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Abstract

Programmed death-1 (PD-1), an immune checkpoint receptor, is expressed on

activated lymphocytes, macrophages, and some types of tumor cells. While PD-

1+ cells have been implicated in outcomes of cancer immunity, autoimmunity,

and chronic infections, the exact roles of these cells in various physiological

and pathological processes remain elusive. Molecules that target and deplete

PD-1+ cells would be instrumental in defining the roles unambiguously. Previ-

ously, an immunotoxin has been generated for the depletion of PD-1+ cells

though its usage is impeded by its low production yield. Thus, a more practical

molecular tool is desired to deplete PD-1+ cells and to examine functions of

these cells. We designed and generated a novel anti-PD1 diphtheria immuno-

toxin, termed PD-1 DIT, targeting PD-1+ cells. PD-1 DIT is comprised of two

single chain variable fragments (scFv) derived from an anti-PD-1 antibody,

coupled with the catalytic and translocation domains of the diphtheria toxin.

PD-1 DIT was produced using a yeast expression system that has been engi-

neered to efficiently produce protein toxins. The yield of PD-1 DIT reached 1–
2 mg/L culture, which is 10 times higher than the previously reported immu-

notoxin. Flow cytometry and confocal microscopy analyses confirmed that

PD-1 DIT specifically binds to and enters PD-1+ cells. The binding avidities

between PD-1 DIT and two PD-1+ cell lines are approximately 25 nM. More-

over, PD-1 DIT demonstrated potent cytotoxicity toward PD-1+ cells, with a

half maximal effective concentration (EC50) value of 1 nM. In vivo experiments

further showed that PD-1 DIT effectively depleted PD-1+ cells and enabled

mice inoculated with PD-1+ tumor cells to survive throughout the study. Our

findings using PD-1 DIT revealed the critical role of pancreatic PD-1+ T cells

in the development of type-1 diabetes (T1D). Additionally, we observed that

PD-1 DIT treatment ameliorated relapsing–remitting experimental autoim-

mune encephalomyelitis (RR-EAE), a mouse model of relapsing–remitting

multiple sclerosis (RR-MS). Lastly, we did not observe significant
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hepatotoxicity in mice treated with PD-1 DIT, which had been reported for

other immunotoxins derived from the diphtheria toxin. With its remarkable

selective and potent cytotoxicity toward PD-1+ cells, coupled with its high pro-

duction yield, PD-1 DIT emerges as a powerful biotechnological tool for eluci-

dating the physiological roles of PD-1+ cells. Furthermore, the potential of

PD-1 DIT to be developed into a novel therapeutic agent becomes evident.
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1 | INTRODUCTION

The programmed death-1 (PD-1) protein was first identi-
fied and associated with apoptosis in 1992. Subsequently,
PD-1 was recognized as a receptor sustaining the PD-1
immune checkpoint (Ishida, 2020; Patsoukis et al., 2020;
Pauken et al., 2021). The checkpoint plays a crucial role in
counterbalancing immune stimulatory signals and guiding
the host away from autoimmunity and hyperimmunity.
Lymphocytes that express PD-1 (referred to as PD-1+ lym-
phocytes) have become extensively utilized in cancer
immunotherapy. In this approach, tumor-specific PD-1+

lymphocytes are re-energized through the blockade of the
PD-1 checkpoint presented on these cells. Consequently,
these rejuvenated lymphocytes exhibit enhanced antitumor
immunity and eradicate tumor cells (Li et al., 2017). In
addition to their roles in cancer immunity, PD-1+ lympho-
cytes, including primarily activated T and B lymphocytes,
are also implicated in autoimmunity and chronic infections
(Fife et al., 2009; Joller et al., 2012; Okazaki et al., 2013;
Salama et al., 2003). Patients with rheumatoid arthritis
(RA) have been found to possess elevated numbers of cir-
culating PD-1+ lymphocytes. Furthermore, the majority of
lymphocytes infiltrating the synovial tissues of RA patients
are PD-1+ (Hosseinzadeh et al., 2021; Zhou et al., 2019).
Additionally, disrupting the PD-1 immune checkpoint by
knocking out PD-1 has been shown to worsen T1D in
NOD mice and induce lupus-like phenotypes in C57BL/6
mice (Nishimura et al., 1999). Moreover, a blockade of the
PD-1 immune checkpoint in NOD mice accelerates the
onset of hyperglycemia (Ansari et al., 2003). Lastly, circu-
lating T follicular regulatory lymphocytes (cTfr), which
have increased PD-1 expression, contribute to the produc-
tion and accumulation of high affinity autoantibodies (Hao
et al., 2021; Huang et al., 2020; Xie et al., 2019). These find-
ings highlight the significant involvement of PD-1+ lym-
phocytes in autoimmunity.

In addition to T and B lymphocytes, PD-1 has also
been identified on various other immune cells,

including activated natural killer (NK) cells, macro-
phages, and innate lymphoid cells (Okazaki et al., 2013;
Patsoukis et al., 2020). Interestingly, PD-1 was recently
found to be expressed intrinsically by certain tumor
cells. However, the role of these PD-1+ tumor cells in
tumorigenesis and their impact on immune checkpoint
therapy remain a topic of debate (Du et al., 2018; Kleffel
et al., 2015; Wang et al., 2020; Wartewig et al., 2017; Yao
et al., 2018). Some studies have demonstrated that PD-1
expressed on tumor cells suppress tumor growth (Du
et al., 2018; Wang et al., 2020), whereas other data sug-
gest that PD-1 may actually facilitate tumor growth
(Kleffel et al., 2015; Schatton et al., 2010). In order to
establish a clear understanding of the functions of PD-
1+ cells in cancer, autoimmunity, and other pathologi-
cal processes, a potential investigative strategy could
involve studying effects of removing PD-1+ cells from
these processes.

So far, a novel immunotoxin targeting PD-1 called
αPD-1-ABD-PE has been developed by utilizing Pseudo-
monas aeruginosa exotoxin A (PE). This immunotoxin
has demonstrated the ability to effectively deplete PD-1+

cells both in vitro and in vivo. This immunotoxin reduces
PD-1+ cells in mouse models of EAE and T1D. These
findings indicate that αPD-1-ABD-PE is a valuable tool
for investigating the roles of PD-1+ cells in autoimmunity
(Zhao et al., 2019). However, αPD-1-ABD-PE, produced
using an E. coli expression system, faces a significant
challenge in terms of low yield, typically generating only
0.1–0.2 mg from 1 L of culture. This limited yield greatly
hinders the practicality of the immunotoxin, as exempli-
fied by the case of Ontak™ (denileukin diftitox), a clini-
cally successful immunotoxin that was discontinued due
to the production issues related to the E. coli expression
system (Shafiee et al., 2019). Consequently, we have
undertaken the development of a new immunotoxin,
coupled with a suitable expression system. Our objective
is to enhance the production yield of anti-PD-1 immuno-
toxin and improve the overall feasibility of this molecular
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tool for elucidating the roles of PD-1+ cells in different
pathological processes.

