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CD16*CD163* monocytes traffic to sites of
inflammation during necrotizing enterocolitis in
premature infants

Oluwabunmi O. Olaloye*®, Peng Liu*®, Jessica M. Toothaker*®, Blake T. McCourt'®, Collin C. McCourt*®, Jenny Xiao°®, Erica Prochaska®®,
Spenser Shaffer’®, Lael Werner@®, UPMC NICU Faculty’, UPMC Pediatric Surgery Faculty'‘, Jordan Gringauz@®, Misty Good"?®,

Jeffrey D. Goldsmith*®, Xiaojing Ant*®, Fujing Wang*®, Scott B. Snapper®®, Dror Shouval®°®, Kong Chen“®, George Tseng?®, and

Liza Konnikova>7167@®

Necrotizing enterocolitis (NEC) is a severe gastrointestinal complication of prematurity. Using suspension and imaging mass
cytometry coupled with single-cell RNA sequencing, we demonstrate severe inflammation in patients with NEC. NEC mucosa
could be subtyped by an influx of three distinct neutrophil phenotypes (immature, newly emigrated, and aged). Furthermore,
CD16*CD163* monocytes/M¢, correlated with newly emigrated neutrophils, were specifically enriched in NEC mucosa, found
adjacent to the blood vessels, and increased in circulation of infants with surgical NEC, suggesting trafficking from the
periphery to areas of inflammation. NEC-specific monocytes/M¢ transcribed inflammatory genes, including TREM], IL1A,
IL1B, and calprotectin, and neutrophil recruitment genes IL8, CXCL1, CXCL2, CXCL5 and had enrichment of gene sets in
pathways involved in chemotaxis, migration, phagocytosis, and reactive oxygen species generation. In summary, we identify a
novel subtype of inflammatory monocytes/M¢ associated with NEC that should be further evaluated as a potential
biomarker of surgical NEC and a target for the development of NEC-specific therapeutics.

Introduction

Preterm births account for 10% of all pregnancies in the United
States, equaling 500,000 infants per year (Purisch and Gyamfi-
Bannerman, 2017). Premature delivery is associated with sig-
nificant morbidity and mortality and is the leading cause of
death in children under 5 (Liu et al., 2012; Purisch and Gyamfi-
Bannerman, 2017). Necrotizing enterocolitis (NEC) is a devas-
tating gastrointestinal complication of prematurity, with high
morbidity, mortality, and economic burden (Patel et al., 2015;
Houben et al., 2017; Neu and Walker, 2011). It occurs in 1-7% of
all premature infants in the first 2-6 wks of life, with a peak
incidence between 29 and 32 wks corrected gestational age (GA;
Patel et al., 2015; Yee et al., 2012). Despite that survival and long-
term outcomes have improved overall for premature infants, the

rate of death from NEC has only increased. No NEC-specific
therapy exists (Ellsbury et al., 2016; Holman et al., 2006;
Guillet et al., 2006), and with the current care, 20-30% of in-
fants with NEC die. Those who survive will face numerous
short-term and long-term problems, including intestinal com-
plications, poor growth, and neurodevelopmental delays (Jones
and Hall, 2020). As such, there is a dire need to improve our
understanding of NEC pathogenesis to determine specific bio-
markers and targeted therapeutics.

NEC is known to be a multifactorial disease, but its patho-
genesis remains incompletely understood. Prematurity, intesti-
nal dysbiosis, and impaired immune defenses have all been
implicated in NEC pathogenesis (Neu and Pammi, 2017; Denning
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etal., 2017; Chen et al., 2016b). Previous studies have identified a
number of cell types involved in the immune dysregulation
characteristic of NEC. These include an increase in intestinal
monocytes and neutrophils and a decrease in regulatory T cells
(T reg cells; Weitkamp et al., 2013; Weitkamp et al., 2014;
Managlia et al., 2019; Pang et al., 2018b). Furthermore, recent
studies have implicated TLR signaling and T helper 17 cells, a
subtype of T cells, in the pathogenesis of NEC (Egan et al., 2015).
However, more detailed phenotypic and functional analysis,
permitted by the state-of-the-art single-cell techniques that
would allow for a much more nuanced understanding of the
immune dysregulation in NEC, has not been performed.

Susceptibility to inflammatory/infectious diseases in new-
borns was thought to be based on tolerance required to prevent
fetal rejection in utero (Jennewein et al., 2017; Hobbs and Davis,
1967). Newborns were postulated to rely on passive immunity
via maternal transfer of IgG in the third trimester (Jennewein
et al., 2017), and as such, premature infants delivered before the
third trimester were thought to be at higher risk of infections
compared with term infants. This paradigm has recently been
challenged. New findings suggest that preterm infants born as
early as 24 wks GA have similar IgG repertoires as term infants
(Pou et al.,, 2019). Additionally, fetal mucosal immunity is es-
tablished early in utero (Schreurs et al., 2019; Stras et al., 2019; Li
et al, 2019). Taken together, these findings suggest that in-
creased susceptibility to inflammation in preterm neonates is
unlikely due to immaturity alone and rather stems from un-
derlying defects in immune maturation and/or regulation. We
hypothesize that infants who develop NEC have disease-specific
immune defects and propose that simultaneous single-cell analysis
of intestinal tissue and peripheral blood of infants diagnosed with
NEC will shed light on its pathogenesis and provide useful bio-
markers and targets for new drug development.

One of the challenges to studying NEC has been identifying
appropriate controls for comparison as intestinal tissue from
healthy, age-matched subjects is ethically unattainable. As such,
more readily available samples are needed as surrogates. How-
ever, it is unclear which of these would serve as optimal con-
trols. Recent evidence (Stras et al., 2019; Schreurs et al., 2019; Li
et al., 2019) has suggested that the fetal intestinal immune sys-
tem is largely developed; thus, fetal tissue would serve as a
reasonable alternative. However, it is challenging to procure and
lacks abundant microbial exposure. Another alternative is neo-
natal tissue obtained from non-NEC-related surgeries. How-
ever, these typically come from full-term rather than premature
infants. Finally, preterm infants with localized spontaneous in-
testinal perforation (SIP; another intestinal complication of
prematurity thought to have a distinct pathophysiology from
NEC) would be GA matched to NEC cases but likely have other
confounding factors that predisposed them to SIP. To overcome
these limitations, in the current study (total n = 34; Table S1 A),
we have compared the mucosal immune landscape of the small
intestine of infants with NEC with samples obtained from fetal,
SIP, neonatal, and post-NEC cases simultaneously. We further
supplemented our analysis with blood obtained from infants
treated for NEC and chronologic and GA-matched control sub-
jects (total n = 28; Table S1 B) In the present study, using a
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combination of multiomic techniques, including deep im-
munophenotyping via mass cytometry by time of flight (CyTOF),
functional analysis via single-cell RNA sequencing (scRNA-seq),
and anatomical localization with imaging mass cytometry (IMC)
of small intestinal mucosa, we describe severe immune dysre-
gulation in NEC and identify a population of highly inflamma-
tory CD16*CD163* monocytes that traffic from the periphery and
are involved in the pathogenesis of NEC.

Results
In the following studies, we used multiomic techniques to define
mucosal and peripheral immune disturbances in patients with
NEC. Using a suspension mass cytometry, CyTOF (Table S2), we
explored immune cells from cryopreserved small intestinal mu-
cosal samples in a cohort of neonates with NEC (n = 12); tissue at
reanastomosis surgery in infants with a previous diagnosis of NEC
(postNEC n = 4); and control subjects without a history of NEC, as
follows: (a) second trimester fetal cases (fetal, n = 3), (b) neonates
with SIP (SIP, n = 8), and (c) neonates with nonimmune gastro-
intestinal disorders (neonatal, n = 4; Fig. 1, A and B; Table SI, A and
B; and Table S2). Data were clustered using an automated clus-
tering algorithm, PhenoGraph, and analyzed to determine immune
population and marker expression differences among the groups.
To determine anatomical localization and validate some of
the key findings, formalin-fixed paraffin-embedded (FFPE) slides
from a subset of neonatal (n = 3) and NEC (n = 6) samples studied
with CyTOF were analyzed using IMC (Fig. 1, A and B; and Table S1
A). Furthermore, to complement the CyTOF findings, scRNA-seq
was performed on a subset of small intestinal mucosa used for
CyTOF (total n = 5) as outlined in Fig. 1, A and B, and Table SI A.
Finally, intestinal data were supplemented with a cohort of
patients with NEC, including two cases with matched small in-
testinal mucosa (total n = 15) and age-matched controls (n = 13)
used for whole-blood studies (Table S1 B). Of note, we included
two cases who initially served as healthy controls (analyzed as
controls) developed NEC later on in their NICU stay.

