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ABSTRACT

egulatory T (Treg) cells can weaken antitumor immune responses,
and inhibition of their function appears to be a promising thera-
eutic approach in cancer patients. Mice with targeted deletion of
the gene encoding the CI/HCO, anion exchanger AE2 (also termed
SLC4A2), a membrane-bound carrier involved in intracellular pH regula-
tion, showed a progressive decrease in the number of Treg cells. We
therefore challenged AE2 as a potential target for tumor therapy, and
generated linear peptides designed to bind the third extracellular loop of
AE2, which is crucial for its exchange activity. Peptide p17AE2 exhibited
optimal interaction ability and indeed promoted apoptosis in mouse and
human Treg cells, while activating effector T-cell function. Interestingly,
this linear peptide also induced apoptosis in different types of human
leukemia, lymphoma and multiple myeloma cell lines and primary
malignant samples, while it showed only moderate effects on normal B
lymphocytes. Finally, a macrocyclic AE2 targeting peptide exhibitin
increased stability i vivo was effective in mice xenografted with B-ceﬁ
lymphoma. These data suggest that targeting the anion exchanger AE2
with specific peptides may represent an effective therapeutic approach
in B-cell malignancies.

Introduction

Despite the use of new diagnostic and therapeutic strategies that have improved
the prognosis of mature B-cell malignancies, most patients cannot be cured with cur-
rently available therapies.”” To improve the clinical outcome of these patients, novel
agents against specific cellular targets are being developed and tested.** In addition,
different types of therapy have become standard treatments for certain hematologic
malignancies, while others undergo clinical testing.”® Among these, a promising
experimental approach aims to inhibit the CD4'CD25Foxp3* T regulatory (Treg)
cells, and prevent their suppressor activity against antitumoral T helper and cytotoxic
T cells.”® The use of therapies combining a direct antitumoral effect with an enhance-
ment of the T cell-mediated immune responses would represent a major advance in
the treatment of B-cell malignancies.’

The regulation of intracellular pH (pH,) is critical for important cellular processes
and functions in many cell types, including lymphocytes." To achieve acid-base
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homeostasis, lymphoid cells are equipped with a coordinat-
ed network of ion channels and transporters in the plasma
cell membrane that orchestrate the input and output of
acid/base ions H" and HCO; to maintain the pH, within a
narrow physiological range that is generally ~7.2.""* On the
other hand, cancer cells with a high rate of metabolic activ-
ity have increased pH, while the extracellular space
becomes acidified."" Extracellular acidification of the
tumor microenvironment suppresses the effector function
of antitumor cytotoxic T cells and promotes tumor
evasion.”” Moreover, early i vitro studies have shown that
inhibition of the acid extruder Na*/H" exchanger 1 (NHE1)
in leukemic cells decreases their pH, leading to apoptosis.”**
Accordingly, physiological pH sensors involved in the mod-
ulation of acid-loading and acid-extruding mechanisms
hold promise as targets in cancer therapeutics.”* Among
the SLC4 family of HCO,  transporters, the Na'-indepen-
dent CI/HCO; anion exchanger 2 (AE2, also referred to as
solute carrier family 4 member 2, SLC4A2) is considered a
master acid loader in many cell types.”” Under physiologi-
cal conditions, AE2 favors the extrusion of intracellular
HCO, in exchange for extracellular Cl-, resulting in an acid
load.”” Our group has shown that mice carrying targeted
deletion of AE2 (Ae2a,b” mice) have lymphocytes with
alterations in pH,, which eventually leads to a reduction in
the number of Treg cells, among other alterations.”*® These
data prompted us to investigate the role of AE2 as a poten-
tial target for tumor immunotherapy.

Here we report the generation and characterization of
specific peptides targeting AE2 exchanger function. Our
results show that AE2 binding peptides induced opposite
effects on different T-cell subsets, promoting apoptosis in
Treg cells while activating effector T-cell function. Targeting
peptides also promoted apoptosis in tumor cells from differ-
ent types of leukemia, [ymphoma and multiple myeloma,

while showing only moderate effects on non-tumoral B
lymphocytes. These data suggest that targeting AE2 repre-
sents a novel therapeutic approach that may simultaneous-
ly promote apoptosis of tumor cells and enhance T cell-
mediated immune responses.

