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Improved acid-driven inhibition of
effectorT cell function by a pHLIP
variant-conjugated PD-L1
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Programmed cell death-ligand 1 (PD-L1)/PD-1 axis is crucial for maintenance of immune homeostasis
and its impairment partially accounts for the pathogenesis of inflammatory diseases. Hence,
augmenting PD-L1/PD-1 signals represents a novel strategy to prevent destructive inflammation

and induce immune tolerance. Recently, we developed a new cargo by conjugating the ectodomain

of PD-L1 with pHLIP, a low pH-responding and membrane-inserting peptide, and demonstrated its
potent immune-suppressive activity under weakly acidic (pH6.1) conditions in vitro. Herein, we further
showed that PD-L1-pHLIP (termed as PD-L1-pHLIP ) responded well to weakly acidic buffer, but not
in nearly neutral pH (pH6.8) solutions. To overcome this obstacle, pHLIP , was replaced by a variant
harboring two mutations (Aspl4Gla and Asp25Aad) and PD-L1 ectodomain was conjugated to the
N-terminus of pHLIP variant via sulfo-SMCC linker (termed as PD-L1-pHLIP ). PD-L1-pHLIP _ potently
inhibited T effector function including proliferation, activation as well as proinflammatory cytokine
release in nearly neutral pH buffer through PD-L1/PD-1 interaction. The inhibitory function of PD-L1-
pHLIP _ was attributed to more amounts of PD-L1 anchored on the surface of several types of immune
cells compared with PD-L1-pHLIP .. Given that the niche in the lesions of inflammation is weakly acidic
even nearly neutral pH, PD-L1-pHLIP _ represents a new arsenal to potentially dampen excessive
inflammatory reactions.
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PD-L1, a ligand for (PD)-1, is expressed by CD4* and CD8" T cells, B cells, dendritic cells, macrophages, and
nonhemopoietic tissues'2. The interaction between PD-L1 and PD-1 inhibits T cell activation and plays an
important role in maintenance of immune homeostasis and resolution of inflammation**. There is mounting
evidence that the impairment of PD-L1/PD-1 signals contributes largely to the pathogenesis of autoimmunity
and inflammatory diseases, making it rational to develop PD-1 agonists as therapeutics against unresolved
inflammation™®.

pH (Low) Insertion Peptides (pHLIPs) are a family of soluble ~36 amino acid peptides, which are monomeric
and largely unstructured at neutral and high pH’. If the environment is acidic, pHLIPs fold and insert across the
plasma membrane to form a stable transmembrane helix, thus facilitating to transport the payloads into cytosolic
compartment or display an antigenic peptide on the cell surface when the payloads or peptides are tethered at
the C or N terminus of pHLIPs®!1. Recently, we have developed a new cargo by engaging the ectodomain of
murine PD-L1 to the N terminus of pHLIPs, and demonstrated its potent immune-suppressive activity under
acidic conditions in vitro'%. Mechanistically, PD-L1-pHLIP , is decorated smoothly on the surface of cells in
acidic buffer instead of neutral aqueous solution and thereby delivers negative signals to effector T cells by PD-
L1/PD-1 interaction. Of note, the pH,, of membrane insertion of pHLIP _ utilized in our work is approximately
6.1'01314  rendering the possibility that PD-L1-pHLIP , is unable to anchor on the cellular membrane in the
surroundings with relatively high or near neutral pH and thereby loses its immune-suppressive function. To
address this issue, the function of PD-L1-pHLIP was evaluated in pH6.8 and 6.1 buffer respectively in this study.
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As expected, PD-L1-pHLIP actively suppressed lymphocyte expansion in pH6.1 solution. While, the inhibitory
function was lost in pH6.8 buffer. Furthermore, to retain the immune-suppressive ability of PD-L1-pHLIP in
pH6.8 bufter, a pHLIP variant was utilized, in which Asp14 and Asp 25 were replaced by y-carboxyglutamic acid
and a-aminoadipic acid respectively'®. PD-L1 was fused to N-terminus of this variant via sulfo-SMCC linker.
Consequently, this novel construct displayed prominent inhibitory capacity to lymphocyte proliferation and
proinflammatory mediators release in pH6.8 as well as 6.1 buffer.

