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ABSTRACT: CXCLI10 is a pro-inflammatory chemokine pro- —

duced by the host in response to microbial infection. In addition to  / NN

canonical, receptor-dependent actions affecting immune-cell D \\"\/

migration and activation, CXCL10 has also been found to directly e A !

kill a broad range of pathogenic bacteria. Prior investigations ’\K\/ O:l

suggest that the bactericidal effects of CXCL10 occur through two

distinct pathways that compromise the cell envelope. These  CXCL10

observations raise the intriguing notion that CXCL10 features a

separable pair of antimicrobial domains. Herein, we affirm this possibility through peptide-based mapping and structure/function
analyses, which demonstrate that discrete peptides derived from the N- and C-terminal regions of CXCL10 mediate bacterial killing.
The N-terminal derivative, peptide P1, exhibited marked antimicrobial activity against Bacillus anthracis vegetative bacilli and spores,
as well as antibiotic-resistant clinical isolates of Kilebsiella pneumoniae, Acinetobacter baumannii, Enterococcus faecium, and
Staphylococcus aureus, among others. At bactericidal concentrations, peptide P1 had a minimal degree of chemotactic activity, but did
not cause red blood cell hemolysis or cytotoxic effects against primary human cells. The C-terminal derivative, peptide P9, exhibited
antimicrobial effects, but only against Gram-negative bacteria in low-salt medium——conditions under which the peptide can adopt an
a-helical conformation. The introduction of a hydrocarbon staple induced and stabilized a-helicity; accordingly, stapled peptide P9
displayed significantly improved bactericidal effects against both Gram-positive and Gram-negative bacteria in media containing
physiologic levels of salt. Together, our findings identify and characterize the antimicrobial regions of CXCL10 and functionalize
these novel determinants as discrete peptides with potential therapeutic utility against difficult-to-treat pathogens.
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hemokines are a family of small signaling proteins best CXCL10, known originally as interferon y-induced protein

known for orchestrating the movement of immune cells 10 kDa (IP-10), is a pro-inflammatory chemokine produced by
during infection." Chemokines elicit this and other host- a range of resident and immune cell types in response to
targeted effects by activating corresponding G-protein-coupled infection and injury.'” CXCL10 affects the movement and
receptors selectively expressed by responsive cells. In addition function of host cells that express the chemokine receptor
to receptor-dependent actions, a subset of chemokines also CXCR3 (eg, T cells, monocytes).' Besides host-targeted
exerts direct antimicrobial effects against a wide array of actions, a number of laboratories, including ours, have reported
bacterial, viral, protozoan, and/or fungal pathogens.z_5 CXCL10 to kill both Gram-positive and Gram-negative

bacterial pathogens in vitro, including Bacillus anthracis spores
and bacilli, Staphylococcus aureus, and Escherichia coli, among
others.”"' ™' CXCL10 has also been found by our group to
exert bactericidal effects against organisms identified as urgent

Chemokines have a highly conserved tertiary structure that
consists of an unordered N-terminus, followed by an “N-loop”,
a three-strand antiparallel B-sheet, and a C-terminal a-helix
that lies across the [-sheet.”” This typified structure is
stabilized by disulfide bonds formed between cysteine residues,
the arrangement of which defines the major subfamilies of Received: September 4, 2022
chemokines: CXC, CC, C, and CX3C (where C is cysteine and Published: December 7, 2022
X is a non-conserved amino acid residue).” The predominant

paradigm is that the N-terminal region drives cell-receptor

binding/activation, while the C-terminal region mediates

microbial killing.*”
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Figure 1. CXCL10-derived peptide library. The primary amino acid sequence of mature, secreted human CXCL10 (UniProtKB P02778) is shown
in relation to major structural elements (Protein Data Bank 1080/1LV9). Overlapping 14- to 22-mer peptides derived from CXCL10 and tested in
this work are indicated: P1 (VPLSRTVRCTCISI), P2 (TCISISNQPVNPRSL), P3 (NPRSLEKLEIIPASQ), P4 (IPASQFCPRVEIIAT), PS
(EIIATMKKKGEKRCL), P6 (EKRCLNPESKAIKNL), P8 (KNLLKAVSKERSKRSP), and P9 (PESKAIKNLLKAVSKERSKRSP).

antibiotic-resistance threats by the U.S. Centers for Disease 7702 bacilli in Dulbecco’s Modified Eagle Medium (DMEM)

Control and Prevention (CDC), such as carbapenem-resistant with 10% fetal bovine serum (FBS) using alamarBlue, a
Enterobacteriaceae,"” as well as Gram-negative bacteria that are fluorescence-based viability reagent that generates results
resistant to colistin, a last-line therapeutic for treating commensurate to those obtained by colony-forming unit
infections caused by multidrug-resistant (MDR) and exten- (cfu) determination'¥** and that has been used previously by
sively drug-resistant (XDR) bacteria."® That chemokine- our group, and others, to measure the antimicrobial effects of
mediated antimicrobial effects contribute to host defense CXCL10.'27192225 Only peptide P1, derived from the
against infection in vivo is evidenced by investigations using unstructured N-terminus of CXCL10, was found to signifi-
murine models of infection. For instance, we demonstrated cantly reduce bacterial viability (Figure 2A); analogous killing
that the neutralization of CXCL10 and/or CXCL9 (a closely was observed against the related organism Bacillus subtilis
related CXCR3 agonist that is also bactericidal'*'”) increases (Figure 2B). The bactericidal effects exerted by peptide P1
host susceptibility to pulmonary infection by B. anthracis, against B. anthracis vegetative bacilli were observed to be
independent of chemokine-receptor signaling."* This was sequence specific (i.e., scrambling the native amino acid
similarly shown for enteric disease associated with Citrobacter sequence abolished antimicrobial activity; Figure 2C) and
rodentium.” concentration dependent, with a half-maximal effective
The capacity of CXCL10 to kill bacteria has been attributed concentration (ECg,) of 18.1 + 0.3 uM (Figure 2D).
to its C-terminal a—helix,m an amphipathic structure similar to COI’lSpiCllOllSly, the concentration—response curve for peptide
that observed for many antimicrobial peptides, such as P1 against B. anthracis bacilli was non-linear and quite steep
cathelicidins and magainins.21 However, a C-terminally over the effectual range, possibly indicating positive cooper-
truncated CXCL10 protein that lacks this a-helical region ativity in oligomeric assembly and/or target binding. >’
retains much of its capacity to kill B. anthracis.”> Moreover, Consistent with prior reports regarding full-length
previous genetic and biochemical studies conducted using B. CXCL10,"****3 B. anthracis bacilli lacking the FtsX
anthracis indicate that the bactericidal effects of CXCLI10 component of the FtsE/X complex that regulates peptidogly-
proceed via two distinct pathways: (i) dysregulation of can hydrolase activity were less susceptible to killing by peptide
peptidoglycan turnover through interaction with the surface- P1 (ECs, of 53.1 + 0.8 uM; Figure 2D).
associated bacterial FtsE/X complex, which governs aspects of To assess the potential of peptide P1 to exert antimicrobial
peptidoglycan ir;czorporation and hydrolysis that are important effects against the dormant and hardy spore form of B.
to viability, "> and (ii) a comparatively non-specific anthracis, light microscopy was used to visually monitor spore
disruption of membrane barrier funct101212 zghat leads to germination and the subsequent outgrowth of vegetative bacilli

permeabilization and bioenergetic collapse. Given these over time in Roswell Park Memorial Institute (RPMI) medium
prior findings, we hypothesized that CXCL10 features a with 5% FBS (Figure 2E). Untreated spores, as well as those
separable pair of antimicrobial domains. Indeed, using peptide- exposed to the non-antimicrobial CXCL10-derived peptide PS,
based mapping and structure/function analyses, we show in were found to germinate and undergo extensive vegetative
the current study that disparate N- and C-terminal regions of replication such that abundant chains of bacilli were observed
human CXCL10 exert broad-spectrum antimicrobial effects after 6 h of incubation. Conversely, B. anthracis spores exposed
against diverse biodefense and MDR/XDR pathogens. The to peptide P1 showed no morphologic signs of germination
identification and characterization of these novel bactericidal (e.g., swelling, elongation) and a complete absence of bacilli at
determinants provide unique insight into the pathogen- 6 h. Expanded field-of-view images for each treatment group
targeted actions of host chemokines and establish a practical are provided in Figure S1. To quantify bacterial viability and
foundation for' th.e devglop ment of CXCL10-derived peptides discriminate between spore and bacilli forms of the organism,
to treat bacterial infections. cfu determination was performed both before and after heat
treatment (Figure 2F). Heat treatment kills germinating spores

