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Galectin-3 (Gal3) exhibits dynamic oligomerization and promiscuous
binding, which can lead to concomitant activation of synergistic, an-
tagonistic, or noncooperative signaling pathways that alter cell be-
havior. Conferring signaling pathway selectivity through mutations
in the Gal3-glycan binding interface is challenged by the abundance
of common carbohydrate types found on many membrane glycopro-
teins. Here, employing alpha-helical coiled-coils as scaffolds to create
synthetic Gal3 constructs with defined valency, we demonstrate that
oligomerization can physically regulate extracellular signaling activ-
ity of Gal3. Constructs with 2 to 6 Gal3 subunits (“Dimer,” “Trimer,”
“Tetramer,” “Pentamer,” “Hexamer”) demonstrated glycan-binding
properties and cell death-inducing potency that scaled with valency.
Dimer was the minimum functional valency. Unlike wild-type Gal3,
which signals apoptosis and mediates agglutination, synthetic Gal3
constructs induced cell death without agglutination. In the presence
of CD45, Hexamer was distributed on the cell membrane, whereas it
clustered in absence of CD45 via membrane glycans other than those
found on CD7. Wild-type Gal3, Pentamer, and Hexamer required
CD45 and CD7 to signal apoptosis, and the involvement of caspases
in apoptogenic signaling was increased in absence of CD45. How-
ever, wild-type Gal3 depended on caspases to signal apoptosis to a
greater extent than Hexamer, which had greater caspase depen-
dence than Pentamer. Diminished caspase activation downstream
of Hexamer signaling led to decreased pannexin-1 hemichannel
opening and interleukin-2 secretion, events facilitated by the in-
creased caspase activation downstream of wild-type Gal3 signaling.
Thus, synthetic fixation of Gal3 multivalency can impart physical con-
trol of its outside-in signaling activity by governing membrane gly-
coprotein engagement and, in turn, intracellular pathway activation.
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Proteins exhibit an extraordinarily diverse range of functions,
including catalyzing biochemical reactions, regulating ion flux,
machining gene replication, and activating signaling cascades. A
recent shift in this paradigm shows that certain proteins demon-
strate emergent functions upon dynamic assembly of individual
subunits (1, 2). Multivalent interactions enabled by this dynamic
assembly orchestrate complex events within living systems; how-
ever, while multivalency is a functional determinant of high affinity
binding, it is also operatively linked to fluctuating promiscuity (3).
For instance, signaling of dimeric vascular endothelial growth
factor (VEGF) in tumor cells is regulated through differences in
relative affinities for cognate receptors VEGFR1 and VEGFR?2,
coupled with secretion of the soluble form of VEGFRI that
functions as a decoy receptor to diminish VEGFR?2 signaling (4).
Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL),
a homotrimeric protein known for its exceptional selectivity and
apoptotic signaling activity toward cancer cells, exhibits decreased
death receptor (e.g., DR4 and DRY) signaling sensitivity in the
presence of inhibitory decoy death receptors (e.g., DcR1 and
DcR2) that are coexpressed on the same cell (5). Moreover, many
carbohydrate-binding proteins (e.g., lectins), which demonstrate
weak glycan-binding affinities (Kp = mM to pM) can self-associate,
increasing their avidity up to several orders of magnitude (6). The
soluble, S-type lectin galectin-1 noncovalently assembles into a
homodimer that can form lattices with various cell-surface glyco-
proteins, such as T cell receptors (TCRs) and growth factor
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receptors, thereby regulating different receptor signaling thresholds
(7). Thus, in addition to avidity effects, lectin—glycan promiscuity is
critical for modulating signal transduction.

Unlike other galectins, galectin-3 (Gal3) is the only known
monomeric protein of its class to assemble into higher-ordered
oligomers. The structure of a Gal3 subunit consists of an intrin-
sically disordered N-terminal domain (NTD) linked to a
carbohydrate-recognition domain (CRD), which displays weak
binding affinity and high specificity for p-galactosides (8). Bio-
logically active Gal3 is often depicted as pentameric based on
early solution-phase binding studies (9); however, in light of more
recent models, other functional oligomeric states may exist due to
the dynamic self-association of the NTD (10-12). While it is
generally accepted that Gal3 oligomerization gives rise to avidity
effects associated with its diverse functions (e.g., cell signaling and
cell-cell/cell-matrix adhesion) (8), chemical strategies or tools to
probe structure—function relationships for Gal3 are lacking. Other
protein assemblies (e.g., antibodies) for which binding properties
are established through protein—protein interactions can have
drastically altered affinity, specificity, and function with as little as
a single point mutation (13). In contrast, conferring selectivity
toward glycans by engineering lectin—carbohydrate contact points
is nontrivial and impractical (14, 15), largely because glycan sites
on proteins and lipids are highly conserved.

Fascinatingly, some biological systems have evolved to overcome
carbohydrate specificity through spatial rearrangement of glycans.
For instance, HIV type 1 (HIV-1) hijacks host-soluble galectin-1
to facilitate gp120-CD4 interactions on CD4" T cells while
glycan clustering shields gp120 from Gal3 (16). Ligand clustering
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phenomena that elicit biological outputs have been recapitulated
to some extent through exploration of antigen multimerization,
spatial arrangement, and copy number on polymers and virus-like
nanoparticles (17-19). Such synthetic approaches demonstrate
that the functional role of multivalency in biology can be under-
stood through sophisticated, bioinspired tools. Therefore, one can
envision that designing multivalent Gal3 constructs via a bio-
inspired approach may also reveal unidentified mechanisms un-
derpinning its structure—function relationships.

