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IMMUNOLOGY

Lung-innervating nociceptor sensory neurons promote
pneumonic sepsis during carbapenem-resistant
Klebsiella pneumoniae lung infection

Prabhu Raj Joshi', Sandeep Adhikari', Chinemerem Onah', Camille Carrier’, Abigail Judd’,
Matthias Mack?, Pankaj Baral'*

Carbapenem-resistant Klebsiella pneumoniae (CRKP) causes Gram-negative lung infections and fatal pneumonic
sepsis for which limited therapeutic options are available. The lungs are densely innervated by nociceptor sensory
neurons that mediate breathing, cough, and bronchoconstriction. The role of nociceptors in defense against
Gram-negative lung pathogens is unknown. Here, we found that lung-innervating nociceptors promote CRKP
pneumonia and pneumonic sepsis. Ablation of nociceptors in mice increased lung CRKP clearance, suppressed
trans-alveolar dissemination of CRKP, and protected mice from hypothermla and death. Furthermore, ablation of
nociceptors enhanced the recruitment of neutrophils and Ly6C" monocytes and cytokine induction. Depletion of
Ly6Ch' monocytes, but not of neutrophils, abrogated lung and extrapulmonary CRKP clearance in ablated mice,
suggesting that Ly6C monocytes are a critical cellular population to regulate pneumonic sepsis. Further, neuro-
peptide calcitonin gene-related peptide suppressed the induction of reactive oxygen species in Ly6C mono-
cytes and their CRKP-killing abilities. Targeting nociceptor signaling could be a therapeutic approach for treating
multidrug-resistant Gram-negative infection and pneumonic sepsis.
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INTRODUCTION

Pneumonia and sepsis are two leading causes of hospitalizations and
deaths (I-3). Gram-negative bacteria cause more than 50% of noso-
comial lung infections and are a major contributor to pneumonia-
induced sepsis (or pneumonic sepsis) among hospitalized patients.
Carbapenem-resistant Klebsiella pneumoniae (CRKP) is the domi-
nant Gram-negative lung pathogen causing fatal Gram-negative
pneumonia and pneumonic sepsis (4, 5). Moreover, CRKP-induced
pneumonia and pneumonic sepsis are characterized by immune
dysfunction, rapid bacterial outgrowth, and treatment failure due to
this pathogen’s broad range of antibiotic resistance including the
carbapenem, one of the last antibiotic options for Gram-negative
pathogens (6, 7). Because of the high mortality rate (>40%) due to
CRKP pneumonia in hospitalized patients, the US Centers for Dis-
ease Control and Prevention has categorized CRKP and other re-
lated members of Gram-negative bacteria as an “urgent public
health threat,” emphasizing the immediate and aggressive actions
for the control of this pathogen (8-10). An alternative nonantibiotic
treatment approach for Gram-negative pneumonia and pneumonic
sepsis is essential.

The lungs are the primary site of air exchange, which results in
daily inhalation of hundreds to thousands of airborne microbes,
some of which are pathogens (11). While lung-innervating sensory
neurons control the physiologic process of gas exchange, their role in
coordinating the lung immune response to achieve sterilizing im-
munity is unknown. At homeostasis, airway-resident cells, such as
alveolar macrophages (AMs) and tissue-resident T cells, sense and
respond to inhaled pathogens for their clearance in the lungs and
prevention of their spread in the body (12). Moreover, these cells
rapidly produce cytokines and chemokines that regulate the entry of
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myeloid innate phagocytes into the airways during severe CRKP
lung infections (12, 13). Thus, these cells coordinate the CRKP clear-
ance at the primary site of infection and protect the host from devel-
oping pneumonic sepsis. Neutrophils and monocytes are among the
first cells migrating from blood circulation to the site of infection,
where they phagocytose and kill CRKP via reactive oxygen species
(ROS) production (14, 15). These innate immune cells also produce
cytokines and chemokines as well as several proteolytic enzymes,
enhancing the further influx and activation of other immune cell
types such as macrophages (16, 17). Conventional natural killer cells
and type 3 innate lymphoid cells (ILC3s) were also observed for the
CRKP clearance from lung tissues in murine studies (18, 19).

The lungs are heavily innervated by nociceptor sensory neurons
(nociceptors) (20-22). These neurons are a major subset within a sen-
sory nervous system that responds to noxious stimuli, such as heat,
adenosine triphosphate (ATP), chemical irritants, inflammation, and
mechanical tissue damage, to mediate neurogenic inflammation and
pain (23-25). Most of the nociceptor innervation to the airways and
lung parenchyma comes from the nodose and jugular ganglia [or va-
gal ganglia (VG)] origin, and the innervation from dorsal root ganglia
(DRG) contributes minorly (20, 22, 26-28). Upon activation, lung-
innervating nociceptor neurons mediate cough, breathing, airway
hyperreactivity, and allergic inflammation (22, 29-31). During infec-
tion and inflammatory processes, a range of mediators such as
pathogen-derived molecules, lipids, and secretory products of im-
mune cells (e.g., cytokines) can bind to the receptors expressed on
nociceptors, thus activating these neurons (24, 32). When activated,
nociceptors release neuropeptides, including calcitonin gene-related
peptide (CGRP), substance P (SP), and vasointestinal peptide (VIP)
into the surrounding tissue microenvironment (24, 32). Further, re-
leased neuropeptides from nociceptor nerve terminals can interact
with resident and recruited immune cells via binding with their cog-
nate heterotrimeric guanine nucleotide-binding protein—coupled
receptors and can activate the downstream G-, Gg-, or Gj-based im-
munomodulating signaling pathways (24). The role of neuroimmune
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signaling pathway(s) in regulating the host defense against Gram-
negative pneumonia and pneumonic sepsis has not been characterized.

Here, we investigated the previously unexplored role of nocicep-
tors in immunity against CRKP pneumonic sepsis in mice. We
found that the genetic ablation of nociceptor neurons in septic mice
led to increased survival and maintenance of core body tempera-
ture, reduced lung bacterial load, and trans-alveolar dissemination
of bacteria. Furthermore, the ablation of nociceptors enhanced the
recruitment of neutrophils and Ly6C™ monocytes and chemokine
induction. Mechanistically, depletion of Ly6C" monocytes, but not
of neutrophils, led to increased lung bacterial load and dissemina-
tion of bacteria in nociceptor-deficient mice. We thus concluded
that nociceptor neurons, via suppression of Ly6Chl monocyte re-
sponses, dampen the lung innate immunity against CRKP pneumo-
nia to promote pneumonic sepsis. These findings of neuroimmune
interactions enhance our knowledge and may spur therapeutic
strategies for treating CRKP-induced pneumonic sepsis.

RESULTS

Nociceptor neurons suppress lung defense against CRKP
pneumonia and promote pneumonic sepsis

Nociceptor neurons specifically express transient receptor potential
vanilloid 1 (TRPV1) ion channel. TRPV1 is a nociceptive ion chan-
nel that responds to capsaicin, noxious heat, and protons (33). It
marks a large proportion of both vagal and DRG nociceptor neurons
(23, 34, 35). Previous studies have demonstrated that lung-innervating
TRPV1* neurons alter asthmatic inflammation, bronchoconstric-
tion, and anti-Staphylococcus immunity (30, 31, 35). However,
the role of TRPV1* neurons in Gram-negative pneumonia, more
broadly the role of nociceptor-immune interactions in host response
against Gram-negative sepsis, has not been investigated. Here, we
hypothesized that lung-innervating nociceptors alter the local lung
immune response and sepsis outcomes in a mouse model of lethal
pneumonic sepsis.

We used a conditional Cre-LoxP genetic strategy to ablate both
vagal and DRG TRPV1" neurons in mice from birth. We bred het-
erozygous male TrpvI“ mice with female homozygous LoxP’™
mice to generate a 50:50 mixture of nociceptor-ablated Trpv1-Cre*'™;
DTA (hereafter TrpleTA) and Trpvl-Cre_/ ~; DTA (littermate con-
trol) mice (Fig. 1A). Previous studies using Trpvi-Cre; DTA mice
have shown ablation of TRPV1* neurons in the DRG and trigeminal
ganglia in Trpv1°™ mice as compared to control mice (36, 37).

First, we asked whether nociceptors affect the host response in
mice against CRKP pneumonia and sepsis. To induce CRKP pneu-
monia in mice, we used CRKP strain [American Type Culture Col-
lection (ATCC), ART 2008133] that was originally isolated from
urine. Nociceptor-ablated (Trpv1°®™) and control mice were infected
with the lethal dose of CRKP [10° colony-forming units (CFU)] in-
tranasally (Fig. 1A). Following infection, all the control mice died
(0% survival) within 50 hours postinfection (hpi) but at least 60%
Trpv1”™ mice survived (Fig. 1B). Further, clinical condition and dis-
ease outcomes of control infected mice were worse as compared to
the Trpv1°™ infected mice as judged by clinical scoring over the
36 hpi (Fig. 1C). One of the hallmarks of sepsis is the rapid drop in body
temperature (below 30°C) and development of septic shock syn-
drome. To determine the role of nociceptors in maintaining the body
temperature in septic mice, we measured the core body temperature
of infected mice. While there were no differences in baseline core
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body temperature between Trpv1®™ and control groups of mice,

neuron-ablated infected mice showed better control in maintaining
the homeostatic body temperature than the infected control mice at
6 hpi (mean core body temperature, 31°C versus 26°C) and 24 hpi
(mean core body temperature, 33°C versus 30°C) (Fig. 1D). These
results suggest an increased morbidity and septic shock syndrome in
control mice following CRKP infection. Moreover, CFU analyses of
whole-lung homogenates after intranasal inoculation of 10° CFU of
CRKP bacteria resulted in >10® CFU recovery in both control and
1°™ mice at 50 min of postinfection, suggesting no or minor
impact of the inoculation technique and neuron ablation in reaching
bacteria at the lungs (fig. S1, A to C).

To determine the role of nociceptors in altering hemodynamics
of shock and host defense during CRKP lung challenges and to es-
tablish which mechanism contributes to the results we observed, we
performed survival experiment in Trpv1®™ and littermate control
mice with the administration of 10° CFU of heat-killed CRKP bac-
teria. We observed 100% survival in both Trpv1®™ and control
mice after the challenges of heat-killed CRKP bacteria, suggesting
that the differences we observed in percentage survival after live
CRKP lung infection are due to the change in antibacterial defense
by nociceptor neurons (Fig. 1E). After 10° CFU of heat-killed CRKP
challenge, we observed increased core body temperature decline
and clinical sign development at 6 hours after challenge in control
mice than in ablated mice, but both groups of mice recovered quick-
ly when we examined clinical signs and core body temperature at
24 hours of postchallenges (fig. S1, D and E). These data strongly sug-
gest that the nociceptor neurons promote the CRKP lethality via
modulating the anti-CRKP host defense.