B RESULTS and vegetative bacilli, but not ungerminated spores. Thus, cfu

Antimicrobial Effects of CXCL10-Derived Peptides counts prior to heating represent total viable organisms (all
against B. anthracis Bacilli and Spores. Toward spores and bacilli), whereas counts obtained after heat
identifying the bactericidal region(s) of human CXCL10, we treatment account only for dormant yet viable spores. Using
designed a series of overlapping 14- to 22-mer peptides derived the initial spore inoculum as a reference, heat-treated cfu
from the full-length amino acid sequence of the mature counts obtained from untreated and peptide PS-treated sample
chemokine (Figure 1). Bacterial killing by these individual groups decreased ~200-fold at 6 h (due to spore germination),
peptides was tested against Gram-positive B. anthracis Sterne and parallel counts without heat treatment increased more
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Figure 2. Antimicrobial effects of CXCL10-derived peptides against Bacillus spp. (A) B. anthracis Sterne 7702 and (B) B. subtilis 168 bacilli were
exposed to SO uM of the indicated peptide, or (C) B. anthracis was treated with a sequence-scrambled peptide P1 variant (Plscram;
TISVCPTLRRIVSC), in cell-culture medium that contains physiologic levels of salt (i.e, DMEM) + 10% FBS for 4 h. Bacterial survival was then
measured using the fluorescent viability reagent alamarBlue. Data are expressed as a percentage of the untreated control (relative fluorescence unit,
RFU) and report the mean + standard deviation (SD) of n = 3 experiments; nd = none detected. ***p < 0.001 as compared to peptide PS by one-
way ANOVA with Dunnett’s multiple comparisons test. (D) Wild-type (wt) and AftsX B. anthracis bacilli were exposed to increasing
concentrations of peptide P1 and bacterial viability was measured as above; n = 3 experiments. Fitted curves were generated by nonlinear regression
(sigmoidal dose—response, variable-slope equation) and used to calculate the ECy + 95% confidence interval for peptide P1 against each B.
anthracis strain examined: wild-type (ECg = 18.1 + 0.3 uM; R? = 0.99) and AftsX (ECg = 53.1 + 0.8 uM; R* = 0.97). (E) B. anthracis Sterne 7702
spores were exposed to buffer alone (untreated control) or SO M of the indicated peptide in RPMI medium +5% FBS. Spore germination and the
subsequent outgrowth of vegetative bacilli were assessed using light microscopy. Representative photomicrographs from >12 fields (n = 3
experiments) are shown at S00X magnification for the t = 0 and 6 h time points; scale bar = 10 ym. Expanded field-of-view images are shown in
Figure S1. (F) The viability of B. anthracis spores, treated as described above, was quantified at 0 and 6 h using cfu determination + heat treatment
to distinguish heat-resistant spores from heat-sensitive germinating organisms and bacilli. The initial spore inoculum is displayed as a dotted line
(---). Data are expressed as cfu/mL (log,,) and report the mean + SD. A representative data set from n = 4 experiments is shown. ***p < 0.001 as
compared to the respective untreated control by one-way ANOVA with Dunnett’s multiple comparisons test.

than 10-fold (due to the outgrowth of vegetative bacilli). In Bactericidal Effects of CXCL10-Derived Peptides
contrast, 6 h cfu counts from peptide Pl-treated spores with against Carbapenem-Resistant Klebsiella pneumoniae.
and without heat treatment were equivalent (indicating few, if Peptides comprising the CXCL10-derived peptide library were

. . . evaluated for their capacity to kill the Gram-negative K.
any, germinated organisms), and recovered viable spores were

pneumoniae clinical isolate BL13802, a carbapenem-resistant
MDR pathogen that produces both the New Delhi metallo-
beta-lactamase (NDM)-1 and oxacillinase (OXA)-48 carbape-
nemase enzymes.'® Peptide susceptibility was evaluated under
germination and reduces spore viability. two sets of conditions: (i) a low-salt, hypotonic medium used

less than 1% of the initial inoculum. These findings, together
with the visible lack of cytological changes by peptide P1-
treated spores, suggest that peptide P1 prevents spore

124 https://doi.org/10.1021/acsinfecdis.2c00456
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Figure 3. Bactericidal effects of CXCL10-derived peptides against MDR K. pneumoniae. (A) K. pneumoniae BL13802 was exposed to 5.6 uM of the
indicated peptide in Kph buffer + 1% TSB for 2 h. Bacterial survival was measured by cfu determination. Data are expressed as a percentage of the
untreated control (log;,) and report the mean + SD of n = 3 experiments. (B, C) K. pneumoniae BL13802 was exposed to SO uM of the indicated
peptide, or sequence-scrambled variant (Plscram), in RPMI medium. Bacterial survival was measured using the fluorescent viability reagent
alamarBlue. Data are expressed as a percentage of the untreated control (RFU) and report the mean + SD of n = 3 experiments; nd = none
detected. ***p < 0.001 and *p < 0.05 as compared to peptide PS5, or between specified groups, by one-way ANOVA with Tukey’s multiple
comparisons test. (D) K. pneumoniae BL13802 was exposed to increasing concentrations of peptide P1 and bacterial viability was measured using
alamarBlue; n = 4 experiments. Nonlinear regression (bell-shaped equation) was used to calculate the ECy, + 95% confidence interval for peptide

P1 (ECso = 13.4 + 1.2 uM; R? = 0.95).

previously to screen chemokines and other host effectors for
antimicrobial effects (i.e, 10 mM potassium phosphate buffer
supplemented with 1% tryptic soy broth; Kph buffer + 1%
TSB),”'®*” and (ii) a cell-culture medium containing
physiologic levels of salts (i.e., RPMI medium). In Kph buffer
+ 1% TSB, peptides derived from either the N-terminus
(peptide P1) or C-terminus (peptides P8 and P9) of CXCL10
efficiently killed K. pneumoniae as shown by cfu determination
(Figure 3A). In RPMI medium, peptide P1 retained significant
bactericidal activity; however, these conditions abolished the
ability of the C-terminal peptide derivative P9 to kill K.
pneumoniae (Figure 3B).

The antimicrobial effects of peptide P1 against MDR K
pneumoniae were sequence specific (Figure 3C), although the
scrambled peptide variant did exhibit some killing activity.
Since it can be challenging to extensively disrupt the
physicochemical properties of short peptides by rearranging
their amino acid constituents, as is the case here, CXCL10-
derived peptide PS (a cationic peptide that was not observed
to kill any bacterial species under any condition examined in
this research) was included in these and following experiments
as a negative, peptide-treated control. The killing of K
pneumoniae BL13802 by peptide P1 was also concentration
dependent (ECs, of 13.4 + 1.2 uM; Figure 3D). Of note,
despite being soluble at 5 mM or more in dH,O, peptide P1
concentrations greater than ~S50 M in RPMI medium
resulted in increasing precipitation and progressively dimin-
ished bactericidal activity.

Killing of Diverse Antibiotic-Resistant Pathogens by
Peptides P1 and P9. To evaluate the spectrum of activity for
antimicrobial CXCL10-derived peptides, clinically challenging
pathogens including Gram-negative bacteria (carbapenem-
resistant, XDR isolates of Acinetobacter baumannii, Pseudomo-
nas aeruginosa, and Enterobacter cloacae; ceftriaxone-resistant,
MDR isolates of Salmonella enterica serovar Typhi and Shigella
flexneri), as well as Gram-positive bacteria (vancomycin-
resistant Enterococcus faecium, VRE; methicillin-resistant Staph-
ylococcus aureus, MRSA), were exposed to peptide P1, P9, or
the PS negative-control in Kph buffer + 1% TSB (Figure 4A)
and RPMI medium (Figure 4B). In low-salt Kph buffer + 1%
TSB, peptide P1 reduced the viability of each pathogen tested

125

by ~100-fold or more. In matched analyses, peptide P9
mediated substantial killing of Gram-negative bacterial species,
except E. cloacae, but had little to no effect on the viability of
Gram-positive organisms. In RPMI medium containing
physiologic levels of salts, peptide P1 retained significant
bactericidal activity against A. baumannii, E. cloacae, Salmonella
Typhi, E. faecium, and S. aureus. In contrast, peptide P9 lost its
capacity to kill any of the isolates examined.

The potential of CXCL10-derived peptides to kill the
fastidious Gram-negative pathogen Neisseria gonorrhoeae was
also evaluated (Figure 4C), using the organism-specific
gonococcal base liquid (GCBL) medium with Kellogg’s
supplements.”® In these experiments, two clinical isolates of
N. gonorrhoeae were assayed: FA1090 (a strain susceptible to
the current recommended treatment ceftriaxone) and HO41 (a
ceftriaxone-resistant, XDR isolate). Peptide P1 was found to
exert significant bactericidal effects against N. gonorrhoeae
regardless of the strain’s particular antibiotic-resistance profile.
Peptide P9 also killed each isolate examined; however,
reductions in bacterial viability were more modest.

