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Anticytotoxic T lymphocyte-associated protein 4 (CTLA4) anti-
bodies have shown potent antitumor activity, but systemic im-
mune activation leads to severe immune-related adverse events,
limiting clinical usage. We developed novel, conditionally active
biologic (CAB) anti-CTLA4 antibodies that are active only in the
acidic tumor microenvironment. In healthy tissue, this binding is
reversibly inhibited by a novel mechanism using physiological
chemicals as protein-associated chemical switches (PaCS). No en-
zymes or potentially immunogenic covalent modifications to the
antibody are required for activation in the tumor. The novel anti-
CTLA4 antibodies show similar efficacy in animal models compared
to an analog of a marketed anti-CTLA4 biologic, but have mark-
edly reduced toxicity in nonhuman primates (in combination with
an anti-PD1 checkpoint inhibitor), indicating a widened therapeu-
tic index (TI). The PaCS encompass mechanisms that are applicable
to a wide array of antibody formats (e.g., ADC, bispecifics) and
antigens. Examples shown here include antibodies to EpCAM,
Her2, Nectin4, CD73, and CD3. Existing antibodies can be engi-
neered readily to be made sensitive to PaCS, and the inhibitory
activity can be optimized for each antigen’s varying expression
level and tissue distribution. PaCS can modulate diverse physiolog-
ical molecular interactions and are applicable to various pathologic
conditions, enabling differential CAB antibody activities in normal
versus disease microenvironments.
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Targeted therapies continue to transform cancer survival rates,
as demonstrated by recent successes with immune checkpoint
inhibitors, antibody drug conjugates, immune cell-recruiting
bispecific antibodies, and chimeric antigen receptor T cell
(CAR-T) therapies (1-3). In solid tumors, the tumor-specific
expression of a target is rare (4). As a consequence, targets
that are in higher abundance on the surface of a tumor cell
relative to a normal cell are often selected for the development
of immune therapies. The pharmacologic term, therapeutic in-
dex (TI), is generally based on the ratio between levels that are
therapeutic and levels that are toxic. The differential activity of a
ligand of a target molecule in the diseased tissue versus its
normal surroundings is of fundamental importance. For exam-
ple, exploiting the differential binding of an antibody to its target
in a tumor versus in the surrounding environment might enhance
the TI. Such a strategy could safely maintain antibody potency at
higher doses and could enhance tumor-killing mechanisms (e.g.,
drug conjugates, bispecific antibodies, or CAR-Ts), while avoiding
treatment-related toxicities, resulting from systemic, on-target, off-
tumor binding on normal cells away from the tumor.
Unfortunately, the low TI that results from the expression of
target molecules on normal cells renders most targets problem-
atic or simply undruggable, hindering the development of ef-
fective treatments. An extensively studied example is the additive
toxicity observed with the clinically validated Programmed Cell
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Death Protein-1 (PD1) and CTLA4 combination therapy. This
combination can be life-threatening to many patients even at a
fraction of their doses when given as monotherapy (5, 6). This
lower dosing or the reduced ability for patients to remain on
therapy attenuates the potential clinical effectiveness of these
important immunooncology (IO) treatments (7). Enhanced tar-
geting strategies are needed urgently, since the traditional objective
of identifying new targets with high preferential expression on the
tumor cell has largely failed for solid tumors (8), forcing the
abandonment of otherwise valuable targets. Given that solid tumors
represent over 90% of all cancer types (9), there is considerable
need for improved tumor targeting and higher potency to breach
solid tumor defenses.

The unique microenvironmental differences in diseased tis-
sues such as those found associated with tumor cells, that is, the
tumor microenvironment (TME), offer an important opportu-
nity to improve target selectivity (10-13). There are several
conditions that could lead to a differential antibody selectivity,
including temperature (14, 15), oxygen levels (16-18), pressure
(19), pH (20-27), and small-molecule and protein concentrations
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(28-33). Proteins have the capability to be responsive to these
conditions; for example, previously, we developed enzymes to
respond to differentially selective conditions (34-37). This con-
ditional activity allows the enzyme to remain safely expressed,
but physiologically inactive or active as needed in order to re-
duce physiological harm. Analogous approaches were utilized
previously to increase the useful window of activity in microbes,
plants, and humans for a wide range of effects, including pro-
cessing efficiencies, maintaining yields (34), and improving drug
delivery (cited in the acknowledgments of ref. 38).

An extensive body of literature demonstrates the acidic ex-
ternal microenvironment of tumor cells since the original ob-
servation that tumor cells are metabolically glycolytic and
secreting high levels of lactic acid, even in aerobic conditions
(39). Recently, Rohani et al. (40) have demonstrated that over
87% of aerobic tumor cells are acidic (<pH6.5), which is note-
worthy considering that not all cells found within a tumor are
malignant cells. Extracellular pH (pH.) in tumors can be as low
as pHS5.8 (21). The acidic nature of tumors contrasts with the
highly controlled slightly alkaline pH7.4 of blood and healthy
tissues. Although other microenvironmental conditions differ
between tumor and normal cells (10), acidity is correlated with
tumor aggressiveness (41). The consistency of this acidic micro-
environment characteristic is driven, in part, by the need for
precursor molecules required for rapid cell replication that are
primarily supplied through glycolysis. Studies also demonstrate

that metastatic cells maintain an acidic external pH close to the
cell membrane even when surrounded by pH7.4 buffer (24). It is
hypothesized that the combination of high tumor glycolytic rates
combined with the delayed external cell equilibration due, in
part, to the ~500-nm-thick carbohydrate layer on the surface of
the tumor cells assists in establishing a pH gradient keeping the
tumor cell surface acidic (42, 43). Cell surface proteins are typically
less than 100 nm in length, that is, less than 20% of the size of the
surrounding carbohydrate layer, and, as a result, proteins reside
within the tumor’s most acidic external microenvironment (44).
Here we demonstrate the ability to engineer conditionally and
reversibly active CAB proteins that gain binding activity as the pH,
becomes acidic when entering the TME. We engineer the condi-
tional activation and conserve the natural structure of the human
immunoglobulin by restricting amino acid changes to the human
immune system’s mutation-tolerant hypervariable or complementary-
determining regions (CDRs). By limiting changes to the hyper-
variable regions that are tolerant to some mutations without losing
the fine specificity of the immunoglobulin, the strategy allows for an
improved TI. The strategy also maintains efficient manufacturing
characteristics and minimizes the risk of a decreased or negative
immune response. Notably, we describe a novel H* ion-dependent
mechanism that blocks binding of the therapeutic molecule at normal
conditions through the involvement of a noncovalently bound phys-
iological chemical(s) (e.g., bicarbonate or hydrogen sulfide), acting as
a chemical switch. This chemical switch can reversibly inhibit binding
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The pH selectivity of anti-CTLA4 variants. CAB anti-CTLA4 antibodies were identified by screening a library of antibody variants for binding to

