1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

%,
/f
Yeyvaaa

/ HHS Public Access

Author manuscript
Mucosal Immunol. Author manuscript; available in PMC 2024 October 22.

Published in final edited form as:
Mucosal Immunol. 2024 October ; 17(5): 825-842. d0i:10.1016/j.mucimm.2024.05.007.

Metabolically active neutrophils represent a permissive niche for
Mycobacterium tuberculosis

J. Tucker Andrews!T, Zijing Zhang?3T, G.V.R. Krishna Prasad?, Fischer Huey!, Evgeniya
V. Nazarova®, Jocelyn Wang®, Ananya Ranarajal, Tiffany Weinkopffl, Lin-Xi Lil, Shengyu
Mub, Michael J. Birrer2:3, Stanley Ching-Cheng Huang’-8, Nan Zhang?®, Rafael J. Arguiello19,
Jennifer A. Philips*11, Joshua T. Mattilal2, Lu Huangl=

1Department of Microbiology and Immunology, College of Medicine, University of Arkansas for
Medical Sciences, Little Rock, AR, USA.

2Department of Biochemistry and Molecular Biology, College of Medicine, University of Arkansas
for Medical Sciences, Little Rock, AR, USA.

SWinthrop P. Rockefeller Cancer Institute, University of Arkansas for Medical Sciences, Little
Rock, AR, USA.

4Department of Molecular Microbiology, Washington University School of Medicine, St Louis, MO,
USA.

SDepartment of Microbiology and Immunology, College of Veterinary Medicine, Cornell University,
Ithaca, NY, USA.

5Department of Pharmacology and Toxicology, College of Medicine, University of Arkansas for
Medical Sciences, Little Rock, AR, USA.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
“* lhuang@uams.edu .

These authors equally contributed.
AUTHOR CONTRIBUTIONS
J. Andrews, Z. Zhang, and L. Huang conceived the project, designed and performed the experiments, analyzed and interpreted data,
and wrote the manuscript. K. Prasad, F. Huey, E. Nazarova, and J. Wang helped with the experiments and interpretation of the data.
T. Weinkopff, L.X. Li, S. Mu, M. Birrer, R. Argiiello, and J. Philips contributed key reagents and helped with interpretation of the
data. S.C.-C. Huang and N. Zhang provided conceptual guidance and helped with interpretation of the data. J. Mattila performed the
experiments, analyzed and interpreted data from NHP studies. All authors critically read and edited the manuscript.

DECLARATIONS OF COMPETING INTEREST
The authors have no competing interests to declare.

CREDIT AUTHORSHIP CONTRIBUTION STATEMENT

J. Tucker Andrews: Writing — review & editing, Investigation, Formal analysis, Data curation, Conceptualization. Zijing Zhang:
Writing — review & editing, Investigation, Formal analysis, Data curation, Conceptualization, Data curation. G.V.R. Krishna Prasad:
Writing — review & editing, Formal analysis. Fischer Huey: Writing — review & editing, Formal analysis, Data curation. Evgenia

V. Nazarova: Writing — review & editing, Formal analysis, Data curation. Jocelyn Wang: Writing — review & editing, Formal
analysis, Data curation. Ananya Ranaraja: Writing — review & editing, Data curation. Tiffany Weinkopff: Writing — review &
editing, Resources. Lin-Xi Li: Writing — review & editing, Methodology, Formal analysis. Shengyu Mu: Writing — review & editing,
Methodology. Michael J. Birrer: Writing — review & editing, Resources. Stanley Ching-Cheng Huang: Writing — review & editing,
Methodology. Nan Zhang: Writing — review & editing, Methodology, Conceptualization. Rafael J. Arguello: Writing — review

& editing, Resources, Methodology, Formal analysis. Jennifer A. Philips: Writing — review & editing, Resources, Investigation,
Formal analysis. Joshua T. Mattila: Writing — review & editing, Resources, Funding acquisition, Formal analysis, Data curation,
Conceptualization. Lu Huang: Writing — review & editing, Writing — original draft, Visualization, Supervision, Resources, Project
administration, Methodology, Investigation, Funding acquisition, Formal analysis, Data curation, Conceptualization.

APPENDIX A. SUPPLEMENTARY MATERIAL
Supplementary material associated with this article can be found online at https://doi.org/10.1016/j.mucimm.2024.05.007.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Andrews et al. Page 2

"Pelotonia Institute for Immuno-Oncology, The Ohio State University College of Medicine,
Columbus, OH, USA.

8Department of Microbial Infection and Immunity, The Ohio State University College of Medicine,
Columbus, OH, USA.

°Immunology, Metastasis & Microenvironment Program, Ellen and Ronald Caplan Cancer Center,
The Wistar Institute, Philadelphia, PA, USA.

10Aix-Marseille University, CNRS, INSERM, CIML, Centre d'Immunologie de Marseille-Luminy,
Marseille, France.

11Division of Infectious Diseases, Department of Medicine, Washington University School of
Medicine, St Louis, MO, USA.

12Department of Infectious Diseases and Microbiology, School of Public Health, University of
Pittsburgh, Pittsburgh, PA, USA.

Abstract

Mycobacterium tuberculosis (Mtb)-infected neutrophils are often found in the airways of patients
with active tuberculosis (TB), and excessive recruitment of neutrophils to the lung is linked to
increased bacterial burden and aggravated pathology in TB. The basis for the permissiveness of
neutrophils for Mtb and the ability to be pathogenic in TB has been elusive. Here, we identified
metabolic and functional features of neutrophils that contribute to their permissiveness in Mtb
infection. Using single-cell metabolic and transcriptional analyses, we found that neutrophils in
the Mtb-infected lung displayed elevated mitochondrial metabolism, which was largely attributed
to the induction of activated neutrophils with enhanced metabolic activities. The activated
neutrophil subpopulation was also identified in the lung granulomas from Mtb-infected non-
human primates. Functionally, activated neutrophils harbored more viable bacteria and displayed
enhanced lipid uptake and accumulation. Surprisingly, we found that interferon--y promoted

the activation of lung neutrophils during Mtb infection. Lastly, perturbation of lipid uptake
pathways selectively compromised Mtb survival in activated neutrophils. These findings suggest
that neutrophil heterogeneity and metabolic diversity are key to their permissiveness for Mtb and
that metabolic pathways in neutrophils represent potential host-directed therapeutics in TB.

INTRODUCTION

The encounter between intracellular bacteria and host phagocytes is crucial for the outcome
of the infection. To successfully establish the infection and persist long-term in the host,

a hospitable host cell type with high permissiveness is required. During Mycobacterium
tuberculosis (Mtb) infection, bacteria can be phagocytosed by lung alveolar macrophages
(AMs) upon inhalation.! This interaction is essential for the early stage of infection as AMs
are metabolically impaired during Mtb infection and provide a permissive environment to
facilitate the rapid growth of Mtb.22 Similarly, Mtb can also invade and replicate within
alveolar epithelial type 1 cells.#~8 Consequently, Mtb disseminates to other infiltrated
phagocytes, like neutrophils, dendritic cells (DCs), and interstitial macrophages (IMs).

It is well-known that embryonically derived AMs and monocyte-derived IMs possess
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different levels of permissiveness during early Mtb infection. Intriguingly, their differential
capacities to control Mtb growth are linked to intrinsic cellular metabolic states.2 Moreover,
depletion of permissive phagocytes or pharmacological perturbation of pathways that are
associated with their permissiveness leads to beneficial effects for the host.2"~9 Therefore,
identifying novel permissive phagocytes and the underlying mechanisms that endow their
permissiveness is key for novel therapeutics and vaccine strategies.

Neutrophils in the airways of humans with active tuberculosis (TB) are often infected

with Mtb and neutrophils are an important early niche for this bacterium in Mtb-infected
mice.12.10 Neutrophilic inflammation is pathogenic in TB, and high bacterial burdens

and lung pathology are correlated in animal models and human TB.11-14 Several lines of
evidence underpin an interplay between neutrophil metabolism and Mtb, and the relationship
between neutrophil recruitment and disease severity. Specific depletion of neutrophils
leads to the reduction of bacterial burden in several murine models infected with Mtb,
demonstrating a permissive nature of neutrophils during Mtb infection.”-1> Genome-wide
mutant fitness analysis using an Mtb transposon library in a neutrophil-rich murine lung
inflammation model revealed the depletion of mutants in long-chain fatty acid uptake and
lipid catabolism,” strongly implicating that neutrophils may promote Mtb growth by acting
as a nutrient reservoir in the lung.”-16.17 However, the mechanisms by which neutrophils
supply preferred nutrients to Mtb, such as fatty acids and cholesterol, and how metabolic
states of neutrophils contribute to Mtb infection remains undefined.

