SCIENCE ADVANCES | RESEARCH ARTICLE

W) Check for updates

EVOLUTIONARY BIOLOGY

Cathelicidin antimicrobial peptides mediate immune

protection in marsupial neonates

Jongbeom Park'+, Wenfan Ke'?, Aellah Kaage1=l=, CharlesY. Feigin1§, Aaron H. Grifﬁng1’3,

Yuri Pritykin2'4, Mohamed S. Donia'*, Ricardo Mallarino'*

Marsupial neonates are born with immature immune systems, making them vulnerable to pathogens. While neonates
receive maternal protection, they can also independently combat pathogens, although the mechanisms remain
unknown. Using the sugar glider (Petaurus breviceps) as a model, we investigated immunological defense strategies
of marsupial neonates. Cathelicidins—a family of antimicrobial peptides expanded in the genomes of marsupials—
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are highly expressed in developing neutrophils. Sugar glider cathelicidins reside in two genomic clusters, and their
coordinated expression is achieved by enhancer sharing within clusters and long-range physical interactions between
clusters. Functionally, cathelicidins modulate immune responses and have potent antibacterial effects, sufficient to
provide protection in a mouse model of sepsis. Evolutionarily, cathelicidins have a complex history, with marsupials
and monotremes uniquely retaining both clusters among tetrapods. Thus, cathelicidins are critical mediators of
marsupial immunity, and their evolution may reflect the life history-specificimmunological needs of these animals.

INTRODUCTION

Prenatally protected in the sterile maternal womb, mammalian off-
spring are suddenly exposed to a plethora of microbes at birth (1, 2).
While such exposure allows colonization of commensal microbes, it
also poses a considerable threat as sepsis caused by infections can
lead to rapid neonatal mortality (3). Notably, susceptibility to such
infections may vary among different mammalian lineages as a func-
tion of their life history. For instance, precocial mammals, such as
cattle and guinea pigs, are often equipped with most of the essential
immune components at birth (4, 5). This relative immunological
maturity at birth enables precocial mammals to swiftly respond to
pathogens. In contrast, altricial mammals, such as mice and rats, are
born with a less developed immune system due to their short gesta-
tion period (6, 7), requiring more extensive maternal care compared
to their precocial relatives.

Among mammals, marsupials are an extreme case of altricial
birth. Marsupials diverged from eutherians around 160 million years
ago and constitute a unique lineage with characteristic reproductive
and morphological traits (8, 9). Females have short pregnancies and
give birth to highly immature young that reside inside a pouch where
they complete their physical development. A consequence of this
short gestation period is that several key immune components are
absent in marsupial neonates. Namely, while the hematopoietic
niche has already migrated from the liver to the bone marrow during
eutherian fetal development, the marsupial neonate liver is still an
active site of hematopoiesis (10, 11). Moreover, unlike eutherian neo-
nates, marsupial newborns lack lymphoid organs such as thymus

1Department of Molecular Biology, Princeton University, Princeton, NJ 08544, USA.
?Lewis-Sigler Institute for Integrative Genomics, Princeton University, Princeton, NJ
08540, USA. >Department of Chemical and Biological Engineering, Princeton Uni-
versity, Princeton, NJ 08544, USA. 4Department of Computer Science, Princeton
University, Princeton, NJ 08544, USA.

*Corresponding author. Email: donia@princeton.edu (M.S.D.); rmallarino@princeton.
edu (RM)

tPresent address: Department of Genome Sciences, University of Washington,
Seattle, WA 98195, USA.

$Present address: Department of Stem Cell and Regenerative Biology, Harvard
University, Cambridge, MA 02138, USA.

§Present address: Department of Environment and Genetics, La Trobe University,
Bundoora, VIC 3086, Australia.

Park et al., Sci. Adv. 11, eads6359 (2025) 16 April 2025

and lymph nodes, making them incapable of mounting an adaptive
immune response. This presents a challenge because the maternal
pouch is in contact with the environment and is known to harbor a
wide range of bacterial species, including many pathogenic ones
(12, 13).

Despite their immunological immaturity, marsupial neonates can
survive the nonsterile environment of the pouch in part through
maternal protection. This includes the transfer of immunoglobulins
through milk as well as the secretion of antimicrobial compounds
from specialized pouch glands (14-17). In addition, various immune-
related tissues in developing marsupials, including bone marrow and
spleen, contain granulocytes and lymphocytes, indicating that neo-
nates themselves can actively fend off pathogen attacks (10). Our
current understanding of marsupial neonatal immune protection,
particularly neonate-mediated immunity, remains incomplete for
several reasons. First, previous research on marsupial immunity has
largely relied on work conducted in wild animals (15, 18-20), mak-
ing it challenging to obtain accurately timed samples or perform
controlled experiments. In addition, the scarcity of suitable antibodies
has hindered efforts to identify cell types and the cellular composi-
tion of marsupial neonatal hematopoietic tissue using histology and
microscopy (10, 21-23). In addition, to our knowledge, there has
been no unbiased experiment conducted to identify key protective
genes expressed by neonatal immune cells. Here, using our captive
colony of marsupial sugar gliders (Petaurus breviceps) (Fig. 1A) and
combining transcriptomics, epigenomics, functional assays, and com-
parative genomics, we set out to dissect the mechanisms underlying
neonate immune protection in marsupials.

RESULTS

Neutrophils are the most abundant immune cells in the
sugar glider neonate liver

While histological studies have identified few immune cells in de-
veloping marsupial neonates, the exact composition and identity of
these immune cells during hematopoiesis, as well as the repertoire
of key protective genes expressed by each cell type, are unknown. To
fill this gap, we conducted single-cell RNA sequencing (scRNA-seq)
of the day of birth (postnatal day 0, P0) sugar glider liver, which is
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Fig. 1. Cathelicidins are highly and specifically expressed in sugar glider neutrophils. (A) An adult sugar glider [left, photo by P. Kavanagh, originally published under
a CC BY 2.0 license (https://creativecommons.org/licenses/by/2.0/deed.en)] and a P4 joey laying atop the everted maternal pouch (right). Scale bar, 0.5 cm. (B) Graphical
representation of the top differentially expressed genes in neutrophil lineage cells compared to the rest of the liver cells. Genes were ranked by log,FC values. Cathelicidin
genes are denoted in red. (C) A schematic of the genome structure of sugar glider cathelicidins. Reciprocal blast with leadbeater’s possum suggests that Camp 10 belongs
to cluster 1. (D) Uniform manifold approximation and projection (UMAP) plot showing cell type clustering and composition of the sugar glider neonatal (P0) liver.

the main site of neonatal hematopoiesis at this stage (10). We de-
tected 6028 cells grouped into 16 clusters, which we then annotated
using established gene expression markers (fig. S1). Our analysis
revealed that neutrophil lineage cells (i.e., neutrophils, immature
neutrophils, preneutrophils, and granulocyte monocyte progeni-
tors) were the most abundant cell type, comprising 48.4% of the en-
tire cell population. Neutrophils are a type of white blood cell and
are an essential part of the innate immune system, the body’s first
line of defense against infections (24). Red blood lineage cells were
the second most abundant cell type, comprising 27.4% (fig. S1). We
identified a small lymphoid cell population (3.2% of cells), a finding
that contrasts with previous reports suggesting that T and B cells were
not present in the liver of marsupial neonates (fig. S1) (10, 11, 25, 26).
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Lastly, through histological analysis, we confirmed that hematopoiesis
takes place within the neonatal liver (fig. S2). Thus, by characteriz-
ing the cell type composition of the marsupial liver at single-cell
resolution, our results suggest that marsupials rely heavily on neutro-
phils for neonatal protection.