Methods
Peptides

A series of 24 linear peptides of 15 amino acids that potentially
bind a short stretch of highly conserved amino acid sequences
(NMTWAGARPT in human and NMTWATTI in mouse AE2),
were designed. These conserved target sequences are within the
third extracellular loop of the protein, which has been shown to
play a key role in CI/HCO; exchange function.”* The design of
binding peptides followed a methodology that assigns potential
interactions between  peptides  based on  the
hydrophilicity/hydrophobicity and the net charge of the amino
acid side chains of the involved peptides, as described.” AE2 bind-
ing peptides were synthesized by the solid phase method of
Merrifield using the Fmoc alternative, as described.*® The purity of
the peptides was analyzed by HPLC. To generate cycled peptides,
based on the 3D structure of the p17AE2 peptide predicted using
the de novo prediction server PEP-FOLD,”™ two macrocyclic pep-
tides with a head-to-tail cyclization (termed p17AE2-HT) and with
a secondary amide as linker (termed p17AE2-Amide) were synthe-
sized by solid phase synthesis (Wuxi AppTech, Shanghai, China).
Synthesis and measurement of peptide metabolic stability proce-
dures are detailed in Online Supplementary Methods.

Surface plasmon resonance

Peptide binding to the third extracellular loop of AE2 was ana-
lyzed by surface plasmon resonance using the ProteOn XPR36
(Bio-Rad) optical biosensor, as described.” Briefly, N-terminally

A Sequence of the 3 extracellular loop of AE2
Mouse DSEAGSSSSINMTWATT--ILVPDNSSASGQSGQEKPR
Human SSEVDGGE--NMTWAGARPTLGPGNRSLAGQSGQGKPR
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biotinylated peptide biot-DSEAGSSSSSNMTWATTILVPDNSSAS-
GQSGQEKPR, encompassing the AE2-specific third extracellular
loop of AE2, was immobilized into a NLC-neutravidin chip
(Biorad). Individual peptide solutions (from 0.15 to 2.5 uM) were
injected by triplicate in running buffer (phosphate buffered saline,
0.005% (v/v) Tween 20, pH 7.4) at a flow of 30 uL/min. The
interspot signal (obtained in the chip surface not immobilized with
protein) was used as reference.

Cell lines and patient samples

The human lymphoma, leukemia and myeloma cell lines used
in the study were cultured in RPMI or IMDM media supplemented
with 10% fetal bovine serum and 1% Penicillin-Streptomycin (P-
S) as described. ™" A series of ten fresh peripheral blood cells
obtained from untreated patients with B-cell lymphoma with
peripheral blood dissemination were included in the study.
Primary B cells were isolated from human peripheral blood using
a CD19" isolation kit (Miltenyi Biotec). To determine cell viability

and apoptosis, cells were cultured in IMDM medium with 20%
fetal bovine serum and 1% P-S. The research protocol on human
subjects was approved by the University of Navarra Institutional
Review Board. Informed consent was obtained from patients and
healthy donors, in accordance with the Helsinki Declaration.

Cell viability and apoptosis assays

Both primary cells and established cell lines were cultured in flat
bottom M96 wells, at a density of 50,000 cells/well, and incubated
in 100 uL of cell medium supplemented with the corresponding
isoform of the peptide at a final concentration of 50 ug/mL for 24
hours. To determine cell viability, 10 uL of MTS (Promega) were
added to each well and plates were read at a wavelength of
450/690 nm. Cell viability was normalized to control group for
each experiment. Apoptosis was measured using the FITC
Annexin V Apoptosis Detection Kit I (BD), as reported.”* Briefly,
cell were stained with Annexin V-FITC and ToPro3 and analyzed
in a FACS Calibur cytometer (BD).
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In vitro assays for murine effector and regulatory T cells

Regulatory (CD4'CD25") and effector (CD4'CD25) T cells were
isolated from BALB/c mouse spleens using Treg isolation kits
(Miltenyi Biotec). For the screening of the peptides targeting AE2,
CD3-stimulated effector T cells were cultured in the presence or
absence of purified Treg cells and peptides, as previously
described.® Then, cell proliferation was calculated by adding
[methyl"H] thymidine, and incorporated radioactivity was meas-
ured using a scintillation counter.” The same procedure was car-
ried out to determine the effect of p17AE2 in effector and regula-
tory T cell populations. IL-2 and IL-10 secreted to the supernatant
of cell cultures were measured by ELISA (Pharmingen).

