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Balance between protective and pathogenic immune responses to pneumonia in the

neonatal lung enforced by gut microbiota.
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One sentence summary: Gut microbiota promote clinical recovery by reinforcing the
balance between regenerative pathways driving tissue homeostasis and inflammatory

responses limiting pathogens in infected neonatal lungs.
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Abstract:

While modern clinical practices like cesarean sections and perinatal antibiotics have
improved infant survival, treatment with broad-spectrum antibiotics alters intestinal
microbiota and causes dysbiosis. Infants exposed to perinatal antibiotics have an
increased likelihood of life-threatening infections, including pneumonia. Here, we
investigated how gut microbiota sculpt pulmonary immune responses, promoting
recovery and resolution of infection in newborn rhesus macaques. Early-life antibiotic
exposure, mirroring current clinical practices, interrupted the maturation of intestinal
commensal bacteria and disrupted the developmental trajectory of the pulmonary
immune system as assessed by single-cell proteomic and transcriptomic analyses of the
pulmonary immune response. Early-life antibiotic exposure rendered newborn
macaques susceptible to bacterial pneumonia, mediated by profound changes in
neutrophil senescence, inflammatory signaling, and macrophage dysfunction.
Pathogenic reprogramming of pulmonary immunity was reflected by a
hyperinflammatory signature in all pulmonary immune cell subsets. Distinct patterns of
immunoparalysis, including dysregulated antigen presentation in alveolar macrophages,
impaired costimulatory function in T helper cells, and dysfunctional cytotoxic responses
in natural killer (NK) cells, were coupled with a global loss of tissue-protective,
homeostatic pathways in lungs of dysbiotic newborns. Fecal microbiota transfer
corrected the broad immune maladaptations and protected against severe pneumonia.
These data demonstrate the importance of intestinal microbiota in programming
pulmonary immunity. Gut microbiota promote balance between pathways driving tissue
repair and inflammatory responses, thereby leading to clinical recovery from infection in

infants.
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Main Text

INTRODUCTION: Distinct immune responses adapted for early postnatal life also
render newborns more vulnerable to infections (1). Incomplete understanding of immune
development early in life contributes to our inability to reduce neonatal morbidity caused
by respiratory infection, which unfortunately kills more newborns than any other cause.
While a series of coordinated events control the development of the newborn immune
system (2), few are as important as the interactions of immune cells with successive waves
of commensal bacteria that colonize the newborn’s intestine after birth (3, 4). Evolving
microbial signals play a critical role in the maturation of neutrophils, T helper cells,
monocytes, and innate lymphoid cells in the peripheral blood and the intestine (5, 6).
Nevertheless, the role of intestinal commensal bacteria in functional programming of

effector immune cells at extra-intestinal mucosal sites, for example, the lungs is unclear

(7).

A significant proportion of infants are exposed to antibiotics as a routine part of the
birthing process(8, 9). Infants delivered by cesarean section are exposed to perinatal
antibiotics as part of perioperative prophylaxis given to the mothers. Nearly half of
vaginally delivered infants are exposed to antibiotics given to the mother to prevent
group B streptococcus sepsis (10-12). Many of these infants continue to receive empiric
antibiotics after birth. While current clinical practices are essential for reducing infant
mortality, they may extract a significant biological cost in long-term disruption of the gut
microbiota. Infants treated with antibiotics experience more significant morbidity in
response to sepsis and pneumonia, (13-17) compared to milder disease and spontaneous

resolution in infants not exposed to antibiotics.

In the present study, we define how gut microbiota sculpt immune responses that
mediate recovery and resolution rather than severe disease. Such an understanding is
vital to develop effective treatments for respiratory infections in this vulnerable
population. Non-human primate lung more closely resembles human infant lung in
structure, developmental stage, physiology, and mucosal immune mechanisms (18),
compared to the murine lungs (19). In addition, like humans, non-human primates

develop lobar pneumonia and demonstrate a heterogeneous clinical response (20). Their
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larger size and similarity to human newborns enable integration of clinical signs,
longitudinal assessment of disease progression, and the ability to distinguish mild, self-

resolving pneumonia from severe, often fatal pneumonia.

Here, we define a tiered immunologic development program, anchored by stepwise
engagement of effector cells to limit tissue damage and promote recovery, that was
experimentally disrupted by early-life antibiotic exposure. Remodeling of the pulmonary
immune response was anchored by the appearance of a population of senescent,
hyperinflammatory neutrophils, dysregulated antigen presentation in macrophages,
impaired costimulatory function in T cells, and a dysfunctional cytotoxic response in
natural killer (NK) cells. This was all coupled with global loss of tissue-protective,
homeostatic pathways in dysbiotic newborns. Fecal microbiota transfer corrected the
broad immune maladaptations and protected against severe pneumonia in dysbiotic
newborn macaques. Our data suggest that gut microbiota reinforce the balance between
regenerative pathways driving tissue homeostasis and inflammatory responses, thereby
limiting pathogenesis and promoting clinical recovery. Furthermore, our results
highlight a potential role for microbiota transfer as immune support in these ‘at risk’

infants.

RESULTS:

Antibiotic exposure during the first postnatal week delays microbiota maturation and
is associated with pro-inflammatory signatures in the peripheral blood: We treated a
cohort of vaginally delivered, nursery raised rhesus macaques (Supplemental Table 1)
with a cocktail of antimicrobials from postnatal days (PN) 1 to 7 or with saline (n = 4 in
each experimental group) (Fig. 1a) and profiled the fecal bacterial communities daily.
Stools in saline-treated newborn macaques, referred hereafter as control newborns, were
dominated by facultative aerobic Enterobacteriaceae during the first week of life before
changing to strict anaerobes, principally Bifidobacterium, Bacteroides, and Clostridium (Fig.
1b, Supplemental Table 2) in the second week of life, similar to the pattern seen in human
neonates (21, 22). Dynamic changes in the abundance of peripheral blood neutrophils,
CD4"and CD8' T helper cells, NK cells, and migratory cytokines occurred

contemporaneously with changes in the stool microbiota (Fig. 1c-e, Supplemental Fig.
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1la-c, Supplemental Table 3 and 4). Temporally restricted patterns of linked changes in
immune cell frequencies, abundance of plasma cytokines, and commensal colonization
revealed a "postnatal immune adaptation' signature (Fig. 1b, d and e, Supplemental Fig.
1e).

Antibiotic use significantly diminished the abundance of Enterobacteriaceae, disrupted the
appearance of Bacteroides and Bifidobacterium during the second week of life, reduced

phylogenetic diversity, delayed the maturation of intestinal microbiota (Fig. 1b and c,
Supplemental Table 2 and 5), creating a maladapted immune state characterized by a
pro-inflammatory signature (Fig. 1e, Supplemental Fig. 1f, Supplemental Table 6).
Frequency and the absolute number of peripheral blood neutrophils, critical for a
newborn’s defense against pathogens, were decreased in antibiotic-exposed newborn
macaques, referred hereafter as dysbiotic newborns (Fig. 1d, Supplemental Fig. 1d).
Neutrophils in dysbiotic newborns were phenotypically distinct, marked by increased
expression of CD11b, a marker for neutrophil activation (23) and programmed death (PD-
1), a marker associated with senescence/exhaustion (24, 25) (Fig. 1f and g). CD45RA,
CD38, and CD57, markers associated with T cell differentiation (26) and senescence (27-
30), respectively, were co-expressed at higher levels in CD4" T helper cells from dysbiotic

newborns (Fig. 1f and g).

Gene networks associated with ‘cellular stress’, “inflammation’, and ‘ubiquitination and
apoptosis’ were abundant in the transcriptomic analysis of peripheral blood from
dysbiotic newborns (Supplementary Table 6). Collectively, these data demonstrate that
disruption of commensal microbes by early-life antibiotic use causes a maladapted state

marked by both a robust, pro-inflammatory bias and neutrophil and T cell exhaustion.

Early-life antibiotic exposure is associated with clinically severe pneumonia. After
discontinuing antibiotics for one week, we challenged the newborn macaques in each
experimental group with S. pneumoniae (serotype 19F), a common and often fatal
respiratory pathogen in human infants (31). Vital signs, including heart rate, respiratory
effort, blood pressure, urine output, oxygen saturation, and overall clinical condition of
these newborn macaques, were monitored every 6 hours. In addition, chest radiographs

were obtained daily. The pediatric early warning score (PEWS) (32), an extensively
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validated clinical decision-making and severity-scoring tool, was used to guide therapy,
including intravenous fluids and supplemental oxygen (Supplemental table 7). Thus, we
provided these newborn macaques with intensive care comparable to what a human
infant with pneumonia would receive, with the exception of additional antibiotics after

challenge with S. pneumoniae.

The clinical status of dysbiotic newborns deteriorated, evidenced by higher peak PEWS
score and radiographic evidence of consolidation (Fig. 1h and j). The progression of
symptoms was also more rapid in the dysbiotic newborns (Fig. 1i). The majority required
supportive therapy, an objective measure of clinical well-being. Almost all dysbiotic
newborns received supportive treatment by 60 hours (Fig. 1k, Supplemental table 7),
recapitulating the rapid progression and increased morbidity seen in dysbiotic human
infants (33-35). These data together demonstrate that this newborn macaque model
mirrors a clinically relevant disease process and allows for profiling of the immune

response in target tissues, such as lungs, which is often impossible in human newborns.

Early-life antibiotic exposure remodels pulmonary immune responses to S.
pneumoniae infection. The host inflammatory response to pneumonia is highly
compartmentalized in the lungs (36), so systemic immune cell or cytokine responses
alone may not thoroughly explain the differential clinical response to pneumonia in
dysbiotic newborns. We, therefore, used a combination of single-cell RN A-sequencing
(scRNAseq) and high-parameter (>20 markers) CyTOF to then profile both innate and

adaptive immune cell responses in the lungs of control or dysbiotic newborns 60 hours.

after infection with S. pneumoniae. At this time, dysbiotic newborns had more severe
disease (PEWS = 8 £ 1.5) than control newborns (PEWS = 5 £ 0.6), despite similar
pathogen burden in the lungs (Supplemental Fig. 1g and h).

Cell clusters identified in the pulmonary tissues after infection with S. pneumoniae in
control or dysbiotic newborns were annotated using signature genes from published
scRNAseq atlases (37)(38) (Fig. 2a and b, Supplemental Table 8). The proportion of
neutrophils identified by scRNAseq decreased in dysbiotic newborns, whereas the

T cell proportion increased (Fig. 2c¢ and d). This mirrors the high-parameter CyTOF
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cytometry where the frequency of neutrophils decreased approximately 40% in the lungs
of dysbiotic newborns, compared to control newborns after infection with S. pneumoniae
(Fig. 2e and f, Supplemental Fig. 2a-c). In contrast, the frequency of CD4" T cells
expanded 2-fold in the lungs of dysbiotic newborns after infection with S. pneumoniae
(Fig. 2e and f, Supplemental Fig. 2a-c). Proportions of other immune cells, for example,
alveolar (AM) and interstitial (IM) macrophages, NK cells, B cells, and dendritic cells

(DC) subsets, were generally unchanged.

Canonical immune programs anchored by cell migration, differentiation, activation, and
tissue repair were broadly disrupted in the pulmonary immune cells of dysbiotic
newborns after infection (Fig. 2g, Supplemental Fig. 2d). Conversely, immune programs
dominated by inflammation (NF-kB activity, IL-1f3 activation, and glycolysis) and
dysfunction (apoptosis, cellular stress, and ubiquitination) were active in all pulmonary
immune cells of dysbiotic newborns (Fig. 2g, Supplementary Table 9). Furthermore,
consistent with transcriptomic changes, cytokines associated with inflammation (CXCLS,
CXCL10, and TGFp) and activation (IL6, IL8, and TNF-a) were increased. In contrast,
cytokines associated with tissue repair (GMCSF, IL10, and PDGF) were decreased in the
bronchial lavage fluid of dysbiotic newborns, with these cytokine levels correlating with

disease severity (Supplemental Fig. 2e and f, Supplemental Table 10).