One notable pathogenic feature of pneumonic sepsis is the rapid
dissemination of bacteria from the airways to blood and extrapulmo-
nary organs (38). As expected, bacterial dissemination was observed as
early as 6 hours of CRKP lung infection in control mice and increased
further at 12 and 24 hpi as judged by CFUs recovered from blood,
spleen, and liver after the infection (fig. S1F). To determine the role of
nociceptors in controlling bacterial dissemination in CRKP pneumo-
nia, we quantified the CFUs of CRKP in blood, spleen, and liver and
found that Trpv1®™ mice, compared to control littermates, exhibited
less CRKP in the blood, spleen, and liver (Fig. 1, F to H) at 24 hpi.
Moreover, nociceptor-ablated mice also showed significantly increased
ability of lung CRKP clearance than the nonablated control mice as
judged by the reduced number of CFUs recovered from the whole-
lung homogenates and bronchoalveolar lavage fluid (BALF) from
Trpv1°™ mice than the CFUs from the control mice at 24 hpi (Fig. 1,1
and ]). To determine whether the enhanced bacterial clearance abil-
ities of nociceptor-ablated mice also occur during hypervirulent
K. pneumoniae (hvKp) infection with a lower dose of bacterial chal-
lenge, we infected mice intranasally with hvKp. We used hvKp (ATCC
strain 43816), a carbapenem-sensitive and serotype K2 strain that has
been used most extensively in mouse infection studies (39-42). Intra-
nasal infection of mice with 10*-CFU dose of hvKp led to minor reduc-
tion in bacterial load in the airways in nociceptor-ablated mice at
24 hpi as compared to the bacterial load in the airways from littermate
control mice, but no differences were observed in the bacterial load in
spleen and liver (fig. S1, G to I), suggesting a minor role of nociceptor
neurons in promoting lung infection with hvKp.

In addition, reduction in CRKP CFUs in the lung, liver, and spleen
in nociceptor-ablated mice was not observed at 12 hpi, indicating a
possible time window needed to have an impact of neuronal signals
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Fig. 1. Nociceptor neurons suppress host protection against CRKP pneumonia and pneumonic sepsis. (A) Genetic strategy for ablating TRPV1* neurons in mice (left)
and mouse model of CRKP lung infection (right). Control and Trpv1 PTA mice were infected with the lethal dose (1 0°CFU per mouse) of CRKP intranasally. (B to D) Survival
curve (B), clinical score (C), and core body temperature (D) of control and Trpv1 PTA mice over time. Data in (B) include Trpv1 DA mice (n = 12) and littermate control mice
(n = 12) from three independent experiments. Data in (C) and (D) are the means + SEM and involve Trpv1°™ mice (n = 8 to 12 mice per group) and control littermates
(n = 8 to 12 mice per group). (E) Survival curve of control (n = 8) and Trpv1 O™ mice (n = 8) after intranasal challenge with heat-killed CRKP bacteria (109 CFU per mouse).
(F to J) CFUs recovered in blood (F), spleen (G), liver (H), whole lung (I), and BALF (J) from control and Trpv1DTA mice at 24 hpi. Each symbol denotes a mouse [(F) to (J)].
Data in (F) to (J) are the means + SEM and at least two independent experiments with n = 7 to 12 mice per group. Statistical analysis was done by log-rank (Mantel-Cox)
test [(B) and (E)], two-way analysis of variance (ANOVA) with Sidak’s multiple comparison’s test (C), repeated measures two-way ANOVA with Sidak’s multiple comparison’s
test (D), Mann-Whitney test [(F), (H), and (1)], and two-tailed unpaired t test [(G) and (J)]. Levels of significance for all statistical analyses: *P < 0.05, **P < 0.01, ***P < 0.001,
##4%P < 0.0001. BioRender.com was used to create schematic in (A).

on CRKP clearance (fig. S1, ] to L). The difference in the weight of =~ with and without CRKP infection. We performed hematoxylin and
spleen was not observed among Trpv1°™ mice and control mice after ~ eosin (H&E) staining of lung sections from CRKP-infected lungs
24 hours of CRKP lung infection (fig. SIM), suggesting that there is  from control and Trpv1®™ mice to determine the extent of lung
no noticeable difference in early systemic inflammation between damage and cellular influx at primary site of infection and paren-
Trpv1®™ and control mice. Collectively, our data demonstrate that ~ chyma. The initial study examined whether nociceptor ablation in
the depletion of TRPV1" nociceptors resulted in decreased CRKP  mice resulted in baseline changes in the lung pathology or immune
burden in the lungs and controlled CRKP dissemination to extrapul-  cell influx. There were no noticeable differences in gross alveolar
monary sites. However, depletion of nociceptors shows a minor re-  structures of the lungs at steady state between control and Trpv1°™
duction of hvKp burden in the lungs. Thus, our results demonstrate  groups of phosphate-buffered saline (PBS)-inoculated mice (Fig. 2,
that the ablation of nociceptors protects mice from lethal CRKP pneu- A and B). Also, there were no visible signs of cellular infiltration

monia and pneumonic sepsis. and fluid accumulation in the lungs from either group of mice (Fig. 2,

A and B), suggesting that nociceptor ablation itself does not affect
Nociceptor neurons inhibit immune recruitment during the overall lung morphology or cause inflammation. Next, we asked
CRKP lung infection whether nociceptors regulate lung damage and cellular influx dur-

To determine the role of nociceptors in lung damage and immune  ing CRKP pneumonia. By morphometric analyses, the overall lung
influx, we performed histopathological analysis of the lung tissues damage, as determined by fluid accumulation and large airway
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Fig. 2. Nociceptors suppress leukocyte influx during CRKP lung infection. (A and B) H&E-stained sections of lungs: 0.9 to x1.1 magnification (A) and x20 magnifica-
tion of selected area (in rectangles) (B) of control and Trpv1°™ mice with PBS inoculation and after CRKP infection (24 hpi). Representative images were selected from at
least 12 lobes of n = 3 to 4 mice in each group. Scale bars are shown in each figure. (C to E) Total live cells (C), representative flow cytometry plots of total leukocytes (CD45™
cells) (D), and total CD45" cells (E), in BALF of Trpv1 PTA and control mice at 6, 12, and 24 hpi with CRKP. Data in (C) and (E) are the means + SEM and involve n = 4 mice per
group for 0-, 6-, and 12-hour time course analyses and n = 7 to 8 mice per group for 24-hour time course analyses. Statistical analysis was done by two-way ANOVA of
two-stage liner step-up procedure of Benjamini, Krieger, and Yekutieli posttests with the following significance levels: **P < 0.01. BAL, bronchoalveolar lavage.

damage/collapse, was observed similar in the lungs from nociceptor-
ablated and control mice at 24 hpi (Fig. 2, A and B). In contrast,
cellular infiltrates at the small size airways and lung parenchyma at
24 hpi were visibly higher in the lung sections of nociceptor-ablated
mice as compared to the cellular infiltrates in lung sections from
control mice (Fig. 2, A and B). Consistent with these results, we
found a significantly higher number of total viable cells in the BALF
isolated from nociceptor-ablated mice than the total number of
cells recovered from control mice at 24 hpi (Fig. 2C). Because leu-
kocytes are predominant cells that migrate rapidly from blood to
the lungs during Gram-negative pneumonia, we hypothesized that
the observed cellular difference in nociceptor-ablated and control
mice is due to the difference in leukocyte transmigration. To test
this hypothesis, we performed flow cytometry analysis of BALF
cells and found significantly higher numbers of leukocytes (CD45"
cells) in nociceptor-ablated mice than the number in control mice
(Fig. 2, D and E) at 24 hpi. Together, our data suggest that the noci-
ceptors suppress the immune recruitment into the lungs during
CRKP pneumonia.

Ablation of nociceptor neurons alters the kinetics of
inflammatory cytokines and chemokines

To determine the mechanism behind the increased immune infiltra-
tion in CRKP-infected nociceptor-ablated mice, we measured the
levels of cytokines and chemokines in BALF at three time points (6,
12, and 24 hours) of CRKP infection. First, we measured the total
BALF protein levels at these time points. The neuron-ablated Trpv1°™
mice showed higher induction of total proteins in BALF at 6 hpi
(Fig. 3A), and then the levels dropped at 12 and 24 hpi, suggesting
that the lack of nociceptor signals augment an early inflammatory
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response, followed by faster resolution of inflammation. We then
performed LEGENDplex cytokine/chemokine analyses at the early
phase of infection (6 hpi) and later (24 hpi, time when mice were sick
but had not succumbed to death). Consistent with the results of
BALF total protein, we observed significantly increased levels of pro-
inflammatory cytokines [tumor necrosis factor-a (TNF-a) and in-
terleukin-6 (IL-6)] in TrpleTA mice at 6 hpi (Fig. 3B). In contrast,
the levels of these cytokines were significantly reduced at 24 hpi
in Trpv1P™ mice as compared to the levels in control mice (Fig. 3C).
Moreover, the level of monocyte chemoattractant protein-1 (MCP-1),
a chemokine that drives monocytes to the site of infection/injury,
was robustly increased in the BALF of Trpv1°™ mice at 24 hpi
(Fig. 3C). Further, we ran the enzyme-linked immunosorbent assay
(ELISA) to determine the kinetics of TNF-a, IL-6, MCP-1, and
CXCL-1 (a neutrophil-attracting chemokine) in BALF of control and
Trpv1P™ mice. Consistent with the LEGENDplex assay, ELISA also
showed higher levels of TNF-a and IL-6 in the BALF at 6 hpi and
lower levels of IL-6 at 24 hpi in Trpv1°™ mice (Fig. 3D). Likewise,
the levels of CXCL-1 also showed a peak of induction at 6 hpi but
decreased in level at 24 hpi in Trpv1”™ mice (Fig. 3D). Both assays
consistently showed a significant increase in BALF MCP-1 levels at
24 hpi in Trpv1P™ mice than the levels in control mice (Fig.3,Cand
D). The production kinetics of chemokine (C-C motif) ligand 7
(CCL7) and CXCL-5 with and without nociceptor ablation resulted
in similar trend as we observed for production of CCL2 (MCP-1)
and CXCL-1, respectively (Fig. 3D).

In sum, time course analyses of total proteins, TNF-a, IL-6,
CXCL-1, and CXCL-5 indicated that the lack of nociceptors re-
sulted in marked early induction of inflammatory cytokines and
mediated faster resolution of inflammatory process at later time
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Fig. 3. Ablation of nociceptors alter the kinetics of cytokine and chemokine induction after CRKP infection. (A) Total proteins in BALF over time of CRKP infection.
(B and C) Panels of inflammatory cytokines measured by LEGENDplex assay in BALF at 6 (B) and 24 hpi (C). (D) Measurement of selected cytokines and chemokines (TNF-a,
IL-6, CXCL-1, MCP-1, CCL7, and CXCL-5) by ELISA in BALF over time of CRKP infection. Data in (A) to (D) are the means + SEM and involve Trpv1DTA mice (n = 4 mice per
group for 0,6, and 12 hours and n =4 to 11 mice per group for 24 hours) and control littermates (n = 4 mice per group for 0, 6, and 12 hours and n = 4 to 12 mice per group
for 24 hours). Data were analyzed by two-way ANOVA with Sidak’s multiple comparison’s posttests [(A) and (D)] and two-way ANOVA of two-stage liner step-up procedure
of Benjamini, Krieger, and Yekutieli posttests [(B) and (C)] with the following significance levels: *P < 0.05, **#P < 0.001, ****P < 0.0001.

points of CRKP infection (Fig. 3D). Together, our data suggest
that the lung-innervating nociceptors modulate the kinetics of
airway cytokine/chemokine production during CRKP pneumo-
nia, which might be linked to immune infiltration and bacterial
clearance.