Neutrophils are traditionally considered a homogenous and terminally differentiated
population. However, emerging evidence demonstrates neutrophils have an underappreciated
plasticity and functional diversity under both homeostatic and pathological conditions,18:19
At steady state, tissue-derived signals drive rapid adaptation of neutrophils and result

in a great heterogeneity of their phenotypes and functionalities in mice.2® A number of
neutrophil subsets have been described in both human and murine models under different
pathological conditions.21-24 Three different neutrophil subsets with distinct cytokine
profiles and macrophage activation capabilities were discovered in mice with different
susceptibilities to infection by methicillin-resistant Staphylococcus aureus,? indicating

that neutrophils can have highly plastic transcriptional profiles that can impact disease
outcomes. A pathogenic SiglecF+ neutrophil subset has been identified in both house dust
mite-induced lung asthma and renal fibrosis mouse models.26:2” Neutrophil heterogeneity
has also been observed during Mtb infection. Accumulation of granulocytic myeloid-derived
suppressor cells (MDSCs), a cell population that is phenotypically similar to neutrophils has
been reported in the lung of Mtb-infected mice and TB patients.28-30 Moreover, the density
of neutrophils has been used as a marker of heterogeneity, and recent studies have further
revealed the altered neutrophil density in Mtb infection.31:32 Mtb can directly induce the
generation of low-density neutrophils (LDN) from normal-density neutrophils in vitro, and
the abundance of LDN in the peripheral blood is associated with the disease severity in TB
patients.3! Lastly, a long-lived and permissive Ly6G™Md neutrophil subset with compromised
antimicrobial function has been described in multiple TB mouse models.33 Altogether, these
studies imply that neutrophil heterogeneity may represent an extra layer of regulation on TB
progression, yet whether neutrophil subsets provide different intracellular environments for
Mtb is unclear.
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Metabolically, neutrophils have been previously thought to rely predominantly on glycolysis
to generate adenosine triphosphate (ATP) due to their low mitochondrial density and acute
energy demands during inflammation.3435 However, emerging evidence has challenged this
dogma and demonstrates that neutrophils can engage in sophisticated metabolic pathways to
support their diverse functions under homeostatic and pathological conditions.18-20.36.37 For
instance, tumor-elicited c-kit™ immature neutrophils engage in fatty acid oxidation to support
mitochondrial function.38 MDSCs increase the expression of fatty acid transport protein 2
to promote immune suppressive activities.3% These data underpin the increased diversity of
metabolic pathways in neutrophils during inflammatory conditions. Whether Mtb infection
reprograms the metabolism of neutrophils is completely unknown and needs to be carefully
examined.

In this study, we aimed to investigate the metabolic states of lung neutrophils and how
cellular metabolism regulates the permissive nature of neutrophils in TB. Using metabolic
and transcriptional analyses at the single-cell level, we found that Mtb-infected neutrophils
are metabolically distinct from AMs and IMs. Mtb infection induces activation of lung
neutrophils with upregulated major histocompatibility complex 1l (MHCII), ICAM1, and
CD64 which are more metabolically active than non-activated neutrophils. Importantly,
these activated neutrophils were observed in granulomas isolated from Mtb-infected non-
human primates (NHPs). Notably, interferon (IFN)-y could promote the activation of
neutrophils during Mtb infection in the murine model. Metabolically activated neutrophils

in the Mthb-infected mouse lung display increased mitochondrial metabolism and enhanced
fatty acid uptake via CD36 expression, which is associated with higher bacterial burden in
this population. Finally, harnessing lipid uptake pathways in the host impacts Mtb survival in
activated neutrophils, indicating these cells may present a nutritionally rich cellular niche for
Mtb growth and can be an attractive host-directed therapeutic target against this pathogen.
Our findings demonstrate that altered metabolic states contribute to the permissiveness of
neutrophils during Mtb infection.

Single-cell energetic metabolism by profiling translation inhibition (SCENITH) reveals
distinct metabolic profiles of lung phagocytes in Mth-infected mouse lung

Protein synthesis (PS) is one of the most energy-consuming anabolic pathways in

cellular metabolism as nearly half of the total energy produced by cells is immediately
utilized by the translational machinery. Moreover, ATP consumption and PS activity are
tightly coupled?®4!: therefore, global cellular metabolic activities can be correlated with
changes in PS.42 To investigate metabolism in lung phagocytes during Mtb infection, we
quantified the PS level in various lung phagocytes using flow cytometry by measuring

the incorporation of puromycin, a parameter that faithfully reflects PS levels in cells.43-45
Puromycin incorporation into CD45+ lung cells isolated from Mtb-infected mice was readily
detectable while reduced to the basal level in the presence of PS inhibitor harringtonine
(HA), confirming the specificity and sensitivity of this readout (Supplementary Fig. 1A).
Furthermore, we found that the PS levels were highly variable among different types of
lung phagocytes (Fig. 1A). CD11b+ DCs, monocyte-derived IMs and Ly6C+ monocytes
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showed the highest PS activities, whereas the PS levels in AMs and Ly6C-monocytes

were significantly lower. Neutrophils and eosinophils, however, exhibited the lowest PS
activity. Comparisons of the PS level between Mth-infected and bystander phagocytes in
mice infected with Mtb constitutively expressing mCherry showed that while Mth-infected
neutrophils and CD11b+ DCs revealed no changes in PS levels compared to their bystander
compartments, the PS level was significantly reduced in Mtb-infected IMs, Ly6C+ and
Ly6C-monocytes (Fig. 1B). Eosinophils were excluded from this analysis as the number of
Mtb-infected eosinophils was extremely low, similar with the previous report.4® Notably,
AMs are the only cell type that exhibited an enhanced PS level upon Mtb infection.

To further deconvolute the metabolic profiles of lung phagocytes during Mtb infection, we
utilized the recently described SCENITH method, a flow cytometry-based approach that
measures quantitative changes in the PS level at single-cell resolution following treatment
with specific metabolic inhibitors, including 2-deoxyglucose (2-DG) and oligomycin, which
target glycolysis or oxidative phosphorylation (OXPHOS), respectively.#247:48 At 3-week
post-Mtb infection, AMs revealed a greater level of mitochondrial dependence but lower
glycolytic capacity compared to IMs (Fig. 1C). We further validated these results using
Seahorse in parallel on AMs and IMs from Mtb-infected mice, as we have previously
revealed their distinct metabolic states.? Indeed, AMs had higher basal oxygen consumption
rate (OCR) and IMs showed a higher extracellular acidification rate (ECAR); therefore,

IMs were more glycolytically active (Supplementary Figs. 1B and C). Thus, SCENITH
recapitulates Seahorse metabolic profiling and represents a robust and reliable readout in
our model. Intriguingly, AMs displayed the highest mitochondrial dependence and the
lowest glycolytic capacity among all lung phagocytes in SCENITH analysis (Fig. 1C),
suggesting an integral role of mitochondrial metabolism in AMs. Moreover, all phagocytes
showed high glucose dependence, highlighting the active engagement of glucose metabolism
in Mtb-infected lungs (Fig. 1C). We next questioned how Mth may induce differential
metabolic shifts in different phagocytes /n vivo. Analysis of Mth-infected and bystander
cells revealed no changes in mitochondrial dependence or glycolytic capacity in Ly6C+

and Ly6C-monocytes (Fig. 1D). However, Mtb infection reduced mitochondrial dependence
and increased glycolytic capacity in AMs, IMs, neutrophils and CD11b+ DCs, indicating

a metabolic shift from OXPHOS toward glycolysis in these cells (Fig. 1D). Interestingly,
we observed a moderate increase in glycolytic capacity in Mtb-infected AMs, although to

a much lesser extent compared to IMs. Altogether, these results indicate that the metabolic
changes that occurred in Mtb-infected phagocytes are cell-type specific. SCENITH enabled
us to uncover the various metabolic profiles in major lung phagocytes, introducing an
additional layer of heterogeneity in the lung during Mtb infection.

Neutrophils exhibit distinct metabolism from macrophages in Mtb infection in vitro

In SCENITH analysis, a substantial amount of mitochondrial dependence in neutrophils

in Mtb-infected mouse lung was observed (Fig. 1C), which recapitulated the increased
mitochondrial metabolism in tumor-elicited neutrophils.38-3% We therefore sought to
investigate the metabolic alterations triggered by Mtb infection in neutrophils. Compared to
uninfected bone marrow neutrophils (BMNs), Mtb-infected BMNs [multiplicity of infection
(MOQI) = 5] exhibited enhanced glycolysis, as reflected by an increased ECAR, ECAR/OCR
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ratio and proton efflux rate (PER) in Seahorse analyses (Fig. 2A and Supplementary Fig.
2A). Basal OCR remained unchanged upon infection in BMNSs (Fig. 2A). Notably, we
observed a drastic increase in hon-mitochondrial oxygen consumption in Mth-infected
BMNs, an indication of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
activation. In contrast, while Mtb infection also increased the ECAR/OCR ratio in bone
marrow-derived macrophages (BMDMs), Mtb-infected BMDMs displayed similar ECAR
and PER levels to uninfected BMDMs (MOI = 5) (Fig. 2B and Supplementary Fig. 2B).
The increased ECAR/OCR ratio in BMDMs was largely caused by a significant reduction
in basal OCR induced by Mtb infection (Fig. 2B). Furthermore, blocking glycolysis

and OXPHOS in neutrophils from the Mtb-infected lung with 2-DG and oligomycin,
respectively, significantly reduced the production of tumor necrosis factor-a (TNFa) and
interleukin-1p (IL-1B) (Fig. 2C). The requirement of glycolysis in the optimal production
of pro-inflammatory cytokines has also been observed in IMs in Mtb-infected mice
(Supplementary Fig. 2C). Notably, UK5099, a mitochondrial pyruvate carrier inhibitor
specifically blocking pyruvate oxidation, had a modest effect on IL-1f but not TNFa
production in neutrophils (Fig. 2C). Altogether, these data demonstrate that Mtb infection
triggers distinct metabolic activities in macrophages and neutrophils 7 vitro, and underpin
the essential role of metabolism in regulating TNFa and IL-1p productions in neutrophils in
Mtb infection.