recombinant human CTLA4 in acidic pH, but not in neutral pH, using the PaCS process. (A) Binding activities of CAB anti-CTLA4 variants to human CTLA4 at
pH6.0 (Left) and at pH7.4 (Right) were determined using pH affinity ELISA; y axis, optical density (OD) 450 nm; x axis, antibody concentration (log nanograms
per milliliter); the starting concentration is 3 pg/mL. The mean OD values from two independent experiments with duplicate reactions are shown. (B) ECsq
values of CAB anti-CTLA4 variants binding to human CTLA4 at pH6.0 and at pH7.4 were calculated using the nonlinear fit (variable slope, four parameters)
model built into GraphPad Prism software version 7.03. The binding curve for clones 87CAB3 did not reach saturation at pH 7.4, and therefore the ECs, value
could not be calculated. (C) Binding activities of CAB anti-CTLA4 variants to human CTLA4 at different pH values were determined by pH range ELISA; y axis,
OD 450 nm; x axis, pH of the ELISA mix and wash buffers. The mean OD values from two independent experiments with two replicates for each pH test are
shown. Inflection point of the pH curves: Mean OD values (from two independent experiments) at the different pH were plotted against the pH of the buffer
using GraphPad Prism software version 7.03. Curve fitting was done using the four-parameter model built into the software. The inflection point of the pH
curve (pH with 50% binding activity) equals I1Cso of the fitting equation. Binding activity at pH6.0 was set to 100%; 87CAB1 pH inflection point, pH6.92;
87CAB2 inflection point, pH6.95; 87CAB3 pH inflection point, pH6.66. (D) The pH-dependent binding of CAB anti-CTLA4 variants is reversible. The CAB anti-
CTLA4 variants (clones 87CAB1, yellow; 87CAB2, purple; and 87CAB3, red) were tested in four different conditions: Antibodies were first diluted from stock
solutions (in phosphate-buffered saline [PBS] pH7.4) into pH6.0 or pH7.4 ELISA mix at 250 ng/mL and incubated at room temperature for 30 min (step | in the
flowchart). The mAbs were then further diluted to 25 ng/mL in pH6.0 or pH7.4 ELISA mix (step II). Binding to human CTLA4 immobilized in the wells was
tested by ELISA. All ELISA steps (blocking, incubation, and washing) were done in either pH6.0 or pH7.4 ELISA mix as indicated in the flowchart. Data from two
independent experiments with two replicates were normalized to test condition | (pH6.0—6.0). IpA was used as non-CAB reference in all experiments (black).
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of the therapeutic effector antibody to the target antigen depending
upon the extracellular pH. We refer to this novel mechanism for
generating CABs as utilizing protein-associated chemical switch(es),
or PaCS mechanism. PaCS-utilizing proteins or antibodies are de-
veloped by including this chemical dimension in protein engineering,
evolution, and design. Characteristically, the pH inflection point of a
CAB antibody—antigen interaction using a PaCS mechanism is
largely established via the pK, of the PaCS chemical, as opposed to
the pK, of the protein. PaCS enables pH-dependent binding without
relying on the classic key pH-determining amino acid, histidine. This
robust PaCS mechanism provides molecular insights into pathogen-
esis, as well as potentially delivering improved therapies.

Results

Engineering of Tumor-Selective Anti-CTLA4 Monoclonal Antibodies.
The goal of this study was to generate CAB anti-CTLA4 anti-
bodies with reduced binding at normal physiological conditions
(pH of ~7.4), while maintaining binding at TME conditions [pH
of ~6.3 to 6.9 (45) and even lower at the cell membrane (24)]. A
CAB anti-CTLA4 antibody which is reversibly active only in the
TME, but not under normal physiological conditions, is expected
to have reduced peripheral immune-related toxicity and therefore
demonstrate a wider safety margin compared to the anti-CTLA4
antibodies currently available for cancer therapy, allowing higher
dosing and longer treatments for improved efficacy.

Hallmarks of the TME are a lower extracellular pH due to the
increased lactic acid secretion resulting from glycolytic tumor
metabolism even under aerobic conditions [i.e., the Warburg
effect (39, 46)]. A library of anti-CTLA4 antibody variants [ini-
tially based on Ipilimumab (47), including mutations introduced
in the six CDR loops and with optimized frameworks] were
screened for binding to recombinant human CTLA4 at pH6.0
(TME) and pH7.4 (normal physiological condition). The
screening yielded several clones with the desired properties (low
binding at pH7.4; high binding at pH6.0). Three of these selected
CAB anti-CTLA4 clones are described in this report. The
identified variants included two with similar (clones 87CAB1 and
87CAB2) or slightly reduced (clone 87CAB3) binding to CTLA4
at pH6.0 compared to an Ipilimumab analog (IpA), while all had
substantially reduced binding at pH7.4 (Fig. 14). Also, the cal-
culated effective concentration, 50% (ECs,) values for clones
87CAB1 and 87CAB2 are similar to the ECsq value of the IpA at
pH6.0 (~10 ng/mL to 12 ng/mL; Fig. 1B), while clone 87CAB3
has a moderately increased ECsq at pH6.0 (~28 ng/mL; Fig. 1B).
IpA shows undesirable stronger binding at pH7.4 (~8.5 ng/mL)
relative to pH6.0, while the binding of clones 87CAB1 and
87CAB?2 decreases to only 6 to 11% at pH7.4 relative to pH6.0
(ie., a 9- to 15-fold change). Clone 87CAB3 has the lowest
binding at pH7.4 for the largest binding differential between
pH6.0 and pH7.4, with a decrease in ECs to 0.5% of the binding
at pH6.0 (i.e., a 175-fold change as estimated based on the data
shown in Fig. 14).

