Dissertation for the degree of Doctor of Philosophy (PhD)

PH AND PH GRADIENTS REGULATE THE Hv1 ION CHANNEL
IN MYELOID-DERIVED SUPPRESSOR CELLS AND MODULATE
THE PHARMACOLOGY OF THE Kca3.1 CHANNEL OF T CELLS

by Marco Cozzolino

Supervisor: Gyorgy Panyi, MD, PhD, DSc

UNIVERSITY OF DEBRECEN
DOCTORAL SCHOOL OF MOLECULAR MEDICINE

DEBRECEN, 2024



TABLE OF CONTENTS

L PREFRARCE. ..ot e e e e e e e e e e e e e 5
2 INTRODUCTION. ...t e e e e e e e e e e e e s e e araaeeeaseannnneees 6
2.1 [ON CRANNEIS ..o e e e e aree e 6
21.1 General information about ion channels ...........ccco o 6
2.1.2 KE ChaNNEIS.......oeceiicee e 6
2.1.3 Kca: Ca?-activated K ChannelS.............cooveviveeereeiecee e 8
2.14 The structure of the SK and IK Ca?*-activated K* channels............c.c....co........ 9
2.1.5 Positive and negative modulators of Ca?*-activated K* channels.................... 11
2.1.6 The mechanism of action of the positive modulators of Ca?*-activated K*
CRANNEIS ... s 12
2.1.7 H™ channels: structure and general characteristics ...........ccocooevevverereseaeenen, 13
2.1.8 Localization and role Of Hyl ......ooovveiiiieecee e 15
2.1.9 INNIDITOIS OF HulL ..oooieiieee e 16
2.2 The relationship between the immune system, cancer and ion channels ................ 17
221 General information about the Immune SYStEM...........coovviieriieniieiiie e 17
2.2.2 The role of K* channels in the activation of T cells .......ccccoovvvviiniiiiiiinennn, 17
2.2.3 The immune system and the tUMOr ... 18
2.2.4 Myeloid-derived suppressor cells (MDSCS) ........cccvcvviviieiiiieeiiee e 19
2.2.5 The positive modulators of Ca?*-activated K* channels can counteract high K*
and high adesonine concentration in the tumor microenvironment......... 21
2.2.6 The tumor microenvironment and aCidOSIS..........covvveiiiereeiiiieiiie e 23
2.2.7 The effects of acidity on K* channels of immune cells .............c..coccovveivennen, 24
3 AIMS OF THE STUDY ...ttt sttt 25
3.1 Isolation and ion channel characterization of murine tumor-associated myeloid-
derived SUPPresSOr CEIIS .......vviiiiii e 25
3.2 Analysis of the sensitivity of Kca3.1 and of its positive modulators Riluzole and
SKA-31 to intracellular and extracellular pH variations .............cccccccevvevivieennen. 25
4 MATERIALS AND METHODS........cooiiiiieiiieiieeee sttt 26
A1 CeICUITUIES ..ottt ettt earb e nree s 26
4.2 Tumor model and Cell SOMtING ........cccuviiiiiie et 27
4.3 WESEEIN DOt ...ttt 27
4.4 Electrophysiology and pharmacology .........cccoveiiiiiiiiecciic e 28
4.4.1 Recording whole-cell currents in murine PMN- and Mo-MDSCs.................. 28
4.4.2 Recording whole-cell Kca3.1 currents in peripheral blood lymphocytes and
transfected CHO CellS.........oooiiiiiii e 29
4.4.3 Data acquisition and analysis tOOIS..........cc.ceoiiiiiii i 30
A5 SOIULIONS ..ttt 31



O RESULT S e e b e e e e e e e 34
5.1  The voltage-gated Hy1 H* channel is expressed in tumor-infiltrating myeloid-

derived SUPPIESSOr CEIIS .......iiiiiii s 34
5.1.1 MDSCs are a large component of Lewis lung cancer ...........cccocovevvveineinnene 34
5.1.2 Both tumor-derived Mo- and PMN-MDSCs express Hy1 at mMRNA and protein
JBVEL .. e 35
5.1.3 10N CUITENES 1N MIDSCS ... 35
5.2 Intracellular acidity impedes Kca3.1 activation by Riluzole and SKA-31 .............. 44
521 Extracellular pH variations minimally influence K* currents through Kca3.1
expressed endogenously IN PBLS.........cooviiiiiiiiieicceee e 44
5.2.2 Extracellular pH variations minimally influence K* currents through Kca3.1
expressed heterologously in CHO Cells.........ccccoooveiiieeiie e, 45
523 Normal and basic intracellular pH do not interfere with activation of the Kca3.1
current either by Riluzole or by SKA-31 ..o, 47
524 Activation of the Kca3.1 current either by Riluzole or by SKA-31 gradually
decreases in time when the intracellular pH is acidiC .............cccooevveinen, 54
525 Kca2.2 activation is sensitive to intracellular pHisimilarly to Kca3.1............. 58
5.2.6 Mutations H192A in hKc.3.1 and T79D in CaM do not influence the loss-of-
potency phenotype at acidic intracellular pH ...........cccccooveiii e, 59
5.2.7 High intracellular Ca?* concentration hinders the inhibitory effect of
intracellular aCIdity..........ccouveeiiie e 61
B DISCUSSION ...ttt ettt ettt sttt et et e nbe e 63
6.1  The voltage-gated Hy1 H* channel is expressed in tumor-infiltrating myeloid-
derived SUPPreSSOr CEIIS .......vviiie e 63
6.2 Intracellular acidity impedes Kca3.1 activation by Riluzole and SKA-31 .............. 67
SUMMARY ettt ettt ettt ettt ettt e et Rt et e et b nrre s 72
KEYWORDS ... .ottt ettt ettt ettt e anb e e be et e anbe e 73
REFERENGCES ...ttt ettt ettt et et 74
10 APPENDIX ...ttt sttt b bbbt b bbb re e 92



LIST OF ABBREVIATIONS

1-EBIO: 1-Ethylbenzimidazolinone

2-GBI: 2-guanidinobenzimidazole

APC: Antigen presenting cell

Arg: Arginine

BK: Big-conductance Ca**-activated K* channels

CaM: Calmodulin

CaMBD: Calmodulin binding domain

CHO: Chinese hamster ovary

CIGBI: 5-chloro-2-guanidinobenzimidazole

CNS: Central nervous system

CRAC: Calcium release-activated channels

Cryo-EM: Cryo-electron microscopy

DAG: Diacylglycerole

ECso: Half maximal effective concentration

Gk: Conductance of K*

HA/HB/HC: Helix A/B/C

HEK: Human embryonic kidney

HIF: 3-(2-amino-5-methyl-1H-imidazol-4-yl)-1-(3,5-difluorophenyl)propan-1-one
HNSCC: Head and neck squamous cell carcinoma

H,: voltage-gated proton channel

IFN: Interferon

IK: Intermediate-conductance Ca?*-activated K* channels
IL: Intereleukin

IP3: 1,4,5-inositol triphosphate

Kca: Calcium-activated potassium channel (h-: human, r-: rat)
Kq: dissociation constant

Kir: Inwardly-rectifying potassium channel

Ky: Voltage-gated potassium channel

Kap: Two P-domain potassium channel

LLC: Lewis lung cancer

(PMN/Mo-)MDSC: Polymorphonucleate/monocytic myeloid-derived suppressor cell
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TME: Tumor microenvironment
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VSD: Voltage-sensitive domain



1 PREFACE

All cells, including immune and cancer cells, rely on ion channels for their survival and
for other important cellular functions. lon channels are proteins and, thus, are strongly sensitive
to several parameters pertaining to their surrounding environment such as pH. Since ion
channels are transmembrane proteins embedded in the lipid bilayer reaching both the
intracellular and the extracellular milieu, changes in both the pH; and the pH. can affect their
correct functionality and some of their properties. For example: Ky1.3, one of the most
important voltage-gated K™ channels regulating several different physiological functions,
mostly in the immune system, is extremely sensitive to changes in both the intracellular and
extracellular pH.

The work presented here attempts to extend our knowledge of the relationship between
pH and ion channels to Kca3.1 which, along with Ky1.3, colocalizes in the immune synapse of
T cells and is pivotal for their Ca?*-dependent activation. Contrary to our vast knowledge about
Kv1.3, not much is known about the pH sensitivity of Kca3.1. Several activators of Kca3.1 have
been discovered in the last decades and they have been proposed as possible immune boosters,
mostly against cancer. However, the deeply dysregulated and acidic tumor microenvironment
(TME) strongly affects the neighboring cells, even influencing their intracellular pH. We
analyzed, using whole-cell patch-clamping, the efficacy of Riluzole and SKA-31 using a range
of different intracellular and extracellular solutions. To better characterize Kca3.1 we also used
several specific mutations of Kcz3.1 and Calmodulin.

Besides lymphocytes, tumors host a plethora of other immune cells, some of them acting in
favor of the tumor itself. One of these is the family of myeloid-derived suppressor cells, which
are related mostly to neutrophils and monocytes, which rely on the pH-sensitive proton channel
Hv1 for several functions. Moreover, recently it has been discovered that in vitro generated
myeloid-derived suppressor cells express Hy1 as their major plasma membrane channel. This
prompted us to investigate the expression of Hyl in an in vivo murine model. We chose the
Lewis lung carcinoma cell line as a suitable one because of its tendency towards developing an
immunologically “cold” tumor environment rich in pro-tumor cells. The subcutaneously
developing tumor masses were excised and myeloid-derived suppressor cells were obtained
through fluorescence-activated cell sorting. The presence of Hy1 in these cells was assessed at
the protein and mRNA level through Western blotting, g°PCR and immunofluorescence. We
used whole-cell patch-clamping and several solutions titrated to different pH values to

thoroughly analyze the biophysical and pharmacological properties of Hy1 in these cells.



2 INTRODUCTION
2.1 lon channels

2.1.1 General information about ion channels

lon channels are membrane proteins localized either in the plasma membrane or in the
membrane of several intracellular organelles (1). As their name suggests, ion channels let ions
passively diffuse across the membrane following their electrochemical gradient (2). lon
channels can transport up to 10% ions per second across the membrane (3), while functionally
similar proteins called pumps/transporters have a ~1000+ times slower transport rate and in
many cases can actively carry ions against their electrical and/or concentration gradients (4).
These two main differences, i.e. transport rate and energetics, separate the two families, ion
channels and pumps/transporters, which otherwise have several contact points and “blurred
boundaries™ (2,5). In this dissertation | will deal mostly with K*- and H*-channels, so they will

receive a deeper analysis.
2.1.2 K" channels

K* channels belong to one of the biggest families of ion channels in the mammalian
class, with almost 80 genes and even more functional proteins (6). They are multimers
composed of different subunits, usually a pore-forming a-subunit accompanied by smaller
accessory (B) subunits that have an influence on their gating and expression (7). The K* channel
family can be divided into 4 different subfamilies: a) inwardly-rectifying K* channels (Kj), b)
voltage-gated K* channels (Ky), ¢) Ca®*-activated K* channels (Kcz) and d) two P domain K*
channels (K2p) (6,8). The pore forming a-subunits of K* channels are multimers of four or two
monomers. Each monomer contributes to the pore-forming domain (PD) (9), formed by the
pore-loop (P) and the surrounding transmembrane domains (TM). The P, which contributes to
the permeation of ions and in some channels gating, contains a conserved a-helix of 12 residues,
called the pore helix (10), the turret connecting the TM5 and the pore helix, and the signature
sequence for a K* selective pore (GYGD). The selectivity filter (SF), which makes the channels
extremely specific for K* ions (at least 10,000 times more than for Na* ions (9)) is formed by
four signature sequences strategically held in position by interactions with the pore helices
(Figure 1).
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Figure 1. Representation of the pore domain of a Kv channel. The image portraits the pore domain of the K,1.2-
2.1 paddle chimera channel (Protein Data Bank: 2R9R), showing two opposite subunits. The selectivity filter is
marked in red and the K* ions are depicted as purple spheres. Cropped from Figure 1B of (11).

The main difference between the 4 subfamilies lies in the number of Ps and TMs that
characterize every K* channel monomer (Figure 2) (12). By order: 1) Kj channels are
tetramers, the monomers are formed by only 2 TMs and 1 P, lying between the two TMs
(Figure 2A). 2) Ky channels are organized as tetramers of subunits composed of 6 TMs and 1
P, located between TM5 and TM6. Characteristic of these channels is the presence of charged
amino acids (mostly Arg) in TM4 and their counter-charges in TM1-TM3. The positive charges
in TM4 confer voltage-sensitivity to the channel and the voltage-sensitive domain (VSD) is
defined by TM1-TM4 (Figure 2B). 3) Kca channels are tetramers, monomers are characterized
by 6 (Kca2/3, Figure 2E) or 7 TMs (Kcal, Figure 2D). To harmonize Kcal.l
structure/nomenclature with Ky channels the additional TM at the N-terminus of the channels
is denoted as TMO. In this way P is conventionally positioned between TM5 and TM6 and VSD
is formed by TM1-TM4. Kca2/3 channel monomers have a similar transmembrane topology to
Kv channels except that they lack the positively charged amino acids in TM4 required for
voltage sensing. Interestingly, 4) Kzp channels (Figure 2C) deviate from the tetrameric rule of
subunit stoichiometry and are composed of monomers with — as the name suggests — 2 Ps and
4 TMs (12). | give a more detailed description of the channels belonging to the 3" subfamily

below.
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Figure 2. Schematic structure of the different families of K* channels. The image shows the structure of the a-
subunit of each family of K* channels, emphasizing the differences in the number of transmembrane helices and
showing the position of the pore domains/selectivity filters (P) and the voltage-sensitive domains (VSD). (A)
Inwardly-rectifying K* channels (Ki). (B) Voltage-gated K* channels (Ky). (C) Two-pore domain K* channels
(Kzp). (D and E) Ca?*-activated K* channels (Kca), in particular big-conductance channels (Kca1) (D) and
intermediate-small conductance channels (Kca2/3) (E). Cropped and modified from Figure 1 of (12).

2.1.3 Kca: Ca?*-activated K* channels

Ca?*-activated K* channels (Kca) can either be small- and intermediate-conductance
channels (SK1-3, also known as Kca2.1, Kca2.2, Kca2.3 and 1K1, also known as Kca3.1) or
big/large-conductance channels (BK, also known as Kcal.1) (6). While Kca2.x and Kca3.1 have
a conductance of 4-14 and 32-39 pS, respectively, the conductance of BK channels is 200-300
pS (13). In contrast to SK and IK, BK channels are structurally different, as stated before (8).
Besides the differences in the number of TMs, BK channels are differentiated phylogenetically
(14) from the other Ca?*-activated K* channels and in other aspects of their structure: BK
channels are also voltage-gated due to the charged VSD and they do not need auxiliary proteins
to confer Ca?*-dependent gating since they are directly activated by intracellular Ca?* through
their “regulator for conductance of potassium” (RCK) domain located in the C-terminal (15).
Conversely, the gating of SK1-3, whose similarity lies around 80-90% (16) and IK1, whose

sequence is ~40% identical to Kca2.x channels (17), is completely insensitive to the membrane
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Figure 3. Representation of a typical Kca3.1 current. (A) Typical current recorded in a transfected CHO cell
using a voltage ramp from -120 mV to +50 mV and an intracellular solution with 1 pM free Ca?*. After the
subtraction of its leak component, the current can be seen to be ~ 0 when the applied voltage is equal to equilibrium
potential of the K* ions (~ -89 mV). (B and C) The sensitivity of Kc,3.1 to intracellular Ca?* concentrations is well
described by a sigmoid curve (B, black). ECsy, in this case, is 270 nM. Using an intracellular solution with 1 uM
free Ca?", like in (A), permits the development of a highly saturated current. Sensitivity to intracellular Ca?* can
be modified by specific aminoacidic mutations (B and C, other colors). (B and C) are cropped and modified from
Figure 3 of (18).

potential (Figure 3A). These channels need Calmodulin (CaM), a cytosolic Ca?*-binding
protein (15) to confer the Ca2* sensitivity of gating (Figure 3B, C). Finally, there is a difference
among Ca®*-activated K* channels regarding their tissue distribution. Kca3.1 can be normally
localized in blood cells, placenta, pancreas, liver, lungs and vascular smooth and endothelial
cells (19,20). Kca2.x channels mostly reside in the central nervous system (CNS) (20).
Contrariwise, BK channels are ubiquitous and can be found both in CNS and in skeletal and

smooth muscles (21), but have a role even in the regulation of hormone release (22).
2.1.4 The structure of the SK and IK Ca?*-activated K* channels

Until 2018 we had only partial crystal structures of the Ca?*-activated K* channels (23).
Only recently cryo-electron microscopy (cryo-EM) unveiled new details about the precise
structure of the human Kca3.1 (24). As already mentioned, the members of this sub-family
assemble in tetrameric structures and each subunit has 6 TMs, with the PD constituted by the
sequence TM5-P-TMG6 (8). The P is located between TM5 and TM6 and TM1-4 directly contact
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the PD of the same subunit instead of the PD belonging to the adjacent one, as it happens in
most Kyl channels (24). In this sense, Kca3.1 is not domain-swapped whereas all Ky1.x
structures indicate domain swapping. Both the N- and the C-terminal are located in the
intracellular side. The C-terminus is preceded by three a-helices (HA, HB and HC): while the
first two helices run almost parallel to the membrane and anti-parallel to each other, HC takes
a 90° turn and, coupled with the other HC domains from the other three subunits, creates a
perpendicular column at the bottom of the channel (24) (Figure 4). Before 2018 the available
crystal structures did not differentiate between the three a-helices and the intracellular C-
terminal region was structurally divided into three different sequences: CaMBD1, CaMBD2A
and CaMBD2B (which roughly corresponds to what now is defined as HB) (25). This entire
subdivision is now considered an unreliable artefact (26). Kca2.x and Kca3.1 channels are
unable to directly sense the intracellular Ca2*, hence they associate intracellularly with four
CaM (one per each subunit), a cytosolic protein with two conserved (27) globular lobes
connected by a very flexible linker (28). CaM binds constitutively HA and HB with its C-lobe,
whereas the N-lobe has more freedom of movement (Figure 4) (24). Binding up to 4 Ca?* ions

prompts CaM to reach an extended conformation (28,29).

B pore

CaM N-lobe

CaM C-lobe

Figure 4. Structure of hKca3.1 and CaM. Cryo-EM structure of the complex hKc.3.1-CaM (Protein Data Bank
n. 6CNO), showing how Ca?*-bound-CaM (green) strongly binds HA and HB of an a-subunit (grey) with its C-
lobe (A) and TM4sA of an adjacent one (orange) with its N-lobe (B). For sake of clarity only two a-subunits and
only one CaM are shown. The image has been obtained by using https://www.rcsh.org/3d-
sequence/6CNO?assemblyld=1

In Kca3.1 the intracellular linker between TM4 and TM5 is formed by two different a-
helices (TMas.sA and TMas.sB) which have contacts both with HA and the pore region of the
same subunit, in particular TM6 (24). Cryo-EM has shown that TMas.sA, which is highly
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conserved across the SK channel family, is the portion to which the N-lobe of CaM binds when
it is in the Ca?*-bound extended conformation (24). The interaction between CaM and TMasA
causes a downward pull of TM4.sB and the pore-lining TM6. This will result in the dilation of
the cytosolic entrance to the pore from ~1 to 3.5 A, thereby permitting the partially hydrated
K* ions to freely flow outside of the cell (24). This is partially in contrast with the historical
knowledge about Kca channels based on the outdated crystal structure, which proposed the N-
lobe of CaM to bind the C-terminal of the adjacent subunit in order to move TM6 and open the
channel (25).