Neutrophils in Mtb-infected lung have a short lifespan that is long enough to support Mtb
replication in vivo

The lifespan of neutrophils is often thought to be as short as 1 day.#%°0 This view has

been challenged by recent studies indicating that neutrophils can live up to 5.4 days in
humans.>1 Moreover, the lifespan of neutrophils in tissues can be significantly extended
during chronic inflammation when pro-survival signals including cytokines and growth
factors are produced.>2-54 To estimate the lifespan of lung neutrophils during Mtb infection,
we performed a pulse-chase experiment /n vivo using 5-ethynyl-2-deoxyurdine (EdU). EdU
incorporates into the deoxyribonucleic acid (DNA) of replicating neutrophil progenitors

in bone marrow, allowing us to track the fate and lifespan of neutrophils that are newly
recruited to the lung during Mtb infection. EdU+ neutrophils were detected in blood and
lung, and peaked after 3 days post pulse (Supplementary Fig. 1D). In these two tissues as
well as in the spleen, the percentage of EdU+ neutrophils decreased drastically on day 4 and
further declined to basal level by day 5 (Fig. 3A). Notably, we found variable half-lives of
neutrophils in different tissues, with the shortest time in blood (7.7 hours) and the longest
time in the spleen (25.8 hours), whereas the half-life of neutrophils in the lung is 14.2 hours
(Fig. 3A). The data are in line with a recent study using the similar method which showed a
reduced EdU labeling decay time of neutrophils in the lung parenchyma compared to those
in the lung vasculature.>®

The relatively short lifespan of neutrophils in Mtb-infected lungs led us to question whether
neutrophils are able to support replication of Mtbh. Neutrophils are the predominate cell
types infected with Mtb in human patients’ sputum and bronchoalveolar lavage (BAL)
fluid, implicating a role for neutrophils acting as a permissive site for Mtb.10 However,

the direct and definitive evidence on whether Mtb can replicate in neutrophils is still
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lacking. To address this question, we exploited the reporter Mtb strain single-stranded
DNA-binding protein-green fluorescent protein (SSB-GFP), which allows us to probe the
replicative activity of Mtb at the single-cell level.>® At 2 and 4 weeks post-infection, infected
neutrophils were sorted and SSB-GFP foci in Mtb were quantified by confocal microscopy.
Indeed, intracellular Mtb with GFP+ foci that are indicative of replication were detected at
both time points (Fig. 3B). We observed nearly 25% of intracellular bacilli contained GFP+
foci at 2 weeks post-infection, indicating that Mtb can replicate in neutrophils at the early
stage of infection (Fig. 3C). However, the percentage of active replicating Mtb in neutrophils
decreased to 10% at 4 weeks post-infection (Fig. 3C). Thus, intracellular Mtb at replicating
state can be found in neutrophils, which indicates that neutrophils function as a replicating
niche for Mth, at least in the mouse model. The average population doubling time of Mth

in the lung is 24.6 hours during the first two weeks of infection.>’ Altogether, these data
suggested that neutrophils recruited to the lung can host Mth and have lifespans that are long
enough to support Mtb replication /n vivo.

Single-cell RNA-sequencing reveals the heterogeneity of lung neutrophils in mouse and

NHP TB

To better define the heterogeneity of lung neutrophils during Mtb infection, we made

use of a publicly available dataset of single-cell RNA-sequencing (SCRNA-seq) on Mtb-
infected mouse lung myeloid cells with a focus on the transcriptional profile of neutrophils
(GEO: GSE167232%8). Three clusters of neutrophils were identified from the dataset and
were visualized by uniform manifold approximation and projection (UMAP) (Fig. 4A).
Antibody-derived tag against Ly6G confirmed the identity of neutrophils (Fig. 4B). At
steady state, tissue-derived signals can drive rapid adaptation of neutrophils and result

in a great heterogeneity of their phenotypes and functionalities in different tissues.20

All three neutrophil clusters highly express nuclear receptor 4A1 (Nr4al), prostaglandin-
endoperoxide synthase (Ptgs2), /L-18 and tumor necrosis factor alpha-induced protein 3
(Tnfaip3), which are lung neutrophil signature genes (Fig. 4C).20 These results further
confirm that the lung environment imprints neutrophils even in the presence of Mtb
infection. Moreover, Mouse_Neutrophil-1 expresses higher levels of /L-18, Cd14, S100a9,
and placenta specific 8 (Plac8) while cathepsin B (Ctsb), tetraspanins Cad53and Cad63are
among the top expressing genes in Mouse_Neutrophil-3 (Fig. 4D). On the other hand,
Mouse_Neutrophil-2 expresses many unique genes including MHC Il antigens, Nos2,
S100a10, Clga, C1gb, glutathione peroxidase 4 (Gpx4) and superoxide dismutase 1 (SodZ)
(Fig. 4D). Consistent with its transcriptional profile, gene ontology enrichment analysis
also revealed that Neutrophil_2 is highly activated compared to Neutrophil_1 (Figs. 4E and
F). MDSCs are pathological neutrophils with potent immunosuppressive activities induced
under chronic inflammatory conditions.>® To determine whether neutrophils in Mtb infection
possess characteristics of MDSCs, we carried out Gene Set Enrichment Analysis (GSEA)
using a pre-defined MDSC-specific gene set from a murine breast cancer model.6% We
found that the MDSC gene signature from the murine breast cancer model was significantly
enriched in Mouse_Neutrophil-1 (Fig. 4F). Indeed, transcriptional analysis confirmed the
high expression of Retnlg, Arg2, l/4raand Alox5ap in Mouse_Neutrophil-1 (Supplementary
Fig. 3A), all of which have been previously associated with immunosuppression by
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MDSCs.59 Altogether, these data indicate that Mtb infection elicits accumulation of
neutrophils with MDSC signatures in the mouse lung.

We next focused on Mouse_Neutrophil-2 given its distinct transcriptional profile

and activated phenotype. Mouse_Neutrophil-2 highly expresses CD64, MHC//and

Nos2 (Fig. 4G). Flow cytometry analysis further illustrated the induction of
Ly6G+CD11b+CD64+MHCII+ neutrophils in Mth-infected murine lungs (Fig. 4H and
Supplementary Fig. 3B). Consistent with their activation status, these neutrophils (hereafter
referred to as CD64+ neutrophils) express a lower level of CD62L and higher levels of
ICAML1 and CXCR4 compared to those non-activated neutrophils (hereafter referred to as
CD64- neutrophils) (Supplementary Fig. 3D). Using confocal and electron microscopies,
we revealed the nuclear morphology of both CD64- and CD64+ neutrophils in the lung,
further confirming their identities (Supplementary Fig. 3E and F). Both CD64+ and CD64~-
neutrophils express a comparable level of pro-1L-18 while the expression of MHCII

and inducible nitric oxide synthase (iNOS) are greater in CD64+ neutrophils, which is
consistent with scRNA-seq data (Fig. 41). The induction of CD64+ neutrophils appears

to be independent of Mtb strain and infection route, as CD64+ neutrophils expressing
higher levels of MHCII were also present in mice infected with H37Rv Mtb via aerosol
inhalation (Fig. 4J and Supplementary Fig. 3C). Moreover, CD64 + neutrophils were also
observed in M. bovis Bacillus Calmette—Guérin (BCG) infected mice (Supplementary Fig.
3G). We then sought to examine whether Mtb-induced CD64+ neutrophils are unique to
resistant C57BL/6 mice. To test this, we infected susceptible C3HeB/FeJ mice, in which a
large number of neutrophils accumulate in the lung during Mtb infection.61 We found that
activated CD64+ neutrophils with similar phenotypes were also present in the lungs of these
animals (Supplementary Figs. 3H and ). To extend our observations beyond the murine
model, we investigated the heterogeneity of neutrophils in the lung of Mtb-infected NHPs
by analyzing a publicly available dataset of ScRNA-seq on Mth-infected NHP lung immune
cells containing the transcriptional profile of neutrophils.62 Four clusters of neutrophils
were identified by UMAP (Fig. 4K). Intriguingly, many of the highly expressed genes in
NHP neutrophil clusters are shared with murine neutrophil clusters (Fig. 4L and Table

1). Particularly, similar with Mouse_Neutrophil-2, NHP_Neutrophil-3 highly expresses
MHCII antigens, C1QA, C1QB, S100A10 and GPX4 (Fig. 4L). Moreover, nearly half of
NHP_Neutrophil-3 top expressing genes could be found in Mouse_Neutrophil-2 (Table 1),
implicating that these two populations are highly comparable between the two species.
Lastly, we examined CD64 expression in neutrophils from granulomas of Mtb-infected
cynomolgus macaques, an NHP used to recapitulate human TB.53 We found that CD64+
neutrophils were present in peripheral blood and uninvolved lung, and granulomatous
lung (Fig. 4M). There was substantial inter- and intra-animal variability in the presence
and frequency of CD64 expression, but granulomas tended to have higher frequencies of
CD64+ neutrophils than blood or uninvolved lung tissue (Fig. 4M, top). Likewise, there
was variability in CD64 expression in each sample, and the mean fluorescence intensity
(MFI) of CD64 tended to be higher for neutrophils from lung tissue and granulomas than
peripheral blood neutrophils, suggesting that the activation profiles of neutrophils may
differ by compartment (Fig. 4M, bottom). Collectively, these data demonstrate that the
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heterogeneity of neutrophils is comparable in both Mtb-infected mouse and NHP lungs, and
Mtb infection-induced activated neutrophils appear to be conserved across the two species.