Probing multivalent lectin—glycan interactions with precise
control of ligand valency and density has become possible
through the development of various biologic and synthetic scaf-
folds (20-26). For example, we constructed a trimeric Gal3 as-
sembly using a three-stranded a-helical coiled-coil scaffold that
was previously designed by site-specific mutation of the GCN4
leucine zipper (i.e., GCN4-pM3) (27, 28). Recent work by others
has demonstrated a range of synthetic coiled-coils that can self-
assemble with up to 6 identical strands (29-31), presenting an
opportunity for us to build an extended library of Gal3 oligo-
mers. Here, we report synthetic Gal3 oligomers with tunable
subunit valency, as well as several key discoveries that were made
while using them as tools to understand emergent Gal3 function
in the context of signal transduction. Synthetic oligomers were
constructed through recombinant fusion of Gal3 to 2 to 6
stranded, a-helical coiled-coil scaffolds (Fig. 1 A and B). Rela-
tionships between Gal3 valency and extracellular signaling po-
tency were established by measuring the extent to which
synthetic oligomers induced death of Jurkat T cells. We identi-
fied that Gal3 signals cell death, albeit weakly, at a minimum
valency of 2. We determined that CD45 regulates clustering of
synthetic Gal3 oligomers. Extent of cell death via wild-type Gal3
and synthetic Gal3 oligomers decreased in the absence of CD45
or CD7. However, high valency synthetic Gal3 constructs trans-
duced intracellular signaling cascades through pathways that al-
tered cell fate and function in a manner that differed from wild-
type Gal3, which we determined by investigating the role of
caspases, interleukin-2 secretion, and pannexin-1 opening. These
studies provide insight into the emergent properties of multiva-
lent Gal3, including the influences that valency, quaternary size,
and binding promiscuity have on glycan-mediated signal trans-
duction.

Results

Production of Synthetic Gal3 Oligomers with Tunable Valency. In
previous work, a recombinant fusion protein was constructed by
adding a flexible peptide linker between the NTD of Gal3 and the
C terminus of superfolder green fluorescent protein (sfGFP), and
then a trimeric assembly of the fusion protein was developed by
swapping the flexible peptide linker with a peptide that non-
covalently assembles into a parallel, 3-stranded a-helical coiled-coil
(27, 28). In the current work, we modified the design of the tri-
meric assembly to construct other synthetic Gal3 oligomers by
replacing the peptide linker that forms a 3-stranded coiled-coil with
peptide linkers that form 2-, 4-, 5-, and 6-stranded a-helical coiled-
coils (27, 29-31) (Fig. 14 and SI Appendix, Fig. S1). This approach
expands our library of synthetic Gal3 constructs (i.e., Monomer,
Dimer, Trimer, Tetramer, Pentamer, and Hexamer) and offers
precise tunability of valency, size, and geometry for synthetic
oligomerization of Gal3 (Fig. 1 B and C).

Size-exclusion chromatography (SEC) traces of synthetic Gal3
oligomers showed that proteins elute at volume fractions corre-
sponding to their predicted native molecular weight (Fig. 1D).
Dynamic light scattering (DLS) analysis of synthetic oligomers
under native conditions further demonstrated that their hydro-
dynamic size scaled with predicted valency and oligomers were
largely uniform at less than 20 nm in diameter (Fig. 1E). Empirical
denatured molecular weights of the proteins, determined via gel
electrophoresis, were consistent with their predicted denatured
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molecular weights (SI Appendix, Fig. S24). A summary of nu-
merical data for physical characterization studies is reported in S/
Appendix, Table S1. Additionally, sftGFP fluorescence activity and
protein concentration measured after passing oligomers through a
0.2 pm syringe filter did not significantly change, suggesting a low
tendency for nonspecific protein aggregation (SI Appendix, Figs.
S3 and S4). Taken together, these data demonstrate that the fu-
sion proteins were successfully designed to assemble into pre-
scribed architectures with between 2 and 6 Gal3 domains.

Glycan-Binding Analysis of Synthetic Gal3 Oligomers. Homomeric
assembly of sfGFP-Gal3 fusion proteins leads to an equivalent
valency and molar concentration of sSfGFP and Gal3 within each
oligomeric construct. For all experiments, the molar concentration
of each construct was adjusted to ensure that the Gal3 and sfGFP
concentration were held constant. A summary of the relationship
between valency and molar concentration of protein constructs is
shown in Fig. 24.

Observed and functional affinity of multivalent ligands are
coupled with ligand-receptor stoichiometry as well as the different
mechanisms underlying their complexation (e.g., chelation, statis-
tical rebinding, ligand-induced receptor clustering) (21). For mul-
tivalent Gal3, the “cluster glycoside effect” is a central mechanism
of complexation and strengthens avidity interactions with glycans
(32), whereas monomeric Gal3 binds to soluble carbohydrates
(e.g., lactose and N-acetyllactosamine [LacNAc]) with relatively
weak affinity (Kp = mM — pM) (10). Previously, we showed that
multivalent avidity effects can endow trimeric assemblies of Gal3
with higher apparent carbohydrate-binding affinity than monova-
lent fusion proteins using various immobilized glycan-binding as-
says (28). Consistent with these reports, synthetic Gal3 oligomers
demonstrated a greater extent of binding to the immobilized gly-
coprotein asialofetuin (ASF) at saturation than the Monomer (SI
Appendix, Fig. S5). Additionally, the half-maximal inhibitory con-
centration (ICsy) of LacNAc required for competitive inhibition of
oligomer:ASF binding scaled with Gal3 valency (SI Appendix, Fig.
S6).

Next, we compared the binding of wild-type Gal3 and synthetic
Gal3 oligomers to immobilized lactose using a-lactose-agarose
affinity chromatography. Monomer and synthetic Gal3 oligomers
bound to the column and were eluted by introducing soluble
p-lactose. Compared to Monomer and wild-type Gal3, which had
similar elution profiles, synthetic Gal3 oligomers eluted from the
column with broader profiles that shifted toward higher soluble
B-lactose concentrations with increasing Gal3 valency (Fig. 2B and
SI Appendix, Fig. S7). This method, which eliminates artifacts
arising from measuring bound protein via sSfGFP fluorescence by
instead measuring absorbance (A = 280 nm), suggests that ap-
parent binding affinity scales with Gal3 valency.

Finally, we relied on the sfGFP domain incorporated into the
fusion constructs to characterize the binding of synthetic Gal3
oligomers to membrane glycans present on the surface of Jurkat
T cells. Micrographs qualitatively demonstrated that the fluores-
cence intensity on the cell surface increased with subunit valency of
synthetic Gal3 oligomers (Fig. 2C). When cells with bound syn-
thetic Gal3 oligomers were washed with 100 mM soluble p-lactose,
the fluorescence signal decreased according to Gal3 valency, sug-
gesting specific, valency-dependent binding to membrane glycans
(Fig. 2D).

