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ABSTRACT 24 

Klebsiella pneumoniae is a Gram-negative bacterial pathogen and common cause of pneumonia 25 

and bacteremia. Increasingly, K. pneumoniae has become a public health concern due to its rate 26 

of nosocomial infection and emerging, broad-spectrum antibiotic resistance.  The nuclear 27 

receptor NR4A1 exhibits functionality in a multitude of organ systems and is implicated as 28 

having a role in the immune response to bacterial infection, though its role in K. pneumoniae 29 

infection is unknown.  To determine if Nr4a1 functions in response to K. pneumoniae pulmonary 30 

disease, we infected wild-type and Nr4a1-/- mice with K. pneumoniae and assessed bacterial 31 

growth, immune cell recruitment and function, and cytokine production.  We found that Nr4a1-/- 32 

mice had increased bacterial burden in the lungs and spleen, though no differences in cell 33 

recruitment.  Pro-inflammatory cytokines, Il1b and Il6, as well as chemokine, Cxcl2, were 34 

significantly decreased in the BAL fluid cells of Nr4a1-/- mice 5 hours post-infection.  35 

Additionally, Nr4a1-/- mice had reduced IL-1b and myeloperoxidase protein production.  We 36 

then examined the bactericidal function of macrophages and neutrophils from WT and Nr4a1-/- 37 

mice.  We identified that Nr4a1-/- neutrophils had decreased bactericidal function compared to 38 

wild-type neutrophils, which was associated with reduced expression of Il1b, Lcn2, Mpo, and 39 

Lyz2.  These data suggest Nr4a1 plays a novel and essential role in neutrophil function during 40 

the host immune response to K. pneumoniae pulmonary infection. 41 

 42 

INTRODUCTION 43 

Klebsiella pneumoniae is a Gram-negative bacterium of the Enterobacteriaceae family.  44 

Recognized as an intestinal commensal in healthy individuals, K. pneumoniae is a common 45 

cause of disease in immunocompromised patients and is the third most common healthcare 46 
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associated infection, manifesting as urinary tract infections, bacteremia, and pneumonia (1).  In 47 

addition, K. pneumoniae strains are becoming increasingly resistant to antibiotic treatments, 48 

including carbapenems and extended-spectrum b-lactams (ESBL); thus, K. pneumoniae 49 

constitutes a public health threat for which new treatment modalities are urgently needed (2, 3). 50 

 51 

The orphan nuclear receptor subfamily 4 group A member 1 (NR4A1) is a steroid-thyroid 52 

receptor and intracellular transcription factor encoded by the Nr4a1 gene, also known as Nur77.  53 

NR4A1 is a molecule with diverse biologic functions, including regulation of inflammation in 54 

the central nervous system, heart, and lung (4–11).  Specifically, NR4A1 is a factor in 55 

macrophage development and inflammatory response through polarization and transcriptional 56 

regulation (12–16).  Within macrophages, NR4A1 exhibits a direct effect on the NF-kB pathway 57 

by directly blocking p65 from binding to the kB element, and prior work has shown deletion of 58 

the Nr4a1 gene increases p65 phosphorylation, thus activating NF-kB mediated transcription, in 59 

macrophages (17, 18). 60 

 61 

Due to its varied impact in immunological pathways, the role of NR4A1 in bacterial infection 62 

has been explored but remains poorly understood.  In Escherichia coli induced peritonitis, 63 

NR4A1 has a limited role in the clearance of the bacteria (19).  However, Hamers et al. later 64 

showed the deletion of the Nr4a1 gene aggravated E. coli induced peritonitis due to pro-65 

inflammatory macrophage polarization (20).  In addition to showing NR4A1 directly interacts 66 

with the NF-kB pathway, Li et al. also showed NR4A1 is a vital protein for inflammation 67 

reduction and, ultimately, survival in a sepsis model (17).  The sole study of NR4A1 in bacterial 68 

lung infection examined E. coli, an uncommon cause of pneumonia, and showed that Nr4a1 was 69 
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rapidly induced during infection, and that Nr4a1-/- mice had decreased bacterial burden in vivo, 70 

though the mechanisms underlying these observations remain unclear (21). 71 

 72 

The current study examined the role of NR4A1 in K. pneumoniae pneumonia.  Here, we found 73 

that Nr4a1 deficiency led to an increase of K. pneumoniae bacterial lung burden and 74 

dissemination. Mechanistically, phagocyte recruitment was unaffected, though inflammatory 75 

cytokine/chemokine production was decreased in Nr4a1-/- mice, identifying that Nr4a1-/- 76 

neutrophils had defective bactericidal function and attenuated inflammatory gene expression, 77 

suggesting that Nr4a1 is a novel, critical mediator of neutrophil function. 78 

 79 

RESULTS 80 

Nr4a1-/- mice are more susceptible to Klebsiella pneumoniae pulmonary infection 81 