Activated neutrophils are both glycolytically and OXPHOS active in Mtb infection

To further characterize CD64+ neutrophils (Mouse_Neutrophil-2) and delineate their
functions, we investigated their metabolic states in Mtb infection. In comparison to non-
activated CD64~— neutrophils, activated CD64+ neutrophils displayed a greater level of PS
and a higher mitochondrial dependence, indicative of enhanced metabolic activities (Figs.
5A and B). Consistently, we found that Mtb-infected CD64+ neutrophils had increased
mitochondrial membrane potential and lipid content (Figs. 5C and D). Consistently,
bystander CD64+ neutrophils also displayed higher mitochondrial dependence and lipid
content compared to bystander CD64- neutrophils, implicating elevated metabolic activities
in CD64+ neutrophils are not directly induced by Mtb (Supplementary Figs. 4A and

B). Moreover, CD64+ neutrophils displayed a significantly longer lifespan than CD64—
neutrophils using the EdU pulse-chase method (Fig. 5E). To substantiate the metabolic
findings further, we measured OXPHOS and glycolysis in sorted total CD64+ and

CD64~- neutrophils from Mtb-infected mice using Seahorse. CD64+ neutrophils exhibited
significantly enhanced glycolysis and glycolytic capacity compared to CD64- neutrophils
(Fig. 5F). Strikingly, analysis of oxygen consumption by the two neutrophil subsets
revealed enhanced basal and maximal OCR in CD64+ neutrophils, indicating an increased
commitment to OXPHOS (Fig. 5G). Notably, CD64+ neutrophils exhibited a lower spare
respiratory capacity (SRC) when compared to CD64~- neutrophils (Fig. 5G). The enhanced
glycolysis and OXPHOS signatures in CD64+ neutrophils were also observed in the
murine scRNA-seq data (Fig. 5H). To further characterize changes in cellular metabolism,
we carried out Met-flow analysis by quantifying rate-limiting metabolic enzymes in key
metabolic pathways.% In support of higher metabolic activity of CD64+ neutrophils
compared with CD64- neutrophils, CD64+ neutrophils exhibited overall higher metabolic
enzyme expression, including glucose transporter 1(GLUT1) and pyruvate kinase M (PKM),
key enzymes in the glycolytic pathway as well as acetyl-CoA carboxylase 1 (ACC1),
carnitine palmitoyltransferase 1 A (CPT1A), succinate dehydrogenase A (SDHA), and
cytochrome C (CYTC), enzymes involved in lipid metabolism and OXPHOS (Fig. 51). All
together, these data demonstrated that lung CD64 + neutrophils represent a metabolically
active neutrophil subset in Mtb infection.

IFNy promotes the activation of neutrophils in the Mtb-infected lung

Next, we sought to determine if inflammatory stimuli are responsible for activating
neutrophils in the Mtb-infected lung. Thioglycolate-induced peritoneal neutrophils
expressed a higher level of CD64 than neutrophils in the blood and bone marrow
(Supplementary Fig. 4C), suggesting that CD64 can be induced under inflammatory
conditions. Moreover, IFNy has been shown to regulate neutrophil activation by
upregulation of CD64 expression in neutrophils.5%:66 To address whether IFNy signaling is
required for inducing neutrophil activation in Mtb infection, we measured CD64 expression
in Mtb-infected BMNs with or without IFN+y /n vitro. Interestingly, IFNy had no effect on
CD64 expression by itself, while Mtb infection alone led to increased CD64 expression in
BMNs (Fig. 6A). However, additional IFN-y-stimulation synergistically upregulated CD64
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levels in Mtb-infected BMNs (Fig. 6A). Similarly, lipid content was increased upon Mtb
infection in BMNs, which was further promoted by the presence of IFN+y (Fig. 6B).
Moreover, the ECAR level and MHCII expression was significantly increased in Mtb-
infected BMNs with additional IFN-y (Figs. 6C and D), implicating that IFNy activates Mtb-
infected neutrophils /7 vitro. Analyses of neutrophil responses in IFNy KO mice at 2 weeks
post-Mtb infection revealed no differences in the number of total neutrophils in the lung
(Fig. 6E). However, the number of CD64+ neutrophils was significantly lower in IFNy KO
mice (Fig. 6F), suggesting that IFN-y appears to be involved in inducing activated CD64+
neutrophils in the lung during Mtb infection. Nevertheless, hypoxia-inducible factor-1a
(HIF-1a), a key transcription factor mediating IFNy signaling, that is highly expressed

in CD64+ neutrophils (Fig. 4D) is not required for induction of CD64+ neutrophils
(Supplementary Fig. 4D). Altogether, these data indicate that IFNy promotes generation

of CD64+ neutrophils in the Mtb-infected lung independent of HIF signaling.

Perturbation of lipid uptake selectively decreases Mtb burden in activated neutrophils

To determine the role and functions of activated CD64+ neutrophils in Mtb infection, we
first compared the bacterial burden in CD64+ and CD64- neutrophils. Interestingly, MFI of
mCherry from CD64+ neutrophils was significantly higher compared to CD64~ neutrophils
(Fig. 7A). This data was further supported by the observation that higher numbers of

viable Mtb were recovered from cell-sorted CD64+ neutrophils compared with CD64~—
neutrophils (Fig. 7A). Moreover, the higher bacterial burden in CD64+ neutrophils is not
the consequence of increased phagocytic ability or enhanced Mtb replication activity as
both CD64+ and CD64- neutrophils exhibited comparable phagocytic activity (Fig. 7B).
Strikingly, although CD64+ neutrophils expressed a higher level of iNOS (Fig. 41), we
observed similar percentages of SSB-GFP foci in Mtb within both neutrophil populations

at 2 weeks post-infection (Fig. 7C), indicating that Mtb replicates equally well in both
neutrophil populations, and the replication activity of Mtb in neutrophils appears to be
independent of the activation status of neutrophils. To elucidate whether CD64+ neutrophils
create a permissive environment that is replete with preferred nutrients for Mtb, such as fatty
acids, we measured their fatty acid uptake capacity. Compared to CD64- neutrophils, Mtb-
infected CD64+ neutrophils exhibited greater fatty acid uptake (Fig. 7D). This phenotype
was further confirmed by the higher expression of fatty acid transporters in CD64+
neutrophils, including fatty acid binding protein 5 (Supplementary Fig. 3A) and CD36 (Fig.
7E). These data are in line with the increased levels of key enzymes that regulate fatty acid
metabolism in CD64+ neutrophils in Met-flow analysis (Fig. 51). We then hypothesized that
perturbing fatty acid uptake may impact the survival of Mtb in lipid-rich CD64+ neutrophils.
To test this hypothesis, we first confirmed that CD36 is a functional transporter of fatty

acid in neutrophils as we observed a profound reduction of BODIPY FL C16 uptake in
Mtb-infected neutrophils in CD36KO mice compared to those in wild-type (WT) mice

(Fig. 7F). Furthermore, we found that, while MFI of mCherry and the number of viable
Mtb recovered from CD64- neutrophils were similar in WT and CD36KO mice (Fig. 7H),
CD64+ neutrophils displayed higher MFI of mCherry and contained significantly more
bacteria in WT mice than in CD36KO mice (Fig. 71). Importantly, we did not observe

a difference in the percentage of IFNy+CD4+ T cells in WT and CD36KO mice (Fig.

7G), indicating that the differential Mtb burdens in CD64+ neutrophils between WT and
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CD36KO were unlikely caused by the deficiency of CD36 in CD4+ T cells. Lastly, the

lipid content level was significantly less in Mtb-infected CD36KO neutrophils /n vitro (Fig.
7J). Sulfosuccinimidyl oleate, a CD36 inhibitor, significantly reduced the lipid content in
Mtb-infected CD64+ neutrophils ex vivo (Fig. 7K). Altogether, these data demonstrated that
host lipid uptake is essential for the survival of Mtb within CD64+ neutrophils, and CD36
promotes the accumulation of lipid content in activated neutrophils.

DISCUSSION

The lack of an effective vaccine against TB severely hinders the control of Mtb infection
globally. Current vaccine development primarily aims at inducing robust adaptive immune
responses mediated by memory T and B cells, which may pose challenges due to the
existence of permissive lung phagocytes that create a hospitable niche for bacteria to thrive
even in the presence of Thl responses during the infection. AMs have been demonstrated as
an early permissive cellular niche to facilitate rapid growth of Mtb.2 Similarly, permissive
macrophage populations in different tissues have been identified during the infection of
other intracellular pathogens. CD206M9" dermal macrophages promote L eishmania major
infection in a Th1 immune environment.8” In Sa/monellainfection, CD11b+CD11c+Ly6C+
splenic macrophages with an M2-like signature and non-classical monocyte-derived CD9+
macrophages have been implicated as replication niches for bacteria in the spleen.8:68 Thus,
identifying permissive cells and understanding factors that contribute to their permissiveness
are invaluable for the development of novel vaccines and therapeutics against various
infections.

In this study, we turned our attention to neutrophils in TB for the following reasons.