Absence of Cross-Resistance between Colistin and
CXCL10-Derived Peptides. Colistin is a cationic, lipopeptide
antibiotic that targets bacteria through electrostatic inter-
actions with the anionic phosphate groups present on the lipid
A component of lipopolysaccharide (LPS),””*° a major
constituent of the outer membrane of Gram-negative bacteria.
Chemical modification of these phosphate groups abates the
negative charge of the bacterial cell envelope, prevents colistin
from localizing to its site of action, and confers resistance
against this antibiotic. Since analogous charge-based inter-
actions also underpin the activity of other antimicrobials,
colistin-resistant organisms may be less susceptible to other
bactericidal agents.31 Therefore, we evaluated whether colistin-
resistant bacterial strains exhibit cross-resistance against
CXCL10-derived peptides.

Likely the most concerning determinants of colistin
resistance are mobilized colistin resistance (mcr) genes,
plasmid-based loci which encode phosphoethanolamine trans-
ferase enzymes that catalyze the addition of phosphoethanol-
amine (pEtN) onto the phosphate groups of lipid A and
thereby replace anionic phosphates with cationic amines.”’
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Figure 4. Antimicrobial effects of peptides P1 and P9 against diverse antibiotic-resistant bacterial pathogens. Gram-negative bacteria (A. baumannii
ARO0304, P. aeruginosa AR0231, E. cloacae BL36213, S. enterica serovar Typhi BL31130, S. flexneri BL28504) and Gram-positive bacteria (E. faecium
AROS7S, S. aureus LAC) were exposed to (A) 5.6 uM of peptide P1, PS, or P9 in Kph buffer + 1% TSB for 2 h prior to cfu determination or (B) 50
UM of peptide P1, PS, or P9 in RPMI medium for 2 h prior to alamarBlue analysis. (C) N. gonorrhoeae (Ng) strains FA1090 and H041 were
exposed to SO M of the indicated peptide in 0.2X GCBL medium for 3 h prior to alamarBlue analysis. (D) E. coli (Ec) clinical isolate FI-4531 and
strain JS3 or K. pneumoniae (Kp) strain 13883 (with or without the plasmid-encoded colistin resistance determinant mcr-1), as well as (E) colistin-
resistant Kp isolates BA2664 and MS84 (that harbor genetic alterations of pmrB or mgrB, respectively), were exposed to SO uM of peptide P1, PS,
or P9 in RPMI medium for 2 h prior to alamarBlue analysis. In all panels, data are expressed as a percentage of the untreated control and report the
mean + SD of n = 3 experiments; nd = none detected. ***p < 0.001 and **p < 0.01 as compared to peptide PS5 by one-way ANOVA with

Dunnett’s multiple comparisons test; ns = not significant.

The ability of CXCL10-derived peptides P1 and P9 to kill
colistin-resistant, mcr-1-positive bacterial strains was evaluated
using the E. coli clinical isolate FI-4531 that expresses mcr-1,
and also pairs of isogenic E. coli and K. pneumoniae strains that
do, or do not, harbor mcr-1 (Figure 4D). Peptide P1 was found
to kill each mcr-1-positive strain tested; these bactericidal

1

26

effects were greater than or equal to those observed against
matched, colistin-susceptible strains. As expected due to the
inability of peptide P9 to exert antimicrobial activity in
physiologic medium, the viability of peptide P9-treated
bacteria was undiminished and equivalent to that of organisms
exposed to the peptide PS negative control.
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Figure S. Hemolytic, cytotoxic, and chemotactic activities of peptides P1 and P9. (A) Human RBCs were exposed to 50 uM of the indicated
peptide, vehicle alone (dH,0), or 8 uM of the membrane-permeabilizing peptide melittin (positive control) in RPMI medium with 1% BSA and
without phenol red for 1 h. Hemolysis was determined using spectrophotometry (540 nm); data are expressed as a percentage of the fully
hemolyzed control (1% Triton X-100). (B) Human T-cells were exposed to peptide P1, PS, or P9 (50 M), vehicle alone, or 70% ethanol (EtOH)
in RPMI medium + 1% BSA for 2 h. Cell viability was measured by LIVE/DEAD staining. Data are expressed as the percentage of dead cells. (C)
Surface expression of CXCR3 on CD3/CD28-stimulated human T-cells as determined using flow cytometry. Histograms show the fluorescence
intensities of singlet, CD4S" cells stained with phycoerythrin (PE)-conjugated anti-CXCR3 (red) or isotype control (gray) antibodies. CXCR3
expression on CD4" and CD8" T-cell subsets are presented in Figure S2. (D) Migration of CXCR3-expressing human T-cells in response to
vehicle-alone, full-length human CXCL10 (0.1 nM), or the indicated concentration(s) of peptide P1 or PS. Data are expressed as chemotactic index
(migrated cells in treatment group/migrated cells in buffer-only control); a chemotactic index greater than 1 (dashed line, ---) indicates
chemoattraction. Panels A, B, and D report the mean + SD from n = 3—4 donors; panel C shows representative plots from n = 3 donors. ***p <
0.001 and *p < 0.0S as compared to the vehicle-alone control by one-way ANOVA with Dunnett’s multiple comparisons test; ns = not significant.

In addition to mobile determinants, colistin resistance can
also arise from chromosomal mutations that dysregulate the
regulatory networks governing LPS modification. Major
examples include point mutations among genes encoding the
two-component systems PmrA/B and PhoP/Q, or genetic
disruption of MgrB (a negative regulator of PhoP/Q
signaling), that lead to the constitutive expression of enzymes
that synthesize 4-amino-4-deoxy-L-arabinose (L-Ara4N) and
catalyze its addition to the phosphate groups of lipid A.*” Like
pEtN addition, this modification reduces the capacity of
colistin to target and kill bacteria. Peptide P1, but not peptide
P9, killed colistin-resistant K. pneumoniae clinical isolates
having a mutated pmrB gene (strain BA2664) or a disrupted
mgrB locus (strain MS84) (Figure 4E)."® That peptide P1 is
able to kill colistin-resistant pathogens with pEtN- or L-Ara4N
modified lipid A demonstrates an absence of cross-resistance,
and suggests charged-based interactions with the cell envelope
are not essential to peptide P1-mediated antimicrobial activity.

Host-Targeted Effects of CXCL10-Derived Peptides.
To identify potential cytotoxic effects exerted by peptide P1 or
P9, experiments measuring human red blood cell (RBC)
hemolysis (Figure SA) and T-cell viability (Figure SB) were
conducted. Hemolysis was evaluated in RPMI medium with
1% bovine serum albumin (BSA) and without phenol red,
using spectrometry to quantify the release of hemoglobin from
lysed cells. Melittin, a 26-residue cytolytic peptide, was used as
a positive control and was observed to cause high levels of
hemolysis. RBCs treated with bactericidal concentrations of
peptide P1 or P9, as well as those exposed to peptide PS5 or
vehicle-alone (dH,0), demonstrated negligible hemolysis. The
viability of primary human T-cells was measured by
fluorescence-based LIVE/DEAD staining in RPMI medium
with 1% BSA. Exposure of T cells to 70% ethanol (positive
control) was found to eliminate nearly all viable cells. In
contrast, peptides P1, PS, and P9 were each well tolerated by T
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cells, with cellular viability equivalent to that of vehicle-alone
(less than 5% cell death). Thus, under the conditions tested,
CXCL10-derived peptides were not observed to kill primary
human cells.

The N-terminus and N-loop region of CXCL10 contain
many of the amino acid residues important for binding to, and
activating, the cellular chemokine-receptor CXCR3 that
functions in immune-cell recruitment.””*~>* Several determi-
nants critical to triggering receptor signaling (ie., arginine-S§,
valine-7, and especially arginine-8) precede the first conserved
cysteine residue and are contained in peptide P1. To
investigate the possibility that peptide P1 is chemotactic,
CXCR3-expressing human T-cells were prepared via CD3/
CD28 stimulation (Figures SC and S2), and then used in
ChemoTx cellular-migration assays (Figure SD). Full-length
human CXCL10 was used as a positive control and at a
concentration of 0.1 nM, which elicits a clear effect across
donors in this experimental system (Figure S3), produced a
chemotactic index (CI) of approximately 6 (meaning ~6-fold
more cells migrated in response to CXCL10 than to buffer-
alone). Peptide P1 did not exhibit chemotactic activity at
concentrations commensurate to CXCL10; however, at
bactericidal concentrations (e.g., 50 uM), peptide P1 induced
moderate levels of chemotaxis (CI of ~2). Matched micro-
molar-levels of peptide PS5, which contains the central 40’s loo
that stabilizes the interaction of CXCL10 with CXCR3,**>*
did not elicit T-cell migration. In sum, although the
chemotactic effect of peptide P1 appears specific to this N-
terminal derivative, a large excess of peptide is needed to
induce cellular migration as compared to the full-length
CXCL10 protein.