To explore the impact of Nr4a1 on control of K. pneumoniae pulmonary infection, WT and 82 

Nr4a1-/- mice had bacterial burden determined by colony-forming units (CFU) at 24 and 48 83 

hours after infection in the lung, as a measure of local control, and in the spleen as a measure of 84 

bacterial dissemination.  Compared to WT mice, Nr4a1-/- mice had significantly increased K. 85 

pneumoniae lung burden and spleen burden 48 hours post-infection (Fig. 1c-d).  These 86 

differences were not present at 24 hours post-infection (Fig. 1a-b).  These data identify that 87 

Nr4a1-/- mice controlled K. pneumoniae acute lung infection poorly, suggesting that Nr4a1 may 88 

play an important role in the immune response to acute K. pneumoniae lung infection. 89 

 90 

Nr4a1-/- mice have reduced pro-inflammatory cytokine production in BAL fluid cells and 91 

whole lung early following K. pneumoniae lung infection  92 
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Next, to determine if immediate phagocyte function was impaired in the absence of Nr4a1, we 93 

analyzed cytokine/chemokine gene expression and protein production in the bronchoalveolar 94 

lavage fluid (BALF) and lung from WT and Nr4a1-/- mice 5 hours post K. pneumoniae 95 

pulmonary infection.  Pro-inflammatory cytokines, Il1b and Il6, and the neutrophil chemokine, 96 

Cxcl2, were significantly decreased in the BALF of Nr4a1-/- mice (Fig. 2a, b, e).  However, Tnfa 97 

and the chemokines Cxcl1 and Cxcl5 were not different (Fig. 2c, d, f), suggesting the NR4A1-98 

dependent gene regulation was reflective of a specific cell population or pathway mediating the 99 

phenotype and this was observable within 5 hours post-infection.    100 

 101 

Whole lung protein from WT and Nr4a1-/- mice was also assessed at 5 hours and 24 hours post 102 

K. pneumoniae infection.  Consistent with early gene expression, IL-1b protein was significantly 103 

reduced in Nr4a1-/- compared to WT (Fig. 3a) at 5 hours post-infection.  This reduction in IL-1b 104 

protein was sustained through 24 hours post-infection (Fig. 3c).  We then sought to determine 105 

whether the Nr4a1-dependent phenotype was associated with reduced production of the effector 106 

molecule myeloperoxidase (MPO), an enzyme critical for phagocyte-mediated bacterial killing 107 

of K. pneumoniae (22).  In the Nr4a1-/- strain, MPO production trended down within 5 hours 108 

post-infection (P = 0.0689) (Fig. 3b).  By the 24 hours post-infection timepoint, Nr4a1-/- mice 109 

had significantly decreased MPO protein in the lungs compared to WT mice (Fig. 3d).  These 110 

data suggest that early immune gene transcription reflects protein production during K. 111 

pneumoniae lung infection, and that Nr4a1-deficient susceptibility to infection is associated with 112 

reduced production of phagocyte markers.  113 

 114 
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Nr4a1-/- and WT mice have similar immune cell abundance and cytokine gene expression 115 

24 hours following K. pneumoniae lung infection  116 

To examine a potential mechanism by which Nr4a1 protects against lung infection, we 117 

performed flow cytometry on the lungs of WT and Nr4a1-/- mice at 24 hours post K. pneumoniae 118 

infection, prior to differences in bacterial burden, to determine if Nr4a1 deletion resulted in a 119 

change in immune cell recruitment.  No significant differences were observed in inflammatory 120 

macrophages (CD45+/CD11b+/CD11c+ ), alveolar macrophages (CD45+/CD11c+/SiglecF+), or 121 

neutrophils (CD45+/CD11b+/Ly6G+) (Fig. S1b-d).  Interestingly, no differences in transcript 122 

were found between pro-inflammatory cytokines Il1b, Tnfa, or Il6, or the neutrophil-specific 123 

gene Lcn2 (Fig. S2a-d).  These data suggest the role Nr4a1 plays in the immune response to K. 124 

pneumoniae acute lung infection is not due to cell recruitment and is not reflected in gene 125 

transcription through 24 hours post-infection.  126 

 127 

Nr4a1-/- macrophage and neutrophil bactericidal function in vitro 128 

Bone marrow macrophage bacteria killing assays were analyzed to determine bacterial growth as 129 