IpA showed a similar binding signal across the pH range from
pH7.4 down to pH6.5, with slightly lower binding signal between
pH6.2 and pH6.0 (Fig. 1C). With the selected antibody—antigen
ratio for this analysis, the binding signal for clones 87CAB1 and
87CAB2 is 1/4 to 1/3 of the signal compared to IpA at pH7.4,
while clone 87CAB3 has nearly undetectable binding at pH7.4
(Fig. 1C). For all CAB anti-CTLA4 clones analyzed, the signal
increased with lower pH. Clones 87CAB1 and 8§7CAB2 reached
the maximum signal at pH6.5, while clone 87CAB3 reached the
maximum at pH6.0 (Fig. 1C). The pH inflection point (halfway
point between minimum and maximum signal) is ~pH6.9 for clones
87CABI and 87CAB2, while it is ~pH6.7 for clone 87CAB3.

We then tested whether the exposure to low pH would per-
manently activate the binding activity of clones 87CABI,
87CAB2, and 87CAB3 and whether the binding of these clones
was reversible (Fig. 1D). Antibodies incubated at pH6.0 and then
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assayed at pH7.4 showed the same reduced activity as the anti-
bodies which were assayed at pH7.4 throughout the experiment.
Conversely, antibodies incubated at pH7.4 and then assayed at
pH6.0 retained the same activities as the antibodies which were
assayed at pH6.0 throughout the experiment. These data indi-
cate that the binding activities of clones 87CAB1, 87CAB2, and
87CAB3 are pH dependent and reversible.

Identification of PaCS as an Important Modulator of pH-Dependent
Antigen Binding and In Vitro Bioactivity. Clone 87CAB3 has the
largest pH selectivity (Fig. 1) and was chosen for further char-
acterization. The complete ELISA mix used for screening con-
sists of eight different components. Clone 87CAB3 was tested for
binding at pH6.0 and pH7.4 in ELISA mix, with each assay
lacking one of the components. Both sodium chloride and bi-
carbonate affect the binding signal compared to the complete
ELISA mix. Without sodium chloride, the binding signal at
pHO6.0 drops to ~50% of that observed in the presence of sodium
chloride with a fourfold to fivefold increase in binding at pH7.4,
reducing overall pH-dependent selectivity (Fig. 24). Further-
more, in the absence of sodium bicarbonate and in the presence
of sodium chloride, clone 87CAB3 exhibited a sixfold loss in pH
selectivity (i.e., maintaining high-affinity binding activity at
pH6.0 and gaining substantial binding activity at pH7.4). In the
presence of both sodium bicarbonate and sodium chloride, clone
87CAB3 demonstrated the strongest, selective pH-dependent
binding (high binding activity under the pH6.0 condition, but
barely detectable binding activity at pH7.4) (Fig. 24). Removing
any of the components from the ELISA mix did not affect the
binding activities of the non-CAB IpA.

In addition, we observed bicarbonate concentration-dependent
inhibition of the binding activity at pH7.4, while no inhibition was
observed at pH6.0 (Fig. 2B). Based on the estimated pK, of 6.35 of
bicarbonate under physiological conditions (48), the concentra-
tion of the negatively charged bicarbonate ion will decrease at
pH6.0, and the equilibrium reaction shifts toward carbonic acid
(CO,+H,0H,CO3<HCO;™+HY), while the total CO, concen-
tration stays the same. This suggests that the negatively charged bi-
carbonate ion is inhibiting the antibody—antigen interaction at pH7.4.

Titrations with sodium chloride in the absence of bicarbonate
showed that the binding of clone 87CAB3 to CTLA4 is depen-
dent on the presence of at least low levels of sodium chloride and
requires near-physiological levels [137 mM to 145 mM (49, 50)]
for full binding (Fig. 2C). The presence of sodium chloride near
physiological levels is also required for the nonbicarbonate-
dependent pH selective binding (Fig. 2C). The binding activity
of IpA was slightly reduced at pH6.0 in the absence of sodium
chloride. Taken together, the data show that sodium chloride
concentrations approaching physiological levels are essential for
clone 87CAB3’s binding to CTLA4. In addition, bicarbonate and
sodium chloride are needed for maximizing the pH selectivity of
clone 87CAB3, that is, the inhibition of binding at pH7.4 with
bicarbonate and the increased binding at pH6.0. While bicar-
bonate is the primary contributor in pH selectivity of clone
87CAB3, sodium chloride alone enabled approximately twofold
pH selectivity (Fig. 2 A-C).

We noted the disease-relevant pK, of ~7.04 for the physio-
logically occurring molecule, hydrogen sulfide (HS™), and
therefore we investigated whether it could also influence pH-
dependent binding. We observed some general reduction in
binding activity for both IpA and 87CAB3 with concentrations
even below normal physiological levels [i.e., <~0.1 mM (51, 52)]
of hydrogen sulfide, experimentally provided as sodium sulfide
(Fig. 2 D and H). This reduction was observed with all of the
proteins shown in this report and is possibly a general phe-
nomenon (Fig. 2H and SI Appendix, Fig. S1C). Importantly, we
also noticed that the pH selectivity of clone 87CAB3 is increased
at sodium sulfide concentrations of 0.5 mM to 2 mM (Fig. 2D),
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Fig. 2.

Influence of chemical compounds on the pH selectivity. (A-E) Normalized binding activities of clone 87CAB3 (Left) and Ipilimumab analogue (IpA,