Results

PD-L1-pHLIP , inhibits T effector function in pH6.1 rather than pH6.8 buffer

Firstly, we determined the inhibitory effects of PD-L1-pHLIP_ on T cell responses upon TCR stimulation under
nearly neutral pH (pH6.8) and weakly acidic (pH6.1) conditions respectively. In consistent with our previous
study'?, soluble PD-L1-pHLIP_, did not exhibit the suppressive function on lymphocyte proliferation in neutral
aqueous solution, whereas actively suppressed lymphocyte expansion in pH6.1 buffer titrated by lactic acid (Fig.
1a). In contrast, PD-L1-Fc or control protein had no inhibitory effects (Fig. 1a, data not shown). Intriguingly, PD-
L1-pHLIP_, lost its inhibitory function on anti-CD3/CD28-stimulated polyclonal proliferation of lymphocyte in
pH6.8 buffer (Fig. 1a). Higher doses of PD-L1-pHLIP _ also had no effects on lymphocyte expansion in neutral
or pH6.8 buffer (Fig. Sla, b). To accurately clarify the inhibitory effects of PD-L1-pHLIP_, on T cell subsets,
carboxyfluorescein diacetate succinimidyl ester (CFSE) dilution was performed. PD—Ll—pHLIPwt, indeed,
significantly suppressed CD4* and CD8*T cell expansion in pH6.1 buffer (Fig. 1b). However, the inhibitory
effects were not observed in pH6.8 solutions (Fig. 1b). In accord with this, PD-L1-pHLIP_, decreased IFN-y and
IL-2 secretion by lymphocytes in pH6.1 buffer instead of pH6.8 solutions (Fig. 1c). Furthermore, the effects of
PD-L1-pHLIP_, on inhibition of lymphocyte proliferation and proinflammatory cytokine production were dose-
dependent (Fig. 1d, e). Next, we detected the effects of PD-L1-pHLIP_, on the expression of T cell activation
biomarkers (e.g. CD25 and CD69). Under acidic conditions, TCR stimulation enable increased expression
of CD25 and CD69 on CD4*T cells and PD-L1-pHLIP_ treatment reduced their expression levels in pH6.1
rather than pH6.8 buffer (Fig. 1f). We also evaluated the inhibitory function of PD-L1-pHLIP__ in hydrochloric
acid-titrated pH6.1 and 6.8 buffer. Similar results were seen (Fig. S2a, b). To determine the function of PD-
L1-pHLIP_, on antigen-specific T cell expansion, CD4*T cells were isolated from OT II-transgenic mice and
pulsed with OVA,,. .. -loading accessory cells. Lactic acid treatment had no significant influence on CD4*T
cell proliferation. Importantly, PD-L1-pHLIP  dramatically reduced OVA-pulsed T cell expansion in pH6.1
buffer but not in pH6.8 solutions (Fig. 1g). Therefore, we make a conclusion that PD-L1-pHLIP_, displays its
immuno-suppressive function under weakly acidic conditions, which is lost under nearly neutral pH conditions.
This may be attributed to the fact that in nearly neutral pH buffer, PD-L1-pHLIP__ is incapable of inserting into
the cellular membrane and thereby can not crosslink to its ligand PD-1, which is prerequisite for initiation of
PD-L1/PD-1 signals!'®17.

PD-L1-pHLIP , displays on the surface of several types of immune cells under acidic
conditions

Our previous study has shown that PD-L1-pHLIP , had ability to span across the cellular membrane by
conformation changes of pHLIP in response to low pH and retain on the surface of T and B cell lines and primary
mouse and human lymphocytes'?. Accordingly, we further determined cellular distribution of PD-L1-pHLIP
in pH6.8 and 6.1 buffer. In agreement with previous study'?, no fluorescence was visible when PE-labeled PD-
L1-pHLIP_, was incubated with anti-CD3/CD28-stimulated lymphocytes in neutral aqueous solutions (data
not shown). Unexpectedly, in pH6.8 buffer, fluorescence-labeled PD-L1-pHLIP_, was easily seen on the surface
of several types of lymphocytes including NK, dendritic cell, monocyte, macrophage and B cells (Fig. 2a). The
magnitude of fluorescence was highest on B subset (Fig. 2a). Interestingly, the fluorescence on T lymphocyte
was absent, indicating that PD-L1-pHLIP_, could not insert into cellular membrane of this subset under acidic
conditions, which was further supported by the inability of the insertion of PD-L1-pHLIP_, in pH6.1 buffer (Fig.
2a). Notably, the intensity of fluorescence on immune cells detected by flow cytometry was significantly lower
in pH6.8 buffer compared with that in pH6.1 solutions (Fig. 2b). This may account for distinct effects of PD-L1-
pHLIP , in pH6.8 and 6.1 buffer as described above. The relatively low magnitude of PD-L1-pHLIP_, on the cell
surface in pH6.8 buffer is not sufficient to deliver negative signals to T cells and thereby inhibit effector function.

