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Introduction: Interleukin-2 (IL-2) is one of the first cytokines to be discovered as
an immune agonist for cancer immunotherapy. Biased IL-2 variants had been
discovered to eliminate Treg activation or enhance the tumor specific T cell
cytotoxicity. However, all the biased IL-2 variants pose the risk to overstimulate
immune response at a low-dose range. Here, we introduce a novel dual-MOA
bispecific PD-1-1L-2v molecule with great anti-tumor efficacy in a high
dosed manner.

Methods: The novel IL-2 variant was designed by structural truncation and
shuffling. The single armed bispecific PD-1-1L-2v molecule and IL-2v were
studied by immune cell activations in vitro and in vivo and anti-tumor efficacy
in mouse model.

Results and discussion: The IL-2 variant in this bispecific antibody only binds to
IL-2RBy complex in a fast-on/off manner without o,  or ysingle receptor binding.
This IL-2v mildly activates T and NK cells without over stimulation, meanwhile it
diminishes Treg activation compared to the wild type IL-2. This unique bispecific
molecule with "By-only” IL-2v can not only “in-cis” stimulate and expand CD8 T
and NK cells moderately without Treg activation, but also block the PD-1/L1
interaction at a similar dose range with monoclonal antibody.
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Introduction

Interleukin-2 (IL-2) is a pluripotent cytokine produced
primarily by activated CD4+ T cells, which plays a crucial role in
orchestrating the proliferation, survival, and function of immune
effector cells (Teff), regulatory T cells (Treg) and natural killer (NK)
cells to maintain immune homeostasis (1-3). The recombinant
human IL-2 was first approved by the U.S. Food and Drug
Administration (FDA) in the 1990s for the treatment of
metastatic renal cell carcinoma and metastatic melanoma.
However, the clinical use of IL-2 has been limited by its
therapeutic window, which has been restricted by both low-dose
induced immunosuppression and high-dose induced toxicity. This
“two-way” immune regulative property depends on its multiple
binding patterns with three individual subunits IL-2Ra. (CD25), IL-
2RP (CD122), y (common gamma chain, yc, or CD132) (4). Low-
dosed IL-2 prefers to bind a heterotrimeric complex of IL-2Rofy
expressed on Treg cells with a high affinity (Kd=10"" M), therefore
it down-regulates the inflammation by activation of Treg. High-
dosed IL-2 can bind a heterodimeric complex of IL-2RBy subunits
expressed on CD8 T and NK cells with an intermediate affinity
(Kd=10"° M), it enhances the pro-inflammation by activation of
effective T cells (Teff) and NK cells (5). Moreover, high-dosed IL-2
also binds the monomeric IL-2Rol or IL-2RB subunit, which
characteristically expressed on the endothelial cells or NK cells
respectively, with relatively low affinity (Kd=10"® M). Therefore, the
over activation of endothelial cells or NK cells by high-dosed IL-2
are believed as the main reasons of VLS (6, 7) or over stimulation of
immune system (8, 9).

To reduce the risk of immunosuppression and VLS from the
activation of Treg and endothelial cells, respectively, many “no-o.”
(By biased) IL-2 variants have been discovered (10). The strategies
of “no-o” IL-2 design are 1) by the shield of CD25 binding surface
of IL-2 such as NKTR-214 (11), THOR-707 (12) and ALK4230 (13)
etc,; 2) by the mutation of CD25 binding domain of IL-2 such as
RO6895882 (14, 15), MDNAL1I based on the “superkine” (16) etc.;
3) by de novo designed molecule without CD25 binding like NL-201
(17). Although the no-o. IL-2 variants significantly reduce the risk of
VLS and Treg activation, the tolerable clinical doses of those
variants are less than 10 pg/kg (normalized to the content of IL-
2) compared with 37 pg/kg of wtIL-2. The toxicities of no-o IL-2
variants may be associated with over stimulation of immune
system (9).

Recently, “no-o.” IL-2 variants had been used in the “in-cis” T
cell activation by a fusion design with a T cell targeting antibody.
For instance, RO7284755, a PD-1-IL-2v bispecific antibody
developed by Roche (18), yielded a better effect on stimulation of
stem-like CD8 T cells. This “in-cis” agonist is currently in clinical
trial (NCT04303858) in combination with a PD-L1 antibody. The
dosage of this “in-cis” agonist is about 1/10 of PD-L1 mAb in pre-
clinical mouse model, indicating that the moiety of PD-1 antibody
in this bispecific molecule only contributes to T cell targeting but
not for PD-1/L1 blocking, so that it required PD-L1 combination to
complement the PD-1/L1 blockage (19).

