
L-arginine synthesis from L-citrulline in myeloid cells drives 
host defense against mycobacteria in vivo

Shannon M. Lange#1,2, Melanie C. McKell#1,2, Stephanie M. Schmidt1, Junfang Zhao3, 
Rebecca R. Crowther1,2,4, Lisa C. Green1,5, Rebecca L. Bricker1, Eusondia Arnett6, S. 
Eleonore Köhler7, Larry S. Schlesinger6, Kenneth D. R. Setchell3, and Joseph E. Qualls1,*

1Department of Pediatrics, University of Cincinnati College of Medicine; Division of Infectious 
Diseases, Cincinnati Children’s Hospital Medical Center. 2Immunology Graduate Program, 
University of Cincinnati. 3Department of Pediatrics, Division of Pathology and Laboratory 
Medicine, Mass Spectrometry Core, Cincinnati Children’s Hospital Medical Center. 4Medical 
Scientist Training Program, University of Cincinnati. 5Molecular, Cellular, and Biochemical 
Pharmacology Graduate Program, University of Cincinnati. 6Texas Biomedical Research Institute, 
Maastricht University, Maastricht, Netherlands. 7Department of Anatomy & Embryology, 
Maastricht University, Maastricht, Netherlands.

# These authors contributed equally to this work.

Abstract

Immunonutrition as a therapeutic approach is rapidly gaining interest in the fight against infection. 

Targeting L-arginine metabolism is intriguing, considering this amino acid is the substrate for 

antimicrobial nitric oxide production by macrophages. The importance of L-arginine during 

infection is supported by the finding that inhibiting its synthesis from its precursor L-citrulline 

blunts host defense. During the first few weeks following pulmonary mycobacterial infection, we 

found a drastic increase in L-citrulline in the lung, even though serum concentrations were 

unaltered. This correlated with increased gene expression of the L-citrulline-generating (i.e. iNOS) 

and L-citrulline-utilizing (i.e. Ass1) enzymes in key myeloid populations. Eliminating L-arginine 

synthesis from L-citrulline in myeloid cells via conditional deletion of either Ass1 or Asl resulted 

in increased Mycobacterium bovis BCG and M. tuberculosis H37Rv burden in the lungs compared 

to controls. Our data illustrate the necessity of L-citrulline metabolism for myeloid defense against 

mycobacterial infection and highlight the potential for host-directed therapy against mycobacterial 

disease targeting this nutrient and/or its metabolic pathway.
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Introduction

Mycobacterium tuberculosis exemplifies a pathogen whose global reach and increasing 

resistance to pharmacologic interventions heightens the need for novel and more efficient 

treatment options (1). Host-directed interventions show promise in theory, yet protective 

correlates and regulatory mechanisms governing the persistence of M. tuberculosis in 

patients and experimental animal models need to be elucidated. Compared to healthy 

individuals, patients with active tuberculosis (TB) have increased peripheral blood cell 

arginase activity and reduced systemic L-arginine (L-ARG) (2) – an amino acid necessary 

for multiple immune functions, including microbicidal nitric oxide (NO) production and 

robust T cell activity (3). These data correlate with an increase in arginase expression within, 

and surrounding lung granulomas observed from TB biopsies (4–6). Arginase 1 (Arg1), 

which metabolizes L-ARG to urea and L-ornithine (L-ORN), is expressed in macrophages 

following mycobacterial infection, thus limiting L-ARG-dependent anti-mycobacterial 

defenses (7, 8). As such, L-ARG supplementation, aimed at enhancing immunity against M. 
tuberculosis, has been attempted in TB patients. Yet, despite the importance of L-ARG, its 

supplementation is largely ineffective at boosting systemic L-ARG levels (9–12) and 

providing beneficial clinical outcomes (13–16).

Anti-mycobacterial NO production and T cell activity can be fueled by a related amino acid, 

L-citrulline (L-CIT) (17–20). L-CIT can be acquired from the diet or during metabolic 

processing of L-ARG (via NO synthases) or L-ORN (via ornithine carbamoyl transferase) 

(21). Also, it can be used to synthesize L-ARG, entailing the sequential activity of two 

cytosolic enzymes: argininosuccinate synthase (Ass1) and argininosuccinate lyase (Asl) 

(21). We have recently uncovered an immune-protective role of this pathway during 

infection with M. tuberculosis and M. bovis BCG, in which L-ARG synthesized from L-CIT 

bypasses arginase-mediated inhibition of NO production and benefits host defense against 

mycobacterial infection (19, 20).