Analysis of Peptide P1 and P9 Secondary Structure.
Since peptide secondary structure can be a decisive factor in
antimicrobial activity, the principal structural elements of
peptide P1 (Figure 6A) and P9 (Figure 6B) were determined
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Figure 6. Determination of peptide secondary structure. CD spectra
of peptide P1 (A) and P9 (B) were obtained at 25 °C following pre-
incubation (1 h at 37 °C) with Kph buffer-only, 50% TFE, or 800 yM
of liposomes prepared from E. coli polar lipids (PL). Data are
expressed as mean residue ellipticity and report the mean of n = 3—4
scans. Solvent/reagent controls were measured in parallel and are
presented in Figure S4.

using circular dichroism (CD) spectroscopy in three environ-
ments: (i) Kph buffer-only, as well as buffer with (i) 50%
2,2,2-trifluoroethanol (TFE; an organic solvent that promotes
and stabilizes the formation of secondary structures, especially
a-helices™) or (iii) liposomes prepared from E. coli polar lipids
(a mimetic of Gram-negative bacterial membranes). Solvent/
reagent controls without peptide generated little or no CD
signal between 190 and 250 nm (Figure S4).

Peptide P1 is mostly derived from the unstructured N-
terminal region of CXCL10. Expectantly, the CD spectrum of
peptide P1 in Kph buffer resembled that of a disordered/
unstructured random coil (negative peak at 196 nm and low
ellipticity above 210 nm). No regular secondary structure was
evident for peptide P1 in 50% TFE either. In contrast, when
exposed to liposomes that mimic bacterial membranes, the
spectrum of peptide P1 shifted considerably and exhibited
characteristics typical of -sheet structure (positive peak at 192
nm, negative peak at 220 nm). Spectral analysis using BeStSel,
a structure determination and fold recognition Web server,>®
estimated that in this membrane-mimetic environment, the
secondary structure content of peptide P1 was predominately
antiparallel f-sheet (60%) and turn (12%).

The majority of peptide P9 corresponds to the C-terminal a-
helix of CXCL10, yet this native conformation was not
observed by CD spectroscopy for peptide P9 in Kph buffer.
Rather, the spectrum of peptide P9 in buffer alone matched
that of a random coil. In contrast, a-helical secondary structure
was evident in the CD spectra of peptide P9 in 50% TFE and,
even more so, in the presence of liposomes prepared from E.
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coli polar lipids (positive peak at 190 nm, negative peaks at 206
and 222 nm). BeStSel analysis of the latter peptide P9
spectrum estimated a-helix (35%) to be the main element of
secondary structure, though turn (18%) and antiparallel f-
sheet (12%) features were also predicted.

Stabilizing the a-Helicity of Peptide P9 through
Hydrocarbon Stapling. Although derived from the a-helical
C-terminus of CXCL10, CD spectroscopy shows that peptide
P9 requires a particularly conducive environment (e.g., TFE,
bacterial membrane mimetics) in order to adopt this native
conformation. Perhaps analogously, peptide P9 exerts bacter-
icidal effects only against Gram-negative bacteria in low-salt
medium—conditions that generally favor a-helicity.””*® In-
deed, physiologic levels of salts are well known to diminish the
antimicrobial effects of many a-helical peptides, presumably
owing to the disruption of molecular forces that underpin
conformational stability (e.g., hydrogen bonding, electrostatic
ion-pair interactions).”” """ Toward promoting the a-helical
secondary structure of peptide P9, and thereby possibly
enhancing the antimicrobial actions of this peptide, we pursued
a chemical approach in which a pair of alkene-bearing
unnatural amino acids are inserted, and then coupled by
metathesis, to form a stabilizing hydrocarbon brace or “staple”
along one face of the a-helix.*

To identify the amino acid residues of peptide P9 that could
potentially be replaced by those amenable to hydrocarbon
stapling, we generated an alanine-scan library of peptide P9
variants and tested these peptides for bactericidal effects
against K. pneumoniae in low-salt medium (Figure 7A). Among
the amino acids that could be replaced without reducing
bacterial killing under these permissive conditions was
asparagine-8. Advantageously, this residue is separated from
alanine-12 by four positions, which is ideal spacing for
generating a single-turn staple.*” To this end, the native
residues at positions 8 and 12 of peptide P9 were substituted
with alkene-bearing (S)-pentenyl alanine (SSA) residues that
were then stapled via ring-closing metathesis using Grubbs’
first-generation catalyst (Figure SSA). Analytical high-perform-
ance liquid chromatography (HPLC) and matrix-assisted laser
desorption/ionization (MALDI) time-of-flight (TOF) mass
spectrometry were used to confirm the successful installation
of the staple (Figure SSB,C). Representations of CXCL10-
derived peptide P9, as well as the pre-stapled and stapled
peptide variants, are presented in Figure 7B; corresponding
helical-wheel diagrams that indicate the relative positions of
amino acid residues are shown in Figure S6.

The effects of unnatural amino acid substitutions and
stapling on the secondary structure of peptide P9 were
determined using CD spectroscopy (Figure 7C). In contrast to
the spectrum obtained from unmodified peptide P9 in buffer
alone, which corresponded to a random-coil conformation, the
spectra for pre-stapled and stapled peptide P9 were consistent
with a-helical secondary structure. In particular, stapled
peptide P9 had negative peaks at 206 and 222 nm that
exceeded those for either the pre-stapled peptide or
unmodified peptide P9 in the presence of 50% TFE. As a
measure of a-helix stability, melting curves were generated at
222 nm for the P9 series of peptides (Figure 7D). The negative
peak at 222 nm for both pre-stapled and stapled peptide P9
diminished only slightly as temperature increased. That no
abrupt and significant loss of signal was observed suggests that
each peptide variant was generally stable against thermal
denaturation. Full-spectrum scans following heating then
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Figure 7. Design and derivation of stapled peptide P9. (A) Alanine scan of peptide P9. K. pneumoniae BL13802 was exposed to 5.6 uM of
individual variant peptides, each containing a single alanine substitution at the designated position, in Kph buffer + 1% TSB for 2 h. Individual
samples were then combined 1:1 with 2X LB medium and bacterial survival was measured by alamarBlue analysis The 22 amino acid native
sequence of peptide P9 is indicated in black text (left); positions already containing an alanine were not tested (nt). Data are expressed as a
percentage of the untreated control (RFU) and report the mean + SD of n = 3—4 experiments. ***p < 0.001, **p < 0.01, and *p < 0.0S as
compared to peptide PS by one-way ANOVA with Dunnett’s multiple comparisons test; ns = not significant. (B) Representations of unmodified
(top), pre-stapled (middle), and stapled (bottom) peptide P9. Substitutions with (SSA) residues at positions 8 and 12 are marked in red; Ac = N-
terminal acetylation, NH, = C-terminal amidation. (C) CD spectra of peptide P9 + 50% TFE, as well as pre-stapled and stapled peptide P9 in 10
mM phosphate-buffered saline (PBS; 40 uM peptide at 25 °C). Data are expressed as mean residue ellipticity and report the mean of n = 3—4
scans. (D) Single-wavelength (222 nm) melting curves obtained from the indicated P9 series peptide (40 uM peptide, S to 95 °C at S °C/min).
Data are expressed as mean residue ellipticity and report the mean of n = 3—4 scans.

cooling, demonstrated that minor losses in secondary structure
were reversible (Figure S7).

Antimicrobial Effects of Stapled Peptide P9 against
Bacterial Pathogens. By stabilizing the a-helical secondary
structure of peptide P9, we expected to improve the capacity of
this peptide to kill bacteria under physiologic conditions.
Indeed, unlike peptide P9 (Figure 2A), both pre-stapled and
stapled peptide P9 were found to exert bactericidal activity
against B. anthracis vegetative bacilli in tissue-culture medium
with serum (Figure 8A). These effects were concentration
dependent with ECg, values of ~4—5 uM, and killing was
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similar against AftsX B. anthracis bacilli. In contrast to peptide
P9, both a-helical variants prevented B. anthracis spore
germination and vegetative outgrowth as determined by light
microscopy (Figures 8B and S8). Viability determination +
heat treatment also indicated reduced spore germination 6 h
following peptide exposure, as well as modest reductions in the
viability of ungerminated spores as compared to the initial
inoculum (Figure 8C).