2.1.5 Positive and negative modulators of Ca?*-activated K* channels

Even if the members of the Kca2.x and Kca3.1 families are structurally similar (17) their
sensitivity to positive and negative modulators are remarkably different. Among the pore-
blocking peptide toxins, maurotoxin (30) (ICso = ~1 nM for hKca3.1 (30)) and charybdotoxin
(30,31) (ICs0 =~10 nM for hKca3.1 (8)) are selective for Kca3.1, while the bee venom-derived
apamin does not inhibit Kca3.1 (30,32), but is specific for Kca2.x with different affinities (32):
Kca2.2 (ICso = ~30-100 pM for hKca2.2 (33,34) and rKca2.2 (32)) > Kca2.3 (1Cs0 = ~1-2 nM
for hKca2.3 (32,34)) > Kca2.1 (ICso = ~3-4 nM for hKca2.1 (32,33)). The potent and Kca3.1-
specific small organic molecule inhibitors Clotrimazole (ICso = 70-250 nM), TRAM-34 (ICsxo
= 20 nM) and Senicapoc (ICso = 11 nM) bind to different locations in the inner portion of the
pore (35,36). Besides blockers, several activators (henceforth also called enhancers) of Ca?*-
activated K* channels have been discovered. The first activator, 1-ethyl-2-benzimidazolinone
(1-EBIO), pertaining to the family of benzimidazolones, was reported in 1996 (37). 1-EBIO,
contrary to the peptide blockers but like several other enhancers, is not very potent and cannot
differentiate between the four Kca channel types, even if it is more specific for Kca3.1 (ECso =
~30-70 uM for hKca3.1 (38,39)) compared to the members of the Kca2.x family (ECso = ~650
uM for hKca2.1 (40) and rKca2.2 (39), ECso = ~170-1000 uM for hKca2.3 (41,42) and for
rKca2.3 (43)). In the following years several new molecules have been developed whose
structure generally resembles that of 1-EBIO (44), but their Kca3.1 affinity increased
dramatically reaching the nanomolar range. For example, the halogenized derivative of EBIO
(di-chloro-EBIO) (45) can activate Kca3.1 with an ECso = 1-2 uM and hKca2.x channels with
an ECso = 10-30 uM (42,46) and the oxime NS309 (47) can activate hKca3.1 with an ECso =
10-30 nM and hKca2.x channels with an ECso = 100-600 nM (42,46). Even if these molecules
are potent enough, the fact that they are only 10-15 times more selective for Kca3.1 compared
to Kca2.x can cause CNS-related side effects if applied in vivo (48). A new generation of

activators (SKA-111, SKA-121), 40-100 times more selective for Kca3.1, gives new hopes
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about the clinical utilization of such substances (26). Molecules with more diverse structures
were also discovered and they show more complex specificities, e.g. CyPPA and NS13001
recognize only Kca2.2 and Kca2.3, while CM-TPMF and GW542573X are selective only for
Kca2.1 (44). In this dissertation we used, as positive modulators, two molecules: SKA-31 and
Riluzole. Riluzole is a neuro-protective drug used to inhibit the release of glutamate as a
neurotransmitter, but it has been repurposed as an enhancer of Ca?*-activated K* channels (49).
SKA-31 is one of the molecules obtained using Riluzole as a template (50), but it is a much
stronger enhancer (for hKca3.1 ECso= 1-2 uM for Riluzole and 220-260 nM for SKA-31 (51)).

2.1.6  The mechanism of action of the positive modulators of Ca?*-activated K*

channels

1-EBIO and the other enhancers are lipophilic substances (52), therefore they are able
to cross the plasmatic membrane reaching the intracellular regions of the Ca?*-activated K*
channels. In 2013 Zhang et al. determined the crystal structure of the CaM-binding domain of
hKca2.2 when bound to either 1-EBIO or NS309 (53,54) and discovered that both these
molecules occupy a little pocket between CaM and CaMBDZ2B, interacting with specific amino
acid residues that, when appropriately mutated, transformed the mildly 1-EBIO-sensitive
Kca2.2 channel and obtained a new phenotype that is similar to the highly 1-EBIO-sensitive
Kca3.1 (53). Other substances like CyPPA and Riluzole were suggested to have their binding
site at the same interface (55). Recently the cryo-EM-derived structure of hKca3.1 (24) has
somehow made obsolete the results obtained by the aforementioned X-ray diffraction methods,
mostly because the entire C-terminus reported by X-ray diffraction is now considered an
artefact (26). With the new cryo-EM structure available, Lee and MacKinnon proposed that the
binding pocket is different from the interaction surface of CaMBD2B/HB and the N-lobe of
CaM, but the binding is rather between TMa.sA and the N-lobe of CaM (24). It was believed
that the residues involved in the interaction with substances like 1-EBIO were A477 and L480
(Figure 5A, rKca2.2, corresponding to V365 and M368 in hKca3.1) (53,56), but the new and
more accurate structure suggests that the involved residue could be L185 (in hKca3.1,
corresponding to L292 in rKca2.2) (Figure 5B) (24). The involvement of L185, S181 and A184
in the recognition of molecules like SKA-111, SKA-31 and SKA-121 has been confirmed by
Wulff’s team, that showed that mutating these residues induces a dramatic loss in the efficacy
of SKA-111 (26). Recently, Attali’s team reached a similar conclusion showing that BA6b9, a
structural analogue of 1-EBIO which however acts as a blocker, positions itself in the same
pocket as the enhancers do, but contacts different residues (57). Interestingly, even if the new

cryo-EM structure revolutionized the knowledge about what part of Kca3.1 is actively
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implicated in the recognition of a substance like 1-EBIO, the residues of the N-lobe of CaM
that bind the positive modulators are still thought to be essentially the same (F19, 127, L32,
M51, 152, E54, V55, 163, F68, M71, M72, K75) (26,53). Constant progression has been made
in regard to understanding how the modulators and the channels interact, but it is still not clear
what exactly ensues after this interaction. Kca3.1 and the Kca2.x channels have been reported
to have submicromolar Ca?* sensitivity (Kca3.1 ECso = 100-400 nM, Kca2.Xx ECso = 300-750
nM) (18,58-61), this means that the physiological intracellular concentration (~100 nM) is
normally unable to strongly activate the channels (62). Substances like NS309 (63,64), 1-EBIO
(65) and SKA-121 (66) enhance the overall Ca* sensitivity of the channels so that their open
probability increases dramatically even without changing the intracellular Ca?* concentration.
How this exactly happens is still not clear. Specific aminoacidic mutations can also positively
alter the Ca®* sensitivity of channels like Kca2.3 and get the same effect that would be obtained
via the use of the activators (26,67,68).

Isolated domain structure Full-length structure
(crystallography) (cryo-EM)

- TM“;SA Leu185
i ) - [ i":’ N\\/ /
< 71 1
/\ I'

Putative

2~ Potentiator >~ binding pocket
(1-EBIO)

Figure 5. Location of the putative activator binding pocket in the Kca-CaM complex. In an older structure
(Protein Data Bank: 4G28) of Kc,2.2 obtained via crystallography (A) L480 was theorized to mediate the binding
with activators like 1-EBIO. A more recent cryo-EM structure of Kc.3.1 (B) revealed that L185 of the newly
resolved helix TMa4.sA occupies a similar location and may be implied in the formation of the binding pocket.
Modified from Figure S8 of (24).

2.1.7 H* channels: structure and general characteristics

Even if proton currents were recorded since the ‘70s (69), the gene encoding the voltage-
gated H* channel (Hv1) was independently discovered only in 2006 by the teams led by Yasushi
Okamura (70) and David Clapham (71). Despite being widely distributed in nature (72), Hy1 is

not redundant and only one gene has been recognized in every species in which it has been
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discovered (73). Because of the extremely low amount of free H* in the intracellular
compartment (40-70 nM), this ion channel needs to be extremely specific and selective and, to
date, it has not been proven that Hy1 can let other ions pass across the membrane other than H*
(72). The strikingly perfect selectivity of Hy1 is accompanied by a peculiar structure: while
most voltage-gated channels have a region (usually comprising TM5 and TMG6) that serves as
a pore-forming domain and a selectivity filter, Hy1 has only 4 TMs out of the 6 usually present
and they constitute both the voltage sensor and the permeation pathway for H™ (72) (Figure
6A). While functional as a monomer, Hy1 is usually expressed as a dimer (Figure 6B). The 4
TMs of each protomer organize themselves as an hourglass with a narrow constriction in the
middle capable of selecting only for H* ions thanks to the residue Asp!?, implying that each
protomer has its own conduction pathway (74) (Figure 6B). This is peculiar, but not completely
unique, since it has been proven that even the non-conducting TM1-4, comprising VSD of Ky
and Nay channels, can be transformed into structures akin to H*-selective channels when the
real pore domain (TM5-6) is removed or when they are opportunely mutated (74). The same
applies to water-conducing aquaporins, which also start letting out protons after specific
mutations (74). As the name “Hy1” states, the proton channel is voltage-sensitive and the
positive charges (3 Arg residues) important for voltage sensing are in TM4 (75). Since the
crystal structure of the open channel is still not available, not much is known about what exactly
happens when the depolarization alters the structure of the channel (74). The voltage threshold

of Hy1, id est when the channel starts conducting H" ions, is directly linked to ApH (pHo— pHj).

A B

Figure 6. Schematic structure of Hv1. (A) Each protomer of the channel is made of 4 different TMs. Important
residues for gating and selectivity can be found in TM1 (the highly conserved and H* selective Asp*'?, identified
with a yellow D) and in TM4 (several basic Arg part of the voltage-sensitive domain, identified with blue +). (B)
The proton channel Hy1 is usually a dimer constituted by two equally conducting protomers organized in hourglass
shapes. The C-termini interact through a coiled coil mechanism while the N-termini can be phosphorylated at the
residue Thr?® enhancing the overall activity of the channel. Cropped from Figure 4 of (87) (A) and Figure 1 of (74)

(B).
14



A unique feature of this channel is that the TM4 of Hy1 is extremely sensitive to ApH more than
to pH itself (75). The voltage threshold when ApH ~ 1 is around 0 mV, but it becomes +40 mV
when ApH ~ 0. In any case the H" currents through Hy1 are very slow and take several seconds
to develop fully (76). The excess of protons on the intracellular side, id est a more acidic
intracellular compartment, stabilize the activated state of the channel along with the membrane
depolarization (75). Voltage-clamp fluorometric (VCF) recordings demonstrated that changing
pHi while keeping pHo constant (hence lowering ApH) caused a movement in the TM4. This
movement did not happen if ApH was kept constant, i.e. changing pHo as well, proving that
TMA4 is able to sense the difference between the pH outside and the pH inside, but does not
perceive the absolute change either of the intracellular or the extracellular pH (75). pH itself
has, anyway, an influence on the activation and deactivation kinetics of the channel. In
particular, the ON-gating current decay time constants depend on the internal and external pH
values instead of ApH. This could be explained by dependence of the conformation of certain
portions of the protein like TM4 depends on both pH; and pHe (75,77).

2.1.8 Localization and role of H,1

Hv1 is mostly expressed in cells belonging to the immune system, such as T cells (78),
B cells (79), macrophages (80), eosinophils (81), neutrophils (81), plasmacytoid dendritic cells
(82) and microglia (83), but it can be found in completely different cells as well, like sperm
cells (84). The major role of Hyl in these cells is to contribute to the “respiratory burst” (85).
Phagocytes, in order to destroy what they incorporate in their phagosomes, produce several
highly reactive oxygen species (ROS). One of the most abundant and most reactive species is
the superoxide anion (O2™"), which is produced by the activity of the transmembrane protein
NADPH oxidase, also called NOX. NOX transfers electrons from the cytosolic NADPH to Oy,
generating O~ in the inside of the phagosome and NADP" + H" in the cytoplasm (NADPH +
02 — NADP* + O + H) (86).

The accumulation of H* will inevitably lead to the acidification of the cytoplasm from
a value of 7.4 to ~6 in as low as 10 minutes (88). Hy1 channels, aided by the Na*/H" antiport
exchangers, have the leading role of removing the excess of H* generated by the NOX-lead
respiratory burst and bring back the pHi; to values close to 7.4 (88). Myeloid-derived suppressor
cells (MDSCs) exploit several redundant pathways to exert their immune-suppressive and pro-
tumoral skills (89) and one of these is the generation of ROS (90) and reactive nitrogen species

(RNS) (91). The latter upon direct cell-to-cell contact may cause the nitration of the tyrosine
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residues on T cell receptors (TCRs) and CD8 proteins residing on the membrane of infiltrating
CD8" T cells, making them useless and unable to direct their action against the tumor cells (92).

2.1.9 Inhibitors of Hy1

Because of its odd structure and the relative novelty of its discovery, specific blockers
of this channel have not been discovered yet. Classical inhibitors of Hy1 are divalent metal ions
like Zn?* and Cu?* (69). It has been shown that Hy1 may host two different cooperative binding
sites for Zn?* (Kq = 2 uM for hHy1). At low doses (<1 uM) Zn?* binds to the first site, inhibiting
the opening of the channel. At high doses (>1 uM) it occupies the second site as well, inhibiting
the outward movement of TM4 (93). Recently the family of guanidine derivatives have been
identified as Hy1 blockers as well (94). Contrary to several other pore-blockers which act
extracellularly, the guanidine derivatives recognize a spot located in the intracellular side of the
pore region. The first molecule synthesized for this purpose was 2-guanidinobenzimidazole (2-
GBI) (95). 2-GBI presumably is uncapable of crossing the plasma membrane, hence if applied
extracellularly it does not elicit any inhibition (95), moreover because of its positive charges its
Kq depends on the membrane potential (from ~110 uM at +20 mV to ~30 uM at +130 mV)
(95). A modified version of 2-GBI, named 5-chloro-2-guanidinobenzimidazole (CIGBI), is
able to cross the membrane and inhibits hHy1 with a K¢ of ~20 uM (96,97). Even if in the last
decade several other proton channel blockers have been discovered and published, both of the
family of peptides like Corza-6 (98) and of the family of small molecules like
PNX52429/PNX61442 (99) or HIF (100), CIGBI is still one of the most frequently used
substances to pharmacologically demonstrate the presence of functional Hy1 ion channels
(76,101-104). It must be acknowledged, however, that CIGBI is a “dirty drug” (105), id est an
extremely unspecific substance, hence its use is not advisable in an in vivo model or in an in
vitro cell-based model when the cell expresses more than one type of ion channels. As a matter
of fact, CIGBI can strongly suppress K* currents through ion channels such as Ky11.1 and Ky1.3
and even Na* currents (96). This makes it impossible to study Hy1 using CIGBI in T cells where
Kv1.3, the principal ion channel regulating activation and proliferation, is also inhibited by
CIGBI (96).
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2.2 The relationship between the immune system, cancer and ion channels

2.2.1 General information about the immune system

Our body has two ways of protecting itself against invasive pathogens: the innate and
the adaptive immune system. The innate immune system is unspecialized and comprises a large
number of different types of cells, such as neutrophils, mastocytes, macrophages, natural killer
cells, and dendritic cells, capable of recognizing a large spectrum of pathogens. Contrariwise,
the B and T lymphocytes that constitute the adaptive immune system are highly specific: every
cell is a different clone and is designed to recognize a different antigen. Antigen presenting
cells (APCs) like dendritic cells and macrophages have the role of internalizing an antigen and
presenting it to T cell through a transmembrane protein complex called MHC (major
histocompatibility complex). As a result of the encounter between a MHC-presented antigen
and the specific T cell receptor (TCR), circulating naive T cells will be activated and develop
both into clonally proliferating short-lived effector T cells and into memory T cells (106).

2.2.2 The role of K* channels in the activation of T cells

The activation of T cells is the result of an intricated phosphorylation cascade that
ensues the binding between TCR and the antigen-presenting MHC on APCs (106). The contact
between the APC and the T cell causes the formation of an immune synapse, id est the
aggregation all the machinery required for the transmission of the signal into a single spot in
and below the membrane. Several TCR-associated Tyr-kinases will phosphorylate a series of
adaptor proteins activating multiple pathways. The major pathway consists of the
phosphorylation and recruitment of PLCy1, a cytosolic enzyme that will identify its substrate
phosphatidylinositol 4,5-bisphosphate (PIP2) in the inner leaflet of the plasma membrane and
hydrolyze it into diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). DAG is a
membrane molecule and acts as a docking point for protein kinases C (PKCs), which will
phosphorylate and activate several transcription factors such as NF-xB. IP3, on the contrary, is
a small soluble molecule which diffuses in the cytosol and activates the IPs receptor located in
the endoplasmic reticulum, freeing the entrapped Ca?* ions and causing a sudden burst of the
intracellular Ca?* concentration. The depletion of Ca?" inside the endoplasmic reticulum is
sensed by STIM1 and STIM2, two endoplasmic reticulum membrane proteins, which
oligomerize with the plasma membrane ORAIL channel to create a functional Ca?*-release
activated Ca?* channel (CRAC). The Ca?" influx through CRAC increases even more the
intracellular Ca?* concentration (106,107). Ca2* will ultimately provoke, through the activation

of phosphatases like calcineurin, the dephosphorylation and translocation of the transcription
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factor NFAT, which contributes to the activation of specific genes involved in the T cell
activation (106). The influx of Ca?* from the extracellular side must be balanced by the efflux
of another positive ion: T cells use Ky1.3 and Kca3.1 to conduct outward K* fluxes, thereby
avoiding an excessive depolarization of the plasma membrane, which would halt the Ca?*
ingress (108). In spite of the fact that the aforementioned process is common to all activating T
cells, the number of Ky1.3 and Kcz3.1 channels on the membrane will be different according to
the fate that the cell faces: while naive T cells present ~300 Ky1.3 and ~10 Kca3.1 channels per
cell, central memory T cells can upregulate Kca3.1 channels up to ~500 units per cell and
effector memory T cells can increase the number of their Ky1.3 channels up to 1500 per cell
(108). When K,1.3 is knocked down, T cells become unable to produce cytokines like IFN-y
and TNF-a and revert to a predominantly naive-like state (109). Similarly, Kca3.1-knocked out
T cells struggle producing any IFN-y, TNF-a. and IL-2 even after being strongly activated with
a mix of CD3 and CD28 (110). The immuno-suppressing effect of genetically deleting Kv1.3
or Kca3.1in T cells can be pharmacologically mirrored by blocking either of these two channels.
Margatoxin, a potent Ky1.3 peptide blocker, halts the activation of T cells (111) just like
TRAM-34, a small molecule blocking specifically Kca3.1, slows down the proliferation of
lymphocytes and their production of IL-2 (112). Overstimulating Kca3.1 with 1-EBIO, on the
other hand, enhances the ability of T cells to produce cytokines, almost doubling the amount of
the generated IFN-y (113). Based on the crucial role of K* channels in T cell activation,
understanding the pharmacological properties of Ky1.3 and Kca3.1 channels is utmost
important. Several in vitro and in vivo animal experiments showed the applicability of K,1.3
inhibitors in the management of autoimmune diseases (114,115), and the use of Kca3.1

activators to boost anti-cancer immunity (see below).
2.2.3 The immune system and the tumor

Tumor tissue can be considered a broadly inflamed structure that promotes
inflammation and that, in turn, is promoted by inflammation, which is tightly bound to the
immune system (116). We can find almost all types of infiltrating immune cells in tumor tissues,
from the innate ones like macrophages, neutrophils, and dendritic cells, to the adaptive ones
like T and B lymphocytes (117). B cells and antibodies do not contribute to the anti-tumor fight
substantially and their presence has even been considered, in some cases, a pro-tumorigenic
factor (118). On the contrary, infiltrating T cells gain more and more importance in
contemporary oncology (119). In particular, cytotoxic CD8" T cells are almost always a
favorable prognosis factor (119) because of their ability to recognize neo-antigens and other

proteins on the tumor plasma membrane and subsequently attack the cancerous mass thanks to
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the secretion of several cytotoxins (106). On the other hand, myeloid cells are a family of both
anti-tumor and pro-tumor elements dwelling in the TME and deeply influencing its evolution
(120). Activated neutrophils and activated macrophages, in this case called tumor-associated
macrophages (TAMs), usually show an anti-tumor activity but are often overshadowed by a
close family of pathologically activated pro-tumor cells, mostly known as myeloid-derived
suppressor cells (MDSCs), branched in monocytic-MDSCs (Mo-MDSCs) and
polymorphonucleate-MDSCs (PMN-MDSCs) (120).