Cathelicidins are highly expressed in marsupial neutrophils

The finding that developing neutrophils are the most abundant cells
in marsupial neonatal hematopoietic tissue prompted us to focus on
this lineage and investigate its function. We therefore conducted dif-
ferential expression analyses comparing all neutrophil lineage cells
to other cell types in the liver. Among the 596 genes that were dif-
ferentially expressed (P value <0.0001, Log,Fold > 1), three of the
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top 10 most highly up-regulated genes in neutrophil lineage cells
(LOC11021700, LOC110217149, and LOC110217150), including the
most highly up-regulated one (LOC11021700), were identified as cat-
helicidin antimicrobial peptides (Camps) (Fig. 1B and data table S1).
Cathelicidins constitute a key component of the innate immune system
due to their ability to disrupt microbial membranes and modulate
immune responses (27, 28).

Notably, compared to humans and mice, marsupial genomes have
a much larger repertoire of cathelicidin genes. The peptides translated
from these genes are known to play key roles in regulating immune
responses of different marsupial species (18, 19, 29-32). To gain
more insights into the evolution and function of marsupial catheli-
cidins, we next characterized the expression of these genes in sugar
gliders. To do this, we first systemically annotated all members of
this gene family in the sugar glider genome and then performed
expression-based validation (see Materials and Methods) (table S1
and data table S2) (33). In total, we identified 10 Camp genes, labeled
Camp1 to Camp10, as well as the sugar glider ortholog of Ngp (neutro-
philic granule protein), a cathelicidin-related gene. These genes resided
in two clusters located 1.15 Mb apart and were distinguished by the
phylogenetic affinity of their constituent genes (Fig. 1C, figs. S3 and
$4, and table S2). Cluster 1 contains Camp1 to Camp5 and Camp10,
whereas cluster 2 contains Camp6 to Camp9 and Ngp. While Camp2
and Camp5 have stop codons in exon 2, indicating that they are
likely pseudogenes, the remaining genes encode proteins that range
from 100 to 266 amino acids in length and 11.1 to 70.9% in identity
(table S3).

Next, we reanalyzed our scRNA-seq data from neonatal liver to
establish the specific cell types in which the different cathelicidins
and Ngp are expressed (Fig. 1D). Most of these genes (i.e., Campl,
Camp3, Camp4, Camp6, Camp8, Camp9, Camp10, and Ngp) are ex-
pressed exclusively in neutrophil lineage cells (Fig. 2A and fig. S4).
Among neutrophil lineage cells, we observed differences in expres-
sion levels, with Camp3, Camp4, Camp10, Camp6, and Ngp show-
ing high, overlapping expression levels in a large proportion of cells,
whereas Campl, Camp8, and Camp9 are expressed at relatively
lower levels and in a reduced number of cells (Fig. 2A and figs. S5
and S6). Camp?7 is exclusively expressed by M2-like macrophage
cells, suggesting that its transcriptomic regulation, and likely its
function, are distinct from the other cathelicidin gene family mem-
bers (Fig. 2A and fig. S7).

Last, we characterized the dynamics of cathelicidin expression in
hematopoietic tissues throughout the lifetime of sugar gliders by
performing longitudinal bulk RNA-seq on liver tissue from PO, P10,
and adult (>2 years) sugar gliders. In addition, we sampled bone
marrow from adult sugar gliders, as this tissue is the main site of
hematopoiesis in adult marsupials (10). We found that five of the
cathelicidins (Camp3, Camp4, Camp10, Camp6, and Camp7) as well
as Ngp are expressed in moderate to high levels in the liver of PO and
P10 joeys, while their expression in this tissue is reduced in adults
[read per kilobase per million reads (RPKM >50] (fig. S7). Notably,
these same genes, as well as Camp9, are highly expressed in adult
bone marrow (fig. S7).

Together, our transcriptomic analyses indicate that cathelicidins
have divergent expression patterns, with a subset of them—Camp3,
Camp4, Camp10, Camp6, and Ngp—showing high expression levels
in overlapping neutrophil lineage cells, while the expression of
another one—Camp7—is restricted to macrophage cells. Moreover,
our longitudinal analysis indicates that these same genes continue to
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be expressed at high levels throughout the lifetime of sugar gliders,
first in the liver and subsequently in the bone marrow.

Coexpression of cathelicidins is driven by enhancer sharing
Considering that a subset of cathelicidin genes (i.e., Camp3, Camp4,
Camp6, Camp10, and Ngp) were highly coexpressed in developing
neutrophils, we next sought to determine whether these genes share
common regulatory elements to this end, we conducted an assay for
transposase-accessible chromatin sequencing (ATAC-seq) in P10
sugar glider liver, an approach that allows for the identification of
open chromatin regions and constitutes a useful strategy for identi-
fying putative cis-regulatory elements (CREs) (34, 35). We identified
a total of 10 and 14 peaks located in clusters 1 and 2, respectively
(Fig. 2B). To further filter our data, we reanalyzed ATAC-seq data
from sugar glider skin tissue (36), which, with the exception of
Camp?7, does not express cathelicidin genes (33). Thus, we could ex-
clude shared open chromatin regions between these tissues as plausible
regulators of cathelicidin gene expression. Examination of candidate
CREs showed that Camp3, Camp4, Camp6, and Ngp, all of which
were highly expressed in liver neutrophils, had a total of seven liver-
specific open peaks in nearby intergenic regions (Fig. 2B).

We next examined whether any of these putative CREs physically
interact with the promoters of Camp3, Camp4, Camp6, and Ngp to
regulate the expression of these genes. To achieve this, we sampled
bone marrow tissue from adult sugar gliders and performed Region
Capture Micro-C (RCMC), a chromosome conformation capture
technique that enables the detection of interactions between ge-
nomic loci at high resolution (37). Among the putative CREs found
in cluster 1, two of them displayed strong contact interactions with
the promoters of Camp3 and Camp4 (Fig. 2C). Notably, these two
putative CREs contain a ~600-base pair (bp) region with 81.6% se-
quence identity, suggesting that they originated via duplication.
Similarly, we identified one putative CRE in cluster 2 showing a
strong contact interaction with the promoters of Camp6 and Ngp
(Fig. 2D). Overall, our results indicate that at least one putative CRE
within each cluster displays contact interactions with the promoters
of two different genes, providing examples of enhancer sharing. In
addition to within cluster interactions, our RCMC data revealed a
long-range (>1 Mb) contact interaction between clusters. Specifically,
we found evidence of contacts between genes found in cluster 1 (i.e.,
Camp3 and Camp4) and genes found in cluster 2 (i.e., Camp6 and
Ngp) (Fig. 2E). These results suggest that genes across both clusters
can be coregulated.