Construction of pHLIP variant conjugated with PD-L1

Recently, An and colleagues developed a pHLIP variant in which Asparate at the position of 14 and 25 was
mutated to y-carboxyglutamic acid (Gla) and a-aminoadipic acid (Aad) respectively (termed as pHLIP ).
pHLIP  showed a pH,, of 6.79 and had improved pH-response'®. Accordingly, PD-L1 ECD was conJugated
to the N-terminus of the pHLIP_, using sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate
(sulfo-SMCC) as a coupling linker (Fig. 3a). A cysteine (Cys, C) at the N-terminus of pHLIP_ provides an
exposed sulthydryl group (-SH) so that pHLIP_ (Fig. S3a, b) could be conjugated to the side chains of the
lysine (Lys, K) residues on the PD-L1 ECD through sulfo-SMCC coupling!®!°. According to matrix-assisted
laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS) results (Fig. S3c), one or
more pHLIP  were conjugated to PD-LI, indicating successful synthesis of the PD-L1-pHLIP  molecules.
Furthermore, sulfo-SMCC reaction sites at lysine (K) was detected via tandem mass spectrometry (MS/MS)
(Table S1). It is necessary to compare the binding capacity of PD-L1-pHLIP_ and aforementioned PD-L1-
pHLIP , to the ligands (i.e. anti-PD-L1 mAb and PD-1) to determine if PD-1/PD-L1 interaction is affected
after the chemical conjugation. The results showed the comparable engagement with antibody or PD-1 protein
between PD-L1-pHLIP_ and PD-L1-pHLIP_, (Fig. 3b, c), indicating that the chemical conjugation has no or
minimal effects on the PD-1/PD-L1 interaction.
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Fig. 1. PD-L1-pHLIP__ inhibits T cell activation in pH6.1 buffer instead of pH6.8 solutions. (a-f) Mouse
lymphocytes were isolated from the spleen by Ficoll gradient centrifugation and stimulated with CD3/CD28
activator microbeads in the presence of soluble PD-L1-pHLIP  or HER2-pHLIP_ (Ctrl protein) (0.1 ug/
mL) for 72 h in the indicated lactate-titrated pH buffer. (a) The proliferation was determined by BrdU cell
proliferation assay. (b) CD4"T cell population was gated and its proliferation was detected by CFSE dilution.
(c) The supernatants were collected and IFN-y as well as IL-2 production was examined by ELISA. (d,e)
Soluble PD-L1-pHLIP_, at the indicated concentrations (0.01-0.1 ug/mL) was added. The proliferation and
IFN-y production were determined by BrdU cell proliferation assay or ELISA respectively. (f) CD4*T cells
were gated and CD25 as well as CD69 expression in this population was examined by flow cytometry. (g)
Splenic CD4*T cells from OT II-transgenic mice were fractionated by negatively magnetic isolation and co-
cultured with OVA,,,_,..-pulsed irradiated accessory cells for 72 h in the presence of soluble PD-L1-pHLIP
or Ctrl protein (0.1 pug/mL) for 72 h in the indicated lactate-titrated pH buffer. The CD4*T cell proliferation
was determined by BrdU cell proliferation assay. The experiments were repeated three or five times. The
data was pooled from these experiments, and representative plots were shown. **p <0.01; ***p <0.001; 7.5 no
significance.
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Figure 1. (continued)