To further probe the cell-binding strength of synthetic Gal3
oligomers, we assessed the relationship between total fluorescence
signal and the fluorescence signal normalized by valency. Synthetic
Gal3 oligomers may demonstrate statistical rebinding, an in-
creased probability of association, and chelate effects, where
multiple receptors bind to multiple subunits of a multivalent li-
gand, which would increase their apparent binding affinity for
membrane glycans. However, not all available Gal3 subunits are
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Fig. 1. Design and physical characterization of synthetic Gal3 constructs
with tunable valency. (A) Library of 2- to 6-stranded parallel, a-helical coiled-
coil peptide scaffolds for the assembly of defined oligomers from mono-
meric Gal3 fusion proteins (i.e., Monomer). (B) Schematic presentation of
Monomer and synthetic Gal3 oligomers (i.e., Dimer-Hexamer). (C) Schematic
presentation of Monomer-Hexamer top and bottom views. (D) Distribution
of hydrodynamic size demonstrated via SEC. (E) Average hydrodynamic di-
ameter determined via DLS. For E, histograms are a single representative
experiment from three replicate size measurements per construct. Protein Data
Bank (PDB) ID: 4DMD (2-stranded coiled-coil); 207H (3-stranded coiled-coil);
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necessarily engaged simultaneously, which could introduce arti-
facts when the “output” (here, sSfGFP fluorescence) is directly tied
to Gal3 valency. In particular, for synthetic Gal3 oligomers, the
binding of any number of Gal3 subunits to a membrane glycan,
whether just one or the maximum number of subunits per con-
struct, will localize all copies of stGFP to the cell surface. For
example, after PBS wash or soluble p-lactose wash, the total
fluorescence signal of cells with bound Monomer was significantly
lower than that of cells with bound synthetic Gal3 oligomers, while
the bound oligomer signal generally increased with Gal3 valency
(Fig. 2 E and F). However, when the total fluorescence signal after
PBS wash was normalized to Gal3 valency, the bound oligomer
signal was still greater than that of bound Monomer, but the signal
for bound Dimer and Trimer was greater than that for Tetramer,
Pentamer, and Hexamer (Fig. 2G). This suggested that a valency
greater than 2 does not increase the extent of binding onto
membrane glycans. This decrease in extent of binding with in-
creasing valency may result from lower concentrations (i.e., mass
action) of Tetramer, Pentamer, or Hexamer constructs relative to
the Trimer and Dimer constructs or their larger size, which may
restrict access to membrane glycans. However, when the total
fluorescence signal after competitive soluble p-lactose wash was
normalized to Gal3 valency, the magnitude of fluorescence signal
generally scaled with Gal3 valency, demonstrating that more Gal3
remained bound even when a saturating concentration of soluble
B-lactose was introduced (Fig. 2H). This suggested that the
strength of binding between synthetic Gal3 oligomers and mem-
brane glycans scaled with Gal3 valency, likely due to increases in
effective concentration of Gal3 subunits at the cell surface which
also increases with synthetic Gal3 oligomer valency.

Characterization of the Cell Agglutination and Death Signaling Activities
of Synthetic Gal3 Oligomers. Wild-type Gal3 is known to induce
clumping of cells or “agglutination” (33); however, whether ag-
glutination is required for Gal3 to mediate proapoptotic signal-
ing remains unknown. Under a brightfield microscope, there
were no signs of Jurkat T cell agglutination following treatment
with synthetic Gal3 oligomers or PBS control (“untreated”) for
4 h and 18 h, whereas cells treated with wild-type-Gal3 were
densely agglutinated at both time points (SI Appendix, Fig. S8
and Fig. 34).

Extracellular Gal3 can initiate T cell apoptosis by crosslinking
glycoprotein receptors, which depends on multivalent Gal3-glycan
lattice formation (7, 34). Presently, and to the best of our knowl-
edge, no studies, other than those demonstrating that Gal3 is in-
active as a monomer, have shown a direct relationship between
valency and apoptotic signaling. Given this unique opportunity, we
first characterized the activity of synthetic Gal3 oligomers to induce
cell death relative to wild-type Gal3 using the standard markers of
annexin V for phosphatidylserine exposure, often linked to early
apoptosis, and LIVE/DEAD for membrane permeability, which
combined with phosphatidylserine exposure is often associated with
late apoptosis. At both 4 h and 18 h, the extent of total cell death
including both (annexin V* and LIVE/DEAD™) and (annexin V*
and LIVE/DEAD™) cells increased with Gal3 valency, such that
Hexamer induced a greater extent of cell death than wild-type Gal3
(SI Appendix, Fig. S94 and Fig. 3B). Notably, Gal3 in the dimeric
configuration signaled cell death to a greater extent than Monomer,
which was inactive as a signaling molecule, relative to the untreated
control (PBS-treated cells) (Fig. 3B).

Next, we examined the distribution of cells into “early apopto-
tic> (i.e., annexin V* and LIVE/DEAD™) and “late apoptotic”

1GCL (4-stranded coiled-coil); 4PN8 (5-stranded coiled-coil); 3R3K (6-stranded
coiled-coil); 2B3P (sfGFP); 5NF7 (Gal3 carbohydrate-recognition domain).
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per construct and percentages shown are an average of replicates. For E through H, statistical comparisons are relative to Monomer, n = 3, mean + SD, *P < 0.05, &p<
0.001, *P < 0.0001, and comparisons were made using one-way ANOVA with Tukey’s post hoc. All experiments were performed at an equimolar concentration of

sfGFP or Gal3 = 5 uM (i.e.,, [Monomer] = 5 pM, [Dimer] = 2.5 uM, [Trimer] = 1.67 pM, [Tetramer] = 1.25 uM, [Pentamer] = 1 uM, [Hexamer] = 0.83 pM).