a measure of in vitro bactericidal function from WT and Nr4a1-/- mice.  No differences in 130 

bacterial growth were observed between the two strains at 30 minutes or 60 minutes co-culture 131 

with K. pneumoniae (Fig. S4a), identifying that macrophages of both genotypes have similar 132 

bactericidal function.  Similarly, the gene transcript levels for Il1b, Il6, and Cxcl2 were not 133 

different, suggesting that the differences seen in the BALF cells and lung homogenate in vivo 134 

does not likely reflect Nr4a1-mediated function in macrophages (Fig. S4b-d). 135 

 136 
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Neutrophil bacteria killing assays were similarly analyzed to determine bacterial growth as a 137 

measure of in vitro bactericidal function from WT and Nr4a1-/- mice.  Notably, in WT 138 

neutrophils co-cultured with K. pneumoniae, Nr4a1 gene transcription is induced compared to 139 

naïve WT neutrophils (Fig. 4a).  Supernatants from Nr4a1-/- neutrophils had significantly higher 140 

K. pneumoniae growth compared to WT neutrophils within 60 minutes, though at 30 minutes no 141 

differences were observed between genotypes (Fig. 4b-c).  These data suggest that Nr4a1-/- 142 

neutrophils K. pneumoniae killing is time dependent.  Taken together, these data suggest Nr4a1 143 

transcription is induced in neutrophils by K. pneumoniae infection and is critical for the 144 

bactericidal activity. 145 

 146 

Nr4a1-/- neutrophils have decreased cytokine transcript compared to WT neutrophils 147 

To assess Nr4a1-dependent transcriptional changes in neutrophils, Nr4a1-/- neutrophil RNA was 148 

isolated 30 minutes after K. pneumoniae co-culture (when the bacterial burdens are equivalent).  149 

Here, Nr4a1-/- neutrophils had decreased Il1b transcript compared to WT neutrophils, as was 150 

seen in BALF cells 5 hours post-infection (Fig. 5a).  Nr4a1-/- neutrophils also had significantly 151 

decreased expression of neutrophil antibacterial transcripts Lcn2, Mpo, and Lyz2 (Fig. 5b, c, d), 152 

further suggesting an important role for Nr4a1 in neutrophil response to K. pneumoniae 153 

infection.   154 

 155 

DISCUSSION 156 

Due to its nosocomial infection rate and developing antibiotic resistance, Klebsiella pneumoniae 157 

is a growing public health concern (1–3).  Developing new approaches to treat K. pneumoniae 158 

and other antibiotic resistant infections is an increasingly urgent task.  One of the methods 159 
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through which this may be done is targeting the host immune response to stimulate better 160 

clearance of bacterial burden from the infection site.  This can be done by targeting different 161 

immune cells, including T-cells, macrophages, and neutrophils, to enhance response to infection 162 

(23–25).  For macrophages and neutrophils, this can be done by augmenting phagocytosis of 163 

bacteria (24–27).  However, modulating host immunity is an understudied approach for the 164 

treatment of bacterial infection.  More study of host immune responses and host-pathogen 165 

interaction in bacterial infection, including K. pneumoniae, is required if harnessing host 166 

immunity as a potential treatment is to be successful. 167 

 168 

The orphan nuclear receptor NR4A1 is expressed in many immune cells, such as T-cells and 169 

myeloid cells.  NR4A1 is necessary for proper T-cell function and development (28, 29).  It has 170 

likewise been shown to be important for the development and function of several subsets of 171 

macrophages, and as an important regulator of macrophage polarization (12–16).  Little is known 172 

about the role of NR4A1 in neutrophils, though human and murine neutrophils express all three 173 

of the transcripts for Nur nuclear receptors, Nr4a1/Nur77, Nr4a2/Nurr1, and Nr4a3/Nor1, in 174 

response to inflammatory stimuli (30, 31).  Highly expressed in numerous immune cell types, we 175 

sought to identify cellular mechanisms for NR4A1 in order to elucidate its potential as a target 176 

for immunomodulatory therapies. 177 

 178 

The current study aimed to determine the role of NR4A1 in K. pneumoniae pulmonary infection.  179 

Prior studies have described a limited or detrimental role for NR4A1 in bacterial infections (19, 180 

21).  To date, the only study of bacterial lung infection employed an E. coli model, in which 181 

Nr4a1-/- mice had improved bacterial clearance and survival (21).  However, the clinical 182 
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relevance is limited, as E. coli is not a cause of community or hospital acquired pneumonia, and 183 

little mechanistic information was ascertained from this work.  Conversely, our study determined 184 

that Nr4a1 loss was detrimental in the K. pneumoniae pneumonia model.  Mechanistically, the 185 

observation that NR4A1 deficiency did not impair macrophage or neutrophil cell recruitment to 186 

the lung suggested that NR4A1 may be important for innate antibacterial cell-intrinsic function.  187 