Nociceptor neurons suppress the recruitment of neutrophils,
monocytes, and interstitial macrophages during

CRKP infection

The CXCL (CXCL-1 and CXCL-5) and CCL (CCL2 and CCL7) che-
mokines are well studied chemokines that attract neutrophils and
monocytes, respectively, to the site of inflammation (43-45). Thus,
we hypothesize that early induction of CXCL-1 and CXCL-5 might
contribute to increased neutrophil recruitment in Trpv1®™ mice,
whereas MCP-1 and CCL7 induction at 24 hpi contributed to mono-
cyte recruitment. Neutrophils and monocytes have previously been
reported to play a critical role in the clearance of K. pneumoniae from
infected lungs (15, 17, 46). Therefore, we speculated that the host
protection and increased bacterial clearance in Trpv1”™ mice are

Joshietal., Sci. Adv. 10, eadl6162 (2024) 6 September 2024

attributed because of the higher influx of neutrophils and monocytes
into the airways and lung parenchyma. To test this hypothesis, we
characterized and quantified immune cell populations in BALF after
CRKP infection using flow cytometry analysis (fig. S2). Flow cyto-
metric analyses of BALF cells revealed significantly greater numbers
of CD11b" Ly6G™ neutrophils and CD11b™ Ly6G~ Ly6C* (LysC™)
monocytes in Trpv1°™ mice compared to control littermates at
24 hpi (Fig. 4, A to C). The number of AMs was significantly higher in
uninfected Trpv1®™ mice than the number in control mice, but their
numbers rapidly decreased at 6, 12, and 24 hpi with no differences
between the two groups of mice (Fig. 4, A and D). Also, the abun-
dance of interstitial macrophages (IMs) in Trpv1®™ mice consider-
ably increased at early phase (6 hours) of infection and at 24 hpi
when compared to the abundance in control mice (Fig. 4E). In addi-
tion, the numbers of CD4" T cells, B cells, CD8" T cells and non-T
and non-B cells were observed similar in neuron-ablated and control
mice (fig. S2, B to E). Moreover, the BALF immune cell analyses after
24 hours of hvKp infection showed an increased neutrophil number
only in Trpv1®™ mice, indicating the potential contribution of
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Fig. 4. Nociceptors dampen recruitment of neutrophils, monocytes, and interstitial macrophages into airways during CRKP infection. (A) Numbers of leukocyte
subsets quantified in BALF of Trpv1°™ and control littermates at 24 hpi or of PBS treatment. (B to E) Representative flow cytometry plots and absolute total numbers of
neutrophils (CD11b* Ly6G™) (B), Ly6C" and Ly6C'® monocytes (C), AMs (Siglec-F*CD11b™CD11c* F4/80*) (D), and interstitial macrophages (IMs; CD11b* F4/80*) (E) in
BALF of Trpv1 PTA and control mice over time after CRKP infection or PBS treatment. Data in (A) to (E) are the means + SEM and involve Trpv1 O™ mice (n = 4 per group for
0, 6, and 12 hours and n = 8 per group for 24 hours) and control littermates (n = 4 per group for 0, 6, 12 hours and n = 7 per group for 24 hours). Data were analyzed by
two-way ANOVA of two-stage liner step-up procedure of Benjamini, Krieger, and Yekutieli posttests with the following significance levels: *P < 0.05, **P < 0.01,
kP < 0.001, ****P < 0.0001.

neutrophils in reduced airway hvKp burden in nociceptor-ablated mice as compared to the proportion in control mice (fig. S3, B and

mice (fig. S2, F and G).

In a previous study, Y8 T cells are critical in mediating protection
against Staphylococcus aureus pneumonia in nociceptor-ablated mice
(35). To determine whether CRKP infection increases the yd T cell
number and thereby involve in CRKP clearance, we performed
CRKP infection in Trpv1®™ and control mice and analyzed the
abundance of total Y3 T cells and other lymphoid subsets in the lungs
at 24 hpi (fig. S3A). We observed an increased proportion of total yd
T cells, CD4" T cells, and IL-17A" y8 T cells in nociceptor-ablated

Joshietal., Sci. Adv. 10, eadl6162 (2024) 6 September 2024

C). IL-17A has been shown to play a host protective role against
carbapenem-sensitive K. pneumoniae lung infection by driving neu-
trophil influx and bacterial clearance (42). We did not observe any
difference in IL-17A* CD4" T cells in control versus Trpv1°™ mice
after CRKP infection (fig. S3D). Together, our immune subsets data
demonstrate the potential role of AMs, IMs, neutrophils, inflamma-
tory monocytes (Ly6C™), y8 T cells, and CD4" T cells in mediating
the rapid CRKP clearance and providing the host protection against
CRKP pneumonia in nociceptor-ablated mice.
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Depletion of AMs does not affect host protection against
CRKP in nociceptor-ablated mice

It is possible that increased baseline abundance of AMs in Trpv1P™
mice drives the recruitment of Ly6C" monocytes and neutrophils at
the airspaces and confer host protection against CRKP pneumonia
and sepsis. To test this idea, we performed AM depletion experiments
in Trpv1®™ and control mice via intratracheal treatment of clodro-
nate liposomes (CLLs) to determine whether recruitment of mono-
cytes and neutrophils and bacterial clearance phenotypes are reversed
following CLL-dependent AM depletion. PBS liposomes (PBLs) were
used as control. First, we showed that CLL-mediated AM depletion

significantly decrease the AM number in CLL-treated group as com-
pared to the number in PBL-treated group as shown in (Fig. 5, A to C,
and fig. S4A). Our AM depletion strategy overall did not affect the
composition of other immune cell types after the CLL treatment at
baseline except some impact on IM number in CLL-treated Trpv1°™
mice (fig. S4B). Next, we performed the CRKP infection experiments
with and without AM depletion and still observed the increased re-
cruitment trend of Ly6Chl monocyte and neutrophils in the airways of
Trpv1®™ mice as compared to the numbers in control mice at 24 hpi
(fig. S4, C to E). Further, the airway bacterial burden and CRKP dis-
semination results did not reverse with CLL-mediated AM depletion
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Fig. 5. Depletion of AMs does not affect host protection against CRKP in nociceptor-ablated mice. (A) Representative flow cytometry plots showing CLL-mediated
depletion of AMs in control and Trpv1°™ mice. PBL was used for control group of mice. CLL or PBL (70 ul per mouse) was inoculated via intratracheal route at 48 hours
before the CRKP infection. (B and C) CLL-mediated depletion of AMs and their quantitative data at baseline after 48 hours of inoculation. (D to F) The number of CFUs
recovered in BALF (D), liver (E), and spleen (F) from control and Trpv1°™ mice at 24 hours CRKP after infection with and without AM depletion. (G to I) Measurement of
IL-6 (G), MCP-1 (H), and CCL7 (1) in BALF of AM-depleted control and Trpv1°™ mice at 24 hpi. Each symbol represents a mouse. Data in (B) to (I) are the means + SEM. Statistical

analysis was done by unpaired t test [(B), (C), and (G)] and Mann-Whitney test [(D)
##%P < 0.001, ****P < 0.0001.
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to (F) and (H) and (I)] with the following significance levels: *P < 0.05, **P < 0.01,
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in Trpv1®™ versus control mice (Fig. 5, D to F). Last, cytokine and
chemokine production analyses with and without AM depletion
shows that the depletion of AMs in Trpv1®™ mice has a minor im-
pact on production levels of chemokines (MCP-1 and CCL7) and
IL-6 (Fig. 5, Gto I).

Ly6Chi monocytes, but not neutrophils, are key mediators of
lung CRKP clearance and to inhibit pneumonic sepsis in
nociceptor-ablated mice

To elucidate the role of neutrophils and monocytes in CRKP pneumo-
nia and pneumonic sepsis, we depleted neutrophils selectively with
anti-Ly6G antibody treatment in mice and both neutrophils and mono-
cytes via anti-GR1 antibody treatment (Fig. 6A). Depletion efficiencies
of neutrophils and monocytes were analyzed by flow cytometry of
BALF cells. As expected, the number of neutrophils was substantially
decreased in both anti-Ly6G-treated and anti-GR1-treated mice as
judged by the number of live CD11b* LyéGJr cells in BALF at 24 hpi
(Fig. 6B). However, the numbers of live Ly6C monocytes were only
found to decrease in anti-GR1-treated mice, not in anti-Ly6G-treated
mice at 24 hpi (Fig. 6, B and D). As the neutrophil subset is the domi-
nant recruited cells (>80%) in airspaces after CRKP infection, we also
found a significantly decreased number of total leukocytes (CD45"
cells) in anti-Ly6G- and anti-GR1-treated mice (fig. S5, A and B). Fur-
ther, we also analyzed other immune cell types to determine any off-
target impacts of antibody treatment. Our results showed that there is
no significant impact on abundance of other immune cell types with
treatment of anti-Ly6G or anti-GR1 antibodies (fig. S5, C to H).

We hypothesized that the depletion of neutrophils and/or mono-
cytes and infection with CRKP would result in worse outcomes of
mice as indicated by a rapid drop of core body temperature and in-
creased bacterial burden and dissemination. First, we examined the
core body temperature in all three treatment groups [isotype immuno-
globulin G (IgG), anti-Ly6G, and anti-GR1] of mice and found that
there was a reduction of core body temperature in both anti-Ly6G-
and anti-GR1-treated mice when compared to the isotype IgG-treated
mice. However, we observed a substantial reduction in core body
temperature in isotype IgG-treated versus anti-GR1-treated mice
as compared to isotype IgG-treated versus anti-Ly6G-treated mice
(Fig. 6, C and E), indicating a critical role of monocytes in the mainte-
nance of core body temperature during pneumonic sepsis. Next, we
examined the CRKP load in the airways, liver, and spleen to determine
whether neutrophils and/or monocytes are involved in the bacterial
clearance in nociceptor-ablated mice. In isotype IgG-treated mice, as
expected, we observed a significantly lower bacterial load in BALF of
TrpleTA mice than the bacterial load in control m1ce (Fig. 6F). Fur-
ther, the bacterial load in anti-Ly6G-treated Trpv1”™ mice was found
significantly lower than the bacterial load in anti-Ly6G-treated con-
trol mice (Fig. 6F), suggesting that neutrophils are not playing a major
role in CRKP clearance in nocicegtor ablated mice. However, the in-
creased CRKP clearance in Trpvl™ " mice was abrogated with deple-
tion of neutrophils and monocytes in anti-GR1-treated mice (Fig. 6F),
suggesting that monocytes are indispensable for the enhanced CRKP
clearance in nociceptor-ablated mice. These BALF CFU data are con-
sistent with the results of bacterial dissemination. Hence, we did not
see the difference in bacterial load in the spleen and liver of isotype
IgG-treated and anti-Ly6G-treated mice, but anti-GR1-treated mice
showed marked increased CFUs in liver and spleen than isotype IgG-
and anti-Ly6G-treated mice (Fig. 6, G and H). Furthermore, the
weight of the spleen was not observed different among infected

Joshietal., Sci. Adv. 10, eadl6162 (2024) 6 September 2024

Trpv1®™ and control mice that were treated with isotype IgG, anti-

Ly6G, or anti-GR1 antibodies, suggesting that there was no sign of al-
tered systemic inflammation at 24 hpi with depletion of neutrophils
and/or monocytes (Fig. 61).