The bactericidal effects of pre-stapled and stapled peptide P9
were also assessed against antibiotic-resistant clinical isolates
representing a diverse range of pathogenic bacterial species
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Figure 8. Antimicrobial effects of P9 series peptides against B. anthracis. (A) wt and AftsX B. anthracis bacilli were exposed to increasing
concentrations of pre-stapled and stapled peptide P9 in DMEM + 10% FBS for 4 h. Bacterial survival was measured using alamarBlue. Data are
expressed as a percentage of the untreated control (RFU) and report the mean + SD of n = 3 experiments. Fitted curves were generated by non-
linear regression (sigmoidal dose—response, variable-slope equation) and used to calculate the ECgy + 95% confidence interval for both peptides
against each B. anthracis strain examined: wt + pre-stapled P9 (ECg = 4.3 + 0.4 uM; R? = 0.99), AftsX + pre-stapled P9 (ECy, = 5.0 + 1.2 uM; R
=0.96), wt + stapled P9 (ECg = 8.5 + 0.9 uM; R* = 0.96), AftsX + stapled P9 (ECgy = 9.6 + 1.0 uM; R* = 0.97). (B) Photomicrographs of B.
anthracis spores exposed to buffer-only (untreated control) or SO #M of the indicated peptide in RPMI medium +5% FBS. Representative images
from >12 fields (n = 3 experiments) are shown at 500X magnification for the ¢ = 0 and 6 h time points; scale bar = 10 m. Expanded fields of view
are shown in Figure S8. (C) The viability of B. anthracis at 6 h following peptide exposure was quantified using cfu determination + heat treatment
to distinguish heat-resistant spores from heat-sensitive germinating organisms and bacilli; the initial spore inoculum is displayed as a dotted line
(---). Data are expressed as cfu/mL (log;,) and report the mean + SD. A representative data set from n = 4 experiments is shown. ***p < 0.001 and
*p < 0.05 as compared to the respective untreated control by one-way ANOVA with Dunnett’s multiple comparisons test.

(Figure 9A). Each of the a-helical peptide P9 variants treated cells, respectively (Figure 9E, left). In X-VIVO 15, a

exhibited antimicrobial activity against both Gram-positive serum-free hematopoietic cell medium, these cytotoxic effects
and Gram-negative organisms in tissue-culture medium—a were greatly reduced (Figure 9E, right). Irrespective of the
marked improvement over unmodified peptide P9. XDR A. culture medium, the pre-stapled variant exerted significantly

baumannii, VRE, MRSA, and N. gonorrhoeae were observed to more cytotoxicity than stapled peptide P9.
be particularly susceptible to these peptide-mediated actions.

Conversely, the viability of P. aeruginosa was not affected by Bl DISCUSSION

any P9 series peptide tested. This observation may reflect the
extensive arsenal of proteases secreted by P. aeruginosa, which
includes enzymes previously found to target host chemo-

The chemokine CXCLI0 is a central mediator in host defense
against infectious diseases.”** While the molecular features
responsible for eliciting receptor-dependent actions such as

kines."” immune-cell migration and activation are increasingly well

Pre-stapled and stapled peptide P9 also killed colistin- understood,”**** the determinants of CXCL10-mediated
resistant K. pneumoniae and E. coli strains (Figure 9B,C, antimicrobial effects have not been previously identified. In
including strains that harbor plasmid-based mcr genes (Figure this study, using peptide-based mapping and structure/
9C). Generally, the bactericidal effects of pre-stapled and function analyses, we discovered two discrete and unalike
stapled peptide P9 were equivalent; however, in some domains in the N- and C-terminal regions of human CXCL10
instances (e.g, S. flexneri, K. pneumoniae MS84) the pre- that kill bacteria. Peptides derived from each of these domains
stapled variant outperformed stapled P9. Regarding eukaryotic- exerted broad-spectrum antimicrobial activity against diverse
cell viability, neither pre-stapled nor stapled peptide P9 exerted Gram-positive and Gram-negative bacterial species, including
hemolytic effects against human RBCs (Figure 9D). These organisms identified by the CDC as urgent (e.g., carbapenem-
peptides were less well tolerated by primary T-cells. resistant Acinetobacter and Enterobacteriaceae) or serious (e.g.,

Specifically, in RPMI medium with 1% BSA, pre-stapled and MRSA, VRE, and drug-resistant Salmonella) antibiotic-
stapled peptide P9 killed approximately 75% and 45% of resistance threats.'” Our findings provide new insight into
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Figure 9. Pathogen- and host-targeted activities of P9 series peptides. (A) Gram-negative (K. pneumoniae BL13802, A. baumannii AR0304, P.
aeruginosa AR0231, E. cloacae BL36213, S. enterica serovar Typhi BL31130, S. flexneri BL28504) and Gram-positive (E. faecium AR0S7S, S. aureus
LAC) antibiotic-resistant clinical isolates were exposed to S0 #M of unmodified, pre-stapled, or stapled peptide P9 in RPMI medium for 2 h. The
Gram-negative pathogen N. gonorrhoeae (Ng; strain FA1090 and XDR clinical isolate H041) was also treated with P9 series peptides, but in 0.2x
GCBL medium for 3 h. (B) Colistin-resistant K. pneumoniae (Kp) isolates BA2664 and MS84, as well as (C) E. coli (Ec) clinical isolate FI-4531 and
strain JS3 or Kp strain 13883 (with or without the plasmid-encoded colistin resistance determinant mcr-1), were exposed to 50 M of the indicated
peptide in RPMI medium for 2 h. Bacterial viability was measured by alamarBlue analysis. Killing data are expressed as a percentage of the
untreated control (RFU) and report the mean + SD of n = 3—4 experiments; nd = none detected. ***p < 0.001, **p < 0.01, and *p < 0.0S as
compared to unmodified peptide P9 by one-way ANOVA with Dunnett’s multiple comparisons test; ns = not significant. (D) Human RBCs were
exposed to the indicated peptide (S0 M), vehicle alone (dH,0), or the positive control melittin (8 4M) in RPMI medium + 1% BSA for 1 h.
Hemolysis was determined using spectrophotometry (540 nm). Data are expressed as a percentage of the fully hemolyzed control (1% Triton X-
100) and report the mean + SD from n = 3 donors. (E) Viability of CXCR3-expressing human T-cells as measured by LIVE/DEAD staining
following a 2 h exposure to the indicated peptide (50 uM), vehicle alone (dH,O), or 70% ethanol (EtOH) in RPMI medium + 1% BSA (left) or X-
VIVO 1S5 medium (right). Data are expressed as the percentage of dead cells and report the mean = SD from n = 3 donors. ***p < 0.001 and *p <
0.05 as compared to the vehicle-alone control, or between specified groups, by one-way ANOVA with Tukey’s multiple comparisons test.

chemokine biology and establish a novel translational acids of the mature chemokine, kills an array of bacteria under
foundation for the development of CXCL10-derived peptides a range of conditions, including in physiologic media with and
to treat infections caused by clinically challenging bacteria. without serum. The discovery of a robust antimicrobial domain
Our current research shows that the CXCL10-derived within the unstructured N-terminal region of CXCL10 expands
peptide P1, which comprises the first 14 N-terminal amino the traditional paradigm of chemokine-mediated bactericidal
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activity beyond the original focus on the C-terminal q-helix.®
Moreover, as the N-terminus of CXCL10 is also important for
binding and activating the cognate cellular receptor
CXCR3,’**" our findings demonstrate physical overlap
between determinants important for bactericidal and recep-
tor-agonist activities. In particular, antimicrobial peptide P1
contains a three-residue amino acid motif (i.e., threonine—
valine—arginine) that is fundamental to receptor recognition
and signaling by CXCL10.***** Consistent with this
circumstance, peptide P1 can elicit chemotaxis by CXCR3-
expressing human T-cells. These chemotactic effects, however,
are markedly less than those exhibited by the full-length
chemokine, presumably because peptide P1 lacks additional
constituents in the N-loop region and f-sheet scaffold of
CXCL10 that also contribute to high-affinity receptor
binding.*** Although the demonstrated overlap of host- and
pathogen-targeted activities is, so far, unique to CXCL10, an
analogous arrangement may be present in other chemokines.
For instance, the N-terminal regions of CXCL6 and CXCL14
have also been associated, to varying degrees, with bactericidal
effects.***” Interestingly, the N-terminus of CXCL10, and
many chemokines, is a major site of post-translational
modification in vivo (e.g, proteolysis, citrullination, glyco-
sylation),*® raising the possibility that antimicrobial and
receptor-based activities can be regulated or deployed
independently.

The C-terminal region of CXCL10 contains a cationic a-
helix with alternating stretches of hydrophilic and hydrophobic
amino acid residues. Similar amphipathic structures are
common among antimicrobial peptides,”’ and therefore, the
C-terminus of CXCL10 has long been predicted to exert
bactericidal effects.'® The current research substantiates this
capacity for the first time: P9 series peptides derived from the
C-terminal region of CXCL10 were found to kill a range of
bacterial species. These effects, however, were critically
dependent on the presence of an ordered a-helix. In the full-
length chemokine, this structural feature appears to be
stabilized by extended hydrophobic contacts along the
interface between the a-helix and strands of the adjacent f-
sheet.”* In the absence of this protein context, peptides
comprising native C-terminal sequences of CXCL10 (e.g,
unmodified peptide P9) were not able to assume a-helical
secondary structure, or kill bacteria, under physiologic
conditions. Thus, while our structure/function and alanine-
scanning data highlight the importance of the linear
amphipathic design of the a-helix in CXCL10-mediated
antimicrobial effects, intramolecular interactions with neigh-
boring portions of the chemokine are likely to enable and/or
enhance bactericidal actions by the C-terminal region of
endogenous CXCL10.