Since the 1970s, diphtheria toxin (DT) has been exten-
sively investigated as a therapeutic agent (Moolten &
Cooperband, 1970). Currently, two protein drugs derived
from diphtheria toxin, Ontak™ and Tagraxofusp™, have
received clinical approval (Shafiee et al., 2019). In 1985,
Murphy's group made significant advancement produc-
ing diphtheria toxin-containing proteins through the
yeast expression system (Saccharomyces cerevisiae) (Chen
et al., 1985; Perentesis et al., 1988). Later, in 2002,
Neville's group successfully generated a diphtheria toxin-
containing immunotoxin using the yeast strain, Pichia
pastoris GS115, achieving a yield of about 10 mg/L. (Woo
et al., 2002) This study highlighted the greater tolerance
of Pichia pastoris exhibit to diphtheria toxin compared to
S. cerevisiae. Pichia pastoris, developed by Cregg's group
in the 1980s, offers distinct advantages such as using
strong and regulatable promoters and integrating coding
genes into the genome of Pichia pastoris (Cregg
et al., 1985; Gellissen, 2000). These advantages, coupled
with yeast's rapid growth and cost-effective culture, make
yeast an appealing expression system for diphtheria
toxins. Notably, after Ontak was discontinued due to its
production by the Escherichia coli expression system in
2014 (Wang et al., 2017), a bivalent Ontak-like protein
(DAB389-IL2IL2) was successfully produced in Pichia
pastoris. This new protein exhibited 100-fold stronger
cytotoxicity (Shafiee et al., 2019). This new development
further supports the utility of Pichia pastoris for produc-
ing diphtheria toxin-based immunotoxins.

We present a novel diphtheria immunotoxin in this
study, referred to as PD-1 DIT, which specifically targets
PD-1+ cells. PD-1 DIT consists of a truncated diphtheria
toxin that is fused with two copies of anti-PD-1 antibody
scFvs. By employing Pichia pastoris GS115, we have suc-
cessfully produced PD-1 DIT with a high yield of 1.0–
2.0 mg/L culture media. PD-1 DIT exhibits strong bind-
ing affinity to PD-1+ cells, and once bound, it is internal-
ized by these cells. We have observed remarkable efficacy
in selectively depleting PD-1+ cells both in vitro and
in vivo. Notably, PD-1 DIT effectively eliminated trans-
ferred EL4 lymphoma cells, resulting in the survival of all
mice that received the transfer and treatment. Moreover,
we investigated the impact of PD-1 DIT treatment on the
infiltration of PD-1+ cells into pancreatic islets of NOD
mice, a well-established mouse model for spontaneous
T1D. The results demonstrated a reduction in the num-
ber of PD-1+ cells infiltrating the pancreatic islets upon
treatment with PD-1 DIT. Additionally, we evaluated the
therapeutic potential of PD-1 DIT in animal models of
both T1D and MS (multiple sclerosis), where we observed
positive effects on the progression of these diseases.

Importantly, PD-1 DIT does not cause liver damage, a
common side effect associated with immunotoxins
derived from diphtheria toxin. This finding suggests that
PD-1 DIT is a safe molecular tool suitable for preclinical
investigations. In summary, PD-1 DIT represents a pow-
erful and practical approach for depleting PD-1+ cells
and holds promise as a potential therapeutic agent for
autoimmune diseases and cancers.

2 | RESULTS

2.1 | Design and generation of anti-PD-1
diphtheria immunotoxin (PD-1 DIT)

We previously demonstrated that the targeted depletion
of PD-1+ cells using an immunotoxin effectively slowed
down or even reversed the progression of specific autoim-
mune diseases (Zhao et al., 2019). However, the previous
immunotoxin has limitations due to its low yield. To
address this issue and enhance production efficiency, we
designed a novel immunotoxin called PD-1 diphtheria
immunotoxin (PD-1 DIT). PD-1 DIT incorporates two
functional components from the NH2-terminus to the
COOH-terminus, namely a truncated diphtheria toxin
and scFvs derived from an anti-mouse PD-1 antibody,
(the RMP1-14 clone; Figure 1a) (Mirdita et al., 2022; Zhao
et al., 2019). This design, which places the toxin at the
NH2 side of the scFvs and keeps the catalytic domain of
the toxin (Cyan, Figure 1a) at the NH2-terminus of PD-1
DIT, bears resemblance to the natural domain arrange-
ment of diphtheria toxin (PDB: 1SGK). The importance
of such design has been demonstrated by studies of other
immunotoxin derived from diphtheria toxin (Auger
et al., 2015). The design of the toxin component is intri-
cate and will be explained in more details in the follow-
ing paragraph. On the other hand, the scFv component
consists of two identical scFvs arranged in a bivalent tan-
dem configuration, a design that has been shown to
enhance the binding affinity and potency of immunotox-
ins (Reiter et al., 1994; Thompson et al., 2001). Each scFv
starts with the variable domain of the anti-PD-1 antibody
light chain, followed by the variable domain of the anti-
PD-1 antibody heavy chain. A peptide linker, (GGGGS)3,
is utilized to connect between the variable domains of
scFvs as well as between two scFvs (Pink, Figure 1a).
Another linker, GGGGS, is used as a spacer between the
toxin and the scFv components (Purple, Figure 1a).

The truncated diphtheria toxin utilized in PD-1 DIT
consists of the initial 1–390 residues of diphtheria toxin
(Liu et al., 2000). Within this structure, residues 1–187
form the catalytic domain (Cyan); residues 200–390 form
the translocation domain (Cornflower blue); and residues
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188–199 (GNRVRRSVGSSL) form a loop between the
two domains (Orange, Figure 1b, Left). After the initial
translation and folding, the catalytic domain and
translocation domains are joined by both the loop and an
inter-domain disulfide bond (Red, Figure 1b, Left). Subse-
quently, the loop is cleaved within yeast cells, resulting
in purified PD-1 DIT containing two domains linked
solely by the disulfide bond (Figure 1b, Middle). The
cleavage within the loop of PD-1 DIT is favored for its
cytotoxicity because the process enables the release of the
catalytic domain and conversion of the toxin component
from a pro-enzyme to an enzyme (Figure 1b, Right)
(Bennett et al., 1994; Collier, 2001; Williams et al., 1987).

The cleavage also makes the catalytic domain ready to
translocate into the cytosol to inhibit protein synthesis
(Becker & Benhar, 2012; Shapira & Benhar, 2010;
Varkouhi et al., 2011).

A Pichia pastoris strain GS115 was selected for the
expression of PD-1 DIT. A coding gene of PD-1 DIT was
inserted into the pPICZa B plasmid to utilize this yeast
expression system (Figure S1). A coding gene for α secre-
tory factor signal was fused to the 50-end of the PD-1 DIT
gene. The successful insertion of the PD-1 DIT gene was
confirmed by the examination of the XhoI/XbaI double
digestion products of the resulting plasmid through an
agarose gel electrophoresis (Figure 1c). The authenticity
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FIGURE 1 Design and production of PD-1 DIT. (a) A predicted structure of PD-1 DIT. Within PD-1 DIT, the truncated diphtheria toxin

(PDB: 1sgk) consists of a catalytic domain (cyan) and a translocation domain (cornflower blue); the two domains are connected by a

disulfide bond (red) and a loop (GNRVRRSVGSSL, yellow). Two anti-mouse PD-1 scFvs (gray) are arranged in tandems, with pink-colored

linkers connect the light and heavy chains of the scFvs, and between two scFvs. There is also a linker (purple) connecting the toxin and the

anti-PD-1 scFvs. (b) A series of schematic illustration demonstrating the separation of the catalytic domain from the translocation domain of

the toxin and the rest of PD-1 DIT. The first step involves the cleavage of the loop (yellow); the second step involves the reduction of the

disulfide bond (red). (c) An agarose gel photograph showing the coding gene of PD-1 DIT (Lane 1) and the double-digestion products of the

expression plasmid (Lane 2). In the lane 2, the upper band is the vector backbone, and the lower band is the coding gene of PD-1 DIT.

