using this approach, we compared the masking
effects of the four Alb-mutPD-1 constructs described in Figure
2. Alb-hinge-mutPD-1 showed a larger overlapped volume
(24.1%) than Alb-GPLGVR-mutPD-1 (0%), Alb-PGPLGVR-
mutPD-1 (19.7%), but not Alb-hinge-mutPD-1P28 (49.1%), in
the bioinformatics analysis (Figure 4C). The estimation of the
ratio of overlapped volume seemed to agree with the binding
test, although more simulation data and the corresponding
binding assays could improve the prediction accuracy.

Construction of Alb-linker3−4-mutPD-1Ig, Alb-link-
er3−6-mutPD-1Ig, and Alb-linker3−8-mutPD-1Ig to Verify
the Masking Effects. We used bioinformatics analysis to
design the linkage of albumin to mutPD-1Ig. In the first type of
design, we used the original hinge sequence between albumin
and N33 or T36 of mutPD-1Ig to shorten further the distance
between albumin and mutPD-1Ig (Figure 5A). Alternatively, to
the hinge sequence were added three amino acids (M38−
H39−V40) at the CTLA4 N-terminus, as the overlay of PD-1
and CTLA4 structures indicates two proteins diverge at T36 of
PD-1/V40 of CTLA4 (Figure 5B). It was noted that M38−
H39−V40 at the N-terminus of CTLA4 is pointed toward the
binding site of CTLA4, while the N-terminus of PD-1 (N33−

P34−P35) is oriented away from the binding sites of PD-1.
The hinge-MHV was linked to mutPD-1 at T36. However, the
ratio of overlapped volume calculated from the UCSF Chimera
algorithm is either similar (linker 1−2) or lower (linker 1−1
and linker 1−3) than the original Alb-hinge-mutPD-1 (Figure
5C).
In the second and third types of designs, the hinge sequence

was combined with different flexible or rigid linkers (Figure
5A). Flexible linkers consist of small amino acids like
GSAGSAAGSGEF, offering broader rotation angles (φ and
ψ).40,41 Rigid linkers, such as A(EAAAK)2A, may form α-helix
with a fixed angle and length.42,43 In addition, varying numbers
of AP dipeptide repeats (AP)n were added to the N-terminal of
the hinge to introduce different degrees of kinks in the
linkers.41,44 These linkers were connected to P21 and N33 of
PD-1. We calculated the ratio of overlapped volume as
described above and ranked the potential masking effect of
new variants of Alb-hinge-mutPD-1 (Figure 5C). The top
three in masking effect are linker 3−4 (66.6%), linker 3−6
(58.2%), and linker 3−8 (43.7%) by the calculation. Therefore,
we selected linker 3−4, linker 3−6, and linker 3−8 to link
albumin and mutPD-1Ig (named Alb-linker3−4-mutPD-1Ig,
Alb-linker3−6-mutPD-1Ig, and Alb-linker3−8-mutPD-1Ig) and
produce the recombinant proteins (Figure 5D) for testing the
binding activities.
We analyzed the binding kinetics of Alb-linker3−4-mutPD-

1Ig, Alb-linker3−6-mutPD-1Ig, and Alb-linker3−8-mutPD-1Ig
using a protein-based ELISA where human PD-L1 was coated
on the plates as antigen. All albumin-masked mutPD-1Ig
proteins displayed a lower binding activity than native mutPD-
1Ig, as the binding curves were right-shifted (Figure 5E).
Interestingly, protein-based ELISA seemed more sensitive than
cell-based ELISA as mutPD-1Ig displayed a lower EC50 (0.01
nM) than detected in the cell-based ELISA (∼0.2 nM),
although a definite conclusion cannot be drawn at the moment
due to differences in assay systems. However, the original Alb-
hinge-mutPD-1Ig showed the best masking efficacy (EC50:
0.037 nM) compared to Alb-linker3−4-mutPD-1Ig (EC50: 0.026
nM), Alb-linker3−6-mutPD-1Ig (EC50: 0.033 nM), and Alb-
linker3−8-mutPD-1Ig (EC50: 0.017 nM). These data indicate
that the original Alb-hinge-mutPD-1Ig currently represents the
best design to mask the binding activity of mutPD-1Ig using
albumin as a masking domain.