Intracellular pH measurement

To asses pH,, cells were stained with the intracellular fluorescent
pH indicator BCECF-AM (Biotium), as described.”* Briefly, cells
were stained and washed in MACS buffer supplemented with the
corresponding peptide at a final concentration of 50 ug/mL. Then,
cells were excited at 488 nm and the ratio of emission wavelengths
530/661 nm was determined in a FACS Calibur cytometer. The
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nigericin clamp technique was used to estimate pH; values from
calibration curves as described.”*

Determination of anion exchange activity

To determine the CI/HCO, exchange activity, cells were
stained with BCECF-AM in Krebs-Ringer bicarbonate buffer (KRB,
which contains in mM: 115 NaCl, 4.7 KCl, 1.5 CaCl2, 25
NaHCOS, 1 Na'-pyruvate, 1.2 KH,PO,,1 MgSO,, 5 glucose, and
carbogen — 95% CO2 + 5% O2) and incubated as described
above. Then, cells were washed and resuspended in Cl-free buffer
(in mM: 115 Na'*-isethionate, 4.7 K+-gluconate, 1.5 Ca**-gluconate,
25 NaHCO,, 1 Na"-pyruvate, 1.2 KH,PO,, 1 MgSO,, 5 glucose,
and carbogen) supplemented with 50 ug/mL of the corresponding
peptide, and pH, was measured every 2 minutes by flow cytome-
try. CI” was replaced by isothionate in order to maintain osmolali-
ty. Changes in anion exchange activity were represented as the
variation of pH, along the time after extracellular CI" removal. This
removal forces the efflux of CI" and the influx of HCOy;, and intra-
cellular pH increases as a result of a reverse activity of the AE2
anion exchanger.””
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Therapeutic in vivo assays in mouse xenografts

OClI-Ly7, L3863 and UPN1 tumor cells (5x10°cells per animal)
were injected subcutaneously in 6-week-old male immunodefi-
cient Rag2”IL2yc” mice. Eight animals per group were used on
each experiment. Once tumors reached volumes of 100 mm’, treat-
ment was started by intratumorally injecting 50, 200 or 400 ug of
the peptide (a truncated peptide was used for control mice at the
same dosage). Tumor size was measured every 2 days, as
described previously.” When tumors reached volumes of 2000
mm?®, animals were euthanized.

Statistical Analysis

Results are expressed as mean + SEM. At least three independ-
ent experiments for cell viability, apoptosis and pH, assessment
assays were performed (in duplicate each). The normal distribu-
tion of values was assessed by using the Shapiro-Wilks and
Kolmogorof-Smirnov tests, and the statistical significance of differ-
ences was determined with the student’s-t test, taking two-tailed
P<0.05 as the criterion for significance. For in vivo experiments,
data were analyzed by two way ANOVA test and the Bonferroni
post-tests to compare replicate means. Statistical analyses were
performed using the Graph Pad Prism 5 program.

Results and Discussion

Generation and characterization of functional peptides
targeting AE2

A series of 24 linear peptides were designed to bind a
short, highly conserved region in human and mouse AE2
(Figure 1A). Once synthesized, peptides were tested for
their ability to inhibit the suppressor activity of natural
CD4*CD25Treg cells in vitro. Thus, CD4*CD25" effector T
cells activated with anti-CD3 monoclonal antibody in the
presence of Treg cells were used to analyze the capacity of
each peptide to restore T-cell proliferation inhibited by Treg
cells. Among the 24 peptides, three (p17AE2, p19AE2 and
p20AE2) were able to restore and even enhance the prolif-
eration of effector T cells (Figure 1B). Surface plasmon res-

onance showed a dose-dependent binding of the p17AE2
peptide to a 36 amino acids long peptide encompassing the
third extracellular loop of human AE2 that is crucial for its
exchange function,”* thus revealing physical binding
(Figure 1C). The p17AE2 peptide was therefore selected for
further experiments.