In the present work, we demonstrate that over the course of M. bovis BCG infection, 

pulmonary L-CIT concentrations rise concurrently with increased iNOS, Ass1, and Asl gene 

expression in inflammatory macrophages. Utilizing innovative mouse models to selectively 

delete L-ARG synthesis from L-CIT in myeloid cells, we found diminished clearance of M. 
bovis BCG from the lungs of L-ARG synthesis-deficient mice compared to controls. Lastly, 

when challenging mice that are unable to synthesize L-ARG in myeloid cells with virulent 

M. tuberculosis, we found increased mycobacterial burden in the lungs, as well as in 

macrophages from these mice infected in vitro. These data suggest L-CIT and the L-CIT/L-

ARG metabolism pathways in myeloid cells to be integral to anti-mycobacterial host 

defense, and targeting these metabolites may prove promising as novel host-directed 

therapies.

Materials and Methods

Mice.

C57BL/6, Aslflox/flox;Lyz2cre/cre, Aslflox/flox;CD11c-cre, Aslflox/flox;Tie2-cre, and 

Ass1flox/flox;Tie2-cre mice (and cre-negative controls) were bred within the Division of 
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Veterinary Services at Cincinnati Children’s Hospital Medical Center (CCHMC). Strains 

were originally obtained from The Jackson Laboratories: C57BL/6J, 000664; B6.129S7-

Asltm1Brle/J, 018830; B6.129P2-Lyz2tm1(cre)Ifo/J, 004781; C57BL/6J-Tg(Itgax-cre,-

EGFP)4097Ach/J, 007567; B6.Cg-Tg(Tek-cre)1Ywa/J, 008863). Ass1flox/flox;Tie2-cre mice 

were a gift from S. E. Kohler (22). Mice for M. tuberculosis infections were transferred to 

the Laboratory Animal Medical Services ABSL3 facility at the University of Cincinnati 

(UC) one week prior to inoculation. All procedures were approved by the IACUC at 

CCHMC and UC.

Mycobacterium bovis BCG in vivo infection.

M. bovis bacillus Calmette-Guérin (M. bovis BCG) Pasteur strain was cultured in 7H9 

media (Sigma) plus OADC (Fisher) containing 0.05% Tween-80 (Sigma) at 37°C, shaking at 

~50 r.p.m. M. bovis BCG bacilli were washed twice with sterile PBS and passed through a 

40 μm nylon mesh strainer prior to use. M. bovis BCG concentration was determined by 

measuring absorbance at A600 and adjusted to appropriate concentrations in sterile PBS. 

Mice were anesthetized with isoflurane, and M. bovis BCG was administered via intranasal 

inoculation in 50 μL containing ~1.0 to 5.0 × 106 bacilli. Blood was collected from 

euthanized mice, and lungs and spleens were removed, weighed, and homogenized in sterile 

PBS. Homogenate dilutions were plated on 7H10 agar (Becton Dickinson) containing 

OADC and antimicrobials: polymyxin B sulfate (26 μg/mL, Sigma), trimethoprim lactate 

(20 μg/mL, Sigma), carbenicillin disodium (50 μg/mL, Sigma), and amphotericin B (2.5 

μg/mL, Sigma). Plates were incubated at 37°C for 14–21 days prior to counting. Colony 

forming units (CFU) from the left lung, or spleen (spleen CFU were determine per gram of 

tissue as half of the spleen was used for additional assays) were determined. For histology, 

alternate lobes of the lungs were inflated with 10% formalin and processed for H & E 

staining.

Mycobacterium tuberculosis in vivo infection.

M. tuberculosis H37Rv (luciferase expressing (23)) was cultured in 7H9 media plus OADC 

containing 0.05% Tween-80 at 37°C shaking ~50 r.p.m. M. tuberculosis was prepared and 

used to infect mice similar to M. bovis BCG infection described above. Mice were infected 

by an intranasal inoculation of 50 μL containing ~0.1 to 1.0 × 102 bacilli, as confirmed by 

plating on 7H11 agar (Sigma). Eight weeks following infection, lungs and spleens were 

removed from euthanized mice and homogenized in sterile PBS. Serial dilutions of the 

homogenate were plated on 7H11 agar containing OADC and antimicrobial cocktail 

described above for 7H10 agar plates. Agar plates were incubated at 37°C for >21 days prior 

to counting colonies. Viable M. tuberculosis bacilli were determined as colony forming units 

(CFU) from the left lung or spleen.