We also used anti-CCR2 antibody approach to deplete Ly6C™
monocytes. We administered anti-CCR2 antibody (clone MC-21) in
mice, which has been used in several mouse studies for the depletion
of Ly6Chl CD11b* monocytes (47-49). We injected a single dose of
anti-CCR2 antibody at 6 hours before the CRKP infection in Trpv1°™
and control mice, followed by CRKP bacterial load analyses (BALE,
spleen, and liver) and BALF immune cell type analyses (Fig. 6]). As
expected, we observed a significant reduction in the number of Ly6C
monocytes, but not neutrophil number, in the BALF from anti-CCR2
antibody-treated mice at 24 hpi as compared to the cell number in
isotype IgG-treated mice in both Trpv1P" and control mice (Fig. 6, K
and L). In isotype IgG-treated mice, we observed a sr%nlﬁcant reduc-
tion in CRKP load in the BALF and liver from Trpvl™ “ mice when
compared to CRKP load in littermate control mice (Fig. 6, M and O).
The reduced bacterial load (P = 0.06) was also observed in the spleen
of Trpv1P* mlce as compared to control mice (Fig. 6N). However,
depletion of Ly6C" monocytes via anti-CCR2 antibody abrogated the
reduced CRKP burden in BALE, liver, and spleen in Trpv1®™ mice
(Fig. 6, M to O). These findings complement with our data we ob-
served in anti- GRl treatment (Fig. 6, F to H). Collectively, these data
suggest that Ly6C monocytes, but not neutrophils, mediate CRKP
clearance at prlmary site of infection and control of bacterial dissemi-
nation in Trpv1°™ mice.

CRKP infection induces the release of CGRP in the airways
and increases CGRP receptor on monocytes

TRPV1* neurons release CGRP, a neuropeptide that was reported to
play a crucial role in regulating asthmatic inflammation (50) and
streptococcal, staphylococcal, and Candida albicans infections (35,
37, 51). To understand how TRPV1" nociceptors promote CRKP
transmigration, we analyzed CGRP levels in BALF samples from
Trpv1®™ and control mice. We observed significantly reduced lev-
els of CGRP in the BALF in Trpv1°™ mice compared to the levels in
control mice at both baseline and with infection (Fig. 7A). Immuno-
histochemistry of lung tissue sections demonstrated the specific loss
of lung-innervating CGRP* neurons in Trpv1”™ mice because we
only observed the depletion of CGRP* nerve fibers but not p-tubulin
III-positive (TUJ17) nerve fibers in neuron-ablated mice (Fig. 7B).
TUJ1 was used as a pan-neuronal nerve fiber marker and stains for
both sensory and autonomic nerve fibers in the lung. Furthermore,
in our BALF CGRP level measurements, we observed a robust in-
crease in BALF CGRP levels with CRKP lung infection in control
mice (Fig. 7A), suggesting a possibility of direct activation of airway
TRPV1* nociceptors by CRKP bacteria for neuronal activation and
CGRP release. To confirm this possibility, we performed VG organ-
otypic culture to determine whether CRKP bacteria activate the va-
gal nociceptors and release CGRP. We performed a time course
analysis of CGRP release in VG culture following low and high
doses of CRKP challenges (Fig. 7C). We found a significant CGRP
release during VG stimulation with live CRKP bacteria with the
peak occurring at 3 to 4 hours after stimulation (Fig. 7C). We also
stimulated the VG culture with capsaicin (activates TRPV1* noci-
ceptors) as a positive control. Similar to the results in CRKP chal-
lenges, we found that capsaicin treatment significantly increased
CGRP release in the culture supernatant (Fig. 7C). Together, our
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Fig. 6. Monocytes are critical for the control of CRKP dissemination and pneumonic sepsis. (A) Schematic showing depletion of neutrophils and monocytes and
CRKP infection. (B and D) Flow cytometry plots, total neutrophils (B), and total monocytes (D) in isotype immunoglobulin G (IgG)-, anti-Ly6G-, and anti-GR1-treated
control and Trpv1°™ mice (n = 3 to 4 per group) at 24 hpi. (C and E) Core body temperature of isotype IgG-treated versus anti-Ly6G-treated mice [(C), n = 8 per group]
and isotype IgG-treated versus anti-GR1-treated mice [(E), n = 8 per group] over time. n.s., not significant. (F to I) CFUs in BALF (F), spleen (G), and liver (H) and weight of
spleen (1) in neutrophil/monocyte-depleted Trpv1°™ and control mice (n = 8 per group) at 24 hpi. (J) Schematic showing anti-CCR2-mediated depletion of Ly6Chi mono-
cytes and CRKP infection. (K and L) Flow cytometry plots, total Ly6C" monocytes (K), and total neutrophils (L) in isotype IgG- and anti-CCR2-treated Trpv1°™ and control
mice (n = 8 per group) at 24 hpi. (M to O) CFUs in BALF (M), spleen (N), and liver (O) in monocyte-depleted Trpv1 PTA and control mice (n = 8 per group) after 24 hpi. Data
in (B) to (I) and (K) to (O) are the means + SEM. Statistical analysis: one-way ANOVA with Holm-Sidak’s comparisons posttests [(B) and (I)], Brown-Forsythe and Welch
ANOVA with Dunnett’s T3 multiple comparisons posttests (D), repeated measures two-way ANOVA with Sidak’s comparisons posttests [(C) and (E)], Mann-Whitney test [(F)
and (M) to (O)], Kruskal-Wallis test with Dunn’s multiple comparisons test [(G) and (H)], and unpaired t test [(K) and (L)]. Level of significance: *P < 0.05, **P < 0.01,
kP < 0,001, #+*#P < 0,0001. BioRender.com was used to create schematics in (A) and (J).
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Fig. 7. CRKP infection induces the release of CGRP in the airways and the neuropeptide receptor expression by monocytes. (A) Levels of CGRP in BALF of PBS-
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ANOVA with Sidak’s multiple comparisons posttests (D). Level of significance: *P < 0.05, **P < 0.01, ****P < 0.0001. BioRender.com was used to create schematic in (C).

results demonstrate that the CRKP bacteria directly activate the va-
gal nociceptors and release CGRP for immunomodulation.

The CGRP receptor consists of a receptor activity modifying pro-
tein 1 (RAMP1)-calcitonin receptor-like receptor (CALCRL) het-
erodimer that triggers a Gs-coupled signaling pathway in immune
cells (52). The immune-modulating role of CGRP-RAMP1 signaling
has been characterized in asthma (50), peritonitis (53), streptococ-
cal infection (37, 54), and migraine pain (55), but it is unknown how
this signaling pathway influences the CRKP lung infection and
pneumonic sepsis. To determine whether neutrophils and mono-
cytes respond to CRKP infection by increasing the expression of
neuropeptide receptors including RAMP1 and CALCRL, we exam-
ined the expression levels of several neuropeptide receptor genes in
purified neutrophils and Ly6Chl monocytes with and without CRKP
infection by quantitative polymerase chain reaction (qQPCR). With

Joshietal., Sci. Adv. 10, eadl6162 (2024) 6 September 2024

our purification methods, we were able to achieve the purity of neu-
trophils or monocytes of >90% (fig. S6, A and D). Gene expression
of Tnf was considered a positive control for the cell response to
CRKP challenges (fig. S6, B, C, E, and F). We observed the sig-
nificantly increased expression levels of the CGRP receptor gene
(Calcrl) by Ly6Chl monocytes, and SP receptor gene (Tacrl) and the
serotonin receptor gene (Htr2b) by neutrophils, in response to
CRKP challenges (Fig. 7D). At the baseline levels (i.e., unstimulated
cells), we found the expression of several neuropeptide receptor
genes by both neutrophils and monocytes, including Ramp1, Calcrl,
Vipr1 (VIP receptor gene), Tacrl, and Htr2b. Together, these findings
support the hypothesis that secreted CGRP in airspaces may directly
act on its heterodimer receptor complex (RAMP1/CALCRL) on
recruited Ly6Chl monocytes, increasing the neuroimmune signaling
to dampen the antibacterial response.
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CGRP-RAMP1 signaling suppresses the anti-CRKP response
in Ly6C" monocytes

To understand the role of CGRP-RAMP1 signaling in CRKP infec-
tion, we performed several in vitro and in vivo experiments using
the receptor-deficient (i.e., Ramp1™~ cells or mice) system, recom-
binant CGRP (rCGRP) treatment, and CGRP antagonist treatment.
First, we determined whether rCGRP treatment in monocytes mod-
ulates the intracellular survival of CRKP. For this, we cocultured
purified Ly6C™ monocytes with CRKP of a multiplicity of infection
(MOI) of 5 in the presence and absence of neuropeptide [CGRP, SP,
VIP, and somatostatin (SST)] (Fig. 8A). Intracellular killing assay
showed that the CGRP, but not other neuropeptides (SP, VIP, and
SST), suppressed the monocyte-mediated killing of CRKP (Fig. 8B).
In addition, CGRP also suppressed the induction of ROS within
CRKP-infected monocytes (Fig. 8C). Further, CGRP-mediated sup-
pression of intracellular bacterial killing and ROS production was
abolished when we infected monocytes from Rampl~'~ mice (Fig. 8,
B and C). To ascertain whether CGRP modulates the intracellular
killing ability of neutrophils and macrophages, we performed cocul-
tures of neutrophils and CRKP (MOI 5) or bone marrow-derived
macrophages (BMDMs) and CRKP (MOI 5) in the presence and
absence of neuropeptides (1 pM) (Fig. 8, D and F). None of the neu-
ropeptides tested, including CGRP, affected the CRKP-killing activ-
ity of neutrophils and BMDMs (Fig. 8, E and G).