(d) An SDS-PAGE gel image illustrating collected samples at different steps of PD-1 DIT purification. Lane 1, protein ladder. Lane 2, cell

culture medium which contains PD-1 DIT. Lane 3, unbound proteins flowing off from a nickel column. Lane 4, residue proteins on the

nickel column after proteins are eluted. Lane 5, eluted proteins (the red arrow is pointed to PD-1 DIT). (e) The peak of PD-1 DIT on size

exclusion chromatography. Protein standards a, b, c, and d are β-Amylase (150 kDa), bovine serum albumin (66 kDa), carbonic anhydrase

(29 kDa), and cytochrome c (12.4 kDa), respectively. (f) An SDS-PAGE gel photograph showing PD-1 DIT in reduced and nonreducing

states. Lane 1, protein ladder. Lane 2, PD-1 DIT in the nonreducing state. Lane 3, protein ladder. Lane 4, PD-1 DIT in the reduced state. In

the lane 4, the upper arrow indicates PD-1 DIT without the catalytic domain, while the lower arrow points to the catalytic domain.
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of PD-1 DIT gene and its insertion site were further veri-
fied by DNA sequencing. The resulting protein, PD-1
DIT, was purified using Ni-NTA affinity chromatography
(Figure 1d) and subsequently size exclusion chromatogra-
phy (SEC) (Figure S2). The purity of the purification
product was assessed by SEC (Figure 1e). On the SDS-
PAGE, nonreduced, purified PD-1 DIT migrated as a
band close to the protein marker of 100 kDa, consistent
with the theoretical molecular weight of PD-1 DIT,
98 kDa (Lane 2, Figure 1f). On the other hand, reduced,
purified PD-1 DIT migrate on SDS-PAGE as two distinct
bands at approximately 25 kDa and 75 kDa, respectively
(Lane 4, Figure 1f). The 25 kDa band corresponds to the
catalytic domain while the 75 kDa band represents
the rest of PD-1 DIT. The presence of these two bands
confirmed the idea that the catalytic domain is linked
with the rest of PD-1 DIT through a disulfide bond
(Figure 1b, Right). The yield of PD-1 DIT is approxi-
mately 1–2 mg/L, which is 10 times higher than the yield
of αPD-1-ABD-PE used in our previous study (Zhao
et al., 2019).

2.2 | Binding and internalization of
PD-1 DIT

The binding and internalization of PD-1 DIT to PD-1+

cells were first examined by flow cytometry. Specifically,
Alexa Fluor 647-labeled PD-1 DIT was incubated with
EL4 cells, which are a PD-1+ cell line, at 37�C for varying
durations up to 4 h. Mean fluorescence intensities (MFIs)
of these EL4 cell samples were then determined. A signif-
icant increase in MFIs is observed from the 0-h incuba-
tion samples to the 4-h incubation samples. This trend is
consistent across two different concentrations of PD-1
DIT concentrations, namely 1.0 and 2.5 μg/mL
(Figure 2a,b). Furthermore, for a given incubation time, a
higher concentration of PD-1 DIT resulted in higher
MFIs (Figure 2c). These findings suggest that the binding
and internalization are dependent on both concentration
and time. Additionally, MFIs of EL4 cells that were incu-
bated at 37�C and 4�C were measured and compared.
Incubation at 4�C is known to impede cellular internali-
zation. When 1.0 μg/mL PD-1 DIT was used for the
study, cell samples incubated at 37�C exhibited MFIs over
two times higher than those incubated at 4�C for all three
incubation periods used (0.5 h: 969.0 ± 26.6 vs. 362.3
± 14.1; 2 h: 1985.7 ± 19.3 vs. 570.3 ± 64.8; 4 h: 2714.7
± 46.4 vs. 1124.3 ± 10.3; p < 0.0001 for all incubations,
Figure 2d). The superiority of the 37�C incubation was
also evident when 2.5 μg/mL PD-1 DIT was used (0.5 h:
2458.7 ± 86.1 vs. 656.7 ± 12.9; 2 h: 4798.7 ± 83.5
vs. 968.3 ± 127.4; 4 h: 5545.7 ± 181.3 vs. 2106.0 ± 85.5,

p < 0.0001 for all incubations, Figure 2e). The superiority
suggests that a fraction of PD-1 DIT is internalized by
EL4 cells at 37�C. Additionally, the binding between
PD-1 DIT and PD-1+ cells was evaluated in a quantitative
manner using a cell-based direct binding assay (Hunter &
Cochran, 2016; Moore & Cochran, 2012). This assay
enables the determination of avidity between proteins
and cells that express their binding partners on cell sur-
faces. Two types of PD-1+ cells, EL4 and 2D2, which have
slightly but noticeably different PD-1 expression levels,
were employed (Figure S3). EL4 cells demonstrated
slightly higher avidity compared to 2D2 cells. The bind-
ing EC50 for EL4 was determined to be 25.7 ± 0.7 nM,
whereas the binding EC50 for 2D2 was 27.3 ± 0.9 nM
(Figure S4).

To further analyze the interactions between PD-1 DIT
and PD-1+ cells, we employed confocal laser scanning
microscopy (CLSM) to examine cells after incubating
them with PD-1 DIT. Specifically, Alexa Fluor
647-labeled PD-1 DIT was incubated for 10 h with EL4 or
EL4 (PD-1KO) cells that lack PD-1 expression. PD-1 DIT
was found to associate with EL4 cells based on the Alexa
Fluor 647 emission signal (Figure 3a–d). A significant
amount of PD-1 DIT was observed to associate with the
cell membrane stained with WGA555 (Figure 3a,b). Fur-
ther, some signals of Alexa Fluor 647 were also spotted
inside the cell membrane (Figure 3d, pointed by arrows).
In contrast, no detectable signal was observed in associa-
tion with EL4 (PD-1KO) cells (Figure 3e–h). Similarly,
neither EL4 (Figure 3i–l) nor EL4 (PD-1KO)
(Figure 3m–p) cells exhibited any signals of Alexa Fluor
647 when they were not incubated with PD-1 DIT. These
findings strongly suggest that the signals of Alexa Fluor
647 are a result of the Alexa Fluor 647-labeled PD-1 DIT
selectively binding to and being internalized into PD-1+

cells. Furthermore, the binding and internalization of
PD-1 DIT into EL4 cells are time dependent within the
10 h incubation period. The signals associated with EL4
cells became stronger as the incubation time increased
from 0.5 h to 2 h, and finally to 10 h (Figure S5). In con-
trast, no detectable signals were observed at any of these
time points when EL4 (PD-1KO) cells were used for the
study.

We further analyzed PD-1 DIT associated with cells
in confocal images using a quantification method out-
lined in Figure S6. The mean intensity value per cell
(MIVpC) of Alexa Fluor 647 associated with EL4 cells
was found to be significantly higher than that with EL4
(PD-1KO) cells after both cell lines were incubated with
PD-1 DIT for 10 h (Figure 3q). Meanwhile, without the
PD-1 DIT incubation, both cell lines exhibited low
MIVpCs. MIVpCs of EL4 cells significantly increased
when cells were incubated with PD-1 DIT for longer time
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FIGURE 2 The characterization of the cellular association of PD-1 DIT by flow cytometry. (a) The mean fluorescence intensity (MFI) of

EL4 cells after incubation with Alexa Fluor 647-labeled PD-1 DIT (1.0 μg/mL). The mean MFL values for each treatment are labeled (N = 3).

(b) The MFI of EL4 cells after incubation with Alexa Fluor 647-labeled PD-1 DIT (2.5 μg/mL). The mean MFL values for each treatment are

labeled (N = 3). (c) Comparisons of mean MFIs between EL4 cells incubated with 1.0 μg/mL and 2.5 μg/mL of PD-1 DIT. The mean MFL

values for each treatment are labeled (N = 3). (d) Comparison of mean MFI values between EL4 cells after they are incubated with PD-1

DIT (1.0 μg/mL) at 4�C and 37�C, respectively. The mean MFL values for each treatment are labeled (N = 3). (e) Comparison of mean MFI

values between EL4 cells after they are incubated with PD-1 DIT (2.5 μg/mL) at 4�C and 37�C, respectively. The mean MFL values for each

treatment are labeled (N = 3). (Statistical significance is indicated by asterisks: *p < 0.05, ***p < 0.001, ****p < 0.0001.)
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FIGURE 3 The characterization of the cellular association of PD-1 DIT by confocal microscopy. (a–d) Confocal images of EL4 cells and (e–h)
EL4 (PD-1KO) cells after incubation with Alexa Fluor 647-labeled PD-1 DIT for 10 h. (i–l) Confocal images of EL4 cells and (m–p) EL4 (PD-1KO)
cells after incubation with cell culture media only for 10 h. Color code is as follows: red represents PD-1 DIT; green represents cell membrane; blue
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without labeled PD-1 DIT for 10 h. The data are expressed as mean ± SEM (N > 12 cells for each group). (r) Mean intensity value per cell (MIVpC)

after EL4 cells were incubations with labeled PD-1 DIT for 0.5, 2, and 10 h. The data are expressed as mean ± SEM (N > 12 cells for each group).
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(Figure 3r). Taken together, the results obtained from
confocal microscopy provide conclusive evidence that
PD-1 DIT exhibits selective binding and internalization
into PD-1+ cells.