2.2.4 Myeloid-derived suppressor cells (MDSCs)

MDSCs exert their action in several different ways, both through direct contact with
other immune cells and by the production of molecules that have an impact on the tumoral
landscape in which these cells live (Figure 7) (121). Just like macrophages and neutrophils,
MDSCs produce several ROS and RNS. Instead of directing these against pathogens, it is
thought that MDSCs can cause the oxidation and nitration of specific residues of the TCR/CD8
complex present on cytotoxic T cells, altering the overall capacity of the immune system to
recognize the tumor antigens (122). Even if this is the main way through which the inhibition
occurs, the cell-cell interaction between MDSCs and T cells is much more complex and
variegated than expected. It has recently been shown that one of the byproducts of the
metabolism of MDSCs, the a-dicarbonyl radical methylglyoxal, can be easily transported from
the myeloid cells to the neighboring T cells in the context of a tumor. The accumulation of
methylglyoxal in the cytoplasm of T cells reacts with L-Arginine and causes its depletion (123).
L-Arginine is an essential amino acid for T cells and plays an important role in their activation,
proliferation, cytokine production (124) and in their survival rate in harsh IL-2-poor conditions
(125). MDSCs deplete extracellular L-Arginine as well as L-Tryptophan and L-Cysteine
through the overexpression of the enzymes ARG-1 and IDO1/2 and this inhibits T cell
proliferation (121). The strong oxidative properties shown by MDSCs can even have an effect
on their own phospholipids, in an effect known as lipid peroxidation (126). Myeloperoxidase
(MPO), an enzyme extremely abundant in PMN-MDSCs, can create oxidized lipids that, in a
similar manner to methylglyoxal, can be passed from the plasma membrane of myeloid cells to
the plasma membrane of close dendritic cells, impairing their cross-presentation of tumor
antigens to lymphocytes, worsening the inability of the immune system to properly respond to
the tumor (127). Apart from targeting anti-tumor cytotoxic T cells and dendritic cells, MDSCs
can also produce cytokines and other molecules that enhance the tumor cell stemness, induce
angio- and vasculogenesis and promote extravasation and metastasis (121). Unfortunately, the
lack of specific surface biomarkers makes it difficult to distinguish, especially in vivo, one
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subtype of myeloid cells from another, hindering the research on tumor-associated MDSCs
(120). Because of this, even if progress has been made, a specific treatment that can stop pro-
tumor MDSCs from exerting their activity is yet to be discovered (120). As compared to T cells
(see 2.2.2), relatively less is known about the channelome of MDSCs. Both in vitro-generated
and ex vivo MDSCs present the purinoceptor P2X7R, which can detect extracellular ATP.
Consequently, the tumor milieu, rich in ATP (see next chapter 2.2.5 for more details), can
activate these channels prompting MDSCs to produce CCL-2, a strong chemokine usually
associated with an unfavorable outcome (128), ARG-1, ROS and TGF-p1 (129). MDSCs may
express TRPV1 as well, but this has been observed only in a hepatitis model (130).
2.2.5 The positive modulators of Ca?*-activated K* channels can counteract high K*

and high adesonine concentration in the tumor microenvironment

Infiltrating T cells, attracted by the inflammation-related cytokines secreted in the
tumor, end up in a unique environment. The TME is a complicated network of cellular and
acellular elements, all contributing to the advancement of the tumor itself. The cancer cells are
able to influence the TME and, as a consequence, the TME will influence the cancer cells’
behavior, their survival rate and their malignancy (131). Rapidly growing tumors are
characterized by hypoxia and nutrient deficit, which causes the development of necrotic foci
usually associated with poor prognosis (132). Cancer cells will die in big numbers and release
their intracellular content in the extracellular tumoral milieu contributing to the development of
a chemically pro-tumoral landscape (132). It has been extensively shown, for example, that
tumor interstitial fluid is rich mostly in K* ions, which directly derive from the local high

necrotic rate (133).

The high extracellular K* concentration will cause an impairment in the ionic
homeostasis of TILs, leading to an increase in their intracellular K* concentration (from ~130
mM to 150-160 mM when the extracellular K* concentration was increased by 40-50 mM
(134,135)). This high K* condition hinders T cells from correctly exerting their role, mostly by
blocking the TCR-induced cascade of phosphorylations (135) and other pivotal metabolic
pathways (136) (135). The removal of K* from the cytoplasm of tumor-infiltrating lymphocytes
(TILs) reverts them to an unimpaired condition (135). This could be achieved either by
overexpressing K* channels like Ky1.3 and Kca3.1, or by activating Kca3.1 with an enhancer
molecule like 1-EBIO (135) or SKA-346 (137). Because of this groundbreaking discovery,
Chandy and Norton proposed the positive modulators of Ca?*-activated K* channels as potential

drugs capable of rescuing lymphocyte functions in impaired tumoral milieux (138).
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Necrotic and dying tumor cells also release their intracellular ATP, whose concentration
is normally 2-10 mM in the cytosol (139,140). Contrariwise, the extracellular concentration of
ATP is rather low: in normal pancreas, for example, it is ~100 nM (141), but it rises to 10 uM
in case of cancerous transformation (141) (in other organs it has been reported to generally be
~10 nM (140), which becomes hundreds of micromolars in case of ovarian carcinoma and
melanoma (142)). ATP concentration will increase in parallel with tumor progression (129).
The more ATP pours out of the cells, the more AMP and adenosine accumulate in the tumoral
stroma thanks to two enzymes, CD39 and CD73, which are overexpressed in pancreatic ductal
adenocarcinoma (PDAC) (143,144) and other cancers (145,146) and which catalyze the
reaction ATP = AMP -> adenosine. Adenosine, which normally has a concentration of ~13
nM in the human blood (147), can rise to 10 uM in the tumoral microenvironment (148). This
has a great impact on tumor-infiltrating lymphocytes (TILs), which are known to host several
adenosine receptors with a predominance of A2aR (149). Conforti’s team carefully analyzed
the impact of head and neck squamous cell carcinoma (HNSCC) on the K* channels of
circulating and infiltrating T cells. While Ky1.3 currents measured in circulating T cells
obtained from cancer patients and healthy subjects are very similar (150,151), Ky1.3 currents
measured in biopsy-derived TILs are significantly lower. Moreover biopsy-derived TILs stop
proliferating and producing cytotoxins like granzymes and cytokines like IL-2 (150). On the
contrary, compared to healthy subjects, Kca3.1 currents are less prominent in peripheral CD8*
T cells of cancer patients (151) and this is not due to a decrease in the surface expression of the
channel (113,151). Peripheral CD8* T cells obtained from tumor-bearing patients seem unable
to upregulate their CaM level after being activated, resulting in less coupling of CaM with
Kca3.1 in the plasma membrane and, therefore, lower Kca3.1 activation and smaller currents
(113). Even if the mere lack of intracellular CaM does not alter the production of cytokines like
IFN-y [49] and the mere presence of extracellular adenosine has only a small impact on the
motility of normal T cells (113,151), the two conditions together create a synergistic effect that
hinders the motility of T cells and limits their ability to correctly respond to chemotactic stimuli
induced by CXCL-12 (113). Thus, the binding of adenosine to A2aR, which triggers the
activation of the cCAMP-PKA cascade (152), has a detrimental effect mostly if the T cell is
already impaired in its Kca3.1 activity because of the lack of CaM. However, it is not known
yet why T cells obtained from cancer patients display downregulated CaM content. In addition,
adenosine acts as a Kca3.1 blocker and it can quickly and temporarily block the Kca3.1 current,
but the molecular mechanism of the block is still unclear (152). The inhibition of Kca.3.1 by

adenosine in the tumoral microenvironment could contribute to the detrimental effect on anti-
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cancer immunity that has been already described. Just like Eil et al. demonstrated that the
imbalance of intracellular K* can be pharmacologically salvaged using Kca3.1 activators
(135,137), Conforti’s team showed that an activator like 1-EBIO can rescue the Kca3.1 currents
and consequently restore the motility of HNSCC CD8" T cells (113,151), strengthening the
possibility of using these drugs as potential aids in immune-compromised environments like

the tumor one.
2.2.6  The tumor microenvironment and acidosis

Besides the accumulation of adenosine and K™ ions, the TME is also characterized by a
severe dysfunction of the pH homeostasis (153). Solid cancers, in particular, because of their
stiffness and rapid growth, soon face hypoxia and nutrient deprivation. Cancer cells counter
this unlivable environment switching towards a more glycolysis-dependent metabolism and
triggering the so called “Warburg effect” (154). The physiological extracellular pH (pHe) of
human tissues is around 7.2-7.5, but the large amount of lactate and H* released during the
cancer growth drive it towards values of 6.5-6.9 (155,156). On the other hand, the usual
intracellular pH does not steer away from 6.9-7.2 (157), but in cancer cells it can reach more
alkaline values, hitting 7.3-7.6 (158), hence reversing the physiological pH gradient (from pHe
> pH; to pHe < pH;i) (159). The pHe in PDAC for example, which is one of the stiffest and most
malignant carcinomas can reach a pH of 6.4 after just 7 days of growth in mice (160). Similarly,
the pHe in breast cancer implanted in mice can reach values between 6.3 and 6.9 and liver cancer
has an average pH. of 6.8-6.9, which is lower compared to 7.1-7.2 of their healthy counterparts
(155). The alteration of the extracellular pH can directly affect the behavior of T cells in loco
(161). Decreasing the extracellular pH to 6.5-6.6 will temporarily impair the activation and the
proliferation of both human and murine T cells, mostly because of the down-regulation of the
TCR proteins, causing less IL-2, IFN-y and TNF-o production (162,163) and a decreased
perforin- and granzyme-based cytotoxic activity (164). In this way the tumor forges a double-
edged sword: on one side the extracellular acidity promotes certain malignant traits of the tumor
itself, like epithelial-to-mesenchymal transition (165), motility and migration (166) and overall
metastatic tendencies (167); on the other side the immune system, mostly represented by CD8*
T cells, is suppressed and immobilized because of its inability to cope with the acidic
environment. Even if not directly proven, it is also possible that extracellular acidosis aids
certain pro-tumoral immune cells in promoting the release of matrix metalloproteinases
(MMPs) (168), enzymes that reshape the TME in favor of the tumor itself. Among the many
ways with which MDSCs help the tumor growth there is the secretion of MMPs (169), which
has also been strictly linked to the expression of Hy1 (170). Therefore, it does not come as a
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surprise that we and another team (101) discovered that MDSCs express mostly only Hy1 as a

plasma membrane ion channel.
2.2.7 The effects of acidity on K* channels of immune cells

lon channels, as proteins, are sensitive to different kinds of stresses. Some of them
respond to mechanical inputs (171), many to changes in temperature (172) and others to pH
variations (173). Ky1.3, along with other Ky channels (174), is very sensitive both to
temperature and pH. Increasing the temperature from 5 to 42 °C has a positive effect on the
conductance and the open probability of the channel and causes a dramatic acceleration in its
activation, inactivation, and recovery kinetics as well (175). Similarly, an increase in the whole-
cell current and acceleration in the activation and inactivation kinetics of K,1.3 can be observed
when the extracellular solution shifts from an acidic pH of ~5 to a basic pH of ~8 (176). On the
other hand, intracellular pH variations have a big impact on the amplitude of K,1.3 currents,
but not on their kinetics (176). Despite being as important as Ky1.3, Kca3.1 has been less studied
and almost nothing is known about how pHe and pHi influences these currents. Nothing is
known either about the sensitivity of its positive modulators to pHe and pHi. If Kca3.1 enhancers
like Riluzole, 1-EBIO or one of the many other similar substances are intended for use to boost
the anergic immune system in the tumoral milieu, it must be known whether a perturbed pH

could dampen or potentiate the effect of such drugs.
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3 AIMS OF THE STUDY

3.1 Isolation and ion channel characterization of murine tumor-associated

myeloid-derived suppressor cells

MDSCs are a common component of the immunosuppressive tumor microenvironment.
Although the channelome to most immune cells is well characterized, the ion channel
expression and the function of ion channels in MSDSc was not known. To address this, we
inoculated Lewis Lung Carcinoma cells subcutaneously in mice and collected MDSCs for
electrophysiological studies. Our aims were:

1. To isolate MDSCs from freshly excised tumors and categorize them into
subfamilies through flow cytometry and immunofluorescence.

2. To characterize the ion channel repertoire of MDSCs subfamilies through patch-
clamping, and define the biophysical (kinetics, pH sensitivity) and

pharmacological properties of the measured ion currents.

3.2 Analysis of the sensitivity of Kca3.1 and of its positive modulators Riluzole

and SKA-31 to intracellular and extracellular pH variations

Kca3.1 is an important ion channel in the immune system and has a role in promoting
anti-cancer immunity. Moreover, several enhancers of its activity have been proposed as
possible useful tools against cancer. Extra- and intracellular pH regulation is dramatically
altered in cancer, however, neither the pH sensitivity of Kca3.1 nor that of Kca3.1 activators is
known. To address these our aims were:

1. To characterize the sensitivity of Kce3.1 to intra- and extracellular pH
combinations both using peripheral blood lymphocytes and transfected CHO
cells.

2. To characterize the sensitivity of the positive modulators Riluzole and SKA-31

to intra- and extracellular pH combinations
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4 MATERIALS AND METHODS

4.1 Cell cultures

Human venous blood from anonymized healthy donors was obtained from a blood bank.
The peripheral blood lymphocytes (PBLs) were isolated through HistopaquelQ077 (Sigma-
Aldrich Hungary, Budapest, Hungary) density gradient centrifugation. Cells obtained were
resuspended in RPMI 1640 medium containing 10% fetal calf serum (Sigma-Aldrich), 100
pg/mL penicillin, 100 pug/mL streptomycin, and 2 mM L-glutamine, seeded in a 24-well culture
plate at a density of 5 x 10° cells per mL, and grown in a 5% CO- incubator at 37°C for 2-5
days. Phytohemagglutinin A (PHA, Sigma-Aldrich) was added in 5 7 or 10 pg/mL
concentrations to the medium to boost the K* channel expression.

Chinese hamster ovary (CHO) cells (gift from Yosef Yarden, Weizmann Institute of
Science, Rehovot, Israel) were maintained by culturing in Dulbecco’s modified Eagle medium
(DMEM, Gibco) supplemented with 2 mM L-glutamine, 10% FBS, 100 ug/mL streptomycin
and 100 U/mL penicillin G (Sigma-Aldrich) at a density of 0.5 — 1 x 10 cells per mL in a
humidified incubator at 37°C and 5% CO. Cells were passaged 3 times in a week following a
2-5 min incubation in 0.05% trypsin-EDTA solution at 37°C. Cultures were used up to passage
number 20. PCR-based tests were routinely used to detect mycoplasma infection, only
mycoplasma-free cultures were used for experiments.

CHO cells (that do not express endogenous voltage-gated ion currents (177)) were
transiently transfected with the following plasmids encoding hKca.3.1 and turboGFP in a
pCMV6-AC-GFP (OriGene Technologies) vector; H192A-hKc.3.1 in a pEGFP-C1 vector (a
kind gift from Bernard Attali, Tel Aviv University, Israel); hKca2.2 in a pCDN3 plasmid (a
kind gift from Bernard Attali, Tel Aviv University, Israel) and T79D-rCaM in a pcDNA3
plasmid (a kind gift from Bernard Attali, Tel Aviv University, Israel). TurboGFP is a modified
version of ppluGFP2, derived from Pontellina plumata, and is characterized by a fluorescence
up to three times higher than EGFP (178). Transfections were performed using the
Lipofectamine 2000 kit (Invitrogen, Carlsbad, CA) following the manufacturer's protocol. The
cells were grown under standard conditions (see CHO cell culturing). GFP-positive
transfectants were identified using Nikon TMS fluorescence microscope (Nikon, Tokyo,
Japan), and currents were recorded 24 to 48 h post transfection.

CH12 B cell lymphoma cells were grown in RPMI 1640 medium supplemented with
10% FBS, 1% GlutaMAX, 1% penicillin-streptomycin. The Lewis lung carcinoma cell line
(LLC) was a kind gifts from Laszl6 Nagy (Department of Biochemistry and Molecular Biology,
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Faculty of Medicine, University of Debrecen, Hungary). Cells were grown in RPMI 1640
medium supplemented with 10% FBS, 1% GlutaMAX, and 1% penicillin-streptomycin.

4.2 Tumor model and cell sorting

LLC cells (3 x 10%0.1 mL PBS) were injected subcutaneously on the right flank of
syngeneic 8- to 12-week-old male C57BL/10 wild-type mice. Tumors were excised and cut into
small pieces in isolation buffer (RPMI 1640 medium) followed by protease digestion using
enzyme mixture (collagenase I (CLSS-1, Worthington, Columbus, OH, USA, 10 U/mL),
collagenase IV (CLSS-4, Worthington, 400 U/mL), and DNase | (DCLS, Worthington, 30
U/mL)) for 30 min at 37°C. Cells were filtered through a 70 um strainer and the red blood cells
were lysed in ACK (Ammonium Chloride Potassium) lysing buffer. After washing and
spinning, cells were resuspended in Hanks’ Balanced Salt Solution (HBSS) buffer and stained
with live/dead stain (Fixable Viability Dye eFluor 506, eBiocience, San Diego, CA, USA, 1
pg/mL) in HBSS for 30 min at 4°C to exclude the dead cells. After washing, cells were
preincubated in MACS buffer (phosphate buffered saline (PBS) pH 7.2, supplemented with
0.5% BSA and 2 mM EDTA) with rat anti-mouse CD16/CD32 FcyR blocking antibody (for 5
min at 4 °C and stained for 30 min at 4°C with appropriate antibodies, in order to sort the PMN-
MDSCs and Mo-MDSCs, using BD FACSAria Il sorter (BD Biosciences, San Hose, CA,
USA). Details regarding the antibodies, flow cytometry and sorting are in the original

publication as this analysis is not part of the dissertation (179).

4.3 Western blot

The sorted cells were lysed in 2x Laemmli buffer supplemented with proteinase
(Sigma/Merck KGaA, Darmstadt, Germany, cat #P8340) and phosphatase inhibitor (Sigma, cat
#P5726) cocktail followed by a denaturation step at 98°C for 5 min. Fifteen pg protein per
sample was run on 7.5% polyacrylamide gel and transferred to a nitrocellulose membrane (Bio-
Rad Laboratories, Hercules, CA, USA). The non-specific binding sites were blocked by
incubating the nitrocellulose membrane in 5% w/v non-fat dry milk in Tris-Buffered Saline
(TBS) supplemented with 0.2% v/v Tween (TBST) for 1 h. Next, the nitrocellulose membrane
was incubated with primary antibodies (anti-Hy1 and -p-actin) diluted in 2.5% w/v non-fat dry
milk in TBST overnight at 4 °C. After washing for 3 x 7 min in TTBS, the nitrocellulose
membrane was incubated with donkey anti-rabbit 1gG-HRP linked secondary antibody for
detection of Hy1 protein. Sheep anti-mouse 1gG-HRP linked secondary antibody was used for
the detection of actin. The chemiluminescence signal was detected using an Azure c300 Gel
Imaging System (Azure Biosystems, Dublin, CA, USA). CH12 B cell lymphoma lysate was

used as a positive control. The Western blot analysis was performed on sorted cells from 3
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different experiments. The relative Hy1 protein level was calculated using Azure Spot Pro
Analysis software and expressed as Hy1/actin ratio.

4.4 Electrophysiology and pharmacology

Electrophysiology measurements were carried out using the patch-clamp technique in
voltage-clamp mode. Whole-cell currents were recorded using a Multiclamp 700B amplifier
connected to a DigiData 1440A digitizer (Molecular Devices, Sunnyvale, CA, USA).
Micropipettes were pulled from GC 150 F-15 borosilicate capillaries (Harvard Apparatus Kent,
UK) resulting in 3 to 5 MQ resistance in the bath solution. Current traces were lowpass-filtered
through the built-in analog 4-pole Bessel filters of the amplifiers and sampling frequency was
set at least twice the filter cutoff frequency. Currents are either shown as absolute values or
expressed as current density obtained by dividing the currents measured in pA with the cell
capacitance in pF to yield pA/pF. Recordings were carried out at room temperature (20-25°C),
The patch-clamped cell was perfused with control and test solutions using a gravity-driven
custom-built perfusion system and excess bath solution was removed constantly by vacuum

suction.