To develop an ideal “in-cis” PD-1-IL-2v with functions from
both cytokine and checkpoint inhibitor, the dosage should increase
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to mADb level. Thus, the IL-2v moiety should not be recruited by any
of its receptors (known as IL-2Ro and IL-2RP) but retain IL-2RBy
binding affinity to moderately activate CD8 T and NK cells. Here,
we report a “By-only” IL-2 variant followed by the procedure of 1)
truncation of IL-2Ro. binding surface; 2) shuffle the 4 o-helix to
obtain the re-constructed molecules and 3) circular permutated the
shuffled molecules to generate a small library. Our selected IL-2
variant has no o or B single receptor binding affinity that remove
the Treg activation and NK over-stimulation, but remains similar
By complex binding affinity compared with wtIL-2. Moreover, this
variant binds to IL-2RBy in a “fast-on/off” manner to avoid deep-
activation of Teff, which helps to maintain T cell stemness and
reduce exhaustion after cell expansion. By fusion with PD-1
antibody, this bispecific PD-1-IL-2v demonstrates a robust anti-
tumor efficacy at a high-dose level (mAb level) in comparison with
the same dose of PD-1 antibody, indicating its potential dual-MOAs
(mechanism of actions) as a safe and efficacious “in-cis” IL-2 agonist
with PD-1/L1 blocking function.

Materials and methods

Plasmid construction, protein expression
and purification

All expression plasmids were constructed using the pET30a
vector. Wild type IL-2 was mutated to include de-alanine-1, C58S
and C125S. After the steps of truncation, shuffling, circular
permutation and point mutations, 24 IL-2 polypeptides were
generated (Supplementary Table S1). The wildtype IL-2 and all 24
variant plasmids were transformed to E. coli BL21 (DE3) and
stimulated by 0.5 mM IPTG to express the proteins. The bacteria
were then harvested and re-suspended in the lysis buffer (50 mM
Tris-HCI, 5 mM EDTA, 1 mM PMSF, pH 8.0), which was collected
after the high-pressure homogenizer (ATS Engineering Inc.,
AH1500). After centrifugation (12000 rpm, 30 min), the
precipitates were collected (except 041, 042 and 043), washed
with washing buffer (50 mM Tris-HCl, 5 mM EDTA, 300 mM
NaCl, pH 8.0; 2 h, 3 times). For 041, 042 and 043, after cell lysis and
centrifugation, the supernatants were collected and treated with
saturated ammonium sulphate solution. The precipitates were then
washed using the lysis buffer for 2 times. After washing, the
inclusion bodies were de-natured in the solubilization buffer (50
mM Tris-HCl, 5 mM EDTA, 1 mM PMSF, 9 M Urea, pH 8.0) by
mild shaking for 2 h. Urea concentration and pH of solubilization
buffer were adjusted for certain variants. After centrifugation at
13000 rpm for 30 min, the supernatants were dropped in the 9 times
volume of refolding buffer (50 mM Tris-HCI, 1 mM EDTA, 10% (w/
v) sucrose, 1 mM PMSF, pH 8.0) and stood overnight at 4 °C. The
solutions were then centrifuged at 13000 rpm at 4 °C for 30 min.
The supernatants were filtered with 0.22 um diameter filter and
stored at 4 °C. For 041, 042 and 043, the supernatants were treated
by the XS/Q chromatography purification, the eluted fragments
were collected. The proteins were further concentrated by
centrifugation at 5000 rpm at 4 °C for 15 min as needed. The
concentrations of the proteins were determined by BCA, Bradford
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kit, and/or SDS-PAGE. The thermo-stability of the purified IL-2
variants at 37 °C were monitored by OD350 for 48 hours. The final
IL-2 variants which used in biological assays was also identified by
ACQuity H-class Plus Xevo G2-XS Qtof for the molecular weight.

The bispecific PD-1-IL-2v fusion protein was expressed in CHO
S cell, the knob-into-hole plasmids 0.5 ug/mL (VH1:VH2:VL=2:2:3)
were added into 40 uL/mL buffer (OptiPRO SFM, Gibco) followed
by mixing the transfection buffer (ExpiFectamineTM CHO
Transfection Kit, Gibco with 36.8 uL/mL OptiPRO SFM) for less
than 5 min. All buffer were transferred to the medium (EmCD
CHO-S 203 medium) in 37°C and 8%CO, for 7 days. The Feed (240
ul/mL) and Enhancer (6 uL/mL) were added to expression medium
after 16-22 h of transfection to feed the CHO S cell. After protein
expression, the supernatant of medium was collected followed by
filtration (0.45 um). The product was then purified by Protein A
column and SP FF with standard protocol.