Right) to human CTLA4 at pH6.0 and pH7.4 were determined by ELISA in different buffer conditions. y axis: normalized binding activities; x axis: sample ID.
Normalized activity from at least two independent experiments with duplicates are shown. (A4) Influence of individual assay components on pH selectivity.
Individual chemical components were left out of the complete assay mix as indicated on the graph. Data normalized to the signal at pH6.0 using the complete
assay mix. Red bars: assay at pH6.0; green bars: assay at pH7.4. (B) Sodium bicarbonate titration (0 mM to 38.7 mM NaHCOs sodium bicarbonate). Bicarbonate
concentrations within the physiological range (48) are marked with asterisks. Data normalized to pH6.0, 0 mM sodium bicarbonate. (C) Sodium chloride
titration (0 mM to 308 mM Nacl). Sodium chloride concentrations within the physiological range (46) are marked with asterisks. Data normalized to pH6.0,
154 mM sodium chloride. (D) Sodium sulfide titration (0 mM to 2 mM Na,S). Physiological concentration of sulfide is less than 0.1 mM (48). Data normalized to
pH6.0, 0 mM sodium sulfide. (E) Sodium sulfide induced reduction in binding activity is reversible. Clone 87CAB3 and IpA were first diluted from stock so-
lutions (in PBS pH7.4) into pH6.0 or pH7.4 ELISA assay mix (containing sodium sulfide with various concentrations as indicated) at 1,000 ng/mL and incubated
at room temperature for 30 min. The mAbs were then further diluted to 2 ng/mL in pH6.0 or pH7.4 ELISA assay mix with or without sodium sulfide. Binding to
human CTLA4 immobilized in the wells was tested by ELISA. All ELISA steps (blocking, incubation, washing) were done either in pH6.0 or pH7.4 assay mix in
the presence of sodium sulfide (PSS6.0 or PSS7.4) or without sodium sulfide (PSS/PBS6.0 or PSS/PBS7.4). Data were normalized to pH6.0, 0 mM sodium sulfide.
PSS: PBS buffer with sodium sulfide. Influence of sodium bicarbonate (F), sodium chloride (G), and sodium sulfide (H) on other anti-CTLA4 variants. Binding
activities of anti-CTLA4 variants (clones 87CAB1, 87CAB2, and 87CAB3) and IpA to human CTLA4 at pH6.0 (dark columns) and pH7.4 (light columns) in the
absence (blue) or presence (orange) of the indicated component. y axis: normalized OD 450 nm; x axis: sample ID. Data were normalized to pH6.0, two
independent experiments with duplicate reactions. (F) Binding to human CTLA4 in the presence or absence of 30 mM sodium bicarbonate in the assay. (G)
Binding to human CTLA4 in the presence or absence of 154 mM sodium chloride in the assay. (H) Binding to human CTLA4 in the presence or absence of

0.1 mM sodium sulfide in the assay.

while the activity of IpA is equally affected at both conditions
with no improvement in selectivity. In addition, we observed that
the decreased binding in the presence of sodium sulfide is also
reversible (Fig. 2E). Clone 87CAB3 and IpA show full binding
activity after incubation with sodium sulfide followed by reducing
concentration through dilution before assaying. This indicates
that hydrogen sulfide can facilitate PaCS activity, even though
the original antibody was selected using bicarbonate instead of
hydrogen sulfide. The pH selectivity dependence on sodium bi-
carbonate and sodium sulfide, as well as sodium chloride for
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binding activity, was not limited to clone 87CAB3. More spe-
cifically, we found that bicarbonate also inhibited the binding
activity of all three anti-CTLA4 variants at pH7.4, but not at
pH6.0 (Fig. 2F). Furthermore, all three anti-CTLA4 variants
showed reduced binding at pH6.0 in the absence of sodium
chloride (Fig. 2G). This loss of binding activity was most pro-
nounced in clone 87CAB3. Clone 87CAB3 was the only clone
showing a reduced binding signal at pH7.4 in the absence of
sodium bicarbonate. In the presence of sodium chloride (and the
absence of bicarbonate), only clone 87CAB3 maintains some
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pH-dependent binding (Fig. 2G), but the pH selectivity was not
as pronounced as in the presence of bicarbonate (Fig. 2F). We
also observed pH selectivity for all three anti-CTLA4 variants
when replacing sodium bicarbonate with sodium sulfide (Fig. 2H).
Finally, the calculated isoelectric point (pI) of all the selected anti-
CTLA4 CAB variants did not differ appreciably from the parent
IpA (IpA, pl = 8.54; 87CABI, pl =7.91; 8§7CAB2, pl = 8.25;
87CABS3, pl = 8.67).

Lactic acid is highly enriched in the TME as a result of high
glycolytic rates even in oxygenated microenvironments, known as
the Warburg effect (39, 53). However, lactic acid showed no
effect on the binding of IpA and on any of the CAB antibodies
we tested. This suggests that the blocking activity of bicarbonate
and hydrogen sulfide is not just dependent upon the presence of
a negative charge, but may also be a function of their electro-
negativity, molecular size, and shape. In addition, some limited
screening of antibody libraries for pH-dependent activation by
lactic acid did not yield CABs utilizing lactic acid as a PaCS
chemical.

Generating PaCS Mechanistic CAB Antibodies against Other Tumor
Targets. We also tested the binding activities of conditionally
selected antibodies against five different targets (SI Appendix,
Fig. S1), which were generated using the PaCS process as de-
scribed in Materials and Methods for the anti-CTLA4 variants in
the presence or absence of bicarbonate, sodium chloride, and
sodium sulfide. The results indicate that there are two major
classes of CAB antibodies in this set: 1) pH selectivity strictly
dependent on the presence of PaCS chemicals (e.g., bicarbonate,
hydrogen sulfide) at physiological concentrations and 2) pH se-
lectivity that is independent of the presence of PaCS chemicals
(81 Appendix, Fig. S1 A and C). The requirement for sodium
chloride for binding (especially at pH6.0) was not universal, but
it does frequently modulate binding in this broader set of anti-
bodies (SI Appendix, Fig. S1B). The large number of conditionally
active antibodies discovered when using bicarbonate demonstrates
that PaCS selection greatly expands the success rate and degree of
selectivity observed in pH selective antibodies compared to solely
histidine-dependent protein selectivity. Furthermore, the impact of
protein-associated endogenous chemicals emphasizes the underap-
preciated importance of using disease-like assay conditions, instead
of normal physiological conditions, for protein discovery and evo-
lution in order to maximize responses and to help ensure effective
translation in vivo.

PaCS-Responsive Amino Acid Changes. The mutations found in the
collection of CAB antibodies described in this report are sum-
marized in SI Appendix, Fig. S2. Mostly polar and nonpolar
amino acids are replaced by charged amino acids. Over 50% of
the introduced mutations are aspartic (D) and glutamic (E) acid.
Histidine (H) is introduced only in less than 10% of the mole-
cules, but is also eliminated in ~5% of the mutations, indicating
that histidine does not play a major role in the design of PaCS
pH-based CABs. It is also noteworthy that only a few changes are
necessary to render an antibody sensitive to PaCS.