Tissue culture and M. tuberculosis in vitro infection.

Media: Complete Dulbecco’s Modified Eagles Media (C-DMEM, 10–013-CV, Cellgro, 

Corning Life Sciences) was prepared by adding bovine calf serum (SH30073.03, Thermo 

Fisher Scientific) to 10%, and penicillin / streptomycin (15140–122, Gibco, Life 

Technologies) to 1% final concentration. L-arginine-free C-DMEM lacking phenol red 

(D9443 Sigma) was prepared by adding dialyzed fetal bovine serum (35–071-CV, Cellgro, 
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Corning Life Sciences) to 10% final concentration plus L-glutamine (25030–081, Life 

Technologies), L-lysine-HCl (L8662, Sigma), L-leucine (L8912, Sigma), sodium pyruvate 

(11360–070, Life Technologies), and D-glucose (G8796, Sigma) to concentrations found in 

C-DMEM. L-arginine (A8094, Sigma) and L-citrulline (C7629, Sigma) were prepared at a 

stock concentration of 100 mM in sterile water. L-arginine and L-citrulline stocks were 

added to L-arginine-free C-DMEM to concentrations noted in the text. Peritoneal-derived 

MΦs (PDMs): Mice were administered 1 ml sterile thioglycollate (R064710, Fischer 

Scientific) by intraperitoneal injection. After 4 days, peritoneal cells were collected by 

lavage. Following red cell lysis, cells were plated at 2×105 per well on a white 96-well tissue 

culture plate (353296, Fisher Scientific) in C-DMEM. C-DMEM and non-adherent cells 

were aspirated after overnight incubation, and fresh L-arginine-free C-DMEM was added 

with L-arginine and/or L-citrulline. M. tuberculosis H37Rv was prepared as above, and 

adjusted to co-culture with macrophages at a MOI = 0.1. After 72 hours, mycobacterial 

viability was determined by analyzing relative luminescence units (RLUs) using a DTX-880 

Mutltimode plate reader and detection software (Beckman Coulter). Nitric oxide production 

was determined by measuring NO2
- by Griess assay.

Griess Assay.

Equal volumes of cell culture supernatant and Griess reagent (0.5 g sulfanilamide (S9251, 

Sigma), 0.05 g N-(1-Naphthyl)ethylenediamine dihydrochloride (33461, Sigma), and 1.17 

mL phosphoric acid per 50 mL water) were mixed in a 96 well plate. Sodium nitrite 

(237213, Sigma) was used as a standard. Absorbance values were measured immediately at 

A492 using a DTX-880 Mutltimode plate reader and detection software (Beckman Coulter).

Liquid chromatography tandem mass spectrometry (LC-MS/MS).

Amino acid analytes were extracted from serum and lung homogenate samples by protein 

precipitation followed by centrifugation. The stable-isotope labeled amino acids were added 

to the precipitation reagent and used as the internal standards. Amino acid analytes were 

determined and measured by LC-MS/MS with multiple reaction monitoring (MRM). All 

samples were analyzed with the LC20AD HPLC system (Shimadzu) coupled to the SCIEX 

QTRAP 5500 mass spectrometer (Sciex, Concord, Canada). Chromatographic separation of 

amino acid analytes was achieved on a 100 × 2.1 mm Atlantis HILIC column (Waters). A 

gradient mobile phase was used with a binary solvent system, which changed from 80% 

mobile phase B (95% acetonitrile/5% water/0.1% formic acid/1.5 mM ammonium formate) 

to 35% mobile phase A (water/0.1% formic acid/1.5 mM ammonium formate) at a flow rate 

of 0.5 mL/minute. The total run time was 8 minutes. The optimal signal for the analytes 

were achieved in positive ion mode with the use of the following instrument settings: 

Ionspray voltage (IS): 5000v; Source temperature (TEM): 550°C; Curtain Gas (CUR): 35 

psi; Ion source gas 1 (GS1): 60 psi and Ion source gas 2 (GS2): 50 psi. Data acquisition on 

the mass spectrometer was controlled by Analyst 1.6.2 software (Sciex, Concord, Canada). 

Data processing and quantification were performed with MultiQuant software version 3.0 

(Sciex, Concord, Canada).
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RNA analysis.