While some genes were unchanged, reduced lung expression of the innate pro-inflammatory 188 

cytokines, Il1b and Il6, as well as the neutrophil recruitment chemokine, Cxcl2, 5 hours after 189 

infection suggested an innate phagocyte response pathway defect (32).  Several disease models 190 

have shown that macrophage or monocyte expression of NR4A1 has significant impact on 191 

inflammation in models of cardiovascular disease, LPS-induced sepsis, and fibrosis (6, 7, 17, 18, 192 

33, 34).  However, in each of these models, NR4A1 modulated macrophage inflammatory genes 193 

in response to insult or the deletion of Nr4a1 resulted in an exaggerated macrophage 194 

inflammatory phenotype, while we observed reduced pro-inflammatory cytokines in K. 195 

pneumoniae infected Nr4a1-/- lung tissue, which prompted further study into cell-specific 196 

responses to K. pneumoniae infection in the context of NR4A1. 197 

 198 

Given that our work and others indicated Nr4a1-/- macrophages had a dysregulated tolerization 199 

phenotype, it was unexpected that Nr4a1-/- macrophages retained K. pneumoniae killing ability 200 

(18).  Despite genetic profiles noting that Nr4a1 is induced in neutrophils in response to 201 

inflammatory stimuli, no prior work has determined what role Nr4a1 has in the neutrophil 202 

response, and the finding that Nr4a1 is critically important in neutrophils, and not macrophages, 203 

has not been previously reported (30, 31).  Specifically, reduced Nr4a1-/- neutrophil Mpo, Lcn2, 204 

Lyz2, and Il1b  gene expression suggests that Nr4a1 deletion impairs antimicrobial responses by 205 
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regulating cell-intrinsic early inflammatory gene expression.  Alternatively, it may be that 206 

deletion of Nr4a1 leads to a dysfunctional metabolic response in neutrophils following K. 207 

pneumoniae infection, as Nr4a1 has profound impacts on T-cell and macrophage 208 

immunometabolism in several disease models (28, 35, 36).  Nr4a1, as well as its family members 209 

Nr4a2 and Nr4a3, are also known to be important in the stimulation of lipolysis and glucose 210 

utilization, and all are induced in neutrophils among other lipolysis-related genes in response to 211 

inflammatory stimuli (31, 37).  Regardless, further study is necessary to dissect the molecular, 212 

cell-specific mechanism of NR4A1. 213 

 214 

This work is not without limitations.  Most prominently, all data represented here were 215 

performed in mouse models, and thus remains to be determined what role Nr4a1 possesses in 216 

human neutrophil function.  Though prior work suggests that Nr4a1 is induced in human 217 

neutrophils responding to E. coli, human and murine neutrophils differ in numerous ways, 218 

including abundance and protein makeup (30, 38).  Further study is required to discern what role, 219 

if any, NR4A1 has in the inflammatory response of human neutrophils.  In addition, confirming 220 

the role of Nr4a1 neutrophil-specific function in vivo remains undetermined and requires 221 

experimental approaches not currently available.  We must also acknowledge that in vitro study 222 

of neutrophils is limited by the short, hours long half-life the cells have ex vivo without 223 

manipulation, complicating classical in vitro molecular and genetic experimental approaches 224 

(39).   225 

 226 

Further study into the use of NR4A1 as a potential therapeutic target for host-immunity 227 

responses is also warranted.  While the present study shows the deletion of Nr4a1 to be 228 
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detrimental to murine clearance of K. pneumoniae pneumonia through loss of neutrophil 229 

function, further study of the ability to rescue or enhance NR4A1 function is arranged in order to 230 

determine this potential, including the use of the NR4A1 agonist, cytosporone B, or the NR4A1 231 

ligand-binding chemical, PDNPA, in the context of K. pneumoniae (11, 17, 40). 232 

 233 

The current study also only looked at the role of NR4A1 in K. pneumoniae pneumonia.  While K. 234 

pneumoniae is a prominent cause of pneumonia, it is not the only bacteria to do so, nor does K. 235 

pneumoniae only infect the lungs.  More work should be done to determine if NR4A1 has a role 236 

in the response to other infectious bacteria (e.g. S. pneumoniae, H. influenzae) and viruses 237 