Neutrophils, AMs, and, to a lesser extent, IMs, were the principal sources of
inflammatory cytokines after infection with S. pneumoniae (Supplemental Fig. 2g),
consistent with their critical roles in lung defense against pneumonia. Neutrophils and
AMs also exhibited the greatest transcriptomic remodeling (Fig. 2h) and most
differentially expressed transcripts related to inflammation and tissue repair (Fig. 2i,
Supplemental Fig. 2d and g) in dysbiotic newborn macaques after infection with S.
pneumoniae. A similar reconfiguration of immune responses was associated with rapid
disease progression, worse symptoms, and increased mortality in humans in both

bacterial and viral (influenza and SARS-Cov2) pneumonia (39-44).

Senescent and hyperinflammatory neutrophils dominate pulmonary immune
responses to S. pneumoniae infection in dysbiotic newborns. We identified three

transcriptionally distinct neutrophil populations in the lungs after infection with S.
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pneumoniae (Fig. 3a and b, Supplemental Fig. 3a, Supplemental Table 11). Neutrophil
heterogeneity is influenced by developmentally-encoded cell programs and by
environment and pathogen-specific factors (45). To identify distinct neutrophil
populations, we used module scores (38), reflecting the average expression of all genes
related to neutrophil development, maturation, and activation using published gene
signatures from granulocytes during homeostasis and in the setting of sepsis (46)
(Supplemental Table 12). The population identified by expression of genes related to
‘pathogen response’ and ‘cytokine signaling’ reflected neutrophil heterogeneity caused
by pathogen exposure (Fig. 3b and ¢, Supplemental Fig. 3a) represents mature
neutrophils (cluster 1). Neutrophils characterized by high expression of CXCR4 and CD63
and reduced expression of CXCR2 and SELL (Fig. 3b and ¢, Supplemental Fig. 3b)
represent stressed, hyperinflammatory neutrophils (47) (cluster 2). These cells also had
increased gene transcripts associated with glycolysis, a pathway associated with
hyperinflammatory responses (48) (Supplemental Fig. 3b and c). Immature neutrophils
(cluster 3) were identified based on expression of gene transcripts related to neutrophil
maturation (secretory vesicles, lysozymes, and phagocytosis) (Fig. 3b and g,
Supplemental Fig. 3b). The developmental relationship among these three clusters was
predicted by cellular trajectory analysis (49-52) (Fig. 3d). Pseudotime analysis of granule
proteins, OLFM4 and SELL, and trafficking receptors, CXCR2 and CXCR4, known to be
involved in neutrophil maturation, supported a continuum of differentiation from
immature neutrophils (cluster 3) to mature neutrophils (cluster 1) to senescent,

hyperinflammatory neutrophils (cluster 2) (Fig. 3e).

Early-life antibiotic exposure strongly influenced the activation state of the lung
neutrophil compartment after infection with S. pneumoniae. Pseudobulk RN Aseq analysis
of these pulmonary neutrophils identified distinct signatures associated with dysbiosis
(Supplemental Fig. 3c). Senescent, hyperinflammatory neutrophils were unique to the
lungs of dysbiotic newborns, while mature neutrophils were absent in the lungs of
dysbiotic newborns (Fig. 3f). CyTOF then also showed a consistent remodeling of the
pulmonary neutrophil pool with the emergence of stressed, senescent (CXCR2'°, CXCR4",
CD62L") neutrophils in the lungs of dysbiotic newborns after infection with S. pneumoniae
(Fig. 3g and h).
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There was broad induction of NF«kB (a pro-inflammatory cytokine-encoding gene
regulator), enrichment of phagocytosis and degranulation gene sets, and increased
expression of epigenetic regulators associated with inflammatory neutrophils,
including PADI4, which is required for NETosis (53, 54) and CD274 (encoding for PD-L1
(55)), a marker of cell exhaustion in pulmonary neutrophils from dysbiotic newborns
(Supplemental Table 13). We noted consistent changes in neutrophil activating and
chemotactic cytokines in the bronchial washings of dysbiotic newborns after infection

with S. pneumoniae (Supplemental Fig. 3d).

Remodeled pulmonary neutrophil compartment is associated with increased
pneumonia-related morbidity in dysbiotic newborns. Dysfunctional neutrophils
contribute to pulmonary damage in experimental models of acute lung injury (56, 57)(58).
Conversely, neutrophil depletion is protective in several pneumonia models, and severe
disease is frequently associated with an increased pulmonary neutrophil influx. We
therefore hypothesized that these dysfunctional, senescent neutrophils contributed to
severe pneumonia in dysbiotic newborns. We identified the five most differentially-
expressed genes between senescent, hyperinflammatory neutrophils and all other cells in
our dataset: HIF1A, CXCR4, CD274, LTF, and S100A8. We then used publicly available
whole-blood bulk transcriptomic datasets of infants and children with severe sepsis and
pneumonia (59). We scored each sample in these datasets by the aggregated expression
of these five genes. We used these scores to construct a receiver operating characteristic
(ROC) curve using the gene score as a predictor and severity as the response variable.
Our senescent, hyperinflammatory neutrophil gene score predicted mortality and disease
severity (AUC = 0.79) in infants with severe sepsis and pneumonia (Fig. 3i, Supplemental
Fig. 3e, Supplemental Table 14). Our data suggest that significant remodeling of the lung
neutrophil compartment, anchored by the emergence of senescent and
hyperinflammatory neutrophils, contributes to increased pneumonia-related morbidity
in dysbiotic newborns. The gene signatures from these senescent and hyperinflammatory
neutrophils are potential prognostic indicators in human infants with sepsis and

pneumonia.

Predicted regulatory networks active in pulmonary neutrophils from dysbiotic

newborns after infection with S. pneumoniae. Regulatory networks anchored by the
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transcription factors C/EBPy (encoded by CEBPG) and Kruppel-like factor (KLF) 6, which
are essential for neutrophil development (60-65), were enriched in immature neutrophils
(cluster 3) (Fig. 3j, Supplemental Table 15). Regulatory networks anchored by defense
response-associated transcription factors (66-68), for example, NFKB, IRF7, STAT5A,
BATEF3, and HIF1A, were enriched in activated neutrophils (cluster 1) (Fig. 3j and k,
Supplemental Table 15). In contrast, regulatory networks anchored by epigenome
modifying enzymes (69), lysine demethylase KDM5A, histone deacetylase HDAC2, and
nuclear factor interleukin 3 (NFIL3), a component of the circadian clock, were enriched
in senescent, hyperinflammatory neutrophils (cluster 2) (Fig. 3j and k, Supplemental
Table 15). NFIL3 and KDM5A are implicated in the microbiota-driven regulation of both
nonhematopoietic cells, such as the intestinal epithelium, and hematopoietic cells, such
as ILCs and NK cells, by chromatin histone modification (70-73). Disruption of NFIL3
and KDM5A regulatory pathways may explain neutrophil dysfunction in dysbiotic
newborns and highlights the need for experimental validation of their role in neutrophil

homeostasis.

Macrophages with dysfunctional features are a hallmark of the remodeled pulmonary
immune response in the dysbiotic macaques. To interrogate macrophage plasticity,
which is informed by developmental programs and tissue and stress-specific signals (74-
76), we used MacSpectrum(77), an analytical tool to stratify macrophage maturation and
activation. The dominant population enriched for gene transcripts associated with
‘antigen processing and presentation’ represents terminally differentiated mature AM
(cluster 1) (Fig. 4a-e). The population enriched for transcripts associated with
‘inflammation’, “purinergic-inflammasome signaling” and ‘IL1 receptor activation” was
identified as polarized, inflammatory AMs (cluster 2) (Fig. 4a-e). Immature AMs were
identified based on expression of gene transcripts associated with ‘'DNA replication and
cell division” (cluster 3) (Fig. 4a-e, Supplemental Table 16). Cellular trajectory analysis
identified a relationship between differentiation and activation as the AM developed
from immature (cluster 3) to mature (cluster 1) to polarized inflammatory AM (cluster 2)
(Fig. 4f).
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Early-life antibiotic exposure strongly influenced the development and activation state of
AMs after infection with S. pneumoniae. Mature AMs (cluster 1), known to maintain
noninflammatory states by promoting tolerance and facilitating tissue repair (78), were
decreased in dysbiotic newborns. In contrast, the frequency of polarized, inflammatory
AMs (cluster 2) was increased also in dysbiotic newborn macaques (Fig. 4g). Also, CyTOF
cytometry demonstrated that the frequency of Ml-activated AMs (identified as live
MHCII*, CD11C*, CD11B*, CD86" cells) was increased in dysbiotic newborns after
infection with S. pneumoniae, consistent with scRNAseq findings (Fig. 4h), and correlated
with disease severity (Supplemental Fig. 4i).

We hypothesized that dysfunctional inflammatory macrophages were associated with
severe pneumonia in dysbiotic macaques. Using published gene signatures from AMs in
acute respiratory distress syndrome (ARDS) in humans (46), we found that gene
transcripts predicting recovery were enriched in cluster 1 (Fig. 4i, Supplemental Table
17). Conversely, gene transcripts predicting severe ARDS/death were enriched in cluster
2 (Fig. 4i, Supplemental Table 17). Consistent with our hypothesis, expression of genes
related to tissue damage and vascular inflammation were differentially enriched in
dysbiotic macaques (Fig. 4j and Supplemental Table 18). ATP released from damaged
epithelium and endothelium activates an ATP-driven purinergic-inflammasome
signaling pathway and is associated with fatal pneumonia and severe ARDS (79).
Consistent with the above observations, we found increased ATP levels in the bronchial
lavage fluid of dysbiotic macaques that did not reach statistical significance (p =0.06)
(Supplemental Fig. 4g). Finally, decreased expression of tolerance promoting MHC class

II genes further supports the global dysfunction of AM in dysbiotic newborns (Fig. 4j).

Antibiotic exposure also remodeled the IM pool after infection with S. pneumoniae.
Analogous to AM, we identified three unique populations of mature IM marked by
expression of genes related to macrophage migration, phagocytosis, tolerance promotion,
and wound repair (Cluster 1); activated IMs identified by their expression of genes
related to antigen presentation, IL1 receptor activation, and T helper cell differentiation
(Cluster 2); and a population marked by expression of genes associated with ER stress,
exhaustion, and apoptotic clearing, identified as exhausted and stressed IM (Cluster 3)
(Supplemental Fig. 4a-d). In addition, antibiotic exposure was associated with

contraction of pro-repair IMs and expansion of stressed, exhausted pro-inflammatory

10
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IMs (Supplemental Fig. 4e, £, h, and i, Supplemental Table 19). Collectively, these data
suggest that the loss of pro-phagocytic, tolerance-promoting, and antigen-presentation
programs, which facilitate protective functions of lung macrophages and expansion of
ATP-purinergic inflammasome signaling and pro-inflammatory programs are associated

with lung damage and increased pneumonia-related morbidity in dysbiotic macaques.

Conserved gene regulatory networks are associated with remodeled pulmonary
neutrophil and macrophage compartments in dysbiotic newborns. Regulatory
networks anchored by PPARy (encoded by PPARG), C/EBPa (encoded by CEPBA), PU.1
(encoded by SPI1) (80), and USF1, TFs critical in macrophage development(81), were
enriched in all mature AMs (Fig. 4k and 1, Supplemental Table 20). HIF1A and EGR,
critical drivers of transcriptional programs underlying macrophage activation and
terminal polarization(82), were more enriched in stressed and hyperinflammatory

macrophages (Fig. 4k and 1, Supplemental Table 20).

A regulatory network anchored by ARNTL (encoded by BMALI), a component of the
circadian clock, was uniquely overrepresented in the stressed and hyperinflammatory
macrophages (cluster 2) that was expanded in dysbiotic newborns (Fig. 4k and 1). Diurnal
oscillations of intestinal microbiota are thought to drive the programming of host
immune responses via ARNTL (83) and other components of the circadian clock. In
addition, RXRA and NFIL3 were overrepresented in regulatory networks for cluster 2
(Fig. 4k). These data, coupled with similar observations in neutrophils (Fig. 3j and k),
suggest a role for shared regulatory networks anchored by circadian clock components
in the transcriptional remodeling of pulmonary neutrophil and alveolar macrophage

compartments in dysbiotic newborns.