PD-L1-pHLIP _ suppressesT effector response in pH6.8 as well as 6.1 buffer

Next, we compared the immune-suppressive function of PD-L1-pHLIP_ and PD-L1-pHLIP__ in acidic solutions.
Similar to PD-L1-pHLIP_, plate-coated PD-L1-pHLIP__ displayed strong inhibition of lymphocyte proliferation
and TFN-y production following TCR stimulation (Fig. S4a, b). Importantly, soluble PD-L1-pHLIP  instead of
PD-L1-pHLIP_ actively inhibited T cell proliferation in lactic acid-titrated pH6.8 buffer (Fig. 4a). Moreover,
the inhibitory ability of PD-L1-pHLIP__ in pH6.1 and 6.8 solutions was comparable (Fig. 4a). PD-L1-pHLIP s
function was attributed to the orchestrated cooperation between PD-L1 fragment and pHLIP  because PD-
L1 or pHLIP , alone or their mixture or control protein-conjugated pHLIP  showed no inhibition of T cell
activation (Fig. 4b). CFSE dilution assays also identified the immune-suppressive function of PD-L1-pHLIP_,
on CD4* and CD8*T subsets in pH6.8 buffer respectively (Fig. 4c). Furthermore, the release of proinflammatory
cytokines was blocked dramatically by PD-L1-pHLIP_ in pH6.8 buffer (Fig. 4d). A dose-dependent fashion on
the inhibition of lymphocyte expansion and IFN-y production by PD-L1-pHLIP_ was observed (Fig. 4e, f). T cell
activation (CD25/69 expression) was also dampened by PD-L1-pHLIP__ in pH6.8 buffer (Fig. 4g). As described
above, we further examined the inhibitory function of PD-L1-pHLIP  on polyclonal human lymphocyte
expansion and OVA-specific T cell proliferation respectively. As a consequence, PD-L1-pHLIP_ rather than PD-
L1-pHLIP_, potently suppressed T cell expansion upon anti-CD3/CD28 stimulation or OVA peptlde pulse in
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Fig. 2. PD-L1-pHLIP__ is decorated on the surface of several types of immune cell subsets under acidic
conditions. Mouse lymphocytes were stimulated with CD3/CD28 activator microbeads in the presence of
PE-labeled soluble PD-L1-pHLIP (0.1 pg/mL) for 72 h in pH6.8 or 6.1 buffer. The immune cell populations
were gated by appropriate antibodies respectively and the PE fluorescence on these populations was detected
by flow cytometry. (a) Representative plots. (b) The data pooled from five independent experiments. *p <0.05;
*p<0.01.

pH6.8 buffer (Fig. 4h, i). It is noteworthy that, as we described previously, PD-1 expression on CD4* and CD8*T
cells was increased significantly upon TCR stimulation respectively and that the function of PD-L1-pHLIP_, was
dependent on PD-L1/PD-1 interaction'?. To determine whether PD-L1-pHLIP _did likewise, an PD-1- spec1ﬁc
antibody was utilized. The results showed that addition of anti-PD-1 mAbs almost entirely abrogated the ability
of PD-L1-pHLIP_, to inhibit lymphocyte proliferation and proinflammatory mediator release (Fig. 4j, k). In
addition, in HCl-titrated pH6.8 buffer, the inhibitory function of PD-L1-pHLIP  was equal to that in lactic
acid-titrated counterparts (Fig. S5a). As well, the effects were abolished by PD-1- spec1ﬁc antibody (Fig. S5b). We
also determined the ability of PD-L1-pHLIP_ under neutral conditions. Somewhat unexpectedly, in pH7.0 or
7.2 buffer, PD-L1-pHLIP_ completely lost its prohferatlon inhibiting function (Fig. S6).