Enrichment of neutrophil subtypes defines three distinct
NEC phenotypes
Automated clustering of intestinal leukocytes (CD45*; Fig. S1 A)
identified 28 immune clusters (Fig. 1, C-E; and Fig. S1 B) that
included neutrophils, monocytes/macrophages (Md), non-M¢
APCs, natural killer (NK) cells, innate lymphoid cells (ILCs),
and T cells. Interestingly, each subject group was defined by a
unique mucosal immune landscape (Fig. 1 F and Fig. S1 B).

Consistent with previous reports (Weitkamp et al., 2014; Hui
et al., 2017), NEC was marked by global immune dysregulation
(Fig. 1, E-G). Innate cells were increased in NEC cases compared
with fetal and SIP cases (Fig. 1 G). To determine which innate cell
type was driving the increase in total innate cells in the NEC
samples, we evaluated the individual innate cell populations. An
increase in total neutrophils (CD66b*CD16*) was evident in NEC
compared with neonatal and fetal cases, with a similar trend to
SIP cases (Fig. 1 H and Fig. S1 D).

To determine the phenotypes of neutrophils enriched in NEC,
abundance and expression of markers of interest in five separate
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Figure 1. Neutrophilic infiltrate defines distinct phenotypes in NEC mucosa. (A) Table with number of cases in each group with GA range in weeks
analyed with CyTOF, IMC, or scRNAseq. (B) Workflow of small intestinal mucosa analysis. (C) tSNE plot of CD45* cells showing major populations, including
monocytes, nonmonocyte APCs (Non M¢ APCs), NK cells, ILCs, T cells, neutrophils, and others (cell types that we could not phenotype with the panel).
(D) Heatmap of surface markers used to define populations in each cluster generated with clustergrammer (Fernandez et al,, 2017). Asterisks denote clusters
with significant differences among groups. (E) Median percentage of major populations color coded to correspond to the major populations in C and D.
(F) Density tSNE plot of all leukocytes within each group, with abundant neutrophil clusters highlighted with dashed lines. (G and H) Abundance of innate cells
(G) and all neutrophils (H) expressed as a percentage of leukocytes. (1) Relative expression of markers of interest in individual neutrophil clusters. Each dot
represents one patient sample. Box plots represent mean + SE. Groups are fetal (n = 3), SIP (n = 8), neonatal (n = 7), NEC (n = 12), and postNEC (n = 4). *, P < 0.05.

K-W, Kruskal-Wallis test; M¢, macrophage.
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neutrophil clusters (4, 9, 10, 21, 24) were compared. CCR4*
CD38*CD11b* (cluster 10) and CD56*CXCR3* (cluster 24) neu-
trophils (Fig. 1, F and H) were enriched in NEC mucosa consistent
with aged and newly infiltrating neutrophils, respectively. In
contrast, cKIT* (cluster 9), immature neutrophils, and HLA-
DR*CDllc* (cluster 21) dendritic cell (DC)/neutrophil hybrids
important in antigen presentation (Fites et al., 2018) were en-
riched in the SIP and postNEC cases (Fig. 1 H). Further analysis of
the abundance of each neutrophil cluster revealed three distinct
phenotypes of NEC (C9 NEC, C10 NEC, C24 NEC) based on which
population of neutrophils (clusters 9, 10, 24, respectively) was
enriched in the particular NEC cases, with C24 NEC being the
most abundant (Fig. 1 H and [; and Fig. S1, D and E).

We performed Nanostring analysis of small intestine samples
obtained from an independent cohort of patients to validate that
neutrophil recruitment signatures are present in NEC samples
(Table S1 B and Table S3). Consistent with the increase of in-
filtrating neutrophils in NEC, Nanostring analysis revealed that
cytokines involved in recruiting neutrophils to the sites of in-
flammation, IL-6 and IL-8 (Bhatia et al., 2014; Wright et al,,
2014), were indeed elevated in NEC tissue (Fig. S1 F). Further-
more, SI00A8 and S100A9, both subunits of calprotectin, a
marker of inflammation and a potent antimicrobial protein
known to be derived from neutrophils and monocytes (Aydemir
et al., 2012; MacQueen et al., 2016), were also elevated in NEC
tissue (Fig. S1 F).

CD16*CD163* monocytes uniquely enriched in NEC mucosa

To further define innate cell abnormalities associated with NEC,
we reclustered the data solely on innate cells. CD66b* cells were
excluded from the innate cell analysis given the high proportion
of neutrophils in NEC that could obscure other findings. Analysis
of CD3-CD19-CD66b~ cells revealed 26 clusters (Fig. 2, A-C; and
Fig. S1, G and H) with a disease-specific landscape in NEC sam-
ples (Fig. 2 D).

Among the APC populations, all CD103* DCs (clusters 10, 23,
and 24) and CCR7*CD103* DCs (clusters 10, 24) were reduced in
NEC compared with fetal and SIP cases, with a similar trend
compared with neonatal cases (Fig. S2 A). CCR7*CD103* DCs are
mature DCs critical for antigen presentation and recruitment of
naive T cells to the intestine (Ruane and Lavelle, 2011), and a
reduction in NEC suggests decreased or altered antigen pre-
sentation and T cell recruitment. They also play a critical role in
maintaining tolerance to commensals and food antigens (Scott
et al,, 2011), and as such, their decrease could suggest a break in
tolerance.

Examining the NK and ILC populations, CCR6*CD16~ NK cells
(cluster 18) were reduced in NEC compared with both fetal and
neonatal control samples (Fig. S2 B). However, ckit* ILCs (likely
ILC3s) and tissue-resident (CD69*CD103*) ILCs were decreased
in NEC compared with SIP and fetal samples (Fig. S2 C). These
data indicate that perhaps the reduction in ILCs is secondary to
increased chronologic age of NEC samples compared with fetal
and SIP samples, while a decrease in NK cells is secondary to the
underlying inflammation.

Focusing on monocytes/M¢, nonclassical (CD14°CD16*) and
intermediate (CD14"CD16*) monocytes were most abundant in
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NEC cases and significantly increased over the neonatal and fetal
samples (Fig. 2 E). CD16* (low-affinity IgG receptor) monocytes
bind to IgG and secrete proinflammatory cytokines (Narasimhan
etal., 2019), and their overall increase in NEC suggests that NEC
is characterized by an acute transient proinflammatory mono-
cytic infiltrate. There were no differences in classical (CD14*CD167)
and anti-inflammatory (CD16-CD163*) monocytes among groups
(Fig. 2 E). Consistent with this observation, as noted previously,
Nanostring data revealed monocyte-associated cytokines IL-6,
IL-8, IL-1B and its target gene TNFAIP3 (Swindell et al., 2018),
and calprotectin (SI00A8 and S100A9) to be upregulated in NEC
compared with neonatal cases (Fig. S1 F). An intriguing popu-
lation of CD16*CD163* monocytes/M¢ (clusters 1, 14, 21) were
specifically enhanced in NEC above all other groups (Fig. 2 E).
These dual-expressing monocytes also expressed HLA-DR in all
three clusters (Fig. 2 B), and expression of CXCR5 (chemokine
receptor, increased in M1 M¢; Xuan et al., 2015) and CD64 (high-
affinity IgG receptor, similarly enhanced on M1 Md; Hristodorov
et al., 2015) was high in clusters 14 and 21 (Fig. 2 F).