Kinetic Analysis of pH-Dependent Binding of Clone 87CAB3. Binding
kinetics of clone 87CAB3 were analyzed by surface plasmon
resonance (SPR) SI Appendix, Fig. S3 A and B. Varying antibody
concentrations were injected over a sensor surface with immo-
bilized CTLA4 extracellular domain. Experiments were carried
out at pH6.0 or pH7.4 with 30 mM sodium bicarbonate in the
buffer. The tests showed that clone 87CAB3 has a dissociation
constant (Ky) of ~0.53 nM at pH6.0 and a K4 of ~2.2 nM at
pH7.4 (SI Appendix, Fig. S3C). In addition to the change in Ky,
we also observed a sharp drop in the maximum SPR signal from
pH6.0 to pH7.4 (from ~30 resonance units [RU] to ~10). Sim-
ulations of the SPR data showed that this drop was not caused by
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the approximately fourfold change in Kg4. The shape of the SPR
curves at pH7.4 indicates that fewer CTLA4 ligands are available
for binding, compared to those available at pH6.0. This was also
confirmed by SPR simulations (SI Appendix, Fig. S3 A, Bottom).
The simulations indicated that, at pH7.4, less than 30% of
binding sites are available on the chip compared to those avail-
able at pH6.0, which is in good agreement with the observed
signals. This reduction in reactive ligand was not caused by
protein denaturation after repeated regeneration cycles, as the
signal recovered again when the condition was switched back to
pH6.0. The data indicate that bicarbonate interacts with CTLA4
at pH7.4, preventing clone 87CAB3 from binding. As predicted
from the ELISA tests, IpA was not affected, and its K4 and SPR
signal intensity did not change significantly from pH6.0 to 7.4 (SI
Appendix, Fig. S3 B and C). As a result, pH selectivity is a product
of both the fold change in K4 and the fold change in maximum
signal observed (i.e., estimated >12-fold shift in binding).

In Vitro Functional Activities of Clone 87CAB3. The pH selectivity of
clone 87CAB3 was also tested by flow cytometry using mam-
malian cells expressing human CTLA4 on the cell surface (SI
Appendix, Fig. S44). The high expression levels of the recombi-
nant receptor increase the potential for avidity, which could
dampen the selectivity in this assay. Nevertheless, the ECs, for
clone 87CAB3 at pH7.4 is about threefold higher compared to
pH6.0 in the presence of bicarbonate (SI Appendix, Fig. S4B).

We also compared the functional activity of clone 87CAB3 in
tumor-associated acidic pH and normal physiological pH con-
ditions using human lymphocytes stimulated with staphylococcal
enterotoxin B (SEB; SI Appendix, Fig. S5). In SEB-stimulated
peripheral blood mononuclear cells (PBMC) cultures, the addi-
tion of 87CAB3 antibody enhanced IL-2 production over the
level observed with the added isotype control antibody in the
acidic pH (pH6.2). In contrast, IL-2 levels did not increase with
the addition of clone 87CAB3 in the neutral pH (pH7.4). At the
concentration of 10 pg/mL, 8§7CAB3 promoted a 1.5-fold in-
crease in IL-2 production compared to the isotype control in the
pH6.2 tumor environment, similar to the increase levels ob-
served with the IpA (SI Appendix, Fig. SS5). These results support
that clone 87CAB3 is functionally active and selective in vitro
(active in acidic pH; inactive in neutral pH).

In Vivo Efficacy and Immunotoxicity of CAB and Non-CAB Anti-CTLA4
Antibodies in Mice and Nonhuman Primates. The PaCS process
enabled the identification of novel CAB anti-CTLA4 antibodies
which would not have been identified using conventional ap-
proaches. The CAB anti-human CTLA4 antibodies that differed
from their wild-type parental antibodies with respect to pH se-
lectivity were tested for their efficacy and potency. Since the
CAB and non-CAB anti-CTLA4 antibodies did not cross-react
with the murine ortholog, we used a human CTLA4 knock-in
mouse model to assess antitumor efficacy in a syngeneic tumor
xenograft model previously shown to be useful in demonstrating
the effects of CTLA4 blockade on tumor growth (54). The
CTLA4 knock-in mice were xenografted with the mouse MC-38
syngeneic colon adenocarcinoma tumor and then administered
CAB and non-CAB anti-CTLA monoclonal antibodies (mAbs)
(Fig. 34). The anti-CTLA4 antibody IpA had potent antitumor
activity that led to regressions when given at 3 mg/kg every 4 d
for 3 wk. The CAB antibodies 087CAB3 and 87CAB2 had
similar activity at the same dosage and dosing frequency. A hu-
manized isotype negative control antibody (anti-HIV gp120) (55)
had no effect on tumor growth when administered in the same
manner. This indicates that the CAB and non-CAB anti-CTLA4
antibodies had equivalent efficacy. We analyzed the data using
quantitative systems pharmacology and determined a correlation
between an individual subject’s ECsy and E,., values which
suggests that maximal efficacy has not yet been at a maximum
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Fig. 3. In vivo efficacy of CAB and non-CAB anti-CTLA4 antibodies in a
humanized CTLA4 knock-in mouse tumor xenograft model. The antitumor
effects and impact on tumor and peripheral immunophenotype of anti-
CTLA4 antibody treatments. (A) Human CTLA4 knock-in mice (huCTLA4-KI)
were xenografted with the syngeneic mouse MC-38 colon tumor cell line,
then split into four cohorts treated with either IpA (red), CAB anti-CTLA4
antibodies 87CAB2 (green) or 87CAB3 (blue), or humanized IgG isotype
control antibody (black) twice weekly for 3 wk at 3 mg/kg by intravenous
administration. Tumor volume was measured for 3 wk every 4 d. Plotted are
the average growth curves for each cohort consisting of 10 animals each. (B)
T cell ymphocyte levels in the tumor and in the periphery were measured by
immunohistochemistry (intratumor) and by flow cytometry (peripheral
blood and splenocytes) to quantitate T cell and T cell subset levels. The
percentage of CD8" T cells (Upper Left) and the ratio of CD8" to T4 cells
(Lower Left) were analyzed in tumors as described (58). To access the impact
of treatments of T cells levels in the periphery, the number of CD4* cells in
the peripheral blood (Upper Right) and spleen (Lower Right) was measured
by flow cytometry. *P < 0.05 as indicated above the bars.