First, excessive recruitment of neutrophils has long been associated with increased bacterial
burden and a worsened pathology in the lung in TB. Second, using Mth expressing
fluorescent proteins, neutrophils have been shown as one of the major phagocytes, besides
lung macrophages, that contain Mtb as infection progressed in mice.12 Third, comparing
replication activities of Mtb in different host phagocytes utilizing the SSB-GFP reporter
Mtb strain revealed that Mtb replication ability is comparable between neutrophils and
AMs at the early stage of infection, implicating the permissive nature of neutrophils

in the early stage of TB.2 To delineate the underlying mechanism that regulates the
permissiveness in neutrophils, we used scRNA-seq and discovered activated neutrophils
expressing CD64, iNOS, and MHCII alone with other activation markers in Mtb-infected
lung. Activated neutrophils contain more viable bacteria compared to their non-activated
counterparts despite expression of iNOS. Our data further indicate IFNy is involved in
promoting neutrophil activation /77 vivo and can upregulate CD64 expression in BMNs

in vitro. These data are in line with another study that showed upregulation of CD64 in
activated mouse lung neutrophils in respiratory syncytial virus infection.2! While mouse
neutrophils do not express MHCII under homeostasis, they can acquire MHCII expression
in the presence of IFN-y and direct contact with T cells to function as antigen-presenting
cells.59 A recent report also observed higher expression of H2-Ab1 and H2-Dmb1 in
Ly6GMid neutrophils in Mtb-infected mice compared to blood neutrophils from uninfected
mice.33 The expression of iNOS in lung neutrophils has also been described in Mth-infected
mice using flow cytometry.2.70 Moreover, Mtb present in neutrophils from the reporter Mtb
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strain Asp.X::GFP, smyc’::mCherry-infected mice exhibited robust Asp.X::GFP signaling.
GFP expresses in this reporter Mtb strain in response to NO /n vivo,%8 indicating the
presence of NO in infected neutrophils /7 vivo.2 Moreover, immuneresponsive gene 1
negatively regulates iNOS expression in neutrophils during Mtb infection.”® Importantly, the
CD64 expression level in human blood neutrophils increases in TB patients.’”? In a separate
study, CD64 was identified as one of the distinct 393-transcript signatures in patients with
active TB.”2 The higher level of CD64 in neutrophils is also specific in patients with

active TB and can be used to discriminate health controls and latent TB infection.”2 This
evidence further implicates that activated neutrophils may be involved in disease progression
by facilitating Mtb survival in the lung, at least in the murine model. Moreover, the data

in human patients are in agreement with our analysis in NHP where CD64 expression is
increased in neutrophils in granulomas although our sample set from NHPs was too small

to identify relationships between neutrophil CD64 expression and Mtb load per granuloma
in this model. Whether activated neutrophils with similar phenotypes are also present in

the human TB lung and their functions in disease progress are important questions to be
addressed in the future.

We employed SCENITH, a recently developed approach to indirectly probe cellular
metabolism in lung phagocytes in Mtb infection at the single-cell level by measuring PS
response to metabolic inhibitors. Our study revealed diverse metabolic profiles in different
phagocytes during the early stage of Mtb infection. Nearly all phagocytes in Mtb-infected
lung showed high levels of glucose dependence, indicating the pivotal role of glucose
metabolism in these cells. Among them, AMs demonstrated the highest mitochondrial
dependence, which correlates with their relatively high permissiveness for Mth. Although
AM s do not increase glycolysis in response to lipopolysaccharide (LPS) stimulation,”3
Mtb-infected AMs displayed a higher glycolytic capacity than bystander cells, implying that
AMs are capable of activating glycolysis in Mtb infection, albeit to a lesser extent than IMs.
It would be of particular interest to investigate how disease progression and the dynamic of
metabolism in phagocytes at different stages of infection influence each other. Notably, Mtb-
infected BMDMs reduced basal OCR with no change in glycolysis, which was distinct from
lung macrophages isolated from infected mice. These data are in line with another study that
observed reduced OCR and glycolysis in Mtb-infected differentiated THP-1 macrophages.’#
These differences largely reflect the impact of culture conditions, macrophage ontogeny,

and different extrinsic signals that macrophages receive between /n vitroand in vivo
conditions. Moreover, AMs were the only cell type that showed elevated translation levels
when comparing Mtb-infected cells to their bystander counterparts. Inhibition of translation
machinery is one of the mechanisms which pathogenic microbes interfere with ongoing PS,
thereby suppressing innate immune responses.’® However, it remains unclear how and why
Mtb promotes translation specifically in AMs. Nonetheless, a recent study demonstrated that
Mtb targets mammalian target of rapamycin (mTOR), a master regulator of translation in
response to metabolic and physiological stress, to prevent mitochondrial damage triggered
by ESAT-6 in macrophages.’ Importantly, mTOR signaling is critical for the homeostasis of
AMs.”7 Thus, we speculate that Mtb could exploit the mTOR pathway in AMs to enhance
translation, in turn promoting the survival of AMs and further maintaining a permissive
cellular niche for bacterial persistence.
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In our SCENITH analysis, both Mtb-infected Ly6C+ and Ly6C-monocytes exhibited
comparable levels of glycolytic capacity compared to their bystander compartment.
Similarly, using the same method, human CD14+ monocytes isolated from healthy donors
and TB patients also showed similar glycolytic capacity.”® On the other hand, CD16+
monocytes from TB patients had a higher glycolytic capcity.”8 This largely reflects the
distinguished metabolic activities in monocytes between mouse and human during Mtb
infection, which will be a critical aspect for the future studies focusing on how Mth
rewires the metabolic network in monocytes and the functional consequences of metabolic
reprogramming during infection.

Our metabolic analysis using Seahorse and SCENITH revealed the active engagement

of both glycolysis and OXPHOS of activated CD64+ neutrophils in Mtb-infected mice,
indicating an increased mitochondrial metabolism in these cells. Previously, neutrophils
were known to highly rely on glycolysis for survival and function due to their low
mitochondria density.34 Indeed, glucose metabolism plays a pivotal role in regulating
various antimicrobial functions of neutrophils, including phagocytosis, reactive oxygen
species (ROS) production, and more recently, neutrophil extracellular traps (NETS)
formation.”® Neutrophils express an array of cytokines in granulomas in Mtb-infected
NHPs.80 Consistent with the role of glycolysis in macrophages, inhibition of this

pathway also impaired the production of pro-inflammatory cytokines in neutrophils from
Mtb-infected mouse lung. Moreover, neutrophils utilize both glycolysis and the pentose
phosphate pathway for ROS production and NETs formation.81:82 Type I IFN can

activate neutrophils and induce NET formation that promotes Mtb growth and exacerbates
disease.83:84 It is unclear if glycolysis-induced NETs also contributes to the increased Mtb
burden in CD64+ neutrophils. The enhanced mitochondrial metabolism in neutrophils has
been observed in the tumor model, where a subset of immature neutrophils expressing
c-kit elicited by the tumor engage in OXPHOS to support ROS production and maintain
immune suppression in the tumor microenvironment in a fatty acid-dependent manner.38
The fatty acid oxidation pathway is particularly important for neutrophil differentiation

in the bone marrow, underpinning the requirement of the fatty acid-OXPHQOS axis in
regulating the generation of functional neutrophils.8® Furthermore, pharmacologic inhibition
of carnitine palmitoyltransferase 1a impaired neutrophil trafficking to the site of infection,
implicating that neutrophils can engage in fatty acid oxidation, and this pathway is essential
for an optimal neutrophil response during infection.88 While it is unclear whether fatty
acid oxidation is active in CD64+ neutrophils induced by Mtb infection, increased lipid
contents and a greater capacity to uptake free fatty acids indicate the demand of lipids as
the energy source to support their own needs. However, the connection between the unique
metabolic profile and permissiveness to Mtb in CD64+ neutrophils is undetermined. Many
pathogens can either promote or suppress various host metabolic pathways that support the
bioenergetic and biosynthetic demands of the replication and/or persistence of pathogens.
For example, Legionella pneumophila induces elevated glycolysis in macrophages to
create replication permissive niches.8” Both adenovirus and HIV-1 infection upregulate
glucose metabolism in epithelial cells or CD4+ T cells, respectively, to promote viral
replication.88:89 In Mtb infection, increased OXPHOS and fatty acid oxidation have been
associated with increased permissiveness in AMs.2 Thus, we speculate that the increased
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mitochondrial metabolism in CD64+ neutrophils leads to increased bacterial number in
these cells by providing a fatty acid-enriched environment in spite of higher levels of
inflammation and iNOS.

Our results indicate that CD64+ neutrophils express CD36 which facilitates the uptake

of lipids, accumulation of intracellular lipid content and associates with better survival

of Mth. CD36 functions as a long-chain free fatty acid transporter and can bind to

oxidized low-density lipoproteins.?9 Genetic deficiency of CD36 confers resistance to
mycobacterial infection in mice.?! It seems that Mtb has evolved mechanisms to exploit
CD36-mediated uptake of fatty acids and surfactant lipids to benefit its intracellular growth
in macrophages.?2 While CD36 has been extensively studied in macrophages, recent
research has demonstrated that overexpression of CD36 is also observed in low-density
neutrophils in non-small cell lung cancer patients.% Moreover, CD36 deficiency results

in reductions in uptake and accumulation of lipids as well as OXPHOS in MDSCs, %4
further suggesting its role in promoting immunosuppression. While our GSEA analysis

did not support that CD64+ neutrophils represent MDSCs in Mtb-infected lung, how

they regulate T-cell responses via their active lipid metabolism during Mtb infection is
unclear. Furthermore, the underlying mechanism of how lipid-rich CD64+ neutrophils
promote Mtb growth is unclear. It is well-known that Mtb promotes the accumulation

of lipid droplets within macrophages in an IFN-y-dependent manner and utilizes these
lipids as the primary carbon source for growth and survival.®>% This data is in line with
our /in vitro data that IFNvy further increased lipid content in Mtb-infected neutrophils,
implicating a similar model may apply to neutrophils. Lastly, what drives the generation

of CD64+ neutrophils remains elusive. Neutrophils are heterogenous at the steady state in
the bone marrow.18:32 Bacterial infection can reprogram and prime each neutrophil subset,
implicating that CD64+ and CD64- neutrophils may originate from neutrophils at different
maturation stages during Mtb infection and local cytokine signals could further influence
their metabolism.