In vitro activity assays of IL-2 variants

The in vitro activities of the purified IL-2 variants were first
confirmed by STAT5 activation assay using NK92 (expressing high-
affinity receptor ot/f/y) and HH cell lines (expressing intermediate-
affinity receptor B/y). NK-92 cells were plated into 12-well plates at
500,000 cells/well in IL-2-deprived media (MyeloCult® H5100). 12
hours later, different doses of wtIL-2 or IL-2 variants were added into
well-plate. Similarly, HH cells were also plated into 12-well plates at
500,000 cells/well in full media (RPMI 1640 medium with 10% FBS).
Different doses of wtIL-2, IL-2 variants, or bispecific PD-1-IL-2v were
also added. The samples were incubated at 37 °C, 5% CO, for 30
minutes. The cells were collected by centrifugation at 1500 rpm for
5 min and lysed using Laemmli Buffer. The bioactivities of the IL-2
variants were indicated by STAT5 phosphorylation as measured by
western blot and quantified by the pSTATS5: total STATS5 ratio.

Human PBMCs and mouse splenocytes were separately treated
with the wild-type IL-2 and the IL-2 variants, respectively, and
STAT5 phosphorylation was measured by western blot. The
activation profiles of the IL-2 molecules were indicated by %
pSTATS5, which was calculated by the relative intensity of
pSTATS to STATS, normalized with that of the sample treated
wild-type IL-2 at high concentration (25 nM).

The binding affinity measurement of
surface plasmon resonance and ELISA

The IL-2 receptor proteins were immobilized on a Biacore
sensor chip CM5 according to manufacturer’s protocol. Wild-type
IL-2 and IL-2 variant 012 at different concentrations were passed
over the surface of the chip in a stepwise model. Different
concentrations of wild-type IL-2 and IL-2 variant 012 were
flowed over the bound ligand on the surface of the chip for 120
seconds, after which a blank solution was passed over the surface to
allow the IL-2R to dissociate. The resulting sensorgrams were
analyzed with the native instrument software to calculate the
binding affinities.
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The binding affinity of human PD-1 and bispecific PD-1-IL-2v
has been measured by ELISA. The PD-1 has been coating on the
plate (1000 ng/mL, 100uL/well) overnight at 4°C. The well was then
washed by PBS with 0.5% tween-20 for 3 times followed by adding
the PD-1-IL-2v at 100 uL/well. After washing 3 times by the same
wash buffer, the HRP-goat anti human IgG (1:10000) was added to
well for 1 h followed by the detection of OD450-OD570 nm.

Expansion of hPBMC by using wtlL-2
and IL-2v

To confirm the function of IL-2v in expansion of hPBMC, a cell
proliferation assay was performed. PBMCs from healthy donors
were cultured in the presence of CTS DynabeadsTM CD3/CD28
(Gibco 40203D) and either 012 or 001 for 4 days, followed by 8
more days culture with the same IL-2 molecule (IL-2 variant or wild
type) but without anti-CD3/CD28 Dynabeads. The cell type of CD4
+ T cell, CD8+ T cell, Treg, NK cell had been identified in FACS
stained by particular antibody. The stemness profile of each cell type
after expansion were monitored by stemness markers such as CCR7
and CD62L after 10 days expansion while the exhaustion markers
such as PD-1, LAG-3 and TIM-3 were monitored on day 12 by
flow cytometry.

RNAseq for the expanded CD8+ T cell and
NK cell by wtlL-2 and IL-2v

The CD8 T cell and NK cell were used to test gene transcription
by RNAseq. The cells were expanded by following the protocol of
Miltenyi Biotec CD8 MicroBeads human (order No. 130-045-201).
wtIL-2 and IL-2v were used in the expansion process at 50 nM. The
expanded cells were sent to Azenta Life Science for RN Aseq test, the
results were analyzed by FPKM (Fragments Per Kilo bases per
Million reads), the differentiation of gene pathway annotation were
based on KEGG.

In vivo toxicity and immune cell activation
of wtlL-2 and IL-2v

The toxicity of the IL-2 variants was determined in comparison
with the wild-type IL-2. Specifically, 12 groups of normal female
Balb/c mice (n=6 per group) received IP injections of (1) vehicle
[phosphate-buffered saline (PBS)], (2) 0.1 mg/kg, 0.3 mg/kg, 1 mg/
kg, 3 mg/kg or 10mg/kg rhIL-2 (Beijing Four Rings Bio-
Pharmaceutical, Recombinant Human Interleukin-2 for Injection,
Lot. S10970015) in PBS or (3) 0.1 mg/kg, 0.3 mg/kg, 1 mg/kg, 3 mg/
kg, 10mg/kg or 30mg/kg 012 in PBS, respectively, once daily for 5
days. Mouse body weight was measured on Day 3 and Day 6.
Additionally, pulmonary edema resulting from capillary leak in
mice was assessed by measuring the increase in wet pulmonary
weight. On the morning of the 6th day, mice were euthanized. The
lung tissue samples were dehydrated by incubation at 65°C for 72
hours. The resulting dry lung weight was recorded and the weight

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1369376
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jiang et al.

from pulmonary fluid (wet lung weight) was calculated.
Furthermore, the IL-5 level had also been monitored to identify
the toxicity by kit. The spleens of the mice treated as described
above were harvested, and lymphocyte populations were analyzed
by flow cytometry to identify the expansion of immune cells.