(coronavirus, influenza).  Similarly, future studies should also be conducted to determine if the 238 

role of NR4A1 in host immune response is specific to the lungs, or if NR4A1 immune responses 239 

are important for other organ-specific infections. 240 

 241 

The current study illustrates that Nr4a1 is an important component in host immune response to 242 

K. pneumoniae pulmonary infection, specifically in neutrophils, marking NR4A1 as a potential 243 

target for future immunotherapies.  Finding potential immunotherapy targets against bacterial 244 

infections is an increasing concern for the public health community as antibiotic-resistant strains 245 

continue to increase.  Demonstrating the role NR4A1 has in host immune response to K. 246 

pneumoniae provides a rational biologic target around which to develop immunotherapies. 247 

Additionally, the novel finding that Nr4a1 is an essential factor in neutrophil-specific response to 248 

K. pneumoniae infection can lead to future understanding of neutrophil-specific mechanisms in 249 

response to infection and how to modulate them. 250 

 251 
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METHODS 252 

Klebsiella pneumoniae strain and inoculation 253 

Klebsiella pneumoniae strain 396, a K1 serotype, was used for all experiments with a desired 254 

inoculation of 5x103 colony forming units (CFU) per mouse for in vivo experiments and 2.5x106 255 

CFU per well for in vitro experiments. K. pneumoniae isolates were stored at -80˚C in Luria-256 

Bertani broth (LB; Thermo Fisher Scientific, Waltham, MA) supplemented with 15% glycerol. 257 

 258 

Working cultures were grown overnight (18 hours) in 2mL of Trypticase soy broth (TSB; Sigma 259 

Aldrich, St. Louis, MO) at 37˚C and 250 RPM.  The next day, 20µL K. pneumoniae was sub-260 

cultured into 2mL TSB and grown for ~2 hours at 37˚C and 250 RPM to reach the bacterial 261 

growth log phase and a concentration of 1E9 CFU mL-1. The sub-cultured K. pneumoniae was 262 

then spun down at 5000G for 5 minutes and resuspended in 1mL 1XPBS (Gibco, Gaithersburg, 263 

MD). Sub-cultured K. pneumoniae was then diluted 1:10000 (1x105 concentration) in 1XPBS for 264 

in vivo experiments or 1:20 (5x107 concentration) for in vitro experiments. 50µL of 1x105 265 

inoculum was administered intratracheally to mice under 1:1 isoflurane for in vivo experiments.  266 

For in vitro experiments, 5mL of the 1:20 dilution was added to 5mL 1XPBS and 100µL of that 267 

solution was added to the well. Inoculum concentrations were confirmed by dilution series and 268 

LB agar plate CFU calculation. 269 

 270 

Animal models 271 

Wild-type C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) and Nr4a1 global knockout 272 

mice (Nr4a1tm1Jmi/J; Jackson Laboratory, Bar Harbor, ME) were housed in a pathogen-free 273 

environment with free access to autoclaved water and irradiated pellet food.  All experiments 274 
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were performed in accordance with the Institutional Animal Care and Use Committee (IACUC) 275 

of the University of Pittsburgh School of Medicine. 276 

 277 

All in vivo experiments were performed on sex-matched mice between 8-10 weeks old. At the 278 

start of the experiment, mice were weighed and inoculated with 5x103 Klebsiella pneumoniae 279 

CFUs.  After 24 or 48 hours, mice were weighed again and euthanized under isoflurane and a 280 

secondary terminal bleed.  The left lobe of the lung and the spleen was extracted into 1mL 281 

1XPBS and homogenized for serial dilution and LB agar plate CFU calculation.  The middle 282 

lobe of the right lung was extracted and placed into RNAlater (Invitrogen by Thermo Fisher 283 

Scientific, Carlsbad, CA) for RNA purification and the top and bottom lobes of the right lung 284 

were harvested for flow cytometry. 285 

 286 

For BALF, 9-week-old male mice were inoculated with 5x103 Klebsiella pneumoniae CFUs.  287 

After 5 hours, the mice were euthanized under isoflurane and a secondary terminal bleed and 288 

BALF was acquired by flushing the lungs with 1mL sterile 1XPBS.  The 5-hour timepoint was 289 

selected based on prior LPS-induced acute lung injury (ALI) data suggesting neutrophil influx to 290 

the lungs starts as early as 2 hours after insult and as early as 3 hours after a gram-negative 291 

bacterial insult (41–43).   292 

 293 

Flow cytometry 294 

To obtain single lung cell suspensions, lung lobe was collected and digested in DMEM 295 

containing 4mg mL-1 Collagenase (Sigma Aldrich, St. Louis, MO) and 0.2mg mL-1 Dnase 296 