PD-L1-pHLIP , displays more abundantly on the surface of several types of immune cells
than PD-L1- pﬁLIP in pH6.8 buffer

We assumed that the potency of PD-L1-pHLIP_ to inhibit T effector function in nearly neutral pH solutions is
due to the adequate amounts of PD-L1 anchored on the cellular membrane. Therefore, the abundance of PD-L1-
pHLIP_ and PD-L1-pHLIP_, on the surface of several types of immune cells indicated was compared according
to the protocol described above. Similar to PD-L1-pHLIP_,, PE-labeled PD-L1-pHLIP  was observed on the
cellular membrane of NK, DC, monocyte, macrophage as well as B cells, instead of T cells, in pH6.8 buffer (Fig.
5a, ¢). Consistently, PD-L1-pHLIP _ was not found on the surface of T cells. Of importance, the magnitude of
the fluorescence of PD-L1-pHLIP_ was stronger than that of PD-L1-pHLIP__ (Fig. 5b), which may account for
the inhibitory function of PD-L1-pHLIP__ instead of PD-L1-pHLIP_, in pH6.8 buffer.
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Fig. 3. Validation of the binding of PD-L1-pHLIP_, to anti-PD-L1 mAb and PD-1 protein. (a) Schematic
illustration of assembly of pHLIP_ -conjugated PD-L1. (b) The binding capacity of PD-L1-pHLIP_ as well

as PD-L1-pHLIP_, to an anti-murine PD-L1 antibody was determined by ELISA. (c) The ability of PD-L1-
pHLIP_, as well as PD-L1-pHLIP_, to bind recombinant murine PD-1 protein was determined by ELISA. The
data was pooled from three experiments.

Discussion

Hypoxia and innate immune cell activation by inflammatory factors and microbial products induce/boost
anaerobic and aerobic glycolysis, increasing the production and release of lactate and concomitant acidification
of the extracellular environment?*2!. Acidosis is thus a promising target for therapeutic intervention?’. Our
previous work has demonstrated that PD-L1 ectodomain tethering pHLIP_, potently dampened immune
response to TCR stimulation under weakly acidic conditions in vitro!2. In this study, we further confirmed that
PD-L1-pHLIP_, lost immune-suppressive function completely under nearly neutral pH conditions. Considering
that the drop of pH in the niche of inflammation is assumed to be not dramatical and that an adaptive tissue
response to inflammatory acidification occurs subsequently to promote pH homeostasis**, unresponsiveness of
this cargo to weak acidosis may hinder its application in vivo to dampen excessive inflammatory reactions. To
resolve this issue, we further developed a new construct by tethering a pHLIP variant to the ectodomain of PD-L1
via chemical linking. This novel cargo displayed excellent inhibitory capacity to T cell effector function including
proliferation, activation and proinflammatory mediator production under nearly neutral pH conditions (Fig. 6).
It is noteworthy that T cell activation was accompanied by simultaneous elevation of PD-1 and PD-L1 expression
levels on the cell surface, which was impaired upon addition of lactic acid (Fig. S7a, b)!2% The up-regulated
expression of PD-1/PD-L1 appears to be an inherent braker to prevent over-activation of T cells, but not enough
to dampen T cell response once upon TCR stimulation. Therefore, supplement of exogenous PD-L1 (i.e. PD-
L1-pHLIP) fuels PD-1 signals to adequately inhibit T cell activation. To our knowledge, it is the first pHLIP-
based immunomodulator to control T cell-mediated inflammatory activation through enhancing PD-1/PD-L1
signaling axis.

PD-L1-pHLIP , administration in the model of inflammatory diseases, however, remains challenging.
Acidosis in the sites of inflammation is not permanent. Acute inflammatory responses are characterized
by massive infiltration of PMN and lactate accumulation, leading to the rapid fall of local pH. As the states
of inflammation turn from acute to chronic as well as an adaptive response to acidification occurs through
augmenting the expression of ion exchange channel proteins (e.g. SLC26A3), pH rises to the nearly neutral. It
has been proposed that once the pH rises rapidly from acidic to basic, pHLIP exits from the bilayer core, which
proceeds approximately 400 times faster than folding/insertion®*. Therefore, PD-L1-pHLIP _ might readily shed
from the cellular membrane due to the dynamic alteration of pH in the lesions. One approach is to substitute a
double-switch pHLIP for pHLIP_, which harbors a unique hook-like switch to lock the peptide securely on the
bilipid layer even if pH changes from acidic to neutral®, rendering stable anchoring of PD-L1-pHLIP on the
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surface of cells residing in the microenvironment of inflammatory diseases and thereby sustained inhibition of
inflammatory responses. The validation of this concept is ongoing.