Ineffective pulmonary T helper cell responses in dysbiotic newborns after infection
with S. pneumoniae. In contrast to the significant remodeling of the myeloid
compartment, we observed more modest changes in the distribution of various
pulmonary T cells between dysbiotic and control newborns (Supplemental Fig. 5a-c).
Cytokines associated with T cell differentiation and effector responses, such as IL6, ILS,
IL17, CXCL8, and CXCL10, increased in the bronchial lavage fluid of dysbiotic macaques
(Supplemental Fig. 2d, Supplemental Fig. 5d). Hyper- or hypoactivation of T cells, or
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skewing towards an ineffective differentiation state, such as Ty17 cells, exhausted T cells,
or terminally differentiated T cells, are associated with severe viral pneumonia in animal
models (84). The majority of pulmonary T helper cells from dysbiotic newborns co-
expressed CD279 (PD-1) and CD38, markers linked to T cell exhaustion (85-88), and
showed decreased expression of costimulatory molecules, CD28 and CD40
(Supplemental Fig. 5e). The frequency of dysfunctional CD4" T helper cells (co-
expressing CD279 and CD38) correlated with disease severity (Supplemental Fig. 5f).

We noted decreased gene transcripts related to ‘tissue repair and growth factor
signaling’, ‘T cell fitness’, and “effector differentiation” in T cells from dysbiotic newborns
(Supplemental Fig. 5g, Supplemental Table 21). Transcripts for genes in the aerobic
glycolysis pathway, linked to T cell exhaustion (89, 90), were increased in T cells of
dysbiotic newborns (Supplemental Fig. 5g, Supplemental Table 21). Our data suggest
that inappropriate T cell responses, marked by a failure to limit ‘cytotoxicity’ and
increased tendency towards ‘exhaustion’, dominate immune response in dysbiotic
newborns and contribute to tissue damage and increased morbidity, perhaps consistent
with recent studies highlighting the critical role of exhausted T cells in severe COVID-19
illness (86, 91-93).

Early-life antibiotic exposure increased stressed, inflammatory NK cells in lungs of
dysbiotic newborns after infection with S. pneumoniae. Optimal NK cell functions
promote infection control by serving as a rheostat in regulating T cell responses, and
excessive activation contributes to immunopathology (94). Consistent with these
observations, we found that most NK cells in the lungs of dysbiotic newborns co-
expressed activation marker CD69 and produced granzyme B and IFNYy, identifying
them as cytotoxic and stressed NK cells (Supplemental Fig. 5h).

Similar remodeling of the pulmonary NK pool was supported by scRNAseq. Expression
of cytotoxic effector and activation markers, such as NKG7, CD38, and CD52 (41, 95, 96),
and proliferation markers, such as MCM, PCNA, and EIF4A1, identified CD56" NK cells
(Cluster 2) and proliferating NK cells (Cluster 3), respectively (Supplemental Fig. 5i and
j)- In contrast, a cluster expressing transcripts associated with cell survival, cellular stress,

and inflammation represented cytotoxic and stressed NK cells (Cluster 1) (Supplemental
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Fig. 5i and j). The numbers of cytotoxic and stressed NK cells expanded in dysbiotic
newborns, consistent with CyTOF analysis (Supplemental Fig. 5k). Next, the

transcriptomic analysis further revealed an increased abundance of transcripts associated
with T cell activation (97), inflammation, and exhaustion in dysbiotic newborns
(Supplemental Fig. 51, Supplemental Table 22). These data, coupled with reports
implicating dysfunctional cytotoxic NK cell responses in severe COVID-19(41), suggest
that defects in NK cell cytotoxicity may be associated with adverse outcomes caused by

pneumonia in dysbiotic newborns.

Miscommunication between innate and adaptive immune cells uncouples
inflammatory and pro-repair pathways and contributes to increased severity of
pneumonia in dysbiotic newborns. To identify altered cell-cell communication in the
lungs of dysbiotic newborns following infection, we utilized a novel analytical tool,
CellChat (98), to infer cell signaling interactions based on ligand-receptor transcriptional
abundance. Globally, signaling pathways related to chemotactic localization (99-102),
such as CXCL, CCL, and SELPLG, and tissue homeostasis and repair(103, 104), such as
NOTCH and SEMA4, were dominant in control newborns (Fig. 5a and b). In contrast,
signaling pathways related to inflammation(105, 106), such as CD86 and RESISTIN, and
cell exhaustion(107, 108), such as PDL1 and PDL2, were dominant in dysbiotic newborns
(Fig. 5a and b), suggesting a global rewiring of immune cell-to-cell communication

network in dysbiotic newborn macaques (Fig. 5¢, Supplemental Figure 6a-c).

Dysfunctional macrophages were the ‘central hub’ of misdirected cell-cell
communications (Fig. 5d and e, Supplemental Fig. 6a and b). In contrast, neutrophils
and, to a lesser extent, T cells were predicted to be ‘targets’ of such miscommunications,
which included immune-inhibitory interactions, such as CD274[PD-L1]-PDCD1, MIF-
CD74/CD44/CXCR4, CD86-CD28, and PTPRC-CD22 in dysbiotic newborns (Fig. 5d and
f, Supplemental Fig. 6¢c-e, g, and i). These interactions may cause neutrophil and
lymphocyte dysfunction. In control newborns, communication circuits between
macrophages and neutrophils or T cells were dominated by pathways related to
interleukin and chemokine signaling, such as IL1A/B-IL1R2 and CXCL1/3/8-CXCR2,
immune co-stimulation and complement activation, such as C3-C3AR1, and tissue repair,
such as NOTCH, SEMA4 and THY1 (Fig. 5d, Supplemental Fig. 6f and h) (109, 110).
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These data identify a potential mismatch between inflammatory and pro-repair

pathways anchored by dysfunctional macrophages in dysbiotic newborns.

To identify the communication circuits informing the pathogenic remodeling of the
pulmonary neutrophil pool, we interrogated specific signaling circuits between AM and
neutrophils. AM-derived paracrine signals related to neutrophil migration, such as
CXCL-CXCR2 and THBS1-CD47, neutrophil extravasation, such as ITGB2-ICAM1, and
neutrophil activation, such as SELPLG-SELL, were enriched in control newborns. In
contrast, pathways related to programmed cell death (CD80-CD274[PD-L1]) were
dominant in dysbiotic newborns (Fig. 5e-g, Supplemental Figure 6¢c-e and 6j). PD-L1
negatively regulates the activation of T cell receptors and mediates lymphocyte
apoptosis. Severe and often fatal sepsis is marked by increased neutrophil PD-L1

expression(109, 111), suggesting a role for PD-L1 in pathogenic responses.

Collectively, these findings highlight the miscommunication between innate and
adaptive immune cells in dysbiotic newborns, contributing to a hyperinflammatory
signature in neutrophils and relative immune paralysis in the T cells (Fig. 5h,
Supplemental Fig. 6j). This reinforces the concept that the uncoupling of inflammatory
and pro-repair pathways contributes to increased severity of pneumonia in dysbiotic

newborns.

Fecal transfer was associated with favorable changes in pulmonary immune cell
responses and improved host resistance to pneumonia in dysbiotic newborns.
Although no specific bacterial taxa have been consistently associated with pulmonary
host resistance to pathogens, fecal microbiota transplantation, which transfers the entire
gut microbiota from one host to another, has demonstrated improved clinical outcomes
in immunotherapy trials (110, 112, 113). We performed fecal transfer (FT); wherein, the
fecal contents of control newborns were transferred to dysbiotic newborns on postnatal
day 8. Dysbiotic newborns who received fecal transfer, referred hereafter as FT-recipient
newborns, were challenged with S. pneumoniae on postnatal day 14 (6 days post fecal
transfer). FT-recipients had lower PEW score post-infection, less rapid progression of
symptoms, and reduced need for supportive therapy (Fig, 6a-d). Although all recipients

demonstrated clinical benefit, the benefit was variable (Fig. 6e and f).
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Gut microbiota composition of the FT-recipients (post-treatment) differed from their
baseline (pre-FT) (Fig. 6e). We observed a non-significant shift of FT-recipients’
microbiota toward donor microbiota and those FT-recipients that engrafted closer to the
donor displayed a more robust clinical response (Fig. 6e, Supplemental Table 23). After
FT, gut microbiota had a higher abundance of Bifidobacterium bifidum, a favorable
modulator of immune responses in humans (6, 22, 114) (Fig. 6g). The probiotic
strain Bifidobacterium longum 5'* was associated with a reduced pro-inflammatory
response, decreased neutrophil recruitment, and improved ability to combat pulmonary
infections induced by Klebsiella pneumoniae in mice(115, 116). While our study lacked the
power to establish a clear association between specific bacterial taxa and clinical response
to pneumonia, our results indicate FT could be feasible and potentially effective in

restoring host resistance in dysbiotic newborns.

Next, we evaluated the immunological effects of FT after infectious challenge with S.
pneumoniae. The pulmonary neutrophil pool expanded after FT, although the numbers
remained lower than control newborns (Supplemental Fig. 7a). Proportions of other
immune cells, such as AMs, IMs, NK cells, B cells, platelets, and DC subsets, were
generally unchanged after FT (Supplemental Fig. 7b-c). FT partially corrected the
remodeling of the neutrophil pool observed in dysbiotic newborns (Fig. 6h). Numbers of
stressed and senescent neutrophils were decreased in lungs of FT-recipients (Fig. 6h,
Supplemental Fig. 7d). Mature neutrophils, conspicuous by their absence in dysbiotic
newborns, reappeared, although their numbers remained lower in control macaques (Fig.
6h). FT was associated with changes in the transcriptome of neutrophils compared to
dysbiotic macaques. Transcripts of genes related to leukocyte apoptosis, such as CTSC,
TRADD, PYCARD, and C1QBP, respiratory burst, such as MPO, NCF1, and NCF2, and
cellular stress and ubiquitination, such as HIF1A, EGR1, NOP53, and TANK, which were
previously increased in neutrophils of dysbiotic macaques, were decreased in FT-

recipient newborn macaques (Fig. 6i, Supplemental Fig. 7e, Supplemental Table 24).

Expression of genes related to inflammasome or IL1-signaling, such as
NLRP3, IL1B, ILIORA, and NFKBI1, decreased in AMs of FT-recipient macaques
compared to dysbiotic macaques (Fig. 6i, Supplemental Fig. 7f, Supplemental Table 25).
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Gene transcripts related to macrophage migration, such as CCR2, CCL3, CX3CL1,
phagocytosis, such as CLEC7A, CD47, and C3, molecules promoting tolerance, such as
CCR2, ADA, IL10, and FCRL3, and wound repair, such as ANG, IL10, and VEGFA,
remained unchanged in FT-recipients (Fig. 6i, Supplemental Fig. 7f, Supplemental
Table 25). Transcripts associated with T cell activation and differentiation, such as IL7R,
CCR7, CD3D, CD3E, and antigen processing and presentation, such as CCR4, ICOS, and
LYN, which were severely decreased in T cells of dysbiotic newborns, increased, albeit
partially, after FT (Fig. 6i, Supplemental Fig. 7g, Supplemental Table 26). Transcripts
associated with tissue repair and growth, such as VEGF, PDGFA, and EGF, did not
recover (Fig. 61, Supplemental Table 26).

Miscommunication between the innate and adaptive immune cells was reversed after FT
(Supplemental Fig. 7h). Dysregulated signaling pathways related to inflammation (IL1,
IL6, IFN-y) and immune co-stimulation (CD45) were corrected in FT-recipients (Fig. 6j).
However, signaling pathways associated with tissue repair (NOTCH, IL10 and SEMA4)
and chemotaxis (CXCL) remained dysregulated in FT-recipients (Fig. 6j, Supplemental
Fig. 7h). These data suggest that while FT reversed cell stress and apoptosis and
mitigated pro-inflammatory signatures in the pulmonary immune cells, it did not fully
reverse the loss of innate immune cell migration, differentiation, activation, and tissue

repair signatures.

DISCUSSION:

The use of newborn rhesus macaques permitted a highly granular examination of
pulmonary and systemic immune responses to a common respiratory pathogen, not
possible in either murine or human neonates alone. Their larger size and similarity of
lung structure, developmental stages, physiology, and mucosal immune mechanisms
(18) to human infants, coupled with the longitudinal assessment of disease progression,
permitted us to distinguish mild, self-resolving pneumonia from severe pneumonia. In
this study, succession of microbial communities in vaginally delivered macaques was
similar to the pattern seen in human neonates (21, 22), with an abundance of
Gammaproteobacteria and Bifidobacterium bifidum, taxa reported to favorably modulate

immune response in humans. Early-life antibiotic exposure disrupted the evolution of
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gut microbiota in newborn rhesus macaques. Bacteroides and Parabacteroides were
underrepresented, whereas Enterococcus and Clostridium were overrepresented, similar to
gut microbial communities in a large cohort of vaginally delivered infants exposed to
perinatal antibiotics (117, 118). This early-life antibiotic exposure was associated with
increased morbidity to S. pneumoniae, recapitulating epidemiological observations (33-
35).