(Sigma Aldrich, St. Louis, MO) at 37oC with agitation for 1 hour, followed by straining digest 297 
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through a 70µm filter.  Strained cell pellets were collected by centrifugation at 500xg for 5 298 

minutes and red blood cells were lysed using ACK Lysing Buffer (Gibco, Carlsbad, CA) 299 

according to manufacturer recommendations.  Total lung cells were enumerated with 0.2% 300 

trypan blue solution and an Invitrogen Countess automated cell counter. 301 

 302 

Cells were then subjected to Fc blockade with anti-CD16/CD32 (Thermo Fisher Scientific, 303 

Waltham, MA), washed with 1XPBS, then stained with surface and/or intracellular flow 304 

cytometry antibodies specific to antigens of interest using eBioscience™ Foxp3 / Transcription 305 

Factor Staining Buffer Set (Thermo Fisher Scientific, Waltham, MA) according to manufacturer 306 

protocol.  Cells were labeled for detection with surface antibodies to CD11c (HL3, BD 307 

Biosciences, San Jose, CA), SiglecF (E50-2440, BD Biosciences, San Jose, CA), CD11b 308 

(M1/70, Fisher Scientific, Waltham, MA) and Ly6G (1A8, BioLegend, San Diego, CA).  Data 309 

acquisition was performed on an LSR Fortessa (SORP, BD Biosciences, San Jose, CA) using 310 

FACSDiva software version 8.0.1.  Data was analyzed using FlowJo software version 10.1 311 

(TreeStar, Ashland, OR).  Cells were enumerated with 0.2% trypan blue solution and an 312 

Invitrogen Countess automated cell counter.  Absolute cell numbers per mouse lung were 313 

enumerated using the total lung cell digest count and the flow cytometry percentage of their 314 

respective cell type. 315 

 316 

Bone marrow macrophage and neutrophil isolation 317 

Macrophages. 318 

Age matched mice between 8-10 weeks old were euthanized under isoflurane and a secondary 319 

terminal bleed.  Both femurs of each mouse were extracted and flushed with DMEM media 320 
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(Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) and Penicillin-321 

Streptomycin-Glutamine through a 100µm filter into a 50mL conical tube.  Cells were spun 322 

down at 500xg for 5 minutes, red blood cell lysed with ACK lysis buffer (Gibco, Carlsbad, CA) 323 

for 1 minute, then spun down again at 500g for 5 minutes. 324 

 325 

Again, cells were enumerated with 0.2% trypan blue solution and an Invitrogen Countess 326 

automated cell counter.  1x107 cells were plated in 10cm dishes in 10mL of DMEM media 327 

supplemented with 10% FBS, Penicillin-Streptomycin-Glutamine, and M-CSF (Life 328 

Technologies, Carlsbad, CA) brought to a concentration of 20ng mL-1.  Cells were incubated at 329 

37˚C and 5.0% CO2 for 7 days before being harvested in unsupplemented DMEM and used in 330 

the bacterial killing assay. 331 

 332 

Neutrophils. 333 

Age matched mice between 8-10 weeks old were euthanized under isoflurane and a secondary 334 

terminal bleed.  The isolation protocol was modified based on the neutrophil isolation protocol 335 

developed by Swamydas and Lionakis (44).  Both femurs of each mouse were extracted and 336 

flushed with RPMI 1640 media (Fisher Scientific, Waltham, MA) supplemented with 10% FBS 337 

and 1mM EDTA (Gibco, Carlsbad, CA) through a 100µm filter into a 50mL conical tube.  Cells 338 

were centrifuged for 7 minutes at 427xg and 4˚C.  Cells were then red blood cell lysed by adding 339 

2mL 0.2% NaCl for 20 seconds and 2mL 1.6% NaCl.  Cells were spun down again at the 340 

previous settings, washed with the supplemented RPMI media, and spun again.  Cells were 341 

resuspended in 3mL PBS and counted using 0.2% trypan blue solution and an Invitrogen 342 

Countess automated cell counter. 343 
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 344 

Once counted, cells were overlaid on a 40%/70% Percoll (Fisher Scientific, Waltham, MA) 345 

gradient and centrifuged for 30 minutes at 427xg and 28˚C.  After 30 minutes, neutrophils were 346 

collected from the interface of the 40% and 70% Percoll layers, washed twice with 347 

unsupplemented RPMI 1640 and spun at 427xg and 4˚C for 7 minutes, and resuspended in 1mL 348 

PBS.  Neutrophils were counted and then plated in a 96-well plate at 2.5x105 neutrophils/well.  349 