It is worthy to note that PD-L1-pHLIP had capacity to span across the membrane of several types of immune
cells under acidic conditions, except for T cells. Further investigations are needed to assess the membrane-
inserting ability of PD-L1-pHLIP separately in each purified immune subsets, considering that in cell mixture
the competitive binding of PD-L1-pHLIP probably occurs among different cells. In addition, it has been
proposed that the interaction between pHLIP and the membrane lipid bilayer can be affected by membrane
composition®®?, asymmetry?®-3, and the local ionic environment®!, using model systems of liposomes.
Characterization of physical-chemical features of the membrane of T lymphocytes will thus be warranted to
elucidate the inertness of this population to acid-driven insertion of pHLIP. In summary, this study constructed
the second-generation PD-L1-pHLIP that represents a promising therapeutic candidate for T cell-triggered
inflammatory diseases such as rheumatoid arthritis and type 1 diabetes*2%, Its efficacy in murine models of
these diseases is being evaluated.

Methods

Synthesis of PD-L1-pHLIP

For pHLIP coupling, sulfosucclnlmldyl 4-(N-malemldomethyl) cyclohexane-1-carboxylate (sulfo-SMCC)
(ThermoFisher, USA) (4800 nmol in 300 pL PBS) was added into murine PD-L1 ECD protein (prepared
by our lab) solution in PBS (10 nmoL, 200 pL). The mixture was incubated in a 1.5 mL Eppendorf tube at
room temperature for 2 h with gentle shaking, with a pH control at 7.4 at the whole process. The sulfo-SMCC
conjugated PD-L1 (SMCC-PD-L1) were purified by NAP-5 column (GE Healthcare, UK) pre-equilibrated with
PBS buffer. Subsequently, a total of 4800 nmoL pHLIP  (Ac-ACEQNPIYWARYAGIaWLFTTPLLLLAadLALLV
DADEGT) (Chinese Peptide Inc. China) in PBS was added into the conjugated PD-L1 solution, and the reaction
was incubated at room temperature for 5 h with gentle shaking. The resulting PD-L1-pHLIP__ was purified by
NAP-10 column (GE Healthcare, UK) pre-equilibrated with PBS buffer. The same method was followed for
HER2T276-652 (human HER2 ectodomain (276aa-652aa), prepared by our lab) coupling. The molecular weight
of pHLIP_ and PD-L1-pHLIP  was measured by matrix-assisted laser desorption ionization time of flight mass
spectrometry (MALDI-TOF MS) (Bruke, Germany).

Tandem mass spectrometry (MS/MS) detection of sulfo-SMCC modification on PD-L1
segment

To track the binding sites of sulfo-MSCC modification, SMCC-PD-L1 was digested by trypsin (Promega, USA).
The digested peptides were analyzed by a nano-LC-LTQ-Orbitrap XL MS/MS system. MS data were analyzed
by Proteome Discoverer software (version 1.4.0.288, ThermoFisher). The second MS spectra were searched in
the Mus database using the SEQUEST search engine. Sulfo-SMCC modification of lysine, glutathionylation, or
oxidation of cysteine and oxidation of methionine were set as variable modifications.

Lymphocyte isolation and BrdU cell proliferation assays

The lymphocytes in the spleen of BALB/c mice (6-8 week old, male, obtained from Charles River, China) were
isolated by Ficoll gradient centrifugation respectively. (These mice were maintained in specific pathogen-free
conditions, and were euthanized by cervical dislocation by skilled laboratory animal practitioners with the
certification.) Human PBMC were fractionated from healthy adult donors (participants in our experimental
group recruited from March 29, 2023 to November 9, 2023) with signed written informed consents by gradient
centrifugation. Lymphocytes (5 x 10° cells/well) or PBMC (5 x 10* cells/well) were stimulated with Dynabeads™
Mouse or human T-Activator CD3/CD28 beads (Cat. No. 11161D, 11452D, ThermoFisher, USA) for 72 h
in the indicated pH buffer titrated by lactic acid or hydrochloric acid. For ovalbumin (OVA)-specific T cell
stimulation, CD4*T cells were isolated from the spleen of OT-II mice (purchased from Cyagen Biosciences,
China) by negative magnetic isolation kit (Cat. No. 130-104-454, Miltenyi Biotec, USA) and incubated with
y ray-irradiated accessory cells, which were prepared by depletion of T cells in syngeneic splenocytes using
magnetic isolation kits (Cat. No. 130-094-973, Miltenyi Biotec), in the presence of OVA,,5 15 (Cat. No. 01641,
10 pg/mL, Merk, USA) for 72 h. Coated or soluble recombinant proteins (PD-L1-pHLIP ,, PD-L1-pHLIP_,
HER2T276-652-pHLIP_, PD-L1, pHLIP_; The endotoxin levels of these purified proteins were less than 0.1
EU/pg assayed by LAL method) were added at titrated concentrations simultaneously once upon initiation of
TCR stimulation. BrdU cell proliferation assays were performed according to the manufacturer’s protocols (Cat.
No. 6813 S, CST, USA). In some settings, neutralizing mAbs against murine PD-1 or IgG2a isotypes (Cat. No.
135247, 400565, 10 ug/mL, Biolegend, USA) were added. The supernatant was collected and stored at -20 °C
until analyzed.