In vivo antitumor efficacy

Efficacy studies of IL-2v single agent and combination
treatment of IL-2v and PD-1 were performed using female
C57BL/6 mice (18-20 g) obtained from Charles River
Laboratories (Beijing, China), n = 6/group. For the MC38 model,
female C57BL/6 mice (18-20 g) were implanted in the right flank
with 5x10° cells in 0.1 mL of phosphate-buffered saline (PBS).
Treatment was initiated when the mean tumor size reached 80 -
100mm®. In IL-2v single agent study, animals were administered
vehicle, 012, or 001 by an intraperitoneal injection. The wtIL-2
doses were 1 mg/kg and 3 mg/kg, while 012 doses were 10 mg/kg, 30
mg/kg, and 60 mg/kg, qdx5 then rest for 2 days and for another
cycle. In the combination treatment with IL-2v and PD-1 study,
anti-mouse PD-1 dose was 10 mg/kg (qw) and IL-2v doses were 3
mg/kg, 10 mg/kg and 30 mg/kg (tiw) for 4 cycles. The in vivo
efficacy study of bispecific PD-1-IL-2v was using humanized PD-1
mice with the dose of anti-human PD-1 or PD-1-IL-2v in 30 mg/kg
(qw) in 4 cycles. After tumor cell inoculation, the animals were
checked daily for morbidity, mortality, effects of tumor growth, and
effects of treatment on normal behaviors and appearance such as
mobility, food and water consumption, eye/hair matting, and any
other abnormal effects. Body weight gain/loss was measured three
times weekly. Tumor volumes were measured three times weekly in
two dimensions using a caliper, and the volume was expressed in
mm? using the formula: V = 0.5 a x b2 where a and b are the long
and short diameters of the tumor, respectively. All animal studies
were conducted under accreditation by the Association for
Assessment and Accreditation of Laboratory Animal Care
(AAALAC). Animals were housed in individualized ventilated
cages under controlled conditions of temperature, humidity, and
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light and fed a diet of C060 irradiation sterilized dry granule food.
All mice were adapted in the facility for at least 7 days. Euthanasia
criteria consisted of either body weight drop of > 20% for 72 hours,
hypoactivity, hypothermia, respiratory distress, tumor volume
reaching 3500 mm?® or termination of the study on day 21.

Immunohistochemistry of tumor tissue

The immunohistochemistry (IHC) of tumor tissue in the in vivo
efficacy experiment was provided after euthanasia of mice and
harvest the solid tumor. The IHC sample preparation and the
staining assay were then followed by the standard protocol (20, 21).

Results

Generation, validation and selection
of “By-only” IL-2v

To generate the “By-only” IL-2 variant, the binding affinity with
single IL-2 receptor o and [} was removed by 1) truncation of the
loop structure in IL-2 which interacting with IL-2Ro. and 2)
generating the molecular tension by structure shuffling and
circular permutation, respectively (Figure 1). Additional
mutations were then introduced to increase the expression yield
and protein stability, including de-alanine-1, C58S, and C125S.
Moreover, other basic mutations, including P65D, F117K and/or
F124K were also introduced to further stabilize the helixes and
decrease the hydrophobicity of surface (the number of each amino
acids was based on wild-type IL-2 sequence Supplementary Table
S1). After protein expression and purification (Supplementary
Figure S1), wild-type IL-2 and IL-2 variants were then validated
by expression yield, thermo-stability and in vivo activity
(Supplementary Figures S2-S6, Supplementary Table S2).

As showed in Supplementary Table S2, IL-2 variants 012, 022,
032, 042, 051, 062, 072 and 082 were selected for next step
validation using human PBMC and mouse splenocyte assays to

IL-2v align
with wtlL-2
Circular
permutation

—

1itd tand f360 fipd
titd 14t 300 11fd

Molecular design and protein engineering of wtlL-2. (A) Structural complex with IL-2Ra (yellow), IL-2RB (blue), common y chain (purple) and wtlL-2
(red and green) (PDB:2B5I). The green part of wtlL-2 indicated the binding loop with IL-2Ro.. The structural modeling of IL-2v is using AlphaFold2.