To determine whether there was a correlation between
neutrophil phenotypes and particular monocyte/M¢ subtypes,
we evaluated the abundance of monocyte populations in each of
the three NEC subgroups identified by the subtype of neutrophil
enrichment (immature/C9, aged/Cl0, and newly infiltrating/
C24). This analysis revealed distinct differences within the three
NEC phenotypes. Samples in the C24 NEC subgroup enriched for
the CD56*, newly infiltrating neutrophils (Hartl et al., 2008)
were also enhanced for all monocytes/M¢, CD16* intermediate/
nonclassical monocytes/M¢, and NEC-enriched CD16*CD163*
monocytes/M¢ (Fig. 2 G). In particular, cluster 1, CD16*CD163*
monocytes/M¢ were significantly enriched in the C24 NEC phe-
notype (Fig. 2 H). This highlights that monocyte/M¢, and specif-
ically CD16*CD163* monocytes/M¢, abundance is correlated with
the CD56* neutrophils (cluster 24).

Peripheral neutropenia defines surgical NEC cases

Given that NEC mucosa was enriched for both cytokines known
to recruit neutrophils and neutrophils themselves, we postu-
lated that neutrophils that dominated the NEC mucosa have
recently migrated from the periphery. To confirm this hypoth-
esis and determine whether there were other immune abnor-
malities in patients with NEC, we recruited a cohort of patients
with NEC and control subjects (Table S1). Using CyTOF, we
analyzed circulating immune cells from whole blood (~100 pl)
obtained during treatment for medical NEC (mNEC, n = 12) and
surgical NEC (sNEC, n = 3) as well as from non-NEC GA-matched
controls (n = 15; Fig. 3, A-E; and Table S1 B). Of note, two of
the sNEC samples had both blood and small intestinal tissue
analyzed.

Analysis of all leukocytes (CD45*) revealed no major differ-
ences between control and NEC groups when medical and sur-
gical NEC groups were combined (Fig. S2, D-H). Overall, infants
with mNEC had a similar innate immune profile to healthy con-
trols (Fig. 3 E). However, circulatory neutrophils were decreased in
sNEC compared with mNEC and controls (Fig. 3, E and F), com-
plementary to increased neutrophils observed in NEC small in-
testine. Peripheral neutropenia (absolute neutrophil count <1,500)
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Figure 2. Monocytes expressing CD16 and CD163 are enriched in NEC mucosa. (A) tSNE plot of CD3-CD19-CD66b- cells. (B) Clustergram (Fernandez
etal, 2017) heatmap of canonical surface markers used to identify populations in each cluster; colors correspond to A. Asterisks denote clusters with significant
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differences among groups. (C) Median percentage of major populations color coded to correspond to the major populations in A. (D) Density tSNE plots of
CD3-CD19-CD66b™ cells with CD16*CD163* monocytes/Mg (clusters 1, 14, 21) highlighted in NEC. (E) Abundance of monocyte populations as a percentage of
CD66b innate cells among groups. (F) Mean metal intensity (MMI) expression of markers with increased expression in CD16*CD163* monocytes/M¢ (clusters
1, 14, 21). (G and H) Abundance of major monocyte/M¢ populations (G) and individual CD16*CD163* monocyte/M¢ clusters (H) among NEC phenotypes/
subgroups where immature/C9 NEC (n = 2), aged/C10 NEC (n = 5), and newly infiltrating C24 NEC (n = 5). Each dot represents one patient/sample. Box plots
represent mean + SE. Groups are fetal (n = 3), SIP (n = 8), neonatal (n = 7), NEC (n = 12), and postNEC (n = 4). C9 NEC, C10 NEC, and C24 NEC samples with
abundance of cKIT*, CD38, and CD56" neutrophils, respectively, as defined in Fig. S1. *, P < 0.05. K-W, Kruskal-Wallis test.

has been described in cases of severe NEC and associated with
increased mortality (Hutter et al., 1976). Furthermore, there was an
indirect correlation between total neutrophil abundance in the
periphery and intestinal mucosa in the sNEC cases with matched
blood and intestinal mucosa samples. The case with high intestinal
neutrophils had low circulating neutrophils/neutropenia (Fig. S2 I).

Circulating CD16*CD163* monocytes are found in infants with
surgical NEC

Interestingly, we observed that CD16*CD163* monocytes were
increased in the circulation of sNEC patients (Fig. 3 G). Analysis
of matched blood and tissue from the same patient to determine
whether CD16*CD163* monocytes traffic from the periphery to
the site of inflammation was limited to only two cases. Never-
theless, for the two matched sNEC cases, there was a direct cor-
relation between the abundance of CD16*CD163* monocytes in
blood and tissue, with surgical NEC case 1 having low abundance
of CD16*CD163* monocytes and NEC case 2 having a high pro-
portion of CD16*CD163* monocytes in both circulation and tissue
(Fig. S2 J). These results demonstrate that there is an overall in-
crease in CD16*CD163* monocytes both in the periphery and in the
intestine of infants with surgical NEC, suggesting that they likely
traffic from the circulation to sites of intestinal inflammation.

CD16*CD163* monocytes cluster around blood vessels in the
NEC small intestine

We performed IMC of FFPE sections to test our hypothesis that
CD16*CD163* monocytes migrate from the peripheral blood to
sites of active inflammation in the small intestine. A subset of cases,
neonatal (n = 3) and NEC (n = 6), matched to our suspension CyTOF
analysis, were analyzed using a panel of validated antibodies
(Table S2). Regions of interest with markers of interest (DNAI,
pancytokeratin [panCK], smooth muscle actin [SMA], CD14, CD16,
CD163, and HLA-DR) were visualized using histocat 1.7.6.1 (Schapiro
et al., 2017). We confirmed abundance of CD16*CD163" monocytes/
Mé (Fig. 4, asterisks) with variable HLA-DR* expression in NEC
tissue. Moreover, we were able to identify numerous CD16*CD163*
monocytes/M¢ adjacent to a blood vessels (Fig. 4, dashes) in support
of our hypothesis that they likely traffic from the periphery.

Numerous immune and nonimmune populations interact with
CD16*CD163* monocytes/M¢

Single-cell information, spatial features, and cell-to-cell inter-
actions can be visualized and obtained from IMC data using the
graphical user interface from histocat 1.7.6.1 (Schapiro et al.,
2017). Using this algorithm, significant interactions between
cell populations in unique environments can be determined
within a cohort or across all images. To investigate what cell
types are in communication with CD16*CD163* monocytes/M¢

Olaloye et al.
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in the NEC mucosa, we applied a recently published pipeline to
determine neighboring populations with significantly enriched
interactions (Damond et al., 2019). We then adapted the pipeline to
our dataset using ilastik (Berg et al., 2019) and trained a random
forest classifier to identify nucleus, membrane, and cytoplasm in
small intestinal tissue (details in Materials and methods; Fig. 5 A).

IMC files and the trained cell mask were uploaded to histo-
CAT 1.7.6.1 (Schapiro et al., 2017) to run PhenoGraph analysis
and to identify cell-to-cell interactions. Twenty-five unique
clusters were identified (Fig. 5 B; and Fig. S3, A-C). Two clusters
(phenographs 5 and 6) were CD16*CD163* monocytes/M¢ (Fig. 5,
B-D; and Fig. S3, C—F). CD16*CD163* monocytes/M¢ were pre-
sent in all layers of intestinal tissue in NEC, consistent with
transmural inflammation (Fig. 5 F). Neighborhood analysis revealed
that phenograph cluster 6 (CD16*CD163* monocytes/M¢) was in
proximity to a large number of cell types, including other monocytes/
M¢ (clusters 5, 13, 20, and 22), B cells (cluster 24), T cells (clusters 16
and 23), unidentified immune cells (cluster 7), SMA* cells (clusters 12
and 19), and nonimmune cells (cluster 15; Fig. 5, E and F; and Fig. S3
C). This reinforces the notion that CD16*CDI163* monocytes/M¢ are
enriched in NEC and likely play diverse functions in NEC mucosa,
including regulating B cell responses and antigen presentation.