To functionalize the C-terminal antimicrobial domain of
CXCL10 as a discrete and working peptide, we used
hydrocarbon stapling to effectively induce and brace a-helical
structure.*” Accordingly, stapled peptide P9 exhibited durable
a-helicity and significant bactericidal activity in medium with
physiologic levels of salt. While not as structurally ordered as
the stapled peptide, pre-stapled peptide P9, which contains
non-coupled SSA residues, was also observed to adopt an a-
helical conformation and kill bacteria. This finding indicates
that substituting in alkene-bearing (i.e., more hydrophobic)
SSA residues along the nonpolar face of the amphipathic a-
helix was alone sufficient to appreciably stabilize a-helical
secondary structure. Increased hydrophobicity, however, was
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also associated with greater cytotoxicity against human T-cells,
especially by the pre-stapled peptide. The correlation between
enhanced hydrophobicity and a loss of bacterial-cell selectivity
has been reported for other antimicrobial peptides.*””
Constructively, effects against eukaryotic cells can typically
be diminished or entirely eliminated (while retaining
bactericidal activity) using strategies such as varying the
length, position, and/or composition of the connecting staple
to rebalance amphipathicity.”">>

By also considering prior mechanistic studies in B. anthracis,
the current investigations reasonably identify the separate
mechanisms by which the N- and C-terminus of CXCL10 exert
bactericidal effects against this biodefense pathogen. Of the
two known mechanisms by which CXCL10 kills B. anthracis
bacilli, perhaps the most intriguing involves the bacterial target
FtsX, the membrane-bound component of the FtsE/X
mechano-transmission complex that regulates the activation
of peptidoglycan hydrolases essential to bacterial growth,
division, and viability.22’23’53 In CXCL10-treated bacilli, FtsE/
X becomes dysregulated, resulting in a loss of peptidoglycan
integrity and subsequent cell lysis.”’ Genetic deletion of ftsX
reduces B. anthracis susceptibility to CXCL10.'**>** The
current research found that AftsX bacilli are also less
susceptible to the antimicrobial effects of peptide P1, but not
stapled peptide P9, suggesting that the N-terminal antimicro-
bial domain of CXCL10 mediates FtsX-dependent bactericidal
activity against B. anthracis. Interestingly, CXCL10 has been
proposed to interact directly with FtsX owing to homology
between this bacterial protein and CXCR3,'”*” the cellular
receptor of CXCL10. The capacity of peptide P1 to kill
bacteria and elicit chemotaxis by host immune cells is suited to
this possibility. The second known mechanism of CXCL10-
mediated antimicrobial activity is a comparatively non-specific
disruption of membrane barrier function that collapses
transmembrane potential and causes bacterial-cell death.””*’
As discussed throughout this work and others,*1%*1* the
amphipathic a-helical character of the C-terminal region of
CXCL10 is highly aligned with this membrane-targeted mode-
of-action.

The human and economic burdens of antibiotic-resistant
bacteria are significant and growing.'”*> Toward combating
these pathogens, the demonstrated capacity of CXCLI10-
derived peptides to kill difficult-to-treat MDR and XDR
bacteria is therapeutically attractive. The N-terminal peptide
Pl exerts broad-spectrum antimicrobial activity without
causing hemolytic or cytotoxic effects under the conditions
tested in this work. These qualities are a good starting point for
antimicrobial-drug development; however, the translational
prospects of peptide P1 will first depend on the ability to
dissociate its dual host- and pathogen-targeted activities.
Indeed, at bactericidal levels, peptide P1 elicits a phenotypic
response from CXCR3-expressing immune cells. Potentially
then, the administration of peptide P1 may disrupt cellular
trafficking and/or provoke inflammatory damage in vivo.> >’
Straightforward modifications like changing the length and/or
amino acid composition of peptide P1 may be sufficient to
preclude receptor-dependent actions, while also providing an
opportunity to enhance bacterial killing. Regarding the C-
terminus of CXCL10, functionalizing an a-helical antimicrobial
domain as a stand-alone peptide is frequently limited by poor
structural/functional resilience in physiologic environments. In
response, stapling strategies that stabilize peptide structure and
enable activity, like the approach used here to engineer the
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widely functional stapled peptide P9, provide effective avenues
to generate peptides with durable a-helicity and a correspond-
ing increase in therapeutic utility.">** The further development
of stapled peptide P9 will benefit from improved host-cell
cytocompatibility, possibly achieved by using previously
successful approaches that modify the connecting staple or
conjugate the peptide to another biomolecule such as a
polymer.”"*® Ultimately, future studies that include specifically
tailored lead-optimization programs will be needed to
effectively assess the therapeutic utility of antimicrobial
CXCL10-derived peptides for treating infections caused by
antibiotic-resistant bacteria.

B CONCLUSION

The chemokine CXCLI10 functions in host defense against
infection by guiding immune cell traffic and killing micro-
organisms. The antimicrobial determinants of CXCL10, and
how they relate to those important for cellular effects, have not
been previously defined. Here, we report the discovery of
disparate bactericidal domains in the N- and C-terminal
regions of human CXCL10. A 14-mer peptide derived from the
N-terminus of CXCL10, peptide P1, killed a broad spectrum of
Gram-positive and Gram-negative bacteria, including B.
anthracis spores and many organisms with extensive drug-
resistant phenotypes such as clinical isolates of carbapenem-
resistant A. baumannii and K. pneumoniae. Peptide P1 coincides
with a major determinant of immune cell migration and
exhibited modest chemotactic activity. A 22-mer peptide that
comprised the C-terminal a-helix of CXCL10, peptide P9, was
also found to be bactericidal, but only under conditions in
which the peptide could form a-helical secondary structure. To
overcome this limitation, we engineered a variant peptide using
hydrocarbon stapling to promote a-helicity and improve
functional resilience. Stapled peptide P9 exerted antimicrobial
effects against a wide range of bacterial species in physiologic
media. Our findings provide unique insight into the
determinants of chemokine function. Moreover, that the
bactericidal domains of CXCL10 can be functionalized as
stand-alone peptides creates a foundation for the development
of novel therapeutics to treat infections caused by antibiotic-
resistant bacteria.

B METHODS

Bacteria and Culture Conditions. The bacterial strains
and clinical isolates used in this study are presented in Table 1.
Bacteria were cultured in brain-heart infusion (BHI) broth (B.
anthracis, B. subtilis, and E. faecium), GCBL medium
containing Kellogg’s supplements (N. gonorrhoeae),”® or
lysogeny broth (LB) Lennox (all other organisms examined
herein). For preparing logarithmic-phase bacterial inoculums,
organisms were grown overnight, and then sub-cultured, at 37
°C with continuous shaking (250 rpm) in tubes with loose-
fitting caps; exceptions were E. faecium (150—200 rpm with
sealed cap) and N. gonorrhoeae (end-over-end rotation with
sealed cap). K. pneumoniae strains derived from ATCC 13883
and harboring an empty or mcr-I1-encoding pBCSK construct,
were grown overnight and sub-cultured in the presence of 50
ug/mL chloramphenicol. E. coli strain JS3 (mcr-1+) was grown
overnight in the presence of 1 ug/mL freshly prepared colistin.
B. anthracis Sterne 7702 spores were prepared in Difco
Sporulation Medium and purified by density gradient
centrifugation over Percoll.'" In this report, “multidrug-
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Table 1. Bacterial Strains Used in This Study

bacterium strain biosample no. ref(s)
B. anthracis Sterne 7702 (BA663) SAMNO07523111 15, 62
B. anthracis Sterne 7702 AftsX not designated 13
B. subtilis 168 (ATCC 23857) SAMEA3138188 63
K. pneumoniae BL13802 SAMNO0S5213500 18, 64
(CFSAN044570)
A. baumannii  AR0304 SAMNO04901694 65
P. aeruginosa ~ AR0231 SAMNO04901621 65
S. Typhi BL31130 SAMN10086808 this
(CFSAN059647) work”
S. flexneri BL28504 SAMN10086692 66
(CFSAN059650)
E. cloacae BL36213 SAMN10086738  this work
(CFSAN059636)
E. faecium ARO0S57S SAMN11954007 65
S. aureus LAC (USA300) SAMNO08391108 67
N. FA1090 SAMNO02604088 28, 68
gonorrhoeae
N. HO041 (WHO X) SAMEA2448468 69, 70
gonorrhoeae
K. pneumoniae  MS84 (CFSAN044565) SAMNO0S5213496 18, 64
K. pneumoniae BA2664 (CFSAN044571)  SAMNO0S5213501 18, 64
K. pneumoniae ATCC 13883 pBCSK not designated 18, 71
K. pneumoniae  ATCC 13883 pBCSK:: not designated 18, 71
mecr-1
E. coli FI-4531 not designated 18, 72
E. coli Js3 SAMNO08874679 73
E. coli J53 mer-1 not designated 18

“The results of antimicrobial susceptibility testing for bacterial strains
not previously reported are presented in Figure S9.

resistant” bacteria are defined as those with acquired resistance
against at least one approved and useful agent in 3 or more
antimicrobial categories; “extensively drug-resistant” bacteria
are defined as resistant to at least one agent in all but 2 or
fewer categories.”” All bacteriologic research was conducted
using biosafety level-2 precautions under the approval of the
Institutional Biosafety Committee at the University of Virginia.