Motivated by the finding that enhancer sharing can account for
the coordinated expression of cathelicidin genes, we next sought to
identify transcription factors driving such patterns. We analyzed the
regulatory regions of Camp3 and Camp4, two neighboring genes
sharing regulatory elements and coexpressed at high levels in the
same cells (Fig. 2, A and C, and fig. S6). First, we carried out motif
enrichment analysis on putative CREs and then cross-referenced
the results with our gene expression data, as well as with publicly
available ChIP data for human and mouse (figs. S8 and S9 and data
table S3). Through this filtering strategy, we identified five tran-
scription factors (Spil, Flil, Runx1, C/ebpd, and C/ebpe), which were
robustly expressed in PO livers (fig. S8). To test whether these tran-
scription factors could bind to putative CREs, we performed a set of
luciferase assays using our immortalized line of sugar glider dermal
fibroblasts (36). Specifically, we cotransfected each of the five transcrip-
tion factors with luciferase reporter vectors containing the putative
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Fig. 2. Expression and regulation of sugar glider cathelicidins. (A) UMAP plots displaying the expression of selected cathelicidin genes. (B) ATAC-seq traces of sugar
glider liver and skin tissue. Shown are genomic regions corresponding to clusters 1 and 2. Black boxes denote putative CREs, and blue boxes denote putative CREs contain-
ing Cebp family binding sites. Arrows indicate the direction of transcription. (C to E) Contact maps of sugar glider adult bone marrow. Displayed are genomic regions
containing Camp3 and Camp4 (C), Camp6 and Ngp (D), and both cathelicidin clusters (E). Heatmaps visually represent the frequency of physical interactions between
different regions of the genome, with darker colors representing higher frequencies than lighter colors. Blue arrows denote an interaction between enhancers and their
proximal promoters. Circles indicate interactions among multiple enhancers and promoters.
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Camp3 CRE, which was used as a representative sequence. Quanti-
fication of fluorescence after 48 hours revealed that, of the different
transcription factors tested, C/ebpd and C/ebpe drove significantly
higher levels of luciferase activity, compared with the green fluores-
cent protein (GFP) control vector (fig. S8 and table S4). All highly
expressed cathelicidins—Camp3, Camp4, Camp6, and Ngp—
contained a C/ebp transcription factor binding motif in their pro-
moter or in a nearby intergenic peak (Fig. 2B). Notably, however, the
putative shared CRE found to interact with both Camp6 and Ngp in
the RCMC analysis described above (Fig. 2D) did not contain a C/
ebp motif (Fig. 2B). Therefore, additional transcription factors may be
involved in facilitating local enhancer-promoter interactions regulat-
ing Camp6 and Ngp.

Together, our open chromatin data coupled to our RCMC data
indicate that cathelicidin coexpression can take place via enhancer
sharing. Moreover, interactions between regulatory sequences and
different cathelicidin genes can take place both within and between
clusters. Lastly, our luciferase data suggest that, while C/ebp tran-
scription factors are key regulators of cathelicidin expression, the
presence of additional transcription factors is likely required to co-
ordinate the regulatory control of members of the gene family.

The function of sugar glider cathelicidins

The large repertoire of cathelicidin genes observed in marsupials,
compared to mice and humans, raises the intriguing possibility that
this gene family has been fine-tuned by natural selection such that
different genes have acquired distinct roles. To test this, we next per-
formed a variety of in vitro and in vivo assays aimed at characteriz-
ing the function of sugar glider cathelicidins. First, we investigated
whether cathelicidins, like their eutherian homologs, exhibit anti-
bacterial properties, and the extent to which different genes vary in
this ability. In vivo, cathelicidins are cleaved into mature peptides by
serine proteases (38, 39). Therefore, we predicted the most plausible
cleavage sites and then chemically synthesized the mature peptides
for seven sugar glider cathelicidins (CAMP1, CAMP3, CAMP4,
CAMP7, CAMPS, CAMP9, and CAMP10) and for NGP (Fig. 3A
and table S2) (27, 40, 41). We did not synthesize mature peptides of
CAMP6 because of its considerable length (137 AA) or of the putative
pseudogenes Camp2 and Camp5. Most of the synthesized peptides
were predicted to have a helical secondary structure, like other ca-
nonical cathelicidin peptides (fig. S10).

We then performed broth micro-dilution antibacterial assays against
Escherichia coli, Klebsiella pneumoniae, Micrococcus luteus, Pseudomonas
aeruginosa, Bordetella bronchiseptica, and Staphylococcus aureus,
common mammalian pathogens that were previously found in the
pouch of wild marsupials (12, 13), as well as against Kocuria sp.,
which was isolated from the pouch and skin swabs of female sugar
gliders within our colony (Fig. 3B and table S5). For comparison, we
included synthesized peptides corresponding to the human (LL-37)
and mouse cathelicidins (CRAMP), as well as the antibiotics ampi-
cillin, kanamycin, and vancomycin, all of which are known to have
strong antibacterial activity (42, 43). We found that CAMP3, CAMP4,
CAMPY, and CAMP10 exhibited strong antibacterial activities against
various bacteria, while CAMP1, CAMP7, CAMPS8, and NGPs had low
or no antibacterial activities (Fig. 3B and table S5). Among the pep-
tides with strong antimicrobial activity, CAMP4 was the strongest,
showing marked efficacy against E. coli, K. pneumoniae, M. luteus,
B. bronchiseptica, and P. aeruginosa with minimum inhibitory concen-
trations (MICs) as low as 4 pg/ml, which are lower or comparable to
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the values of both human and mouse cathelicidins against these
microbes (Fig. 3B and table S5). In addition, the MIC of CAMP4
against particular bacterial species was comparable to that of com-
mon antibiotics (e.g., ampicillin against E. coli) (Fig. 3B and table S5).
Notably, none of the cathelicidins showed any antibacterial activity
against the sugar glider isolate Kocuria sp. (Fig. 3B and table S5),
suggesting that these potentially symbiotic microbes are resistant to
the host's AMPs. These results indicate that multiple sugar glider catheli-
cidins exhibit strong antibacterial properties against common mamma-
lian pathogens, albeit to a varying extent depending on the cathelicidin
and bacterial species being tested.

While broth micro-dilution assays indicate that sugar glider cat-
helicidins inhibit the growth of bacteria, it remains unknown whether
these peptides have direct bactericidal activities. To address this, we
performed a propidium iodide (PI) absorption assay (44). If an anti-
biotic agent kills bacteria, PI will penetrate bacterial membrane and
intercalate with DNA, emitting a fluorescent signal that can be mea-
sured via flow cytometry (Fig. 3C). We applied this assay to E. coli,
K. pneumoniae, and P. aeruginosa PAO1, using cathelicidin peptides
that showed antibacterial activities against each of the bacterial species
in the broth microdilution assay (E. coli: CAMP3, CAMP4, CAMP?9,
and CAMP10; K. pneurmoniae: CAMP3 and CAMP4; P, aeruginosa PAO1:
CAMP4), along with the non-antibacterial cathelicidin, CAMP?7, as a
negative control (Fig. 3C). We found that all four antibacterial catheli-
cidins were able to kill bacteria, while CAMP7 was not (Fig. 3C).
Since antimicrobial cathelicidins are often cytotoxic to mammalian
cells (45, 46), we performed cell viability assays and found that the
MIC ranges for the strongest cathelicidins (i.e., CAMP3, CAMP4,
and CAMP10) were only minimally cytotoxic to mammalian cells,
with cell viabilities higher than 90% for both immortalized sugar glider
fibroblasts and J774.1 murine macrophages (fig. S11).

In addition to direct microbicidal activity, human and mouse cathe-
licidins (i.e., LL-37 and CRAMP) have immunomodulatory properties,
including chemotaxis, anti- and proinflammatory effects, and the pro-
motion of T helper 17 differentiation (47-50). To establish whether
sugar glider cathelicidins were capable of secondary activities in
addition to the direct antibacterial property, we first incubated mu-
rine macrophages (J774.1) with fluorescein isothiocyanate (FITC)-
conjugated lipopolysaccharide (LPS) in the presence of cathelicidins
or a vehicle control and measured the resulting fluorescence inten-
sity using flow cytometry. Among the peptides tested, CAMP3 and
CAMP1 significantly reduced the binding of LPS to macrophages
(Fig. 3D and fig. S12). This effect was caused by direct binding of
CAMP3 and CAMP4 to LPS, as determined by circular dichroism
analyses (Fig. 3E) (51). Next, we used enzyme-linked immunosorbent
assay (ELISA) to measure the amount of tumor necrosis factor-o
(TNF-a, a proinflammatory cytokine) released by murine macro-
phages upon LPS incubation, in the presence of LPS-binding cathelici-
dins or a vehicle control. Our results showed that CAMP4 significantly
reduced TNF-a secretion compared to the vehicle control (Fig. 3F).
Opverall, our results show that cathelicidin peptides decrease the ex-
pression of a proinflammatory cytokine by inhibiting the binding of
LPS to mammalian cells and thereby exhibit LPS-binding activity.