(i.e., annexin V* and LIVE/DEAD™) populations after treat-
ment with synthetic Gal3 oligomers and wild-type Gal3. Apart
from Dimer, wild-type Gal3 and synthetic Gal3 oligomers pri-
marily induced the early apoptotic phenotype in Jurkat T cells
at 4 h (SI Appendix, Fig. S9B). At 18 h, Jurkat T cells treated
with wild-type Gal3 were predominantly in the late apoptotic
population, while Monomer failed to induce either early or late
apoptosis, which was shown relative to the untreated control
(PBS-treated cells) (Fig. 3C). Similar to wild-type Gal3, cells
treated with Dimer, Trimer, and Tetramer were predominantly
in the late apoptotic population at 18 h (Fig. 3C). In contrast,
cells treated with Hexamer and Pentamer were more evenly
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distributed between the two populations at 18 h (Fig. 3C).
Collectively, these data demonstrated that Dimer is the mini-
mum functional Gal3 construct that can signal cell death, that
the potency of cell death signaling scales with Gal3 valency, and
that a synthetic construct with six Gal3 subunits, which exceeds
the historically assumed active Gal3 valency by one subunit, can
signal more cell death than the wild-type protein. However,
differences between the distribution of cells into early and late
apoptotic populations following treatment with wild-type Gal3
versus Pentamer and Hexamer suggested that these synthetic
Gal3 oligomers may signal cell death through pathways that
differ from that of wild-type Gal3.
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[Tetramer] = 1.25 pM, [Pentamer] = 1 M, [Hexamer] = 0.83 uM).

Membrane Glycan Clustering and Cell Death Signaling Activities of
Synthetic Gal3 Oligomers Are Regulated by CD45. Extracellular wild-
type Gal3 can differentially engage and crosslink various mem-
brane glycoprotein receptors (e.g., CD7, CD29, CD45, CD71) to
trigger T cell death (35, 36). It is valuable to understand the bi-
ological mechanisms and outcomes of these promiscuous Gal3-
receptor interactions for pharmaceutical applications or drug
discovery (e.g., design of selective Gal3 inhibitors or biomimetic
Gal3 agonists). In addition to the Jurkat T cell line, two different
receptor-deficient lymphocyte cell lines, J45.01 (CD457/CD7%)
and HuT 78 (CD45%/CD7"), have been used previously to char-
acterize the role of CD45 and CD7 in wild-type Gal3-mediated
membrane glycan clustering and cell death signaling (36, 37).
Unlike J45.01 and HuT 78 T cells, Jurkat T cells express both
CD45 and CD7, which differ both in size and availability on the
cell surface (Fig. 44). The observed differences in extent of Jurkat
T cell death, as well as the distribution of cells into early and late
apoptotic populations (Fig. 3 B and C), prompted us to study the
roles of CD45 and CD7 in cell binding, glycan clustering, and
death signaling activity of the synthetic Gal3 oligomers relative to
wild-type Gal3.

Hexamer bound to both J45.01 and HuT 78 T cells, albeit to a
lesser extent on the former after a PBS wash (SI Appendix, Fig. S10).
After a 100 mM soluble p-lactose wash, more Hexamer remained
bound to J45.01 T cells than on HuT 78 T cells. Specifically, there
was an 81.3% decrease in binding signal of Hexamer on J45.01
T cells, and a 92.9% decrease in binding signal of Hexamer on HuT
78 T cells after the soluble B-lactose wash (SI Appendix, Fig. S10).
Relative to the 66.7% decrease in binding signal of Hexamer on
Jurkat T cells after a 100 mM soluble p-lactose wash (Fig. 2C), these
data suggested that the presence of both CD45 and CD7 increases
the strength of Hexamer binding to the cell surface and that Hex-
amer remains more tightly bound to cells lacking CD45 than CD7.
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Confocal microscopic images of Hexamer-treated Jurkat,
J45.01, and HuT 78 T cells stained via anti-CD45 and anti-CD7
immunofluorescence show that the types of membrane glycopro-
teins that are present influence the distribution of Hexamer on the
cell surface. As expected, CD45 signal was low on J45.01 T cells,
while CD7 signal was low on HuT 78 T cells relative to Jurkat
T cells (Fig. 4B and SI Appendix, Figs. S11 and S12). Hexamer was
uniformly distributed on Jurkat T cells and HuT 78 T cells but was
found in large, polarized clusters on J45.01 T cells (Fig. 4B and SI
Appendix, Figs. S11 and S12). This clustering may explain, in part,
the tighter binding of Hexamer to J45.01 T cells relative to HuT 78
T cells. The distribution of Hexamer on Jurkat T cells and HuT 78
T cells generally correlated with the distribution of CD45 on these
cells (Fig. 4B and SI Appendix, Figs. S11 and S12). In contrast, the
clustered and polarized distribution of Hexamer on J45.01 T cells
did not appear to colocalize with CD7, which was uniformly dis-
tributed on Jurkat T cells but predominantly outside of the stGFP-
rich clusters on J45.01 T cells (Fig. 4C and SI Appendix, Figs. S11
and S12). These observations suggested that membrane glyco-
conjugates other than CD7 are involved in Hexamer clustering
when CD45 is absent from the cell surface and that when CD45 is
present, Hexamer remains evenly distributed in a pattern that is
consistent with the distribution of CD45.

Wild-type Gal3 induced agglutination of J45.01 and HuT 78
T cells, whereas Pentamer and Hexamer did not, similar to the
agglutination activity of each protein with Jurkat T cells (SI Ap-
pendix, Fig. S13). This suggested that CD45 and CD7 are not in-
volved in agglutination or that their absence can be compensated
for by other membrane glycoconjugates.

Hexamer, Pentamer, and wild-type Gal3 induced the death of
both J45.01 T cells and HuT 78 T cells; however, the extent of
cell death induced by each protein was significantly diminished
when either CD45 or CD7 was absent. In particular, relative to

PNAS | 5of 10
https://doi.org/10.1073/pnas.2024117118

BIOCHEMISTRY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024117118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024117118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024117118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024117118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024117118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024117118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024117118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024117118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024117118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024117118/-/DCSupplemental
https://doi.org/10.1073/pnas.2024117118

CD45

%@5@ i}%@@

Jurkat T cell membrane

_ Other membrane
glycoconjugates

R

J45.01 T cell membrane

Alexa Fluor 568
(anti-CD45) (I

Composite
fanti-CD45)

W

sfGFP

Jurkat T cells

J45.01 T cells

O
@,
o)
m
o

Alexa Fluor 568
(anti-CD7) (I

Composite
fanti-CD7)