Functional targeting peptide p17AE2 shows opposite
functions in different T-cell subsets

Next, we tested the effect of p17AE2 on conventional
effector T-cell proliferation in the absence of Treg cells.
In vitro experiments showed that the addition of p17AE2
to murine effector T cells slightly increased cell prolifera-
tion in response to anti-CD3 stimulation, and similarly
promoted IL-2 secretion, while apoptosis was not affect-
ed (Figures 2A). This capacity to promote effector T-cell
proliferation was also observed in human effector T cells
from healthy donors stimulated with anti-CD3/CD28
beads (Figure 2B). Conversely, p17AE2 reduced cell prolif-
eration of activated Treg cells in culture and induced cell
apoptosis, while the production of IL-10 was not signifi-
cantly altered, (Figures 2C). Likewise, p17AE2 decreased
cell viability of the human-derived T-cell leukemia cell
line Karpas299, which shows characteristics typical of
natural Treg cells with a CD4°CD25Foxp3* phenotype.*
On the other hand, p17AE2 did not affect cell survival of
Jurkat T-cell leukemia cells with a CD4*CD25 T-cell
effector phenotype (Figure 2D).¥ We then determined
whether changes in cell survival were related to varia-
tions of the pH,. Upon incubation with p17AE2, the pH,
in effector T lymphocytes remained similar to that in con-
trol cells or cells treated with the truncated peptide, while
pH, values decreased in Treg cells over time (Figure 2E).

AE2 targeting promotes apoptosis of B-cell leukemia,
lymphoma and multiple myeloma cells

The effect of the p17AE2 peptide in vitro was also eval-
uated on peripheral blood B lymphocytes isolated from
healthy donors as well as on cell lines derived from
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patients with a variety of B-cell malignancies. While
p17AE2 showed a moderate effect on normal B lympho-
cytes, decreasing B-cell viability only at high dosage (50
pg/mL) (Figure 3A), this peptide markedly reduced cell
growth in 44 of 69 (64%) malignant cell lines, as fol-
lows: 28 of 43 (65%) mature B-cell lymphomas (8 of 12
mantle cell lymphoma, 5 of 8 Burkitt lymphoma, 14 of
21 diffuse large B-cell lymphoma and 1 of 2 splenic mar-
ginal-zone B-cell lymphoma); 2 of 4 EBV transformed
lymphoblastoid B-cell lines; 9 of 16 (56%) multiple
myelomas; and 5 of 6 (83%) B-cell acute lymphoblastic
leukemias (Figure 3B). The effects of p17AE2 on cell via-
bility and apoptosis were dose-dependent in p17AE2
sensitive B-cell lymphoma cell lines, but not in resistant
OCI-Ly1l B-cell lymphoma cells (Figure 3 C-D). Cell
cycle, however, was not affected either in sensitive or in
resistant cell lines (Figure 3E). Besides, p17AE2 also
affected cell viability and apoptosis of several acute
myeloid leukemia (AML) and T-cell acute lymphoblastic
leukemia (T-ALL) (Figure 3 F-G). These results indicate
that targeting AE2 with p17AE2 reduces cell survival in
a variety of hematologic neoplasms, including B-cell
tumors, while showing only moderate effects on non-
tumoral B lymphocytes.

Functional targeting peptide p17AE2 induces
apoptosis in tumor cells by modulating intracellular pH
and AE2 function