Lungs from euthanized mice were removed, minced, and digested in C-DMEM 

supplemented with 1 mg/ml collagenase (C7657, Sigma) and 0.5 mg/ml deoxyribonuclease I 

(LS002139, Worthington Biochemical) for 1 hour at 37°C. Lung digests were processed into 

a single cell suspension, were blocked with 5% normal mouse serum and prepared for 

magnetic sorting with anti-CD11c beads (130–052-001, Miltenyi BioTec), followed by anti-

CD11b beads (130–049-601, Miltenyi BioTec) in indicated samples. In some experiments, 

lung digests were subjected to fluorescence activated cell sorting (FACS) using antibodies 

against CD11b (clone M1/70. Invitrogen), CD11c (clone N418, eBiosciences), CD45 (clone 

104, Invitrogen), and a live/dead stain (65–0865-14, Invitrogen). Sorted cells were lysed in 

Trizol (Fisher Scientific) for RNA analysis and prepared for RNA purification following the 

manufacturer’s protocol. RNA was converted to cDNA using SuperScript II reverse 

transcriptase (Invitrogen) with a mixture of oligo dT and random primers (Invitrogen). 

cDNA was analyzed by SybrGreen qRT-PCR (Applied Biosystems). Primers: iNOS (F: 5` 

AGCTCCACAAGCTGGCTCGCTTT 3`, R: 5` TTGTTGCTGAACTTCCAGTCAT 3`; 

Ass1 (F: 5` CTCGCAGACAGGTGGAGATT 3`, R: 5` GCCAGTGAATAGCAGGTGAG 

3`); Asl (F: 5` ACTCTTGGAGGTGCAGAAGC 3`, R: 5` AGTAGCTCCCGGTCCACAC 

3`); Arg1 (F: 5` TCGAGGAGGGGTAGAGAAAG 3`, R: 5` 

GACATCAACAAAGGCCAGGT 3`), Arg2 (F: 5` GTGTCACCATGGGAGGAGACCA 3`, 

R: 5` TAATGTCCGCATGAGCATCAACC 3`), Gapdh (F: 5` 

GGTGCTGAGTATGTCGTGGA 3`, R: 5` CGGAGATGATGACCCTTTTG 3`).

Statistics.

Error bars represent the standard deviation (SD). Box and whisker plots display the 

interquartile (box) and maximal (whisker) range of data stemming from the median (line). 

Data were analyzed for statistical significance by Student’s t test or 2-way ANOVA as 

appropriate. Indicators of statistical significance and the test utilized are found within the 

figure legends.

Results

L-CIT fluctuation during mycobacterial infection

Amino acid availability and regulation during mycobacterial disease have been largely 

recognized in the context of L-ARG metabolism by opposing enzymatic pathways in 

myeloid cells: iNOS and Arg1 (3). Low plasma L-ARG correlates with elevated arginase 

activity in TB patients as compared to healthy controls (2). Concentrations of amino acids in 

infected lungs, however, have not been investigated. We first sought to establish how 

attenuated mycobacterial infection impacted relevant amino acid concentrations (Fig 1A). 

Following intranasal M. bovis BCG inoculation, mycobacterial burden steadily declined 2 

weeks post-infection, and remained low after 16 weeks (Fig. 1B). Quantification of L-ARG, 

L-CIT, and L-ORN in the serum revealed no significant changes compared to uninfected (i.e. 

week 0) controls (Fig 1C). Relative amounts of these amino acids at the site of infection, 

however, were quite different from those in systemic circulation. Lung L-ARG and L-ORN 

increased moderately over the course of infection, whereas L-CIT concentrations sharply 

increased > 4.5-fold by 6 weeks post-infection (Fig 1D). L-CIT decreased between 6 and 16 
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weeks post-infection, yet its concentration at 16 weeks was still elevated relative to 

uninfected mice.

These data demonstrate differences between systemic and lung amino acids throughout 

infection. Further investigation and development of techniques to differentiate between 

intracellular and extracellular amino acids will be necessary to determine availability, 

localization, and transport of amino acids and other metabolites within the infected lung. 

Nevertheless, these analyses show dramatic fluctuation in L-CIT, leading us to question 

which cells involved in host defense might be responsible for the production and utilization 

of this amino acid.