2.3 | In vitro and in vivo cytotoxicity of
PD-1 DIT

The cytotoxicity of PD-1 DIT was examined in vitro using
three 3 cell types, EL4 cells, 2D2 cells, and EL4 (PD-1KO)
cells. The EC50 values of PD-1 DIT are 0.4 nM, 1 nM, and
over 1 μM for EL4, 2D2, and EL4 (PD-1KO) cells, respec-
tively, according to a 72-h cytotoxicity assay (Figure 4a).
This indicates, EL4 and 2D2 cells are at least a thousand
times more sensitive to PD-1 DIT than EL4 (PD-1KO)
cells. Results from a 24-h cytotoxicity assay further dem-
onstrated that PD-1 DIT effectively depletes PD-1+ cells
as soon as 24 h (Figure 4b). These findings establish that
PD-1+ cells with varying levels of PD-1 expression are

sensitive to the cytotoxicity of PD-1 DIT yet the cytotoxic-
ity is PD-1+ cell-specific, conforming the validity of the
immunotoxin's design. To validate the functionality of
the anti-PD-1 scFvs in our immunotoxin, we compared
the cytotoxicity of PD-1 DIT and another diphtheria-
derived immunotoxin that is comprised of bivalent tan-
dem anti-human CD3 scFvs (CD3 DIT), using EL4 cells
as the test subject. The study revealed an EC50 value of
1.4 nM for PD-1 DIT, while the EC50 of the CD3 DIT was
not achieved even at a concentration of 100 nM
(Figure 4c). This result reinforces the targeting role of
anti-PD-1 scFvs in PD-1 DIT.

The cytotoxicity of PD-1 DIT was subsequently exam-
ined in vivo using an EL4 cell transfer model. EL4, a type
of T lymphoblast tumor cells (Zhao et al., 2019), were
injected into mice, and these mice were then randomized
into two groups: one receiving PBS treatment while the
other receiving PD-1 DIT treatment. The dose of PD-1
DIT is determined according to its maximum tolerated
dose (MTD), 0.75 mg/kg (unshown data and Figure S7).
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FIGURE 4 Depletion of PD-1+ cells by PD-1 DIT. (a) Viability of EL4, 2D2, and EL4 (PD-1KO) cells after incubation with PD-1 DIT for

72 h. The viability values are presented as mean ± SEM at various concentrations of PD-1 DIT (N = 3). The data were fitted to the sigmoidal

dose–response (variable slope) model. (b) Viability of EL4, 2D2, and EL4 (PD-1KO) cells after incubation with PD-1 DIT for 24 h. The

viability values are presented as mean ± SEM (N = 3). The data were fitted to the sigmoidal dose–response model. (c) Viability of EL4 cells

after incubation with PD-1 DIT or CD-3 DIT for 72 h. The viability values are shown as mean ± SEM (N = 3). The data were fitted to the

sigmoidal dose–response model. (d) Fractions of EL4 cells among T lymphocytes collected from the bone marrow of mice 72 h after the last

dose of treatment. The data are presented as mean ± SEM (N = 5 mice). (e) Fraction of EL4 cells among T lymphocytes collected from the

blood of mice 72 h after the last dose of treatment. The data are presented as mean ± SEM (N = 5 mice).
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A total of five doses of either PBS or PD-1 DIT were
administered, beginning 1 day after the cell transfer. On
day 12 following the cell transfer, we analyzed T cells in
bone marrow since EL4 cells have a tendency to accumu-
late in this tissue (Zhai et al., 2022). Our findings demon-
strated that the PD-1 DIT treatment significantly reduced
EL4 cell fraction (PD-1+ T cells) among T cells (CD3+) in
the bone marrow as compared to the PBS treatment (2.2
± 0.4% vs. 51.2 ± 4.8%, p < 0.0001, Figure 4d). In fact,
the cell fraction was reduced by approximately 25 times.
Moreover, the depletion effect of PD-1 DIT was observed
among T cells in the blood as well (Figure 4e). The mean
EL4 fraction among circulating T cells in the PD-1 DIT
treatment group is 0.3 ± 0.1%, while it was 15.9 ± 7.3% in
the PBS treatment group. The depleting effect of PD-1
DIT also had a positive impact on the overall survival of
mice that received EL4 cell transfer. The median survival
time for PBS treated group were only 30 days after tumor
inoculation, whereas all mice treated with PD-1 DIT
remained alive at the end of the study (>100 days)
(Figure 4f). The survival of PD-1 DIT-treated mice was
significantly prolonged compared to the PBS-treated mice
(p < 0.01). These results further confirm the potent
depleting activity of PD-1 DIT in vivo and suggest the
potential investigational and therapeutic applications of
the immunotoxin.

2.4 | Role of PD-1+ lymphocytes in T1D
revealed by using PD-1 DIT

NOD mice exhibit spontaneous development of T1D.
Female mice have the infiltration of PD-1+ lymphocytes
into their pancreatic islets by the age of 9 weeks (Liang
et al., 2003). In fact, approximately 80% of CD4 and CD8
T effector lymphocytes present in the pancreatic islets of
female NOD mice are PD-1+ when these mice at
10 weeks of age, according to our observation
(Figure S8). We thus examined whether the treatment of
PD-1 DIT ablates these PD-1+ lymphocytes. Our results
demonstrated that PD-1 DIT treatment led to a reduction
in PD-1+ CD4 T lymphocytes. The mean of PD-1+ CD4 T
lymphocytes per islet in the PD-1 DIT-treated mice was
68.6 ± 27.7, while in PBS treated mice, it was 155.3
± 46.0 (Figure 5a). A similar trend was observed for PD-
1+ CD8 T lymphocytes (PD-1 DIT: 9.3 ± 6.2 vs. PBS:
13.6 ± 5.5). Additionally, when evaluating CD4 and CD8
T effector lymphocytes, PD-1+ effector lymphocytes were
also reduced by PD-1 DIT treatment (CD4 T effector lym-
phocytes: 61.1 ± 24.8 vs. 138.4 ± 41.5; CD8 T effector
lymphocytes: 7.6 ± 5.2 vs. 9.9 ± 4.3, Figure 5b). In addi-
tion, there was a noticeable reduction of PD-1+

CD44+CD62L+ CD4 and CD8 lymphocytes following

PD-1 DIT treatment (Figure 5c). PD-1+ cells account for
30%–50% of CD44+CD62L+ CD4 and CD8 T lympho-
cytes, which are much smaller than their fractions within
in effector lymphocytes (Figure S8). Meanwhile, T effec-
tor cells are dominant subpopulation among all PD-1+ T
cells (Figure S9).