To determine the role of CGRP-RAMP1 signaling in regulation
of inflammation to CRKP challenge, we examined the effect of
rCGRP treatment on cytokine and chemokine production by BMDMs
in response to CRKP infection. BMDMs were coincubated with
CRKP (MOI 10) for 6 hours in the presence or absence of CGRP
(100 nM), and cell-free supernatant was tested for cytokine mea-
surement using ELISA and LEGENDplex assay. rCGRP treatment
robustly suppressed the production of proinflammatory cytokines
and chemokines including TNF-a, MCP-1, and interferon-} (IFN-)
(fig. S7, A to D), suggesting an immune inhibitory role of CGRP
receptor activation in CRKP-infected macrophages.

Given that CCL chemokines (CCL2 and CCL7) are critical for
monocyte recruitment in the airways during infection, we exam-
ined the cellular source of CCL chemokine. For this, we performed
flow cytometric intracellular cytokine analyses of MCP-1 (CCL2) at
24 hpi. We found that leukocytes (CD45™ cells) are the major source
of MCP-1 production during CRKP infection for both control and
Trpv1P™ mice (fig. S8A). Further subset analyses show that AMs,
IMs, Ly6Chl monocytes, and Ly6C1°W monocytes are the major cel-
lular sources of MCP-1 (fig. S8, A to C). It might be possible that
CRKP-induced CGRP acts on lung-resident immune cells (e.g.,
AMs) as well as recruited cells to dampen Ly6C™ monocyte re-
sponses. To test these possibilities, we isolated AMs and Ly6C™
monocytes and stimulated ex vivo with CRKP in the presence and
absence of rCGRP (100 nM) and found that CGRP significantly
suppresses the MCP-1 production by both AM and monocyte cul-
tures as compared to the MCP-1 production by the cultures that
were not treated with CGRP (fig. S8, D and E).

To investigate the in vivo immunomodulatory role of CGRP-
RAMP1 signaling in CRKP-induced pneumonic sepsis, we infected
Ramp1™~ and RampI1*"* (wild-type) mice with CRKP, followed by
CFU and BALF immune subset analyses. At 24 hpi, the bacterial
load in BALF was not different between Rampl ™ and WT mice
(Fig. 8H). Further, flow cytometry analyses showed the higher
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recruitment of neutrophils (CD11b*Ly6G™) but not Ly6Chi mono-
cytes in Ramp1™'~ mice at 24 hpi (Fig. 81). Like the results with no-
ciceptor ablation (fig. S2, B to E), we did not observe the differences
in the number of other immune subsets at 24 hpi including B, CD4*
T, and CD8" T cells (fig. S9, A and B). However, Rampl_/_ mice
displayed higher levels of total proteins as well as cytokines TNF-«
and IL-6 in the BALF as compared to WT mice (Fig. 8, ] and K),
suggesting that RAMP1 is critical to suppress lung inflammation
and neutrophil recruitment during CRKP pneumonia but not the
recruitment of Ly6C™ monocytes and bacterial clearance.

To determine whether CGRP antagonism improves anti-CRKP
immunity in vivo, we performed CRKP infections in CGRP antago-
nist (CGRPg_3;)-treated mice and PBS-treated control mice and
analyzed CRKP load in the whole lungs, blood, spleen, and liver at
24 hpi (Fig. 8L). We found significantly less CRKP bacterial load in
the lungs of CGRPg_3;-treated mice as compared to the CRKP load
in PBS-treated control mice (Fig. 8M). Also, we observed a signifi-
cant reduction in CRKP dissemination in CGRPg_3;-treated mice
compared to PBS-treated mice based on CRKP number in the blood,
spleen, and liver (Fig. 8, N to P). These results support the idea that
nociceptor neurons, via CGRP, promote CRKP lung infection and
transmigration and that blocking CGRP signaling via antagonist
treatment prevents mice from developing pneumonic sepsis. Our
in vivo bacterial load data observed in Rampl~~ mice and in CGRP
antagonist-treated mice do not match each other regarding the role
of RAMP1 in CRKP clearance. It could be possible that the RAMP1
expression by other cell types in the lung could affect the host CRKP
clearance abilities. In conclusion, our results suggest that the CRKP
bacteria induce the CGRP release in the lungs and act on RAMP1/
CALCRL in monocytes to suppress the bacterial killing and promote
pneumonic sepsis.

DISCUSSION

Neuro-immune cross-talk has emerged as a central principle in the
immune response against pathogens, both as a beneficial and detri-
mental regulator of anti-infection immunity (56). Like other barrier
tissues, the respiratory tract and airways are densely innervated with
nociceptor sensory neurons (or nociceptors) that mediate an array
of respiratory defenses such as cough, apnea, and bronchoconstric-
tion (21, 22, 30, 57). Previous studies demonstrate that the activity of
nociceptor neurons worsens Gram-positive bacterial infections in
the lung (35), skin (37), and meninges (54) but protects the host
from enteric Salmonella invasion (58) and skin infections with
C. albicans (51) or herpes simplex virus-1 (HSV-1) (59), raising the
question of whether tissue- or pathogen-specific neuro-immune
cross-talk regulates infectious outcomes. To examine this funda-
mental question, we proposed to examine neuro-immune regula-
tion in the context of CRKP pneumonia, the most common cause of
Gram-negative bacterial sepsis. Herein, we found that nociceptor
neurons critically regulated anti-CRKP properties of innate im-
mune cells, particularly Ly6C™ monocytes and macrophages. Fur-
thermore, we observed that nociceptor ablation enhanced CRKP
clearance in the lungs, suppressed CRKP dissemination to blood,
spleen, and liver, and protected infected mice from hypothermia
and death. Mechanistically, we found that nociceptors inhibit Ly6C"
monocyte antibacterial responses to promote CRKP-induced sep-
sis, and this immunosuppressive cross-talk depends on CGRP
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Fig. 8. CGRP-RAMP1 signaling dampens anti-CRKP response in monocytes. (A) Schematic showing monocyte and CRKP coculture in the presence and absence of
neuropeptide. (B and C) Intracellular viable CFUs (B) and levels of ROS (C), in CRKP-infected wild-type (WT) and Ramp ™~ monocytes. (D) Schematic of neutrophil and CRKP
coculture with and without neuropeptide. (E) Intracellular viable CFUs in CRKP-infected WT and Ramp’/’ neutrophils. (F) Schematic showing BMDM isolation and cocul-
ture with CRKP in the presence and absence of neuropeptides. (G) Intracellular viable CFUs in WT BMDMs. Data in (B), (C), (E), and (G) involve three to eight samples per
group. (H to K) CRKP CFUs (H), proportions of myeloid subsets (1), total BAL protein (J), and panel of 13 mouse inflammatory cytokines/chemokines (K), measured in BALF
ofRampIJr/+ and Rampl’/’ mice (n =7 to 8 per group) at 24 hpi. (L) Schematic showing administration of CGRPg_37 (5 pg per mouse) in C57BL/6 J mice and CRKP infection.
(M to P) CFUs in whole lung (M), blood (N), liver (O), and spleen (P) of PBS-treated and CGRPg_3;-treated mice (n = 8 per group) after 24 hpi. Data in (B), (C), (E), (G), (H) to
(K) and (M) to (P) are the means + SEM. Statistical analysis: one-way ANOVA with Sidak’s multiple comparisons posttests [(B), (C), (E), and (G)], Mann-Whitney test [(H), (O),
and (P)], unpaired t test [(J), (M), and (N)], and two-way ANOVA of two-stage liner step-up procedure of Benjamini, Krieger, and Yekutieli posttests [(I) and (K)]. Levels of
significance: *P < 0.05, **P < 0.01, ***P < 0.001, ***#P < 0.0001. BioRender.com was used to create schematics in [(A), (D), (F), and (L)].
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released by neurons and on CGRP receptor expression on mono-
cytes (Fig. 9).

A previous study showed that ablation of vagal nociceptors pro-
tected mice from lethal S. aureus pneumonia (35), and this protec-
tion involved the rapid mobilization of neutrophils from blood to the
lungs for the bacterial clearance. However, in contrast with our find-
ings, nociceptor ablation promoted higher dissemination of S. aureus
to blood and vital organs (35). One explanation for these two oppos-
ing results would be the difference in the pathogenesis between
S. aureus and CRKP. Specifically, S. aureus lung infection results in
necrotizing pneumonia, and mortality is associated with rapid de-
struction of the lungs by exotoxins, but the pathogen rarely dissemi-
nates to blood and vital organs. On the other hand, Gram-negative
pneumonia is characterized by rapid bacterial outgrowth and dis-
semination to vital organs that lead to sepsis and mortality. Host det-
rimental role of lung-innervating nociceptors has also been observed
during Mycobacterium tuberculosis lung infection in guinea pigs in
which nociceptor activation by M. tuberculosis—derived sulfolipid-1
led to the induction of cough (57). Such a mechanism might contrib-
ute to the airborne transmission of M. tuberculosis and disease spread
(57). Similarly, a previous study also demonstrated that ablation of
lung-innervating sympathetic neurons enhanced lipopolysaccharide
(LPS)-induced acute lung injury or IL-33-elicited type 2 inflamma-
tion (60). In contrast, activation of cholinergic neurons (a subset of
parasympathetic neurons) and secreted neuropeptide neuromedin U
(NMU) mediated host defense against Nippostrongylus brasiliensis
infection in the lungs and gut by triggering the host to attack the
worms and expel them (61). In the context of fungal infection,
Kaplan and colleagues (51, 62) demonstrated that nociceptor neurons
and secreted CGRP enhance the T helper 17 immune responses and
provide protection against C. albicans in the skin. However, it is less
understood why there are two nonexclusive modes (protective or

Brain

q.(’ ) /\x\Dorsal

detrimental) of neuron function in host defense against patho-
gens. Our results convincingly support the conclusion that lung-
innervating TRPV1* nociceptors promote pneumonic sepsis due
to Gram-negative bacteria via suppressing the Ly6Chl monocyte
responses, and ablation of these neurons leads to strong host pro-
tective responses to sepsis.