Lung myeloid populations increase gene expression of L-CIT generating and utilizing 
enzymes

Tissue-resident alveolar macrophages and recruited macrophages within the lung harbor 

mycobacteria and have been observed to express iNOS (24, 25), yet less is known about L-

CIT metabolism within these cells. To investigate this, we quantified iNOS, Ass1, and Asl 

expression in myeloid populations from M. bovis BCG-infected lungs at 2, 6, and 16 weeks 

post-infection (Fig 2A). Cells were magnetically sorted based on integrin expression: CD11c
+ – predominantly alveolar macrophages, dendritic cells (DCs), and other macrophage 

populations; CD11cnegCD11b+ – recruited monocytes, neutrophils and other granulocytes; 

CD11cnegCD11bneg – non-myeloid cells (Fig 2A, B). When analyzing gene expression from 

these populations, we found iNOS and Ass1 were induced in CD11c+ and CD11cnegCD11b+ 

cells (Fig 2C). Both iNOS and Ass1 were increased in CD11c+ cells relative to 

CD11cnegCD11b+ cells, suggesting a greater role of L-ARG synthesis in this population. Asl 

remained constant in all populations, consistent with descriptions of Ass1 as the rate-

limiting step of L-ARG synthesis from L-CIT (26).

In order to confirm our findings from the magnetically sorted lung cells, and to further 

separate the CD11c+ population into CD11b+ and CD11bneg populations, we next turned to 

fluorescence activated cell sorting (FACS). Mice were infected with M. bovis BCG, and 

lungs were digested as in Fig 2A. Lung cells were sorted from uninfected mice, and 2 and 6 

weeks post M. bovis BCG infection (Fig 2D). Relative frequencies of the myeloid cells with 

different CD11c and CD11b expression were determined from CD45+ hematopoietic cells 

(Fig. 2E). Following gene expression profiling, we confirmed that CD11c+ lung cells 

primarily accounted for increased iNOS and Ass1 gene expression, and these cells also 

expressed CD11b – previously reported as inflammatory macrophages (27). Interestingly, 

this population also displayed an increase in Asl following infection, which was significantly 

higher than that found in CD11cnegCD11b+ or CD11cnegCD11bneg cells.

Considering the known role for arginase in mycobacterial infection (4, 7), we analyzed 

which population(s) of myeloid cells were involved in L-ARG metabolism to urea and L-

ORN. While type I arginase (Arg1, cytosolic) was relatively low between 6–16 weeks post 

infection and was broadly found in CD11c+ and CD11b+ cells, type II arginase (Arg2, 

mitochondrial) was mainly found within the CD11cnegCD11b+ population, perhaps due to 

the increased expression of this arginase in neutrophils (Supplemental Fig 1A, B). It is 
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possible that these cells are responsible for the increase in lung L-ORN found between 6 and 

16 weeks post-mycobacterial infection (Fig 1D).

Taken together, our data implicate CD11c+CD11b+ inflammatory macrophages as the 

predominant L-ARG synthesizing cells present in the mycobacteria-infected lung (Fig 2, 

Supplemental Fig 1). Considering the drastic increase in the frequency of these cells 

following infection, it is still unclear if these are induced to express iNOS/Ass1/Asl 

following recruitment, if they are primed prior to lung migration, or a combination of the 

two. Regardless, myeloid cells doubly expressing the integrins CD11c and CD11b increase 

gene expression of both L-ARG utilizing and synthesizing enzymes, and we were curious if 

host defense against mycobacteria required L-ARG synthesis from this cell population.

Myeloid L-ARG synthesis enhances host defense against mycobacterial infection in vivo

Our data suggest that L-CIT is metabolized by myeloid cells for L-ARG synthesis during 

mycobacterial infection. Whether L-ARG synthesis from L-CIT in these cells is necessary 

for host defense, however, is unknown. We previously observed a requirement for Ass1 in 

bone marrow-derived cells to limit mycobacterial burden in mouse lungs (19), yet the 

responsible cell population(s) was not determined. Systemic Ass1 or Asl deletion causes 

liver dysfunction and hyperammonemia, resulting in early lethality (28–31). Here, we 

utilized tissue-specific models of Asl and Ass1 deficiency to probe the necessity of L-CIT 

metabolism for anti-mycobacterial defense in myeloid populations of interest by crossing 

Aslflox/flox or Ass1flox/flox mice to promoter-driven Cre recombinases (Fig 3A, Supplemental 

Fig 2A).