(B) Topological presentation of engineering of wtlL-2.
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confirm the binding property of By but “no-o”. As shown in
Figure 2, treatment by wild-type IL-2 at low concentration (2.5
nM) resulted in about 65% activation of pSTATS5 signaling in both
healthy donor human PBMCs and naive Balb/c mouse splenocytes.
By contrast, samples treated by IL-2 variants at low concentration
(2.5 nM) showed very little activation of pSTATS5 signaling (about
10% or less), indicating a loss of preference to high-affinity
receptors, or reduced affinity to trimeric receptor IL-2Rafy.
Nonetheless, comparable activation was observed in samples
treated with certain IL-2 variants at high concentration (25 nM)
as compared to the wild-type treatment. As shown in Figure 2A,
treatment by IL-2 variant 012 resulted in comparable activation as
treatment by wild-type IL-2 in PBMC. As shown in Figure 2B,
treatment by variants 012 and 072 resulted in comparable activation
as treatment by wild-type IL-2 in mouse splenocytes. These results
confirmed that IL-2 variant 012 retained its function to bind and
activate the intermediate-affinity receptor IL-2RPYy, but lost the
preferential binding to the high-affinity receptor IL-2Rofy.
Therefore, 012 was chosen as “By-only” IL-2 variant candidate in
the following investigations. The right molecular weight of 012 was
also confirmed by QTof (Supplementary Figure S7).

To confirm the “By-only” binding profile, wild-type IL-2 and
IL-2 variant 012 was tested in surface plasmon resonance (SPR)
with the binding affinity to IL-2Ra., IL-2R3, common 7y receptor, IL-
2RByand IL-2RoBy. As shown in Figure 3; Supplementary Table S3,
the binding affinities of the IL-2 variant 012 to single IL-2 receptors
(IL-2Ra, IL-2RB, and common 7 receptor) as well as IL-2Rofy were
reduced approximately 10-fold compared to those of the wild-type

10.3389/fimmu.2024.1369376

IL-2, whereas IL-2 variant 012 bounds to the IL-2RBy receptor at an
equally high affinity as the wild-type. Interestingly, this “By-only”
binding pattern represented around 3 times faster binding kinetics
(kon and kog) than wtIL-2 which binds to IL-2RBy complex
(Supplementary Table S3) which is a “fast-on, fast-oft” feature
indicating a unique binding mechanism of IL-2 variant 012.

“By-only” IL-2v indicated the low Treg
response and moderate CD8 T and NK
activation in vitro

To determine the selective activation profiles of IL-2v in primary
cells, pSTAT5 was measured in different cell populations in the healthy
donor human PBMCs and the naive Balb/c mouse splenocytes,
respectively. As shown in Figure 4, the potencies of IL-2v and wtIL-2
to activate STAT5 signaling differed around 70-fold in the CD4
+FOXP3+ Treg population of human PBMCs. IL-2v induced
pSTATS5 in Tregs with an EC50 of 7.909 nM, while wtIL-2 induced
pSTATS5 with an EC50 of 0.1122 nM (Figure 4A; Supplementary Table
S4). By contrast, similar potencies were observed for IL-2v and wtIL-2
treatment in non-activated CD8 T and NK cells, which expressed the
IL-2RBy complex. Similarly, in mouse splenocytes, IL-2v showed
dramatically decreased potencies in Tregs, as compared to wtIL-2
(Figure 4B; Supplementary Table S4), but had similar EC50s to that of
wtIL-2 in CD8 T and NK cells. As such, IL-2v was much less potent in
inducing STATS5 activation in Tregs but maintains similar potency in
CD8+ T and NK cells as compared to wtIL-2.

Human PBMC
001 012 022 032 042 051 062 072 082
B i £.8§ &S &S &S &S &S &S & S
IL-2v concentration , J’Q}Q’, \929 , \,°.z§” \91}0 , \9~z>°, \yzg , \9Q§o , \9$Qa IR
pSTATS| w@ = o [ = »]
STAT5|------||---|| ----- —————— —||____ |
001 012 022 032 042 051 062 072 082
- 9.7 9.7 7.7 10.2 5.9 8.3 9.5 10.0 11.2
% pSTATS Low 67.9 10.9 9.1 10.4 6.2 9.5 10.7 6.5 15.6
High 100.0 66.9 38.1 76 9.3 18.2 12.1 41.4 45.8
Mouse splenocyte
001 012 022 032 042 051 062 072 082
) 8L &S &5 &S &S 08 o83 &8s &5
IL-2veoncentration , £, S, S I . IF IF 0¥ 0P I
pSTAT5| & - || . || WO |
STATS ===~ — [E———— [
001 012 022 032 042 051 062 072 082
- 15.8 16.9 21.8 15.8 18.8 13.0 10.2 221 15.8
% pSTATS Low 66.6 228 24.8 115 139 14.6 13.8 30.7 16.7
High 100.0 1255 68.5 18.9 16.1 21.8 20.5 91.3 252