One of the strongest interactions was with cluster 5 cells that
represent monocytes/Mg¢ of similar phenotypes but with lower
CD16 and CD163 expression, perhaps suggesting that both clus-
ters represent the same monocytes in different states of acti-
vation (Fig. 5 F). Another strong interaction was with T reg cells
(cluster 23), possibly representing an attempt by T reg cells to
suppress CD16*CD163* monocytes/M¢. Finally, CD16*CD163*
monocytes/M¢ had enhanced interactions with SMA* cells
(clusters 12 and 19), highlighting the transmural nature of in-
flammation associated with NEC. Unfortunately, our IMC panel
did not include a specific endothelial marker, prohibiting us
from bioinformatically confirming CD16*CD163* monocyte/M¢
proximity to the vasculature. Importantly, when stratifying the
interactions by disease state, both clusters 5 and 6 had an in-
crease in significant interactions in the NEC samples compared
with neonatal samples (Fig. S3 G). Interactions with SMA®,
cluster 12; T reg cells, cluster 23; and B cells, cluster 24, were
especially enriched in the NEC samples (Fig. S3 G). On the other
hand, interactions of anti-inflammatory cell types such as T reg
cells, cluster 23, and CD163* M¢, cluster 22, with other cell types
(Fig. S3 G, black dashed box) were more prominent in neonatal
samples.

scRNA-seq analysis confirms CD16*CD163* M¢ abundance in
NEC tissue

To further probe the activation state, gene expression sig-
natures, and functional phenotypes of monocytes in NEC tissue,
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Figure 3. Peripheral neutropenia and increase in CD16*CD163* monocytes/M¢ in infants with surgical NEC. (A) Workflow for collection and analysis of

peripheral blood. (B) tSNE of peripheral CD3-CD19- innate cells. (C) Abundance of major populations expressed as a percentage of innate cells. (D) Clus-
tergram (Fernandez et al., 2017) of median expression of canonical markers used to identify individual clusters. (E) Density tSNE plots of each group. (F and G)
Neutrophils (F) and monocytes (G) expressed as a percentage of circulating innate cells. Each dot represents one patient. Box plots represent mean + SE. *, P <

0.05. cGA, corrected GA; dx, diagnosis; K-W, Kruskal-Wallis test.

we performed scRNA-seq of small intestinal tissue using the 10x
Genomics Chromium platform (Luo et al., 2020). We analyzed
six samples (fetal, n = 2; neonatal, n = 2; NEC, n = 2 [one sample
excluded for low cell number]) matched to the suspension Cy-
TOF cohort.
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In total, we were able to sequence 30,269 cells ranging from
3,525 to 8,935 cells per sample and detecting a total of 23,329
genes with a mean expression of at least 1 unique molecular
identifier per million reads across the dataset. Data were filtered
based on the number of expressed genes (>200 and <7,000)

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20200344

920z Jequisldas 9| uo 3senb Aq ypd 00202 Wal/E8E . 181 /7YE0020Z8/6/8 1 2/spd-81one/wal/Bi0 ssaidn) woly papeojumoq

70f 18


https://doi.org/10.1084/jem.20200344

Neonatal NEC
DNA

PanCK

DNA

Neonatal

Neonatal

i DNA

Figure 4. IMC reveals that CD16*CD163* monocytes are adjacent to blood vessels in NEC mucosa. Composite of surface markers (individual layers) of
interest generated from MCD files using histocat 1.7.6.1 (Fluidigm) from representative neonatal and NEC samples, White scale bar, 50 um. Gray scale bar,

100 pum. White asterisk denotes one CD16*CD163* monocyte. DNA, 191Ir DNA.

detected in each cell and containing <25% mitochondrial genes
(Fig. S4 A) and were merged to perform a uniform manifold
approximation and projection (UMAP) plot for dimension re-
duction and visualization of the clustering of individual cells
(Fig. 6, A and B). The expression of the top 10 differentially
expressed (DE) genes (Fig. S4 B) was used to annotate clusters
into six broad groups: T cells, B cells, NK cells, M¢ or DCs (MP/
DC), and nonimmune cells (Fig. 6, A and B; and Fig. S4, B-D).
Based on expression of HLA-DR, CD14, CD16, and CD163 tran-
scripts, we identified cluster 3 (Fig. 6, A-D) as the cluster containing
the monocytes/M¢ of interest identified in CyTOF analysis. Consis-
tent with the CyTOF analysis, cluster 3 was enriched in NEC mucosa
compared with fetal and neonatal intestine (Fig. 6 D and Fig. S4 C).

CD16*CD163* monocytes/M¢ are proinflammatory with high
chemotaxis, ROS, and phagocytic activity

To further characterize CD16*CD163* monocytes/M¢, we per-
formed a post hoc cluster analysis of cluster 3. The resulting

Olaloye et al.
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analysis yielded nine clusters that were present in two or more
samples (Fig. 6, E and F). Clusters 1 and 2 (MC1 and MC2) had the
highest expression of CD14, CD16, and CD163 and, as such, rep-
resented the clusters containing the monocytes/M¢ of interest
(Fig. 6 G and Fig. S4 E). Consistent with our CyTOF data, these
two clusters were abundant in NEC (Fig. 6 H).

DE analysis revealed that cells in clusters MCl and MC2 were
transcriptionally distinct from other monocytes (MCO, MC3,
MC4, MC5, MC6, MC7, and MCS; Fig. 7 A and Fig. S4 F). Inter-
estingly, numerous inflammatory genes were enriched in the
MC1 and MC2 monocytes and those associated with tissue repair
and antigen presentation in the other monocyte clusters (Fig. 7,
A-C). Specifically, expression of SI00A8 and SI00A9 (together
known as calprotectin), IL-1B, IL-8 (CXCL8), and nuclear factor
k-light-chain enhancer of activated B cells 1A (NFKBIA) genes
was increased in clusters MC1 and MC2 (Fig. 7, A-C). The
Nanostring data had shown elevation of these same genes in
bulk NEC tissue compared with neonatal controls (Fig. S1 D).
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Figure 5. IMC reveals numerous interactions of CD16*CD163* monocytes/M¢ in NEC-affected mucosa. (A-C) IMC data collection and analysis pipeline
adapted from Wang et al. (2019). Phenograph clustering using histocat 1.7.6.1 on CD45, CD3, CD19, CD14, CD16, CD163, and HLA-DR of cells from IMC of NEC
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Figure 6. scRNA-seq confirms that CD16*CD163* monocytes/M¢ are abundant in NEC mucosa. (A and B) UMAP of all small intestinal cells colored by
cluster (A) and by sample (B) of 30,269 cells from five biologically independent samples. (C) UMAP of expression level of genes used to identify monocytes of
interest (cluster 3, dashed black lines), namely HLA-DR, CD14, CD16, and CD163. (D) Abundance of cells in cluster 3 in each group. (E and F) UMAP embedding
showing rerun of cells from cluster 3 colored by cluster (E) and by sample (F; n = 2,402 monocytes from five biologically independent samples. (G) Violin plots
of gene expression level within each cluster showing cells in MC1 and MC2, with highest expression of CD14, CD16, and CD163. (H) Cumulative data total

number of cells in MC1 and MC2 within each group.

Taken together, these data suggest that the CD16*CD163* mono-
cytes/M¢ secrete a large number of inflammatory factors and are
the likely source of these genes in NEC tissue.