To study how p17AE2 reduces cell viability of tumor B
cells after targeting AE2 protein, basal pH, values were
measured in normal B cells and in tumor B-cell lines.
Consistent with previous studies, human peripheral blood
B lymphocytes from healthy donors showed basal pH,
values ranging from 7.0 to 7.2, whereas cell lines derived
from different B-cell malignancies exhibited higher pH,
values ranging from 7.4 to 7.8 (Figure 4A). The alkaline
pH, is permissive for tumor cell proliferation and evasion
of apoptosis, while acidic pH; values promote cell apopto-
sis.'"" Incubation of tumor B cells with p17AE2 led to
dose-dependent pH; acidification in sensitive cells, which
correlated with apoptosis rates (Figure 4B). In B lympho-
cytes and in tumor resistant cells, however, p17AE2 treat-
ment did not affect pH, values. Nevertheless, there was
not a correlation between basal pH; values in the different
tumor B-cell lines and response to p17AE2 (Figure 4C). To
evaluate whether the CI/HCO," exchange activity of AE2
was modulated by pl7AE2, cells were subjected to
removal of extracellular CI', and the pH, changes with and
without p17AE2 were measured at different time inter-
vals; under these forced conditions, a reversed exchange
activity of AE2 is reflected by an increase in pH, (see
Methods for details). In the sensitive cell line Jekol, p17AE2
induced an increase in pH, with respect to cells incubated
in the absence of the peptide, while in the resistant cell
line U266 the activity of AE2 remained unchanged (Figure
4 D-E). These results suggest that in sensitive cell lines,
like Jekol, p17AE2 is able to modulate AE2 activity, alter-
ing pH, and thus inducing cell apoptosis, while in resistant
cell lines, such as U266, the peptide would not be able to
alter AE2 activity and pH, would remain stable, not com-
promising cell viability. Hence, in sensitive cell lines,
pl7AE2 would activate the physiological CI/HCO,
exchange function of AE2, favoring HCO, export in
exchange with CI', thus reducing pH, and promoting
apoptosis.

Therapeutic effect of AE2 targeting peptides in mouse
xenograft models in vivo

Finally, we assessed the effects of targeting AE2 in vivo.
For that purpose, 5x10° cells from three sensitive cell lines
(Mantle cell lymphoma- UPN1, DLBCL-OCI-Ly7 and mul-
tiple myeloma-L363) were injected subcutaneously in
Rag2”IL-2yc” immunodeficient mice. When tumors
achieved volumes of 100 mm?®, mice received daily intra-
tumoral injection of p17AE2 or a truncated peptide (50 ug
each). However, no changes in tumor size between con-
trol and treated mice were observed after 14 days of treat-
ment, suggesting that p17AE2 effects could be limited by
a poor bio-availability and susceptibility to degradation by
proteases (data not shown). Peptide cyclization has been
used as a strategy for stabilizing small peptides.”
Therefore, based on computational studies, we used this
strategy to design and synthesize two macrocyclic pep-
tides, one with a head-to-tail cyclization (termed p17AE2-
HT) and another one with a secondary amide as linker
(termed p17AE2-Amide) (Figure 5A). Surface plasmon res-
onance showed a dose-dependent binding of both
pl7AE2-HT and pl17AE2-Amide peptides to the third
extracellular loop of human AE2 (Figure 5B). However,
only the p17AE2-HT peptide, but not the p17AE2-Amide,
showed longer half-life and reduced clearance with
respect to the linear p17AE2 peptide (Figure 5C). In addi-
tion, p17AE2-HT decreased cell proliferation and promot-
ed apoptosis in different B-cell lymphoma cell lines and in
primary B-cell lymphoma samples, even more potently
than the pl7AE2 linear peptide (Figures 5D-E). These
results indicated that p17AE2-HT was more efficient than
linear peptides and hence a good candidate for therapeutic
testing in vivo. To assess the therapeutic role of the macro-
cyclic peptides in vivo, we inoculated subcutaneously
5x10° cells from the UPN1 B-cell lymphoma-derived cell
line into Rag2”IL-2yc” mice, due to its sensitivity in the in
vitro model. When tumors reached a size of 100 mm?, 200
ug or 400 ug per day of p17AE2-HT or truncated peptides
were injected intratumorally during 14 days. Mice treated
with 400 ug of p17AE-HT exhibited reduction in tumor
volumes with respect to those treated with 200 pg or with
truncated peptide (Figures S5F-G). These results indicate
that p17AE2-HT treatment moderately reduced tumor
growth in vivo.

In summary, our results suggest that targeting AE2
might exert a dual therapeutic effect in B-cell malignan-
cies. In our in vitro studies, the linear p17AE2 was able to
induce apoptosis of tumor B cells, while potentially boost-
ing anti-tumor immune responses by reducing the number
of Treg cells. In in vivo models, however, the linear peptide
had no effect, probably because of its low stability, while
the head-to-tail cycled p17AE2-HT showed increased sta-
bility and managed to reduce tumor growth in vivo when
given at a high dosage. Thus, AE2 seems to be a promising
target in different B-cell malignancies, and modifications
of AE2 targeting peptides may increase their potential
therapeutic value in vivo.
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