We then used PD-1 DIT to investigate the impact of
PD-1+ cells on the progression of T1D. We selected a T1D
model characterized by an accelerated progression of
hyperglycemia driven by PD-1 immune checkpoint block-
ade (Zhao et al., 2019). In this study, both male and female
mice were pretreated with five doses of PD-1 DIT or PBS
(Figure 5d). Subsequently, all mice received treatment of a
blocking anti-PD-1 antibody to initiate PD-1 immune
checkpoint blockade. The administration of the blocking
antibody swiftly induced hyperglycemia in mice pretreated
with PBS, indicating the reactivation of autoreactive diabe-
togenic PD-1+ cells by the blockade treatment. In contrast,
pretreatment with PD-1 DIT significantly delayed the
onset of hyperglycemia. Remarkably, male mice pretreated
with PD-1 DIT remained normoglycemic throughout the
entire study (Figure 5e). These findings suggest that PD-1
DIT reduces the population of diabetogenic PD-1+ cells,
thereby rendering the PD-1 blockade treatment ineffective
due to the loss of its cellular target. Notably, the effect of
PD-1 DIT was more pronounced in male mice than in
female mice, which differs from the observations reported
in other studies. This difference may be attributed to the
higher degree of insulitis and lymphocyte infiltration expe-
rienced by female mice of this age (Fife et al., 2006; Young
et al., 2009). Collectively, these results indicate the funda-
mental role PD-1+ cells in the onset and progression
of T1D.

2.5 | Roles of PD-1+ lymphocytes in RR-
EAE revealed by using PD-1 DIT

We employed PD-1 DIT and its ability to deplete PD-1+

lymphocytes to investigate the roles of PD-1+ lympho-
cytes in another autoimmune disease model, RR-EAE.
This model closely resembles relapsing–remitting multi-
ple sclerosis (RR-MS), which accounts for 85% of MS case
(Hammer et al., 2013; National Multiple Sclerosis
Society, 2013). RR-EAE was induced in SJL/J mice, and
PD-1 DIT treatment was initiated 3 days after EAE induc-
tion (Black arrows indicate the treatment of PD-1 DIT,
Figure 5g). PD-1 DIT treatment effectively suppressed the
development of EAE during the relapsing phase (Day 21–
26 after induction). The average clinical score of mice in
the PD-1 DIT-treated group was notably lower through-
out the study, highlighting the therapeutic effect of PD-1
DIT in ameliorating RR-EAE disease. These findings
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strongly indicate that PD-1+ cells contribute to the occur-
rence of relapses in RR-EAE.

2.6 | Hepatoxicity assessment of
PD-1 DIT

Hepatotoxicity has been observed in clinical trials for
diphtheria toxin-derived immunotoxins (Mei et al., 2019).

However, it is unclear whether the hypertoxicity is uni-
versal among this type of immunotoxins or the toxicity
varies depending on antigens targeted by the immunotox-
ins. Therefore, it is worthwhile investigating whether
PD-1 DIT, which targets PD-1+ cells, leads to significant
hypertoxicity. We assessed hepatoxicity by measuring
serum levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) (Salaspuro, 1987) as
higher than normal levels of ALT and AST indicate
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FIGURE 5 PD-1 DIT treatment delays the onset of T1D. (a) Numbers of PD-1+ CD4 and CD8 T lymphocytes per islet in mice receiving

PBS or PD-1 DIT treatments. The data are presented as mean ± SEM (N = 5 mice). (b) Numbers of PD-1+ CD4 and CD8 T effector

lymphocytes per islet in mice receiving PBS or PD-1 DIT treatments. The data are presented as mean ± SEM (N = 5 mice). (c) Numbers of

PD-1+ CD44+CD62L+ CD4 and CD8 T lymphocytes per islet in mice receiving PBS or PD-1 DIT treatments. The data are presented as mean

± SEM (N = 5 mice). (d) An illustrative figure depicting the study design to investigate the impact of PD-1+ cells on the progression of T1D.

NOD mice received 5 doses of PD-1 DIT or PBS once every 2 days before day 0 (black arrows). From Day 0, the mice were given 5 doses of

blocking anti-PD-1 antibodies (B-αPD-1) once every 2 days (red arrows). (e) Diabetes-free survival of NOD mice in the study described in

(d) (N = 4 mice). Female (F) and male (M) NOD mice were divided into two groups and received pretreatment of PBS and PD-1 DIT,

respectively. (f) Median diabetes-free survival days of each treatment groups in the study described in (d). The Logrank tests were used to

examine difference between the PD-1 DIT-F and PBS-F groups, and between the PD-1 DIT-M and PBS-M groups. (g) Clinical scores of SJL/J

mice with RR-EAE that were treated with PD-1 DIT (red dot) or PBS (black square). The black arrow indicates the day of treatments. The

data at each observation day are presented as mean ± SEM (N = 15 mice). (*p < 0.05; “^” the mean clinical scores of the two groups are

apparently but not significantly different; unpaired two-tailed t-test.)
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hepatoxicity. Mice were randomized into three groups
receiving PBS, PD-1 DIT (0.375 mg/kg body weight), and
acetaminophen (APAP, 450 mg/kg body weight), respec-
tively. APAP was chosen as a positive control due to its
well established hepatotoxicity (Heldring et al., 2022).
The results revealed that mice treated with PD-1 DIT did
not exhibit elevated ALT and AST levels compared to
mice treated with PBS (Figure 6a,b). This conclusion held

true for serum samples collected at 6 h, 24 h, and 48 h
after dosing. In contrast, when compared to mice treated
with PBS, those treated with APAP had elevated ALT
levels at 24 h after dosing (27.5 ± 5.1 vs. 12.9 ± 2.1,
p < 0.05) and elevated AST levels at 6 and 24 h after dos-
ing (on average 75.8 ± 6.8 vs. 51.6 ± 5.6, p < 0.05: 77.2
vs. 46.1, p < 0.01). These results suggest that PD-1 DIT
does not induce acute hepatotoxicity at its half MTD.
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This conclusion is further supported by histological anal-
ysis of livers collected from the three groups of mice.
There were no discernible morphological differences
between the livers of mice treated with PBS and those
treated with PD-1 DIT (Figure 6c). Conversely, livers
from mice treated with APAP frequently exhibited obvi-
ous shrinkage of nuclei, coagulation necrosis near portal
triads, and thrombosis in portal veins. Overall, it can be
inferred from these results that PD-1 DIT does not cause
acute hepatotoxicity.

3 | DISCUSSION

PD-1+ lymphocytes have been implicated in the develop-
ment of autoimmune diseases (Hosseinzadeh et al., 2021;
Ivanchenko et al., 2019; Xu et al., 2017). Clinical evidence
has shown a significant increase in PD-1+ cells in
patients with systemic lupus erythematosus (SLE) or RA
(Dolff et al., 2014; Lin et al., 2019; Luo et al., 2018). Fur-
thermore, our previous data demonstrated that depletion
of PD-1+ lymphocytes suppressed or reversed the disease
progression (Zhao et al., 2019). Moreover, there is ongo-
ing debate on the role of PD-1+ tumor cells in
cancer immunity and the resistance to PD-1 immune
checkpoint therapy (Du et al., 2018; Kleffel et al., 2015;
Wang et al., 2020; Wartewig et al., 2017; Yao et al., 2018).
Therefore, it is intriguing to discover roles of PD-1+ cells
in autoimmune diseases and cancers. Depleting these
PD-1+ cells could be a powerful approach to define their
roles (Wang et al., 2020; Yao et al., 2018). Previously, we
created an immunotoxin, αPD-1-ABD-PE, for the deple-
tion that is expressed through E. coli system. However,
the low yield of the immunotoxin limits its potential as a
research tool or therapeutic agent. Hence, it is crucial to
develop alternative molecules for PD-1+ cell depletion.
Using diphtheria toxin as a parent molecule, we gener-
ated a new immunotoxin through a yeast expression sys-
tem, which yields 10 times more than the previous
immunotoxin. This yield could be further increased four-
fold by transitioning from shake flask culture, currently
employed, to a bioreactor (Neville & Liu, 2011). Overall,
the improved yield expands the opportunities to study
PD-1+ cells using cell depletion approach.