Aslflox/flox mice (28) were crossed with Tie2-cre expressing mice to eliminate Asl 

expression in hematopoietic and endothelial cells. We have previously shown that 

macrophages from Aslflox/flox;Tie2-cre mice are impaired at blocking mycobacteria growth 

in vitro when cultured in L-ARG-free media supplemented with L-CIT (20). These and 

control mice were infected with M. bovis BCG in vivo. As expected, Asl was reduced in 

myeloid populations from Aslflox/flox;Tie2-cre mice compared to controls (Fig 3B). 

Mycobacterial burden in the lung was significantly higher in Tie2-cre-expressing mice 

compared to controls (Fig 3C), confirming the necessity of Asl in regulating mycobacterial 

infection.

In order to dissect the contribution of L-CIT metabolism in myeloid cells during 

mycobacterial infection, Aslflox/flox;Lyz2cre/cre and Aslflox/flox;CD11c-cre mice were 

generated (Fig 3A). Asl was reduced in the CD11c+ population for both mouse strains, and 

within the CD11cnegCD11b+ population from Aslflox/flox;Lyz2cre/cre mice (Fig 3B). 

Mycobacterial growth from the lungs revealed that both Aslflox/flox;Lyz2cre/cre and 

Aslflox/flox;CD11c-cre mice contained more mycobacteria compared to controls (2.5-fold 

and 2.0-fold, respectively, Fig 3C). Differences in splenic CFUs were less dramatic in each 

of the Aslflox/flox models (Fig 3D). To exclude a possible role for L-argininosuccinate, the 

intermediate of L-ARG synthesis from L-CIT, in inhibiting immune function, we crossed 

Ass1flox/flox (22) with Tie2- and Lyz2-cre expressing mice. M. bovis BCG-infected 

Ass1flox/flox;Tie2-cre, and Ass1flox/flox;Lyz2cre/cre mice displayed an increase in 

mycobacterial load in the lung and spleen as compared to controls (Supplemental Fig 2), 

Lange et al. Page 7

J Immunol. Author manuscript; available in PMC 2020 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suggesting both components of L-ARG synthesis – L-CIT to L-argininosuccinate by Ass1, 

and L-argininosuccinate to L-ARG by Asl – are integral to host defense. When analyzing 

lung pathology from M. bovis BCG-infected mice, we also observed increased inflammation 

in mice lacking either Asl or Ass1 in hematopoietic or myeloid lineages as compared to 

infected controls (Supplemental Fig 3).

L-ARG synthesis from L-CIT in myeloid cells enhances host defense during challenge with 
virulent M. tuberculosis infection in vitro and in vivo

We next questioned the necessity of myeloid L-ARG synthesis in controlling virulent M. 
tuberculosis infection. Thioglycollate-elicited peritoneal-derived macrophages (PDMs) were 

collected from either Aslflox/flox;Lyz2cre/cre, Ass1flox/flox;Lyz2cre/cre, or control WT mice, 

stimulated with IFN-γ, and infected with virulent M. tuberculosis H37Rv containing a 

luciferase construct, enabling detection of viable mycobacteria by analyzing relative 

luminescence units (RLUs) across time / stimulation conditions (23, 32). Similar to our 

previous work, we found that macrophages required either L-CIT or L-ARG to effectively 

decrease mycobacterial viability (Fig 4A), and this correlated with an increase in NO 

production (Fig 4B). Eliminating L-ARG synthesis from L-CIT by ablation of either Asl or 

Ass1 reduced macrophage NO production and mycobacterial control when cultured in either 

L-ARG or L-CIT (Fig 4A, B). Still, this was most pronounced in culture conditions 

containing only L-CIT, where macrophages lose nearly all NO production and mycobacterial 

viability is unaltered compared to when neither L-ARG nor L-CIT are present in culture 

media (Fig 4A, B, left panels). As such, we conclude that L-ARG synthesis is necessary for 

optimal control of virulent M. tuberculosis in vitro.

We next addressed the necessity of myeloid L-ARG synthesis for host defense against 

virulent M. tuberculosis in vivo. Aslflox/flox;Lyz2cre/cre, Ass1flox/flox;Lyz2cre/cre, and 

Lyz2cre/cre controls were infected with M. tuberculosis H37Rv by intranasal inoculation. 

Following eight weeks of infection, mice were euthanized and CFUs were determined from 

the lungs and spleen. In agreement with data obtained during M. bovis BCG infection, mice 

lacking myeloid Asl or Ass1 failed to control M. tuberculosis growth in the lung (Fig 4C). 