4.4.1 Recording whole-cell currents in murine PMN- and Mo-MDSCs

Voltage ramps (2000 ms long from —60 mV to +150 mV, every 15 s) were used to
demonstrate qualitatively the dependence of the activation threshold of the Hy1 currents at
various pHe values. Traces were filtered (lowpass boxcar, 25 smoothing points), off-line leak-
corrected manually point-by-point. Linear regression line was fit to the data points below the
activation threshold of the H* current (between 50 ms to 330 ms, corresponding to —60 mV and
=30 mV) and the fitted parameters were used to subtract the non-specific leak. The leak-
corrected currents between +145 mV and +146 mV were extracted, averaged, and considered
as the peak current. The average currents of two or three stable traces at a given pHe condition
defined one data point.

The current-voltage (I-V) relationships and the activation threshold voltage of the
currents (Vi) were determined using 2 s long step depolarizations from a holding potential of
—80 mV to +100 mV in +10 mV increments. The protocol was applied every 15 s; the sampling
rate was 5 kHz. For the |-V curves, every trace was filtered (lowpass boxcar, 25 smoothing
points) and leak-corrected manually. Peak currents were calculated as the average of the last 18
points (i.e., between 2051.1 and 2051.9 ms) at the end of the depolarizing pulses. For the Vinr
determination, leak correction was performed using the first 5 (pHe 7.4), 7 (pHe 6.4 and 6.2),
and 10 peak currents of the 1-V relationship (i.e., between —80 and —50/—30/+10 mV) and the
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SD was calculated using the first 5 values in the 1-V (i.e., between —80 and —50 mV). The Vi
was selected as the membrane potential at which the current was above 2 x SD.

For recording tail currents, the Hy1 current was fully activated using 500 ms long single-
step depolarizations from a holding potential of =80 mV to +100 mV. The tail currents were
recorded upon stepping back from this potential in 20 mV decrements to —60 mV, and the
currents were recorded for 250 ms at the back-step potentials. The protocol was applied every
15 s with a sampling rate of 20 kHz. The traces were leak-corrected manually and filtered
(lowpass boxcar, 25 smoothing points). To test the presence of voltage-gated K* currents, 15
ms long depolarization steps were applied to +50 mV from a holding potential of =100 mV
every 15 s, with a sampling rate of 20 kHz. VVoltage ramps, as specified above, were also used
to study the presence of voltage-gated ion currents in MDSCs over an extended membrane
potential range and depolarization duration in physiological salt solutions.

4.4.2 Recording whole-cell Kca3.1 currents in peripheral blood lymphocytes and
transfected CHO cells

The cells were held at =85 mV holding potential to minimize the holding current and
allow the calculation of the leak conductance. 150-ms-long voltage ramps (from —120 to +50
mV, in 150 ms) were applied every 10 s to evoke the Kca3.1 currents.

For offline leak correction and the calculation of the K* conductance a Python based
custom written program was used. The algorithm averaged the holding current (Inoid) for n=600
data points at -85 mV, which is close to the K* equilibrium potential calculated from the Nernst
equation (Exk=-89 mV). Ihoid Was considered as leak current and used to calculate Gieak as Inoid/—
85 mV. Every data point was corrected for linear leak using Ik=Im — (GieakXEm), Where Ik is the
leak subtracted K* current, I is the measured membrane current at En membrane potential. Ik
was then displayed as a function of En, during the ramp and the region for linear current-voltage
relationship was selected and Gk was calculated as the slope of the straight line fitted to the Ik
data points (Gk = Alk/AV). The linear region was typically between —120 mV and —60 mV for
lymphocytes, at more depolarized membrane potentials the activation of the Ky1.3 current

caused a significant deflection from the linear 1-V relationship.

The following parameters were derived from the leak subtracted Gk data:

Gk 200/Gk 0: ratio of the K conductances determined at a time point t >200 s (Gk 200) in standard
extracellular solution (S-ECS) over Gk at the beginning of the experiment (0 s) in S-
ECS (Gk,0) in the absence of Kca3.1 activators;
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Gk x/Gk,7.4: normalized conductance, Gk values determined in various pHe solutions (Gkyx,
where x is the pHe) in a given cell normalized to Gk,7.4 recorded at pHe=7.4 in the same
cell;

Gk,act/Gk: “fold increase in conductance”, K™ conductance measured in the presence of the
activator at a given concentration (Gkact) divided by the K™ conductance in the drug-
free solution (Gk)

“fold increase normalized to 7.4”: “fold increase in conductance” caused by the activator at a
given pH; and pHe combination normalized to the “fold increase in conductance”
measured with the activators in S- ECS at pHe=7.4.

Gk end/Gk start: Gk end and Gk start are the activator-enhanced K* conductance at the end of the
experiment (> 800 s) and the activator-enhanced K* conductance at the beginning of the
experiment, respectively.

The activator concentration-response curves were fit using:

(Top—Bottom)x[X|"H
[X]™H +ECso™H

fold increase in conductance = Bottom +

where “fold increase in conductance” is defined above, [X] is the activator concentration, ECso
is the concentration of agonist that gives a response halfway between Bottom (min value of
“fold increase in the conductance”) and Top (maximum value of the “fold increase in

conductance”), and ny is the Hill slope.

4.4.3 Data acquisition and analysis tools

The pClamp 10.5, 10.7, and 11.2 software packages were used to acquire the data. The
pClamp 10.7 and 11.1 software packages (Molecular Devices Inc., Sunnyvale, CA, USA) were
used to analyze the data. Statistical analyses were performed with GraphPad Prism 8.4.3
(GraphPad Software, Inc., San Diego, CA, USA). Bar graphs represent mean = SEM, the
individual data points used for the calculation of the mean are displayed in all bar graphs. The
number of independent observations is indicated as a number in the bar or stated in the figure
legends.

Statistical comparisons were performed using the following principles. Data were tested for
normal distribution, and parametric test were used only if normality test (Kolmogorov-Smirnov
test) passed at p > 0.05. When two groups were compared Student’s t test was used given equal
variances of the two groups. If equal variance test (F test, p = 0.05) failed then t-test was
performed with Welch’s correction. When multiple groups were compared one-way ANOVA
was applied. If groups were statistically different (p < 0.05) then groups different from others

were isolated using all pairwise multiple comparisons with Bonferroni correction. Single
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normalized datasets (e.g. Figure 23D) were analyzed using one-sample t-test (against Ho: o=
1 hypothesis). In general, normalized datasets were tested using against Ho: po = 1 hypothesis.
The p values used for decision making are indicated by asterisks (*p < 0.05, **p < 0.01, ***p
<0.001, ****p < 0.0001., n.s.: p > 0.05).

Linear regression was performed using the built-in algorithm of Prism (simple linear
regression) and the goodness of fit was evaluated by R? (e.g. Figure 13) The built in algorithm
of Python was used an when the slope of the current-voltage relationship was determined to
obtain conductance (e.g. conductances obtained from the insets of Figure 16A and displayed
in Figure 16B) directly from the Axon ABF data (see 4.4.2).

The built in non-linear least square algorithm of Prism without weighting was used to fit the
concentration-response curves in Figure 18. The parameters of the 4-parameeter Hill equation
were constrained to ECso> 0 and “bottom” > 0. The goodness of fit was evaluated by R2.

4.5 Solutions

The standard extracellular solution used to study Hy1 (for a quick recapitulation see
Table 1) at pHe =7.4 contained 180 mM HEPES, 75 mM N-Methyl-D-Glucamine (NMDG),
15 mM glucose, and 3 mM MgCl; (titrated with CsOH), whereas in the extracellular solutions
at pHe = 6.4/6.2/5.7, 180 mM HEPES buffer was substituted with 180 mM MES (2-(N-
morpholino)ethanesulfonic acid, titrated with CsOH or HCI). The standard intracellular
solution at pH; = 6.2 contained 180 mM MES, 75 mM NMDG, 15 mM glucose, 3 mM MgCl.,
and 1 mM EGTA (ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid, titrated
with CsOH). To explore the presence of other voltage-gated currents, we used a Na*-based
extracellular solution at pHe = 7.35 containing 145 mM NaCl, 5 mM KCI, 1 mM MgCl,, 2.5
mM CaCly, 5.5 mM glucose, and 10 mM HEPES and a K*-based intracellular solution at pH; =
7.22 containing 140 mM KF, 2 mM MgClz, 1 mM CaClz, 10 mM HEPES, and 11 mM EGTA.
The pH of the solutions was checked before every experiment, and all salts and components of
the solutions were purchased from Sigma-Aldrich Budapest, Hungary.

The S-ECS used to study Kca channels (for a quick recapitulation see Table 2) was a
Na*-aspartate (Na*Asp)-based solution with 2.5 mM CaCl;, and 10 mM HEPES titrated to
pHe=7.4 with NaOH. The extracellular solution having pH.=8.0 (8.0-ECS) was buffered with
10 mM HEPES whereas those having pHe=6.0 (6.0-ECS); pH.=6.5 (6.5-ECS) or pHe=6.9 (6.9-
ECS) were buffered using 10 mM MES, pH was titrated to the desired value with NaOH. The
standard intracellular solution (S-ICS) was a K*-aspartate (K*Asp-)-based solution with 8.5 mM
CaClz, 10 mM EGTA and 10 mM HEPES (titrated to pH;=7.2 with Tris). This solution has an
estimated free Ca?* concentration of ~1-2 pM based on the MaxChelator program WEBMAX-
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C software (C. Patton, Stanford University, retrieved here:

https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/webmaxcE.htm
). Since pH has a strong effect on the affinity of EGTA for Ca?* we substituted EGTA with
BAPTA, a less pH-sensitive Ca?* chelator (180), when the pH of the intracellular solution was

titrated to various levels. To keep the free Ca?* concentration around ~1-2 uM the pipette-filing
solution titrated to pHi=6.5 (6.5-ICS) contained 11 mM BAPTA whereas the one titrated to
pHi=8.0 (8.0-ICS) contained 10 mM BAPTA. For the experiments in which we used the Kca3.1
activators at pH=7.2 we set the free Ca®" concentration in the pipette-filing solution to ~250
nM (7.2-1CS-250), as suggested by (181) and Ca?* was buffered using EGTA (10 mM EGTA
and 5.7 mM CaCl,). When the pH of the pipette-filling solution, with 250 nM Ca?
concentration, was set to pHi=6.5 (6.5-1CS-250) or pHi=8.0 (8.0-ICS-250) the amount of
BAPTA was set to 10 mM, but the concentration of CaCl, was adjusted to reflect the pH-
dependence of the buffer capacity of BAPTA. More precisely, in case of pHi=6.5 we used 3.25
mM CaCl; and for pHi=8.0 we used 4.3 mM CaCl,. All pipette-filling solutions were titrated
with Tris. All titrations were done at 25°C and the pH of solutions was checked before every

experiment.
Extracellular Intracellular Na*/K* extracellular Na*/K* intracellular
NMDG 75 75 -
NaCl - - 145 -
KF - 140
KCI - - 5 -
MgCl, 3 3 1 2
CaCl, - - 2.5 1
Glucose 15 15 5.5 -
EGTA - 1 - 11
HEPES 180* - 10 10
MES 180* 180 - -
oH 5.7/6.2/6.4/7.4 6.2 7.35 71.22
(w/ CsOH) (w/ CsOH) (w/ NaOH) (w/ KOH)
Free Ca®" - - (2.5 mM) (45 uM)

*Depending on their final pH, the solutions either contained HEPES (7.4) or MES (5.7/6.2/6.4).

Table 1. Components of the intra- and extracellular solutions used for patch-clamping of

H.1 channels.
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Intracellular | Intracellular | Intracellular
Standard Standard Intracellular | Intracellular 6.5 7.2 8.0
Extracellular | intracellular 8.0 6.5 w/ w/ w/
activators activators activators
Na*Asp 145 - - - - - -
K*Asp - 145 145 145 145 145 145
KCI 5 - - - - - -
MgCl, 1 2 2 2 2 2 2
CaCl, 2.5 8.5 8.5 8.5 3.25 5.7 4.3
Glucose 5.5 - - - - - -
HEPES 10" 10 10 - - 10 10
MES 10" - - 10 10 - -
EGTA - 10 - - - 10 -
BAPTA - - 10 11 10 - 10
H 6.5/6.9/7.4/8.0 7.2 8.0 6.5 6.5 7.2 8.0
P (w/ NaOH) (w/ Tris) (w/ Tris) (w/ Tris) (w/ Tris) (w/ Tris) (w/ Tris)
(F:;eﬁ (2.5 mM) ~1uM “12uyM | ~12uM | ~250nM | ~250nM | ~250nM

*Depending on their final pH, the solutions either contained HEPES (7.4/8.0) or MES (6.5/6.9).

Table 2. Components of the intra- and extracellular solutions used for patch-clamping of

Kca3.1 channels.
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5 RESULTS

5.1 The voltage-gated Hy1 H* channel is expressed in tumor-infiltrating
myeloid-derived suppressor cells

Myeloid-derived suppressor cells are a large component of the tumor milieu promoting
tumor invasion and metastasis through several mechanisms (182). Even if the tumor
microenvironment is very dynamic and ever-changing, it is usually characterized by hypoxia,
nutrient poverty and acidity, features that do not seem to hinder MDSCs, which are able to
adapt their metabolism to these extreme conditions, survive and act as pro-tumor agents (183).
As a fact, tumor-derived lactic acid has been directly linked to positive regulation of MDSCs
activity in murine pancreatic cancer (184). In this section of my dissertation, | will explain how
we obtained fresh murine MDSCs, how we characterized them and determined their ion channel
repertoire that may provide a tool for pH adaptation.

5.1.1 MDSCs are a large component of Lewis lung cancer

LLC, a murine model representing non-small cell lung carcinoma, is recognized for
harboring a minimal count of CD4" and CD8" T lymphocytes, while boasting a significant
presence of myeloid cells such as macrophages, neutrophils, and dendritic cells. This
characteristic renders it immunologically classified as a ‘cold’ tumor (185). MDSCs were
isolated from LLC-tumor-bearing mice according to Materials and Methods and MDSC
subfractions were sorted using flow cytometry. This part of the analysis has been mainly
conducted by Eva Korpos, Adrienn Gyongydsi and other colleagues of the Department of
Immunology of the University of Debrecen, hence it will be explained briefly. For details
(antibody used, flow cytometry and sorting and confocal microscopy), please see the original
publication (179).

Myeloid cells were identified using a combination of morphology, singlet, and viability
gates in combination with the myeloid marker CD11b*. In order to differentiate between the
main two sub-populations (polymorphonuclear MDSCs and monocytic MDSCs) we used the
markers Ly6G and Ly6C: PMN-MDSCs were defined as CD11*/Ly6G" cells, while Mo-
MDSCs as CD11b*/Ly6G /F4/80° /MHCII/Ly6C" cells. These two populations were not
present with the same proportions: PMN-MDSCs were more abundant (60% of CD11" cells)
and Mo-MDSCs less abundant (10% of CD11" cells). Since these cell surface markers are not
unequivocally identifying MDSC sub-populations, but are also expressed by other immune cell
types, the only way to define these cells as MDSCs is to carry out T cell proliferation
suppression assays, defined by the specialists as the “gold standard” technique (186). We

showed that Mo-MDSCs had suppressive capacity when they were co-cultured with murine
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splenocytes in 1:1 and 1:2 ratios, whereas PMN-MDCSs failed to demonstrate
immunosuppressive properties. Mo-MDSCs could suppress the proliferation of both CD4" and
CD8" splenocytes. Interestingly, it is common to other tumor models the fact that the scarce
population of Mo-MDSCs is also one of the most immunosuppressive, while the abundant

PMN-MDSCs show less or no immunosuppressive activity (187).

5.1.2 Both tumor-derived Mo- and PMN-MDSCs express Hy1 at mMRNA and protein

level

Normally, both monocytes (188) and neutrophils (189) express Hyv1, whose role is to
support ROS production and maintenance of the intracellular pH homeostasis (190). Recently
it has been shown that in vitro differentiated murine MDSCs express Hy1 as well (190). Inspired
by this observation, we conducted gPCR to examine the expression of the Hy1 transcript in
PMN- and Mo-MDSCs obtained from the LLC tumor (Figure 8A). Although both MDSC
subpopulations showed Hy1 gene expression, we observed a higher level of expression in PMN-
MDSCs compared to Mo-MDSCs. This pattern was consistent when we analyzed Hy1 protein
levels using Western blotting (WB) (Figure 8B, C). To gain more insight into the in situ
expression of Hy,1 in MDSCs infiltrating the LLC tumors, Eva Korpos performed
immunofluorescence staining of LLC tumor sections using the Hy1-specific antibody validated
in WB analysis. As expected, the Hy1 signal was much stronger in PMN-MDSCs compared to
Mo-MDSCs. PMN-MDSCs in the tumor showed focal distribution whereas the Mo-DSCSs are
more sparsely distributed (Figure 8D (179)).