PD-1 DIT achieved the same potent level of cytotoxic-
ity as αPD-1-ABD-PE, but with 10 times higher yield.
In vitro cytotoxicity assay has shown that EC50 of PD-1
DIT against EL4 and 2D2 cell lines are 0.4 nM and
1.0 nM, respectively. Even though 2D2 cells' PD-1 expres-
sion is nearly 4 times lower than EL4's (MFI 23816
vs. MFI 6354), PD-1 DIT is so toxic that the EC50 against
2D2 cells is comparable with EL4 cells. In vivo PD-1+

cells depletion studies in the EL4 cells transfer model

further confirmed the potent depletion activity of PD-1
DIT, as the fraction of EL4 cells among T lymphocytes in
the bone marrow in PD-1 DIT treated group was signifi-
cantly lower compared to PBS treated group. Studies on
T1D mice models also showed that the number of PD-1+

lymphocytes per islet decreased after treatment with
PD-1 DIT, compared to PBS treated group. It is notewor-
thy that majority of PD-1+ T lymphocytes are effector
cells (Figure S9), which underscores the important role of
PD-1+ cells in autoimmunity since T effector lympho-
cytes are recognized as leading cause for autoimmune
pathogenesis (Ho & Glimcher, 2002; Jäger &
Kuchroo, 2010; Murphy & Reiner, 2002). Preclinical stud-
ies with therapeutic purpose showed that after pretreat-
ment with PD-1 DIT, male NOD mice were completely
free from T1D while half of the female NOD mice were
free from T1D, and the other half had delayed the onset
of T1D diabetes. In comparison, all the PBS-pretreated
mice developed T1D within 8 days after administration of
anti-PD-1 blocking antibodies. The results suggested that
the delayed onset of hyperglycemia resulted from the
depletion of PD-1+ T lymphocytes. Moreover, treatment
of PD-1 DIT also relieved SJL/J mice from RR-EAE. Alto-
gether, PD-1 DIT has potent killing effects toward PD-1+

lymphocytes while the depletion of PD-1+ lymphocytes
could lead to the reverse of autoimmune disease progres-
sion. In addition to the potent cytotoxicity, PD-1 DIT also
possesses the feature of selectivity confirmed by CLSM
and MTS assay. The selectivity of PD-1 DIT is of utmost
importance to avoid impacting the normal immune
response of the body, as is the case with many current
treatments. It is acknowledgeable that the treatment of
PD-1 DIT results in a reduction of PD-1+ cells other than
effector cells, such as PD-1+ CD44+CD62L+ T cells. Tra-
ditionally, CD44+CD62L+ T cells are classified as mem-
ory cells, however, recent studies have suggested
alternative functions and phenotypes of these cells, such
as functioning as regulatory T cells (Tregs) or senescent
cells (Arata et al., 2019; Arndt et al., 2015; Dai
et al., 2010; Shimatani et al., 2009). When considering
these CD44+CD62L+ T cells as Tregs, our data demon-
strates that depleting these cells, along with T effector
cells, leads to the amelioration of autoimmune diseases.
On the other hand, if we regard them as memory T cells,
depleting them may have a potential impact on memory
immunity. Nevertheless, this impact is likely to be limited
because the majority of CD44+CD62L+ T cells are PD-1�

(Figure S8B), and these PD-1� cells can still retain
immune memory (Arndt et al., 2015; Dai et al., 2010;
Hale & Ahmed, 2015). In addition, memory B cells can
sustain important immune memory as well. If compared
with other approved therapeutics such as teplizumab
(LeFevre et al., 2022) and ocrelizumab (Achiron
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et al., 2021; Brill et al., 2021), which affect all T cells and
B cells, including memory cells, the depletion of PD-1+
cells has a significantly more restricted impact on healthy
immune cells. This targeted approach offers a crucial
advantage, as it minimizes on-target side effects and
enhances the overall safety profile of this strategy. In
summary, PD-1 DIT demonstrates both selective and
potent cytotoxicity toward PD-1+ cells. The depletion of
PD-1+ lymphocytes holds the potential to alleviate dis-
ease progression in both T1D and RR-EAE animal
models.

Decades of studies on immunotoxin-based therapies
have revealed that the side effects limit their therapeutic
potential. Among all the side effects in the immunotoxin-
based therapies, the most prevalent is hepatotoxicity,
which is due to the binding of basic residues on the vari-
able fragments to negatively charged hepatic cells
(Aruna, 2006). Clinical applications of diphtheria toxin-
derived immunotoxin, DT388GMCSF and DAB389EGF,
have been halted due to their toxicity as both resulted in
elevated AST/ALT levels and liver injuries (Shafiee
et al., 2019). Hence, we investigated whether PD-1 DIT
would cause hepatotoxicity. The results of AST/ALT
analysis and Immunohistochemistry results showed no
signs of liver injury to mice treated with half MTD of
PD-1 DIT. In comparison, acetaminophen treated mice
showed significantly higher AST/ALT levels as well as
severe liver necrosis. The results indicated that half MTD
of PD-1 DIT (0.375 mg/kg) will not cause hepatotoxicity
to mice. This dose is dozens of folds higher than
DT388GMCSF or DAB389EGF, which both caused hepa-
totoxicity in clinical trials (5 μg/kg/day and 6 μg/kg/day,
respectively) (Shafiee et al., 2019). Altogether, according
to the AST/ALT level change and immunohistochemistry
results, the half-MTD dose (0.375 mg/kg) of PD-1 DIT is
safe to mice.

4 | CONCLUSIONS

PD-1 DIT represents a practical molecular tool for deplet-
ing PD-1+ cells. It exhibits specific internalization into
PD-1+ cells and effectively eliminates these cells both
in vitro and in vivo. By utilizing this tool, we have
discovered that depleting PD-1+ lymphocytes in T1D and
RR-EAE can effectively reverse the progression of these
diseases. Furthermore, administering PD-1 DIT at half of
its maximum tolerated dose to C57BL/6 mice does not
induce liver damage, indicating its safety for preclinical
investigations. In conclusion, PD-1 DIT demonstrates
high specificity and potent cytotoxicity, making it a
promising candidate for the treatment of autoimmune
diseases.

5 | MATERIALS AND METHODS

5.1 | Mice, cell lines and antibodies

Male and female NOD mice, female SJL/J mice and
female C57BL/6 mice were purchased from the Jackson
Laboratories for the study. All animal experiments were
conducted in accordance with the approved protocol by
the Institutional Animal Care and Use Committee
(IACUC) at the University of Utah. EL4 (ATCC® TIB-
39™) cells were purchased from ATCC and maintained
in Dulbecco's Modified Eagle's Medium (DMEM) with
10% horse serum. EL4 (PD-1KO) cells were generated as
previously described (Zhao et al., 2019) and maintained
in the same medium as EL4 cells. 2D2 cells were a kind
gift from Dr. Zemin Zhou and maintained in DMEM
with 10% fetal bovine serum (FBS). Antibodies include:
FITC anti-mouse CD3 (clone: 17A2), PE anti-mouse TCR
Vβ12 (clone: MR11–1), BV510 anti-mouse CD4 (clone:
RM4–5), APC/Cyanine7 anti-mouse CD8 (clone: 53–6.7),
APC anti-mouse PD-1 (homemade), PerCP/Cyanine5.5
anti-mouse CD19 (clone: 6D5), PE anti-mouse CD62L
(clone: W18021D), PE/cyanine7 anti-mouse/human
CD44 (clone: IM7).