Additionally, we noted that several other genes involved in
modulating inflammation in monocytes/M¢ were differentially
expressed in CD16*CD163* monocytes/M¢. Triggering receptors
expressed on myeloid cells 1 (TREM1), macrophage inflammatory
protein 2a (CXCL2, a cytokine that participates in neutrophil re-
cruitment), macrophage inflammatory protein 2f (CXCL3), as well
as other genes in the IL-1 cytokine family (IL1A) were all signifi-
cantly elevated in MC1 and MC2 monocytes compared with other
monocytes. ILIR1, a gene that antagonizes IL-1 signaling, and HES],
a transcriptional repressor that attenuates inflammation (Shang
etal., 2016), were downregulated, implying a highly inflammatory
phenotype for CD16*CD163* monocytes/M¢ (Fig. 7, A-C).

Given that the CyTOF analysis demonstrated an increase in
CD16*CD163* monocytes/M¢ both in the tissue and in the pe-
riphery (Figs. 2 E and 3 G) and that the IMC analysis identified

Olaloye et al.
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them to be near blood vessels (Fig. 4), we hypothesized that
these cells migrated from the periphery to inflamed tissue. In
support of this hypothesis, the DE analysis identified that the
expression of chemokines required for monocyte migration
(CCL2, CCL7, CXCL5, and CXCL1) were significantly increased in
cells in clusters MC1 and MC2 compared with other monocytes
(Fig. 7, A and B). Consistent with this observation, gene set en-
richment analysis (GSEA) revealed that pathways related to
leukocyte transendothelial migration and chemotaxis were sig-
nificantly enriched in MC1 and MC2 compared with other mono-
cytes (Fig. 7 D and Fig. S4 F).

Further analysis of GSEA uncovered 188 pathways (Table S4)
that were significantly altered (q < 0.05) in the MCl and MC2
monocytes compared with other monocytes, including upregu-
lation of TLR activation; ROS production; and cytokine signaling,
including IL-17 signaling (Fig. 7 D and Fig. S4 F). Finally, Inge-
nuity Pathway Analysis (IPA) of the DE genes restricted to only
the CD16*CD163* monocytes/M¢ from MC1 and MC2 with
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Figure 7. Inflammatory nature of CD16"CD163* monocytes/Mé. (A) Top 15 up- and downregulated genes in MC1 and MC2 compared with other
monocytes (MCO, MC3, MC4, MC5, MC6, MC7, MC8). (B) Volcano plot of DE genes (DEG) with increased expression in MC1 and MC2 (red arrow on the right)
and other monocytes (MCO, MC3, MC4, MC5, MC6, MC7, MC8; teal arrow on the left). (C) Violin plots of genes in inflammatory monocyte pathways with
increased expression in MC1, MC2 (red) compared with other monocytes (teal). (D) Select GSEA pathways significantly enriched in MC1 and MC2 monocytes.
(E) Box plot of ROS generation by CD16*CD163* monocytes/M¢ in NEC (n = 3) and neonatal (n = 3) tissue. (F) Box plot of E. coli (FITC) uptake by CD16*CD163~
monocytes/M¢, CD16*CD163* monocytes/M¢, and CD16-CD163* monocytes/M¢ in small intestine samples (n = 5). *, P < 0.05; **, P < 0.01; ***, P < 0.001;
***¥ P < 0.0001. FC, fold change; FDR, false discovery rate; KEGG, Kyoto Encyclopedia of Genes and Genomes.

significant z-scores confirmed upregulation of similar pathways,
including leukocyte extravasation, motility, chemokine, and
TREMI signaling (Fig. S4 G).

To confirm that CD16*CD163* monocytes/M¢ are potentially
pathogenic in NEC and validate the scRNA-seq data, we exam-
ined ROS production and bacterial uptake in a subset of matched
neonatal and NEC cases (Fig. S5, A-C; and Table S5) using flow
cytometry. ROS production was increased in CD16*CD163*
monocytes/M¢ in NEC mucosa compared with neonatal intes-
tine (Fig. 7 E; and Fig. S5, A-C). We did not observe a difference
in bacterial uptake by CD16*CD163* monocytes/M¢ in NEC versus
neonatal intestinal tissue. However, CD16*CD163* monocytes/M¢
in all tissue examined had increased Escherichia coli uptake over
CD163* monocytes/M¢ (Fig. 7 F; and Fig. S5, A-C)

Discussion

Current knowledge of peripheral and mucosal immune dysre-
gulation in human NEC is limited to studies of specific immune
subtypes and signaling pathways (Weitkamp et al., 2014; Hui
et al,, 2017; Egan et al., 2015). We have conducted deep pheno-
typing and transcriptional analysis of intestinal tissue from
patients with NEC at a single-cell-level resolution linked to
special information. The granularity afforded by single-cell
analysis at the whole-tissue level allowed us not only to con-
firm that acute inflammation in intestinal tissue of patients with
sNEC is characterized by increased abundance of both neu-
trophils and monocytes (MohanKumar et al., 2016; Emami et al.,
2012) but also to identify the phenotypes of the particular neu-
trophils and monocytes/M¢ that are enriched in NEC. Further-
more, we note dysregulation of other immune populations,
including DCs, ILCs, and NK cells. We were also able to com-
plement intestinal data with CyTOF analysis of peripheral blood,
which revealed neutropenia and expansion of certain circula-
tory monocytes, suggesting a translocation of neutrophils and
monocytes to the site of inflammation.

We observed abnormalities in multiple innate immune pop-
ulations, including DCs, NK cells, and ILCs. Intestinal APCs, and
CD103* DCs in particular, maintain homeostasis and tolerance,
recruit T cells into the intestinal tissue, and prime the adaptive
immune system via antigen processing and presentation to
T cells (Mann and Li, 2014; Ruane and Lavelle, 2011). CD103* DCs
were notably decreased in NEC, suggesting a potential decrease
of priming and recruitment of T cells in affected mucosa and
potentially decreased tolerance to commensal bacteria. Simi-
larly, ckit* ILCs, likely ILC3s, were diminished in NEC. It is
possible that the decrease in ILCs is physiological because lym-
phoid tissue inducer cells, a subtype of ILC3, are involved in
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secondary lymphoid organ generation and decline once they
have been established (Vivier et al., 2018; Stras et al., 2019).
However, ILC3s play a crucial role in intestinal homeostasis and
prevention of bacterial dissemination through regulating epi-
thelial proliferation, intestinal regeneration, and production of
anti-inflammatory cytokines and antimicrobial peptides (Romera-
Hernandez et al., 2020) and have been shown to be reduced in
Crohn’s disease (Zeng et al., 2019).

Interestingly, we were able to differentiate SNEC into three
distinct phenotypes based on the type of neutrophilic infiltrates
observed in NEC mucosa. The first group, consisting of ~40% of
NEC cases (C10 NEC) was enriched for neutrophils with in-
creased expression of CD11b and CD38 or “aged” neutrophils.
CDI11b expression has been shown to be upregulated on aged
neutrophils and is required for their migration to the sites of
inflammation (Uhl et al., 2016). Similarly, CD38 expression on
neutrophils is required for migration to the sites of inflamma-
tion (Partida-Sanchez et al., 2001). The second group, compris-
ing ~40% of NEC patients (C24 NEC) contained neutrophils with
enhanced expression of CD56 and CXCR3 or “newly” recruited
neutrophils. Specifically, CD56 expression is increased on newly
infiltrating neutrophils (Hartl et al., 2008), and similarly, CXCR3
is important in recruiting neutrophils to the intestine during
colitis (Chami et al., 2014). Finally, the third group, comprising
~20% of cases (C9 NEC) consisted of immature (cKIT*) neu-
trophils. The C9 neutrophils were also enriched in other sam-
ples, including SIP and postNEC cases, suggesting that they
might be important in tissue remodeling and not participate in
acute inflammation. These results demonstrate that there are
distinct phenotypes of patients with NEC based on their sub-
types of neutrophils that likely correlate with the progression of
the intestinal inflammation (C24 group with initial inflamma-
tion and the C10 group later on in the progression). Unfortu-
nately, secondary to the deidentified nature of how the majority
of these samples were collected, we do not have clinical data on
the severity and timing of surgery in relationship to the disease
course in the majority of these patients. It would be interesting
to validate the correlation of the distinct phenotypes with the
disease course in future studies.