Jurkat T cells

J45.01 T cells

~ 50 g 25 WT-Gal3

53 B NS = E ok

8 % 40 ° S 20 °

= E b Q 1

8 £ 30 < 15+

[ T o 7

= 2 20 £ 10 8

2¢ A B2 1 8 o

£ & 10 g 54

= = - <l: -

= é’, 0- s (-

= & Early Late Early Late Early Late

0’0 ' Early apoptotic = annexin v* & LIVE/DEAD

\V<\l , Late apoptotic = annexin V* & LIVE/DEAD*

Fig. 4. CDA45 regulates membrane glycan clustering and cell death signaling
activity of synthetic Gal3 oligomers. (A) Schematic presentation of mem-
brane glycoconjugates that Gal3 can engage on Jurkat and J45.01 T cells.
Membrane glycoprotein CD45 is distinguished from other membrane gly-
coconjugates, such as CD7, by its relatively larger size. Jurkat T cells are
CD45* and CD7*, whereas J45.01 T cells are CD45~ and CD7*. (B) Confocal
microscopic images of Hexamer (green) and CD45 (magenta) following
Hexamer treatment of Jurkat T cells and J45.01 T cells for 2 h. (C) Confocal
microscopic images of Hexamer (green) and CD7 (magenta) following Hex-
amer treatment of Jurkat T cells and J45.01 T cells for 2 h. (D) Percentage of
J45.01 T cell death after 18 h treatment with synthetic Gal3 oligomers or
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Jurkat T cells, Hexamer induced ~53% less J45.01 T cell death
and ~72% less HuT 78 T cell death; Pentamer induced ~55%
less J45.01 T cell death and ~46% less HuT 78 T cell death; and
wild-type Gal3 induced ~71% less J45.01 T cell death and ~82%
less HuT 78 T cell death (Fig. 4D and SI Appendix, Fig. S14A).
Collectively, these observations demonstrated that wild-type
Gal3 and synthetic Gal3 oligomers depend on both CD45 and
CD7 to signal cell death, although loss of either glycoprotein has
a more pronounced effect on wild-type Gal3 activity than that of
either Pentamer or Hexamer. Further, loss of CD7 had a greater
effect on Hexamer activity than Pentamer activity.

J45.01 T cells treated with wild-type Gal3 were more evenly
distributed between early and late apoptotic populations, whereas
J45.01 T cells treated with Pentamer and Hexamer were pre-
dominantly in the late apoptotic population (Fig. 4E). In contrast,
HuT 78 T cells treated with wild-type Gal3 were mostly in the
early apoptotic population, whereas cells treated with synthetic
Gal3 oligomers were more evenly distributed between the pop-
ulations (SI Appendix, Fig. S14B). Notably, the distribution of HuT
78 T cells treated with Pentamer and Hexamer was similar to that
of Jurkat T cells treated with these constructs (Fig. 3C), whereas
the distribution of J45.01 T cells treated with these constructs was
significantly different. This suggested that CD45 may occlude
Pentamer and Hexamer engagement of membrane glycans located
beneath CD45, which is abundant and extends far from the cell
surface (Fig. 44), due to the large size of these synthetic oligomers
relative to wild-type Gal3 in the unassembled state. Further, these
data suggested that CD7 is necessary for wild-type Gal3 to signal
the transition from early to late apoptosis, whereas its role in
signaling via Pentamer and Hexamer is not obvious.

CD45 Regulates the Caspase Dependence of Apoptotic Signaling via
Synthetic Gal3 Oligomers and Wild-Type Gal3. Promiscuous binding,
such as that observed between wild-type Gal3 and membrane
glycans, makes it difficult to discern the relationship between the
receptors that are engaged during outside-in signaling and their
involvement in activating or inhibiting particular intracellular
signaling pathways. For example, apoptosis induced by extracel-
lular wild-type Gal3 has been suggested to depend on CD45 but
not CD43, whereas conflicting roles of CD7 and CD29 are
reported (35, 36). Early reports suggested that extracellular wild-
type Gal3 signals apoptosis through cytochrome c-release and
caspase-3 activation independent of caspase-8 activation (35),
whereas more recent reports suggested that wild-type Gal3 acti-
vates caspase-9 and caspase-3 through phosphorylation of extra-
cellular signal-regulated kinase (38). Prior reports have also shown
that antibody-mediated crosslinking of CD45 can induce caspase-
independent cell death (39). Having now identified CD45 as a key
mediator of Gal3 signaling and a regulator of Hexamer clustering,
we next studied the role of caspases in cell death signaling via wild-
type Gal3, Pentamer, and Hexamer in the presence and absence
of CD45. Synthetic Gal3 oligomers and wild-type Gal3 induced
less Jurkat T cell death when cells were pretreated with a pan-
caspase inhibitor (Fig. 54). Synthetic Gal3 oligomers and wild-
type Gal3 also induced less J45.01 T cell death with pancaspase

wild-type Gal3 (WT-Gal3), shown relative to the PBS-treated cells (untreated
control). (E) Percentage of J45.01 T cells in the early apoptotic or late apo-
ptotic population after 18 h treatment with synthetic Gal3 oligomers or WT-
Gal3, shown relative to the untreated control. For D, n > 3, mean =+ SD, NS is
no significant difference, and comparisons were made using one-way
ANOVA with Tukey’s post hoc. For E, n > 3, mean + SD, ***P < 0.001,
***%Pp < 0.0001, NS is no significant difference, and comparisons were made
using unpaired two-tailed Student’s t test. All experiments were performed
at an equimolar concentration of sfGFP or Gal3 = 5 uM (i.e., [WT-Gal3] =5
pM, [Pentamer] = 1 uM, [Hexamer] = 0.83 pM).
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inhibition (Fig. 5B). A plot of the effectiveness of the pancaspase
inhibitor, represented as the percent change in apoptosis between
its presence and absence, suggested that wild-type Gal3 apoptosis
signaling in Jurkat T cells had a stronger caspase-dependence than
Pentamer, while Hexamer had an intermediate dependence on
caspases (Fig. 5 C, Left). In J45.01 T cells, which lack CD45, the
pancaspase inhibitor was significantly more effective at inhibiting
apoptosis via wild-type Gal3, Pentamer, and Hexamer than in
Jurkat T cells, although Pentamer and Hexamer could still signal
some apoptosis, whereas wild-type Gal3 could not (i.e., 100%
inhibition of apoptosis) (Fig. 5 C, Right). Collectively, these data
suggest that CD45 regulates the apoptosis signaling pathway that
is activated by wild-type Gal3 and synthetic Gal3 oligomers and
that its presence leads to a diminished role for caspases. Notably,
the ability of CD45 to diminish the role of caspases in apoptotic
signaling is more pronounced for synthetic Gal3 oligomers than
wild-type Gal3, which may reflect the large size or static quater-
nary architecture of the former. Further, these data suggest that
caspase activation via Hexamer correlates with its tendency to
cluster on the cell surface, which is enabled by the absence
of CD45.