Nociceptors are known to alter the course of inflammatory re-
sponse during infections. In S. aureus pneumonia, nociceptors abla-
tion led to the early induction of TNF-a, IL-6, and CXCL-1 in the
lungs (35). In HSV-1 skin infection, ablation of nociceptors showed
excessive skin inflammation as indicated by elevated levels of sev-
eral proinflammatory cytokines and chemokines, including IL-1p,
IL-6, TNF-a, IFN- B, granulocyte-macrophage colony-stimulating
factor, CXCL-1, CCL3, and MCP-1 (59). Consistent with these stud-
ies, we also found the induction of cytokines and chemokines in-
cluding TNF-a, IL-6, CXCL-1, CXCL-5, MCP-1, and CCL7 in
nociceptor-ablated mice. However, the production kinetics of these
cytokines and chemokines are different at early and late phases of
inflammation. Particularly, IL-6 and CXCL-1 BALF concentrations
were significantly elevated at 6 hpi in ablated mice than the concen-
trations in control mice, but the levels sharply decreased at 24 hpi in
ablated mice and were significantly lower than the control mice
(Fig. 3D). Early production of TNF-a, MCP-1, IL-23, and IL-17A
were shown to protect mice from K pneumoniae lung infection (15,
63), but excessive and sustained production of TNF-a and IL-6 also
causes immunopathology and mortality. Therefore, an effective im-
mune defense mechanism against CRKP requires the host response
that promotes productive innate immunity while simultaneously
reducing harmful immunopathology. Our findings of an early peak
of inflammatory cytokine/chemokine production, followed by rapid
resolution, in nociceptor-ablated mice might be beneficial for host
protection against CRKP.
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Fig. 9. Model of nociceptor regulation of CRKP-induced pneumonic sepsis. Lung-innervating nociceptor neurons suppress the recruitment of neutrophils and Ly6Chi
monocytes to the airspaces of lungs during CRKP lung infection. CRKP infection induces vagal TRPV1* neurons for releasing CGRP, which in turn acts on its receptor on
Ly6C" monocytes to dampen the ROS production. This leads to an increased CRKP survival in the lungs and enhanced dissemination of bacteria to vital organs. BioRender.

com was used to create model.
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Our study has elucidated the previously uncharacterized role of
nociceptors in dampening the recruitment and function of Ly6C hi
monocytes in the airways during Gram-negative pneumonia. Neu-
ronal regulation of innate immune cell responses has been well rec-
ognized for neutrophils, eosinophils, macrophages, and type 2 innate
lymphoid cells (ILC2s) in the lungs. In murine asthmatic lung in-
flammation, TRPA1" and Nav1.8" sensory neurons regulate the leu-
kocyte infiltration (especially eosinophils) to the lungs and promoted
allergen-induced airway inflammation and hyperreactivity (31, 64).
In contrast, nociceptors and sympathetic neurons reduced the influx
of neutrophils into the lungs in response to S. aureus or LPS chal-
lenges (35, 60). The neuropeptide NMU augmented the ILC2 re-
sponse during N. brasiliensis infections (61). In addition, NMU also
amplified inflammatory ILC2 response in allergic lung inflammation
(65). The underlying mechanism for such variable immune cell re-
sponses is unknown, but it is possible that lung-innervating neurons
influence the immune cell types based on type of inflammation (type
1 versus type 2) and stimuli (pathogen versus allergens). We went
further to demonstrate nociceptive neuropeptide CGRP in regulat-
ing the function of monocytes. Our observations showed that CGRP
signaling impairs intracellular ROS induction by CRKP-infected
monocytes and their bactericidal abilities. On the basis of these ob-
servations, we concluded that the nociceptor-monocyte interactions
negatively modulate lung immunity to CRKP pneumonic sepsis.

It is well known that the lung-resident macrophages are mainly
two types: AMs and IMs. Recent studies have also shown the subsets
of IMs of different functions (66, 67). Our results of baseline in-
creased abundance of AMs (Fig. 4D), and increased numbers of IMs
at 6 and 24 hpi (Fig. 4E), in nociceptor-ablated mice might contrib-
ute to augmented early airway inflammation at 6 hpi and rapid reso-
lution at 24 hpi. To support this idea, a recent study has shown a
subset of IMs known as nerve-associated macrophages (NAMs,
CD11b*CD11c”CD169* IMs) that are in close proximity with sym-
pathetic nerve fibers in the airways (66). NAMs were demonstrated
to be distinct from AMs that highly express the tissue-reparative
and anti-inflammatory genes (M2 phenotype) under steady state
and during influenza A infection and provide protection against
influenza-induced immunopathology (66). AMs may be responsible
for the early inflammatory response, whereas induction of NAMs
rapidly suppresses the inflammation at the latter stages of CRKP
lung infection in nociceptor-ablated mice. However, AM depletion
in nociceptor-ablated mice did not significantly reverse the aug-
mented CRKP clearance, immune influx, and cytokine/chemokine
production phenotypes, suggesting a role of AM-independent cell
population in anti-CRKP immunity. It is possible that nociceptor
regulation of AMs and recruitment of neutrophils and monocytes
occur in parallel rather than in series, through distinct mechanisms.
A possible mechanism for this is that nociceptors signal to other
lung-resident immune cells such as yd T cells or airway epithelial
cells, which in turn could regulate monocyte/neutrophil recruit-
ment. It is also possible that nociceptors interact with multiple
tissue-resident cell populations rather than one or two cell types to
modulate the inflammatory kinetics and cellular influx as a com-
bined response. Also, we do not know the percentage of IMs that are
lung resident and recruited monocyte-derived IMs in our analyses.
Future work will determine whether lung-resident (e.g., NAM:s)
and/or monocyte-derived IMs are critical IM population down-
stream of nociceptors in modulating host defense against Gram-
negative pneumonia.
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Our results demonstrate that AMs, IMs, and Ly6Chi monocytes are
the dominant cell types in CRKP-infected lung for producing MCP-1/
CCL2 (fig. S8). Further, CGRP significantly 1nh1b1ted the MCP-1 pro-
duction in ex vivo stimulation of AMs and Ly6C™ monocytes with live
CRKP bacterial challenges (fig. S8). Therefore, it is logical to infer that
the nociceptor-mediated immunosuppression occurs via CGRP in-
hibitory action on both tissue-resident and recruited immune cells
during CRKP pneumonia. Despite AM being one of the major cellu-
lar sources of MCP-1 production during CRKP infection, AMs are
not required to control CRKP infection in nociceptor-ablated mice
(Fig. 5). These results suggest the role of other MCP-1-producing cells
and chemokine(s) in driving Ly6C monocyte recruitment to control
CRKEP infection in nociceptor-ablated mice. Further study is needed
to determine the link between nociceptors, chemokines, monocyte
recruitment, and CRKP infection.

Nociceptor activation and pain sensations are critical organismic
defense mechanisms to potential threats. However, our results re-
garding the association of nociceptor activation with enhancing
CRKP infection and pneumonia lethality contradict this dogma. It
is logical to assume that CRKP might use nociceptor activation as a
virulent strategy to establish infection in the host. For the clearance
of Klebsiella at the primary site of infection and medlatlng host pro-
tection from sepsis, rapid mobilization of Ly6C™ monocytes and
neutrophils at the primary site is critical. It is possible that CRKP
rapidly activates the nociceptors upon infection and releases CGRP
in the lungs, which might suppress the immune activation and in-
flux of monocytes and neutrophils at primary site of infection and
thereby interfere with the host bacterial clearance abilities. Such im-
munosuppressive role of nociceptors might be beneficial to the host
during influenza virus and severe COVID-19 infection where mor-
tality is associated with pathology and lung inflammation.

Consistent with previous studies (35, 54), our study showed that
the CGRP antagonist treatment enhanced anti-CRKP immunity
and protected mice from sepsis. Chemical or antibody-mediated in-
hibition of CGRP-RAMP1/CALCRL signaling might provide thera-
peutic avenues for the treatment of Gram-negative pneumonia in
conjunction with or as an alternative to antibiotics.

The current study has demonstrated a previously unappreciated
role of nociceptor neurons in modulating lung immune response to
CRKP infection. Nevertheless, some outstanding questions should
be addressed by future research. First, why is nociceptor ablation
associated with a strong host protective response to CRKP pneumo-
nia but a minor protection to hVKp pneumonia? While our results
show the involvement of Ly6C monocyte in CRKP clearance and
to control sepsis in nociceptor-ablated mice, nociceptor ablation has
a minor impact on hvKp clearance. It is not clear what the underly-
ing mechanism is for the two distinct mechanisms of control of
pneumonia caused by carbapenem-resistant (i.e., CRKP) versus
carbapenem-sensitive (i.e., hvKp) K. pneumoniae bacteria. One pos-
sible mechamsm could be that the hvKp might use a strategy to sup-
press Ly6C monocyte recruitment. Consistent with our findings,
previous studies also demonstrate a distinct role CCR2* Ly6C™
monocytes, but not neutrophils, for clearing a carbapenem-resistant
clinical isolate (Kp-MH258) of K. pneumoniae in mouse pneumonia
studies (15, 46). Their studies also demonstrate the role of neutro-
phils in clearing carbapenem-sensitive K. pneumoniae clinical iso-
lates and hvKp 43816 strain (15, 46).

Second, how do nociceptor neurons suppress the recruitment of
monocytes in CRKP-infected lungs? Besides CGRP, nociceptors
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also release ATP, glutamate, and other neuropeptides such as VIP,
neurokinin A, and SP. An elegant strategy to address this would be
single-cell RNA sequencing analyses of VGs and DRGs from CRKP-
infected mice to identify previously unidentified neuropeptide(s)
expressed in nociceptors during Gram-negative pneumonia and
sepsis and to define their role in antibacterial signaling using ge-
netic knockout mice or specific inhibitors.

Third, which nociceptor subset of which origin (VG, DRG, or
both) regulates anti-CRKP immunity in the lungs? Our results using
developmental ablation in Trpv1”™ mice revealed a role of nocicep-
tor neurons in promoting pneumonic sepsis, but we do not know
whether these effects are mediated by VG-specific nociceptors, DRG-
specific neurons, or both. Given that VG nociceptors have been dem-
onstrated to contribute to major innervation to the lungs (27, 28), it is
likely VG-specific nociceptors drive the phenotypes we observed.
Previous studies showed that nociceptor neurons of VG origin regu-
late neutrophils and yd T cells functions in S. aureus lung infection
(35), whereas DRG nociceptors control the abundance of microfold
(M) cells and numbers of segmented filamentous bacteria in the gut
during Salmonella Typhimurium infection (58). Besides the involve-
ment of lung-innervating nociceptor afferents from VG and/or DRG,
vagal afferents may induce a “cholinergic anti-inflammatory reflex”
via acting on vagal autonomic efferents that suppress the macrophage
TNF-a production in murine endotoxemia studies (68, 69).

In summary, our study has uncovered the host deleterious effects
of lung-innervating nociceptors and the CGRP signaling pathway
for the defense against lethal CRKP-induced pneumonic sepsis. Tar-
geting the nociceptor neurons directly, or through downstream re-
ceptor signaling pathways in immune cells, will inform about the
host-based strategy as a treatment modality for lethal Gram-negative
infection and pneumonic sepsis.

MATERIALS AND METHODS

Mice

All animal experiments were approved by the Institutional Animal
Care and Use Committee (JACUC 4571 and 5021), Kansas State Uni-
versity. Mice were housed in a pathogen-free animal facility at Kansas
State University before being used for the infection model. C57BL/6 ],
Trpv1-Cre*~, loxP-DTA**, and Ramp1*’~ mice were purchased
from the Jackson Laboratory. TrpvI-Cre*’~ mice were bred with loxP-
DTA** to })roduce Trpv1-Cre*’™; DTA*'™ (nociceptor-ablated) and
Trpv1-Cre™~; DTA*™ (littermate control). Similarly, Ramp1*'~ het-
erozygotes were bred to generate Rampl™~ (RAMP1 deficient) and
Rampl *+ (control littermate). Age- (8 to 10 weeks old) and sex-
matched mice were used for all in vivo experiments.