FIGURE 2

Western blot results of wtlL-2 and variants for pSTATS5 activation. Results for (A) human PBMC and (B) mouse splenocyte assays for low (2.5 nM) and
high (25 nM) concentration treatment by wtlL-2 or IL-2 variants.
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“By-only” IL-2v moderately expanded CD8
T and NK cells, but not Tregs, in vitro/vivo,
which exhibits an excellent in vivo

safety profile

In the ex vivo PBMC expansion assay, as shown in Figures 5A, B,
IL-2v treatment expanded PBMC to a similar extent as wtIL-2
treatment did, although higher concentrations of IL-2v was required
for maximal proliferation. Expansion curves for PBMC treated with 50
nM IL-2v or wtIL-2 demonstrated that the IL-2 variant was similarly
effective as the wildtype in promoting the PBMC expansion at 50 nM.
Meanwhile, IL-2v expanded both CD8 T cells and NK cells, whereas
Treg expansion was significantly down regulated after PBMC ex vivo
expansion in comparison with wtIL-2 (Supplementary Table S5.).

The selective activation profile of the IL-2v was further confirmed in vivo.
Consistent with the i vitro findings, IL-2v at all doses tested did not increase
the percentage of CD4+Foxp3+ Tregs, while wtIL-2 resulted in a dose-
dependent expansion of Tregs (Figure 5E). On the other hand, IL-2v showed
dose-dependent activity in promoting the proliferation of CD8 T and NK cell
in vivo (Figures 5F, G) but at a lower level compared to wtlL-2.

During the ex vivo cell expansion, the stemness or exhaustion
markers of proliferated T cells had been evaluated to determine the

wtlL-2

10.3389/fimmu.2024.1369376

level of cell activation. As shown in Figure 5C; Supplementary Table
S6, after 10-day cell expansion, the ratio of CCR7+ CD62L+ CD8 T
cells is 41.99% and 27.79% in IL-2v and wtIL-2 groups, respectively.
Meanwhile, the population of LAG-3 and TIM-3 double negative
CD8 T was significantly up-regulated in IL-2v treated group
(Figure 5D). These results indicated that IL-2v treated T cells
maintained more stemness marker and less exhaustion marker
than wtIL-2. To further investigate the mechanism, the genetic
transcription of immune regulating pathways had been studied by
RNAseq after CD8 T cell or NK cell expansion. In CD8 T cell, as
shown in Supplementary Figures S8A, B, IL-2v down-regulated
Treg marker, FoxP3, and IL-2 associated inflammatory pathway in
comparison with wtIL-2, while the transcription of chemokines
such as CCL3 and CCL4 were up-regulated. In NK cell, the Treg
and exhaustion markers had also been down-regulated by the
treatment of IL-2v, while the immune pathway of IL-2 signal and
inflammatory response had also been down-regulated similarly as
observed in CD8 T cell (data not shown). Moreover, the stemness
marker Ki67 had also been monitored during CD8 T and NK cell in
vivo expansion. As shown in Supplementary Figure S9, the high
ratio of Ki67™ CD8 T cells/NK cells to Ki67™ Tregs was represented
at the high dosage of IL-2v. Therefore, the “By-only” IL-2v may have
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maintained the stemness marker by limiting the activation of
exhaustion pathways in CD8 and NK cells.

We next evaluated in vivo tolerability of IL-2v. As shown in
Figures 6A-D, the mice injected with 10 mg/kg wtIL-2 experienced
great weight loss, while those treated with 10 mg/kg or 30 mg/kg IL-
2v did not show much significant body weight change. The average

wet pulmonary weight from the 30 mg/kg IL-2v-treated group was
significantly lower than that from the 10mg/kg wtIL-2-treated
group, and comparable to those from the lower dose groups,
indicating that the severity of pulmonary edema was much lower
in IL-2v treated groups compared with wtIL-2 treated groups
(Figure 6E). Moreover, serum IL-5, IL-6, IL-10, IFN-y, TNF-o
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level after wtIL-2 or IL-2v treatment were monitored as pro-
inflammatory markers for toxicity. As shown in Supplementary
Figures S10A-E, IL-2v treatment did not elevate serum cytokine
levels both 6 hours after the first dose and after day 5 in comparison
with wtIL-2. The significant reduction of IL-5, IL-6 and IFN-v, level
by IL-2v treatment indicated that less pro-inflammatory immune
activation than wtIL-2. The ALT, AST and LDH levels were also
monitored to identify the toxicity (Supplementary Figures SIOF-H).
With the high dosage of 10 mg/kg, wtIL-2 represented significant
higher level of ALT than IL-2v group. The IHC analysis in the lung
and liver corroborated the toxicity of wtIL-2 with evident
accumulation of infiltrated immune cells. However, no
inflammatory immune cells was observed in the animals treated
with the same dose of IL-2v (Figure 6F; Supplementary Figure
S10I). Taken together, these data demonstrate that IL-2v had
significantly reduced toxicity than wtIL-2 in vivo.