CFSE dilution assays

Splenic lymphocytes were stained with 5 pM CFSE (Cat. No. c34554, ThermoFisher) in PBS for 10 min at 37°C
and then cells were washed two times with RPMI-1640 medium and resuspended at a concentration of 2.5 x 10°
cells/mL. The CFSE-stained cells were transferred to 96-well plates (200 uL/well) and stimulated with Mouse
T-Activator CD3/CD28 beads for 72 h in the indicated pH buffer. Simultaneously, PD-L1-pHLIP_, or PD-L1-
pHLIP_ (0.1 pg/mL) was added. The cells were harvested and stained with APC-conjugated anti-mouse CD8
and FITC-conjugated anti-mouse CD4 (Cat. No. 100712, 100408, Biolegend) at 4 °C for 30 min and subsequently
analyzed by flow cytometry.
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Confocal microscopic imaging

+TCR sten

T and B cells were isolated from the spleen of mice by negatively magnetic isolation kits (Cat. No. 130-095-130,
130-090-862, Miltenyi Biotec) respectively and placed in a laser confocal dish (NEST, Wuxi, China), and then
cultured overnight. Biotinylated PD-L1-pHLIP  was added at 5 ug/mL and cultured at 37 C for 1 h. Cells were
washed twice with PBS with corresponding pH and then FITC-conjugated avidin (Cat. No. 405101, Biolegend)
was added and cultured for 30 min. The fluorescence on the cellular membrane was observed under confocal

laser scanning microscope (Andor, Dragonfly 200).
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«Fig. 4. PD-L1-pHLIP__ inhibits T cell activation in pH6.1 and 6.8 solutions. (a-g,j,k) mouse lymphocytes

were stimulated with CD3/CD28 activator microbeads in the presence of soluble PD-L1-pHLIP ,, PD-L1-
pHLIP_ or Ctrl protein (0.1 ug/mL) for 72 h in the indicated lactate-titrated pH buffer. (a) The lymphocyte
proliferation was determined by BrdU cell proliferation assay. (b) Soluble Her2T276-652-pHLIP_, pHLIP_,

or PD-L1 protein (0.1 ug/mL) as controls were added parallelly. The lymphocyte proliferation was determined
by BrdU cell proliferation assay. (c) CD4* and CD8" T cell populations were gated respectively and their
proliferation was detected by CFSE dilution. (d) The supernatants were collected and IFN-y, IL-17 A as well

as IL-2 levels were examined by ELISA. (e,f) PD-L1-pHLIP__ at the indicated concentrations was added. The
lymphocyte proliferation and IFN-y production in the supernatants was determined by BrdU cell proliferation
assay and ELISA respectively. (g) CD4*T and CD8*T cells were gated respectively. CD25 and CD69 expression
in these two populations was examined by flow cytometry. (h) Human PBMC were stimulated with CD3/
CD28 activator microbeads in the presence of soluble PD-L1-pHLIP_,, PD-L1-pHLIP , or Ctrl protein

(0.1 pg/mL) for 72 h in the indicated lactate-titrated pH buffer. The lymphocyte proliferation was determined
by BrdU cell proliferation assay. (i) CD4*T cells were isolated from OT II-transgenic mice and co-cultured
with OVA,,. ,..-pulsed accessory cells for 72 h in the presence of soluble PD-L1-pHLIP_, PD-L1-pHLIP

or Ctrl protein (0.1 ug/mL) in the indicated pH buffer. The T cell proliferation was determined by BrdU cell
proliferation assay. (j,k) Monoclonal antibodies to PD-1 or isotypes (10 pg/mL) were added in the culture.