Bacterial culture

Carbapenem-resistant strain of K. pneumoniae (CRKP, strain ART
2008133) was obtained from ATCC and used for in vivo and in vitro
experiments. Hypervirulent and carbapenem-sensitive strain of
K. pneumoniae (ATCC 43816) was also used for some experiments.
The pure culture of CRKP was grown in Luria-Bertani (LB) broth for
16 hours in an Incu-shaker at 37°C and 250 rpm. The overnight cul-
ture was reinoculated into fresh LB broth and reincubated at 37°C and
250 rpm for 4.5 hours to get the bacteria in the mid-log phase. The
broth culture was centrifuged at 4000 rpm for 5 min and washed with
PBS (Hyclone), and an optical density of 0.5 was measured at 600 nm.
Serial plating was performed on LB agar to quantify the CFUs.
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Mice infection and core body temperature measurement

A mouse model of CRKP pneumonia was established by intranasal
inoculation of CRKP. As in other studies, we used the lethal dose
of 10%° CFUs in 35 pl of sterile PBS via intranasal instillation into
mice preanesthetized with 3% isoflurane (Akron Inc.). Control
mice were intranasally infused with 35 pl of sterile PBS only. Mice
were kept in a microisolator and monitored four times daily for
morbidity and mortality until 96 hpi. The core body temperature
of the mouse was measured at 0, 6, and 24 hpi using a rectal ther-
mal probe (Bioseb).

Clinical scoring

A person unaware of the identity of control and nociceptor-ablated
mice observed and recorded the clinical conditions of mice at 0, 6,
24, and 36 hours after infection. Criteria used to evaluate the clinical
conditions of mice included ruftled fur, hunched posture, shrinkage
of eyes, lethargy, and labored breathing. Clinical scores 0 (normal)
to 5 (moribund) were noted for each criterion. The average score of
all criteria was used for statistical analysis.

Collection of BALF, tissues, and blood

Mice were euthanized with CO, inhalation for postmortem collec-
tion of tissue/fluid for indicated times. For BALF collection, first, a
small incision was made in the neck area using the sterile scissors
and forceps, and a cannula (28.5 G) was inserted into the trachea.
Next, the cavities of the lungs were flushed twice with 0.8 ml of
bronchoalveolar lavage buffer containing heparin (20 U/ml) (Sigma-
Aldrich), dextrose (1 mg/ml) (Fisher Chemicals), and 1x PBS. A
total volume of ~1.4 ml of BALF was collected in a 1.5-ml sterile
Eppendorf tube. For some experiments, whole lungs, one middle
lobe of liver, and whole spleen were collected aseptically in a 1.5-ml
sterile Eppendorf tube. All samples were kept in ice until further
processing. The areas around the eyes were wiped with 70% isopro-
pyl alcohol swabs immediately after euthanasia of mice, and retro-
orbital bleeding was done to collect blood into EDTA (1 mg/ml; BD
Microtainer) containing vial. Blood samples were gently vortexed
and kept in ice until further processing for CFU analysis.

Bacterial load measurement

BALF and blood samples were serially diluted with sterile 1x PBS,
and diluted samples were plated onto LB agar. After the collection,
whole lungs, liver, and spleen were first homogenized with BB
beads (Daisy Outdoor Products) in 1 ml of sterile water using
TissueLyser II (Qiagen), followed by serial dilution of samples in
sterile 1x PBS. Diluted tissue lysates were plated on LB agar and
incubated at 37°C overnight. Following incubation, the colonies
were counted, and bacterial load was expressed as CFU per milli-
liter or total CFU.

H&E staining

At the indicated time points, CRKP-infected and PBS-treated mice
were euthanized with CO, inhalation. The intact whole lung, together
with the heart and trachea, was removed and kept in 15 ml of neutral
buffered formalin (10%) (Sigma-Aldrich) solution at room tempera-
ture for 48 hours. The formalin-fixed tissue samples were transferred
to the Veterinary Diagnostic Laboratory, Kansas State University for
sectioning and H&E staining. The images were scanned using Leica
Biosystems Aperio Pathology Slide Scanner. The images were pro-
cessed using Aperio ImageScope software.
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Total proteins and cytokine measurement

Immediately after collection, protease and phosphatase inhibitor
(1%) (Thermo Fisher Scientific) was added to BALF and then ali-
quoted and stored at —80°C until processing for total protein analysis
and cytokine measurement. Total proteins in BALF were measured
using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Likewise, cytokines were
measured using ELISA kits (BioLegend, R&D Systems, and Abcam)
and LEGENDplex assay kits (BioLegend) as per manufacturer’s
instructions.

BALF processing and flow cytometry analyses of BALF cells
Immune cells in the BALF were characterized and quantified by flow
cytometry analyses. After the collection, BALF was immediately cen-
trifuged at 1500 rpm for 5 min at 4°C, and the pellet was resuspended
with red blood cell (RBC) lysis buffer (Thermo Fisher Scientific) for
10 min at room temperature. Cells were washed with fluorescent an-
tibody cell sorting (FACS) buffer [PBS, 2% fetal bovine serum (FBS)
(Hyclone), and 0.25 mM EDTA (RPI Research)] and centrifuged at
1500 rpm for 5 min. Cell pellets were then resuspended with 200 pl of
FACS buffer. For total cell count, 10 pl of cell suspension was stained
with 490 pl of trypan blue (0.04%) (Sigma-Aldrich), and viable cells
were counted using a hemocytometer. For flow cytometry analyses,
the cell suspensions were first transferred to the V-bottom plate,
treated with FcR-blocking solution (Miltenyi Biotec), followed by in-
cubation with antibody cocktails prepared in FACS staining buffer
(1x PBS and 2% FBS) for 25 min on ice. Next, antibody-stained cells
were centrifuged at 1500 rpm for 5 min at 4°C and then washed with
FACS buffer and recentrifugation at 1500 rpm/4°C for 5 min. Last,
stained cell pellets were resuspended with 300 pl of FACS fixative
buffer (0.5 mM EDTA, 4% paraformaldehyde, and PBS) and were
kept on ice until flow cytometry data acquisition. Antibodies
used for staining of immune cells included the following: anti-
F4/80-phycoerythrin (PE) (BioLegend), anti-B220-allophycocyanin
(APC) (BioLegend), anti-CD45-APC/Cy7 (BioLegend), anti-CD11b-
Brilliant Violet 650 (BioLegend), anti-CD4 Pac Blue (BioLegend),
anti-CD8-PE/Cy7 (BioLegend), anti-SiglecF-Percp-Cy5.5 (BD
Pharmiagen), anti-CD11c PE-Cy5 (BioLegend), anti-Ly6G Alexa
Fluor 488 (BioLegend), and anti-Ly6C Brilliant Violet 785 (BioLeg-
end). We used fluorescence minus one as a negative control to decide
the appropriate gating for each immune cell characterized. To exclude
dead cells, a live-cell stain (LIVE/DEAD fixable aqua, Invitrogen) or
Zombie Yellow (Thermo Fisher Scientific) was used. Flow cytome-
try was conducted on LSRFortessa (BD) or Cytek Northern Lights
flow cytometer. Data files were analyzed with Flow]Jo (Treestar, ver-
sion 10.9).

Flow cytometry analyses of lung cells and intracellular
cytokine staining

Lung tissues were mechanically separated, minced, and then digest-
ed in RPMI (Gibco) containing 2% FBS, collagenase (1.5 mg/ml;
Sigma-Aldrich) and deoxyribonuclease I (30 pg/ml; Roche) at 250 rpm
for 50 min at 37°C. Cells were passed through 22-gauze syringe
and filtered using a 70-uM sterile filter. Following centrifugation of
cell suspension at 1500 rpm for 5 min at 4°C, RBCs were lysed with
1x RBC lysis buffer (Thermo Fisher Scientific), treated with Fc re-
ceptor blocking solution (Miltenyi Biotec), and resuspended with
FACS buffer (PBS, 2% FBS, and 0.25 mM EDTA/PBS). Incubation
with antibody cocktails was done on ice for 30 min, and stained cells
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were further incubated with fixative buffer (0.5 mM EDTA, 4%
paraformaldehyde, and 1x PBS) on ice for 25 min. Antibodies used
to stain cells included the following: anti-CD45-APC/Cy7 (Bio-
legend), anti-SiglecF-Percp-Cy5.5 (BD Pharmiagen), anti-CD11c
PE-Cy5 (Biolegend), anti-CD11b-Brilliant Violet 650 (Bioleg-
end), anti-CD3 APC (Biolegend), anti-Ly6G Alexa Fluor 488 (Bio-
legend), and anti-Ly6C Brilliant Violet 785 (Biolegend), anti-MHC-II
Alexa Fluor 700 (BioLegend), anti-B220-Brilliant Violet 510 (Bio-
Legend), anti-NK1.1-Brilliant Violet 711 (BioLegend), anti-CD4
Pac Blue (Biolegend), anti-CD8-PE/Cy7 (Biolegend), anti-TCR-
p-Alexa Fluor 700 (Biolegend), and anti—-ydTCR-fluorescein iso-
thiocyanate (BioLegend). Live cells were excluded from the Zombie
Yellow-stained dead cells.

For intracellular staining of cytokines (IL-17A and MCP-1),
CRKP-infected lung cells were incubated for 4 hours at 37°C with
GolgiPlug (BD Biosciences). Then, the cells were stained for surface
markers, fixed with Cytoperm/Cytofix Buffer (BD Biosciences) for
20 min, followed by incubation with intracellular antibodies (anti-
MCP-1-PE and anti-IL-17A-PE-Dazzle 594 from BioLegend), at
1:100 in Permeabilization Buffer (BD Biosciences) for 30 min. Flow
cytometry was performed using a Cytek Northern Lights flow
cytometer, and data files were analyzed using FlowJo software
(Treestar, version 10.9).

Depletion of neutrophils and Ly6Chi monocytes

For the depletion of neutrophils and Ly6Chl monocytes, we injected
mice with depleting antibody as done in previous studies (15, 35,
46), with slight modification. Briefly, for neutrophil depletion,
300 pg of anti-mouse Ly6G monoclonal antibody (clone 1A8, Bio X Cell,
NH) was injected into mice intraperitoneally at 24 and 2 hours be-
fore infection. Similarly, to deplete both monocytes and neutrophils,
250 pg of anti-mouse GR1 antibody (clone RB6-8C5, Bio X Cell,
NH) was administered intraperitoneally into mice at 24 and 2 hours
before infection. Control mice were treated with 300 pg of rat IgG2a
isotype antibody (clone 2A3, Bio X Cell, NH) via intraperitoneal
route at 24 and 2 hours before infection. For some experiments, we
depleted Ly6Chl monocytes by intraperitoneal injection of anti-
CCR2 antibody (clone M-21, 30 pg per mouse) at 6 hours before
infection. Control mice received rat IgG2b isotype antibody (30 pg
per mouse) (clone LTF-2, Bio X Cell, NH) intraperitoneally.