Therefore, L-ARG synthesis in macrophages and possibly other myeloid cells is essential for 

optimal host defense against M. tuberculosis in vitro and in vivo.

Discussion

We find that inflammatory macrophage (and other myeloid cell) synthesis of L-ARG from 

L-CIT is activated following mycobacterial infection (Fig 2), and elimination of this 

pathway in myeloid cells (using myeloid-conditional knockouts of As1 and Ass1) 

significantly reduces anti-mycobacterial host defense in vitro and in vivo (Fig 3, 4). 

Furthermore, eliminating Asl or Ass1 from the myeloid compartment reduced host defense 

to the same degree as eliminating these enzymes from the entire hematopoietic/endothelial 

compartment (using Tie2-driven conditional deletion) when analyzing changes in M. bovis 
BCG lung CFUs between these mouse strains (Fig 3, Supplemental Fig. 2). Still, this does 

not exclude a contribution of L-ARG synthesis in other hematopoietic immune cells (or non-

immune cells) during mycobacterial infection. As mentioned, using Aslflox/flox;Tie2cre mice 
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will delete Asl in endothelial cells, and unfortunately no other “hematopoietic” conditional 

knockouts are available that are devoid of endothelial involvement (33). Yet if L-ARG 

synthesis is necessary in other cells, its loss in non-myeloid populations does not alter 

mycobacterial burden in the lung (i.e. comparing deletion by Lyz2cre/cre to Tie2cre) at the 

eight week end-point of these studies. Regardless, with the known importance of L-ARG 

synthesis in endothelial cells (21, 22, 34, 35) and T cells (17, 18, 36–38), further 

investigation into how L-CIT metabolism affect these and other cell populations during 

infection warrants investigation. Considering the fluctuation of L-CIT in the lung (Fig 1) and 

increase in inflammatory macrophages with elevated gene expression for enzymes that 

synthesize (i.e. iNOS) and utilize (i.e. Ass1) L-CIT (Fig 2), our data reveal an essential role 

for L-ARG synthesis in myeloid cells during mycobacterial infection.

Focusing on the myeloid compartment, we expect that lung inflammatory macrophages 

drive L-CIT-mediated host defense. DCs and granulocytes may also contribute considering 

they also cannot synthesize L-ARG from L-CIT in Aslflox/flox;CD11c-cre and 

Aslflox/flox;Lyz2cre/cre (or Ass1flox/flox;Lyz2cre/cre) mice, respectively. Infected pulmonary 

DCs are vital for CD4+ and CD8+ T cell activation and recruitment to the lung (39). Their 

metabolic programming, however, is not yet understood. We are currently addressing the 

contribution of L-ARG synthesis in DCs, especially in the context of initiating the adaptive 

response via interactions with naïve T cells. Additionally, whether L-CIT is converted to L-

ARG in neutrophils has yet to be investigated. Human neutrophils and granulocytic myeloid-

derived suppressor cells are known to constitutively express and secrete arginase (40) and 

may function as additional mediators of L-ARG sequestration. Hematopoietic-derived 

adaptive immune cells may also require L-ARG synthesis during infection. Yet, eliminating 

L-ARG synthesis solely in CD4+ and CD8+ T cells (using CD4-cre conditional knockouts) 

does not alter mycobacterial burden (18). Collectively, these data show that L-CIT 

metabolism is necessary within myeloid cells to drive host defense against mycobacterial 

infection.

We anticipate that active research into metabolic pathways involved during infectious 

disease and other pathologies will greatly expand our understanding of cellular interactions 

within distinct tissues. Our data in Figure 1, showing significant increases in amino acids in 

the lung without substantial changes in serum (Fig 1C, D), highlight the fact that relying 

solely on systemic metabolic panels is not sufficient to fully appreciate cellular metabolism 

within specific tissue microenvironments, such as the lung during pulmonary mycobacterial 

infection. However, our data leave several aspects of metabolism within these tissue 

microenvironments to be explored. For example, our data examine amino acid changes 

within the whole tissue at a given time point and do not provide an insight into the specific 

localization and availability of these amino acids within the infectious microenvironment. To 

address questions such as these, a combination of metabolic analyses is necessary. The study 

of metabolic flux within tissue microenvironments can be addressed using technology 

including matrix-assisted laser desorption and ionization-mass spectrometry imaging 