This study is the first to identify the phenotype of the
monocyte/M¢ population enriched in NEC tissue. We identified
CD16*CD163* monocytes/M¢ to be specifically enriched in tissue
and circulation of patients with sNEC compared with all other
groups. CD16" (FcyRIIL, capable of binding the Fc portion of IgG)
monocytes have been shown to be highly phagocytic and secrete
inflammatory cytokines such as IL-8 and IL-1B (Al-Rashed et al.,
2019). They are also capable of upregulating CD163 on their
surface (Alvarado-Vazquez et al.,, 2017). However, CD163, a
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haptoglobin-hemoglobin scavenger receptor, is usually associ-
ated with alternatively activated or anti-inflammatory M¢
(Alvarado-Vazquez et al., 2017) and in combination with CD64
(FcyRI), present on resident intestinal mucosal and muscularis
layer M¢ (Bain and Schridde, 2018). Interestingly, CD16*CD163*
monocytes have been described in numerous infectious and
autoimmune diseases, including inflammatory bowel disease
(Chapuy et al., 2019; Franze et al., 2013); however, their function
and transcriptional program has not been evaluated. scRNA-seq
analysis of CD16*CD163* monocytes/M¢ demonstrated that they
have an inflammatory Mi-like signature with increased NF-«B,
TREM1 IL-1B, IL-1a, and S100A8 and SI00A9 expression. Given
that these factors have been shown by our group and others
(Aydemir et al., 2012; MacQueen et al., 2016) to be elevated in the
tissues of patients with NEGC, it is likely that their primary sources
are the CD16*CD163* monocytes/M¢. Moreover, CD16*CD163*
monocytes produce high amounts of IL-8 and CXCL1 and CXCL3
(factors involved in neutrophil chemoattraction; Alvarado-Vazquez
et al., 2017). Consistent with their role in neutrophil recruitment,
CD16*CD163* monocytes/M¢ were most abundant in the C24 neu-
trophil NEC subgroup that had an abundance of newly infiltrating
neutrophils. GSEA analysis suggested that CD16*CD163* monocytes/
M¢ were enriched for genes associated with phagocytosis, ROS
production, and cytokine signaling. Moreover, a number of en-
dogenous and exogenous TLR activation pathways were upregu-
lated in these monocytes, confirming previous data implicating TLR
signaling in NEC pathogenesis (Egan et al., 2015; Afrazi et al., 2014).

Combination of CyTOF analysis of peripheral blood of pa-
tients with surgical NEC and IMC analysis suggested that
CD16*CD163* monocytes/M¢ migrate from the periphery and
infiltrate all layers of intestinal mucosa. scRNA-seq analysis also
identified genes involved in leukocyte transendothelial migra-
tion and chemotaxis to be upregulated in these monocytes.
Moreover, CD16*CD163* monocytes/M¢ interacted with many
immune and nonimmune intestinal cellular populations, in-
cluding T reg cells, interactions that were much more prominent
in NEC than neonatal samples. A decrease in T reg cells has been
associated with NEC (Pang et al., 2018a), and alterations in T reg
cell function with upregulation in inflammatory cytokines has
been shown in inflammatory bowel disease (Mitsialis et al.,
2020). Here, we show that CD16*CD163* monocytes/M¢ inter-
act with T reg cells, suggesting that T reg cells attempt to sup-
press these monocytes/M¢, or alternatively, the inflammatory
factors produced by CD16*CD163* monocytes/M¢ are inhibiting
T reg cell function. Conversely, IMC identified reduced cell-to-
cell interactions of anti-inflammatory cell types with other cells
in NEC samples, reinforcing the switch to an inflammatory
milieu in NEC. Collectively, our data highlight the important role
that CD16*CD163* monocytes/M¢ play in all aspects of pro-
gressive intestinal inflammation in NEC and suggest that these
cells are likely one of the pathogenic drivers of inflammation
associated with NEC (Fig. 8). A subtype of NEC has been asso-
ciated with RBC transfusions, where patients develop NEC hours
after the transfusion. Given the role of CD163 as a hemoglobin
scavenger, it is intriguing to think that CD16*CD163* monocytes/
Mg are also associated with transfusion-related NEC and should
be assessed in the future.

Olaloye et al.
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The main limitations of our study were the relatively small
sample size and lack of properly GA and chronological age-
matched control tissues. Ideal control intestinal tissue would be
from healthy premature infants, but these infants do not require
procedures that allow for tissue collection. However, we have
included numerous control groups in this study, including neo-
nates who had non-NEC-related surgeries, infants with spon-
taneous ileal perforation, samples obtained at the reanastomosis
surgery months after the NEC diagnosis, and second trimester
fetal tissue, to overcome this limitation. Additionally, we did not
have relevant clinical information to correlate the NEC pheno-
types identified to disease severity and patient outcomes. Nev-
ertheless, this study provides a deep phenotypic and functional
analysis of NEC tissue that will serve as the foundation for future
studies.

In summary, we provide a comprehensive analysis of dys-
regulation of innate immunity in NEC. Our data show distinct
phenotypes of NEC that are determined by the identity of the
neutrophilic infiltrate and elucidate the role of CD16*CD163*
monocytes/M¢ in NEC pathogenesis. The implications of this
study include an improved understanding of the innate immune
dysregulation in NEC and identification of novel biomarkers and
therapeutic targets in NEC to be evaluated in future studies.

Materials and methods
Human experimental guidelines
Small intestine tissue samples were obtained while following a
discarded tissue protocol with approval of the institutional review
board (IRB) at the University of Pittsburgh (IRB# PRO17070226).
Patient consent was not obtained for the collection of discarded
small intestine samples. The collection of peripheral blood samples
occurred after parental consent was obtained with approval from
the University of Pittsburgh IRB (IRB# PRO18010491).

Samples collected from Boston Children’s Hospital (Table S1
B) were discarded samples obtained without patient consent.
The IRB at Boston Children’s Hospital/Harvard University ap-
proved tissue collection.

Intestinal tissue acquisition and storage

Fresh small intestinal tissue from surgical resections in infants
were obtained with IRB approval (IRB# PRO17070226; Table S1).
Human fetal small intestine was obtained through the Univer-
sity of Pittsburgh Biospecimen Core after IRB approval (IRB#
PRO18010491; Table S1). Tissue was cryopreserved, and single
cells were isolated as previously described (Stras et al., 2019).
Briefly, intestinal tissue samples were cut into subcentimeter
pieces and cryopreserved in freezing media (10% DMSO in FBS)
at -80°C for 24 h and then transferred into liquid nitrogen until
batch analysis.

Whole-blood RBC lysis

100-250 pl of whole blood from NEC and control patients (Table
S1) was collected at the University of Pittsburgh Medical Center
after consent (IRB# 19050118). Whole blood was placed in a BD
Microtainer MAP K2EDTA 1.0-mg tube and stored at 4°C. Within
8 h, serial RBC lysis was performed as follows: (1) 5 ml of red cell
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Figure 8. Innate dysregulation in NEC. Sum-
mary of the main findings of the study. The role
of CD167CD163* monocytes/Md¢ in NEC includes:
(1) phagocytosis, (2) increased TLR signaling, (3)
increased ROS production, (4) increased secretion
of inflammatory cytokines, (5) neutrophil recruit-
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lysis buffer (BioLegend) was added to 100 ul whole blood at
room temperature for 15 min, (2) diluted to a total volume of
45 ml with Dulbecco’s PBS (DPBS; Gibco), (3) centrifuged at 4°C
at 1,500 rpm, and (4) decanted of supernatant. Steps 1-4 were
repeated until there were no visible RBCs. Resulting cells were
counted after suspension in DPBS. Cells were cryopreserved in
freezing media similarly to intestinal tissue as outlined in
Konnikova et al. (2018). At the time of analysis, samples were
quickly thawed and washed in RPMI medium plus 10% FBS
(Corning), 1x GlutaMax, 10 mM Hepes, 1x MEM nonessential
amino acids, 1 mM sodium pyruvate, 100 IU/ml penicillin, and
100 pg/ml streptomycin.