We found that early-life antibiotic exposure created a maladapted immune state,
characterized by a solid pro-inflammatory signature in the peripheral blood.
Longitudinal high-dimensional data from next-generation sequencing, plasma proteins,
and high-parameter CyTOF provided a further opportunity to integrate diverse data
related to individual immune cell populations and plasma proteins in neonates (119).
However, prior studies were limited to healthy newborns (120) and could not assess
either rapid changes in the neonate's immune system during the first two weeks of life
(121) or effects of dysbiosis (122). Our present approach revealed heterogeneity in
immune ontogeny, converging around neutrophil development and activation, in the
first week of life. Developmental changes in T cell migration and maturation were
apparent by two weeks of age with adaptations dependent on commensal colonization.
Early-life antibiotic exposure created a maladapted immune state, characterized by
neutrophil exhaustion and reduced T cell functional capacity, rendering the neonatal

macaque susceptible to pneumonia.

Pathogen burden was similar in the lungs of control and dysbiotic newborns, suggesting
that the differential clinical response to pneumonia in dysbiotic newborns was unlikely
due to inadequate antimicrobial defenses. In contrast, early-life antibiotic exposure
remodeled the pulmonary neutrophil compartment by enhancing the presence of
senescent neutrophils with an 'exhausted' and 'hyperinflammatory’ signatures. A gene
signature based on transcriptomic analysis of senescent, hyperinflammatory neutrophils
predicted mortality and disease severity in an independent cohort of infants and children
with severe sepsis and pneumonia. Hypoxia in the inflammatory microenvironment and
bacterial infections, in general, activate pro-survival/anti-apoptotic mechanisms in
neutrophils via HIF1A (123)- and HIF2A (124)-dependent mechanisms. In our study, HIF

transcripts were enriched in dysbiotic macaques. We speculate that extended neutrophil
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lifespan and the resulting exhaustion, coupled with failure to remove senescent and
exhausted neutrophils from the infected lungs, caused severe tissue damage due to the
release of proteases, cationic peptides, and cytokines, which were increased in dysbiotic
newborn macaques. An extended neutrophil lifespan was observed in patients with
sepsis (125), ARDS (126), severe asthma (127), or acute coronary artery disease (128) and
was associated with disease progression and poor prognosis. Our data suggest that
therapeutic approaches targeting hyperinflammation, neutrophil clearance from
inflamed tissues, or induction of neutrophil apoptosis may have the potential to improve

clinical outcomes in infected, dysbiotic infants.

Early-life antibiotic exposure also remodeled the macrophage pool with contraction of
the anti-inflammatory, pro-repair macrophage subset in dysbiotic newborns.
Macrophages may be phagocytosing dying/dead epithelial cells and neutrophils,
contributing to reduced pathogen burden and decreased tissue damage in control
newborn macaques, consistent with their pro-homeostatic role in pathogen control and
inflammation resolution (129). In contrast, dysbiotic newborn macaques demonstrated a
dominance of inflammatory, terminally-polarized macrophages and a trend towards
increased ATP levels. Expanded ATP-purinergic-inflammasome signaling is associated
with ARDS, fibrosis, and worse clinical outcomes in viral pneumonia, including severe
COVID-19 (42, 130-132). We speculate that in the absence of pro-phagocytic, tolerance-
promoting, antigen-presentation function, the pro-inflammatory program in the
macrophage is pathogenically turned on in dysbiotic newborn macaques, contributing to

excessive lung damage and increased infection-related morbidity.

Disrupted circadian oscillations in dysbiotic newborns underpin both the disrupted
neutrophil maturation and macrophage dysfunction. We report that shared regulatory
programs, anchored by circadian oscillations, inform the pathogenic remodeling of
neutrophil and macrophage immune responses in dysbiotic newborn macaques. The
intestinal microbiota undergoes diurnal compositional and functional oscillations (133),
which, in turn, inform the homeostatic programming of host immune cells via clock
genes, such as BMALI and NFIL3(83). Antibiotics disrupt these diurnal oscillations of the
microbiota and lead to desynchronization of the circadian clock network both locally in

the intestine and systemically (133). Circadian oscillations, anchored by BMAL1 and
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NFIL3 in the sympathetic neurons, regulate the egress of neutrophils from the bone
marrow into the periphery via CXCL12-dependent mechanism (134). Trafficking of
neutrophils from blood to infected tissues is constrained by BMALI-dependent
regulation of CXCR4 and CCL2 expression (135, 136). A rhythmic release of CXCL5 from
bronchiolar epithelial club cells promotes neutrophil recruitment in the lungs(137).
Neutrophil aging and clearance of senescent neutrophils is regulated by circadian
rhythms (47, 138, 139), and circadian clocks entrain the nature and amplitude of
inflammatory responses in macrophages and T cells (140). Finally, NFIL3-driven
circadian rhythms limit macrophage heterogeneity and amplify the pathogenic
inflammatory responses in macrophages (141). These observations, coupled with our
present data, suggest that disrupted circadian oscillations in dysbiotic newborns

underpin both the disrupted neutrophil maturation and macrophage dysfunction.

The present study identifies dysfunctional macrophages as a ‘central hub’ of misdirected
cell-cell communications. We report that rewired communication networks, anchored by
dysfunctional macrophages, lead to global and cell-type specific maladaptations in
dysbiotic newborn macaques. Our data demonstrated a stepwise engagement of tiered
responses following respiratory infection. Macrophages and DCs sense respiratory
pathogens and initiate immune responses, resulting in rapid recruitment of ‘target cells,’
such as neutrophils and T helper lymphocytes through the secretion of first-order
cytokines, such as CXCR2/CXCL1 and CXCL8, IL1A, and IL1B/ILR2. Our study
suggests that neutrophils and CD4" T cells transform the first-order cytokine signals
into second-order cytokines that enhance the trafficking and extravasation (OSM-LIFR),
immune co-activation (Complement C3-C3AR1), and effector function, such as
phagocytosis (PTPRC-MRC1), to eliminate pathogens. At the same time, we report that
reciprocal interactions limit macrophage activation (MIF-CD74/CXCR2 and CD83-
PECAMI1) and promote tissue-repair factors (CSF1-CSFR1, TGFBR3-TGFB1, SEMA4-
NRP). Sequential engagement of these communication circuits ensures that the minimum

necessary response to a microbe is engaged (Supplemental Fig.6j).

This stepwise, tiered response was disrupted in dysbiotic macaques due to dysfunctional
macrophages. Immune-inhibitory interactions, such as CD274[PD-L1]-PDCD1, MIF-
CD74/CD44/CXCR4, CD86-CD28, and PTPRC-CD22, which promote neutrophil and
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lymphocyte  dysfunction, dominated immune responses in  dysbiotic
newborns. Similarly, macrophage-anchored signaling pathways related to neutrophil
migration, such as CXCL-CXCR2 and THBS1-CD47, neutrophil extravasation, such as
ITGB2-ICAM1, and neutrophil activation, such as SELPLG-SELL, were disrupted in
dysbiotic newborns (Supplemental Fig.6j). These changes in the communication circuits
can potentially explain the shared hyperinflammatory signature in all immune cells and
global loss of tissue-protective, homeostatic pathways. It may also explain the observed
distinct patterns of immunoparalysis, such as dysregulated antigen presentation in the

macrophages and impaired costimulatory function in T cells.

Finally, we show that fecal transfer systematically restores immune responses and
protects the dysbiotic newborn against pneumonia. Our findings show that FT colonized
the gut of dysbiotic newborns and shifted the composition of the recipient's microbiota
toward Gammaproteobacteria and Bifidobacterium bifidum, taxa favoring immune response
in humans. FT mitigated certain aspects of immune dysfunction seen in dysbiotic
newborns. Remodeling of the neutrophil pool was partially corrected. Gene transcripts
of genes related to leukocyte apoptosis, cellular stress, T cell activation, antigen
processing, and presentation normalized, albeit partially, after FT. Gene transcripts
related to macrophage maturation, tissue repair, and growth remain diminished. While
broad dysregulation in signaling pathways related to inflammation, complement
activation, and cell exhaustion was corrected in FT-recipients, miscommunication in

pathways related to tissue repair and chemotaxis persisted.

Several scenarios may explain this partial restoration of specific aspects of immune
responses in FT-recipient newborns. Distinct taxa drive the maturation of individual
immune cells, so a lack of response may reflect the absence of favorable taxa in FT or
failure of such taxa to engraft. A more logical explanation is that resolution of pneumonia
requires a tiered response with the sequential engagement of innate immune cells and
first-order cytokines, which activate other innate and adaptive immune cells via second-
order cytokines. FT may not completely mitigate the disruption of such first- and second-
order effectors, most likely due to persistent macrophage dysfunction, contributing to
suboptimal benefit. Nevertheless, our study provides proof-of-concept evidence for the

ability of FT to improve clinical outcomes in “at-risk” dysbiotic newborns.

20


https://doi.org/10.1101/2021.09.27.461705
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.27.461705; this version posted September 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

O© 00 39 O N kA~ W N =

W W W N N N N N N N N N N o e e e e e e
N = O O XN R WD =R O 0NN R W NN = O

available under aCC-BY-NC-ND 4.0 International license.

Our study has some limitations. The necessity of frequent clinical examination, sample
collection, and invasive procedures precluded us from using dam-reared infants.
Therefore, infants in our study received a diet consisting of formula, not breastmilk. As
infants grow, feeding practices play an increasing role in determining the composition of
the infant gut microbiota (142-144); however, delivery mode and perinatal antibiotic use
have a stronger influence on the composition of the microbial community immediately
after birth (145). Nevertheless, further studies are needed to delineate the relative
contribution of infant diet to pulmonary immune maturation during infancy. Finally,
mechanistic studies in murine models are necessary to test the hypotheses presented in

this work.

In summary, our data suggest that divergence from the canonical innate and adaptive
immune responses and tissue-repair programs, which are typically associated with
resolution of pneumonia, leads to the clinical morbidity seen in dysbiotic newborns. We
show that the immune response in dysbiotic newborns is marked by multifaceted
dysfunction that is not uniformly hyperinflammatory. Although neutrophils and
macrophages demonstrated augmented inflammatory signatures in dysbiotic newborns,
we also observed distinct patterns of immunoparalysis, such as dysregulated antigen
presentation by macrophages and T cells, impaired costimulatory function in T cells, and
dysfunctional cytotoxic responses in NK cells, coupled with a global loss of tissue-
protective, homeostatic pathways. The pathogenic remodeling of immune responses in
dysbiotic newborns was also linked to disrupted circadian rhythms and anchored by

miscommunication between dysfunctional macrophages and other effector cells.

Fecal microbiota transfer reversed some of these immune changes in dysbiotic newborn
macaques and improved the clinical outcomes. Overall, our data suggest that gut
microbiota reinforce the balance between regenerative pathways driving tissue
homeostasis and inflammatory responses, limiting pathogens to promote clinical
recovery and highlighting a potential role for fecal transfer as immune support in these

‘at risk” infants.
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MATERIALS AND METHODS:

Animal Husbandry: The Institutional Animal Care and Use Committee (IACUC) at
Cincinnati Children's Hospital Medical Center and University of California at Davis
approved all the animal studies (IACUC2016-19222), which were carried out in
Association for the Assessment and Accreditation of Laboratory Animal Care
(AAALAC)-accredited facilities at The California National Primate Research Center
(CNPRC). Since there were no published studies in newborn primates, published data in
newborn mice was used to estimate that four animals in each group would be sufficient
to detect a 20% difference in morbidity with 80% power and an « of 0.05. Twelve
vaginally delivered Indian origin rhesus macaque infants (Macaca mulatta)
(Supplemental Table 1) were used in this study, which was conducted per NIH's Guide
for the Care and Use of Laboratory Animals. Infant macaques were separated from their
dams, raised in a nursery from the day of birth, and exposed to a normal light cycle (lights
on for 12 h starting at 08:00). The infant macaques had a diet consisting of Enfamil Lipil
+ Iron for the duration of the study. The necessity of frequent clinical examination,
sample collection, and invasive procedures precluded us from using dam-reared infants
in our study. The infant macaques received either saline (n=4) or a cocktail of
vancomyecin, gentamicin, and ampicillin (n=4) from PN days 1-7. This antibiotic regimen
targets both Gram-positive and Gram-negative intestinal bacteria and mimics antibiotic-
exposure in human infants. At PN7, antibiotics were discontinued to allow 1 week of

washout before subsequent infection on PN14.