5.1.3 lon currents in MDSCs

MDSCs acquired by cell sorting from the tumor mass underwent analysis via single-
cell electrophysiology (patch-clamp) to assess the expression of whole-cell ion currents
utilizing different combinations of intra- and extracellular solutions (Figure 9). Initially, we
employed intracellular solutions based on K* and extracellular solutions based on Na*, enabling
the recording of voltage-gated K* and Na* currents. When either Mo- or PMN-MDSCs were
subjected to 15 ms-long voltage steps from —100 mV holding potential to +50 mV test potential
(Figure 9A, C), we could not detect any classical voltage-gated ion currents in the outward
direction. On the other hand, using voltage ramps, we detected a voltage-gated outward current
that activated at depolarized membrane potentials (Figure 9B, D) and was sensitive to the
extracellular pH (Figure 9B). The presence of the proton current was observed more clearly
when the recording solutions lacked conventional permeating cations and contained reduced

CI™ concentration to eliminate outward currents other than the proton current (using NMDG-
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Figure 8. Expression of Hv1 proton channel by murine PMN-MDSCs and Mo-MDSCs at mRNA and protein
level. (A) H/1 RNA level relative to 18S RNA expressed by MDSCs using RT-gPCR. The individual data points
(empty or filled circles) show the average of duplicates. RNA extracted from the CH12 B cell lymphoma cell line
was used as a positive control. Bars and error bars indicate mean + SD (PMN-MDSCs, n = 3; Mo-MDSCs, n = 3).
(B) Western blot analysis of Hy1 proton channel protein from the sorted MDSCs: protein lysate from CH12 B cell
lymphoma was used as a positive control and actin as a housekeeping protein. (C) Densiometric analysis of Hy1
protein level expressed by PMN- and Mo-MDSCs relative to actin expression. Densitometric data were obtained
for 3 independent sets of sorted cells. Bars and error bars indicate mean £ SD (PMN-MDSCs, n = 3; Mo-MDSCs,
n = 3). (D) Immunofluorescence staining of LLC cryosections to detect H,1*/Ly6G* PMN-MDSCs (a) and
H\1*/Ly6C* Mo-MDSCs (b). Boxed areas in the 1% column are shown in higher magnification to the right. Scale
bars: 100 um for the lower and 50 um for the higher magnification images. Ly6G* (red) marks PMN-MDSCs,
Ly6C* (red) marks Mo-MDSCs, the H,1 signal is in green. Ly6C*-Ly6G*/H,1+ co-expressing myeloid cells are
in yellow in the merged images (arrows). Ly6C additionally marks the blood vessels (arrowheads).

based solutions) and rich in non-volatile buffers in order to keep both pH; and pH. stable
(Figure 10A, B).
5.1.3.1 Voltage-ramp analysis of the whole-cell H* currents in MDSCs

Voltage-ramp-evoked currents in Figure 10 were recorded while the pH; was
maintained at 6.2 and the extracellular pH was changed to different values ranging from
pHe=5.7 to pHe=7.4. The acidic pHi was chosen for the recordings to mimic intracellular acidity
that may happen in the TME (161). Moreover, this also facilitated the recordings as generation
of the pH gradient across the membrane required to activate Hy1 could be achieved even at

normal extracellular pH value. Figure 10A, B show several features characteristic of Hy1. First,
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Figure 9. lon currents measured in Mo- and PMN-MDSCs. Whole-cell patch-clamp records were obtained in
Na*-based extracellular and K*-based pipette filling solutions. The pH of the pipette filling solution was pH;=7.2
and that of the extracellular solution was pHe=7.4 (black traces) or pH.=6.4 (red trace). VVoltages steps from the
holding potential of -100 mV to +50 mV or voltage ramps from the holding potential of -60 mV to +150 mV were
applied to elicit currents (see insets). Currents were recorded every 15 s. Representative current traces are shown
for Mo-MDSCs (A, B), and for PMIN-MDSCs (C, D).

the smaller the pH gradient across the membrane [ApHe-i = (pHe — pHi)] the more depolarized
the Vir (threshold voltage). Vinr was estimated in voltage-ramp experiments by the membrane
potential at which the whole cell current deviated from leak (see later for more precise
determination of the threshold potential). The estimated Vi values for pHe=7.4 and pH.=6.4
are indicated in Figure 10A, B by arrows. The large difference in the Vi values as a function
of pHe is clearly demonstrated for both types of MDSCs. Second: the larger the pH gradient,
the larger the currents are at identical membrane potentials. Plotting the current of each sweep
at +145 mV as a function of the sequentially numbered sweep numbers (the time interval
between the sweeps is 15 s) shows that changing the extracellular pH induces rapid and
reversible effects on the current amplitude (Figure 10C, D). Even if the capacitance
measurements suggest that Mo-MDSCs are bigger than PMN-MDSCs (1.83 £ 0.14 (n = 40) vs.
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Figure 10. pHe-induced shift of Hyv1 currents in murine PMN- and Mo-MDSCs. (A-D) Representative whole-
cell current traces evoked by voltage ramps ranging from —60 to +150 mV, lasting 2 s and repeated every 15 s (see
inset) in a PMN- (A) and a Mo-MDSC (B) freshly isolated from murine LLC. The currents at +145 mV were
determined for every trace (see Materials and Methods) and plotted as a function of the sweep humber. The arrows
indicate approximately the Vi, for two conditions (pHe = 7.4 (black) and 6.4 (red)). Currents obtained at different
pH. values for PMN- (C) and Mo-MDSCs (D) are represented by different colors and symbols (black circle: pHe
7.4; red square: 6.4; green up triangle: 6.2; blue down triangle: 5.7). (E, F) Current density was calculated as the
ratio of the current at +145 mV and the capacitance of the cell in pF determined from the readout of the amplifier
whole-cell capacitance compensation circuit for each cell individually. Bars and error bars indicate the mean +
SEM (PMN-MDSCs-7.4: n=32,6.4:n =26, 6.2: n= 16, 5.7: n = 4; Mo-MDSCs-7.4: n=29, 6.4: n=20,6.2: n
= 22, 5.7: n = 27) of the current densities of PMN- (E) and Mo-MDSCs (F) obtained at different pH. values as
indicated. Data between PMN- and Mo-MDSCs for every pHe condition were compared via Student’s unpaired t-
test with Welch’s correction and indicated in (E) (**, p < 0.01; *** p <0.001; **** p <0.0001).

3.13 £ 0.14 pF (n = 39), mean £ SEM, p < 0.0001), the H* current density in PMN-MDSCs
was ~3 times bigger compared to Mo-MDSCs at pHe = 7.4 (Figure 10E, F).
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5.1.3.2 Voltage-step analysis of the whole-cell H" currents in MDSCs and the
guantitative determination of the threshold potential for activation

The Vi shift can be quantitatively inferred from the current—voltage relationships
shown in Figures 11 and 12. The families of whole-cell currents in Figure 11 A-D were
obtained in a single PMN-MDSC upon applying 2000 ms-long step voltage depolarizations in
10 mV increments. The intracellular pH was maintained at pH;i=6.2 and the extracellular pH
ranged from pHe=7.4 (Figure 11A) to pHe=5.7 (Figure 11D) with 6.4 (Figure 11B) and 6.2
(Figure 11C) as intermediate values. While larger depolarizations resulted in currents with
quicker activation Kkinetics, 2 s-long pulses did not suffice to achieve current saturation. This
phenomenon is commonly observed in Hy1 currents (76). The same experiments, with the same

extra- and intracellular pH, were done on Mo-MDSCs.
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Figure 11. Families of H* currents and I-V curves in murine PMN- and Mo-MDSCs. (A-D) Representative
family of whole-cell H* currents in murine PMIN-MDSCs isolated freshly from LLC. Depolarizing 2 s long pulses
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were applied from a holding potential of =80 mV to +100 mV in 10 mV increments. While the internal solution
was maintained constantly in the micropipette at pH; 6.2, the cell was locally perfused at different pHe (7.4 (A),
6.4 (B), 6.2 (C) and 5.7 (D)). Representative of 11 (A), 8 (B), 4 (C) and 3 (D) similar families of currents. Every
trace has been filtered with a 25-point boxcar filter. (E, F) I-V curves for PMN- (E) and Mo-MDSCs (F) were
built using the peak currents of every trace in every condition (black: pH. 7.4; red: 6.4; green: 6.2; blue: 5.7)
normalized to their respective current at +100 mV/pH. = 7.4. The Vi, for every pH. condition was calculated (see
Materials and Methods, data analysis) and subsequently pointed out in the plot using an arrow with the associated
color. Every value with its error bar indicates the mean + SEM ((E)-7.4: n=10-11,6.4:n=7-8,6.2:n=4,5.7:
n=3.(F)-7.4:n=5964:n=4,62:n=2-4,57:n=4-5). The representative traces of Mo-MDSCs (F) are in
Figure 12.

The whole-cell currents recorded in Mo-MDSCs (Figure 12A-D) showed similar
features to the ones recorded in PMN-MDSCs (Figure 11). Figure 11E, F show the average
normalized peak currents as function of the membrane potential obtained at four pHe values.
The shift of the I-V to more depolarized membrane potentials with the decrease in the pHe is
markedly demonstrated for both PMN-MDCs (Figure 11E) and Mo-MDSCs (Figure 11F).
The Ve values were determined for each cell individually from the peak current-voltage using
the statistical criteria explained in detail in the Materials and Methods and indicated by arrows.

Similarly to what we observed in Figure 10A, B, the Vi values are shifted to more
depolarized membrane potentials as pHe became more acidic while keeping the intracellular pH
at pHi = 6.2. For statistical analysis, the Vi values were individually determined on a cell-by-
cell basis and plotted as a function of the extracellular pH in Figure 13A and as a function of
ApH in Figure 13B. The values of Vi for PMN-MDSCs were —16.7 = 3.1 mV at ApHe-i = 1.2;
+20 = 5 mV at ApHei = 0.2; +15.0 = 6.5 mV at ApHe; = 0; and +63.3 £ 3.3 mV at
ApHe_i = —0.5. For Mo-MDSCs, the Vi was —14.4 + 5.5 mV for ApHe.i = 1.2; +40.0 £ 10.8
mV at ApHei =0.2, +38.0 £ 9.2 mV for ApHe_i =0; and +57.5 £ 7.5 mV at ApHe-i =—0.5.

The linear regression analysis of the Vin-ApHe-i relationship did not deviate from the
“rule of forty”, i.e., (~40 mV shift per one unit ApH change) for either PMN- or Mo-MDSCs
(191), however, the Vin-ApHe-i is shifted to depolarized potentials for the currents recorded in
Mo-MDSCs.

5.1.3.3 H" selectivity and pharmacology of the whole-cell H" currents in MDSCs

The H* selectivity of currents in PMN-MDSCs was assessed by deriving the reversal
potential (Erev) through analyzing whole-cell tail currents. Cells were depolarized to +100 mV
for 500 ms to initiate the current, succeeded by repolarizations to diverse membrane potentials

(ranging from —60 to +100 mV) to elicit the tail currents (Figure 14A-D).
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Figure 12. Families of H* currents and I-V curves in murine Mo-MDSCs. Whole-cell H* currents were
recorded in a murine Mo-MDSC freshly isolated from an LLC tumor. 2-s-long depolarizing pulses were applied
from a holding potential of -80 mV to +100 mV in 10 mV increments. While the internal solution was maintained
constantly in the micropipette at pH; = 6.2, the cell was locally perfused at different pH. values (7.4 (A), 6.4 (B),
6.2 (C) and 5.7 (D)). Representative of 5 (A), 5 (B), 4 (C) and 5 (D) similar families of currents. Every trace has
been filtered with a 25-point boxcar filter.
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Figure 13. Effect of pH. on the activation threshold (Vr) of Hv1 in murine PMN- and Mo-MDSCs. (A) Bars
and error bars indicate the mean + SEM (PMN-MDSCs-7.4:n=12,6.4:n=8,6.2: n=4,5.7: n = 3; Mo-MDSCs—
7.4:n=9,6.4:n=4,6.2:n=5,57:n=4) of the voltage threshold (V) calculated using the family of currents
for each pHe condition (see Materials and Methods and Figure 11E,F). The pH of the pipette filling solution was
pHi = 6.2. Symbols indicate individual data points obtained in PMN-MDSCs (empty circles and black-filled bars)
and Mo-MDSCs (black-filled circles and empty bars). (B) Vi plotted against ApHei (pHe — pHi) in PMN-MDSCs
(empty circles) and Mo-MDSCs (black-filled circles). The shift in Vi, by moving pH. of one unit was determined
by the slope of the linear intercept (PMN-MDSCs: —39.36 mV/ApH, R? = 0.7769; Mo-MDSCs: —40.07 mV/ApH,
R? = 0.6465). Every value with its error bar indicates the mean + SEM.
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Figure 14. Tail currents and Erev in PMN-MDSCs. (A-D) Representative families of currents obtained using the
tail current protocol in a PMN-MDSC cell. The cell was depolarized from a holding potential of =80 mV to +100
mV for 500 ms followed by repolarizations to various potentials (from —60 to +100 mV in 20 mV increments).
The pH of the internal solution was maintained pH; = 6.2, and the cell was locally perfused with solutions having
different pHe of 7.4 (A), 6.4 (B), 6.2 (C) and 5.7 (D). (E) Selected tail currents from (A-D) are illustrated at
increased time and amplitude resolution. The tail currents corresponding to Ee are indicated in red. The dashed
lines correspond to 0 pA current. (F) The reversal potentials (Er) were determined individually for each cell at
each ApHei, averaged (mean £ SEM, 7.4: n =18, 6.4: n =11, 6.2: n =11, 5.7: n = 4), and plotted as a function of

ApHe_i. The best fit linear regression (solid line, slope: —41.8 mV/ApH, R? = 0.99) and the theoretical relationship
calculated from the Nernst equation for H* (dashed line, slope: —59.2 mV/ApH) are indicated.

The membrane potential where the polarity of the tail current reversed was defined as the
reversal potential. Selected traces are depicted in Figure 14E with more accurate amplitude
resolution. The gradient of the best-fit linear regression line illustrates that Erey shifts by —42
mV for each one-unit alteration in the extracellular pH (Figure 14F). Nevertheless, this slope

differs from that of a perfectly selective H* conductance (=59.16 mV per one unit ApH change)
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Figure 15. Inhibition of Hv1 currents in murine PMN- and Mo-MDSCs by CIGBI. (A) Representative whole-
cell currents in a PMN-MDSs (holding potential: —80 mV, depolarization to +100 mV, every 15 s) prior to the
application of CIGBI (black), at equilibrium block by 200 uM CIGBI (red) and following was-out (black). The
pHi and the pH. were 6.2 and 7.4, respectively. (B) Representative time course of the onset and the recovery of
the Hy1 current inhibition for the cell shown in panel A. Peak currents were determined as the average of the last
18 data points at +100 mV (see Materials and Methods); red and black arrows indicate the start of CIGBI
application and the wash-out by CIGBI-free solution, respectively. (C) Representative whole-cell currents in a
Mo-MDSCs (holding potential: —80 mV, voltage-ramp from —60 mV to +150 mV, every 10 s) prior to the
application of CIGBI (black) and at equilibrium block by 200 uM CIGBI (red). Representative of 8 (A, B) and 5
(C) similar cells. Every trace has been filtered with a 25-point boxcar filter. (D) Remaining current fractions (RCF)
in the presence of 200 uM CIGBI. Peak currents were determined for voltage-steps (PMN-MDSCs) and voltage-
ramps (Mo-MDSCs) as described in the Materials and Methods. RCF was calculated as /1o where 1o and | are the
peak currents in the absence and in the presence of 200 uM CIGBI upon reaching equilibrium block, respectively.
Bars and error bars indicate the mean + SEM, data points are determinations of RCF values in individual cells
(PMN-MDSCs, n = 8; Mo-MDSCs, n = 5). Data were compared using Student’s t-test with Welch’s correction (p
=0.591, ns = not significant).

as anticipated by the Nernst equation (dashed line in Figure 14F). The currents in Mo-MDSCs
were too minimal to allow for a reliable tail current analysis.

The literature frequently relies on the sensitivity to guanidine derivatives, especially
CIGBI, as a pharmacological criterion for identifying Hy1 currents (76,190). In Figure 15A, it
is evident that 200 uM CIGBI almost entirely inhibited the whole-cell current ina PMN-MDSC,
and this inhibition was reversible as the current reverted to its original level after rinsing the
recording chamber with CIGBI-free extracellular solution. The onset of inhibition was rapid,
whereas it required more than 30 cycles in a CIGBI-free solution to wash out the effect (Figure
15B).
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Contrary to PMN-MDSCs, we were able to do pharmacological experiments in Mo-
MDSCs only using repeated application of a voltage-ramp protocol where long exposure to
depolarized test potentials can be avoided (Figure 15C). Regardless of the voltage protocol
used (i.e., step depolarization vs. voltage ramp), the application of 200 uM CIGBI reduced the
magnitude of the current significantly, ~80% reduction in PMN-MDSCs and 75% in Mo-
MDSCs (Figure 15D).

5.2 Intracellular acidity impedes Kca3.1 activation by Riluzole and SKA-31

The tumor microenvironment is a complex system inhabited by pro- and anti-tumor cells
whose fine balance is easily disrupted. We have seen that pro-tumor MDSCs rely on Hy1 as
their main ion channel and Hy1 is characterized by a strong sensitivity to pH. On the other side,
anti-tumor infiltrating T cells rely on Ky1.3 and Kca3.1 to exert their function. Virtually nothing
is known about the influence of pH on Kcz3.1 and on its positive modulators. In this section of
my dissertation, | will explain how we studied the effect of pH on Kca3.1 in two different
expression systems and the effect of pH on two modulators of the aforementioned channel,
Riluzole and SKA-31.

5.2.1 Extracellular pH variations minimally influence K* currents through Kca3.1
expressed endogenously in PBLs

The expression of Kca3.1 is transcriptionally up-regulated when T cells are stimulated
with mitogens (192). We took advantage of this and induced T cell proliferation with
phytohemagglutinin A (PHA) to enhance Kca3.1 expression. Alongside PHA activation of T
cells, we supplemented the pipette filling solution with a Ca** (1 UM concentration) to ensure
complete activation of the Kca3.1 current. PHA treatment also increases the expression of the
voltage-gated Ky1.3 K* channel in T cells. Isolated Kca3.1 currents in activated T cells can be
recorded by either pharmacological separation, achieved through the inhibition of K,1.3 current
using peptide toxins (193), or by analyzing whole-cell currents below the activation threshold
of Ky1.3. We opted for the latter approach.

The threshold for the activation of Ky1.3 typically falls between —30 and —40 mV
(194,195), although this can be cell- and recording condition-dependent and some authors
extend the range to —60 mV to —50 mV (196). Moreover, as it can be easily observed (Figure
16A), Vi for Ky1.3 activation is sensitive to changes in pHe: acidification of the extracellular
pH causes a right shift of Vi (176,197). This latter phenomenon can also be used to confirm
the solution exchange in the extracellular medium (Figure 16A, C, E). Because of all these
reasons, we have assigned the currents to Kca3.1 in the region between —120 mV and —60 mV

to avoid contamination of the analysis of Kca3.1 currents by a Ky1.3 component. The inset to
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Figure 16A indicates that the current-voltage relationship is linear within this range. Therefore,
the slopes of the straight lines fitted to the highlighted section of the traces were utilized to
ascertain the Kca3.1-specific K™ conductance, denoted as Gk thereafter (calculated as Gk =
Al/AV). The reversal potential (Erev) of the leak-corrected currents falls within the range of —75
mV to —100 mV, indicating the potassium (K*) selectivity of the current. The theoretical Erev
of a K™ selective conductance, calculated from the Nernst equation, is Ex= -89 mV. Figure
16A and its inset qualitatively demonstrate that Kca3.1 currents recorded at various pHe values
ranging from pH.=8.0 to pH.=6.0 overlap when the S-ICS (pH=7.2) was employed as the
pipette filling solution. Figure 16B displays the Gk obtained at different pHe values using S-
ICS in the pipette (in the same experiment as in A). Figure 16B indicates that changing of pHe
alters minimally but fully and readily reversibly Gk. The same set of experiments as in Figure
16A and Figure 16B were repeated using pipette-filling solution having pH;=8.0 (8.0-ICS) and
pHi=6.5 (6.5-ICS). The results were essentially the same as at pHi=7.2 (Figure 16C-F and
Figure 16H): at pHi=7.2 and pHi=8.0 there is a slight yet noteworthy reduction in the
normalized conductance occurred with the transition to acidic extracellular pH values, while
the conductances remained essentially unchanged when the pH; was 6.5, irrespective of
variations in pHe. Moreover, Gk values at pHe=7.4 are relatively constant throughout a given
experiment, regardless of the pHi. Taking the ratio of the K* conductances determined at a time
point t >200 s (Gk,200) in S-ECS over Gk at the beginning of the experiment (0 s) in S-ECS
(Gk,0) resulted in Gk,200/Gkpo ~1 thereby indicating the stability of the whole-cell hKca3.1
currents (Figure 16G).

5.2.2 Extracellular pH variations minimally influence K* currents through Kca3.1

expressed heterologously in CHO cells

We repeated the same set of experiments using cells transfected with the hKca3.1 gene.
We decided to use the commonly used epithelial Chinese Hamster Ovary (CHO) cell line since
these cells do not express Ky1.3 or other Ky channels (198), therefore one can minimize the
contamination of the data by other K* conductances.