Intestinal tissue digestion

Intestinal tissue samples were quickly thawed and washed in
RPMI medium plus 10% FBS (Corning), 1x GlutaMax, 10 mM
Hepes, 1x MEM nonessential amino acids, 1 mM sodium pyru-
vate, 100 IU/ml penicillin, and 100 pg/ml streptomycin. Next,
intestinal tissue was incubated overnight in the same media
with 1 ug/ml DNase 1 and 100 pg/ml collagenase A. Tissue dis-
sociation was performed on the gentleMACS Octo Dissociator
with heaters (Miltenyi Biotec) using the heated human tumor
protocol 1. Tissue was then filtered through a 70-pum nylon mesh
cell strainer (Sigma). A single-cell suspension was made by
washing in DPBS without Ca®* and Mg?* (Sigma).

Suspension CyTOF staining/analysis

Circulating blood cells and intestinal tissue single cells (Table S1)
were washed in cell-staining buffer (CSB), which consisted of
DPBS with 0.5% BSA (Sigma) and 0.02% sodium azide incubated
with Human TruStain FcX (BioLegend). Cells were stained with
a cocktail of antibodies (Table S2) and washed in CSB, fixed
in 1.6% paraformaldehyde (Sigma), and kept in CSB at 4°C

Olaloye et al.
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overnight. The next day, samples were labeled with 191Ir/193Ir
DNA intercalator (Fluidigm) and shipped overnight to the Long-
wood Medical Area CyTOF Core. MiliQ water was used to wash
cells, and beads were added for normalization with subsequent
analysis on a Helios mass cytometer (Fluidigm) in cell acquisition
solution at a rate of 250 events/s. Data were bead normalized and
exported as FCS files to the dfci pydio cloud.

Files were uploaded to the Premium Cytobank platform and
gated on bead-, DNA~ for single cells and Rh103- viable cells,
initially. Manual gating was performed in Premium Cytobank
for CD45* immune cells and CD3-CD19-CDé66b~ for innate cell
analysis. CD45* and CD3-CD19-CD66b~ cells were uploaded to
Cytofkit (Chen et al., 2016a) as published (Stras et al., 2019)
using R. Data were transformed with cytofAsinh, and FCS files
were merged with ceil and dimensionality reduction with t-
distributed stochastic neighbor embedding (tSNE). Phenograph
clustering was performed using a preset k = 30. Cluster abun-
dance was extracted and analyzed, and plots were generated
using GraphPad Prism. In addition, mean metal intensity values
for neutrophil clusters extracted for antibodies of interest were
analyzed in GraphPad Prism 8.

IMC staining

Biopsy-sized pieces of small intestinal tissue were fixed in for-
malin on the day of collection and subsequently embedded in
paraffin in batches. FFPE tissue was sectioned into 4-5-um-thick
sections. Slides were deparaffinized using xylene and alcohol
and placed in 1x antigen retrieval buffer (#CTS013; R&D) at 95°C
for 20 min. Next, slides were washed in distilled H,0 (ddH,0)
and DDPBS (Gibco). Tissue was blocked with 3% BSA in DPBS for
45 min at room temperature. Overnight incubation of antibodies
(Table S2) diluted in 0.5% BSA in DPBS at 4°C was performed.
Slides were rinsed in DPBS with 0.1% Triton X-100 twice and
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DPBS twice. Counterstain was performed with 191Ir/193Ir DNA
intercalator (Fluidigm) at (1:2,000) in ddH,0 at room tempera-
ture for 30 min. Slides were rinsed in ddH,0 and then air dried.

Selection of areas of interest

Regions of small intestinal tissue were selected manually to
capture all layers of the intestine. The same-sized area was
scanned in all samples.

IMC image acquisition

The Helios CyTOF cytometer coupled to a Hyperion Imaging
System (Fluidigm) was used to acquire data. An optical image of
each slide was acquired using Hyperion software, and areas to
ablate were selected as described above. Laser ablation was
performed at a resolution of 4 pm and a frequency of 200 Hz.
Data from slides were acquired over two consecutive days in a
total of 11 image stacks from nine samples. One sample had a
significantly smaller area of tissue and required three sections to
be scanned to obtain the same total area.

IMC data segmentation and analysis

Data from Hyperion were extracted as MCD and TXT files,
which were visualized using histoCAT++ (Fluidigm) to generate
the images in Fig. 4. Further analysis of image data was per-
formed using a recently published IMC segmentation pipeline
(Damond et al., 2019) that was adapted to our dataset. Briefly, a
Python script (https://github.com/BodenmillerGroup/imctools)
was used to convert text format (TXT) files from data acquisition
to TIFF images. Spillover compensation was performed to min-
imize crosstalk between channels. The images where segmented
in two steps. First ilastik (Berg et al., 2019), an interactive ma-
chine learning software program, was used to classify pixels as
nucleus, cytoplasm, or background components. Training of the
Random Forest Classifier was performed on 125 x 125-pixel sub-
stacks generated from original images using relevant markers (e.g.,
CD45, CD3, CD14, CD163, panCK, SMA). Next, these probability
maps were imported into CellProfiler to identify nuclei, define cell
borders, and generate cell masks. Single cells were identified using
these cell masks. This enabled extraction of single-cell information
from original images. Files and masks were loaded to histoCAT
1.7.6.1 (Schapiro et al., 2017), visualized, and analyzed as follows.
Phenograph clustering of cells was performed using major lineage
markers to identify monocytes of interest. Clusters were visualized
using the tSNE function and plots generated. Nearest neighborhood
analysis was performed in histocat 1.7.6.1, identifying neighboring
cells within 3 pixels to identify with interactions present in >10% of
images with a of P value of 0.01. IMC raw counts were extracted for
each cluster, and data were graphed using GraphPad Prism 8.

scRNA-seq: 10X

Cryopreserved intestinal samples were thawed and single-cell
suspensions made as outlined above and per a previously pub-
lished protocol (Konnikova et al., 2018). We selected for live cells
using a live/dead kit. We used 3" GEM libraries using the 10X kit
from MedGenome. Sequencing was performed on HigSeq lanes
with two samples per lane and with a target of 5,000 cells (Xin
et al., 2020; Luo et al., 2020).

Olaloye et al.
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scRNA-seq: Data analysis

The scRNA-seq data were processed using the Cell Ranger 4.0.0
pipeline to align reads and generate a count matrix. Next, the
output was analyzed with the R package Seurat 4.0. Cells with
mitochondria reads >25% or samples where the number of genes
was <200 or >7,000 were filtered out. The data were normalized
using the “LogNormalize” method. This method normalizes the
expression for each cell by the total expression, multiplies by a
factor of 10,000, and log-transforms the data. The cells from
different samples were integrated to minimize the batch effect.
Next, the integrated expression for each gene was scaled to a
mean and variance of 0 and 1, respectively, across cells. Graph-
based clustering was implemented in Seurat, and the resulting
clusters were visualized with UMAP, which identified 21 clus-
ters. Clusters were identified based on canonical gene expres-
sion (Fig. S4). We further reclustered monocytes of interest
(CD16*, CD163*, HLA-DR") in cluster 3 to identify nine distinct
clusters. Among these nine clusters, clusters 1 and 2 were en-
riched in CD16, CD163, and HLA-DR. A DE analysis was per-
formed to compare clusters 1 and 2 and the other clusters. The
resulting log;o P values were plotted against log, fold change in a
volcano plot. We further performed GSEA using IPA. UMAP
plots, gene expression plots, and violin plots were generated
using R Seurat 4.0. Box plots of cluster abundance were gener-
ated using GraphPad Prism 8.