Last, we sought to evaluate the in vivo efficacy of cathelicidins
in a murine sepsis model (52, 53). To this end, we tested whether
CAMP4, the peptide that showed the strongest response in our anti-
bacterial assays as well as potent LPS-binding activity, enhanced the
survival of mice infected with E. coli. We intraperitoneally injected
5 x 10’ colony-forming units (CFUs) of E. coli into laboratory mice
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Fig. 3. Function of sugar glider cathelicidins. (A) Schematic representation of cathelicidin peptide processing. Cathelicidins, composed of a signal peptide, a cathelin
region, and a mature peptide, get cleaved into mature peptides by proteolytic proteins. (B) Heatmap showing the minimal inhibitory concentrations (MICs) of CAMPs
against different types of bacteria. Asterisks denote the existence of a higher peptide concentration where percent inhibition was lower than 90%. Plus and minus signs
denote Gram-stain status of the different bacteria. (C) Flow cytometry analysis of Pl incorporation. Upon bacterial membrane disruption, Pl intercalates with DNA, emitting
a fluorescence signal. X axis and Y axis represent forward scatter and fluorescence intensity of Pl, respectively. (D) Bar graph representing the fluorescence intensity, as
measured via flow cytometry, of macrophages coincubated with LPS-FITC and different peptides. Y axis represents the percent of the median fluorescence intensity rela-
tive to the PBS control. Statistical significance was assessed using an unpaired t test (n = 4; *P < 0.05, **P < 0.01). (E) Graphs showing the shift in the circular dichroism
spectra of CAMP3 and CAMP4 upon incubation with LPS. The existence of negative bands around 220 nm and the positive band at 193 nm indicate the formation of an «
helix caused by the interaction with LPS. (F) Bar graph showing the amount of TNF-a secreted from LPS-stimulated macrophages upon coincubation with peptides. Values
are displayed relative to the PBS control. Statistical significance was assessed using an unpaired t test (n = 4; *P < 0.05, **P < 0.01, ****P < 0.0001). (G) Result from the in
vivo mouse survival assay. Mice infected with E. coli were treated with CAMP4 or PBS control (n = 5).
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and treated them with one of two different concentrations of CAMP4
or a vehicle control [phosphate-buffered saline (PBS)]. Strikingly, we
found that while all mice treated with PBS died within 7 days, mice
treated with both Camp4 (10 and 20 mg/kg) showed 60% survival
rate (three of five mice survived) (Fig. 3G). This demonstrated that
Camp4 is effective in protecting mice from lethal sepsis, further cor-
roborating our in vitro results.

Evolution of sugar glider cathelicidins

The immunological significance of cathelicidins and the large num-
ber of these genes in marsupial genomes (18, 29, 32) prompted us to
investigate the evolutionary history of this gene family. First, we ex-
amined patterns of divergence among sugar glider cathelicidins. We
conducted pairwise comparisons of amino acid sequences among all
sugar glider cathelicidins encoding functional proteins and found
that these genes have experienced marked sequence diversification
in the fourth exon, which is the region encoding the mature effector
peptide (Fig. 4A). Moreover, comparisons among Camp 3, Camp4,
and Camp10, the three most similar genes, indicated that the nucle-
otide sequence identity of the fourth exon (37.8%) was significantly
lower than those of three introns (85.5, 91.7, and 84.7%, respectively)
(Fig. 4B).

Motivated by the extensive number of genes observed among mar-
supial cathelicidins, we expanded our evolutionary analysis to search
for broader evolutionary patterns among tetrapods. To achieve this
goal, we annotated cathelicidins and Ngp genes in publicly available
genomes of 24 additional mammals (table S6). In addition, we in-
cluded cathelicidin sequences of four nonmammalian tetrapods as
outgroups (table S6). Then, we aligned sequences along with syntenic
marker genes for cluster identification (Fig. 4C). Our analysis revealed
that marsupials and monotremes are the only tetrapods with two clus-
ters of cathelicidins, while eutherian mammals and nonmammalian
tetrapods each have a single cluster (Fig. 4C). Notably, the cathelici-
din cluster present in eutherian mammals is distinct from the cluster
found in nonmammalian tetrapods, as indicated by their syntenic
relationships with surrounding genes and the phylogenetic relation-
ships of their constituent cathelicidins. This observation suggests
that a duplication event of the cathelicidin gene cluster took place
in the mammalian ancestor before the divergence between mono-
tremes and therian mammals. Marsupials and monotremes have
retained both the ancestral tetrapod and novel mammalian clusters,
while eutherian mammals lost the “ancestral” cluster (cluster 2 in
sugar gliders) shared with nonmammalian tetrapods, retaining only
the “mammalian” cluster (cluster 1 in sugar gliders). Further pairwise
sequence comparisons among sugar glider cathelicidins revealed that
genes within the mammalian cluster show higher identity than those
within the ancestral cluster, reinforcing that the mammalian cluster
has likely arisen more recently (Fig. 4D).

Last, our comparative annotation and synteny map suggests that
Ngp is a gene that exists only in mammals. We carried out a phyloge-
netic analysis of 151 tetrapod cathelicidin and 28 Ngp amino acid
sequences and found that all Ngp sequences formed a monophyletic
group (fig. S13 and data table S4). Furthermore, when we blasted
amino acid sequences of representative mammalian Ngp genes against
nonmammalian protein database, we found that the top hits were
cathelicidins, indicating that Ngp evolved from a cathelicidin in early
mammal or pre-mammalian synapsid diversification (table S7).

Overall, our phylogenetic characterization of cathelicidin and
Ngp genes indicates that mammalian cathelicidins have experienced
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multiple evolutionary events, including both duplication and loss of
gene clusters, as well as the derivation of a gene, Ngp. The genomic
expansion and the retention of two different cathelicidin clusters
suggest that cathelicidins likely played a crucial role in shaping mar-
supial immune defenses throughout evolution.

DISCUSSION

At birth, the transition to a microbe-rich extrauterine environment
presents mammalian neonates with major challenges due to their na-
ive immune systems. These challenges are even greater in marsupials,
which complete the development of lymphoid organs postnatally (10).
The exceptionally altricial state of marsupial neonates increases their
reliance on innate immunity during the first days and weeks of life.
Through single-cell transcriptomic analysis of the PO sugar glider
liver, we have characterized the cellular composition and the reper-
toire of genes expressed in the neonatal marsupial hematopoietic
tissue. We present evidence that several cathelicidin genes are highly
coexpressed in neutrophils and that this process is partly regulated
by enhancer sharing and long-range physical interactions between
loci found in the two clusters. Moreover, we show that sugar glider
cathelicidins have LPS-binding properties, can directly kill bacte-
ria by disrupting their cell walls, and are able to protect mice from
lethal sepsis. Lastly, our comparative genomic analysis revealed
that marsupials and monotremes—both of which give birth to
highly altricial neonates (54)—retain both ancestral and mammalian
cathelicidin clusters, while eutherians and nonmammalian tetrapods
have a single cluster.

By studying sugar gliders—a species suitable for captive breeding—
and by combining transcriptomics, epigenomics, functional experiments,
and comparative genomics, we demonstrate that cathelicidins repre-
sent a key component of the early postnatal immunological defense
system in marsupials. Since their discovery in insects, eukaryotic anti-
microbial peptides have been extensively studied as primary defense
molecules (55). However, in vertebrates, particularly in mammals,
these peptides are often considered secondary accessories to the
adaptive immune system. As marsupials constitute a system that
bridges the gap between invertebrate models lacking adaptive im-
munity and eutherian models with well-developed adaptive immune
systems, our conclusions provide evidence that antimicrobial peptides
can be primary actors of immune defenses in mammals.