Synthetic Gal3 Oligomers Induce Cell Death with Diminished IL-2
Secretion due to the Lack of Caspase-Mediated Pannexin-1
Hemichannel Opening. The observation that Pentamer and Hex-
amer induced greater cell death with a weaker caspase-dependence
than wild-type Gal3 led to the assumption that other caspase-
dependent cell activities are possibly altered as well. For in-
stance, wild-type Gal3 stimulates Jurkat T cells to secrete the cy-
tokine interleukin (IL)-2 (40). Earlier reports have shown that
caspase-mediated opening of the plasma membrane hemichannel
pannexin-1 in early apoptotic T cells can allow for selective con-
duction of adenosine triphosphate (ATP) and fluorescent dyes
(e.g., TO-PRO-3) across the plasma membrane (41, 42), and other
studies indicate that extracellular ATP released via pannexin-1 can
stimulate IL-2 secretion in an autocrine fashion (43, 44); however,
in late apoptosis, this selectivity for fluorescent dye transport is lost
due to increased membrane permeability (Fig. 64). Our studies
demonstrate that Pentamer and Hexamer induced significantly less
IL-2 secretion from Jurkat T cells than cells treated with wild-type
Gal3 (Fig. 6B). Hexamer also induced significantly less activation
of the initiator caspase, caspase-8, in Jurkat T cells than cells
treated with wild-type Gal3 (SI Appendix, Fig. S15). Likewise,
Hexamer induced less activation of effector caspases, caspase-3/-7,
in Jurkat T cells than cells treated with wild-type Gal3, whereas
Pentamer induced even less caspase-3/-7 activation than Hexamer
(Fig. 6C). Collectively, these data correlated with the observations
in Fig. 5, which suggested that Pentamer and Hexamer signal cell
death through a pathway that is less dependent on caspases than
wild-type Gal3.

Informed by these observations, we then studied the opening
of pannexin-1 via wild-type Gal3 and Hexamer using an estab-
lished selective TO-PRO-3 uptake experiment (Fig. 64) (41, 42).
As a positive control, Jurkat T cells treated with anti-Fas anti-
body, a potent apoptogenic ligand with high specificity for the
Fas death receptor, induced rapid and selective TO-PRO-3 up-
take in a caspase- and pannexin-1-dependent manner (S Ap-
pendix, Fig. S16). Cells treated with wild-type Gal3 also exhibited
significant TO-PRO-3 uptake in a pannexin-1- and caspase-
dependent fashion, albeit with less potency and slower kinetics
than the anti-Fas positive control (8 h versus 4 h to maximum
uptake, respectively) (Fig. 6D). By 12 h and 18 h, uptake of
TO-PRO-3 by cells treated with wild-type Gal3 was no longer
dependent on pannexin-1 but did depend on caspases, which sug-
gested that these cells exhibited greater membrane permeability as
they entered later stages of apoptosis. Recall that Jurkat T cells
treated with wild-type Gal3 were also permeable to the pannexin-1-
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Fig. 5. CDA45 governs the dependence on caspases for cell death signaling
via wild-type Gal3, Pentamer, and Hexamer. (A) Percentage of Jurkat T cell
apoptosis after 18 h treatment with synthetic Gal3 oligomers or wild-type
Gal3 (WT-Gal3) relative to PBS-treated cells (untreated) while in the presence
or absence of a pancaspase inhibitor. (B) Percentage of J45.01 T cell apo-
ptosis after 18 h treatment with synthetic Gal3 oligomers or WT-Gal3 rela-
tive to untreated cells while in the presence or absence of a pancaspase
inhibitor. (C) Percentage decrease in Jurkat and J45.01 T cell apoptosis after
caspase inhibition from data in A and B. For A and B, n > 3, mean + SD, *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS is no significant differ-
ence, and comparisons were made using unpaired two-tailed Student’s
t test. For C, n > 3, mean + SD, *P < 0.05, **P < 0.01, NS is no significant
difference, and comparisons were made using one-way ANOVA with Tukey’s
post hoc. Statistical comparisons relative to WT-Gal3-treated Jurkat or J45.01
T cells are denoted by * or NS symbol directly above bars, and one outlier
(black circle) was detected using Grubbs’ test while removed from mean +
SD calculation. All experiments were performed at an equimolar concen-
tration of sfGFP or Gal3 =5 uM (i.e., [WT-Gal3] = 5 uM, [Pentamer] = 1 uM,
[Hexamer] = 0.83 uM).

impermeable dye LIVE/DEAD at 18 h when they were pre-
dominantly in the late apoptotic population (Fig. 3C). In contrast,
low-level uptake of TO-PRO-3 by Jurkat T cells treated with
Hexamer at 4 h and 8 h did not depend on caspase activation or
pannexin-1 opening. Similar to wild-type Gal3 treatment, increased
TO-PRO-3 uptake in Jurkat T cells treated with Hexamer at 12 h
and 18 h did not depend on pannexin-1 but did depend on cas-
pases, albeit to a lesser extent than wild-type Gal3. This was con-
sistent with observations that apoptosis induced by synthetic Gal3
oligomers was less dependent on caspases than apoptosis induced
by wild-type Gal3 (Fig. 4). Collectively, these results suggest that
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Fig. 6. Synthetic Gal3 oligomers induce Jurkat T cell death with diminished
IL-2 secretion due to the lack of caspase-mediated pannexin-1 hemichannel
opening. (A) Schematic presentation of caspase-mediated Jurkat T cell ap-
optosis and opening of plasma membrane hemichannel pannexin-1, which
can selectively conduct adenosine triphosphate outward to stimulate IL-2
secretion in a purinergic receptor-mediated autocrine fashion. Extent of
pannexin-1 opening is measured by the amount of selective uptake of the
membrane-impermeable dye, TO-PRO-3. However, as apoptosis progresses
into later stages, the cell membrane becomes more permeable to TO-PRO-3.
(B) Concentration of IL-2 secreted from Jurkat T cells following 18 h
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synthetic Gal3 oligomers induce considerably less caspase-
mediated opening of pannexin-1 than wild-type Gal3, which re-
sults in diminished secretion of IL-2 by cells treated with the
former.