5.2 | Generation of expression vectors
for PD-1 DIT

Genes that encode PD-1 DIT were synthesized by Gene-
wiz and were subsequently inserted into the pPICZα B
vectors at the XhoI and XbaI restriction sites. The
structure of the PD-1 DIT configuration consists of NH2-
truncated diphtheria toxin-GGGGS-VH-(GGGGS)3-VL-
(GGGGS)3-VH-(GGGGS)3-VL-COOH, where VH repre-
sents the variable regions of the anti-mouse PD-1 heavy
chain and VL represented the anti-mouse PD-1 light
chain, respectively. The linker used to connect the
light chain and heavy chain in αnti-mouse PD-1 scFvs
was (GGGGS)3. Additionally, a GGGGS linker was
employed to connect the truncated diphtheria domain
with the anti-PD-1 scFvs domain. To facilitate the purifi-
cation, a 6� Histidine tag (his tag) was added at the
C-terminus of PD-1 DIT. The GGGGS linker was inserted
between the anti-PD-1 scFvs and the 6� his tag. The
sequences of the genes were verified by DNA Sanger
sequencing (Genewiz).

5.3 | DNA gel electrophoresis

2 μg PD-1 DIT DNA was double digested by 1 μL of XhoI
and 1 μL of XbaI enzyme along with 5 μL of rCutSmart
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buffer in a 50 μL reaction. The digestion reaction was car-
ried out at 37�C for 4 h. Following digestion, 10 μL of
loading dye (6�) was added to each sample, and they
were subsequently loaded into the wells of 1% DNA aga-
rose gel. Electrophoresis was performed at 120 V for
60 min to separate the DNA fragments. The DNA agarose
gel images were captured using the FluorChem FC2
imaging system.

5.4 | Strains and growth conditions

Pichia pastoris Yeast Strain GS115 was purchased from
Fisher Scientific. The strains were cultured at 30�C in
various growth media, namely YPD medium (consisting
of 1% yeast extract, 2% peptone and 2% dextrose), YPG
medium (comprising 1% yeast extract, 2% peptone and
1% glycerol), or BMMYC medium (containing 1% yeast
extract, 2% peptone, 1% acid casein peptone, 0.67%
Yeast Nitrogen Base without amino acids, 4*10�5% bio-
tins, 0.5% methanol and 1 mM PMSF).

5.5 | Transformation, expression, and
purification

The pPICZα B vectors harboring coding sequences of
PD-1 DIT were transformed into the GS115 cells using a
chemical method. Initially, a 50 mL culture of GS115 was
cultured at 30�C with shaking to an optical density
(OD600) of 0.8–1.0. The cells were then harvested, washed
with 25 mL of sterile water and centrifuged at 1500 g for
10 min at room temperature. The water was discarded,
and the cells were resuspended in 1 mL of 100 mM LiCl.
Subsequently, the cell suspension was transferred to a
microcentrifuge tube and centrifuged at maximum speed
for 15 s to remove the LiCl. The cells were then resus-
pended in 400 μL of 100 mM LiCl. For each transforma-
tion, a 50 μL aliquot of the cell suspension was
transferred to a microcentrifuge tube.

To prepare for the transformation, single-stranded
DNA (Herring Sperm DNA) was boiled for 5 min and
chilled on ice for later use. pPICZa B vectors encoding
PD-1 DIT sequences were linearized by the SacI restric-
tion enzyme. The 50 μL aliquoted LiCl-cell solution was
centrifuged and the LiCl was removed. The following
reagents were added sequentially to the tube: 240 μL 50%
PEG; 36 μL 1 M LiCl; 25 μL 2 mg/mL single-stranded
DNA; linearized DNA products (5–10 μg) in 50 μL sterile
water. The tube was vortexed to ensure homogenization
of the cell pellet mixture, followed by incubation.

A heat shock was conducted in the water bath at
42�C for 20 min. Then the tubes were centrifuged

at 6000–8000 rpm and the solution was aspirated. The
cell pellet was resuspended in 0.5 mL of YPD medium
and incubated at 30�C with shaking at 250 rpm. After
4 h, the cell culture was inoculated on YPD plates con-
taining zeocin. Following incubation for 2–3 days at
30�C, colonies were selected and streaked onto a new
plate for further purification.

For protein expression, a single colony was selected
from the plate and inoculated into 50 mL of YPD
medium. The cell culture was then incubated at 30�C
with shaking at 250 rpm. Subsequently, 50 mL of the
seed culture was transferred to shake flasks containing
1 L YPD medium and culture at 30�C with shaking at
250 rpm for 24 h. After incubation, the cells were centri-
fuged at 1500 rpm for 15 min at 24�C. The resulting cell
pellet was then resuspended in 1 L of YPG medium and
cultured at 30�C with shaking at 250 rpm for 24 h. Fol-
lowing this, the cells were centrifuged again at 1500 rpm
for 15 min at 24�C. The pellet obtained was resuspended
in 500 mL of BMMYC medium and induced at 24�C with
shaking at 225 rpm for 48 h. To maintain the concentra-
tion of methanol, 2.5 mL (0.5%) methanol was added
twice a day during the induction period.

For protein purification, the cell culture was centri-
fuged by 4000 rpm in a precooled centrifuge at 4�C for
30 min. The resulting supernatant was transferred into a
beaker equipped with a stirring bar. The percentage of
ammonium sulfate (58%) for protein precipitation was
calculated using information from the encorbio website.
Gradually, ammonium sulfate was added to the superna-
tant to precipitate the protein. Simultaneously, 10 M
sodium hydroxide solution was gradually added to main-
tain the pH around 7.4. The solutions were incubated
overnight. After incubation, the supernatant was trans-
ferred to 50 mL tubes and spun at 7000 g, 4�C for 20 min.
The resulting pellet was resuspended in 1 mL PBS for
each tube. The mixture was then transferred into dialysis
tubing, with 1 mM PMSF (final concentration) being
added. The protein mixture was dialyzed for 2 days. For
purification, Ni-NTA agarose (Genesee scientific) was
used. The protein bound to the agarose was eluted using
a 300 mM imidazole solution. The elution was subse-
quently washed and concentrated using Centrifugal filter
units (Sigma–Aldrich, 30 K). The yield and purity of the
purified protein was examined using both nonreducing
and reducing SDS-PAGE.

5.6 | Size exclusion chromatography

The purity of PD-1 DIT was confirmed using size exclu-
sion chromatography (SEC) on an AKTAFPLC system
with a Superdex™ 200 10/300 GL column. The eluent
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was PBS at pH 7.4 and the flow rate was set to 0.4 mL/
min. To determine the molecular weight of the protein, a
Gel Filtration Markers Kit for Protein Molecular Weights
(12–200 kD, MWGF200-1KT) was purchased from
Sigma–Aldrich.

5.7 | Cellular binding and
internalization studies by flow cytometry

PD-1 DIT was labeled with Alexa Fluor 647 NHS Ester
(A20006, Thermo Fisher Scientific) as the first step. Sub-
sequently, 1 � 105 EL4 cells were incubated with either
1 μg/mL or 2.5 μg/mL Alexa Fluor 647-labeled PD-1 DIT
for 0.5 h, 2 h and 4 h at either 4�C or 37�C. Following the
incubation, the EL4 cells were stained with DAPI and
analyzed using the BD FACS Canto II flow cytometry
system (BD Biosciences, San Jose, CA). The mean fluo-
rescence intensity (MFI) of the cells was analyzed and
reported.

5.8 | Cell-based direct binding assay

In this experiment, 2*105 EL4 or 2D2 cells in 100 μL were
incubated with various concentrations of Alexa Fluor
647-labeled PD-1 DIT for 0.5 h at 4�C. Following the
incubation, the cells were washed with FACS buffer (PBS
with 0.1% fetal bovine serum) and centrifuged at 300 g
for 5 min. After two washes, cells were stained with
DAPI and analyzed using flow cytometry to determine
the fraction of PD-1+ EL4 or 2D2 cells. The fraction of
PD-1+ cells were plotted against the concentration of free
PD-1 DIT, and Kd values were determined by fitting the
curve using a sigmoidal dose–response (variable slope) in
GraphPad Prsim 9. The equation used for fitting the
curve was fraction¼ L½ �

Kdþ L½ � (Hunter & Cochran, 2016),
where [L] represents the concentration of the free PD-1
DIT. The binding avidity is defined as the EC50 of the
curve. The 95% confidence intervals were calculated
using the GraphPad software.