Neutrophils were incubated at 37˚C and 5.0% CO2 for a 1-hour recovery period before being 350 

used in a bacterial killing assay. 351 

 352 

Bacterial killing assay 353 

Both bone marrow macrophages and bone marrow neutrophils were individually plated in a 96-354 

well plate at 2.5x105 cells per well in their respective media.  K. pneumoniae was added at a 355 

concentration of 2.5x106 CFU per well for a multiplicity of infection (MOI) of 10.  The plates 356 

were then incubated at 37˚C and 5.0% CO2 on an orbital shaker set to 250 RPM. 357 

 358 

Supernatants were collected at 30 and 60 minutes (for neutrophils) or 30 and 60 minutes (for 359 

macrophages) and the bacterial burdens of each well were calculated using serial dilutions of the 360 

supernatants and LB agar plate CFU calculations.  In addition, cells were lysed using RNA lysis 361 

buffer (Invitrogen by Thermo Fisher Scientific, Carlsbad, CA) and stored for RNA extraction 362 

and qPCR analysis. 363 

 364 

RNA extraction and qPCR 365 
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For lung gene expression, the middle lobe of the right lung lobe was homogenized in 1mL of 366 

RNA lysis buffer (Invitrogen by Thermo Fisher Scientific, Carlsbad, CA) and RNA was purified 367 

per the manufacturer’s procedures.  Cellular RNA was extracted by aspirating media and plating 368 

300µL of the same RNA lysis buffer onto the cells directly after the killing assay.  RNA was 369 

purified per the manufacturer’s procedures.  RNA was quantified using the Nanodrop 2000 370 

(Thermo Fisher Scientific, Waltham, MA) and 40ng of RNA for lung or 5-10ng of RNA for cells 371 

was converted to cDNA with iScript (Biorad, Hercules, CA).  Real-time PCR was done on the 372 

cDNA with SYBR green master mix (Biorad, Hercules, CA) or Taqman master mix (Applied 373 

Biosystems, Foster City, CA) depending on primer probe.  Primer probe assays were from 374 

ordered from Applied Biosciences or IDT.  All lung gene expression was compared to the 375 

housekeeper gene hypoxanthine-guanine phosphoribosyltransferase (HPRT) and all cellular gene 376 

expression was compared to the housekeeper gene beta-2-microglobulin (B2M). 377 

 378 

ELISA protein analysis 379 

For protein analysis of the whole lung, the left lung lobe was homogenized in 1mL of PBS and 380 

then diluted 1:10 to use in the IL1-b (Thermo Fisher Scientific, Waltham, MA) and MPO (R&D 381 

Systems, Minneapolis, MN) ELISAs.  After collection of BALF, the BALF was spun at 500xg 382 

for 5 minutes to separate lung cells from the fluid.  Undiluted BALF was used in the IL1-b and 383 

MPO ELISAs.  All ELISAs were conducted per the manufacturer’s procedures.  Plates were read 384 

at 450nm with a correctional wavelength of 540nm (Synergy H1, BioTek, Winooski, VT). 385 

 386 

Statistical analysis. Investigators were not blinded to treatment but were blinded to 387 

individual/group during data analysis.  All in vivo and in vitro statistical analyses were 388 
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performed using Prism 7 (GraphPad, San Diego, CA). Briefly, all data are presented with mean ± 389 

SEM.  All studies comparing two groups were analyzed by two-sided student’s t-test or by the 390 

Mann-Whitney U test when the F-value was significant.  All statistical analyses considered P < 391 

0.05 significant. 392 

 393 
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Figure 1. Nr4a1-/- mice are more susceptible to Klebsiella pneumoniae pulmonary infection 582 

The (a) lung burden and (b) spleen burden of Wild-type (WT, n=6) and Nr4a1 knockout (Nr4a1-583 

/-, n=8) mice 24 hours post pulmonary K. pneumoniae infection.  The (c) K. pneumoniae lung 584 

burden and (d) spleen burden in WT (n=7) and Nr4a1-/- (n=7) mice 48 hours post pulmonary 585 

infection.  Panels (a) and (b) for the 24-hour lung and spleen burdens are representative of two 586 

experiments.  Panels (c) and (d) for the 48-hour lung and spleen burdens are pooled from two 587 

experiments.  Significance was determined by the Student’s t-test.  *P < 0.05, **P < 0.01 588 

 589 

Figure 2. Nr4a1-/- mice have selectively reduced transcription of pro-inflammatory 590 

cytokines and chemokines in BAL cells early post-infection  591 

Transcript abundance for pro-inflammatory cytokines (a) Il1b, (b) Il6, and (c) Tnfa, as well as 592 

chemokines (d) Cxcl1, (e) Cxcl2, and (f) Cxcl5 from the BAL fluid cells of WT (n=5) and 593 