At birth, marsupials and eutherians exhibit marked immunologi-
cal differences (10, 56). Recent gene expression profiling across various
organs reveals that the cathelicidin gene is highly expressed in the
liver and myeloid cells of newborn mice (P0) (57, 58), suggesting that
cathelicidins may play roles in eutherian neonatal innate immunity.
Our findings suggest that differences between cathelicidins in sugar
gliders and mice are not primarily due to differences in expression
but arise from two key factors. First, immune cell composition dif-
fers considerably at birth: The blood of PO mice has a higher propor-
tion of lymphocytes compared to neutrophils (59), whereas the liver
of PO sugar gliders has 15 times more neutrophils than lymphocytes.
As a result, cathelicidins may play a more prominent role in neona-
tal immune protection in marsupials than in eutherians. Second,
cathelicidins in sugar gliders and mice differ in gene copy number
and sequence. While mouse genomes contain a single cathelicidin
gene, marsupial genomes have multiple copies, which exhibit ex-
tensive sequence diversification, particularly in the fourth exon. Al-
though having more copies does not necessarily result in more diverse
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Fig. 4. Evolution of the cathelicidin gene family. (A) Percent sequence identity (amino acids) among the exons of eight sugar glider cathelicidins. Statistical significance
was assessed using a one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons (*###P < 0.0001). (B) Percent sequence identity (nucleotide) among introns
and exons of Camp3, Camp4, and Camp10. Statistical significance was assessed using a one-way ANOVA, and post hoc pairwise comparisons were carried out using a
Bonferroni correction; *##*P < 0.0001. (C) Synteny map of cathelicidin gene clusters across mammals and nonmammalian vertebrates. Asterisks denote species in which
cathelicidins were present outside the shown region. (D) Percent sequence identity (amino acids) within and between cathelicidin clusters. Statistical significance was
assessed using a one-way ANOVA, and post hoc pairwise comparisons were carried out using a Bonferroni correction (*##P < 0.001, *###P < 0.0001).
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functions, our findings in sugar gliders suggest that this genomic di-
versity may offer marsupials a broader range of defenses compared
to species with lower variation in copy number.

While our study constitutes a comprehensive characterization of
the evolution, regulation, and function of marsupial cathelicidins,
there are several questions that remain to be addressed and key fu-
ture directions to pursue. First, although our functional studies used
bacterial species previously identified in other marsupials and in our
captive colony, it would be crucial to also characterize the pathogens
found in the sugar glider’s native environment. This would allow us
to test whether sugar glider cathelicidins are effective against the
pathogens they naturally encounter and ultimately help identify se-
lective pressures driving the evolution of antimicrobial peptides in
this species (60). Second, as a complement to our predictions of ma-
ture peptides, carrying out in vivo peptidomic profiling approaches
will be critical to elucidate the full range of peptides generated by
that sugar glider cathelicidin genes (61). Third, while many sugar
glider cathelicidins have LPS-binding and antibacterial functions,
others, such as Camp6, Camp?7, and Ngp, do not, despite being high-
ly expressed. Hence, functionally characterizing the genes that make
up cluster 2 may yield fascinating insights. For example, because of
its unique expression pattern, Camp? is likely to have noncanonical
functions different from those of other cathelicidin genes. Fourth,
while our assays demonstrate that sugar glider cathelicidins are func-
tionally important, the extent to which these genes protect sugar
glider neonates in vivo remains unknown. Incorporating genome
editing approaches in sugar gliders will eventually allow us to sys-
tematically study the function of each cathelicidin gene through loss-
of-function experiments (62). In addition, investigating whether
systemic infection of sugar glider neonates with microbial pathogens
promotes the expression of cathelicidins in liver granulocytes consti-
tutes a promising research avenue. Fifth, while our functional char-
acterization primarily focused on cathelicidin genes expressed by
neutrophils, other antimicrobial peptides are likely to contribute to
neonatal immune defenses. Thus, since antimicrobial peptides are
also expressed in nonleukocyte cells (e.g., epithelial and mucosal
cells), future efforts should focus on characterizing immunological
factors produced by tissues exposed to external environments (63).
Lastly, contrary to previous reports, our study identified a small lym-
phoid population in the liver of marsupial neonates. Sampling the
marsupial liver at additional time points could provide insights into
the dynamics of these cells and help determine how cell type compo-
sition changes over time.

In addition to motivating these questions, our results pave the
path toward studying foundational concepts in mammalian gene
regulation, ecology, and evolution. For example, the high-resolution
regulatory interactions between the two cathelicidin gene clusters
provide a framework for identifying genomic elements, transcrip-
tion factors, and coexpression determinants among members of a
single gene family. Moreover, mammalian cathelicidin evolution
represents a system to investigate the relationship between a rapidly
evolving gene family and the immunological needs of a taxon. Our
study has identified a correlation between gene duplication events
and a key life history trait. As different mammalian species exhibit a
broad spectrum of developmental maturity at birth (54), compara-
tive genomic analysis across a range of altricial and precocial taxa
will further illuminate the relationship between life history and the
evolution of immune-related gene families.

Park et al., Sci. Adv. 11, eads6359 (2025) 16 April 2025

MATERIALS AND METHODS

Sugar glider husbandry

A breeding colony of sugar gliders was maintained as previously de-
scribed (33). Briefly, captive adult sugar gliders were mostly housed
as male-female pairs, with few animals being housed as a group of
one male and two females. The breeding colony was kept under a
12-hour light and 12-hour dark cycle with temperatures and hu-
midities range from 20° to 27°C and 30 to 70%, respectively. Females
were checked for pouch young by visual inspection as well as gentle
palpation of the maternal pouch. Pouch young were removed from
the pouch while the mother was briefly anesthetized with isoflurane.
All procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) at Princeton University (2155 and 3002).

Single-cell RNA sequencing

A PO sugar glider neonate was euthanized by decapitation, and its
liver was carefully dissected from the animal, washed in ice-cold
PBS, and digested with 0.02% collagenase II for 30 min at 37°C with
gentle rotation. Primary cells were filtered with a 70-pm cell strainer
and then centrifuged for 4 min at 800g at 4°C. The resulting cell pel-
let was suspended in 1x PBS containing 0.04% fetal bovine serum
(FBS). Cell viability and number were assessed with a hemocytom-
eter using trypan blue. A scRNA-seq library was prepared using the
Chromium Single-Cell 3-prime Library Prep Next GEM (v3.1) and
was sequenced on an Illumina NovaSeq 6000 (28 X 90 bp, paired-
end), generating 508 M reads. The resulting reads were mapped
against the sugar glider genome using CellRanger-7.0.0. Cells con-
taining more than 200 genes, but less than 10% of total mitochon-
drial genes, were kept for downstream analysis. Unique Molecular
Identifier (UMI) count data of surviving cells were normalized us-
ing Seurat v4.3.0 with SCTransform (64). We performed principal
component analysis and ran Uniform Manifold Approximation and
Projection (UMAP) dimensional reduction technique (n = 30 di-
mensions) using Seurat’s default parameters. Neighbors and clusters
were identified with 30 dimensions and 1.0 resolution, respectively.

Clusters were annotated on the basis of the following marker
genes: red blood cell lineages: Hemgn, KIif1, Kit, Band3, Gpa, and
hemoglobin subunits (65, 66); hematopoietic stem cell clusters: Cd34
and Znf521 (67, 68); neutrophil lineage cells: SI00A8, Gfil, Mpo,
Prtn3, Elane, Ltf, Ngp, Csf3r, Prexl, and Pde4b (69-71); lymphoid
cells: lymphoid marker genes Cd3 subunits, Blk, and Jchain (72, 73);
monocyte-macrophage lineages: Maf, Mafb, and Cd80 (74-78);
megakaryocytes: Tuba8 and Gplba (79, 80); mast cells: LOC110197119
(mas-related G protein—coupled receptor member H-like) and Ms4a2
(81, 82); and eosinophils: Epx and Il5ra (83, 84).