However, since the channels are overexpressed in this cell model, we observed currents
reaching several nA of amplitude, which is several folds greater than what we observed in PBLS
at identical intracellular Ca?* concentration (compare Figures 16A and 17A). Pharmacological

data obtained using overexpressed ion channels due to the increased Kca3.1 conductance are
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Figure 16. Effect of the extra- and intracellular pH on Kca3.1 currents in human PBLs. (A, C, E)
Representative current traces were evoked by 150-ms-long voltage ramps, ranging from —120 to +50 mV in whole-
cell patch-clamped human peripheral T cells. Voltage ramps were repeated every 10 seconds, the holding potential
was —85 mV between pulses. The pipette filling solutions were S-ICS (pHi=7.2, panel A), 8.0-ICS (pH=8.0, panel
C), and 6.5-ICS (pHi=6.5, panel E), the cells were perfused with extracellular solutions having pH.=6.0 (6.0-ECS,
red), pHe=6.5 (6.5-ECS, green), pH=6.9 (6.9-ECS, blue), pH.=7.4 (S-ECS, black), and pH.=8.0 (8.0-ECS,
purple). Insets show the Kc.3.1-specific K* current measured below the activation threshold of K,1.3, between
—120 mV and —60 mV. (B, D, F) Kc.3.1-specific K* conductance (Gk) was determined by fitting straight lines to
the traces in the insets in panels A, C, and E and plotted as a function of time for pHi=7.2 (B, same cell as in A),
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pHi=8 (D, same cell as in C) and pHi=6.5 (F, same cell as in E). The color of the symbols indicates the pH of the
extracellular solutions. (G) The ratio of the K* conductances determined at t >200 s (Gk.200) in S-ECS over Gk at
the beginning of the experiment (t=0 s) in S-ECS (Gk ), indicated as Gk 200/Gk 0. The pH; of the pipette-filling
solutions is indicated. Bars and error bars indicate the mean + SEM, symbols show individual values, and numbers
in the bars indicate the number of cells. (H) Normalized K* conductance was calculated as G x/Gk,7.4, where Gk x
and Gk 7.4 are the Kca3.1-specific K* conductances at pHe=x and pH.=7.4, respectively. Bars are grouped by the
pH of the pipette-filling solution (pH;). Bars and error bars indicate the mean + SEM, symbols show individual
values, numbers in the bars indicate the number of cells. Statistical analysis (G, H) was performed using one-way
ANOVA (against Ho: =1 hypothesis) with multiple comparisons (Bonferroni). *p < 0.05, ***p < 0.001, ****p <
0.0001, n.s., not significant (p > 0.05). Extracellular pH was represented in all cases with the same colors: purple
for 8.0, black for 7.4, green for 6.9, blue for 6.5, and red for 6.0.

more reliable since the effect of leak on the whole-cell K* conductance is minimized. Similarly
to human lymphocytes, Kca3.1 currents recorded at pHe values ranging from pHe=8.0 to
pHe=6.0 in CHO cells are superimposable when the S-ICS (pH=7.2) was used as the pipette
filling solution (Figure 17A). Figure 17B indicates that changing of pHe alters Gk minimally
but fully and readily reversibly. The same set of experiments as in Figures 17A and 17B were
repeated using pipette-filling solution having pHi=8.0 (8.0-ICS, Figures 17C and 17D) and
pHi=6.5 (6.5-ICS, Figures 17E and 17F). Figure 17G enables us to reach a similar conclusion
as that obtained for human peripheral blood lymphocytes, indicating that Gk values remain
relatively constant at pHe=7.4 across the duration of an experiment, irrespective of the pHi. The
bar graph in Figure 17H, representing normalized conductance (Gk x/Gk.7.4) values, illustrates
a slight yet significant decrease in normalized conductance at specific combinations of pH; and
pHe.
5.2.3 Normal and basic intracellular pH do not interfere with activation of the Kca3.1

current either by Riluzole or by SKA-31

Riluzole and its more potent derivative SKA-31 (199) are positive modulators of the
Kca3.1 currents in micro- and nanomolar-range concentrations, respectively. To determine the
experimental ECsg values, i.e. the concentrations at which the substances causes half maximal
activation of the current, we applied increasing concentrations of Riluzole or SKA-31 to
transfected CHO cells (Figure 18A-D) and measured Gk. When we use an intracellular
concentration of 1 uM Ca?* (as shown in Figures 16 and 17) the currents through Kc,3.1 are
already saturated (see Figure 3B), hence a pharmacological enhancement cannot be fully
appreciated. Given that the enhancement of the Kca3.1 current by the activators is more
prominent at lower cytosolic Ca* concentrations compared to the ~1 pM Ca?* concentration
utilized previously, we employed pipette filling solutions containing 250 nM Ca?*
concentration (7.2-1CS-250) in this series of experiments (181). The Gk values under this
condition gradually increased with the concentration of SKA-31 (Figure 18A) or Riluzole
(Figure 18C).
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Figure 17. Effect of the extracellular and intracellular pH on currents generated in CHO cells transfected
with turboGFP-hKca3.1. (A, C, E) Representative current traces were evoked by 150-ms-long voltage ramps,
ranging from —120 to +50 mV in whole-cell patch-clamped CHO cells expressing hKc.3.1 channels. Voltage
ramps were repeated every 10 seconds, the holding potential was —85 mV between pulses. The pipette filling
solutions were S-ICS (pHi=7.2, panel A), 8.0-1CS (pH;=8.0, panel C) and 6.5-I1CS (pHi=6.5, panel E) and perfused
with extracellular solutions having pH.=6.0 (6.0-ECS, red), pH.=6.5 (6.5-ECS, green), pH.=6.9 (6.9-ECS, blue),
pH.=7.4 (S-ECS, black), and pH.=8.0 (8.0-ECS, purple). (B, D, F) K* conductance (Gk) was determined by fitting
straight lines to the traces in panels A, C, E and plotted as a function of time for pHi=7.2 (B, same cell as in A),
pHi=8 (D, same cell as in C) and pHi=6.5 (F, same cell as in E). The color of the symbols indicates the pH of the
extracellular solutions. (G) Ratio of the K* conductances determined at t >200 s (Gk200) in S-ECS over Gk at the
beginning of the experiment (t=0 s) in S-ECS (Gk,0), indicated as Gk 00/Gko. The pHi of the pipette-filling
solutions are indicated. Bars and error bars indicate the mean £ SEM, symbols show individual values, numbers
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in the bars indicate the number of cells. (H) Normalized K* conductance was calculated as G x/Gk,7.4, where Gk x
and Gk,7.4 are the K* conductances at pHe=x and pH.=7.4. Bars are grouped by the pH of the pipette-filling solution
(pH;). Statistical analysis was performed using one-way ANOVA (against Ho:po=1 hypothesis) with multiple
comparison (Bonferroni) (G, H). *p < 0.05, **p < 0.01, ****p < 0.0001, n.s., not significant (p > 0.05).
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Figure 18. Activator concentration-response for SKA-31 and Riluzole in CHO cells. Kca3.1 currents were
recorded in CHO cells transfected with turboGFP-hKc.3.1 using S-ECS bath solution (pHe = 7.4) and
7.2-1CS—250 pipette filling solution (250 nM free Ca?* concentration, pH; = 7.2). The activators at the

indicated concentrations were diluted in S-ECS. (A) Kca3.1 currents were evoked by voltage ramps ranging from
=120 mV to +50 mV, K+ conductance was determined from the slope of the current-voltage relationship and
plotted as a function of time. Colored symbols represent the indicated concentrations of SKA-31. (B) Activator
concentration-response for SKA-31 for the cell shown in panel A. Fold increase in the conductance was calculated
as Gk act/Gk, Where Gk act and Gk are the K* conductance measured in the presence and the absence of the activator
in S-ECS, respectively. The dashed line is the best-fit Hill equation with ECsy = 526.4 nM, ny = 2.5. The half
maximal activation and the ECso are indicated by the dotted lines. (C) Same experiment as in panel A, except the
indicated concentrations of Riluzole were used. (D) The activator concentration-response Riluzole for the cell
shown in panel C, see details in panel B. ECso = 7.37 UM, ny = 1.74 were obtained. (E) ECs values determined
from fitting individual activator concentration-response relationships for Riluzole and SKA-31. Symbols in the
bar graph (mean + SEM) show individual values, and numbers in the bar indicate the number of cells.
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To construct the concentration-response curve, we calculated the fold increase in conductance
caused by the activators as suggested in the literature ((51) and see Materials and Methods) and
plotted this variable as a function of the activator concentration (Figure 18B, D). The ECso
values for Riluzole and SKA-31 were, respectively, 6.0 + 1.3 uM and 570 + 101 nM as
calculated by averaging the ECso values determined individually cell-by-cell (Figure 18E).

To examine the influence of extracellular pH on the effects of Kca3.1 activators,
Riluzole (5 pM) or SKA-31 (1 uM) were introduced into extracellular solutions spanning a pHe
range from 6.0 to 8.0. The activator concentrations were chosen to be close to the ECso of the
substances (Figure 18E). Meanwhile, the intracellular pH of whole-cell patch-clamped PBLS
was adjusted and buffered at pHi=7.4, pHi=8.0, or pHi=6.5 using the suitable intracellular
solution (as detailed in Table 2).

The raw current traces produced by voltage ramps in Figure 19A and Figure 19C
indicate that the baseline Kca3.1 currents are nearly negligible. Upon perfusing the recording
chamber with the activators in the S-ECS there is a significant increase in the slope of the
current-voltage relationship.

Additionally, the slopes of the current traces recorded in the presence of activators at
various pHe values exhibit substantial overlap. The Kca3.1 conductance is instantaneously
increased upon perfusion with either 1 uM SKA-31 (Figure 19A, B) or 5 uM Riluzole (Figure
20A, B), regardless of the extracellular solution's pHe, and the removal of activators reduces
the current within 2-4 episodes, corresponding to 20-40 s. The reversible effect of the activators
can be repeatedly observed over prolonged periods with no significant decline in Kca3.1
conductance. In this analysis we calculated the Gk end/Gk start Where Gk end and Gk start represent
the modulator-enhanced K* conductance at the end of the experiment (> 800 s) and the
beginning of the experiment, respectively (Figure 19E, left side). Similar qualitative outcomes
were observed when using the 8.0-1CS-250 pipette filling solution (Figure 19C, D, Figure
20C, D and Figure 19E, right side). The quantitative analysis presented in Figure 19F and G
corroborated the aforementioned findings. To compare the impact of the activators, we initially
computed the "fold increase in conductance™ (as shown in Figure 19B) induced by the activator
at specific pHi and pH. combinations, then normalized it to the “fold increase in conductance™
observed with the activators in S-ECS at pHe=7.4. The resulting "fold increase normalized to
7.4" values, obtained in this manner, consistently clustered around 1 for both Riluzole (Figure
19F) and SKA-31 (Figure 19G), regardless of the pH;i (7.2 or 8.0) or the pHe (8.0, 6.9, 6.5, or
6.0).
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Figure 19. Effect of SKA-31 on the Kca3.1 currents in PHA-activated PBLs at different pHe and pHi
combinations. (A, C) Representative current traces were evoked by 150-ms-long voltage ramps, ranging from
—120 to +50 mV in whole-cell patch-clamped human peripheral T cells. VVoltage ramps were repeated every 10
seconds, the holding potential was —85 mV between pulses. The pipette filling solutions were 7.2-1CS-250
(pHi=7.2, panels A and B) or 8.0-1CS-250 (pHi=8.0, panels C and D). The cells were perfused with extracellular
solutions having pH.=6.0 (6.0-ECS, red), pHe=6.5 (6.5-ECS, green), pH.=6.9 (6.9-ECS, blue), pH.=7.4 (S-ECS,
black), and pH.=8.0 (8.0-ECS, purple). The corresponding lighter colors display traces obtained in the presence
of the modulator. (C, D) Kca3.1-specific K* conductance (Gk) was determined by fitting straight lines to the traces
below the activation threshold of K,1.3 in panels A and B and plotted as a function of time. B: Data from panel A:
pHi=7.2. pHe and 1 uM SKA-31 as indicated. D: Data from panel B: pHi=8.0, pHe and 1 uM SKA-31 as indicated.
(E) Loss of the potency of the modulators was expressed as Gk end/Gk start ratio (Gk end and Gk start are the averaged
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K* conductances with the presence of the activator in S-ECS at the end and at the beginning of the experiment,
respectively), calculated for each cell and plotted as a bar graph (mean £ SEM). Symbols show individual values,
numbers in the bar indicate the number of cells. (F, G) The “fold increase normalized to 7.4” was calculated
dividing the activator-induced “fold increase in conductance” (see e.g. Figure 3B and in the Materials and
Methods) at a given pH; and pH. combination by the “fold increase in conductance” measured with the activators
in S-ECS at pH.=7.4. Statistical analysis was performed using one-way ANOVA (against Ho:po=1 hypothesis)
with multiple comparison (Bonferroni) (E, F, G) and Student’s unpaired t-test (Riluzole 7.2 vs. SKA-31 7.2,
Riluzole 8.0 vs. SKA-31 8.0) (E). n.s., not significant (p > 0.05). The representative traces of Riluzole at pH; = 7.2
and 8.0 are in Figure 20.
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Figure 20. Effect of Riluzole on the Kca3.1 currents in PHA-activated PBLs at different pHe and pHi
combinations. (A, C) Representative current traces were evoked by 150-ms-long voltage ramps, ranging from
—120 to +50 mV in whole-cell patch-clamped human peripheral T cells. VVoltage ramps were repeated every 10
seconds, the holding potential was —85 mV between pulses. The pipette filling solutions were 7.2-1CS-250
(pHi=7.2, panels A and B) or 8.0-1CS-250 (pHi=8.0, panels C and D). The cells were perfused with extracellular
solutions having pH.=6.0 (6.0-ECS, red), pH.=6.5 (6.5-ECS, green), pHe=7.4 (S-ECS, black). The corresponding
lighter colors display traces obtained in the presence of the modulator. For the sake of simplicity only

representative traces at pHe = 6.0 and 6.5 are shown for both pH; = 7.2 and 8.0, while traces at pHe = 6.9 and 8.0
are not shown.

We have shown that the enhancements of the Kca3.1 current by Riluzole and SKA-31
exhibit similar characteristics under identical experimental conditions. Consequently, we
focused our subsequent experiments on SKA-31, which is more potent and selective. We
replicated the same series of experiments in CHO cells expressing Kca3.1. Figure 21A, B show
whole-cell currents recorded in a CHO cell using 7.2-1CS-250 pipette filling solution. The

current in the absence of SKA-31 (dark-toned colors) increases robustly upon perfusing the
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Figure 21. Effect of SKA-31 on the Kca3.1 currents expressed in CHO cells at different pHe and pH;i
combinations. (A, C) Representative current traces were evoked by 150-ms-long voltage ramps, ranging from
—120 to +50 mV in whole-cell patch-clamped CHO cells. VVoltage ramps were repeated every 10 seconds, the
holding potential was —85 mV between pulses. The pipette filling solutions were 7.2-ICS-250 (pHi=7.2, panel A)
or 8.0-1CS-250 (pHi=8.0, panel C). The cells were perfused with extracellular solutions having pH.=6.9 (6.9-ECS,
blue), pHe=7.4 (S-ECS, black), and pH.=8.0 (8.0-ECS, purple). The corresponding lighter colors display traces
obtained in the presence of the modulator. (B, D) Kca3.1-specific K* conductance (Gk) was determined by fitting
straight lines to the traces panels A and C and plotted as a function of time. B: data from panel A, pHi=7.2. pHe
and 1 uM SKA-31 as indicated. D: data from panel B, pHi=8.0, pHe and 1 pM SKA-31 as indicated. (E) Loss of
the potency of SKA-31 was expressed as Gk end/Gk start ratio (Gk.end and Gk start are the averaged K* conductances
with the presence of the activator in S-ECS at the end and at the beginning of the experiment, respectively),
calculated for each cell and plotted as a bar graph (mean £ SEM). Symbols show individual values, numbers in
the bar indicate the number of cells. (F) The “fold increase normalized to 7.4” was calculated dividing the
activator-induced “fold increase in conductance” (see e.g. Figure 3B) at a given pH; and pH. combination by the
“fold increase in conductance” measured with the activators in S-ECS at pHe=7.4. Statistical analysis was
performed using one-sample t-test (E) and one-way ANOVA (against Ho:po=1 hypothesis) with multiple
comparison (Bonferroni) (F). n.s., not significant (p > 0.05). Extracellular pH was represented in all cases with the
same colors: purple for 8.0, blue for 6.9, green for 6.5 and red for 6.0. For the sake of simplicity only representative

traces at pHe = 8.0, 7.4 and 6.9 are shown for both pH; = 7.2 and 8.0, while traces at pH. = 6.5 and 6.0 are not
shown.
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cells with solutions of different pHe and supplemented with 1 uM SKA-31 (lighter-toned
colors). The currents recorded in various pHe values are superimposable, i.e., the potency of
SKA-31 was the same regardless of the pHe.

The characteristics of the enhancement of the Kca3.1 current by SKA-31 remained
consistent throughout the experiment when the activator was administered repeatedly to a cell
(Figure 21A, B). A qualitatively similar phenomenon was recorded when the cell was patch-
clamped using an 8-1CS-250 pipette filling solution (Figure 21C, D). It is important to
emphasize here that Gk was repeatedly activated by SKA-31 to the same extent at both pH;
values over an extended period of time following the start of the activator application. The
analysis of the ratio Gk end/Gk start SUPpOTrts this in Figure 21E where ratio is scattered around
1 suggesting that the potency of the activators throughout the experiment remained constant
with both pHi=7.2 and pH;=8.0 pipette filling solutions. The quantitative demonstration of
SKA-31's independence from the pHe of the recording solution is depicted in Figure 21F. The
variable "fold increase normalized to 7.4" shows values clustering around 1, mirroring

observations made for PBLs.

5.2.4 Activation of the Kca3.1 current either by Riluzole or by SKA-31 gradually
decreases in time when the intracellular pH is acidic

The behavior of the Kca3.1 current in response to Riluzole and SKA-31 in PBLs
contrasts starkly with the previous scenario (see Figure 20) when the pipette-filling solution
was 6.5-1CS-250, corresponding to a pH; of 6.5. The effectiveness of both Riluzole and SKA-
31 gradually diminishes with prolonged application of either drug (Figure 22A). To char-
acterize this decline in potency over time, we utilized the Gk end/Gk start ratio (see above). The
decline in conductance was consistent when administering either 5 uM Riluzole (Figure 22A)
or 1 uM SKA-31 (Figure 22B) repeatedly, and this phenomenon was unaffected by the pHe: in
other words, it continued unabated across all pHe values until reaching saturation at
approximately 20% of the conductance elicited by the activator at the beginning of the
experiment (Figure 22C).

Similarly to the findings in PBLs, the Kca3.1 conductance gradually diminished with
repeated administration of SKA-31 to the same transfected CHO cell at pHi=6.5 (6.5-1CS-250).
In Figure 23A it is illustrated that the gradual decline of SKA-31-induced conductance
persisted at a seemingly consistent rate regardless of the pHe of the extracellular solution.
Additionally, the K* conductance remained unrecoverable upon re-administration of SKA-31

in the control S-ECS solution with pHe=7.4. This loss of potency phenomenon was also evident
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Figure 22. Progressive loss of the potency of Riluzole and SKA-31 in activating Kca3.1 currents of PBLs at
intracellular acidic condition. Representative time courses of the effect of Riluzole (A) and SKA-31 (B) when
the intracellular solution was kept at pHi=6.5 (6.5-1CS-250) and cells were perfused with extracellular solutions
having different pH. values (ranging from 6.0 to 8.0) and modulators (A: 5 uM Rilozole, B: 1 uM SKA-31), as
indicated. The current traces were evoked by 150-ms-long voltage ramps, ranging from -120 to +50 mV in whole-
cell patch-clamped human peripheral T cells. VVoltage ramps were repeated every 10 seconds, the holding potential
was -85 mV between pulses. (C) Loss of the potency of the modulators was expressed as Gk end/Gk start Fatio (Gk end
and Gk st are the averaged K* conductances with the presence of the activator in S-ECS at the end and at the
beginning of the experiment, respectively), calculated for each cell and plotted as a bar graph (mean £ SEM).
Symbols show individual values, numbers in the bar indicate the number of cells. Statistical analysis was
performed using unpaired Student’s t-tests (Riluzole vs. SKA-31) (C) and one-sample t-tests (against Ho:po=1
hypothesis) (C). ****p < 0.0001, n.s., not significant (p > 0.05). Extracellular pH was represented in all cases with
the same colors: purple for 8.0, black for 7.4, blue for 6.9, green for 6.5 and red for 6.0. The corresponding lighter
colors display traces obtained in the presence of the modulator.

when the extracellular solution remained constant (S-ECS) while pHi was slightly more alkaline
(pHi=6.7, as shown in Figure 23B) or more acidic (pHi=6.2 as depicted in Figure 23C).
The loss of the K™ conductance over the time-course of the experiment was characterized
quantitatively using the Gk end/Gk start ratio as described for PBLs (see Figure 19E for details).
The bar chart in Figure 23D shows that the cells showing loss-of-potency phenotype upon
repeated SKA-31 application displayed a large scatter in Gk end/Gk start ratio with a median of
0.17.