Flow cytometry staining

Single cells from intestinal tissue digestion were obtained as
outlined above. Cells for the ROS experiment were stained with
H2DCFDA (D399; Invitrogen) dissolved in DMSO at 37°C for
45 min. Samples were washed using FACS buffer at 3,000 rpm
for 5 min. Cells were then stained with propidium iodide (PI)
dye for 15 min at room temperature. Samples were then stained
with antibody cocktail for 30 min on ice and washed with FACS
buffer and fixed with paraformaldehyde. Samples were re-
suspended in FACS buffer.

Cells for the bacterial uptake experiment were added to
serum-free DMEM (Gibco) with FITC-labeled E. coli and
centrifuged at 1,500 rpm for 3-4 min and incubated at 37°C for
20 min. Cells were washed with PBS and then incubated with PI
for 15 min at room temperature. Samples were washed in FACS
buffer and stained with antibody cocktail for 30 min on ice. Cells
were washed in FACS buffer again and then briefly incubated
with trypan blue and fixed with paraformaldehyde. Cells from
ROS and bacterial uptake were resuspended in FACS buffer.

Flow cytometry analysis

Flow cytometry was performed on an LSR II Analyzer (BD Bio-
sciences) at the Yale University Flow Cytometry Core. Data were
analyzed with Flow]Jo software.

mRNA extraction and IPA

Intestinal tissue from the Harvard University cohort (Table S1B)
were homogenized in Buffer RLT (QIAGEN) and processed using
the nCounter Prep Station and Digital Analyzer according to the
manufacturer’s instructions (nCounter system; https://www.
nanostring.com). A panel of 5 housekeeping genes and 79 genes
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of interest was used to analyze the samples using previously
published microarray data (Blanchard et al., 2006; Table S3).
Data from neonatal controls served as the mean, and gene ex-
pression was expressed as z-scores for NEC and postNEC.

Statistical analysis

Kruskal-Wallis analysis and Dunn’s multiple comparison test for
post hoc analysis among groups were performed using R 3.6.1
software. One-tailed t test was used to compare two groups.
Comparisons of mean expression values were corrected using
the Bonferroni method. P < 0.05 was significant.

Plot generation
All graphs and heatmaps comparing multiple groups were
generated using GraphPad Prism 8.

Online supplemental material

Fig. S1 summarizes additional data from suspension mass cy-
tometry (CyTOF) and Nanostring experiments of small intestine.
Fig. S2 summarizes additional data from peripheral blood CyTOF
experiments. Fig. S3 summarizes additional data from the IMC
analysis of small intestine. Fig. S4 summarizes additional data
from scRNA-seq experiments. Fig. S5 contains the gating strat-
egy for the flow cytometry experiments for ROS and bacterial
uptake analysis. Table S1 contains demographic data for cases of
small intestine and peripheral blood samples from all experi-
ments. Table S2 lists antibodies used in CyTOF, IMC, and flow
experiments. Table S3 lists the Nanostring genes. Table S4 lists
the pathways from GSEA. Table S5 lists flow cytometry anti-
bodies used in ROS and bacterial uptake experiments.

Data availability

Data analyzed in this study have been stored according to IRB
guidelines and are subject to institutional regulations. Requests
can be directed to the lead contact Liza Konnikova. Single-cell
data related to all cells were deposited at Gene Expression Om-
nibus under accession number GSE178088.
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Supplemental material

Five tables are provided online as separate Word files. Table S1 contains demographic data for cases of small intestine and
peripheral blood samples from all experiments. Table S2 lists antibodies used in CyTOF, IMC, and flow experiments. Table S3 lists
the Nanostring genes. Table S4 lists the pathways from GSEA. Table S5 lists flow cytometry antibodies used in ROS and bacterial
uptake experiments.
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Figure S1. Additional data from suspension mass cytometry (CyTOF) and Nanostring experiments of small intestine. (A) Gating scheme to identify
CD45* cells exported for analysis from Premium Cytobank. (B) Abundance of each cluster in the various cohorts from CD45* cell analysis. (C-E) B cells, T cells,
neutrophil clusters, and neutrophil populations by NEC phenotype expressed as a percentage of leukocytes (immature [C9 NEC, n = 2], aged [C10 NEC, n = 5],
and newly infiltrating [C24 NEC, n = 5]). (F) Relative z-scores of genes of interest from Nanostring IPA data in NEC and postNEC compared with neonatal cases.
(G) Gating scheme to identify CD3-CD19-CD66b™ cells exported for analysis from Premium Cytobank. (H) Median cluster abundance for clusters from CD66b-
innate cell analysis. Asterisks denote clusters with significant differences between groups. Each dot represents one biological sample. Box plots represent mean =+ SE.
Fetal (n = 3), SIP (n = 8), neonatal (n = 4), NEC (n = 12), postNEC (n = 4). *, P < 0.05. K-W, Kruskal-Wallis test.
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Figure S2. Additional data from peripheral blood CyTOF experiments. (A-C) Subtypes of nonmonocyte/M¢ APCs (A), NK cells (B), and ILCs (C) expressed
as a percentage of CD66b™ innate cells. (D) tSNE of peripheral leukocytes. (E) Major populations expressed as a percentage of blood leukocytes.
(F-H) Neutrophils (F), monocytes/M¢ (G), and NK/ILCs (H) expressed as a percentage of innate cells in healthy control (CTRL) and all NEC samples.

(1 and J) Correlation between the abundance of neutrophils (1) and CD16*CD163* monocytes/Mé (J) in small intestine (SI) and peripheral blood of

matched sNEC cases. Each dot represents one patient sample. Box plots represent mean + SE. CTRL (n = 13), mNEC (n = 12), and sNEC (n = 3). ¥, P < 0.05. K-W,

Kruskal-Wallis test.
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Figure S3. Additional data from the analysis of IMC analysis of small intestine. (A) Representative TIFF image (left) of one NEC sample (also in Fig. 5 F)
generated from histoCAT 1.7.6 with individual cells highlighted in mask. (B) tSNE plot of phenograph clusters from Fig. 5, B and C, colored by individual
samples. (C) Heatmap of canonical surface markers used to identify phenograph clusters in Fig. 5. (D) Median number of cells per field in each phenograph
cluster in neonatal (n = 3) and NEC (n = 6) samples. (E and F) Number of cells per field in various populations (E) and in CD16*CD163* monocytes (F).
(G) Neighborhood analysis of cell-to-cell interactions in neonatal samples (n = 3). Each dot represents one sample. Box plots represent mean + SE. *, P < 0.05; +,
P < 0.1 by t test. CellsEpi, epithelial cells; M®, macrophage.
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Figure S4. Additional data from scRNA-seq experiments. (A) Violin plot of genes per cell, unique molecular identifier (UMI)/cell, and mitochondrial content
in each sample (NEC n = 2, one sample excluded from analysis for low cell number). (B) Average expression and percent expressed plot for genes used to
identify clusters in Fig. 6 A and Fig. S5 D. (C) Median number of cells in each cluster colored by group. (D) Median number of cells per population (T cells, MP/
DCs, B cells, NKT, enterocytes, fibroblasts, neuronal, and erythrocytes from Fig 6 A) in each group (fetal, n = 2; neonatal, n = 2; NEC, n = 1). (E) Average
expression and percent expressed plot for top 10 genes in each cluster from reclustering of cells in cluster 3 from Fig 6 D. (F) Select GSEA pathways sig-
nificantly enriched in MC1 and MC2 monocytes. (G) IPA pathways enriched in CD16*CD163* monocytes/M¢. ES, enrichment score.
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Figure S5. Gating strategy for the flow cytometry experiments for ROS and bacterial uptake analysis. (A and B) Gating strategy for measuring ROS
generation by CD16"CD163* monocytes/M¢. (C and D) Gating strategy for bacterial uptake, measured by FITC-labeled E. coli uptake by subtypes of mono-
cytes/Mé. FMO, fluorescence minus one; FSC-A, forward scatter area; FSC-W, forward scatter width; SSC-A, side scatter area.
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