5.9 | Cellular binding and
internalization studies by confocal laser
scanning microscopy (CLSM)

In this experiment, 100 μL of a cell suspension containing
5 � 106 cells/mL of either EL4 or EL4 (PD-1KO) cells
were incubated with 100 μL 1 μg/mL Alexa Fluor
647 labeled PD-1 DIT for 0.5 h, 2 h, and 10 h in DMEM.
To prevent nonspecific binding, 1% FBS was added to the
medium. The process of cell adhesion process was

followed as before (Tsang et al., 2017). To stain the cell
membrane after cell attachment on coverslips, 5 μg/mL
of WGA555 (Thermofisher) was used. The cells were
incubated with WGA555 for 10 min at 37�C, then washed
with PBS for 5 min twice, and fixed with 4% paraformal-
dehyde (PFA) for 15 min at room temperature. After fixa-
tion, the cells were washed with PBS three times. The
nuclei were stained with DAPI for 10 min at room tem-
perature, followed by another round of washing. One
drop of mounting medium (Fluoromount-G) was placed
at the center of the microscope slides. Using Sharp-tipped
tweezers, the coverslip with cell facing down was care-
fully placed onto the mounting medium. After drying for
15 min, nail oil was applied to seal the sides of the cover-
slips. All the cells were imaged using a Zeiss 700 confocal
microscope with a 63� oil lens, using the same settings
for each channel. The mean intensity value of Alexa
Fluor 647 labeled PD-1 DIT signal on each cell was quan-
tified using the ZEN 3.6 edition software.

To quantify the mean intensity value, the fluores-
cence signal from each cell was meticulously enclosed
with a circle (shown in Figure S6), and the software cal-
culated the resulting signal intensities. All the intensity
values from each cell were collected and were analyzed
by GraphPad Prism 9.

5.10 | In vitro cytotoxicity study

EL4, EL4 (PD-1KO) or 2D2 cell lines were seeded at a den-
sity of 4000 cells per well in a 96-well plate. The cells
were then incubated with PD-1 DIT at various dilutions
for either 24 or 72 h. Following the incubation period,
cell proliferation was assessed using the CellTiter assay
(Promega), and the absorbance at 490 nm was measured
for each sample. The experimental setup also included a
negative control group treated with 1% Triton X-100 and
a positive control group treated with PBS. The cell viabil-
ity data was processed and analyzed using GraphPad
Prism 9. The data was fitted to a Sigmoidal dose–response
(variable slope) curve to determine the EC50 value, which
represents the concentration of PD-1 DIT that inhibits
50% of cell proliferation.

5.11 | In vivo PD-1+ cells depletion study

On Day 0, C57BL/6 mice were intravenously injected
with 3 � 106 of EL4 cells. The mice were randomly
divided into two treatment groups: one group received
intravenous injections (i.v.) of 0.15 mg/kg PD-1 DIT,
while the other group received PBS as a control. Each
group consisted of five treated mice. The injections were
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administered every 2 days, 5 doses in total. On Day
12, the mice were euthanized, and cells were collected
from bone marrow and blood. The collected cells were
then stained with BV510 anti-mouse CD4, APC/Cy7 anti-
mouse CD8, APC anti-mouse PD-1, FITC anti-mouse
CD3 and PE anti-mouse TCR Vβ12 antibodies. Flow cyto-
metry analysis was performed using the BD FACS
CANTO II flow cytometer (BD Biosciences, San Jose,
CA). The fraction of PD-1+ cells among T cells was quan-
tified to assess the depletion of PD-1+ cells in response to
the treatment.

For survival study, on Day 0, 2*104 EL4 cells were
intravenously injection into 10 female C57BL/6 mice.
The mice were then randomly divided into two groups.
From Day 1, the two groups received a total of five doses
treatment every 2 days, through i.v. injection. One group
received 0.15 mg/kg of PD-1 DIT for each dose, while the
other group received PBS as a control. Throughout
the study, the survival days of the mice were monitored
and recorded.

Ten female NOD mice, 10-week-old, were randomly
divided into two groups. From Day 0 to Day 3, one group
received daily treatment with 0.15 mg/kg PD-1 DIT,
while the other group received daily PBS treatment as a
control. On Day 5, mice were euthanized, and islets were
collected. The collected islets were stained with FITC
anti-mouse CD3, BV510 anti-mouse CD4, APC/Cy7
anti-mouse CD8, PerCP/Cy5.5 anti-mouse CD19,
PE anti-mouse CD62L, PE/Cy7 anti-mouse CD44, APC
anti-mouse PD-1 antibodies and Alexa Fluor 405-DAPI.
Flow cytometry analysis was performed using the BD
FACS CANTO II flow cytometer (BD Biosciences, San
Jose, CA). The number of PD-1+ cells per islet was quan-
tified to assess the depletion of PD-1+ cells.

5.12 | T1D study

Sixteen NOD mice, consisting of 8 females and 8 males,
were randomly divided into 4 groups based on their gen-
der. One group from each gender were pretreated with
0.15 mg/kg PD-1 DIT while the other group from each
gender were pretreated with PBS as a control. The mice
received a total of 5 intraperitoneal (i.p.) doses, adminis-
tered every 2 days. Starting from day 0, the mice were
also given 250 μg of blocking anti-mouse PD-1 antibodies
i.p., for a total of 5 doses administered every 2 days.
Throughout the experiment, blood glucose levels of the
mice were monitored using a Contour Next EZ Blood
Glucose Meter (Amazon). The onset of T1D was con-
firmed for a mouse when its blood glucose concentration
exceeded 250 mg/dL for two continuous measurements.
To assess the impact of the treatments on diabetes onset,

diabetes-free survival was analyzed using GraphPad
Prism 9.

5.13 | RR-EAE study

Thirty female SJL/J mice were randomly divided into two
groups. On day 0, they were immunized with a peptide of
proteolipid-protein (139–151) homogenized by 0.2 mL
complete Freund's adjuvant (CFA) from Sigma. The mice
received 4 subcutaneous injections of peptides on theirs,
with a total of 50 μg per mouse. On day 3, the two groups
of mice were treated i.p. with either 0.15 mg/kg PD-1
DIT or PBS. The treatment was administered for a total
of 5 doses, with each dose given every other day.
Throughout the experiment, the mice's body weight and
the presence of paralysis symptoms were monitored every
other day. Clinical scores were assigned to each mouse
based on the severity of the paralysis observed.

5.14 | Hepatotoxicity assessment

On day 0, 15 female C57BL/6 mice at 10 weeks of age
were weighed and randomly assigned into 3 groups. The
groups were administered 450 mg/kg acetaminophen,
0.375 mg/kg PD-1 DIT, or PBS through i.p., respectively.
After 6 h, 24 h, and 48 h, blood samples were collected
from the cheek of each mouse. At the end of the study,
which was at 48 h, mice were euthanized. Liver samples
were collected for immunohistochemistry analysis, and
liver paraffin sections were stained with H&E. Serum
ALT/AST activity was measured using a colorimetric
method specifically designed for ALT/AST analysis
(BIOLABO).

5.15 | Statistical analysis

Unpaired two-sided t-test were used to compare data
other than survival data. The survival curves are calcu-
lated from different treatment groups using the Kaplan–
Meier estimation approach and their difference was com-
pared using a log-rank test. The level of test significance
was defined as p-value <0.05. The survival analyses were
conducted using GraphPad Prism 9.
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