with the dose levels tested. In addition, graphical assessment of
individually estimated E,.x and ECs, values (random effects)
showed no apparent difference in the median values, indicating
that the CAB anti-CTLA4 variants had the same activity as the
non-CAB IpA. We then compared the effect of CAB and non-
CAB antibodies on the activity of T cells within the TME and
periphery of the treated mice using immunophenotyping
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(Fig. 3B). Our results indicate that all of the CAB anti-CTLA4
antibodies tested led to increases in T cell activation within the
tumor and a reduction in T regulatory (T,,) cell types (Fig. 3 B,
Left). Further, while the non-CAB antibodies increased T cell
markers in the periphery, the CAB variants did not (Fig. 3 B,
Right). This suggests that the CAB anti-CTLA4s did not lead to
peripheral activation of T cells that are thought to drive the
dangerous immunotoxicity associated with CTLA4 treatments
(54, 56, 57). The CAB anti-CTLA4 antibodies have antitumor
efficacy equivalent to that of IpA, including with tumor regres-
sion against MC38 colorectal tumor in a syngeneic human
CTLA4 knock-in mice. Like IpA, CAB anti-CTLA4 antibodies
modulate the activity and the numbers of infiltrating T cell
subsets within the TME, but, unlike IpA, the CAB anti-CTLA4
antibodies do not increase CD4 effector T cells in the pe-
riphery beyond the TME, for potential reduction in systemic
immune toxicities impacting normal tissues. Taken together,
the data suggest that CAB anti-CTLA4 antibodies provide the
opportunity to be dosed to much higher levels to achieve
maximal efficacy, yet would have reduced toxicities and improved
safety.

To look more closely at the apparent differences in immuno-
toxicity associated with non-CAB and CAB anti-CTLA4 anti-
bodies, we chose a suitable nonhuman primate model that is
sensitive to anti-CTLA related toxicities (58). Repeated coad-
ministration of either CAB anti-CTLA4 or IpA in combination
with an anti-PD1 (nivolumab analog; NiA) into monkeys for
4 wk was performed to access the peripheral systemic and normal
tissue effects of combination treatments (Fig. 44). Combination
treatment with both IpA and NiA analogs resulted in increases in
T cell proliferation markers in peripheral blood cells, while the
CAB anti-CTLA4 plus NiA had normal immunophenotypic
patterns (Fig. 4B). All animals in the IpA plus NiA treated
groups had significant gastrointestinal (GI) symptoms (diarrhea,
loose stools) that presented early, were sustained throughout the
treatment period, and were associated with substantial mono-
nuclear infiltration within the intestinal wall. In sharp contrast,
the CAB anti-CTLA4 plus NiA treated groups showed no sig-
nificant GI symptomology nor histopathology. In the cohorts
given IpA plus NiA, all the animals showed signs of GI toxicity
on at least 1 d, and a majority of the animals suffered GI toxicity
on multiple days. In contrast, for 87CAB2, for example, only one
animal showed signs of GI toxicity on a single day. The collective
analysis of our mouse and monkey studies demonstrated that the
TI for 87CAB2 compared to IpA is approximately sixfold higher
than IpA. We believe this number is likely an underestimate of
the T1, since the levels used did not reach the “no adverse effect
level” in nonhuman primates. These data indicate that our CAB
anti-CTLA4 molecule may have a superior safety profile when
used in combination with PD1 inhibitors and allow increased
dosing levels to achieve superior efficacy relative to current anti-
CTLAA4 therapy as a single agent or in combination with other
anticancer therapies, including 10 agents.

Discussion

We have shown that we can generate antibodies that have con-
ditional binding to their target antigen based on amino acid
changes only in hypervariable regions of the antibody. Condi-
tional binding is primarily the result of selection of antibodies in
conditions that reflect the unique chemical differences existing
between normal and disease microenvironments. In this exam-
ple, the conditional binding is governed by the characteristic
differences in pH between the TME and normal tissue. This
novel, broadly applicable conditional binding is the result of
selecting antibody variants that are modulated by PaCS utilizing
physiological chemicals, including sodium bicarbonate, sodium
sulfide, and sodium chloride. By selecting antibodies that are
responsive to a PaCS mechanism at pH levels that typify the
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Fig. 4. Anti-CTLA4 CABs nonhuman primate toxicity study. (A) Clinical ob-
servations of cynomolgus macaques treated in combination with anti-PD1
antibody (NiA) and anti-CTLA4 antibodies (IpA and CABs 87CAB2 and
87CAB3). Gastrointestinal toxicity was monitored as previously described
(58) by measuring liquid feces or diarrhea (triangles), loosely formed feces
(circles), or other Gl symptoms such as vomiting or failure to eat food
(squares). In some cases (animals 1 and 2), the source of liquid feces or loose
stools could not be determined, as they were cohabitated during the ex-
periment and listed as either 1 or 2. (B) Immunophenotyping of PBMC iso-
lated from blood samples taken during the time course of anti-PD1 and anti-
CTLA4 antibody treatments. Day 1 represents pretreatment baseline mea-
surements, and day 29 represents 7 d following the last (fourth) antibody
treatment. PBMC samples were isolated from heparinized blood samples by
standard density gradient centrifugation using Ficoll-Hypaque medium.
PBMCs were analyzed with antibodies that specifically recognize T cells
(CD3) or T cell subsets T helper (CD4), T cytotoxic (CD8), or T4 cells (CD3,
CD4, CD25, CD127, and FoxP3) as previously described (58). Cell activa-
tion state was measured by staining for the nuclear antigen Ki67. Inducible
T cell costimulator (ICOS) staining was used as an additional antigen to
also determine the level of the peripheral T4 cell activation state. The ab-
solute levels and ratios of cells were compared by measuring the mean
fluorescent intensity produced by staining using flow cytometry as previ-
ously described (58).