The lymphocyte proliferation was determined by BrdU cell proliferation assay. IFN-y production in the
supernatants was examined by ELISA. The experiments were repeated 3 or 5 times. The data were pooled from
these experiments, and representative plots were shown. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001; #ns no
significance.

ELISA

A total of 96-well plate was coated overnight with PD-L1-pHLIP_ or PD-L1-pHLIP_ (2 pg/mL), washed three
times with PBS-T, and blocked with 4% nonfat dried milk in PBS for 1 h at room temperature. Twofold serial
dilution of anti-murine PD-L1 antibody (Cat. No. 124338, Biolegend) from 6 ug/mL was added. For murine PD-
1-Fc (prepared in our lab), it was added at 12.5, 25, 50, 100 pg/mL and incubated for 1 h at room temperature.
The wells were washed and HRP-conjugated anti-murine Fc IgG1 (Cat. No. A16084, 1:1,000, Thermofisher) in
0.5% BSA was added and incubated for 1 h at room temperature. A TMB substrate kit (Invitrogen, USA) was
used for detection at 450 nm. IFN-y, IL-2, IL-17 A levels in the supernatants were determined by commercial
ELISA assay kits (Cat. No. 430807, 431007, 432504, Biolegend).

Flow cytometry

PD-L1-pHLIP_, and PD-L1-pHLIP_ was labeled by PE dye with Conjugation Kit, according to manufacturer’s
protocol (Cat. No. 102918, Abcam, UK) and incubated at 0.1 ug/mL with mouse lymphocytes in the presence
of Mouse T-Activator CD3/CD28 beads for 72 h in pH6.8 or 6.1 buffer. Single cell suspensions (1 x 10°) were
stained on ice for 30 min with PE-conjugated anti-murine CD25 (Cat. No. 101903, Biolegend), APC-conjugated
anti-murine CD69 (Cat. No. 104513, Biolegend) and PE-conjugated anti-murine PD-L1 (Cat. No. 124307,
Biolegend) in FACS buffer (PBS, 1% BSA, and 1 mM EDTA). Flow cytometry was performed on a FACSAria II
(BD Biosciences) and data analysis was performed by using the Flow]Jo software.

Statistical analysis
Data were expressed as the mean + SEM, and the differences between groups were analyzed using either unpaired
two-tailed Student’s t test or one-way ANOVA with Bonferroni correction. A value of p<0.05 was considered
statistically significant.
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Figure 4. (continued)
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Fig. 5. PD-L1-pHLIP__ is displayed more abundantly on the surface of non-T immune cells in pH6.8 buffer.
(a,b) Mouse lymphocytes were stimulated with CD3/CD28 activator microbeads in the presence of PE-labeled
soluble PD-L1-pHLIP  and -pHLIP_, (0.1 ug/mL) for 72 h in pH6.8 buffer. The immune cell populations were
gated by appropriate antibodies respectively and the PE fluorescence on these populations was detected by flow
cytometry. (c) Biotinylated PD-L1-pHLIP_ (5 ug/mL) was incubated with magnetically isolated B or T cells in
pH7.4, 6.8 or 6.1 for 1 h, respectively. FITC-conjugated avidin was added and the insertion into membrane was
examined by fluorescence microscopy. Scale: 5 um. (a,c) Representative plots or imaging. (b) The data pooled
from three independent experiments. **, p<0.01; ***, p<0.001.
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Fig. 6. The schematic illustration on the mode of action of PD-L1-pHLIP_ . PD-L1-pHLIP_, chemically
ligating a pHLIP variant to the ectodomain of PD-L1 via sulfo-SMCC linker, has potency to actlvely inhibit T
effector response via delivering PD-L1/PD-1 signals by spanning across the cellular membrane of neighboring
non-T cells under nearly neutral conditions (pH6.8), while this cargo cannot insert into membrane in pH7.4
buffer, leading to the loss of immunosuppressive function.
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