Differential expression analysis was conducted using the Find-
Markers() function of the Seurat package. Normalized gene expres-
sion values were visualized using FeaturePlot(). Coexpression plots
were visualized using FeatureScatter().

Histology

Postcranial portions of a P6 joey was fixed in 4% paraformalde-
hyde, washed in 1x PBS, and cryoprotected through a series of 15
and 30% sucrose, before embedding in optimal cutting tempera-
ture compound (Tissue-Tek 4583). Sagittal sections were cut at
12-pm thickness using a Leica CM3050S cryostat, mounted, and sub-
sequently stained using hematoxylin and eosin (85). Stained sec-
tions were visualized using a Vectra Polaris slide scanner. Resultant
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sections allowed for the visualization of developing liver, heart,
and additional viscera.

Annotation of cathelicidins and Ngp

After compiling sequences of 79 mammalian cathelicidin and
cathelicidin-like sequences from National Center for Biotechnology
Information (NCBI), we blasted protein sequences of all cathelicidins
against the previously constructed de novo sugar glider transcrip-
tome (33). For targeted gene annotation, we next blasted both 79
mammalian cathelicidin protein sequences and de novo sugar glider
transcript hits with e-values lower than 107 against the sugar glider
genome and extracted sequences 1-mb upstream and downstream
of the resulting blast hits.

Using de novo transcript hits, as well as mRNA and protein se-
quences of 79 mammalian cathelicidins as EST evidence, we ran
Maker3 (86) on extracted genome sequences (six rounds) using the
Augustus human gene prediction model with snap hmm building
(87, 88). To annotate cathelicidin genes and Ngp in 24 additional
mammalian species (table S6; Ornithorhynchus anatinus, Monodelphis
domestica, Sarcophilus harrisii, Trichosurus vulpecula, Vombatus
ursinus, Phascolarctos cinereus, Choloepus didactylus, Dasypus
novemcinctus, Trichechus manatus latirostris, Loxodonta africana,
Orycteropus afer afer, Elephantulus edwardii, Echinops telfairi, Erinaceus
europaeus, Phyllostomus discolor, Bos taurus, Equus caballus, Manis
javanica, Canis lupus familiaris, Tupaia chinensis, Galeopterus variegatus,
Homo sapiens, Oryctolagus cuniculus cuniculus, and Mus musculus),
we used mammalian cathelicidin and NGP sequences as EST evidence
and performed the same targeted gene annotation using a single round
of the Maker3 run. Resulting annotations were manually compared
with NCBI reference annotations to accurately count the number of
genes. For four nonmammalian tetrapods (Xenopus tropicalis, Podarcis
muralis, Chelonia mydas, and Gallus gallus), we primarily relied on
the NCBI and ensemble annotations since our Maker3 annotation
based on mammalian cathelicidins did not provide accurate annota-
tions. Specifically, focusing on the ancestral cluster locus, we looked
for genes annotated as cathelicidins or cathelicidin-like. Then, to
find additional cathelicidins, we blasted protein sequences of these
genes against the protein database of the respective species.

For further validation of sugar glider cathelicidin and Ngp se-
quences, we generated cDNA from RNA extracted from the lung,
liver, stomach, kidney, intestine, and brain of an ~P20 (1.35 g) joey.
Polymerase chain reaction (PCR) amplifications followed by Sanger
sequencing confirmed the sequences of six cathelicidins and of Ngp.

To infer the genomic location of Campl0, we first acquired
protein sequences of cathelicdiins from the leadbeater’s possum
(Gymnobelideus leadbeateri, Genome assembly LBP_v1:GCA_
011680675.1), a sister species of the sugar glider, by lifting-over gene
model from sugar glider cathelicidin annotation (36, 89). We then
conducted reciprocal protein blast of cathelicidins from the lead-
beater’s possum and the sugar glider, as well as a nucleotide blast
search of a 7000-bp region of scaffold 81, which contains cathelicidin
10, against the genome of the leadbeater’s possum (fig. S3).

Phylogenetic tree construction

Sugar glider cathelicidin and Ngp nucleotide sequences aligned with
MAFFT v7.475 were fed into RAXML for the construction of un-
rooted phylogenetic trees with 1000 bootstrap values and GTRGAMMA
model (90). To build a comprehensive phylogeny of cathelicidins
and Ngp, we compiled 151 cathelicidins and 28 NGP sequences from
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NCBI (data table S4). We built a phylogenetic tree with MEGA-X us-
ing cathelicidin and NGP sequences aligned with the built-in muscle
aligner (100 bootstraps and JTT model) (91). All trees were visual-
ized with FigTree (https://github.com/rambaut/figtree).

Bulk RNA sequencing

For bulk RNA sequencing, sugar glider liver samples were collected
from PO neonates (n = 3), ~P10 joeys (0.45, 0.55, and 0.56 g; n = 3),
and adults (n = 3). In addition, we collected bone marrow samples
from adult tibia and femur (n = 3), as previously described (92).
Briefly, hindlimb bones were cut (around the kneecap) and placed
into 0.5-ml tubes. Using a sterile pin, a hole was poked in the bottom
of the tube, and it was placed inside a 1.5-ml container with 100 pl
of PBS. The bone marrow sample was then collected by centrifugation
(8000g, 30 s at room temperature). The RNeasy mini kit (QIAGEN)
was used for RNA extraction following the supplier’s protocol. We
used 250 ng of RNA to prepare libraries with NEBNext Ultra II Direc-
tional RNA Library Prep kit. Libraries were sequenced to a median
depth of 27 M reads on the NovaSeq 6000 (2 X 65 bp). Demultiplexed
reads were filtered and trimmed using Trimmomatic 0.39 with
parameters: MINLEN:25 AVGQUAL:20 (https://github.com/usadellab/
Trimmomatic). Resulting reads were mapped against the sugar glider
genome using STAR-2.7.8a (https://github.com/alexdobin/STAR).
RPKM values were calculated on the basis of read counts acquired
from featureCounts (https://subread.sourceforge.net/). RPKM values
were visualized using GraphPad Prism.

ATAC sequencing

Single-cell suspensions were generated from a liver of a P10 joey as
described for scRNA-seq. For each replicate (n = 3), library prepara-
tion was done using 100,000 cells, following the Omni-ATAC protocol
(35). Briefly, following lysis on ice for 3 min, the cells were incubated
with TDEI transposase (Illumina) for 1 hour at 37°C and then puri-
fied with the Zymo DNA Clean and Concentrator-5 kit (Zymo).
Ilumina sequencing adaptors and barcodes were added to the
DNA fragments. The resulting libraries were sequenced on Nova-
Seq SP flowcell as 61-nt reads, generating 59, 66, and 64 M reads for
each of the three libraries. Raw ATAC reads were trimmed by
NGmerge, mapped to the genome using Bowtie2 (https://github.
com/BenLangmead/bowtie2), and converted to BAM files using
Samtools (https://htslib.org/). Duplicate reads were further removed
by picard (https://broadinstitute.github.io/picard/), and the resulting
reads were filtered by samtools. Peaks were called using MACS2 with
following parameters: --nomodel -q 0.05 --keep-dup all --shift
-100 --extsize 200 -g 2456432000-nolambda (93). IDR (irreproducible
discovery rate) was used to assess peak calls concordance (94). Only
peaks called in at least two of three pairwise IDR analyses were con-
sidered for downstream analyses. Peak data were visualized in IGV
(https://github.com/igvteam/igv).