Depletion of AMs

Mice were first anesthetized with a 100 mg ketamine/kg body weight
(Ketaset) and 10 mg xylazine/kg body weight (Rompun) cocktail,
followed by intratracheal administration of single dose of 70 pl of
CLLs (Liposoma) at 48 hours before infection. Control mice were
administered with PBLs (70 ul per mouse) (Liposoma).

CGRP antagonist treatment

Competitive CGRP inhibitor CGRPg_3; (GenScript) (5 pg per mouse)
was administered intraperitoneally into mice at 2 hours before infec-
tion. CGRPg_3; (5 pg per mouse) was also challenged intranasally
during CRKP infection and intraperitoneally at 18 hpi (5 pg per
mouse). Control group of mice were treated with sterile 1x PBS.

VG organotypic culture for CGRP assay

For the organotypic VG culture for the CGRP release, we followed
the protocol as described previously (70) with slight modifications.
Briefly, mice were euthanized with CO; inhalation, and VGs were
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immediately collected and stored in ice-cold Hank’s buffered salt
solution (Invitrogen). The isolated ganglia were transferred to a
30-mm, 0.4-uM pore size hydrophilic Millicell culture insert (Millipore-
Sigma) and maintained on insert with DMEM F-12 Glutamax me-
dia (Invitrogen) supplemented with 1% penicillin/streptomycin
(Invitrogen) and 20% heat-inactivated horse serum (Invitrogen).
Culture media was changed every other day and maintained up to
7 days at 37°C with 5% CO,. Then, the culture was incubated over-
night with low serum (2%) containing media, followed by VG stim-
ulation with two different doses of CRKP (1 x 10° CFU per well and
1 x 10° CFU per well). In some wells, we stimulated the culture with
1.5 pM capsaicin (Sigma-Aldrich) as positive control. Unstimulated
cultures were used as negative control. Organ-free culture superna-
tant was collected at the indicated times and stored at —80°C before
being used for the CGRP level measurements.

CGRP ELISA

BALF was collected as described in the collection of BALF section.
The concentration of CGRP in the BALF and in organ free culture
supernatant was determined using CGRP enzyme immunoassay kit
(Novus or Cayman Chemical) according to the manufacturer’s in-
structions.

Immunohistochemistry

Lungs were first gravity inflated with 4% PFA/PBS solution and col-
lected into the tube containing 4% PFA/PBS solution. After over-
night incubation for fixation, they were kept in 30% sucrose solutions
(Fishers BioReagents) and incubated at 4°C for 48 hours. Next, they
were cryo-embedded in OCT compound (Sakura Finetek) and
stored at —80°C until sectioning. The 60-uM cryosections were
blocked for 5 hours in PBS containing 0.3% Triton X-100 and 10%
normal donkey serum (Sigma-Aldrich). Sections were then incu-
bated with rabbit anti- Tubulin III (Abcam) or rabbit anti-CGRP
(Sigma-Aldrich) antibody at a 1:500 dilution in a solution contain-
ing 2% normal donkey serum, 0.3% Triton X-100 and 1x PBS and
incubated overnight at 4°C in a rocker. After incubation, sections
were incubated with donkey anti-Rabbit Alexa Flour plus 555 (sec-
ondary antibody) (Thermo Fisher Scientific) at a 1:500 dilution in a
solution containing 2% normal donkey serum, 0.3% Triton X-100,
and 1x PBS for 2 hours at room temperature. Sections were then
transferred to the microscopic slides and then mounted with Vecta-
shield containing 4’,6-diamidino-2-phenylindole (5 pg/ml). The anti-
body-stained sections were protected from light and stored at 4°C
until microscopy was performed. A laser scanning confocal micro-
scope (LSM 880 Airyscan) with Z-stack was used to capture the im-
ages of the sections.

Isolation and culture of BMDMs

Mice were first euthanized with CO, inhalation. Muscles were then
separated to get the limb bones (tibias and femurs) and washed
them with sterile 1X PBS containing 2% FBS. Bones were then
crushed using a sterile mortar and pestle with sterile 1x PBS con-
taining 2% FBS to release bone marrow (BM) cells. The BM cell
suspension was passed through a 70-pM cell strainer (Cell Treat
Scientific), and cells were incubated with 1x RBC lysis buffer at
room temperature for 15 min, followed by washing cells twice with
1x PBS containing 2% FBS and centrifuging at 1500 rpm for 5 min
at 4°C to get the cell pellet. Next, the cell pellets were suspended
with DMEM containing 10% FBS. Around 10 X 10° BM cells were
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cultured at 37°C with 5% CO, in a petri plate with 10 ml of condi-
tioned DMEM containing 20% FBS, 30% L1929 cell culture superna-
tant (ATCC), and 1% penicillin/streptomycin (Gibco). On day 3 of
incubation, an additional 10 ml of conditioned DMEM having 20%
FBS, 30% 1929, and 1% penicillin/streptomycin was added to the
cultured cells and incubated at 37°C with 5% CO,. On day 7, super-
natant was removed from the petri plates, differentiated BMDM:s
were dislodged with cold 2.5 mM EDTA/PBS solution, and cells
were collected in DMEM containing 10% FBS. Cell suspension was
centrifuged at 1500 rpm for 5 min at 4°C, and cell pellets were resus-
pended with 1 to 2 ml of DMEM/10% FBS for cell counting and
used for seeding into 96-well plates.

Isolation of Ly6C" monocytes and neutrophils

BM cells were isolated from mice as mentioned in BMDM isolation
section. Ly6C™ monocytes and neutrophils were purified from BM
cells using the EasySep Mouse Monocyte Enrichment Kit (StemCell
Technologies) and EasySep Mouse Neutrophil Enrichment Kit
(StemCell Technologies) respectively as per manufacturer’s sugges-
tions. The purity of the Ly6Chl monocytes (CD45" CD11b" Ly6C")
and neutrophils (CD45" CD11b* Ly6G*) was determined by flow
cytometry.

Quantitative PCR

Purified monocytes (5 X 10°) or neutrophils (1 X 10%) were cocultured
with CRKP of MOI of 5 in DMEM (Thermo Fisher Scientific) with
10% FBS. Cells were incubated at 37°C with 5% CO, for the indicated
times, centrifuged at 1500 rpm for 5 min at 4°C for neutrophil cul-
tures, and washed with sterile 1x PBS. Cell pellets or monolayers were
lysed with TRIzol, lysates were snap frozen in dry ice and kept at
—80°C. RNA was isolated using PureLink RNA Mini Kit (Thermo
Fisher Scientific) and reverse transcribed to cDNA with the Super-
Script II cDNA Synthesis Kit (Thermo Fisher Scientific). The relative
gene expression was determined by gPCR on ABI 7000 System (Ap-
plied Biosystems) using SYBR Green Master Mix (Applied Biosys-
tems). Primers used for gene expression analysis were used in previous
studies and are listed in table S1 (71-77). The mRNA level of each gene
was normalized to the expression of Gapdh using AA Ct method.

Intracellular killing assay

Monocytes (2 x 10° cells per well) and BMDMs (1.5 X 10° cells per
well) were seeded into separate sterile 96-well (flat bottom) plates in
DMEM with 10% FBS and incubated overnight at 37°C with 5%
CO;. Cells were washed once with warm sterile 1xX PBS and cocul-
tured with CRKP (MOI 5) in DMEM with 10% FBS. Neuropeptides
(CGRP, SP, SST, and VIP) (Tocris Bioscience) were added in 1 pM
concentration. For neutrophil killing assay, purified neutrophils (2.5 x
10° cells per well) were cocultured with CRKP (MOI 5) in the
presence and absence of neuropeptides (CGRP, SP, SST, and VIP)
(1 pM) in a sterile 96-well plate (U bottom) in DMEM containing 10%
FBS. Cell culture plates were incubated at 37°C with 5% CO; for the
indicated times. After incubation, monocyte and BMDM monolay-
ers were washed twice with warm sterile PBS to remove extracellular
bacteria. To remove extracellular bacteria after incubation, infected
neutrophils were centrifuged at 1000 rpm for 5 min at 4°C, and cell
pellets were washed twice with warm sterile PBS. Cells were lysed
with 0.1% Triton X-100 (Thermo Fisher Scientific) for 15 min on
ice. The cell lysate was diluted with PBS and plated on LB agar to
measure the intracellular, viable bacteria.
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Measurement of ROS

Ly6Chl monocytes were first isolated as described above and cocul-
tured with CRKP of MOI of 5 in the presence and absence of CGRP
(1 pM) at 37°C with 5% CO, for 3 hours. Following incubation,
cells were washed with warm sterile 1x PBS and incubated with 2’,
7'-dichlorodihydrofluorescein diacetate (H,DCFDA) (Thermo Fisher
Scientific) (10 pM) for 1 hour. The fluorescence of the ROS™ cells
were measured at 488 nm using a fluorimeter (BioTek).

In vitro stimulation of BMDMs and cytokine measurement
For cytokine measurement, 1.5 x 10> BMDM:s were first seeded into
sterile flat-bottomed 96-well plates in DMEM containing 10% FBS
and incubated at 37°C overnight with 5% CO,. Cells were then
washed with warm PBS and cocultured with CRKP of MOI of 10
with or without 100 nM CGRP for 6 hours. Cells were centrifuged at
1500 rpm for 5 min at 4°C, and the supernatant was stored at —80°C
until the cytokine measurement. Measurements of cytokines and
chemokines were performed using ELISA and LEGENDplex assay
as per manufacturer’s suggestions.

Ex vivo infection of AMs and Ly6C" monocytes

For the isolation of AMs, BALF was collected from healthy C57BL/6 ]
mice as described in the collection of BALF section. BALF was centri-
fuged at 1500 rpm for 5 min at 4°C, and the cell pellet was resus-
pended with DMEM containing 20% FBS. Ly6Chl monocytes were
isolated as described in the section of isolation of Ly6C™ monocytes.
After an overnight incubation of AMs and Ly6Chl monocytes in ster-
ile flat-bottomed 96-well plates in DMEM containing 10% FBS, cells
were stimulated with CRKP (MOI 5) alone or CRKP (MOI 5) and
CGRP (100 nM) for 6 hours at 37°C with 5% CO,. Following centrifu-
gation at 1500 rpm for 5 min at 4°C, cell free supernatant was col-
lected and stored at —80°C for cytokine/chemokine measurement.

Sample size and statistical analysis

Sample size and statistical details are described in figure legends. All
statistical analyses were performed using GraphPad Prism 10 soft-
ware. Data were represented as means + SEM. Mean differences of
two experimental groups were compared using a two-tailed un-
paired ¢ test for normally distributed data. For data that were not
normally distributed, Mann-Whitney test was used to compare the
means of two experimental groups. Means of more than two groups
were analyzed using one-way analysis of variance (ANOVA) or two-
way ANOVA, as indicated in each figure legend. Means differences
between experimental groups were considered statistically signifi-
cant as follows: *P < 0.05, **P < 0.01, ¥**P < 0.001, ****P < 0.0001.

Supplementary Materials
This PDF file includes:

Figs. S1to S9

Table S1
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