Peptides. CXCL10-derived peptides, as well as sequence-
scrambled and substitution variants, were synthesized by
GenScript Biotech Corporation (Piscataway, New Jersey,
USA) using solid-phase peptide synthesis. Peptides were
amidated at their C-terminus and purified (>95%) using
reverse-phase HPLC. Peptide mass was confirmed by electro-
spray ionization mass spectrometry. The cytolytic peptide
melittin was obtained from MilliporeSigma (Burlington,
Massachusetts, USA). All peptides were received as lyophilized
samples and stored at —20 °C. Prior to use, peptides were
reconstituted in sterile dH,O, aliquoted into low-retention
microtubes, and stored at —80 °C.

Pre-stapled and stapled peptide P9 were synthesized in-
house using a CEM Corporation (Matthews, North Carolina,
USA) Liberty Blue automated, microwave-assisted solid-phase
peptide synthesizer via Fmoc methods on Rink amide resin
(0.3 mmol/g substitution). Unless otherwise noted, reagent
purities were >99%. Fmoc deprotection was performed using
20% (v/v) piperidine in dimethylformamide (DMF). Coupling
reactions were performed using Fmoc-protected amino acids
(02 M in DMF) obtained from Advanced Chemtech
(Louisville, Kentucky, USA), and the coupling agents
diisopropyl carbodiimide (1 M in DMF) and Oxyma Pure
(1 M in DMF), at 90 °C for 4 min. To prevent detrimental
interactions between the N-terminal amine and the metathesis
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catalyst, acetyl capping of the N-terminus was achieved by
reaction with acetic anhydride (>98% pure; 1 mM in DMF),
in the presence of N,N-diisopropylethylamine (0.1 mM in
DMF) from MilliporeSigma.

To facilitate stapling, both the asparagine residue at position
8 and the alanine residue at position 12 of peptide P9 were
replaced with the unnatural amino acid Fmoc-(S)-2-(4-
pentenyl)-Ala-OH (>97% pure), yielding the peptide
PESKAIK(SSA)LLK(SSA)VSKERSKRSP. Stapling was then
achieved on-resin through a ring-closing metathesis reaction
between the SSA residues according to an application note
from CEM Corporation.”” Briefly, a 10 mM solution of
Grubbs’ first-generation catalyst (>97% pure), obtained from
MilliporeSigma, was prepared in dichloroethane (DCE) and
deoxygenated for 20 min at room temperature with bubbled
nitrogen gas. Peptide-functionalized resin was washed with
DCE to remove DMF, then combined with 5 mL of the
prepared catalyst solution. This mixture was reacted for 30 min
at 40 °C, washed with DCE, and then reacted a second time
under the same conditions. Pre-stapled peptide P9 was not
subjected to the ring-closing metathesis reaction. Peptides
were cleaved from the resin during a 3 h, room-temperature
incubation in a cleavage cocktail consisting of 92.5% (v/v)
trifluoroacetic acid (TFA), 2.5% triisopropylsilane (98% pure),
2.5% 2,2'-(ethylenedioxy)diethanethiol (95% pure), and 2.5%
distilled water.

Pre-stapled and stapled peptide P9 were isolated by
precipitation in cold diethyl ether and centrifugation (4800g
for S min at 4 °C). After the removal of ether under vacuum,
and resuspension in 95% dH,O, 5% acetonitrile (each
containing 0.1% TFA), peptides were purified by preparative-
scale reverse-phase HPLC using a Waters (Milford, Massachu-
setts, USA) Empower chromatography system and XBridge
Prep C18 5 pum optimum bed density chromatographic
separation column. Peptides were eluted using an AB linear
gradient of 1.6% acetonitrile per min from 5 to 40%, followed
by an AB linear gradient of 0.2% acetonitrile per min from 40
to 45%, where eluent A was 0.1% aqueous TFA and eluent B
was 0.1% TFA in acetonitrile. Purified peptides were
lyophilized and stored at —20 °C. Purity (>95%) was
confirmed by analytical reverse-phase HPLC using a Waters
€269S Alliance Separations Module and XBridge C18 3.5 um
chromatographic separation column. Analytical HPLC was
performed using an AB linear gradient of 6.2% acetonitrile per
min from 5 to 95%; eluent A and B were as indicated above.
Peptide mass was verified using MALDI-TOF mass spectrom-
etry performed by the University of Virginia Biomolecular
Analysis Research Core with a Bruker Microflex spectrometer.

Bacterial Killing. To measure the antimicrobial effects of
CXCL10-derived peptides against B. anthracis and B. subtilis
bacilli, logarithmic-phase bacteria (ODgqo & 0.6) were diluted
in DMEM containing 10% FBS and combined 1:1 with
medium alone or containing peptides/controls in the wells of a
tissue-culture treated plate (100 uL total volume; ~2.5 X 10°
cfu/mL). A reagent blank without bacteria was assayed in
parallel. Following incubation (4 h at 37 °C, 5% CO,), 10 uL
of the viability reagent alamarBlue, obtained from Thermo-
Fisher Scientific (Waltham, Massachusetts, USA), was added
to each well. The sample plate was protected from light using
aluminum foil and incubated until buffer-only controls
demonstrated a distinct change of color from blue to pink
(~30 min). Endpoint fluorescence (excitation $530/30 nm;
emission 580/20 nm) was measured using a VICTOR Nivo
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multi-mode plate reader by PerkinElmer (Waltham, Massa-
chusetts, USA). Bactericidal activity against N. gonorrhoeae was
similarly assessed, except that logarithmic-phase gonococci
were exposed to peptides/controls in 0.2X of supplemented
GCBL medium for 3 h at 37 °C, 5% CO, before the addition
of alamarBlue; endpoint fluorescence was measured after
overnight incubation (~16 h) under the same conditions.

The killing of other MDR Gram-negative bacteria (K.
pneumoniae, A. baumannii, P. aeruginosa, S. enterica serovar
Typhi, S. flexneri, E. cloacae) and Gram-positive bacteria (E.
faecium, S. aureus) following peptide exposure was measured by
cfu determination and/or alamarBlue analysis. For cfu-based
evaluations, logarithmic-phase bacteria (ODgy, ~ 0.6) were
diluted to 2.5 X 10°—4.0 X 10° cfu/mL in 10 mM Kph buffer
(pH 7.4) + 1% TSB (v/v). Bacterial suspensions (195 uL)
were combined with medium =+ peptides/controls, in the wells
of a tissue-culture treated plate. After incubation (2 h at 37 °C
with shaking), samples were mixed by pipet and used to
prepare serial dilutions in normal saline (0.9% NaCl, w/v),
which were plated onto LB agar in duplicate. Colonies were
enumerated following overnight growth at 37 °C.

For alamarBlue-based assessments, 2.5 X 10°—4.0 X 10° cfu/
mL of logarithmic-phase bacteria in RPMI 1640 medium with
2 mM L-glutamine and 25 mM HEPES buffer, or bacteria in
Kph buffer + 1% TSB, were treated as described above.
Reagent blanks without bacteria were included in each assay.
After incubation (2 h at 37 °C with shaking), SO uL of each
sample was combined 1:1, in triplicate, with 2X LB (Lennox)
medium in the wells of a fresh tissue-culture treated plate. Ten
microliters of alamarBlue was added to each well, and the plate
was incubated (37 °C, protected from light) until buffer-only
controls demonstrated a distinct change of color (1-3 h
depending on the bacterial species). Endpoint fluorescence was
measured using a VICTOR Nivo multi-mode plate reader.
Bacterial survival was calculated as a percentage of the species-
matched untreated control according to cfu totals or blank-
corrected relative fluorescence units.