Infectious studies: We grew S. pneumoniae serotype 19A (ATCC 700674) with gentle
aeration (37°C, 200 rpm) in tryptic soy (TS) broth to log-phase growth. Neonatal
macaques were inoculated with S. pneumoniae (10° CFU) via the intratracheal route on
PN14. The newborn macaques were sedated with intramuscular Ketamine. Under direct
visualization, aided by laryngoscope, S. pneumoniae (10° CFU in 1 ml of saline) was
instilled into the trachea via an 8F feeding tube. After recovery, newborns were returned
to the nursery. Vital signs, including heart rate, respiratory effort, blood pressure, urine
output, oxygen saturation, and overall clinical condition of these newborn macaques
were monitored every 6 hours. Chest radiographs were obtained daily. Sixty hours post-

infection, the newborn macaques were euthanized.
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Fecal transplant: Fecal transplants (FT) were performed in newborn macaques who had
received the cocktail of vancomycin, gentamicin, and ampicillin from PN days 1-7. Pooled
fecal contents from PN7 saline-treated newborn infants were homogenized in phosphate-
buffered saline (PBS), and fibrous material was filtered out using a 70-um-pore-size filter.
The solution was centrifuged (100 x g), and the pellet was resuspended in PBS with 10%
glycerol and frozen at -80°C for later use as donor microbiota. For transplantation, 25 g
of fecal donor material was thawed for each FT-recipient animal, resuspended in 20 ml
PBS, and gavaged into the duodenum via an endoscope after sedating the infant
macaques on PN8. FT-recipient infants (n=4) were inoculated with S. pneumoniae
(10° CFU) on PN14.

Microbiota analysis: Fecal samples were collected daily (PN1 to PN14) from saline
treated (control) or antibiotic-treated (dysbiotic infants) infants. Fecal samples were
collected daily (PN10 to PN14) in FT-recipient infants. Fecal samples were frozen (-80°C)
immediately after collection. All samples were analyzed together to prevent batch effects.
Frozen stool specimens were thawed, and DNA was extracted from them using Purelink
Microbiome DNA purification kit (Invitrogen, USA) according to the manufacturer's
instructions, including two-minutes use of a bead-beater (BioSpec, USA). The V4 region
of the 165 gene was amplified with primers 515FB/806RB following protocols of the
Mlumina 16S amplicon protocols of the Earth Microbiome Project

(http: / / press.igsb.anl.eov / earthmicrobiome / protocols-and-standards /16s/) and

sequenced using an Illumina MiSeq. We merged ~21 million paired reads using fastq-

join, to obtain ~12 million assembled 16S amplicon sequences.

After quality filtering, demultiplexing with split_libraries_fastq.py of QIIME v. 1.9.1, and
further processing with vsearch v. 1.11.1(146), we identified ~90,000 operational
taxonomic units (OTUs). Subsequent taxonomic assignment against the 16S reference
sequence set of SILVA, v. 1.28(147), OTU sequence alignment, and generation of an
unrooted phylogenetic tree, was performed in QIIME. A basic statistical diversity
analysis was performed, using core_diversity_analysis.py of QIIME, including alpha-
/beta-diversity and relative taxa abundances in sample groups. The determined relative
taxa abundances were further analyzed with LEfSe (Linear discriminant analysis effect

size)(148), to identify differential biomarkers in sample groups. Alpha-diversity analysis
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was performed on samples after rarefaction to 10000 sequences/sample (minimum
sampling depth). Rarefaction curves were generated for the phylogenetic distance
between two groups. Phylogenetic distance was calculated at a rarefaction depth of 10000

sequences per sample.

The Analysis of Composition of Microbiomes (ANCOM) test(149) was used for
differential taxonomical analysis with abundance datasets of all taxonomic levels
between groups using the FDR cutoff of 0.05. The ANCOM test provides a W-statistic
score for each taxon and logical indicators demonstrating whether a taxon is differentially
abundant. The ANCOM test also provides a CLR (conditional likelihood ratio test) F-
statistic score, which accounts for the effect-size difference of each taxon between two
groups. Higher F- and W-scores indicate a higher probability for the taxa to be truly
different across groups. Volcano plots were generated with W-statistic on the y-axis, and
the F-score (CLR mean difference) on the x-axis using an R package ggplot2(150).
Heatmaps were created using "pheatmap" for R (RStudio version 1.1.463, based on R

version 3.5.1).

Tissue processing: Whole blood (20 ml), lungs (left lobes), and bronchial washings were
harvested. Lung lobes and a portion of whole blood (10 ml) were shipped overnight in
preservative (Histidine-tryptophan-ketoglutarate [HTK] solution for lungs and EDTA
tubes for whole blood) and processing the following day. Remaining whole blood was
centrifuged (2,000g, 10 min, 4°C) without brake to separate the cells and plasma within 6
hours of collection. Cells were resuspended in RPMI with 10% FCS, slow frozen using a
Mr. Frosty device, and stored at -80°C till further analysis. Plasma separated from the
cells was frozen at -80°C till further analysis. Alveolar wash was centrifuged (2,000 x g,
10 min, 4°C) and cells were spun onto glass slides using a Cytospin 4 Cytocentrifuge
(Thermo Scientific), dried for 10 min, fixed in methanol, and stained with the Hema 3
manual staining system (Fisher Diagnostics) to identify different immune cells.
Supernatant was frozen at -80°C till further analysis. Lung lobes were shipped overnight
in preservative (HTK solution) and processed the following day. Lung pieces were diced
into approximately 1 cm cubes and incubated (37 °C, 30 min.) with the cut tissues shaking
(200 rpm) in digestion buffer (RPMI 1640 with 10% FCS, 15 mM HEPES, 1%
penicillin/streptomycin [wt/vol] and 300 U/mL collagenase VIII) and pressed through
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a 100-um nylon strainer to obtain a single-cell suspension. The resulting single-cell
suspension from the lung was then enriched via magnetic cell separation for CD326-

CD31CD45" cells and slow frozen until further analysis.

Plasma proteins and bronchial lavage cytokine profiling: Frozen plasma samples or
frozen alveolar washes were thawed and analyzed together to prevent batch effects. A
custom, premixed, bead-based multiplex kit for Non-Human Primate Cytokines (Cat #
EPX370-40045-901, ThermoFisher Scientific) was used according to manufacturer
instructions. This kit included premixed beads for ~ 30 cytokines: G-CSG, GM-CSF, IFNy,
IP-10 (CXCL10), IL1pB, ILIRA, IL2, IL4, IL5, IL6, IL8 (CXCLS), IL10, IL12/23 (p40), IL15,
IL17, CCL2 (MCP-1), CCL3 (MIP-1a), CCL4 (MIP-1f3), CCL5 (RANTES), CXCL9 (MIG),
I-TAC (CXCL11), TNFa, EGF, VEGF-A, HGF, PDGF-AA, PDGF-BB, CD40L and CD274
(PD-L1). Standard curves for each cytokine were prepared by serial dilution and run-in
triplicate (1-10,000 pg/mL for all cytokines). The manufacturer reports “no or negligible”
cross-reactivity between any of the analytes of the assay panel. A Luminex 100 system
equipped with xXPONENT v. 3.1 software was used to determine the median fluorescent
index and calculate the concentration for each cytokine. ATP concentrations in alveolar
washes were measured using an ATP Determination Kit (BioAssay Systems) and a
luminometer as described previously(151). The values were normalized and heatmaps

were created using "pheatmap” for R.

CyTOF: Frozen whole blood leukocytes or CD326:CD31-CD45* pulmonary cells were

thawed and plated at 1 x 10° cells per well in a 96-well U-bottom plate. All samples were
analyzed together to prevent batch effects. Cells were incubated (4°C, 20 min) in
Live/Dead Fixable Aqua (ThermoFisher). Following a wash, cells were incubated (RT, 10
min) with Rhesus Fc Receptor Binding Polyclonal Antibody (Biolegend). Desired staining
antibodies were added directly to this mixture at indicated dilutions (Supplemental
Table 27) and cells were further incubated (RT, 30 min). For intracellular cytokine
staining, cells were incubated (RT, 1 hr) with 1x Cell Stimulation Cocktail plus protein
transport 442 inhibitor (eBioscience, Cat # 00-4970-93). Following stimulation, cells were
washed and resuspended in 100 pl 4% PFA (4°C, 30 min). To quantify intracellular
cytokines, these samples were permeabilized with 1x permeabilization buffer from the
FOXP3/Transcription Factor Staining Buffer Set (eBioscience) (4°C, 10 min). All
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subsequent staining cocktails were made in this buffer. Finally, intracellular-staining
antibodies were added directly to this mixture and cells were further incubated (RT, 30
min). Following this incubation, cells were washed and prepared for analysis by CyTOF
(Fluidigm). Data were analyzed using FlowJo software version 10.6 software (Tree S-
tar). The specific sets of markers used to identify each subset of cells are summarized in

Supplemental Fig. 1c.

After manually excluding EQ beads, dead cells, doublets, and debris, further clustering
analysis was performed using the FlowSOM plugin in FlowJo 10.4.1 on arcsinh-
transformed data using a grid size of 10x10. Eleven main cell lineages in the data were
identified (Naive CD4" and CD8" T cells, cytotoxic CD8" T cells, B cells, CD56"s"NK cells,
CD56%"NK cells, CD14* and CD16" monocytes, neutrophils and dendritic cells) and
shown as an overlay on the tSNE projection (Supplemental Fig. 1a) and as Minimum
Spanning Tree projection (Supplemental Fig. 1b). To precisely describe the phenotypic
landscape of the neutrophils and CD4* T cells, the dataset was further
partitioned/clustered using the FlowSOM algorithm, resulting in several clusters.
Overall similarity of neutrophils and CD4* T cells in each sample compared to all other
samples was evaluated by agglomerative hierarchical clustering using Euclidean distance

metric and Ward’s linkage criterion within the FlowSOM plugin in Flow]Jo 10.4.1.

Single-cell RNA-sequencing and data analysis: Frozen CD326:CD31CD45" cells from
digested lungs were thawed and resuspended in 50 uL at a concentration of 1000 cells/
uL. After excluding dead cells, ~20,000 cells (~3-4000 cells per animal, barcoded to
identify individual animals) were then loaded into one channel of the Chromium system
using the v3 single cell reagent kit (10X Genomics, Pleasanton, CA) at the Cincinnati
Children’s Hospital Medical Center DNA Sequencing and Genotyping Core. Following
capture and lysis, cONA was synthesized and amplified as per the manufacturer’s
protocol (10X Genomics). The amplified cDNA was used to construct Illumina

sequencing libraries that were each sequenced using an Illumina HiSeq 4000.

Alignment and Quality Control: Raw sequencing data (submitted to Gene Expression
Omnibus, Accession number GSE176408) were aligned to the Rhesus macaque reference

Mmul_10 with Cell Ranger 1.3 (10X Genomics), generating expression count matrix files
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(see Supplemental Table 28 for dataset metrics). Cells that had fewer than 750 UMIs or
greater than 15,000 UMIs, as well as cells that contained greater than 20% of reads from
mitochondrial genes or rRNA genes (RNA18S5 or RNA28S5) or hemoglobin genes, were
considered low quality and removed from further analysis. Putative multiplets were
removed with DoubletFinder (version 2.0). Genes that were expressed in fewer than 10

cells were removed from the final count matrix.