To gain deeper insights into the nature of the loss-of-potency phenomenon, we

investigated the response of the currents to SKA-31 at a constant pHe of 7.4 (S-ECS) and pHi;
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Figure 23. Progressive loss of the potency of SKA-31 in activating Kca3.1 currents CHO at intracellular
acidic conditions. (A) Representative time course of the effect of SKA-31 when the intracellular solution was
kept at pHi=6.5 (6.5-1CS-250) and the cell was perfused with extracellular solutions having different pH. values
(ranging from 6.0 to 7.4) and supplemented with 1 uM SKA-31, as indicated. Kc,3.1 current traces were evoked
by 150-ms-long voltage ramps, ranging from —120 to +50 mV in whole-cell patch-clamped CHO cells transfected
with Kc,3.1 channels. (B, C) Representative time course of the effect of SKA-31 when the intracellular solution
was kept at pHi=6.7 (B) or pHi=6.2 (C) and the cell was perfused with S-ECS (pH.=7.4) and supplemented with
1 uM SKA-31, as indicated. VVoltage protocol and other conditions as in panel A. (D) Loss of the potency of SKA-
31 was expressed as Gk end/Gk start ratio (Gk.ens and G start are the averaged K* conductances with the presence of
the activator in S-ECS at the end and at the beginning of the experiment, respectively), calculated for each cell and
plotted as a bar graph (mean £ SEM). Symbols show individual values, numbers in the bar indicate the number of
cells. Statistical analysis was performed using one-sample t-test (against Ho:po=1 hypothesis) (D). (D) contains
the pooled data at pHe = 6.2, 6.5 and 6.7. ****p < 0.0001. Extracellular pH was represented in all cases with the
same colors: black for 7.4, green for 6.5 and red for 6.0. The corresponding lighter colors display traces obtained
in the presence of the modulator.

of 6.2 while varying the pattern of SKA-31 application. The first experimental “pattern”
protocol involved SKA-31 administration at the onset of the experiment, followed by a washout
phase (Figure 24A). Subsequently, the cell underwent repeated depolarization using voltage
ramps every 10 seconds for 400 seconds in the absence of SKA-31. After this interval, SKA-
31 was reapplied, yet it failed to potentiate the current to the same extent as observed during its
initial application to this cell.

The Gk end/Gk start ratio (Figure 24B) is significantly below 1, indicating a decrease in
the potentiation of K™ conductance by the end of the experiments. Consequently, the loss-of-
potency phenotype persists despite the introduction of a drug-free period into the protocol,

during which voltage ramps are repeatedly applied. In the second special “pattern” protocol

56



>
w

Fkdek

u:, 80.07 Extracellular pH = 1.27
z 1 S
9 goo{® e 74 ¢
P ] 6.2 O 7.4+8SKA-311pM O 0.8
g -
& 40.04 E
°Q {o
3 ™ © 0.41
< 200' m
3 ] el ' 6 O
Y 0.0 —— o o, 0.0 —SeTe—
0 200 400 600 800
time (s)
@ 10.0- . 1.2-
c Dt i
2 1 @i Extracellular pH S e,
© 754 ©:i; ® 74 &
§ 1 o 6.2 O 7.4+SKA-311 .M S %87
j=
E 5.0 :h
Q
3 1° O 0.4-
T 254 :
3 ] CQ:O Cﬁgb ] I—_Bﬁ?@_—l
L 0.0 e Sepret— Sopeas 2, 0.0 4 :
0 100 500 600 700

time (s)

Figure 24. Progressive loss of the potency of SKA-31 in activating Kca3.1 currents during special SKA-31
administration protocols. Kc,3.1 current traces were evoked by 150-ms-long voltage ramps, ranging from —120
to +50 mV in whole-cell patch-clamped CHO cells transfected with Kc,3.1 channels. VVoltage ramps were repeated
every 10 seconds, the holding potential was —85 mV between pulses. The pipette filing solution was based on the
6.5-1CS-250 solution except that the pHi was titrated to 6.2, the extracellular solution was S-ECS with or without
1 uM SKA-31 as indicated. (A) Representative time course of the effect of SKA-31 when the application of SKA-
31 was interrupted for 400 s. (B) Loss of the potency of SKA-31 was expressed as Gk end/Gk start ratio (Gk.ena and
Gk start are the averaged K* conductances with the presence of the activator in S-ECS at the end and at the beginning
of the experiment, respectively), calculated for each cell and plotted as a bar graph (mean £ SEM). Symbols show
individual values, numbers in the bar indicate the number of cells. Panel B refers to panel A. (C) Representative
time course of the effect of SKA-31 when the application of the voltage ramps was interrupted for 360 s in the
continuous presence of 1 uM SKA-31. (D) Loss of the potency of SKA-31 relative to panel C. Except the pulse
protocol, all other details are the same as in Panel B. Panel D refers to panel C. Statistical analysis was performed
using one-sample t-test (against Ho:po=1 hypothesis) (B, D). ****p < 0.0001.

(Figure 24C), the Kca3.1 conductance was initially potentiated by SKA-31 application.
Following this, while the solution containing SKA-31 was continuously perfused onto the cell,
the delivery of voltage ramps was halted for 360 seconds, and the cell was maintained at a
holding potential of -85 mV during this interval. Subsequently, the voltage ramps were
resumed. Figure 24C illustrates that the SKA-31-induced Kca3.1 conductance was
considerably reduced after the interruption in recording compared to the beginning of the
experiment. The Gk end/Gk start ratio (Figure 24D) is markedly below 1, unequivocally affirming
the loss-of-potency phenotype by the conclusion of the experiments. Consequently, neither the

incorporation of a voltage-ramp-free period nor a drug-free period into the protocol can forestall
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the decline in the potency of SKA-31. This suggests that the loss-of-potency phenotype must
be ascribed to the acidic pHi.

5.2.5 Kca2.2 activation is sensitive to intracellular pHisimilarly to Kca3.1

Kca2.x channels, akin to Kca3.1, are triggered by intracellular Ca?* and respond to the
same modulators (200). However, Kca2.x channels exhibit approximately tenfold lower
sensitivity to compounds such as Riluzole and SKA-31. We selected Kca2.2 as the
representative channel from this family and evaluated the efficacy of SKA-31 at a higher
concentration of 5 puM in activating the current under neutral and acidic intracellular pH
conditions. At a pH; of 7.2 (Figure 25A, B), robust activation of Kca2.2 by SKA-31 could be
consistently induced with minimal decline in the modulator's effectiveness over time.
Conversely, when the intracellular solution was adjusted to pHi=6.5, a rapid and irreversible
decline in the potency of SKA-31 to activate Kca2.2 was observed (Figure 25C, D), mirroring
the findings observed for Kca3.1.
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Figure 25. Effect of SKA-31 on currents generated in CHO cells transfected with hKca2.2 and GFP at
different intracellular pH. (A, C) Kc.3.1 current traces were evoked by 150-ms-long voltage ramps, ranging
from —120 to +50 mV in whole-cell patch-clamped CHO cells transfected with Kc,3.1 channels. Voltage ramps
were repeated every 10 seconds, the holding potential was —85 mV between pulses. The pipette filing solution was
either pHi=7.2 (7.2-1CS-250) (A) or pH;=6.5 (6.5-1CS-250) (C). The extracellular solution was S-ECS with or
without 5 UM SKA-31 as indicated. (B, D) Loss of the potency of SKA-31 was expressed as Gk end/Gk start ratio
(Gk.end and Gk start are the averaged K* conductances with the presence of the activator in S-ECS at the end and at
the beginning of the experiment, respectively), calculated for each cell and plotted as a bar graph (mean + SEM).
Symbols show individual values, numbers in the bar indicate the number of cells. B refers to A and D refers to C.

Statistical analysis was performed using one-sample t-test (against Ho:po=1 hypothesis) (B, D). ***p < 0.001, n.s.,
not significant (p > 0.05).
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5.2.6 Mutations H192A in hKca3.1 and T79D in CaM do not influence the loss-of-
potency phenotype at acidic intracellular pH
Protonation of histidine residues in acidic environments can disrupt the ability of toxins
to bind to ion channels, making the toxins less or non-functional (201). The recent cryo-EM-
derived structure of hKc,3.1 unveiled the involvement of the S4-S5 linker in establishing both
the functional and structural connection between Calmodulin and the C-terminal portion of the
Kca channels (202). His192 residue, situated within this linker, is positioned near the pocket
where activators are believed to exert their influence. Substituting this histidine with a non-
charged alanine (H192A) led to the disruption of the interaction between BAG6b9, a Kca3.1
blocker designed to share structural similarities with Riluzole/1-EBIO, and Kca3.1 (203).
Given the structural resemblance between BA6b9 and the modulators utilized in this
investigation, along with their compatibility with overlapping binding sites, we examined
whether the H192A mutation would impact the activation of hKca3.1 by SKA 31 under both
neutral and acidic conditions. As depicted in Figure 26A, SKA-31 activated the H192A-Kca3.1
current in a reversible manner, akin to wild-type Kca3.1. The cycles of wash-in and wash-out
could be repeated numerous times when the intracellular solution was adjusted to pH 7.2. The
efficacy of SKA-31 in activating the current remained relatively stable over prolonged
durations (Figure 26B). However, at pHi 6.5, SKA-31 gradually lost its effectiveness in
activating the H192A-Kc23.1 current upon repeated administration (Figure 26C and D). This
indicates that the loss of SKA-31-mediated potentiation of the current at acidic intracellular pH
is independent of whether the protonated His or the neutral Ala is present at position 192.
CaM maintains constitutive binding to Kca channels (202), requiring membrane-bound
PIP as a co-agonist in addition to Ca®* ions (203). Thr79 within CaM serves as a substrate for
Casein Kinase-2 (CK2) (204). Phosphorylation of Thr79 results in diminished sensitivity of the
Kca2.2 channel to both PIP, (205) and Ca2* (206). This phosphorylation can be mimicked by
the phosphomimetic mutation T79D, which decreases K* current in both Kca2.2 (205) and
Kca3.1 (203). The altered network of activators and co-activators in the presence of T79D-CaM
may impact the modulation of Kca3.1 activation by SKA-31 under acidic pHi conditions. To
investigate this, we co-transfected hKca3.1 and T79D-CaM into CHO cells and assessed the
potentiation of the whole-cell current at neutral and acidic pHi. As illustrated in Figure 27A,
under neutral pH; conditions, the current could be activated by SKA-31 similar to cells
transfected with hKca3.1 only. Activation cycles by SKA-31 resulted in consistent increases in
the K* conductance over extended periods (Figure 27B). Conversely, when pHi=6.5 was

employed, SKA-31 gradually lost its potency over time in activating Gk (Figure 27C).
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Figure 26. Effect of SKA-31 on currents generated in CHO cells transfected with the mutated H192A-
hKca3.1 and GFP at different intracellular pH. (A, C) Kca3.1 current traces were evoked by 150-ms-long
voltage ramps, ranging from —120 to +50 mV in whole-cell patch-clamped CHO cells transfected with Kca3.1
channels. Voltage ramps were repeated every 10 seconds, the holding potential was —85 mV between pulses. The
pipette filing solution was either pHi=7.2 (7.2-1CS-250) (A) or pHi=6.5 (6.5-1CS-250) (C). The extracellular
solution was S-ECS with or without 1 uM SKA-31 as indicated. (B, D) Loss of the potency of SKA-31 was
expressed as Gk end/Grk start Fatio (Gkend and Gk swart are the averaged K* conductances with the presence of the
activator in S-ECS at the end and at the beginning of the experiment, respectively), calculated for each cell and
plotted as a bar graph (mean £ SEM). Symbols show individual values, numbers in the bar indicate the number of
cells. B refers to A and D refers to C. Statistical analysis was performed using one-sample t-test (against Ho:po=1
hypothesis) (B, D). ***p < 0.001, n.s., not significant (p > 0.05).

Although the average loss of Gk (Figure 27D) by the experiment's end (>800 s) was
slightly reduced compared to CHO cells transfected with wild-type (Figure 23D) or H192A
Kca3.1 constructs (Figure 26D), the Gk end/Gk start ratio did not significantly differ among the
three groups (One-way ANOVA, p>0.05). Additionally, some cells exhibited a very slow
restoration of SKA-31 potency over time (Figure 27C). This phenomenon was not further
investigated due to the inherent limitations of whole-cell patch-clamp techniques over

prolonged durations exceeding 15-20 minutes.
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Figure 27. Effect of SKA-31 on currents generated in CHO cells transfected with turboGFP-hKca3.1 and
the mutated T79D-CaM at different intracellular pH. (A, C) Kca3.1 current traces were evoked by 150-ms-
long voltage ramps, ranging from —120 to +50 mV in whole-cell patch-clamped CHO cells transfected with
KCa3.1 channels. Voltage ramps were repeated every 10 seconds, the holding potential was —85 mV between
pulses. The pipette filing solution was either pH;=7.2 (7.2-1CS-250) (A) or pH;=6.5 (6.5-1CS-250) (C). (B, D) Loss
of the potency of SKA-31 was expressed as Gk end/ Gk start Fatio (Gk end and G start are the averaged K* conductances
with the presence of the activator in S-ECS at the end and at the beginning of the experiment, respectively),
calculated for each cell and plotted as a bar graph (mean £ SEM). Symbols show individual values, numbers in
the bar indicate the number of cells. B refers to A and D refers to C. Statistical analysis was performed using one-
sample t-test (against Ho:po=1 hypothesis) (B, D). ****p < 0.0001, n.s., not significant (p > 0.05).

5.2.7 High intracellular Ca?* concentration hinders the inhibitory effect of

intracellular acidity

Kca3.1 is extremely sensitive to intracellular calcium concentrations, with an ECso
ranging from 100 to 400 nM (26) and a typical sigmoidal activation curve (207) (see Figure
3A). When SKA-31 was administered to hKca3.1-expressing CHO cells and a 1 uM Ca?*
concentration was used in the pipette at a pH; of 7.2, we observed: 1) an increased baseline
Kca3.1 conductance due to the elevated intracellular calcium levels (Figure 28A, B) and 2) a
reduced potentiation of Gk by SKA-31 (approximately 2-fold compared to approximately 50-
fold at a cytosolic Ca?* concentration of 250 nM), attributable to the near-saturation levels of
channel calcium sensitivity. Intriguingly, at a cytosolic Ca?* concentration of 1 uM, the
effectiveness of SKA-31 in enhancing Kca3.1 conductance was maintained at acidic pHi=6.5

ijgure . e Gk end/ Gk start parameter obtained at i=0.0 an a 1d not show
(Figure 28B). The Gk end/Grk start P btained at pHi=6.5 and 1 pM Ca?* did not sh
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Figure 28. High intracellular Ca®* (1 uM) sustains the functionality of SKA-31. (A, B) Kc.3.1 current traces
were evoked by 150-ms-long voltage ramps, ranging from —120 to +50 mV in whole-cell patch-clamped CHO
cells transfected with Kc,3.1 channels. Voltage ramps were repeated every 10 seconds, the holding potential was
-85 mV between pulses. The pipette filing solution was at pH;=6.5 and 1 uM Ca?* (6.5-ICS) (A) and at pHi=7.2
and 1 uM Ca?* (S-ICS) (B). The extracellular solution was S-ECS with or without 1 uM SKA-31 as indicated. (C)
Loss of the potency of SKA-31 was expressed as Gk end/Gk start ratio (Gkend and Gkswrt are the averaged K*
conductances with the presence of the activator in S-ECS at the end and at the beginning of the experiment,
respectively), calculated for each cell and plotted as a bar graph (mean £ SEM). Symbols show individual values,
numbers in the bar indicate the number of cells. Statistical analysis was performed using one-way ANOVA

(against Ho:po=1 hypothesis) with multiple comparison (Bonferroni) (C). ****p < 0.0001. n.s., not significant (p
> 0.05).

statistically significant differences compared to the data obtained at pHi=7.2 at either 1 uM or
250 nM cytosolic Ca?* concentration (Figure 28C). This suggests that at saturating intracellular
calcium concentrations the efficacy of SKA-31 in activating Kca3.1 remains constant regardless
of the pHi.
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6 DISCUSSION

6.1 The voltage-gated Hy1 H* channel is expressed in tumor-infiltrating
myeloid-derived suppressor cells

In this part of the dissertation we present, for the first time, evidence that murine MDSCs
isolated directly from tumor tissue express the Hy1l channel both at the mRNA and protein
levels. Furthermore, we found that the characteristics of the whole-cell current in MDSCs
derived from tumors closely resemble the features of Hy1 currents observed in various cell types
and in cells expressing Hy1 heterologously. These features include voltage-dependent
activation, a ~40 mV shift in the activation threshold of the current per unit change in
extracellular pH, as extensively reviewed by (208), and high selectivity for H* ions, as well as
sensitivity to the guanidine derivative CIGBI (209).

A key novelty of our study is that the expression of Hy1 was shown in MDSCs obtained
from tumors. As outlined in the introduction, the LLC tumor model in mice proved to be a
suitable source for isolating MDSCs. LLC tumors are typically characterized as
immunologically "cold" tumors (185), marked by high infiltration of MDSCs and an
immunosuppressive microenvironment (210). While MDSCs are a focal point in tumor
immunology and subject to intensive investigation, there is still no consensus on the phenotypic
definition of these cells. In mice, Mo-MDSCs are typically defined as CD11b*Ly6C* and PMN-
MDSCs as CD11b*Ly6G*Ly6C"", although these markers commonly define other subsets of
myeloid cells as well (211). Recognizing the limitations in identifying these cells solely based
on cell surface markers, we utilized immunofluorescence to demonstrate the presence of both
PMN-MDCSs and Mo-MDSCs in LLC tumors induced in mice. Furthermore, Mo-MDSCs can
be distinguished from tumor-associated macrophages (TAMSs) due to their lower expression of
F4/80 (186). This distinction was utilized in flow cytometric separation and specific enrichment
of MDSCs for electrophysiological investigations. Our findings revealed that tumor-derived
PMN-MDSCs were the most prevalent subset in LLC tumors, detected by flow cytometry
approximately six times more frequently than Mo-MDSCs. This prevalence is consistent with
similar tumor types (212,213), and comparable proportions have been reported in pancreatic
ductal adenocarcinoma (PDAC) (213) and autoimmune diseases such as autoimmune arthritis
(214).

Due to the complexity in defining MDSCs solely based on membrane markers, it is a
common practice to confirm the identity of these cells through functional studies. Typically,
this involves demonstrating their ability to suppress T cell proliferation to avoid confusion with

phenotypically similar monocytes and neutrophils (186). In our investigation, we found that
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tumor-derived Mo-MDSCs exhibited T-cell suppressive activity, while PMN-MDSCs, despite
their higher abundance, did not demonstrate such suppression, at least under the
MDSC/splenocyte ratios utilized in our experiments. This lack of anti-proliferative behavior in
PMN-MDSCs aligns with findings from other studies conducted in LLC tumors in mice
(187,215) and has also been observed in contexts such as PDAC (216), autoimmune arthritis
(214), and MDSCs found in transplanted organs in humans (217). However, PMN-MDSCs may
still promote tumor growth by inhibiting cytolytic T cell activation directly and indirectly
influencing other myeloid cells and natural killer cells (NKs) (218,219). They are known to be
the primary source of immunosuppressive mediators like ROS and RNS, which dampen TCR
signaling and regulate cytokine secretion (219,220). Furthermore, PMN-MDSCs hinder the
recruitment of cytolytic T cells (221) and contribute to tumor progression by releasing MMPs
and factors that facilitate tumor angiogenesis (222). Moreover, a recent electrophysiological
study provides strong evidence that the cells classified as PMN-MDSCs in our study are distinct
from neutrophils. Immler and colleagues demonstrated through electrophysiological assays that
neutrophil polymorphonuclear leukocytes functionally express voltage-gated Ky1.3 K*
channels (223), a feature notably absent in our whole-cell recordings of MDSCs, where Ky1.3
or any other voltage-gated K* current was not detected.