Spore Germination and Viability. Prior to evaluating the
potential anti-spore effects of CXCL10-derived peptides, B.
anthracis spores (~2 X 107 cfu/mL in sterile dH,0) were
incubated in a sterile Corning (Corning, New York, USA)
Axygen Maxymum Recovery microtube for 30 min in a 70 °C
water bath; this step increases spore responsiveness to nutrient
germinants and eliminates any organisms that have lost
dormancy. After heating, the spore suspension was briefly
cooled at room temperature and then diluted to 1.5 X 10°—4.0
X 10° cfu/mL in RPMI medium with 5% FBS + individual
peptides. The specific inoculum was determined by cfu
determination performed in parallel by serial dilution in
dH,0 and plating on BHI agar plates. Aliquots (200 uL total)
of each experimental/control group were placed in duplicate
into the wells of a tissue-culture treated plate. Spore
germination and the outgrowth of vegetative bacilli in all
samples were assessed after incubation (6 h at 37 °C, 5% CO,)
using cfu determination + heat treatment (65 °C for 30 min
before plating) to distinguish between ungerminated, viable
spores (heat resistant) or germinating spores and bacilli (heat
susceptible). At t = 0 and 6 h, matching sample sets in separate
96-well plates were settled by brief centrifugation (200g for 1
min at room temperature) and visualized using an Olympus
(Waltham, Massachusetts, USA) IX71 inverted microscope
equipped with a 20X relief-contrast objective and DP28 digital
camera. Camera control, image capture, and scaling were
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performed with cellSens v3 software (Olympus); the contrast
and sharpness of photomicrographs were improved equally
across all images using Adobe (San Jose, California, USA)
Photoshop Elements software. At least 4 randomly chosen
fields from each sample well per experiment were photo-
graphed. All results were authenticated using a second spore
preparation.

RBC Hemolysis. Human subjects research was approved by
the University of Virginia Institutional Review Board for
Health Sciences Research (IRB-HSR; protocols #13909 and
#18904). Human whole blood was collected by venipuncture
and separated by density gradient centrifugation over Ficoll-
Paque. Five milliliters of the RBC layer was combined with 45
mL of PBS (pH 7.4) in a 50 mL conical tube; the sample was
mixed by inversion and spun at 500g for 10 min at room
temperature. RBCs were washed twice more as above, then
diluted 1:20 (v/v, 5% final) in RPMI 1640 medium with 2 mM
L-glutamine and 25 mM HEPES buffer, but without phenol
red, and supplemented with low-endotoxin BSA (v/v, 1% final)
obtained from MilliporeSigma. Washed RBCs (180 uL) were
combined in triplicate with peptides/controls (20 yL) in the
wells of a round-bottom, tissue-culture treated plate. After
incubation (1 h at 37 °C, 5% CO,), the plate was spun at S00g
for S min and sample supernatants (100 uL) were transferred
to a clear-bottom, black-wall microplate. Absorbance (540/10
nm) was measured using a VICTOR Nivo multi-mode plate
reader and normalized according to min-max scaling using
RBCs exposed to buffer alone (analytical blank) or 1% Triton
X-100 (complete hemolysis) to calculate percent hemolysis.

T-Cell Culture, Viability, and Chemotaxis. Peripheral
blood mononuclear cells (PBMCs) were obtained from
Ficoll-Paque separations of human whole blood (described
above for RBC Hemolysis), and washed once each in room
temperature PBS (pH 7.4) and c-RPMI (RPMI medium
containing 25 mM HEPES buffer, 10% FBS, 2% penicillin-
streptomycin, and 1% L-glutamine); centrifugation was
performed at 500g for 7 min at room temperature. Washed
PBMCs were suspended at 1 X 10° cells/mL in c-RPMI
containing 100 IU/mL interleukin (IL)-2. CD3/CD28
Dynabeads were added to the culture (3:1, beads to cells) to
activate/expand the T-cell population and induce the
expression of CXCR3. After incubation (48 h at 37 °C, 5%
CO,), Dynabeads were removed from the culture using a
magnetic separator. Four days post-stimulation, and every 2—3
days thereafter up to day 14, cell counts were performed and
the culture density was returned to 1 X 10° cells/mL in c-
RPMI containing fresh IL-2. The surface-expression of human
CXCR3 was measured by flow cytometry using an Agilent
(Santa Clara, California, USA) NovoCyte flow cytometer
system. Receptor staining was performed with the PE-
conjugated mouse IgG, antibodies FAB160P (anti-CXCR3)
and IC002P (isotype control) from Bio-Techne (Minneapolis,
Minnesota, USA).

For viability determinations, human T-cells were washed
twice in RPMI medium with 25 mM HEPES buffer and 2 mM
L-glutamine, and supplemented with 1% BSA, or X-VIVO 15
medium from Lonza (Morristown, New Jersey, USA).
Centrifugation was performed at 400g for 10 min at room
temperature. Cells were suspended in the same medium at 2 X
10° cells/mL and 95 uL of cells was combined in duplicate
with § uL of peptides/controls in the wells of a flat-bottom,
tissue-culture treated plate. After incubation (2 h at 37 °C, 5%
CO,), treatment samples were mixed by pipet and used for
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LIVE/DEAD staining with acridine orange (excitation 500
nm; emission 526 nm) + propidium iodide (excitation 533
nm; emission 617 nm) cell-viability dye from Logos
Biosystems (Annandale, Virginia, USA). Cell counting,
LIVE/DEAD image analysis, and viability calculations were
performed using a LUNA-FL automated cell-counter with
disposable PhotonSlides.

The migration of CXCR3-expressing human T-cells
(cultured between 7 and 14 days post-stimulation and washed
of IL-2 the day prior to analysis) was measured using the
ChemoTx system by Neuro Probe (Gaithersburg, Maryland,
USA). T cells (1 X 10° total per 5.7 mm site, washed and
suspended in RPMI medium + 1% BSA) were loaded onto
polycarbonate track-etch filters with 5 um pores that overlaid
microplate wells containing peptides/controls (300 uL total,
prepared in RPMI medium + 1% BSA). Following incubation
(2 hat 37 °C, 5% CO,), non-migrated cells remaining atop the
filter were removed using a multi-channel pipet and filter
wiper. ChemoTx assemblies were then chilled at 4 °C for 10
min and taken apart. Cells that migrated into the lower wells
were counted by flow cytometry using an Agilent NovoCyte
flow cytometer system with an autosampler. Cell numbers
were used to calculate chemotactic index = migrated cells in
treatment group/migrated cells in buffer-only control group.
Recombinant human CXCL10 was obtained from PeproTech
(Cranbury, New Jersey, USA); reconstituted stocks were
prepared at 0.5 mg/mL in 0.3% human serum albumin
according to the manufacturer’s instructions.

CD Spectroscopy. Spectra were measured under nitrogen
in a 0.1 cm path length quartz-cell using a JASCO (Easton,
Maryland, USA) J-1500 CD spectrophotometer with a Peltier
thermostatted single-position cell holder. Unless noted
otherwise, spectral accumulations (3 reads per scan) were
obtained from 180 to 250 nm with a scanning speed of 50 nm/
min and integration time of 1 s. Spectra Manager II software
by JASCO was used to calculate mean residue ellipticity =
ellipticity (mdeg)/[10 X path length (cm) X peptide
concentration (M) X number of amino acid residues].

CD spectra were measured for CXCL10-derived peptides P1
and P9 (20 uM; ~0.03—0.05 mg/mL), at 25 °C in 10 mM
Kph buffer (pH 7.4), following pre-incubation (1 h at 37 °C)
with buffer-alone, 50% TFE (v/v), or 800 uM of liposomes
prepared using E. coli ATCC 11303 polar lipid extract
(approximately 70% phosphatidylethanolamine, 20%
phosphatidylglycerol, and 10% cardiolipin) obtained from
Avanti Polar Lipids (Alabaster, Alabama, USA). Liposomes
(i.e., large unilamellar vesicles) were generated by evaporating
the solvent from chloroform—methanol extracted lipids,
rehydrating the dried lipid film in Kph buffer (pH 7.4),
freeze—thawing, and extruding through a polycarbonate
membrane with 200 nm pores as previously described.’!
Spectra were also obtained for peptide P9 + 50% TFE and the
pre-stapled/stapled peptide P9 variants (40 uM; ~0.1 mg/
mL), at 25 °C in 10 mM PBS, pH 7.4. The stability of pre-
stapled/stapled peptide P9 a-helicity was examined by
monitoring changes in ellipticity at 222 nm as the temperature
was increased from 25 to 95 °C (at S °C/min). Full-spectrum
scans were performed at 25 °C both before and after heating.
Secondary structure determination and fold recognition
prediction from CD spectra were performed using the BeStSel
(Beta Structure Selection) Web server available at https://
bestsel.elte.hu/index.php.*®
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Statistics and Graphing. All experimental analyses were
conducted in replicate and independently repeated. Statistical
evaluations, curve fitting, and graphing were performed using
GraphPad Prism 9 software. Statistically significant differences
among treatment groups were determined using one-way
analysis of variance (ANOVA) with Dunnett’s or Tukey’s
multiple comparisons test; a p value <0.05 was considered to
be significant. The ECg, values of CXCL10-derived bacter-
icidal peptides were determined by nonlinear regression using
sigmoidal dose—response (variable slope) or bell-shaped
equations, as appropriate, and are reported +95% confidence
interval.
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