RCMC library construction

Bone marrow samples were collected from adult sugar gliders (n = 2)
as described above. Cells were incubated with 0.2% NaCl for 30 s, and
red blood cells were removed by incubating the sample with 1.6%
NaCl for 30 s. Micro-C libraries were generated from 3.2 and 3.3 M
cells, using previously described methods (37, 95-97). Briefly, the
samples were cross-linked with 4% formaldehyde (20 min and 500 rpm
at room temperature), followed by the secondary cross-linking in
1 ml of freshly prepared 3 mM disuccinimidyl glutarate (Thermo
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Fisher Scientific, 20593) and ethylene glycol bis(succinimidyl suc-
cinate) (Thermo Fisher Scientific, 21565) in Phosphate-buffered sa-
line with Tween 20 (40 min, 500 rpm at room temperature). The
reaction was quenched by adding 250 pl of 2 M tris-HCI (pH 7.5) for
5 min, washed twice with PBS containing 3% bovine serum albumin
(BSA), snap-frozen, and stored at —80°C. For library construction,
the samples were digested with micrococcal nuclease (concentra-
tion determined by titration) (20 min, 1000 rpm at room tempera-
ture) in MB1 buffer [50 mM NaCl, 10 mM tris-HCl (pH 7.5), 5 mM
MgCly, 1 mM CaCl,, 0.2% NP-40, and protease inhibitor cocktail
(Sigma-Aldrich, 11697498001)] followed by heat inactivation with
5 mM EGTA at 65C°C for 15 min. The samples were washed three
times with MB2 buffer [50 mM NaCl, 10 mM tris-HCI (pH 7.5), 10 mM
MgCl,, and 1 mM CaCl2] and then treated with T4 polynucleotide
kinase (0.5 U/pl; New England Biolabs M0201) (30 min, 1000 rpm
at 37°C) in End-prep buffer [1X NEB buffer 2.1 (New England Bio-
labs, B7202), 2.5 mM adenosine triphosphate (ATP), and 5 mM
dithiothreitol)]. After T4 PNK treatment, the samples were incubated
with Klenow Fragment (New England Biolabs M0210) at a final
concentration of 0.5 U/pl (15 min, 1000 rpm at 37°C). End-labeling
cocktails were added to the samples to make the final concentration
50 puM Biotin-dATP (Jena Bioscience NU-835-BIO14), 50 pM biotin-
deoxycytidine triphosphate (Jena Bioscience, #NU-809-BIOX), 50 pM
deoxyguanosine triphosphate, 50 pM deoxythymidine triphosphate,
0.3x T4 DNA ligase buffer (New England Biolabs B0202), and BSA
(80 pg/ml). The samples were incubated (45 min, 1000 rpm at room
temperature) and heat inactivated with 5 mM EDTA (15 min at 65°C).
The samples were washed three times with MB3 buffer [40 mM tris-
HCI (pH 7.5) and 10 mM MgCl,] and then treated with T4 DNA
ligase (20 U/pl; New England Biolabs, M0202) (16 hours, 400 rpm at
16°C) in ligation buffer [1x T4 DNA ligase buffer (New England
Biolabs, B0202) and BSA (200 pg/ml). After ligation, the samples
were treated with Exonuclease III (4 U/pl; New England Biolabs,
M0206) in 1x NEB buffer 1 (New England Biolabs, B7001) (30 min,
1000 rpm at 37°C), followed by addition of ribonuclease A (0.5 mg/
ml; Thermo Fisher Scientific, EN0531) (30 min, 1000 rpm at 65°C).
The samples were then treated with proteinase K (0.5 mg/ml) in
1% SDS (overnight at 65°C). After proteinase K treatment, DNA
libraries were extracted and purified from samples using standard
phenol:chloroform extraction and ethanol precipitation. Libraries
were sheared to 200-bp fragments using Covaris ME220 (duration,
130 s; peak power, 70 W; duty factor, 20%; and cycles per burst
1000). The libraries were then bound to Dynabeads MyOne Strep-
tavidin C1 beads (Thermo Fisher Scientific, 65001) and washed
following the manufacturer’s instructions. The libraries were end
repaired and ligated to adaptors using NEBNext Ultra II library
prep kit (New England Biolabs, E7645). Next, the libraries were
amplified with NEBNext Multiplex Oligos for Illumina (Dual Index
Primers Set 2) (New England Biolabs, E7780) and KAPA HiFi Hot-
Start ReadyMix (KAPA Biosystems, KK2601) and then purified with
Ampure XP beads (Thermo Fisher Scientific, #NC9959336). The
Micro-C libraries were then subject to quality control with Qubit
and bioanalyzer. For RCMC, the custom probe sets were designed
using the sequence of the target capture region (HiC_scaffold_9:
107950000-109750000; HiC_scaffold_81: 114775). Micro-C librar-
ies were hybridized to the probe sets, pulled down, and amplified
using Twist Standard Hyb and Wash Kit v2 (Twist Biosciences
105560). The final RCMC libraries were cleaned up with Ampure XP
beads (Thermo Fisher Scientific, #NC9959336) and subjected to
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paired-end sequencing on an Illumina Novaseq S1 100 nt Flowcell,
yielding a total of 446 M reads.

RCMC data processing

Micro-C data were aligned to custom genomes with BWA-MEM using
parameters -S -P -5 -M (https://github.com/lh3/bwa). The resulting
BAM files were parsed, sorted, de-duplicated, filtered, and split with
Pairtools (https://github.com/open2c/pairtools). We removed pairs
when only one half of the pair could be mapped or when the MAPQ
score was less than three. The resulting files were indexed with Pairix
(pairtools function). The files from replicates were merged with Pairtools
(https://github.com/open2c/pairtools) before generating 100-bp contact
matrices using Cooler (98). Last, balancing and mcool file generation was
performed with Cooler’s Zoomify tool and visualized on Higlass (99).

Transcription factor motif analysis

FIMO (find individual motif occurrences) motif scan was first con-
ducted against putative enhancers of Camp3 and Camp4 as the ex-
pression levels, sequence identity of both genes, and enhancers are
similar to each other, suggesting the existence of shared regulatory
mechanism (100). Featureplots and violinplots from scRNA-seq data-
sets as well as RPKM values from RNA-seq datasets were cross-
referenced to filter candidate transcription factors. Specifically, we
restricted our analysis to transcription factors that had an RPKM value
of >1. C/ebpd, C/ebpe, Spil, Flil, Runx1, Foxp2, and Nfatc3 stood
out as initial candidates, but Foxp2 and Nfatc3 were excluded as they
did not bind to human and mouse cathelicidin locus (fig. S8) (101).
Further FIMO motif scans were conducted on additional putative
regulatory peaks to search for C/ebp family binding sites.

Luciferase assays

Sequences of a putative enhancer region of Camp3 was PCR ampli-
fied from sugar glider genomic DNA (table S1) and cloned into the
pGL4.23 luciferase enhancer reporter vector using In-fusion cloning
(Takara). Sequences for the different transcription factors and Camp3
promoter were obtained either commercially (Camp3 promoter, Spil,
Flil, Runxl, Ikzfl, and C/ebpe; Twist Biosciences) or by extracting
RNA from the bone marrow of an adult sugar glider and reverse
transcribing it using qScript cDNA SuperMix (Quantabio) (C/ebpd)
(table S1). Transcription factor fragments were then cloned into the
pCMV-GFP vector. A total of 2000 immortalized sugar glider fibro-
blast cells were seeded in a white 96-well plate (PerkinElmer) and
transfected with the experimental constructs (200 ng) as well as a
control pGL4.74 renilla reporter vector (20 ng) using 0.3 pl of Lipo-
fectamine (Invitrogen). After 48 hours of incubation at 37°C, the cells
were harvested and analyzed with the DualGlo Luciferase Assay
System (Promega). Luminescence was measured by Tecan Spark
microplate reader. Experiments were performed in six technical
replicates of two biological replicates except for a GFP control,
which has five replicates due to low renilla transfection efficiency in
one of the two biological replicates. Experiments were statistically
analyzed using an unpaired ¢t test in GraphPad Prism.