surface of tumor cells, we can now generate antibodies to im-
portant solid tumor targets that selectively act with high binding
in the TME. This chemical switch system extends the blocking, as
well as enhancement of protein—protein interactions, beyond the
inherent ability of a protein’s physiologically relevant pH sensing
amino acid, histidine (pK, 6.1). These new pH-sensitive chemical
components expand the number and degree of pH-controlled
interactions. We evaluated the pH conditionally selected anti-
bodies against different targets in the absence or presence of the
PaCS chemical, bicarbonate. We found that many of these an-
tibodies required bicarbonate for their pH selectivity (Fig. 44).
However, there were a few antibodies which have pH selectivity
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in the absence of bicarbonate or other chemical-dependent
binding (SI Appendix, Fig. S1). The large number of antibodies
discovered with high selectivity when using bicarbonate demon-
strates that PaCS greatly expands the potential applicability of
pH selectivity with antibodies, as well as in all proteins. Fur-
thermore, these data underscore the importance of using precise
physiological conditions for protein discovery and evolution to
maximize responses and to ensure effective translation in vivo. It
is notable that antibodies were also developed with both lower
and higher pH midpoint inflections with high selectivity (Fig. 1).
A range of pH selectivity inflection points is valuable, since the
appropriate pH inflection point and selectivity for a given anti-
body is dependent upon several factors, including cell target
density, antibody affinity, antibody effector mechanism, phar-
macokinetics, dosing frequency, and disease type.

The ability to engineer CAB antibodies with conditional ac-
tivity in the TME using the PaCS generation process allows us to
target the cell-surface proteins that are relevant cancer targets
but yet exist on normal tissues, where antibody binding outside
the TME would cause significant toxicity. The CAB/PaCS system
can improve the TI for both monotherapies and combination
therapies, including combining antibodies to checkpoint inhibi-
tors, which are often not tractable due to toxicity resulting from
normal tissue expression. We have generated conditionally active
anti-CTLA4 antibodies with restricted activity to the TME.
These conditionally active anti-CTLA4 antibodies provide strong
anticancer immune responses, while avoiding activity in the pe-
ripheral immune system in the blood or lymphoid tissues, thus
reducing immune-related toxicity, reflected in an improved TI.

In addition, we also selected one antibody, 87CAB2, that
maintains good activity at pH7.0 for potentially enabling activity
in the lymph nodes for the recruitment of new T cells, while still
avoiding immune-related toxicity via low binding at pH7.4 in
normal tissues. CTLA4 is a receptor on T cells that acts as a
brake on their activation during immune responses, and, when
blocked, can stimulate cancer immune surveillance. The use of
anti-CTLA4 antibodies to unleash T cells has demonstrable
antitumor efficacy in animal models and in clinical studies (54,
56). However, blockade of CTLA4 as a single agent and in
combination with chemotherapy, targeted, and other immuno-
modulatory therapies has been limited clinically, in part, due to
systemic immune-related toxicities. In addition, there is in-
creasing concern that systemic immune activation may lead to
sustained autoimmune-related disease in survivors. Our CAB
technology generates antibodies that reversibly bind to the target
antigen in the context of diseased tissues, but not normal tissues,
by taking advantage of the unique cancer microenvironment that
is produced largely because of glycolytic tumor metabolism, in-
cluding the Warburg effect.

In the clinic, immune-related adverse effects (irAEs) present a
major obstacle limiting the use of checkpoint inhibitors. Grade
IIT irAEs were observed in 28% of the patients in a recent phase
III trial with anti-CTLA4 treatment (59). When combined with
anti-PD1 antibodies, the frequency of irAEs can go up to 60%.
These disturbing adverse reactions clearly emphasize the cur-
rently unmet need for CTLA4 inhibition that is active only in
the TME but not under normal physiological conditions. The
CAB technology minimizes systemic exposure to anti-CTLA4
treatment.

We have engineered CAB anti-CTLA4 antibodies that re-
versibly bind human CTLA4 and enhance T cell response to
bacterial superantigen in vitro under TME conditions, but not in
normal tissue conditions. The CAB anti-CTLA4 antibodies were
developed by screening antibody libraries (based, in part, on the
Ipilimumab sequence) under normal physiological conditions
(characterized by pH7.4) and TME conditions (characterized by
pH6.0). Comprehensive positional evolution (CPE) was used to
mutate each position of the six CDRs. The CDRs of selected hits
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were combined with validated human framework libraries and
screened again for enhanced pH selectivity. All mutants were
expressed as full-length IgGs in mammalian cells using our
comprehensive integrated antibody optimization process as
outlined in Materials and Methods. We observe that the use of the
final molecule format (in this case, IgG1) and the production
host (mammalian cells) in all steps of the molecular evolution
process is optimal for the identification of clones with the desired
characteristics in combination with good manufacturability.

Clone 87CAB3 demonstrates pH selectivity in the absence of
sodium bicarbonate; however, this selectivity is further increased
in the presence of bicarbonate. The pH selectivity of two other
anti-CTLA4 CABs discussed in this report depends on the
presence of physiological levels of bicarbonate. This finding sup-
ports the observation that bicarbonate is one of the key PaCS
chemicals enabling pH-selective binding. All three PaCS molecules
presented in this study were present in Earth’s earliest stages of
formation and were likely coevolutionary components, enabling
greater functionality in early molecules that has been preserved and
likely expanded over time. In fact, the bicarbonate molecule is well
known as being part of the body’s natural buffer system to maintain
the pH at 7.4 (+0.1) (60), NaCl is a ubiquitous charge-shielding and
cell-signaling molecule, and H,S has been increasingly implicated in
modulating biochemical activity (51, 61-65).

The binding of a PaCS-antibody to its target shifts as a func-
tion of the microenvironmental pH and the pK, of the specific
PaCS chemical(s) utilized. In the case of the bicarbonate/car-
bonic acid (pK, is ~6.4) at pH7.4, the equilibrium is shifted to-
ward negatively charged bicarbonate. In the acidic TME, the
bicarbonate level is lower as the equilibrium shifts toward car-
bonic acid. At physiological conditions (pH?7.4), bicarbonate
actions are consistent with interacting with the protein surface
and directly or indirectly blocking the binding of the CAB anti-
bodies to the antigen. Analysis of the binding kinetics of clone
87CAB3 by surface plasmon resonance showed that the affinity
is about fourfold lower at pH7.4 compared to pH6.0 in the
presence of bicarbonate. In addition, the maximum SPR signal is
only about 1/3 at pH7.4 compared to pH6.0. The change in the
shape of the SPR sensorgrams from pH6.0 to pH7.4 implies that,
in this situation, the bicarbonate primarily interacts with CTLA4
and not the CAB antibody. This finding is supported by the
in silico SPR simulations (SI Appendix, Fig. S3). The PaCS
mechanism therefore enables enhanced selectivity from both the
antibody and antigen components of the binding reaction. In
addition, the two independent mechanisms resulting from the
pH-dependent affinity shift and the reduction of the available
binding sites between the antigen—antibody interaction result in
far greater selectivity. The combination of these two indepen-
dent effects results in a greater than 12-fold change in selectivity.