Figure 6. Restoration of binding activity of Alb-hinge-mutPD-1Ig by a type IV collagenase digestion. (A) Digestion of Alb-hinge-mutPD-1Ig by a
type IV collagenase for 1 h. The digestions were analyzed by Western blotting using a HRP-conjugated antihuman IgG Fcγ antibody. (B) Graded
amounts of native mutPD-1Ig (blue curve), nondigested Alb-hinge-mutPD-1Ig (red curve), and type IV collagenase-digested Alb-hinge-mutPD-1Ig
(black curve) were added in a protein-based ELISA where purified PD-L1 was coated as an antigen. The EC50 of each protein were indicated by
matching colors.
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Restoration of the Binding Activity of Alb-Hinge-
mutPD-1Ig by a Type IV Collagenase Digestion. Finally,
we confirmed that Alb-hinge-mutPD-1Ig could be cleaved by
type IV collagenase to restore its binding activity to PD-L1. We
found type IV collagenase effectively digested Alb-hinge-
mutPD-1Ig, as indicated by the reduction of molecular weight
(55 kDa), which is equivalent to mutPD-1Ig (Figure 6A). A
minor band (4.8%) of 35−40 kDa protein, presumably the IgG
Fc fragments, was also noted during the digestion.
Furthermore, nondigested Alb-hinge-mutPD-1Ig (EC50: 0.11
nM) showed less binding to PD-L1, whereas type IV
collagenase-digested Alb-hinge-mutPD-1Ig showed a compa-
rable binding activity (EC50: 0.03 nM) to the native mutPD-
1Ig (EC50: 0.02 nM) (Figure 6B). Thus, the Alb-hinge-mutPD-
1Ig cloud can be cleaved by type IV collagenases to restore its
binding activity.

■ DISCUSSION
The current study developed an Alb-hinge-mutPD-1Ig as a
potential tumor lesion-selective immune checkpoint inhibitor
(ICI) against the PD-1/PD-L1 pathway. Nondigested Alb-
hinge-PD-1Ig showed ∼11-fold less binding activity to PD-L1
than type-IV collagenase-digested Alb-hinge-mutPD-1Ig. This
11-fold differential binding activity is in sharp contrast with
that of Alb-CTLA4Ig that we have previously developed. We
have systemically modified how albumin was linked to mutPD-
1Ig without success; several linker sequences or starting
positions on mutPD-1 were tested to link albumin and mutPD-
1Ig but did not improve the masking efficacy by albumin. Thus
far, the original design, where albumin was linked to P21 on
mutPD-1 through the hinge sequence (CPPCPAPELLGGPA)
showed the best masking efficiency among all constructs.
We seek an explanation as to why albumin can effectively

mask CTLA4Ig but not mutPD-1Ig from a structural
perspective. We have compared the crystal structures of
human CTLA-4 (PDB ID: 3OSK) and PD-1 (PDB ID: 2M2)
(Figure S2A), as CTLA4 and PD-1 are both members of CD28
family proteins. The amino acid sequence essential for binding
to CD80, MYPPPY (also known as the CDR3-like motif), is
located in the FG loop of CTLA-4 that is relatively centralized
and close to the N-terminus. However, the binding sites to PD-
L1 are dispersedly distributed in the C’CFG strands of PD-1.45