Data analysis: The Seurat package (version 3.1.0, https:/ /satijalab.org/seurat/) was

used to identify common cell types across different experimental conditions, differential
expression analysis, and most visualizations. Percentages of mitochondrial, ribosomal
genes, and hemoglobin genes were regressed during data scaling to remove unwanted
variation due to cell quality using the SCTransform () function in Seurat. PCA was
performed using the 3,000 most highly variable genes, and the first 20 principal
components (PCs) were used to perform UMAP to embed the dataset into two
dimensions. Next, the first 20 PCs were used to construct a shared nearest neighbor graph
(SNN; FindNeighbors ()) and this SNN used to cluster the dataset (FindClusters ()).
Manual annotation of cellular identity was performed by finding differentially expressed
genes for each cluster using Seurat’s implementation of the Wilcoxon rank-sum test
(FindMarkers()) and comparing those markers to known cell type-specific genes from
published studies (37)(38). Global differential gene expression profiles between all cell
types were identified and organized with the software cellHarmony (152), using these

Seurat clusters (fold change > 1.2, empirical Bayes t-test p-value <0.05, FDR corrected)

Automated annotation of T cell subsets: This annotation was performed using web

application (https://azimuth.hubmapconsortium.org) (153). Anchors between the
reference (multimodal reference dataset of > 100,000 PBMC) and our dataset were
identified using a precomputed, supervised PCA of the reference dataset that maximally
captures the structure of the weighted n neighbor (WNN) graph. Cell type labels from
the reference dataset were transferred to each cell of the query data set through

previously identified anchors.

For pathway and gene ontology analysis: Differentially expressed genes between control

and dysbiotic infants within neutrophil, AM, and IM populations with a fold change of >

27


https://doi.org/10.1101/2021.09.27.461705
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.27.461705; this version posted September 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

O© 00 39 O N kA~ W N =

W W W N N N N N N N N N N o e e e e e e
N = O O XN R WD =R O 0NN R W NN = O

available under aCC-BY-NC-ND 4.0 International license.

1.2 and t-test p-value of < 0.05 (FDR corrected) were used for functional enrichment
analysis of biological processes and pathways using the ToppFun web portal (154) or GO-

Elite (155). Overrepresented pathways in each subcluster were visualized with ggplot2.

Gene module scoring analysis: Seurat function AddModuleScore() (38) was used to
score single cells by expression of a list of genes of interest. This function calculates a
module score by comparing the expression level of an individual query gene to other
randomly selected control genes expressed at similar levels to the query genes, allowing
a robust method for scoring modules containing both lowly and highly expressed genes
and scoring cells with different sequencing depths. Gene lists used to define each module
for neutrophils or AMs are listed in Supplemental Table 12 and Supplemental table 17,
respectively. For bulk transcriptomic datasets, including neutrophil degranulation*’, LPS-
stimulated PD-L1* neutrophils (156) or neutrophils from ARDS-complicated sepsis (157)
or alveolar macrophages from ARDS (46, 158), the top 97" percentile of differentially

expressed genes relative to control samples/ patients were used for scoring.

Inflammatory cytokine score-related subtypes analysis: To define inflammatory
cytokine score, we downloaded a gene set termed
‘HALLMARK_INFLAMMATORY_RESPONSE’" from MSigDB (159) and collected
cytokine genes. Seurat function AddModuleScore() (38) was used to score single cells by
expression of inflammatory cytokine genes. To select the most promising
hyperinflammatory cell types, we performed a Mann-Whitney rank test (single-tail) for
each subtype’s score versus all the other subtypes’ score. Three subtypes (AMs, IMs, and
Neutrophils) were defined as hyperinflammatory cell types with significantly statistical

parameters (p < 0.001) in both cytokine inflammatory scores.

Assessment of different trajectory states of gene expression: Within neutrophils or
AMs, single-cell trajectory analysis was performed using Monocle3 (49) (version 0.2.3.0).
Spatial autocorrelation analysis as implemented in Monocle3 was used to determine
genes that most strongly vary along the pseudotime trajectory. The Monocle algorithm is
capable of ordering cells based on their transcriptomic profile in an unsupervised manner

and thus arrange cells along a directional path. The order of the cells along this path
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represents different transcriptomic states within a biological process even if cells are

obtained at only one time point during an experiment.

Identification of transcription factors: We predicted transcription factors regulating
neutrophil or AM heterogeneity using SCENIC (single-cell regulatory network inference
and clustering) (160). Default parameters were used for the SCENIC workflow in R and
the normalized single-cell gene expression matrix for neutrophils or AMs from Seurat
was used as input. Co-expression analysis was performed with GENIE3 (161). For
visualization, we calculated the average regulon activity (AUC) scores for each
neutrophil cluster and selected the top regulons to plot as a heatmap using R

package “pheatmap”.

Annotation of macrophage development and activation states: We wused
MacSpectrum(77)  for comprehensive analysis of heterogeneous macrophage
subpopulations, including the identification of condition-specific signature genes.
Default parameters were used for the Macspectrum workflow in R and the normalized
single-cell gene expression matrix for AM or IM from Seurat was used as input to derive
a macrophage polarization index (MPI) and activation-induced macrophage
differentiation index (AMDI) for each cell. Higher MPI suggests more M1-like (more
inflammatory) states and lower MPI suggests more M2-like (less inflammatory) states.
AMDI value depicts relative maturity of macrophages with a higher AMDI value

indicating a more mature macrophage.

Investigation of cell-cell communication networks: We used CellChat workflow with
default parameters in R (98). A normalized single-cell gene expression matrix from
Seurat was used as input. We limited the cell-cell communication inferences to the
following major cell types: Neutrophils, AMs, IMs, B cells, NK cells, cDC and pDC. Circle
plots depicting strength of cell-cell communication and dot-plots indicating

communication probabilities were generated using CellChat as described before (98).

Mortality prediction using senescent neutrophil DEGs: To test whether the gene
signature of senescent neutrophils could be used to predict mortality, we first developed

a five-gene signature of the senescent neutrophils by identifying the most differentially
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enriched genes in cluster 2 neutrophils in our transcriptomic dataset relative to all other
cells. Next, we downloaded normalized transcript counts from a publicly available whole
blood bulk transcriptomic dataset (GSE696686) (59). We then scored each sample in this
dataset by the expression of the five genes enriched in our senescent neutrophil cluster
(HIF1A, CXCR4, CD274, LTF, and S100A8). Finally, we used these gene signature scores
as a predictor variable and disease severity metadata reported by Wynn et al.(59) as the
response variable to construct an ROC curve to quantify and visualize the sensitivity and

specificity of the prediction.

Statistical Tests: All data met the assumptions of the statistical tests used. Statistical tests
used for microbiome or single-cell analyses are described in relevant sections. For
comparing the differences between groups, we used either unpaired two-tailed
Student's t-test or ANOVA or Wilcoxon signed-rank test. We used Pearson correlation
coefficient to measure correlation between different variables. We used the Kaplan-Meier
log-rank test to compare morbidity between groups (All in GraphPad Prism 8.0). P-
values are indicated as follows: * p < 0.05 or ** p < 0.01. Due to the limited number of

samples in some groups, we also report trends.
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Figure 1: Antibiotic exposure during first week of life delays microbiota maturation, reconfigures the
peripheral immune system, and is associated with clinically severe pneumonia.
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Figure 1: Antibiotic exposure during the first week of life delays microbiota
maturation, reconfigures the peripheral immune system, and is associated with
clinically severe pneumonia. a) Cohort of vaginally delivered, nursery raised rhesus
macaques were treated with a cocktail of antimicrobials from postnatal day (PN) 1 to 7
(Dysbiosis) or with saline (Control) (n = 4 in each experimental group). b) Mean relative
abundance of fecal bacteria at the genus level at each day of life, for taxa with 1% mean
relative abundance across all samples in control (top) and dysbiotic (bottom) newborn
macaques. ¢) B-diversity (unweighted UniFrac) of fecal bacterial communities at the
indicated day of life in control and dysbiotic newborn macaques. Linear fit is shown, and
margins represent 95% confidence limits. d) Frequencies of the indicated immune cell
types in peripheral blood of control and dysbiotic newborn macaques at seven days of
life. (n=8, 4 in each experimental group, p-values < 0.05, one-way ANOVA with Tukey's
correction for multiple comparisons. Solid lines, median; dotted lines, quartiles). e)
Abundance of plasma proteins in control and dysbiotic newborn macaques at 7 or 14 days
of life, normalized against all subjects and scaled by row. k-means clustering was used
to arrange subjects and plasma protein abundance. f) Unsupervised analysis of
CyTOF cytometry data for CD4*" helper T cells or neutrophils. t-SNE projection of
indicated functional markers in CD4* helper T cells (top) or neutrophils (bottom) in
peripheral blood of control and dysbiotic newborn macaques at seven days of life.
g) Pairwise Euclidean distances between CD4* helper T cells (top) or neutrophils
(bottom) in peripheral blood of control and dysbiotic newborn macaques at seven days
of life (n=8, 4 in each experimental group, p-values < 0.05, Student's t-test. Solid lines,
median; dotted lines, quartiles). h) Peak pediatric early warning score (PEWS) and i)
progression of PEWS post-infection with Streptococcus pneumoniae in control (blue) or
dysbiotic (red) newborn macaques. Lines represent the best fit curve by the
smoothed spline of the longitudinal distribution of PEWS from the start of infection.
Broken lines represent time (post-infection) to PEWS>8, a predetermined threshold to
initiate supportive therapy. j) Representative chest radiographs obtained at
euthanasia in control and dysbiotic newborn macaques. Arrows indicate areas of
consolidation. k) Kaplan-Meier plot of the fraction of control and dysbiotic newborn
macaques requiring supportive therapy at

indicated times post-infection. (n=8, 4 in each experimental group, * p-value <
0.05, Mantel-Cox log-rank test).
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Supplemental Figure 1: Antibiotic exposure in the first week of life causes a unique signature in the peripheral

blood immune response
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Supplemental Figure 1: Antibiotic exposure in the first week of life causes a unique
signature in the peripheral blood immune response. a) Unsupervised analysis of live,
single CD45" cells in the peripheral blood using a self-organizing map (SOM). t-stochastic
neighbor embedding (SNE) plot showing expression of key phenotypic markers. Inmune
cells identified by SOM were mapped to tSNE embedding and b) organized in a minimal
spanning tree (MST). Mean fluorescent intensity (MFI) of key phenotypic surface markers
is indicated for each annotated cell type by radial plots. ¢) Row scaled MFI of key
phenotypic markers in indicated cell types. k-means clustering of phenotypic markers
and cell types. d) The absolute number of peripheral blood neutrophils (per mL) in
control versus dysbiotic newborn rhesus macaques. Solid lines, median; dotted lines,
quartiles. (¥, p < 0.05). e) Pearson’s correlation of plasma cytokines with frequencies of
indicated immune cells in the peripheral blood of control and dysbiotic subjects. f) Row
scaled expression of differentially expressed genes in the peripheral blood of control and
dysbiotic newborn macaques at seven days of life, normalized against all subjects. k-
means clustering was used to arrange subjects and transcripts (n=4, 2 in each
experimental group, Benjamini and Hochberg-adjusted p-values < 0.01, log, fold change
> 2, Wald's test). g) Pathogen burden in peripheral blood of control (blue) or dysbiotic
(red) newborn macaques at indicated times post-infection with Streptococcus pneumoniae.
Lines represent the best fit curve by the smoothed spline of the pathogen burden from
the start of infection. h) Pathogen burden in the lungs of control (blue) or dysbiotic (red)

newborn macaques at euthanasia.
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Figure 2: Antibiotic exposure for the first week remodels the pulmonary immune response to respiratory

pathogens during infancy
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Figure 2: Antibiotic exposure for the first week remodels the pulmonary immune
response to respiratory pathogens during infancy. a) Lung from control and dysbiotic
newborn macaques (n=4, 2 in each group) was obtained at 60 hrs. post-infection. Lung
samples were dissociated into cell suspensions, enriched for immune cells (EPCAM-
CD31CD45*), and used for single-cell RNA sequencing (scRNAseq) or CyTOF.
Uniform manifold approximation and projection (UMAP) embedding of all samples
(n=13377 cells) colored by cell clusters was performed on scRNAseq data of these
pulmonary immune cells. b) Row scaled expression of the highest differentially
expressed genes (DEG) in each cluster (Bonferroni-adjusted p-value < 0.05). ¢) UMAP
embedding of lung immune cells and d) proportions of each cell type in control and
dysbiotic newborn macaques. e) CyTOF of lung immune cells. t-SNE embedding of all
pulmonary immune cells is shown along with t-SNE embedding of lung neutrophils and
CD4" T cells in control and dysbiotic newborn macaques. f) Frequencies of lung CD4* T
cells and neutrophils (of all CD45* cells from the lungs) (n=8, 4 in each experimental
group, p-values < 0.05, Student’s t-test, Solid lines, median; dotted lines, quartiles). g)
Row-scaled expression of differentially expressed genes in the lung immune cells in
control and dysbiotic newborn macaques (n=4, 2 in each experimental group),