Bispecific PD-1-IL-2v showed great
efficacy and safety in a high-dosed manner
without checkpoint inhibitor combination
in vivo

Because of the unique properties of “By-only” IL-2v, such as non-
recruitment by any single IL-2 receptors, Treg unfavorable but CD8 T
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and NK moderate activations, good safety profile in vivo, one of the
appropriate design is to generate IL-2v a targeting moiety to activated T
cell. Therefore, PD-1 is one of the best target so that a bispecific PD-1-
IL-2v had been designed and synthesized (Supplementary Figure S1B).
The IL-2v moiety was fusion expressed on the C-terminal of anti-
human PD-1 mAb, both double armed and single armed (knob-into-
hole (KIH) bespecific structure (22)) modifications had been expressed
and purified while the single armed molecule represented better yield
and stability (data not shown). To ensure the function of anti-PD-1
antibody and IL-2v in bispecific molecule, measurement of binding
affinity with PD-1 and the in vitro activation assays have been
generated. As shown in Supplementary Figure S11, bispecific PD-1-
IL-2v represented similar binding affinity with anti-PD-1 antibody and
well functioned of IL-2v in HH cell line.

The anti-tumor efficacy of bispecific PD-1-IL-2v was evaluated
with the present of PD-1 antibody as a bench marker in MC38 model.
PD-1-IL-2v demonstrated a greater anti-tumor efficacy than PD-1
antibody at the same dose of 30 mg/kg regarding to the survival and
body weight data of mice (Figures 7A, B). The IHC results showed PD-
1-IL-2v group had approximal 3-fold more CD8+ T cell accumulation
in solid tumor tissue than PD-1 single dose group, while several CD8
+/pSTAT5+ staining in PD-1-IL-2v group which had not existed under
PD-1 single agent treatment (Supplementary Figure S12). This is also
supporting our hypothesis that dual MOAs of PD-1-IL-2v with both
PD-1 (CD8 signal) and IL-2 (pSTATS5 signal) T cell activation. To
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further demonstrate the MOA of PD-1-IL-2v, the IL-2v single agent
and the combination treatment of IL-2v and PD-1 antibody had been
conducted in the in vivo efficacy studies. In the study of IL-2v single
agent in the mouse MC38 model, the dosage of 30 mg/kg and 60 mg/kg
IL-2v were well tolerated. The result demonstrated tumor growth
inhibition (TGI) with 21.4% and 25.7% in the dosage of 30 mg/kg
and 60 mg/kg, respectively (Figures 7C, D; Supplementary Figure S13).
IL-2v single agent represented no significant anti-tumor activity
compare to wtIL-2 which generated the TGI with 31.5% in 3 mg/kg.
In the study of IL-2v and PD-1 antibody combination therapy, all
combination groups with the dosage of IL-2v at 3 mg/kg, 10 mg/kg and
30 mg/kg behaved less tumor suppression than single agent PD-1
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PD-1-IL-2v Treg, activated T NK
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T cell activated by IL-2RBy
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antibody group, indicating that IL-2v does not help the check-point
inhibitor for tumor suppression in the combination treatment (data
not shown). Therefore, the molecular fusion of PD-1 antibody and IL-
2v to form a bispecific molecule is necessary for “in-cis” T
cell activation.

Discussion

In this study, “By-only” IL-2v was designed to increase the dosage
of bispecific PD-1-IL-2v and to possess the dual MOAs (mechanism of
action) of PD-1/L1 blockage and “in-cis” T cell activation (Figure 8). It
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The molecular design and dual-MOAs of bispecific molecule. (A) Design and structure of bispecific PD-1-IL-2v. (B) The binding pattern of IL-2v with
each and the combinations of IL-2 receptors. (C) the MOA and dosage of different IL-2 variants and bispecific antibodies.