This suggests that proteins possessing a centralized apical
ligand binding motif are more amenable to effective masking
by albumin. This reasoning predicts that CD28 would be
effectively masked by albumin since CD28 uses the same apical
MYPPPY motif (as CTLA4) in its structure to bind CD80/
CD86.46 Inducible costimulator (ICOS) maybe efficiently
masked by albumin, since ICOS uses a homologous FDPPPFK
motif (amino acids 114−120, located in the FG loop of ICOS)
to bind to its ligand ICOS-L.47 Furthermore, the heavy chains
and light chains of antibodies contain three apical comple-
mentarity-determining regions (CDRs); blocking any one of
the CDRs may significantly interfere with antigen binding.
Therefore, albumin could be a useful masking domain for
constructing lesion-selective pro-antibodies. Collectively, the
future design of pro-proteins using albumin as a masking
domain should consider the location and spread of the binding
motifs of the target proteins.
PD-1 binds to two natural ligands, PD-L1 and PD-L2. While

PD-L1 and PD-L2 suppress T cell activation when bound to
PD-1, they differ in their expression patterns. PD-L1 is mainly
expressed on hematopoietic cells, while PD-L2 is more widely

expressed.48 In addition, PD-L2 expression is also observed in
several cancer types.49,50 The expression of PD-L2 in cancers
negatively correlates with tumor-infiltrating lymphocytes,
prognosis, and survival rate.51−53 Studies on pancreatic ductal
adenocarcinomas have found that PD-L2 inhibits CD8+ T cells
in tumor tissues and promotes the proliferation of regulatory T
cells, thereby establishing an immunosuppressive micro-
environment.54 Whether PD-L1 and PD-L2 play nonredun-
dant roles in promoting cancer immune evasion is unclear. It
may be important to determine whether PD-L2 expression is
associated with treatment resistance in cancer patients who
failed to respond to PD-L1 blocking antibodies. In this regard,
mutPD-1Ig may provide a broader application in activating T
cells in the tumor microenvironment in that it could block
both PD-L1 and PD-L2. On the other hand, on-target, off-
tumor toxicity may occur due to the broader binding specificity
of mutPD-1Ig. Thus, improving the safety of muPD-1Ig is
important for future applications. Our work represents the first
attempt to improve the safety of mutPD-1Ig. Further research
is needed to increase the masking efficiency.
Our strategy to use albumin as a masking domain in

constructing lesion-selective pro-proteins has several advan-
tages. First, albumin masks the binding activity of a target
protein by spatial hindrance rather than physical binding to the
target protein. Albumin could readily dissociate with the target
proteins once the intervening linkers are cleaved by lesion-
associated proteases. Other strategies use binder peptides or
proteins to the target proteins as masking domains; these
binder peptides or proteins could remain firmly bound after
cleavage of the linkers. Second, albumin is an endogenous
protein in sera,55 thus albumin is nonimmunogenic. Nonself
masking peptides could induce neutralizing antibodies after
injected into animals, leading to rapid clearance of the pro-
protein. Third, albumin has an extended half-life due to the
action of neonatal Fc receptor (FcRn) on the endothelial
cells,56 thus albumin may prolong the existence of the fusion
partners in sera. Fourth, albumin is a highly soluble protein,
thus albumin may increase the solubility and overall
production of the fusion proteins. Lastly, albumin is a well-
known carrier for hydrophobic molecules, thus albumin-linked
pro-proteins may be further developed into protein−drug
complexes. These attributes support the use of albumin as a
masking domain for constructing lesion-selective pro-proteins
for enhancing therapy and reducing adverse effects.

■ CONCLUSIONS
We developed Alb-hinge-mutPD-1Ig in which the binding
activity of mutPD-1Ig was masked 11-fold by albumin. We
show in the in vitro experiments that Alb-hinge-mutPD-1Ig
could be cleaved by a type IV collagenase to restore its binding
activity. Alb-hinge-mutPD-1Ig currently represents the optimal
design in masking the mutPD-1Ig binding activity with
albumin. Further research is needed to develop a lesion-
selective pro-mutPD-1Ig with a higher masking efficiency. Our
study also indicates that albumin may be best applicable to
masking a target protein whose binding motif is centralized
and in proximity to the N-terminus of the protein.
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