normalized against all subjects. k-means clustering was used to arrange subjects and
transcripts (n=4, 2 in each experimental group, Benjamini and Hochberg-adjusted p-
values < 0.01, log, fold change > 2, Wald’s test). h) UMAP embedding of all samples
(n=15719 cells) colored by treatment (control or dysbiosis) was performed on scRNAseq
data of these pulmonary immune cells. i) Cellular perturbation scores in indicated

samples. The number of differentially enriched genes (DEG) between dysbiotic
and control newborn macaques for each cell type is indicated on right.
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Supplemental Figure 2: Antibiotic exposure for the first week remodels the pulmonary immune response to
respiratory pathogens during infancy
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Supplemental Figure 2: Antibiotic exposure for the first week remodels the pulmonary
immune response to respiratory pathogens during infancy. a) Unsupervised analysis of
live, single immune (CD45'CD326:CD31") cells in the peripheral blood using self-
organizing map (SOM). t-stochastic neighbor embedding (SNE) plot showing expression
of key phenotypic markers. Immune cells identified by SOM were mapped to tSNE
embedding and b) organized in a minimal spanning tree (MST). ¢) MFI of key phenotypic
markers in the indicated cell populations, normalized against all cells and scaled by row.
k-means clustering was used to arrange cells and MFI. d) Row-scaled expression of the
highest differentially expressed genes (DEG) (Bonferroni-adjusted p-value < 0.05) in
indicated cell type between control and dysbiotic newborn macaques after infection with
S. pneumoniae. Bar plot denotes the Benjamini-Hochberg-corrected p-values for Gene
Ontology (GO) terms associated with indicated DEG. e) Abundance of indicated
cytokines in bronchoalveolar washings of both control (blue) and dysbiotic (red)
newborn rhesus macaques infected with S. pneumoniae, normalized against all subjects
and scaled by row. k-means clustering was used to arrange cytokines. f) Pearson
correlation between amounts of indicated cytokines in the bronchial washings of
newborn rhesus macaques infected with S. pneumoniae and Pediatric Early Warning
Scores (PEWS). Linear fit was assessed with the indicated R values and their associated
significance by p-value. g) Uniform manifold approximation and projection (UMAP)
embedding of all immune cells colored by average expression of inflammatory cytokines.
This gene signature was derived from public gene expression datasets (see Methods).
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Figure 3: Emergence of neutrophils with senescent and hyperinflammatory features marks pulmonary immune
response in dysbiotic newborns
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Figure 3: Emergence of neutrophils with senescent and hyperinflammatory features
marks pulmonary immune response in dysbiotic newborns. a) Uniform manifold
approximation and projection (UMAP) embedding of neutrophils (n= 4768) extracted
from a larger dataset of lung immune cells colored by clusters. b) Row scaled expression
of the highest differentially expressed genes (DEG) in each cluster (Bonferroni-adjusted
p-values < 0.05). ¢) UMAP embedding of neutrophils colored by average expression of
genes associated with inflammatory response (purple), sepsis (orange), exhaustion (blue),
and neutrophil degranulation (red). These gene signatures were derived from public
gene expression datasets from monocytes in pediatric bacterial sepsis subjects (see
Methods). d) UMAP embedding of neutrophils colored by pseudotime with overlaid
trajectory and e) scatter plots showing expression of selected cluster-defining genes
across pseudotime. f) UMAP embedding of neutrophils colored by cluster in control and
dysbiotic newborn macaques. g) CyTOF. t-SNE embedding of neutrophils
extracted from a larger dataset of lung immune cells (top). Expression of key
phenotypic markers (CXCR2, CD62L and CXCR4) is shown (bottom). Neutrophil
cluster co-expressing CXCR4 and CD62L is absent in control newborn macaques. h)
Euclidean distances between neutrophils in lungs of control (bottom) and dysbiotic (top)
newborn macaques (n=8, 4 in each experimental group, the p-value is indicated,
Student's t-test. Solid lines, median; dotted lines, quartiles). i) Receiver operating
characteristic (ROC) curve depicting sensitivity and specificity of mortality
prediction using the gene signature of senescent, hyperinflammatory neutrophils
(HIF1A, CXCR4, CD274, LTF, and S100A8) in an independent cohort of 69 infant sepsis
subjects. j) Row-scaled regulons activity for neutrophil clusters. k-means clustering
was used to arrange clusters and regulons (n=4, 2 in each experimental group,
Benjamin and Hochberg-adjusted p-values < 0.01). k) UMAP embedding of
neutrophils colored by regulon activity for indicated regulons, showing that NFIL3
and KDM5A regulons are active in Cluster 2.
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Supplemental Figure 3: Emergence of neutrophils with senescent and hyperinflammatory features marks

pulmonary immune response in dysbiotic newborns
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Supplemental Figure 3: Emergence of neutrophils with senescent and
hyperinflammatory features marks pulmonary immune response in dysbiotic
newborns. a) Selected Gene Ontology (GO) terms associated with differentially enriched
genes (DEG) in each cluster (Benjamini-Hochberg-corrected p-values < 0.05 (one-sided
Fisher’s exact test) are shown and colored by gene ratio. b) Expression of genes within
the indicated pathways overlaid on the UMAP embedding of neutrophil clusters. ¢) Row
scaled expression of DEGs in the pulmonary neutrophils from control (blue) or dysbiotic
(red) newborn macaques (n =4, 2 in each experimental group), normalized against all
subjects. k-means clustering was used to arrange subjects and transcripts (n=4, 2 in each
experimental group, Benjamini and Hochberg-adjusted p-values < 0.01, log, fold change
> 2, Wald’s test). d) Pearson correlation between indicated cytokines from bronchial
washings (pg/ml) and the frequency of neutrophils (% of CD45" cells from lungs). Linear
fit was assessed with the indicated R values and their associated significance by p-value.
e) Scatter plot representing the ranked senescent neutrophil signature score (aggregated
expression of HIFIA, CXCR4, CD274, LTF, and S100A8, see Methods) for each infant
sample in bulk transcriptomic dataset (see Methods), colored by clinical diagnosis.
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Figure 4: Alveolar macrophages with dysfunctional features are a hallmark of the remodeled pulmonary immune

response in dysbiotic newborns.
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Figure 4: Alveolar macrophages with dysfunctional features are a hallmark of the
remodeled pulmonary immune response in dysbiotic newborns. a) Uniform manifold
approximation and projection (UMAP) embedding of alveolar macrophages extracted
from a larger dataset of lung immune cells colored by clusters. b) Row-scaled expression
of the highest differentially expressed genes (DEG) in each cluster (Bonferroni-adjusted
p-values < 0.05). c¢) Selected Gene Ontology (GO) terms associated with DEG in each
cluster (Benjamini-Hochberg-corrected p-values < 0.05 (one-sided Fisher’s exact test) are
shown and colored by gene ratio. d) UMAP embedding of alveolar macrophages colored
by expression of selected cluster-specific marker genes. e) Scatter plot showing
macrophage polarization index (MPI) or activation-induced macrophage differentiation
index (AMDI) for each alveolar macrophage, colored by clusters. Cluster 3 represents
immature macrophages, cluster 1 represents mature but inactivated macrophages, and
cluster 2 represents mature, activated macrophages. f) UMAP embedding of alveolar
macrophages colored by pseudotime with overlaid trajectory (left) and scatter plots
showing expression of selected cluster-defining genes across pseudotime (right). g)
UMAP embedding of alveolar macrophages colored by cluster (left) and proportions of
each cluster in control and dysbiotic newborn macaques (right). h) CyTOF. Bivariate
contour plots showing gating strategy to identify macrophage subsets and
histograms showing co-expression of activation markers, CD86 and CD206, on alveolar
macrophages from dysbiotic (top panel) and control (bottom panel) newborn macaques.
Numbers indicate the relative frequencies of M1 activated macrophage subset. (n=8, 4 in
each experimental group). i) UMAP embedding of alveolar macrophages colored by
average expression of genes associated with severe ARDS/death (orange) and
survival/extubation (purple). These gene signatures were derived from public gene
expression datasets from monocytes in pediatric bacterial sepsis subjects (see Methods).
j) Row-scaled expression of differentially expressed genes in alveolar macrophages from
control and dysbiotic newborn macaques (n=4, 2 in each experimental group),
normalized against all subjects. k-means clustering was used to arrange subjects and
transcripts (n=4, 2 in each experimental group, Benjamini and Hochberg-adjusted p-
values < 0.01, log, fold change > 2, Wald’s test). k) Row-scaled regulons activity for
alveolar macrophage clusters. k-means clustering was used to arrange clusters and
regulons (n=4, 2 in each experimental group, Benjamin and Hochberg-adjusted p-values
< 0.01). ) UMAP embedding of alveolar macrophages colored by regulon activity
associated with dysbiosis (yellow), macrophage lineage specification (blue), and

inflammatory response (red).
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Supplemental Figure 4: Interstitial macrophages with dysfunctional features are a hallmark of the remodeled
pulmonary immune response in dysbiotic newborns.
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Supplemental Figure 4: Interstitial macrophages with dysfunctional features are a
hallmark of the remodeled pulmonary immune response in dysbiotic newborns. a)
Uniform manifold approximation and projection (UMAP) embedding of interstitial
macrophages extracted from a larger dataset of lung immune cells colored by clusters.
b) Row scaled expression of the highest differentially expressed genes (DEG) in each
cluster (Bonferroni-adjusted p-values < 0.05). ¢) Selected Gene Ontology (GO) terms
associated with DEG in each cluster (Benjamini-Hochberg-corrected p-values < 0.05
(one-sided Fisher’s exact test) are shown and colored by gene ratio. d) UMAP
embedding of interstitial macrophages colored by expression of selected cluster-specific
marker genes colored by clusters. e) UMAP embedding of interstitial macrophages
colored by cluster (left) and proportions of each cluster in control and dysbiotic
newborn macaques (right). f) Row-scaled expression of differentially expressed genes in
the interstitial macrophages from control and dysbiotic newborn macaques (n =4, 2 in
each experimental group), normalized against all subjects. k-means clustering was used
to arrange subjects and transcripts (n=4, 2 in each experimental group, Benjamini and
Hochberg-adjusted p-values < 0.01, log, fold change > 2, Wald’s test). Select GO
pathways are labeled to the right of genes. g) ATP (uM) measured from bronchial
washings of control (blue) and dysbiotic (red) newborn rhesus macaques. Mean, upper,
and lower quartiles are indicated. h) CyTOF. Bivariate contour plots showing gating
strategy to identify macrophage subsets and histograms showing co-expression of
activation marker, CD86, on interstitial macrophages from dysbiotic (top panel) and
control (bottom panel) newborn macaques. Numbers indicate the relative frequencies of
M1 activated macrophage subset. (n=8, 4 in each experimental group). I) Pearson
correlation of Pediatric Early Warning (PEW) score and the frequency of these activated
M1 macrophages as a percent of total macrophages. Correlation coefficient (R) and
significance with the associated p-value is indicated.
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Figure 5: Changes in communication circuits between neutrophils and macrophages underlie a
dysfunctional remodeling of the pulmonary myeloid compartment.
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Figure 5: Changes in communication circuits between neutrophils and macrophages
underlie a dysfunctional remodeling of the pulmonary myeloid compartment. a) Cell-
cell communication network between different pulmonary immune cells. Bar graphs at
the top indicate ligand-receptor interaction scores (strength) for each indicated cell type.
Bar graphs on the right show the ligand-receptor interaction scores (strength) of each
ligand-receptor interaction. The network is dominated by pathways related to
inflammation, chemotaxis, and tissue repair, as indicated by selected signal
transcripts (on left). b) Cell-cell communication pathways ranked by overall
information flow in control or dysbiotic newborn macaques. Cell-cell communications
enriched in control exposed newborn macaques (in blue text) are dominated by
pathways related to tissue homeostasis. Pathways related to chemotaxis (in black
text) are equally enriched in control or dysbiotic newborn macaques. Cell-cell
communications increased in dysbiotic newborn macaques (in red text) are
dominated by pathways related to inflammation. ¢) Circle plot showing differential
number of interactions in the cell-cell communication network between control (left)
and dysbiotic (right) newborn macaques. Macrophages and Dendritic cells are the
hubs (senders), whereas neutrophils and T cells are targets (receivers) of
cell-cell communication networks. d) Communication pathways related to cell
exhaustion and cell activation (boxed) are abundant in dysbiotic compared to control
macaques. Bar graphs at the top indicate ligand-receptor interaction scores (strength)
for each indicated cell type. Bar graphs on the right show the ligand-receptor interaction
scores (strength) of each ligand-receptor interaction. e) Dot plot of outgoing signaling
patterns from alveolar macrophage (sender) to other immune cells in control (blue) or
dysbiotic macaques (red). Dot color reflects communication probabilities and dot
size represents computed p-values. Empty space means the communication
probability is zero. (p-values calculated from one-sided permutation test). f) Dot
plot of incoming signaling patterns to neutrophils (receiver) from other immune
cells in control (blue) or dysbiotic macaques (red). (p-values computed from one-sided
permutation test). g) Autocrine and paracrine signaling pathways related to
neutrophil migration (CXCL-CXCR2 and THBS1-CD47) and neutrophil activation
(SELPLG-SELL) in control or dysbiotic macaques. Circle sizes are proportional to the
number of cells in each cell group, and edge width represents the strength of cell-cell
communication. h) Remodeling of the pulmonary neutrophil compartment may be
driven by activating signals received through CXCL-CXCR2, THBS1-CD47 and
SELPLG-SELL pathways and lack of inhibitory signaling through the CD80-CD274
pathway (model).