Our study illustrates the critical role of cellular metabolism of lung neutrophils in TB and
reveals how neutrophil metabolism is closely associated with their permissiveness. These
results emphasize the essential role of neutrophil metabolism in regulating Mtb infection
and shed light on targeting cellular metabolism as potential host-directed therapeutics.
Importantly, IFN<y has profound effects on phenotypes and functions of neutrophils.%8 In
the context of TB, while IFNy has been long known as a key protective cytokine, it
appears to be involved in promoting activated neutrophils with a permissive phenotype.
This further reinforces the concern that simply targeting adaptive immune responses may
not be sufficient for the development of a robust and effective TB vaccine.?® Our findings
demonstrate that heterogeneity and diversified metabolism contribute to the permissiveness
of neutrophils, and further represent extra layers of regulation during Mtb infection.

METHODS

Animal experiments

C57BL/6 WT, CD36 KO, and C3HeB/FeJ mice were purchased from The Jackson
Laboratory. IFNy KO Mice were a gift from Dr Lin-Xi Li [University of Arkansas for
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Medical Sciences (UAMS)]. LysMCreARNTHoX/flox and | ysMCreARNTTIOX/* mice were

a gift from Drs. Tiffany Weinkopff (UAMS) and M. Celeste Simon (University of
Pennsylvania, Philadelphia, Pennsylvania). All mice for experiments were used at 6-10
weeks old and maintained in a specific pathogen-free biosafety level-3 facility at the UAMS.
Sex- and age-matched controls were used in all experiments. Animal care was in accordance
with the guidelines of the Association for Assessment and Accreditation of Laboratory
Animal Care. All animal procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) of UAMS and Washington University in St Louis.

Samples from six cynomolgus macaques (Macaca fascicularis, identified as M21718,
M22018, M22118, M22418, M23318, and M23418) that were involved in studies at the
University of Pittsburgh were included in this study. These studies were approved by the
University of Pittsburgh’s IACUC and were performed under protocol #18052927. The
animals were infected by intra-bronchial instillation of Mtb (Erdman stain) into the right
and left lower lungs with monkeys 21718, 22018, and 22118 being infected with 30 colony-
forming units (CFUs) and 22418, 23318, and 23418 being infected with 18 CFU and disease
progression was monitored as previously indicated.100 As per the design of the study the
animals were involved in, four of the animals (M21718, M22118, M23318, M23418) were
treated with linezolid for 8 weeks before being necropsied while M22018 and M22418
were untreated controls. At the end of their time in study (144-146 days post-infection),

the animals were humanely euthanized, and necropsies were performed to acquire tissues
for analysis.190 The samples analyzed here were convenience samples that were stained for
CD64 for use within this study. CD64 expression data in individual animals and tissues

are included (Supplementary Fig. 2E). All aspects of animal husbandry, procedures, and
experimental manipulations were approved by the University of Pittsburgh IACUC.

Mtb and BCG strains

The Erdman and H37Rv strains of Mtb were used in the study. Erdman (smyc:mCherry)
and the fluorescent reporter Mtb strain, Erdman (SSB-GFP, smyc*:mCherry) were
generated by transformation of pCherry3 replicating plasmids into WT Erdman Mtb, as
previously described,>® and were from Shumin Tan at Tufts University School of Medicine.
All reporter constructs are episomal plasmids. H37Rv strain was from William R. Jacobs

Jr at Albert Einstein College of Medicine. The bacteria were grown to log phase in
Middlebrook 7H9 broth supplemented with 10% oleic acid/albumin/dextrose/catalase, 0.2%
glycerol, 0.05% Tween 80 and 50 pug/mL hygromycin B (mCherry and SSB-GFP reporter
Mtb strains) aliquoted in 10% glycerol, and stored at —80 °C until use. BCG (Pasteur) was
grown as describe above.

Mice infections with Mtb and BCG

For intranasal infection, mice were inoculated with approximately 1000 CFUs of different
Erdman strains in 30 uL of phosphate-buffered saline (PBS) containing 0.05% Tween

80. The inoculum dosage was confirmed by plating different dilutions on 7H10 plates
supplemented with 50 pg/mL hygromycin B. This dosage will generate sufficient Mtb-
infected cells (mCherry+) for downstream analyses. In some experiments, mice were
infected with H37Rv strain via aerosol inhalation. Briefly, Mtb cultured to mid-log phase
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(optical densityggg 0.6—-0.8) was first pelleted and resuspended in sterile water containing
0.05% Tween 80. A single-cell suspension was generated through sequential low-speed
centrifugation at 800 rpm until stabilization of optical densityggg of the supernatant. Mice
were infected by aerosol using a Glas-Col inhalation exposure system to achieve an infection
dose of 1000 CFUs. The infection dose was verified by plating the homogenates from lungs
harvested the day after aerosol infection. Bacterial loads in sorted cells were determined

by lysing cell pellets in PBS containing 0.01% SDS, and plated on 7H10 agar. Plates were
incubated at 37 °C and colonies were enumerated 3 weeks later. For BCG infection, mice
were intranasally infected with 108 BCG (Pasteur) bacilli. Lung cells were isolated at 2
weeks post-infection.

Lung cell isolation

Lung cells from Mtb-infected mice were isolated as described previously.? Briefly, lungs
were removed and digested in 5% fetal bovine serum (FBS)/PBS solution containing 160—
250 U/mL collagenase IV (Worthington or Millipore Sigma) and 20-75 U/mL DNase
(Sigma) with a GentleMACS Octo dissociator with heaters (Miltenyi Biotec, Auburn, CA).
The digested lung material was then passed through a 70-um cell strainer. Red blood cells
were lysed with Ammonium-Chloride-Potassium (ACK) lysis buffer (Lonza). For NHP
samples, granulomas were acquired at necropsy and homogenized with a GentleMACS
tissue dissociator (Miltenyi Biotec, Auburn, CA) using the human tumor dissociation
enzyme kit (Miltenyi Biotec).

Flow cytometry

Lung cell suspensions isolated from Mtb-infected mice were stained with fixable viability
dye from Invitrogen, incubated with Fc block (BioLegend) for 15 minutes, and then
counted and incubated for 30 minutes in the dark with the following fluorophore-conjugated
antibodies, CD11b (M1/70), CD36 (HM36), CD64 (X54-5/7.1), Ly6G (1A8), MerTK
(DS5MMER), SiglecF (E50-2440), Ly6C (HK1.4), MHCII (M5/114.15.2), CD11c (N418),
iNOS (CXNFT) and IL-1p (NJTEN3), CD45 (30-F11), ICAM1 (YN1/1.7.4), CXCR4
(L276F12), CD62L (MEL-14s). For EdU labeling, mice were pulsed with 0.5 mg of

EdU, and single-cell suspensions were surface-stained, fixed in 4% PFA for 10 minutes

at room temperature, permeabilized, and stained for EdU per the manufacturer’s instruction
(Click-iT EdU Flow Cytometry Assay Kit, Invitrogen). To measure lipid uptake /in vivo,
mice were injected intraperitoneally (i.p.) with Bodipy FL Cqg (50 pg/mouse) diluted in
DMSO. Lung cells were isolated 60 minutes post-injection and analyzed by flow cytometry.
To quantify intracellular neutral lipids, lung cells were stained with 2 uM Bodipy 493/503
(Invitrogen) in PBS for 10 minutes. Cells were washed and analyzed with an LSRFortessa
flow cytometer (BD Biosciences) in the flow cytometry core facility at UAMS or an LSR
Fortessa X-20 flow cytometer (BD Biosciences) in the flow cytometry core at Washington
University School of Medicine in St Louis. For reporter Mtb strain quantification, fixed
lung cells were sorted with a FACSAria Illu machine (BD) in the flow cytometry core

at UAMS. Data were analyzed with FlowJo software (Tree Star). For Met-flow analysis,
lung cells were fixed and permeabilized with Foxp3 fixation/permeabilization kit followed
by intracellular staining with a cocktail of antibodies against the metabolic proteins. All
antibodies were purchased from AbCam and conjugated in-house with AbCam Lightening-
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Link Conjugation kit as described.191 Cells were acquired on a Cytek Northern Lights
spectral flow cytometry (Cytek Biosciences). Samples were unmixed using SpectroFlo
version 3 (Cytek Biosciences) and analyzed with FlowJo software (Tree Star).

NHP cells from RBC-lysed whole blood and tissues were stained with Aqua viability

dye (ThermoFisher) CD3 (clone SP34-2), CD11b (clone Mac-1), CD14 (clone M¢P9),
CD64 (clone 10.1), CD206 (clone 19.2), and intracellularly for calprotectin (S100A9;

clone MAC387, ThermoFisher). Unless otherwise indicated all antibodies for staining

NHP cells were from BD Biosciences and all samples were run on a BD Fortessa flow
cytometer maintained by the University of Pittsburgh Department of Infectious Diseases and
Microbiology.