Discussion

Here, we created a library of well-defined synthetic Gal3 oligo-
mers as tools to study valency-function relationships, such as Gal3
binding to cell membrane glycans and activation of outside-in
signal transduction. Understanding multivalent galectin—glycan
interactions is important for designing therapeutic galectin inhib-
itors and recapitulating galectin effector function. For instance,
galectin-1 can act as an extracellular signaling molecule that down-
regulates inflammation and adaptive immune responses by
crosslinking glycoprotein receptors involved in T cell death via
reversible assembly into a homodimer (36, 45, 46). Delivery of
wild-type galectin-1 to suppress or reverse T cell-dependent im-
munopathologies has long represented a promising therapeutic
strategy (47); however, its poor stability in physiological conditions
limits its biological activity in preclinical settings (48). In recent
years galectin-1 has been engineered to form stable dimers with
increased activity using polymer- and peptide-based scaffolds (47,
49). Wild-type Gal3, on the other hand, undergoes dynamic as-
sembly into oligomers with ill-defined valency, which represents a
major challenge for probing its emergent biological functions in
physiological and pathological conditions. The library of coiled-
coil scaffolds implemented in this work was critical for con-
structing a tunable set of stable Gal3 oligomers with precisely
controlled subunit valency. This approach allowed us to generate a
range of oligomers informed by the suggested natural valency of
wild-type Gal3. We show that the cell-binding properties of syn-
thetic Gal3 oligomers scales with the number of Gal3 subunits.
Potency to signal T cell death also scales with the number of Gal3
subunits. However, the signaling pathways that are activated by
synthetic oligomers differ from the pathway activated by wild-type
Gal3, leading to differences in downstream responses, such as
opening of the pannexin-1 hemichannel and secretion of IL-2.
Collectively, these studies identified important relationships be-
tween valency, avidity, and the dynamic nature of wild-type Gal3
oligomerization in the context of its promiscuous binding and
emergent extracellular signaling activity.

The observation that synthetic Gal3 oligomers can signal ap-
optosis without inducing agglutination (Fig. 3) suggested that
they can engage with membrane glycans in cis (on one cell) but
not in frans (between 2 or more cells), which contrasts starkly
with wild-type Gal3 that can engage in both cis and frans. The
absence of agglutination among cells treated with synthetic Gal3
oligomers that undergo apoptosis demonstrates that these two
events are not operatively linked. Notably, wild-type Gal3 in-
duces agglutination of cells that express CD45 and CD7, as well
as cells that are deficient in either receptor, suggesting that these
membrane glycoproteins are either not involved in agglutination

treatment with synthetic Gal3 oligomers or wild-type Gal3 (WT-Gal3), shown
relative to the PBS-treated cells (untreated control). (C) Caspase-3/-7 activity
of Jurkat T cells following 18 h treatment with synthetic Gal3 oligomers or
WT-Gal3, shown relative to the untreated control. (D) Percentage of
TO-PRO-3 uptake by Jurkat T cells following different treatment times with
WT-Gal3 in the presence and absence of a pannexin-1 inhibitor or pancas-
pase inhibitor. (E) Percentage of TO-PRO-3 uptake by Jurkat T cells follow-
ing different treatment times with Hexamer in the presence and absence
of a pannexin-1 inhibitor or pancaspase inhibitor. For B through E, n = 3,
mean + SD, *P < 0.05, **P < 0.01, ****P < 0.0001, NS is no significant
difference, and comparisons were made using one-way ANOVA with
Tukey’s post hoc. All experiments were performed at an equimolar con-
centration of sfGFP or Gal3 =5 pM (i.e., [WT-Gal3] = 5 pM, [Pentamer] = 1 pM,
[Hexamer] = 0.83 uM).
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or can be compensated for by other membrane glycans. It is
unclear exactly how the structure of Gal3 enables its engagement
with glycoproteins in cis or trans. Compared to galectin-1, which
has been proposed to form crystalline lattices due to its homo-
dimeric structure, Gal3 has been proposed to form amorphous
lattices due its tendency to form higher-ordered oligomers (50).
Recent models suggest that Gal3 can engage with glycoproteins
in trans due to liquid-liquid phase separation of its intrinsically
disordered NTD, which results in the formation of an amorphous
supramolecular structure (12). Early models suggested that
galectins engage a single type of glycoprotein to form lattices (51).
Consistent with this, we previously reported that a synthetic het-
erodimer of galectin-1 linked to Gal3 cannot induce agglutination
or signal apoptosis, likely because galectin-1 and Gal3 signal death
through different receptors; however, a synthetic heterotetramer
with two galectin-1 and two Gal3 domains on opposing termini of
a coiled-coil could induce agglutination and signal apoptosis (49).
It is well known that galectin-1 is active as a homodimer, which
supports the observed function of the heterotetramer, whereas the
minimal functional oligomer of Gal3 was unknown. Here, we
showed that the minimum valency for Gal3 activity is also 2,
consistent with a report showing that both galectin-1 and Gal3
contribute to the signaling activity of the heterotetramer (37). In
contrast to the heterotetramer design, here the Gal3 domains
were fused to one terminus of a parallel, a-helical coiled-coil while
sfGFP was fused to the other. This Janus-like design seems to bias
Gal3 to engage in cis irrespective of the valency of the Gal3 do-
main. It remains to be determined if stGFP sterically impedes the
engagement of synthetic Gal3 oligomers in trans or if the restricted
mobility of Gal3 domains tethered to a coiled-coil is the molecular
feature that prevents frans interactions. Along these lines, fusion
of a protein (e.g., sf§GFP) onto the N terminus of Gal3 knocks out
its ability to induce agglutination and apoptosis, without com-
promising monovalent carbohydrate binding, demonstrating that
an appended cargo can disrupt natural oligomerization of Gal3 via
its NTD.