https://doi.org/10.1101/2021.09.27.461705
http://creativecommons.org/licenses/by-nc-nd/4.0/

Supplemental Fig 5: Ineffective pulmonary T helper cell responses and increase in stressed, inflammatory innate-like
lymphocytes in dysbiotic macaques.
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Supplemental Fig 5: Ineffective pulmonary T helper cell responses and increase in
stressed, inflammatory innate-like lymphocytes in dysbiotic macaques. a) Uniform
manifold approximation and projection (UMAP) embedding of T cells extracted from a
larger dataset of lung immune cells colored by cell type labels transferred from publicly
available scRNAseq datasets using Seurat v4.0. b) Row scaled expression of the highest
differentially expressed genes (DEG) in each cluster (Bonferroni-adjusted p-values <
0.05). ¢) UMAP embedding of pulmonary T cells colored by cluster (left) and proportions
of each cluster in control and dysbiotic newborn macaques (right). d) Pearson correlation
between indicated cytokines from bronchial washings (pg/ml) and the frequency of
dysfunctional CD27°CD4" T cells (% of all CD4+ T cells from lungs). Correlation
coefficient (R?) and significance with the associated p-value is indicated. e) Bivariate
contour plots showing co-expression of exhaustion markers (CD279[PD1] and CD38) or
co-stimulation markers (CD28 or CD40) on CD4* T helper cells (identified as live CD45",
CD3¢*, CD4*" cells). Numbers indicate the relative frequencies (n=8, 4 in each
experimental group). f) Pearson correlation between peak Pediatric Early Warning (PEW)
score and the frequency of dysfunctional CD27*CD4" T cells (% of all CD4* T cells from
lungs). Correlation coefficient (R) and significance with the associated p-value is
indicated. g) Row-scaled expression of differentially expressed genes in the pulmonary T
cells from control and dysbiotic newborn macaques (n =4, 2 in each experimental group),
normalized against all subjects. k-means clustering was used to arrange subjects and
transcripts (n=4, 2 in each experimental group, Benjamini and Hochberg-adjusted p-
values < 0.01, log, fold change > 2, Wald’s test). h) Bivariate contour plots showing co-
expression of CD69 (activation), Granzyme B, or interferon (IFN) y (cytotoxicity) on
pulmonary NK cells (identified as live CD45" CD3eCD14CD20HLA-DR
NKG2A*NKP46* cells). Numbers indicate the relative frequencies (n=8, 4 in each
experimental group). i) UMAP embedding of natural killer (NK) cells extracted from a
larger dataset of lung immune cells colored by cluster. j) Row scaled expression of the
highest differentially expressed genes (DEG) in each cluster (Bonferroni-adjusted p-
values < 0.05). k) UMAP embedding of NK cells colored by cluster in control and
dysbiotic newborn macaques. 1) Row-scaled expression of differentially expressed genes
in the pulmonary NK cells from control and dysbiotic newborn macaques (n =4, 2 in each
experimental group), normalized against all subjects. k-means clustering was used to
arrange subjects and transcripts (n=4, 2 in each experimental group, Benjamini and

Hochberg-adjusted p-values < 0.01, log, fold change > 2, Wald's test).
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Figure 6: Fecal transfer was associated with favorable changes in pulmonary immune cell responses and improved host
resistance to pneumonia in dysbiotic macaques.
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Figure 6: Fecal transfer was associated with favorable changes in pulmonary immune
cell responses and improved host resistance to pneumonia in dysbiotic macaques. a)
ABX-exposed (Dysbiosis) or Fecal transfer (FT) recipient newborn macaques were
challenged with S. pneumoniae (serotype 19F) on PN14. Pediatric early warning score
(PEWS) was determined every 6 hrs. (n=8, 4 in each experimental group, the p-value is
indicated, Student's t-test, Solid lines, median; dotted lines, quartiles). Peak PEWS (a), b)
PEWS at euthanasia, and ¢) progression of PEWS post-infection in dysbiotic or FT-
recipient newborn macaques. Broken lines (c) represent time (post-infection) to PEWS>S,
a predetermined threshold to initiate supportive therapy. d) Kaplan-Meier plot of the
fraction of dysbiotic or FT-recipient newborn macaques requiring supportive therapy at
indicated times post-infection. (n=8, 4 in each experimental group, * p <0.05, Mantel-Cox
log-rank test). e) Principal coordinate analysis (PCA) of fecal bacterial communities of the
donor (pink) and the recipients (purple) before (pre-treatment) or seven days after fecal
transfer (post-treatment), based on p-diversity (unweighted UniFrac). The distance
between samples on the plot represents their dissimilarity. f) Dot-plot of Unweighted
UniFrac distances for each FT recipient from the corresponding pre-treatment sample at
1-, 4- or 7-days post-transfer. 0 represents identical microbiota compositions, and 1
represents completely dissimilar compositions. The horizontal line represents the
average post-treatment distance. g) Relative abundance of specific taxa in the recipients
before (pre-treatment) or seven days after fecal transfer (post-treatment). Differentially
abundant taxa (FDR g < 0.05, center log transformation >2) are presented in grey margins.
The center log transformation (CLR) mean difference represents compositional
differences in microbial communities. h) Uniform manifold approximation and
projection (UMAP) embedding of pulmonary neutrophils colored by cluster in control,
dysbiotic, or FT-recipient newborn macaques, showing reappearance of cluster 1. i)
Heatmap of differentially expressed genes (DEG) in all pairwise cell-type comparisons
(fold > 1.2 and eBayes t-test p < 0.05, FDR corrected) in dysbiosis or fecal transfer vs.
control (cellHarmony). Bar plot denotes the Fisher’s Exact p-values (FDR corrected) of
Gene Ontology (GO) terms adjacent to the enriched cellHarmony DEG cluster. j) Cell-
cell communication pathways ranked by overall information flow in dysbiotic (red
text) or FT-recipient newborn macaques (purple text). Miscommunication in
pathways related to inflammation, immune co-stimulation, and cell exhaustion is
reversed in FT-recipient newborn macaques. Cell-cell communication associated

with tissue repair and cell migration remain uncorrected after FT.
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Supplemental Figure 6: Global rewiring of immune cell-to-cell communication networks in dysbiotic

newborn macaques.
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Supplemental Figure 6: Global rewiring of the immune cell-to-cell communication
network in dysbiotic newborn macaques. a) Outgoing and b) incoming cell-cell
communication networks between different pulmonary immune cells in control (left)
and dysbiotic (right) newborn rhesus macaques. Bar graphs at the top indicate ligand-
receptor interaction scores (strength) for each indicated cell type. Bar graphs on the right
show the ligand-receptor interaction scores (strength) of each ligand-receptor
interaction. Networks in dysbiotic macaques are dominated by pathways related to
inflammation and exhaustion. Networks in control macaques are dominated by tissue
repair and regeneration, as indicated by selected signal transcripts (on the left). c)
Dot plot of signaling patterns increased globally in dysbiotic (red) versus control
(blue) macaques. Dot color reflects communication probabilities and dot size
represents computed p-values. Empty space means the communication probability
is zero. (p-values calculated from one-sided permutation test). d) Dot plot of
signaling patterns in alveolar macrophages (senders) increased in dysbiotic (red)
versus control (blue) macaques. e) Dot plot of signaling patterns in interstitial
macrophages (senders) increased in dysbiotic (red) versus control (blue) macaques.
f) Dot plot of signaling patterns in interstitial macrophages (senders) decreased
in dysbiotic (red) versus control (blue) macaques. g) Dot plot of signaling patterns in
T cells (senders) increased in dysbiotic (red) versus control (blue) macaques. h) Dot plot
of signaling patterns in T cells (senders) decreased in dysbiotic (red) versus control
(blue) macaques. i) Autocrine and paracrine signaling pathways related to
neutrophil extravasation (OSM, CXCL3-CXCR2 and CD80-CD274[PDL1]), phagocytosis
(PTPRC-MRC1, C3-C3AR1), inflammation (IL1B-IL1RA, IL4-IL1R, GAS-AXL, and
PROS-AXL), limiting macrophage activation (FLT3L-FLT3, MIF-CD74, and TGFB2-
TGBR) and repair (SEMA4A-PLXN1). Circle sizes are proportional to the number of cells
in each cell group, and edge width represents the strength of cell-cell communication. j)
Neutrophils and CD4* T cells transform the first-order cytokine signals into second-
order cytokines that enhance the trafficking and extravasation (OSM-LIFR),
immune co-activation (Complement C3-C3AR1), and effector function, such as
phagocytosis (PTPRC-MRC1), to eliminate pathogens. Reciprocal interactions limit
macrophage activation (MIF-CD74/CXCR2 and CD83-PECAM1) and promote
tissue-repair  factors = (CSF1-CSFR1, TGFBR3-TGFB1, SEMA4-NRP). Sequential
engagement of these communication circuits ensures that the minimum necessary

response to a microbe is engaged (model).
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Supplemental Figure 7: Fecal transfer was associated with favorable changes in pulmonary immune cell responses and
improved host resistance to pneumonia in dysbiotic macaques.
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Supplemental Figure 7: Fecal transfer was associated with favorable changes in
pulmonary immune cell responses and improved host resistance to pneumonia in
dysbiotic macaques. a) Frequency of lung neutrophils (as a percentage of all CD45" cells
from lungs) from control, dysbiotic, and fecal transplant (FT) newborn rhesus macaques.
*, p < 0.05. b) Uniform manifold approximation and projection (UMAP) embedding of
pulmonary immune cells colored by cluster in control (left), dysbiotic (middle), or FT-
recipient (right) newborn macaques. ¢) Frequencies of indicated lung immune cell
populations (as percentage of all CD45* cells from lungs) from control, dysbiotic, and FT
newborn rhesus macaques. d) Frequency of lung neutrophil clusters (as percentage of all
lung neutrophils) from control, dysbiotic, and FT newborn rhesus macaques. e) Row-
scaled expression of differentially expressed genes in pulmonary neutrophils or f)
alveolar macrophages or g) pulmonary T cells in control, dysbiotic, or FT-recipient
newborn macaques, normalized against all subjects. k-means clustering was used to
arrange subjects and transcripts (n=4, 2 in each experimental group, Benjamini and
Hochberg-adjusted p-values < 0.01, log, fold change > 2, Wald’s test). h) Strength of
cell-cell communication pathways in dysbiotic and FT-recipient newborn macaques.
Communication pathways related to tissue repair and chemotaxis (boxed) remain
dysregulated despite FT. Bar graphs at the top indicate ligand-receptor interaction
scores (strength) for each indicated cell type. Bar graphs on the right show the ligand-

receptor interaction scores (strength) of each ligand-receptor interaction.
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