Quantification of Mtb reporter expression

SCENITH

Sorted lung neutrophils were stained with DAPI and Alexa Fluor 647 conjugated

phalloidin (Invitrogen) and attached on poly-L-lysine coated slides. Reporter Mth expression
quantification was carried out as previously described.56:192 Briefly, cells were imaged

using a Zeiss LSM 800 confocal microscope at UAMS Digital Microscopy Core. Z-stacks
were reconstructed into 3D using Volocity software (PerkinElmer). Quantification of the
SSB-GFP reporter was accomplished by counting the number of bacteria with and without-
SSB-GFP replication foci, and calculating the total percentage of bacteria presenting one or
more SSB-GFP foci for each cell type. At least 100 bacteria were quantified.

The SCENITH kit, developed by R. Argiello (CIML) was requested from https://
www.scenith.com/. SCENITH experiments were performed as previously described.42
Nearly half of the total energy that mammalian cells generated by various metabolic
pathways is utilized by the PS machinery, which forms the foundation of SCENITH. The
rationale of SCENITH is to measure alterations of PS levels in cells in the presence of
2-DG or oligomycin using puromycin incorporation as the readout. Thus, SCENITH does
not directly measure bioenergetics and metabolism. Briefly, lung cell suspensions were
cultured in DMEM containing 10% FBS and incubated with control, 2-DG, oligomycin,
or a combination of both inhibitors. Puromycin was added for additional 20 minutes. Cells
were then washed in cold PBS and stained with Live/Dead fixable viability dye, washed,
and incubated with Fc block before surface staining. Cells were fixed and permeabilized
using Foxp3 fixation/permeabilization kit and then stained with anti-puromycin antibody.
Glucose dependence, mitochondrial dependence, and glycolytic capacity were calculated as
described previously.#2

Extracellular flux analysis

Seahorse XF HS Mini Extracellular Flux Analyzer (Agilent) was used for real-time analysis
of OCR and ECAR. Lung AMs, IMs and neutrophils were isolated and plated in 8-well
Seahorse plates. Cells were washed and analyzed in Seahorse XF base medium with

2mM L-glutamine to obtain real-time measurements of OCR and ECAR. BMNs from
C57BL/6 mice were isolated with MojoSort Mouse Neutrophil Isolation kit (BioLegend).
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Three or four consecutive measurements were obtained under basal conditions and after the
sequential addition of 10 mM glucose, 1 uM oligomycin and 50 mM 2-DG for glycolysis
stress test, or 1 uM oligomycin, 1.5 pM FCCP, and 100 nM rotenone plus 1 pM antimycin
A for mitochondrial stress test. All inhibitors were purchased from Sigma or Cayman
Chemical.

BMDM and BMN infection

BMDMs were cultured in DMEM (Corning) supplemented with 10% FBS (Gibco), 20%
L-cell conditioned media, 2 mM L-glutamine, 1mM sodium pyruvate (Corning), and 1%
penicillin/streptomycin (Corning) at 37 °C for 6 days. BMNs were isolated as described
above. Both cell types were infected with Mtb at MOI 5 for 6 hours prior to Seahorse
analysis. In some experiments, IFN-y (50 ng/mL, BioLegend) was added to the Mtb-infected
neutrophil culture. Cells were then washed and stained for flow cytometry.

Phagocytosis assay

pHrodo Deep Red E. coli BioParticles conjugate was used for phagocytosis assay to measure
phagocytic activities neutrophils isolated from Mtb-infected mice. Briefly, BioParticles were
sonicated in a bath sonicator for 10 minutes before adding to lung cell suspensions from
Mtb-infected mice at 100 pg/mL. Cells were incubated at 37 °C in a tissue culture incubator
for 30 minutes followed by staining for flow cytometry as described above.

Electron microscopy

Lung cells were stained and fixed prior to sorting for neutrophils. Neutrophils

were centrifugated and carefully resuspended in glutaraldehyde fixative solution (2.5%
glutaraldehyde in 0.1 M sodium cacodylate, 5 mM calcium chloride, 5 mM magnesium
chloride, 0.1 M sucrose, pH7.2). The samples were processed and stained for electron
microscopy as described previously.103

Single-cell transcriptomic data analysis

scRNA-seq dataset of macaque lung myeloid cells 4 weeks post TB infection published by
Gideon et al.52 2022 was obtained from the Broad Institute Single Cell Portal (GSE200151).
scRNA-seq dataset of murine lung myeloid cells 3 weeks post TB infection was obtained
from GEO with accession code GSE167232.58 Data analysis was performed using the Seurat
v.4 package in R 4.1.0 (https://www.R-project.org/).194 In brief, neutrophil subsets were
extracted from the datasets based on the published cluster labels. The subsets were scaled
and re-clustered using UMAP as a dimensionality reduction method.195 Markers of each
neutrophil cluster in both mouse and NHP datasets (upregulated genes that are expressed in
a minimal of 25% of the cells with a minimal log2 fold change of 0.5 and an adjusted p

< 0.05) were identified using the Seurat v.4 FindAllMarkers function.194 The GSEA of the
cluster transcriptomic signatures was performed using package clusterProfiler 4.4.4.106

Gene expression analysis

Gene expression analysis in neutrophils from different tissues herein used a previously
described database generated by the Immunological Genome Project.107
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Statistical analysis

Statistical information including n, mean and statistical significance values are indicated
in the figure legends. Results were analyzed using Student’s ftest or one-way analysis
of variance test with multiple comparisons where appropriate using Prism 9.5 (GraphPad
Software, Inc).
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Mgetabolic profile of mouse lung phagocytes in Mth infection using SCENITH. To profile the
metabolic activities in lung phagocytes, lungs were harvested from C57BL/6 mice infected
with 103 mCherry-Erdman Mtb intranasally at 3 weeks post-infection. (A) Translation level
of lung phagocytes in Mtb-infected mice. Mean + SEM are shown. 7= 5. (B) Translation
level of Mtb-infected and bystander lung phagocytes. 7= 5. (C) Mitochondrial dependence,
glycolytic capacity and glucose dependence of lung phagocytes in Mtb-infected mice
obtained by SCENITH. Mean + SEM are shown. n=5. (D) Mitochondrial dependenceand
glycolytic capacity of Mtb-infected and bystander lung phagocytes obtained by SCENITH.
n = 8. Mean = SEM are shown. n = 5. Data in A—C were representative of two independent
experiments. Data in D were pooled from two independent experiments. Two-way ANOVA
was used to test statistical significance in A and C. Paired #test was used in B and D. * p<
0.05, ** p<0.01, *** p< 0.001, **** p< 0.0001. AM = alveolar macrophage; ANOVA =
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analysis of variance; Eos = eosinophil; IM = interstitial macrophage; Mono = monocyte;

Mtb = Mycobacterium tuberculosis; SCENITH = single-cell energetic metabolism by
profiling translation inhibition; SEM = standard error of the mean.
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Fig. 2.

Neutrophils exhibit distinct metabolism from macrophages in Mtb infection /n vitro. (A)
OCR and ECAR of BMN at 6 hours post-Mtb infection at MOI = 5. (B) OCR and ECAR of
(BMDM) at 6 hours post-Mtb infection at MOI = 5. Basal OCR, glycolysis and ECAR/OCR
ratio were calculated. Mean + SEM are shown. n7= 3. (C) Intracellular cytokine expression
from neutrophils in Mtb-infected mice at 3 weeks post-infection assessed by flow cytometry.
Lung cells were treated ex vivowith PBS, 2-DG, oligomycin, or UK5099. Mean + SEM

are shown. n= 8. Data in A and B were representative of two independent experiments.
Data in C were pooled from two independent experiments. Student’s ftest was used in A,

B, and C. * p<0.05, ** p<0.01, *** p< 0.001. 2-DG = 2-deoxyglucose; BMDM = bone
marrow-derived macrophages; BMN = bone marrow neutrophils; ECAR = extracellular
acidification rate; MOI = multiplicity of infection; Mtb = Mycobacterium tuberculosis; OCR
= oxygen consumption rate; PBS = phosphate-buffered saline; SEM = standard error of the

mean.
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Fig. 3.
Neutrophils in Mtb-infected lung have a short lifespan that is long enough to support Mtb

replication /n vivo. To measure the turnover rate of neutrophils, mice were infected with
1038 Erdman Mtb for 2 weeks. EdU was injected intraperitoneally on day 14 post-infection.
(A) Percentages of EdU labeled total neutrophils (normalized to max.) in lungs, spleens,
and blood of Mtb-infected mice at the indicated times after EAU injection, with the 90%
confidence intervals shown in color together with the calculated half-lives (red numbers) in
each tissue. The curves were calculated via nonlinear regression for the decay kinetics of
EdU-labeled neutrophils. Data are from at least three mice per time point. (B) 3D confocal
images of lung neutrophils sorted from SSB-GFP, symc’::mCherry Mtb-infected mice at

2 and 4 weeks. Representative images were shown. <scale bar = 10 pm>. (C) Percentage
of Mtb displaying SSB-GFP foci in neutrophils sorted from SSB-GFP, symc’::mCherry
Mtb-infected mice at 2 and 4 weeks. Each point represents one experiment with five

mice. Horizontal bar indicates the mean of three or four pooled independent experiments.
Data in A and B were representative of two independent experiments. Data in C were
pooled from three or four independent experiments. Student’s #test was used in C. 3D =
three-dimensional; EdU = 5-ethynyl-2’-deoxyurdine; GFP = green fluorescent protein; Mth
= Mycobacterium tuberculosis; SSB = single-stranded DNA-binding protein.
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Fig. 4.