The data presented here demonstrate that CD45 regulates
Hexamer clustering and signaling pathway activation, likely by
governing membrane glycoprotein recognition, and that CD45 has
differing effects on synthetic Gal3 oligomer signaling activity rel-
ative to that of wild-type Gal3 (Figs. 4-6). Wild-type Gal3 is
thought to be incapable of forming higher-ordered oligomers in
the absence of multivalent glycan binding (9) and is therefore
thought to exist largely in the monomeric form in the solution. We
postulate that monomeric wild-type Gal3 can engage glycans
closer to the cell surface, such as CD7, more effectively than high
valency synthetic oligomers because it can more efficiently traffic
through the dense population of membrane glycans that are pre-
sent on the T cell surface. There are two physical features that
inform this thinking. First, the wild-type Gal3 monomer, which is
smaller than the fusion Monomer reported here, is considerably
smaller than either Pentamer or Hexamer (Fig. 2), which will
enable more rapid and efficient transport through a dense envi-
ronment. Second, monovalent Gal3-glycan interactions are weak
and labile (10), exemplified here by Monomer (Fig. 2), which
leads to rapid dissociation of wild-type Gal3 from any membrane
glycan it binds to in the absence of a local Gal3 concentration that
is sufficient to nucleate oligomer formation. In contrast, the
avidity effects that arise from synthetically fixing Gal3 oligomeri-
zation via fusion to an a-helical coiled-coil (Fig. 2) lead to in-
creases in apparent binding affinity with the most probable partner
Gal3 will encounter. It is reasonable that this partner would be the
glycosylated molecules that are most abundant and most accessi-
ble on the cell surface, which for T cells is CD45. Indeed, confocal
microscopy images showed that the distribution of Hexamer on
the surface of Jurkat T cells correlated with the distribution of
CD45 (Fig. 4). However, the data presented here also show that
both CD45 and CD7 are essential for cell death signaling via both
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wild-type Gal3 and synthetic Gal3 oligomers (Fig. 4 and SI Ap-
pendix, Fig. S14). Confocal images suggest that Hexamer clusters
in the absence of CD45 with membrane glycans other than those
found on CD7; however, the absence of CD7 decreased cell death
signaling via Hexamer, Pentamer, and wild-type Gal3, with a much
greater effect on Hexamer and wild-type Gal3 than Pentamer. We
propose that CD45 may facilitate interactions between Gal3 and
CD7 to activate caspase-dependent cell death signaling. Consid-
ering existing models that propose that homotypic receptor
crosslinking is favored for prototype and chimeric galectins (51),
heterotypic crosslinking involving both CD45 and CD7 working in
concert would support a model in which valency greater than 2 is
the functional state of Gal3. Consistent with this, we observed that
Dimer can signal cell death, with an early/late apoptotic cell dis-
tribution that was similar to that of Hexamer treated cells lacking
CD45, albeit with much lower potency. Notably, we see more
caspase activation with Hexamer than with Pentamer, and Hex-
amer has a stronger dependence on caspase activation to signal
death than Pentamer. This may suggest that the increased valency
of Hexamer allows it to concurrently engage CD45 and CD7, in
addition to other presently unidentified membrane glycans, more
effectively than Pentamer, leading to an increased role for cas-
pases as mediators of cell death signaling.

Collectively, the data reported here demonstrate that engi-
neering galectin-binding specificity for a particular glycoprotein
receptor remains a significant challenge. Introducing site-specific
mutations within the carbohydrate-binding pocket and adjacent
binding sites of Gal3 can confer fine specificity for soluble car-
bohydrates (52). Here, we found that synthetically fixing Gal3
oligomerization can overcome some of its glycan-binding pro-
miscuity, leading to some tunability of the intracellular signaling
pathways that are activated. Thus, although selective recognition
has not yet been realized, coupling the use of a-helical coiled-
coils as multivalent scaffolds with other protein engineering
strategies may one day enable such precision.

In conclusion, we presented a synthetic strategy to tune Gal3
valency using a library of 2- to 6-stranded a-helical coiled-coil
scaffolds. Synthetic Gal3 oligomers provided a set of probes to
investigate relationships between valency and emergent Gal3
function. With these probes, we identified the minimum valency
of Gal3 required to signal cell death. We also established a
modality to physically tune promiscuous Gal3 signaling, exem-
plified through CD45-dependent changes to the dependence of
caspases and the preference of oligomers to signal in cis but not
trans, which may be more broadly applicable to lectins and other
multivalent signaling proteins. Hexamer demonstrated greater
potency to signal T cell death than wild-type Gal3, with weaker
IL-2 release, highlighting the potential of synthetic Gal3 oligo-
mers as immunomodulatory drugs. We envision this scaffolding
platform will be invaluable for probing mechanisms of Gal3-
glycan interactions, as well as guiding the development of ther-
apeutics that modulate Gal3 signaling.

Materials and Methods

The materials and methods are described in detail in SI Appendix.
Recombinant protein constructs were cloned and expressed in Origami
B(DE3) Competent Cells and then purified using immobilized metal affinity
chromatography and SEC on an AKTA pure system. Protein size was ana-
lyzed via gel electrophoresis, SEC, and DLS. Reporter protein activity was
measured via spectrophotometry. Glycan binding assays were performed
through a-lactose-agarose affinity chromatography on an AKTA pure system
as well as saturation and competitive binding assays on microplates ac-
companied by spectrophotometric analysis of bound reporter protein ac-
tivity. Cell binding measurements and images were collected using flow
cytometry and epifluorescence microscopy, respectively. Cell death was de-
termined by annexin V and LIVE/DEAD staining, and caspase-dependence of
cell death signaling was evaluated in the presence and absence of a pan-
caspase inhibitor. Cell agglutination assays were performed in microplates,
and then images of cells were taken via brightfield microscopy. Confocal
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images of membrane glycoproteins were taken after cells were treated with
Hexamer, then bound by primary monoclonal antibodies selective for either
CD45 or CD7, and finally stained with Alexa Fluor 568-conjugated secondary
Immunoglobulin G (IgG) antibody. Caspase activity and IL-2 secretion was
quantified using instructions from commercially available assay kits. Cell
uptake of TO-PRO-3 was measured in the presence of either a pancaspase
inhibitor or pannexin-1 inhibitor using flow cytometry. Statistical analyses
are reported in figure legends as well as in S/ Appendix. Schematics were
drawn using lllustrate (53).

Data Availability. All study data are included in the article and/or S/ Appendix.
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