Frontiers in Immunology 09

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1369376
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jiang et al.

is technically challenging to remove the IL-2RB binding while still
maintaining the affinity to IL-2RPy complex. In previous studies,
mutations of N88R or D20T on IL-2 had been designed to reduce
the binding of IL-2R to generate the molecules of BAY 50-4798 or
EMD 521873, respectively (8, 23, 24). The reduced binding affinity to
IL-2RP, however, dramatically reduced the interaction with IL-2RBy
complex resulting in a poor anti-tumor efficacy. Therefore, to remain
the IL-2RBy complex interaction and reduce the affinity with single 8
receptor, our strategy is to generate conformational change in IL-2 by
structural shuffling of o-helixes, so that this structural twisted IL-2
variant can disrupt the interaction with IL-2Rp which has small
binding surface, while remain the binding affinity with IL-2RBy
complex which has relatively large binding surface by rapid switch-
back to natural IL-2 conformation. Due to the lack of structural
information after structure shuffling, a small library with all linkage
(after circular permutation) was used to identify the best candidate. To
confirm the structure of IL-2 variant 012, its structure had also been
predicted in AlphaFold2 and aligned with wtIL-2. The result showed
the perfect alignment of IL-2v 012 against wtIL-2 in IL-2RBy binding
part. Interestingly, because of the different configuration generated by
structural shuffling, the twisted IL-2v has “fast-on/off” binding pattern,
which could play an important role in the safety profile as an immune
agonist (25) and exhibit very different properties from “no-o” IL-2
variants, which are the most popular IL-2 biased immune agonist
variants in recent decade.

“No-o” IL-2 variants have been developed to limit Treg activation,
however, several clinical trials revealed that “no-o” IL-2 behaved less
tolerance in dose-dependent manner and did not yield better efficacy
compared with wtIL-2 (13, 26, 27). Multiple mechanisms may
contribute to the failure of “no-o” IL-2 variants. First, the reduction
of IL-2Ro. binding results in the losing of target function to IL-2Ro+ T
cells which in an activated state with the effective with anti-tumor.
Second, overstimulation of T cells due to the reduction of Treg-
mediated immunosuppression. Third, “no-0” IL-2 variants have “By
biased” function which efficiently activates NK cells. Other approach,
such as “of3 biased” IL-2 variants, has been evaluated in combination
with check point inhibitors. “of biased” IL-2 variants have increased
binding affinity to IL-2Ra. to activate Treg with greater degree of
immunosuppression. WtIL-2 has been evolved for millions of years to
balance the immune system via the selection of IL-2Rat. Biased IL-2
might break this balance by generating either over stimulation or
immunosuppression. Thus, to decouple the function of effective T cell
and NK activation to avoid of over stimulation or immunosuppression,
the unbiased By specific binding pattern is required. “By-only” IL-2
enables a fine balance of immune system stimulation by reduction of
NK activation and Treg suppression via reduces NK overstimulation by
eliminating IL-2RP binding, and it also abolishs Treg
immunosuppression via the absence of IL-2Ra. binding. This enables
moderate activation of T and NK cells.

In pre-clinical studies and clinical trials, both “By biased” and
“of biased” IL-2 variants represent the normal or lower dosage as a
cytokine, because of the recruitment by either IL-2Rp or IL-2Ro,
located on NK or Treg, respectively. Therefore, the bispecific
molecule, which “in-cis” activates T cell with the moiety of “By
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biased”, “of8 biased” or wtIL-2 isoforms, can only be dosed 10-100x
lower concentration than mAb. So they need the combination
treatment with checkpoint inhibitors such as PD-1/L1 antibody to
achieve a good efficacy. Interestingly, the sequence of PD-1
targeting bispecific molecule is from FDA proved PD-1 antibody
whose MOA is blocking PD-1/L1 axis signaling. Thus theoretically,
this sequence and its epitope are 1) not the best for “in-cis”
activating and 2) perturbed by combined PD-1 antibody.
Therefore in clinical trial (NCT04303858), the bispecific PD-1-IL-
2v RO7284755 was in combination with Atezolizumab (anti-PD-
L1) to avoid the competitive of PD-1-epitope binding. The ideal
dosage of this bespecific antibody is not a cytokine dosage in ug/kg
but a mAb check point inhibitor dosage in mg/kg. T cell “in-cis”
activating is the second priory to enhance this check point inhibitor
and somehow, to potentially generate a secondary immune
stimulation on PD-1+ T cells while PD-1 resistance. In this case,
PD-1 is a better target than CD8 for “in-cis” activation, because
targeting PD-1 can not only highlight the group of activated T cell,
but also release the immune suppression via PD-1/L1 interaction.

In conclusion, here we report a bispecific antibody PD-1-IL-2v with
great safety profile in high dosage and reliable anti-tumor efficacy in vivo.
The IL-2v moiety is designed as a novel “By-only” binding pattern
unbiased to each single IL-2R subunit for decoupling their functions to
moderately activate T and NK cells. This bispecific antibody possesses
the ability to not only block the PD-1/L1 but also moderately stimulate
CD8 T cell and NK cell while maintaining their stemness. PD-1-IL-2v
has a great potential to be developed as an anti-tumor drug without
combination treatment of PD-1/L1 check point inhibitor.
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