Several lines of evidence support that whole-cell Hy1 currents were recorded in tumor-
derived Mo- and PMN-MDSCs in our study. First, the currents were slowly activating, rapidly
deactivating, and with no sign of inactivation, which is characteristic of Hy1 (208,224).
Moreover, the currents were recorded using intra- and extracellular solutions that lacked (K,
Na*) or contained negligible concentration (CI”) of conventional permeating ions; thus, the
contribution of other conductances to the whole-cell current, that could mimic the behavior of
Hy1, are minimized.

Second, the whole-cell currents observed in both types of MDSCs were influenced by
the pH gradient across the membrane and the membrane potential. The threshold voltage
required for the activation of these currents shifted along the voltage axis in response to changes
in ApH, approximately 40 mV per unit change in extracellular pH, closely resembling previous
descriptions of proton currents in various cell types (208), including bone marrow-derived
MDSCs (190). However, the threshold voltage (Vi) of these currents varied among different
cell types (76,225). For instance, under identical pH gradients (ApH = 1.2) and recording
conditions, the Hy1 current in human chorion-derived mesenchymal cells activated at a
membrane potential ~10 mV more positive than that of hHy1 expressed in HEK-293 cells (76).
In contrast, the Vir values observed in both types of MDSCs in our study were approximately

10 mV more negative than that of hHy1 in HEK-293 cells. This more negative threshold
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potential may facilitate the opening of Hy1 channels at membrane potentials within the
physiological range typically observed for non-excitable cells. However, the Vi values
determined in our study were more positive than the reversal potentials of the H* currents
obtained over a wide range of ApH values, thus allowing the Hy1 channel to conduct protons
solely in the outward direction, similar to other cell types (208). Additionally, we observed that
the Vir in PMN-MDSCs was depolarized compared to Mo-MDSCs under symmetrical pH
conditions (pHe ~ pHi), although this did not affect the overall Vin—ApH relationship of
approximately —40 mV per one unit ApH change (226). The Vi of approximately +40 mV in
symmetric solutions in PMN-MDSCs is qualitatively similar to that determined for the Hy1
current in murine neutrophil granulocytes (approximately +50 mV, (227)), which are closely
related to PMN-MDSCs. Moreover, specific mutations introduced in the hHy1 channel
significantly altered Vr without affecting the Vin-ApH relationship (228). However, it remains
uncertain whether our observations stem from technical errors primarily due to the extremely
low ion currents in Mo-MDSCs or from translational or post-translational differences between
Hv1 in PMN- and Mo-MDSCs.

Third, the Hy1 current observed in PMN-MDSCs exhibits a notable selectivity for H*,
as evidenced by the Er-ApH relationship closely resembling the theoretical relationship
predicted for H* ions from the Nernst equation. While the slope of the Eev-ApH relationship in
rat alveolar epithelial cells (229) and canine myocytes (230) mirrors the theoretical slope
calculated from the Nernst equation for H* ions (~ —59 mV per one unit ApH change), the slopes
observed in Jurkat cells (—47 mV per one unit ApH change, (231)) and in MDSCs in our study
(—42 mV per one unit ApH change) are shallower. A similar discrepancy has been noted in
murine microglia, where it was proposed that proton depletion, resulting from the passage of
proton current through Hy1 channels, may contribute to the shallower slope (232). Moreover,
the small currents observed in MDSCs are susceptible to contamination by non-specific
leakage, even with applied leak corrections; any contribution of leakage to the whole-cell
current shifts the reversal potentials towards depolarized potentials. The challenges arising from
incomplete leakage subtraction precluded the reliable determination of the reversal potential in
Mo-MDSCs, where currents are exceedingly small, often less than 100 pA even under optimal
ApH and membrane potential conditions.

Fourth, the currents observed in both PMN-MDSCs and Mo-MDSCs demonstrated
sensitivity to CIGBI, a guanidine derivative small molecule inhibitor of Hy1 (209). Although
the CIGBI is a very unselective drug (96), it is commonly utilized as an indicator of Hy1 current
presence in various cell types (76,104,230). We demonstrated that CIGBI at a concentration of

200 uM reversibly blocked approximately 80% of the whole-cell currents in both PMN- and
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Mo-MDSCs. Based on the observed block percentage and assuming a sigmoidal dose-response
function with a Hill coefficient of 1, the single-point estimate of the I1Cso is approximately 50
uM, which aligns with the reported potency of CIGBI in inhibiting Hv1 (209,230). This
pharmacological evidence further supports our conclusion that these currents correspond to
proton currents mediated by Hy1 in MDSCs.

Fifth, the electrophysiological findings are strongly corroborated by molecular biology
analyses, where the mRNA transcript of Hy1 was identified in MDSCs using RT-gPCR, along
with the Hy1 protein itself being detected in Western blots. The human Hy1 proton channel
protein exhibits two isoforms: a long, full-length isoform and a shorter variant lacking an N-
terminal region due to alternative splicing (233). The antibody utilized in our study recognizes
both isoforms, a fact confirmed in the CH12 mouse B cell lymphoma cell line used as a positive
control in our investigation, as well as in human B cell lymphomas reported previously (233).
However, we observed only the long form in both PMN-MDCS and Mo-MDSCs isolated from
the LLC tumor. The absence of the short form suggests that it may not be expressed or may be
present in negligible amounts below the detection limit, indicating that the long isoform of Hv1
likely contributes to the functionality of tumor-derived MDSCs.

While the Hy1 proton channel has been extensively characterized in various immune
cell types, to our knowledge, there is a lack of information regarding Hy1 expression in tumor-
associated inflammatory cells. Our study, for the first time, identified a substantial population
of Hv1* myeloid cells within a tumor, consistent with the cell surface marker phenotype of
PMN- and Mo-MDSCs (as described above). Our electrophysiology findings are in line with
data reported for in vitro-generated MDSCs, where Hy1 currents of comparable magnitude
(ranging between 200 pA and 1 nA at +130 mV) were observed using the patch-clamp
technique in a mixed MDSC population (190). The MDSCs utilized by Alvear-Arias et al. were
generated through the differentiation of bone marrow-derived myeloid precursors induced by
GM-CSF (190), while in our study, MDSCs were directly isolated from LLC tumors induced
in mice. Our findings suggest that in vitro-differentiated MDSCs could serve as valuable tools
for investigating Hy1-dependent regulation of T cell function in cancer, given the similarity in
channel phenotype between these cells and tumor-derived MDSCs regarding Hy1 expression.
Additionally, we demonstrated that both PMN- and Mo-MDSCs exhibit Hyl-mediated H*
currents, albeit to varying degrees, indicating that the ion channel phenotype of the two MDSC
subtypes is comparable, at least in mice.

What could be the functional implications of Hy1-mediated H* currents in MDSCs?
Neutrophils, which share close similarities with MDSCs, express functional Hy1, and these H*

currents play arole in balancing positive charge efflux necessary for sustaining ROS production
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(234). Given that ROS production is also a hallmark of MDSCs' immunosuppressive activity
(235), the functional expression of Hy1 in MDSCs and its susceptibility to Hy1 inhibitors
appears reasonable. Consistent with this notion, electrophysiological studies have demonstrated
Hv1-mediated H* currents in MDSCs ((190) and this study) and blocking Hy1 using inhibitors
like CIGBI and Zn?* has been shown to inhibit ROS production and alleviate the suppression
of T cell proliferation by MDSCs (190). However, prolonged exposure of MDSCs to Hy1l
inhibitors for more than 2 hours resulted in significant cell death, raising concerns about the
specificity of CIGBI's effects. This, coupled with the administration of a reversible blocker
(CIGBI) during short-term pre-incubation of MDSCs followed by wash-out, complicates the
interpretation of data from T cell/MDSC co-culture experiments. In our experiments, CIGBI
applied alone, without MDSCs, inhibited T cell proliferation, precluding the use of T
cell/MDSC co-culture experiments in the presence of CIGBI (96). The potential adverse effects
of currently available Hy1 inhibitors underscore the necessity for the development of more
specific and higher-affinity Hy1 inhibitors.

The proton efflux facilitated by the Hy1 proton channel might additionally contribute to
the acidic environment within the TME, a condition that tumor cells can tolerate well but which
hinders the tumor-suppressive capabilities of T cells and NK cells (236). Consequently,
regulating the acidity of the tumor microenvironment through Hy1 inhibition could potentially
enhance the anti-tumor actions of immune cells in cancer therapy. However, recent findings
have also indicated that the heightened intracellular acidity in activated T cells resulting from
the absence of the Hy1 proton channel diminishes the effector function of these T cells (237).
This aspect must also be considered when evaluating the overall efficacy of Hy1-targeted cancer
therapy. Moreover, changes in the extracellular and intracellular pH may influence the
operation of the ion channels of immune cells, cancer cells and other cellular components of
the TME (238,239). As ion channels in cancer cells and cellular components of the TME are
attractive pharmacological targets to treat cancer, it bears outmost importance to determine the
effectiveness of ion channel modulators under the very special intra- and extracellular pH and
ionic milieu characteristic for the TME (240,241). One aspect of this was also investigated in

the dissertation and discussed below (242).

6.2 Intracellular acidity impedes Kca3.1 activation by Riluzole and SKA-31

This part of my dissertation is, to our knowledge, the first comprehensive study that
analyzes how extra- and intracellular pH influences the magnitude of the hKc.3.1 current and
its potentiation by the positive modulators of the channel SKA-31 and Riluzole. We showed
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that the hKca3.1 current expressed endogenously in human peripheral blood lymphocytes or
expressed heterologously in CHO cells shows very subtle sensitivity to the pH; ranging from
6.5 to 8.0 and pHe ranging from 6.0 to 8.0. The very potent activators of Kca3.1, Riluzole and
SKA-31, induce robust Kca3.1 currents at normal (pH; = 7.2) and alkaline (pHi = 8.0)
intracellular pH for both endogenously and heterologously expressed channels. On the other
hand, the potency of SKA-31 in activating the Kca3.1 current declines over time when the
intracellular pH is acidic (pHi < 6.5). The loss of the potency of SKA-31 was not specific for
Kca3.1, the potentiation of the current also declined over time when Kca2.2 was studied at pH;
= 6.5. The loss of the SKA-31 potency at acidic pHi was also shown for a Kca3.1 mutant where
a titratable His was mutated to Ala (H192A) near the binding pocket for the activators.
Similarly, transfection of CHO with T79D, a Calmodulin mutant that confers reduced Ca?*
sensitivity to Kca3.1, did not prevent the loss-of-potency phenotype when SKA-31 was applied
at acidic pHi. However, increasing the cytosolic Ca?* concentration to 1 uM eliminated the loss-
of-potency phenotype of SKA-31 activation at acidic pHi.

The reliance of K* conductance on extracellular pH likely stems from multiple factors.
One possibility is associated with the alteration of surface charges when the H* concentration
increases upon decreasing the extracellular pH (pHe). This alteration can impact the function of
the voltage sensor domain (VSD) in voltage-gated channels, as evidenced in studies on Shaker
(243) and K1.3 (244,245) channels. Unlike voltage-gated channels, Kca3.1 lacks the charges
in the S4 helix of the VSD characteristic for other voltage-gated ion channels. Consistent with
this Kca3.1 does not operate as a voltage-gated ion channel (246). Hence, the absence of an
effect of pHe on K* conductance in Kca3.1 is not unexpected. Additionally, pHe can regulate
ion channels by specifically interacting with exposed titratable amino acid residues. This
phenomenon has been observed in Na*-permeable ASIC ion channels (247,248). Notably,
acidic extracellular pH can significantly influence the conductance, inactivation kinetics, and
pharmacology of Ky1.3 due to the presence of a titratable His residue in the channel's pore
entrance (177,245,249). However, the human Kc:3.1 channel contains a valine at a
corresponding position (V257). While there are titratable amino acid residues near the
selectivity filter of Kca3.1, such as H236 and D239, and even if these become protonated at
acidic pHe, they do not notably affect the K* conductance of Kca3.1 channels. Acidic pHe
notably decreases K* currents through hKc.3.1, although the reduction in current never exceeds
15%-20% compared to pHe = 7.4. Moreover, this effect is primarily observed at extracellular
pH 6.0, which is exceedingly low and may represent the lower extreme in pathological context.

pH alterations also impact several voltage-gated K* channels. For instance, in peripheral

blood lymphocytes (PBLs), the whole-cell Ky1.3 current was augmented by alkaline pH and
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suppressed by acidic pH (245). This sensitivity to pH changes was ascribed to modifications in
both the number of channels opening and the single-channel conductance. In Shaker-IR K*
channels, a decrease in current at acidic pH results from a reversible blockade of the channels
by protons (250). This proton blockade of Shaker IR channels was accompanied by a notable
decline in the single-channel current, and it was proposed that protons interact specifically with
amino acid side chains within the channels' internal vestibule, although the specific side chains
involved were not identified. Despite the structural similarities between Ky channels and
Kca3.1, such as the presence of a cytoplasmic activation gate at Val282 and a selectivity filter,
the influence of pH on Kca3.1 conductance is nearly absent, as demonstrated in our
investigation.

Based on the lack of sensitivity of the Kca3.1 current to variations in both intracellular
and extracellular pH, we infer that the gating mechanism of Kca3.1 (202) and the network of
co-activators (Ca?*, CaM, and PIP;) remain unaffected by pH levels relevant to both
physiological and pathophysiological conditions. This conclusion appears to contradict earlier
research that demonstrated pH sensitivity in the shape (251), Ca?* binding capacity (252), and
Ca?* affinity (253) of CaM. These contrasting outcomes may stem from previous studies
utilizing isolated CaM in solution or employing mathematical models, which could account for
the discrepancy with our findings.

Voltage- and Ca?*-activated channels are susceptible to inhibition by small molecules
and/or peptide blockers. A notable pharmacological property of Kca3.1 is its responsiveness to
a group of small molecules derived from the structure of EBIO-1 (254), which act as channel
activators. These activators can be employed experimentally to enhance channel function,
thereby influencing cellular responses under physiological and pathophysiological conditions
(as discussed below). The mechanism of action of these activators involves shifting the
calcium-activation curve towards lower intracellular Ca?* concentrations in a concentration-
dependent manner, consequently increasing the apparent Ca?* affinity. However, they are
incapable of activating the channels in the absence of intracellular Ca?*. Thus, while they
function as positive-gating modulators, they also exhibit a super-agonist effect by activating
the current even when cytosolic Ca?* concentrations are saturating, as demonstrated by the
activation of Kca3.1 by SKA-31 at a concentration of 1 uM Ca?*. Considering the structures of
Riluzole and SKA-31 and their predicted pKa values (2.96 and 3.5), their protonation status is
minimally affected within the pH range of 6.0 to 8.0. Consistent with this, both SKA-31 and
Riluzole enhance the Kca3.1 current across all combinations of pHe-pHi, as long as the

intracellular pH remains neutral or basic.
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In contrast, when the intracellular pH was acidic, both SKA-31 and Riluzole
demonstrated a decline in their ability to activate Kca3.1 over the duration of several hundred
seconds in our experiments. One possible explanation for this loss of potency could be that
exposure to acidic intracellular pH induces an irreversible structural change in the activator
molecules over the extended duration of the experiments. However, our data suggest otherwise.
Both Riluzole and SKA-31 maintained their effectiveness when dissolved in an extracellular
solution with a pH of 6.0. Throughout the day, all extracellular solutions, including those
containing SKA/Riluzole at pH 6.0, retained the potency of the activators. Furthermore, upon
immediate application of SKA-31 or Riluzole, the Kca3.1 current was enhanced even under
acidic intracellular pH conditions. This indicates that the access of SKA-31 and Riluzole to the
modulatory site, including membrane permeation, remains unhindered regardless of the
combination of intracellular and extracellular pH. Additionally, upon exposing the intracellular
environment to acidic pH, the decline in SKA-31-mediated current activation progressed when
we paused SKA-31 application or interrupted the current recordings for several hundred
seconds. The only intervention that prevented this loss of potency was the increase in cytosolic
Ca?* concentration to 1 uM.

Another possibility for the reduction in Kca3.1 conductance induced by the activators at
acidic intracellular pH could involve a combination of factors. This might include the acidic
intracellular pH, low (250 nM) Ca?* concentration, and the presence of activators, which could
result in decreased availability of the channels for opening. Further experiments are warranted
to explore this hypothesis, which could involve investigating the phosphorylation of His358 in
Kca3.1 at different intracellular pH values and its impact on the CaM-dependent activation of
the channels (255-258).

While our current investigations into the molecular basis of the loss of Kca3.1 activator
potency at acidic intracellular pH remain inconclusive, this phenomenon presents an intriguing
area of study with potential implications for experimental applications. Pharmacologically
activating Kca3.1 using positive modulators has emerged as a promising strategy to enhance the
suppressed immune response against cancer (259,260) (recently reviewed in (261)). This
approach holds particular significance for overcoming the immunosuppressive TME,
characterized by elevated extracellular K* levels (262,263), adenosine concentration (263), and
acidity (264).

For instance, activating Kca3.1 channels with 1-EBIO restored the chemotaxis ability of
cancer-derived CD8" T cells in the presence of adenosine (265) and improved T cell function
in vitro under conditions of high extracellular [K*] typical of the TME (262,266). Given that

the intracellular pH in the acidic TME is also acidic (266), the benefits of Kca.3.1 positive
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modulators may be compromised by the loss-of-potency phenotype observed at acidic
intracellular pH in our study. On the other hand, various cancer types like glioblastoma (260),
pancreatic ductal adenocarcinoma (267), prostate cancer (268), non-small cell lung cancer
(269), and breast cancer (270) exhibit Kca3.1 overexpression. In these cases, using an activator
could potentially be counterproductive and, on the contrary, the loss of potency of activators in
the acidic TME may even be advantageous. Therefore, the overall impact of the acidic
intracellular pH-induced loss of Kca3.1 activator potency must be carefully assessed for both

immune system function and cancer cell behavior.
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7 SUMMARY

The tumor microenvironment includes diverse immune cell types immersed in a very
complex and hostile system characterized by hypoxia, nutrient deficiency and acidity. Acidity,
in particular, will directly affect the functionality of several proteins, among which ion
channels. In this PhD dissertation we tested whether Kca3.1, an ion channel essential for
lymphocytic activation and proliferation, is affected by changes in extracellular and
intracellular pH. We discovered that K* currents through Kca3.1 were minimally, but reversibly,
altered by a shift in the extracellular pH. Notably, acidic pHe caused a current drop and basic
pHe caused a current increase. These changes were statistically significant, but never extended
beyond ~20% compared to the baseline and could probably be considered physiologically
irrelevant. We also enquired into the pH sensitivity of two Kca3.1 activators: Riluzole and SKA-
31. These substances have been suggested as possible oncological immune boosters, therefore
their relationship with pH should be better characterized. We showed that both Riluzole and
SKA-31 activate Kca3.1 in a fast and reversible manner, unfazed by alkaline or acidic
extracellular pH. However, when the intracellular pH was shifted to acidic values (6.2-6.7) both
Riluzole and SKA-31 lost their potency in a time-dependent and an irreversible manner. We
were not able to determine which molecular components contributed to this phenomenon, since
mutations of sensitive spots in Kca3.1 (H192A) and in the ion channel-bound Calmodulin
(T79D) did not restore the lost potency. However, a high Ca?" intracellular concentration
apparently restabilizes the optimal functionality of SKA-31, suggesting a possible role of
Calmodulin in this newly discovered phenomenon.

Lymphocytes are not the only immune cells inhabiting the tumor microenvironment.
Another important cell type is the myeloid-derived suppressor cell, which has been shown to
host Hy1 as its main ion channel. Hy1 is the only H* channel in mammals and it is strongly
sensitive to changes in pH and ApHe.i. However, most of the information we have about Hy1 in
myeloid-derived suppressor cells stem from in vitro-generated murine cells, which can be
different from in vivo ones. We obtained tumor-related myeloid-derived suppressor cells after
subcutaneously implanting a tumor mass in the flank of C57BL/10 mice and analyzed the
expression of Hy1 through Western blotting, gqPCR, immunofluorescence and patch clamping.
Through patch clamping we showed that these cells do not apparently host other voltage-gated
currents except for the H™ current, which was identified thanks to several biophysical and

pharmacological pieces of evidence.
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