Nr4a1-/- (n=5) mice 5 hours after K. pneumoniae infection.  These data are representative of two 594 

experiments.  All gene transcripts were compared to the housekeeper beta-2-microglobulin 595 

(B2M).  Significance was determined by the Student’s t-test.  *P < 0.05, **P < 0.01 596 

 597 

Figure 3. Nr4a1-/- mice have reduced IL1b and MPO lung protein after K. pneumoniae lung 598 

infection 599 

Nr4a1-/- mice (n=6) have reduced (a) IL1b 5 hours post-infection with K. pneumoniae compared 600 

to WT controls (n=5), though (b) MPO is not significantly reduced.  By 24 hours post infection, 601 

Nr4a1-/- mice (n=6) have significantly reduced (c) IL1b and (d) MPO protein compared to WT 602 

mice controls (n=5).  These data are all representative of two experiments.  Significance was 603 

determined by the Student’s t-test.  *P < 0.05, **P < 0.01, ***P < 0.005 604 
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 605 

Figure 4. Nr4a1 is essential for neutrophil anti-bactericidal function 606 

(a) Nr4a1 gene expression of unstimulated (n=5) and K. pneumoniae co-cultured (n=5) WT 607 

neutrophils.  Nr4a1 gene expression is significantly increased in WT neutrophils co-cultured 608 

with K. pneumoniae.  The (b) K. pneumoniae burden from the supernatants of WT (n=9) and 609 

Nr4a1-/- (n=9) neutrophils at 30 minutes and 60 minutes (WT n=9, Nr4a1-/- n=8) after co-culture 610 

with K. pneumoniae. (c) Nr4a1 gene expression of WT (n=5) and Nr4a1-/- (n=5) neutrophils 60 611 

minutes after K. pneumoniae co-culture.  WT neutrophils have significantly more Nr4a1 gene 612 

transcript than Nr4a1-/- neutrophils.  All gene transcripts were normalized to B2M.  The burden 613 

results in panel (b) are pooled from two separate experiments and representative of five 614 

experiments total.  Panels (a) and (c) are representative of three experiments.  Significance was 615 

determined by the Student’s t-test.  *P < 0.05, **P < 0.01, ****P < 0.0001 616 

 617 

Figure 5. Nr4a1-/- neutrophils have decreased inflammatory gene expression following K. 618 

pneumoniae infection 619 

Nr4a1-/- neutrophils (n=3) have decreased genetic expression of (a) Il1b and neutrophil-specific 620 

genes (b) Lcn2, (c) Mpo, and (d) Lyz2 compared to WT controls (n=5).  These data are all 621 

representative of five experiments.  All gene transcripts were normalized to B2M.  Significance 622 

was determined by the Mann-Whitney U-test.  *P < 0.05 623 

 624 

Supplemental Figure 1. Nr4a1-/- and WT mice have similar immune cell abundance 625 

following K. pneumoniae lung infection  626 
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(a) The total amount of lung cells from WT (n=5) and Nr4a1-/- (n=6) mice 24 hours post 627 

infection.  The (b) total CD45+/CD11b+/CD11c+ (inflammatory macrophages), (c) 628 

CD45+/CD11c+/SiglecF+ (alveolar macrophages), and (d) CD45+/CD11b+/Ly6G+ (neutrophils) 629 

24 hours after infection.  Data are representative of two individual experiments.   630 

 631 

Supplemental Figure 2. Nr4a1-/- and WT mice have similar cytokine expression after 24 632 

hours of K. pneumoniae lung infection 633 

Transcript abundance for cytokines (a) Il1b, (b) Tnfa, and (c) Il6, as well as the neutrophil-634 

specific gene (d) Lcn2 from WT (n=6) and Nr4a1-/- (n=8) whole lung.  No significant differences 635 

were observed between genotypes 24 hours after K. pneumoniae pulmonary infection.  All gene 636 

transcripts were normalized to HPRT. 637 

 638 

Supplemental Figure 3. FACS gating strategy for myeloid cells 639 

 640 

Supplemental Figure 4. Nr4a1-/- macrophages retain bactericidal function in vitro 641 

(a) K pneumoniae burden from the supernatants of WT (n=5) and Nr4a1-/- (n=4) bone marrow 642 

macrophages 30 minutes and 60 minutes after co-culture with K. pneumoniae.  The gene 643 

transcript for (b) Il1b, (c) Cxcl2, and (d) Il6 at 60 minutes exhibits no difference between WT 644 

and Nr4a1-/- mice.  All gene transcripts were normalized to B2M. 645 

 646 
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