Pouch swabbing

Sugar glider pouches were swabbed for 30 s with cotton swabs pre-
moistened with ultrapure water. Swabs resuspended in ultrapure water
were plated in LB media and incubated overnight at 37°C. White
colonies that repeatedly grew from pouch swabs of multiple females
were isolated and subject to DNA extraction (Zymo, D6005). Bacterial
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species were identified by Sanger sequencing of the PCR-amplified
16S ribosomal RNA gene (827F: 5’AGA GTT TGA TCC TGG CTC
3’, 1492R: 5 TAC GGY TAC CTT GTT ACG ACT 3).

In vitro broth micro-dilution antibacterial assay

The first alanine or valine found in the fourth exon of CAMPI,
CAMP3, CAMP4, NGP, CAMP7, CAMP9, and CAMP10, were pre-
dicted to represent the cleavage sites for the mature peptides (27). For
CAMPS, because of the short length (15 amino acids) and the lack of
alanine and valine in the fourth exon, we set the cleavage site to be
the last alanine in the third exon. For CAMP?7, because of the short
length of the predicted mature peptide after the valine, we synthe-
sized three versions of mature peptides with predicted cleavage sites
located, respectively, in the first leucine, the isoleucine, and the valine
found in the fourth exon. We did not synthesize mature peptides of
CAMP6 because of its extensive length (137 amino acids) nor of the
pseudogenes Camp2 and Camp5. Additional furin cleavage sites with
RxxR minimal consensus motif were also noted (table S2) (102).
Secondary structures of synthesized mature peptides were predicted
using PEP-FOLD3 (103).

We used broth micro-dilution assays (104) to measure mini-
mal inhibitory concentration (MIC) of cathelicidins against E. coli
[American Type Culture Collection (ATCC) 25922], K. pneumoniae
(ATCC 43816), M. luteus (ATCC 4698), P. aeruginosa (PAOI,
PA14), B. bronchiseptica (ATCC 10580), S. aureus (ATCC 29213,
MRSA), and Kocuria sp. Briefly, we added 10> CFU of bacteria from
overnight cultures into each well of a 96-well plate (costar, Corning)
with different concentrations of each peptide or antibiotics. Two
hundred microliters of cation-adjusted Mueller-Hinton broth was
added to each well. The samples were incubated at 37°C, and absor-
bance was measured at 0 and 16 hours using the Tecan Spark micro-
plate reader (600 nm). For M. luteus, we measured absorbance at
43 hours as well. MIC was determined as the lowest concentration
that showed no visible change after 16 hours (43 hours for M. luteus)
incubation for all three replicates and showed >90% mean percent
inhibition based on absorbance measurements.

Cell viability assay

Cell viability was measured using CellTiter-Glo 2.0 Assay (Promega)
following the manufacturer’s protocol. Briefly, we incubated 10,000
cells in 100 pl of Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% FBS, sodium bicarbonate (1.5 g/liter), 1 mM
sodium pyruvate, and 1% penicillin-streptomycin mix overnight
(37°C) with different concentrations of cathelicidins and an SDS
control. Subsequently, we added 100 pl of CellTiter-Glo 2.0 reagent.
After 2 min of mixing and a 10-min incubation at room tempera-
ture, we measured luminescence using Tecan Spark microplate reader.
Experiments were done in triplicate.

Pl absorption assay

Bacteria were grown overnight to log phase. Bacteria (10° CFU)
were incubated for 30 min at 37°C with different concentrations of
cathelicidin peptides in 200 pl of PBS. After a 2-min centrifuga-
tion at 8000 rpm, the pellets were washed with 200 pul of PBS and
resuspended in 1 ml of PBS. PI was added for a final concentration
of 1 pg/ml. An LSRII flow cytometer (BD Biosciences) was used to
record 50,000 events of PI uptake. SDS (0.25 to 1%) was used as
a control.
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In vivo mouse infection

Six- to eight-week-old female mice (C57BL/6], The Jackson Labora-
tory) were intraperitoneally injected with 5 x 10" CFU of E. coli
(ATCC 25922) in 100 pl of PBS. Thirty min after the bacterial injec-
tion, the mice were treated with either CAMP4 peptide (10 or 20 mg/
ml) or PBS vehicle. Treated mice were checked daily for 7 days. All
experiments performed were approved by the IACUC committee at
Princeton University (2155 and 3002).

LPS-binding assay

Mouse macrophage cells (J774A.1; ATCC TIB-67) were grown in
supplemented DMEM in 7.5% CO, at 37°C. Cells (2.5 X 10°) were
incubated with LPS-FITC (10 pg/ml) and different concentra-
tions of antimicrobial peptides in 500 ml of PBS for 30 min. After
washing the cells using PBS, median fluorescence intensity was
determined using the LSRII flow cytometer (BD sciences). The
percentage difference from negative control was statistically ana-
lyzed with unpaired ¢t tests in GraphPad Prism. Experiments were
done in quadruplicate.

Circular dichroism

The secondary structure of CAMP3 and CAMP4, which showed
LPS-binding activity in at least one of the two tested concentrations,
were determined using circular dichroism spectrometer (Chirascan,
Photophysics). Measurements were taken in a rectangular cuvette
using an emission range of 180 to 280 nm (in 1-nm increments).
Peptides (0.1 mg/ml) and LPS (0.2 mg/ml) in sterile water were used
for measurements.

TNF-a secretion assay

ELISA assays were performed according to manufacturer’s instruc-
tions (R&D Systems DuoSet). Briefly, a 96-well plate (Corning Co-
star) was coated with anti-TNF-a and incubated overnight at room
temperature. The plate was then washed with wash buffer, blocked
for 1 hour with reagent diluent, washed again, and the liquid aspi-
rated. J774A.1 macrophages were incubated with LPS, cathelicidin,
vehicle, or a combination of these for 24 hours and 100 pl of super-
natant from the incubating macrophages or cytokine standard, in
sequentially diluted concentrations ranging from 2000 to 32 pg/
ml, were applied to the wells and incubated for 2 hours at room
temperature before being washed and aspirated. Biotinylated anti-
TNF-a, streptavidin-horseradish peroxidase (HRP), and substrate
solution were applied in sequence. The plate was then incubated in
the dark for 2 hours or 20 min and subsequently washed and aspi-
rated. The HRP-substrate reaction proceeded for 20 min before the
stop solution halted it. The plate was then read for optical density at
450 and 540 nm. The percentage difference from the LPS control
was statistically analyzed with unpaired ¢ tests in GraphPad Prism.
Experiments were done in quadruplicate.

Pairwise sequence identity analysis

Amino acid sequences of eight cathelicidin genes (Campl, Camp3,
Camp4, Camp6, Camp7, Camp8, Camp9, and Camp10) were aligned
with MAFFT v7.475 in a pairwise manner. Resulting alignments were
fed into Sequence Manipulation Suite for identity analysis (data table
34) (105). For statistical analysis, separate pairwise analysis was con-
ducted for each exon. In this analysis, we used the truncated, Maker3-
annotated version of Camp6 due to the extensive length of the
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predicted protein compared to the rest of the cathelicidin genes.
Nucleotide sequences of Camp3, Camp4, and Camp10 were further
aligned and compared for detailed analysis. Statistical analysis was
conducted in GraphPad Prism using one-way analysis of variance
(ANOVA) test. Post hoc pairwise comparisons were carried out us-
ing a Bonferroni correction.
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