Hgterogenous neutrophil populations identified by sScRNA-seq in Mtb-infected mouse and
NHP lungs. (A) UMAP plot displaying neutrophil clusters in the Mth-infected mouse lung.
(B) UMAP plot showing the expression level of ADT-Ly6G. (C) UMAP and violin plots
showing expression of selected signature genes from the neutrophils in the Mtb-infected
mouse lung. (D) Heat map of differential expression of marker genes in each mouse
neutrophil cluster. (E) Pathway enrichment analysis of transcripts differentially expressed
in Neutrophil_2 versus Neutrophil_1. (F) Gene set enrichment analysis of MDSC signatures
and leukocyte activation in Neutrophil_1 and Neutrophil_2. NES, P. adj and false discovery
rate (q value) are indicated. (G) UMAP and violin plots showing expression of ADT-CD64,
H2-Ab1, and Nos2in each neutrophil cluster. To measure CD64 expression in lung
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neutrophils, lungs were harvested from C57BL/6 mice infected with 103 Erdman Mtb

after 3 weeks. (H) Flow cytometry analysis of CD64 expression in lung neutrophils from
uninfected and Erdman Mtb-infected mice at 3 weeks post-infection. (I) Flow cytometry
analysis pro-1L-1p, MHCII, and iNOS expression for lung CD64+ and CD64- neutrophils
in Erdman Mtb-infected mice at 3 weeks post-infection. (J) CD64 expression and MHCI|I
MFI in CD64- and CD64+ neutrophils in mice infected with 102 H37Rv Mtb at 4 weeks
post aerosol infection. (K) UMAP plot displaying neutrophil clusters in the Mtb-infected
NHP lung. (L) Heat map of differential expression of marker genes in each NHP neutrophil
cluster. (M) Quantification of CD64 expression in neutrophils across tissues from six
non-human primates. Each marker indicates one sample of peripheral blood, uninvolved
(granuloma-free) lung, or a lung granuloma and each color represents a different animal.
Blood was not available from one animal and the samples of uninvolved lung from four
animals had insufficient numbers of neutrophils for analysis, thus data was not included for
these animals. Data in H, | and J were representative of two independent experiments. 7=
2-5. Student’s ftest was used in J. * p< 0.05, *** p< 0.001. CD = cluster of differentiation;
IL = interleukin; iNOS = inducible nitric oxide synthase; MDSC = myeloid-derived
suppressor cells; MFI = mean fluorescence intensity; MHC = major histocompatibility
complex; Mth = Mycobacterium tuberculosis; NES = normalized enrichment score; NHP
= non-human primates; sScCRNA = single-cell ribonucleic acid; UMAP = uniform manifold
approximation and projection.
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CD64+ neutrophils in the Mth-infected lung are metabolically active. To characterize the
metabolic activities in CD64+ and CD64~ neutrophils, lungs were harvested from C57BL/6
mice 3 weeks after intranasal infection with 103 mCherry-Erdman Mtb. (A-B) Translation
level (A) and mitochondrial dependence (B) were measured by SCENITH in CD64- and
CD64+ neutrophils. (C-D) MFI of MitoTracker Deep Red staining (C) and Bodipy 493/503
staining (D) measured by flow cytometry in CD64— and CD64+ neutrophils. The linked dots
represent CD64—- and CD64+ neutrophils from the same mouse. (E) Percentages of EdU
labeled CD64~ and CD64+ neutrophils (normalized to max.) in lungs of Mtb-infected mice
at the indicated times after EJU injection, with the 90% confidence intervals shown in gray
together with the calculated half-lives. The curves were calculated via nonlinear regression
for the decay kinetics of EdU-labeled neutrophils. Data are from at least three mice per
time point. (F-G) ECAR (F) and OCR (G) of sorted total CD64- and CD64+ neutrophils
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purified from Mtb-infected mice. Glycolysis, glycolytic capacity, basal and max OCR, and
SRC were calculated. Mean + SEM are shown. n= 3. (H) UMAP displaying signature
scores of glycolysis and oxidative phosphorylation in each mouse neutrophil cluster. (I) The
expression of metabolic targets in CD64+ and CD64- neutrophils. The linked dots represent
CD64~- and CD64+ neutrophils from the same mouse. Data in A—G were representative

of at least two independent experiments. Data in | were pooled from two independent
experiments. Paired ftest was used in A-D and I. Student’s ftest was used in Fand G. * p<
0.05, ** p<0.01, *** p< 0.001, **** p< 0.0001. CD = cluster of differentiation; ECAR =
extracellular acidification rate; EdU = 5-ethynyl-2’-deoxyurdine; MFI = mean fluorescence
intensity; Mtb = Mycobacterium tuberculosis; OCR = oxygen consumption rate; SCENITH
= single-cell energetic metabolism by profiling translation inhibition; SEM = standard error
of the mean; SRC = spare respiratory capacity; UMAP = uniform manifold approximation
and projection.
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Fig. 6.

IF?\Iy promotes the generation of CD64+ neutrophils in Mtb infection. (A, B) MFI of CD64
(A) and Bodipy 493/503 (B) were measured in bone marrow neutrophils under various
conditions by flow cytometry. BMN were infected with or without Mtb (MOI = 5) in the
presence or absence of IFNy. Mean £ SEM are shown. n= 5. To investigate the impact of
IFN-y on CD64+ neutrophils, lungs were harvested from WT and IFNy KO mice 2 weeks
after infection with 102 Erdman Mth. (C) ECAR and (D) MFI of MHCII of BMNs at 6
hours post-Mtb infection at MOI 5, with or without IFNy (100 ng/mL). n=4. (E, F) The
numbers of total neutrophils (E) and CD64+ neutrophils (F) in Mtb-infected WT and IFNy
KO mice. Mean = SEM are shown. n= 8. Data in A and B were representative of at least
two independent experiments. Data in C—F were pooled from two independent experiments.
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Student’s ftest was used in C—F. One-way ANOVA was used in A and B. * p< 0.05, ** p<
0.01, *** p< 0.001. ANOVA = analysis of variance; BMN = bone marrow neutrophils; CD
= cluster of differentiation; ECAR = extracellular acidification rate; IFN = interferon; KO
= knockout; MFI = mean fluorescence intensity; MHC = major histocompatibility complex;
MOI = multiplicity of infection; Mtb = Mycobacterium tuberculosis; SEM = standard error
of the mean; WT = wild-type.
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Fig. 7.

Perturbation of lipid uptake selectively decreases Mtb burden in CD64+ neutrophils. (A)
MFI of mCherry and CFU in CD64- and CD64+ neutrophils sorted from the mouse lung
after 2 weeks of infection with 103 mCherry-Mtb. 7= 8. (B) Phagocytosis in CD64— and
CD64+ neutrophils from the mouse lung after 2 weeks of infection with 102 mCherry-Mitb.
n=4. (C) Percentage of Mtb displaying SSB-GFP foci in neutrophils. Each dot represents
one experiment with five mice. Neutrophils were sorted from the mouse lung after 2 weeks
of infection with 103 SSB-GFP, smyc*:mCherry Mth. Horizontal bars indicate the mean of
three pooled independent experiments. (D-E) Flow cytometry analysis of BODIPY FL C16
(C) and expression of CD36 (D) in CD64- and CD64+ neutrophils from the mouse lung
after 2 weeks of infection with 103 mCherry-Mtb. 7= 3 or 4. (F) MFI of BODIPY FL C16
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in neutrophils from Mtb-infected WT and CD36KO mice at 2 weeks post-infection. Mean +
SD are shown. n= 3. (G) Flow cytometry analysis of percentage of IFN-y in CD4+ T cells
in the lung of Mtb-infected WT and CD36KO mice at 2 weeks post-infection. Mean = SD
are shown. = 3. (H-1) MFI of mCherry and CFU from CD64~- neutrophils (H) and CD64+
neutrophils (1) in mCherry-Mtb infected WT and CD36KO mice at 2 weeks post-infection.
Mean + SD are shown. n= 4. (J) Flow cytometry analysis of Bodipy 493/503 staining in
Mtb-infected WT or CD36KO bone marrow neutrophils at 6 hours post-infection at MOI 5.
n=5. (K) Flow cytometry analysis of Bodipy 493/503 staining in CD64+ neutrophils treated
with or without 100 pM SSO for 2 hours. Lungs were harvested from Mtb-infected WT
mice at 2 weeks post-infection. Data in A were pooled from two independent experiments.
Data in B, D-K were representative of two independent experiments. F and G were from
the same experiment. H and | were from the same experiment. Paired #test was used in

A, B, D, E and K. Student’s ¢test was used in C, F-J. * p<0.05, ** p<0.01.CD =

cluster of differentiation; CFU = colony-forming unit; GFP = green fluorescent protein; IFN
= interferon; MFI = mean fluorescence intensity; Mtb = Mycobacterium tuberculosis; SD =
standard deviation; SSB = single-stranded DNA-binding protein; SSO = sulfosuccinimidyl
oleate; WT = wild-type.
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