These CAB CTLA4 mAbs have antitumor efficacy equal to
that of IpA, including tumor regression against MC38 colorectal
tumor in a syngeneic human CTLA4 knock-in mouse model.
Importantly, CAB CTLA4 antibodies modulate the activity and
numbers of infiltrating T cell subsets within the TME, but, unlike
IpA, the CAB CTLA antibodies do not increase CD4 effector
T cells in the periphery, predicting less systemic immune toxicity
impacting normal tissues. Repeated coadministration of either
CAB CTLAA4 or IpA in combination with an anti-PD1 (NiA) into
cynomolgus monkeys for 4 wk was performed to access the pe-
ripheral systemic and normal tissue effects of combination
treatments. Combination treatment with both IpA and NiA
resulted in increases in T cell proliferation markers in peripheral
blood cells, while the CAB CTLA4 plus NiA had normal
immunophenotypic patterns. All animals in the IpA plus NiA
treated groups had significant GI symptoms (diarrhea, loose
stools) that presented early, were sustained throughout the
treatment period, and were associated with substantial mono-
nuclear infiltration within the intestinal wall. In sharp contrast,
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the CAB CTLA4 plus NiA treated groups showed no significant
GI symptomology or histopathology. These data indicate that
CAB CTLA4 molecules may have a superior safety profile when
used in combination with PD1 inhibitors and allow increased
dosing levels to achieve efficacy superior to current anti-CTLA4
therapy as a single agent or in combination with other anticancer
therapies including 1O agents.

We have successfully generated CAB antibodies against sev-
eral different targets including EpCAM, Her2, Nectin-4, CD73,
and CD3 shown in addition to CTLA4, as examples in this re-
port. We found that many of these antibodies required PaCS for
pH selective binding (SI Appendix, Fig. S1). In the majority of
cases studied, PaCS appears to interact with the antigen and
block binding at pH7.4. Our data indicate that PaCS interacts
with a wide variety of cell-surface proteins. This makes it unlikely
that individual PaCS molecules are coordinated on the protein
surface by specific arginine and lysine residues as has been
reported for human soluble adenylyl cyclase (66). The crystal
structure of IpA bound to CTLA4 has been solved (67). No
arginine or lysine residues suitable for coordinated binding of the
bicarbonate could be identified. In addition, several of the CAB
mutations are positioned outside the Ipilimumab\CTLA4 bind-
ing interface. It is more likely that PaCS are bound to the (en-
tire) protein surface with a fast on- and off-rate as we observed in
our SPR studies and as has been recently described for hydrogen
sulfide (68), which allows for rapid reversibility in binding. At
pH7.4, PaCS chemicals must be effective at displacing the high-
molarity polar water molecules that prevent many weak chemical
interactions (69). At the acidic pH, of the TME, fewer PaCS
substituent chemicals are bound to the protein surface, exposing
positively charged residues on the target for antibody interaction
primarily through the negatively charged CAB amino acid sub-
stitutions (i.e., aspartic and glutamic acid with pK,s lower than
PaCS molecules), leading to strong CAB pH selectivity (Fig. 3).

Based on these studies it is expected that there is a potential
for other yet to be identified PaCS molecules in disease-related
microenvironments, whether controlled through pH, concentra-
tion, or other molecular characteristics (intramolecularly or in-
termolecularly) for enhancing a drug’s TI, is not limited to
antibodies, but also includes small molecules, encompassing
lipids, sugars, and nucleic acid-based agents or drugs. Further, it
is expected that PaCS protein—chemical systems are important
naturally occurring regulatory systems linked to a range of
disease-related microenvironments, including cancer, inflam-
mation, and cellular senescence. Several groups have sought to
improve TI by leveraging the increased presence of variably
expressed enzymes circulating in the TME and to exploit these
enzymes to clip or remove a mask or protective peptide group
from a prodrug in order to activate an antibody near the tumor
(70, 71). This prodrug approach is an irreversible process, which
generally can occur at a distance from the cancer cell. In con-
trast, the rapid kinetics of H" modulation of PaCS chemicals or
ions allows for near-homogenous activation and deactivation of
the CAB molecules based on the microenvironment near the
cancer cell surface, without elevating immunogenicity risk by the
addition of foreign sequences. The requirement for precursors
from glycolysis for cell growth is a fundamental hallmark of not
just tumors but individual cancer cells, with the most rapidly
growing cancer cells correlated with greater acidity (24). This
ability to design conditional therapeutics with stronger selectivity
over narrower pH ranges using the PaCS mechanism offers the
ability to greatly enhance both the safety and potency of the
future therapies. Beyond antibodies, the PaCS mechanism, es-
pecially in view of the antigen interaction, is likely adaptable to
peptide and small-molecule drugs. In addition, it is known that
intracellular microenvironments are also different between dis-
ease and normal cells, potentially further expanding the appli-
cability of the PaCS mechanism.
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We see the potential for even broader applications of this
technology for targeting antigens in other disease microenvi-
ronments. A key characteristic of the TME is acidic pH, (below
pH7), resulting, in large part, from increased lactic acid con-
centrations from glycolytic metabolism (Warburg effect) (46, 72).
Our preliminary exploration in other disease areas indicates that
PaCS may also underpin the differential binding activities of the
different ApoE isoforms (ApE2, ApoE3, and ApoE4) to
amyloid-p (1-40) peptide in a pH-dependent manner. These
observations suggest the possible involvement of PaCS in the
pathogenesis of Alzheimer disease. Further, the inflamed se-
nescent cell populations with senescence-associated secretory
phenotype (SASP), implicated in multiorgan disease and short-
ened lifespan (73-77), are also glycolytic and have acidic mi-
croenvironments. The pH selectivity enabled by the PaCS
mechanism may lead to many future target opportunities beyond
cancer in major disease populations, including cardiovascular
disease, dementia, and inflammatory diseases as well as aging.
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