(MALDI-MSI), where histology sections can be examined for metabolite availability and 

overlaid with immunohistochemical staining to understand the localization of these 

metabolites to sites of pathology. One study, by Marakalala et al., used mass spectrometry 

analysis to profile human M. tuberculosis granuloma sections for differentially distributed 
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proteins followed by proteome analysis and MALDI-MSI to identify inflammatory markers 

in distinct regions of granulomas (41). Further, the use of targeted approaches, including 

those visualizing inflammatory nodules in experimental mycobacterial infections, can 

provide insight into the metabolic flux within tissue microenvironments. For example, by 

using a fluorescent glucose analog, such as 2-deoxy-2-[18 F]-fluoro-D glucose (FDG), 

paired with positron emission tomography (PET), glucose utilization within tissue 

microenvironments can be determined (42). In addition, FDG and PET have been used to 

identify active granulomas and track treatment efficacy in TB patients (43–45). In the 

context of L-ARG and L-CIT metabolism, these technologies can be used to understand 

where these amino acids are localizing within an infected tissue and what metabolic 

substrates are utilized in tandem with L-ARG and L-CIT. When combined with techniques 

to understand metabolite utilization, such as transcriptomics, epigenomics, and proteomics 

approaches, a more complete picture can be obtained of how cellular metabolism occurs 

during infection and how it impacts distinct pathologies.

Clearly the loss of L-ARG synthesis results in decreased host defense to mycobacterial 

infection. However, whether L-ARG synthesis can be targeted to enhance host defense has 

yet to be determined. We are currently addressing how supplementing mice with L-CIT 

increases host defense as our preliminary data show decreased lung M. bovis BCG CFUs in 

mice treated with L-CIT compared to similarly infected controls (data not shown). Previous 

work supplementing TB patients with L-ARG has been variable, but largely unsuccessful, 

potentially due in part to low bioavailability (13–16, 46, 47). L-CIT supplementation, on the 

other hand, has been observed to augment circulating L-CIT and L-ARG in mouse and 

human subjects (9, 48). Although the involvement of L-ARG synthesis in TB patients is 

unknown, ASS1 is induced in human macrophages following inflammatory stimuli (49), 

suggesting L-ARG synthesis may be involved during immune/inflammatory responses in 

higher mammals. Furthermore, deterioration of individuals suffering from urea cycle 

deficiencies (including ASS1 and ASL deficiencies) is commonly associated with infection 

(50, 51), implying roles for these enzymes in host defense as well as nitrogen elimination. 

Therefore, we hypothesize that L-CIT supplementation may boost host defense to 

mycobacterial infection, and we are actively investigating the mechanisms involved during 

supplementation. Still, why supplement with L-CIT when the end product of L-ARG is the 

goal? Despite L-ARG’s potential as an immune-promoting agent (e.g. substrate for NO 

production), exogenous L-ARG may prove ineffective due to its low bioavailability. Oral L-

ARG is predominantly removed from circulation by hepatocytes (47, 52). Additionally, 

arginase activity in circulating peripheral blood cells – which is increased in TB patients – 

may further decrease systemic L-ARG in human disease (2). Arg1-expressing macrophages 

and granulocytes at the site of infection may deplete the extracellular milieu of L-ARG (5). 

And unfortunately, L-ARG doses large enough to consistently increase circulating L-ARG 

levels cause adverse gastrointestinal side effects (46, 53), eliminating it as an ideal long-term 

nutritional supplement. Conversely, L-CIT is safe, better tolerated in humans, and already in 

use to treat other disorders (11, 12, 47, 54, 55). We have previously demonstrated that it 

provides an advantage to iNOS-mediated defense in macrophages by bypassing downstream 

metabolism by Arg1 (20). Here, we suggest L-CIT as an adjunctive to augment current TB 

therapies. TB treatment currently relies on extensive combinations of antibiotics, however 
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many of these chemotherapies function only when the bacteria are metabolically active (56). 

Enhancement of immune function via L-CIT supplementation in conjunction with antibiotic 

treatment may provide the host with a faster, stronger response to assist in mycobacterial 

eradication. Future studies analyzing suitable L-CIT dosing and the efficacy of L-CIT 

supplementation for the treatment of M. tuberculosis with and without antibiotic 

intervention will provide additional insight into how nutritional supplementation might 

translate as a therapy to treat TB.

In conclusion, we find that mycobacterial infection induces a significant increase in lung L-

CIT, and L-ARG synthesis from L-CIT by myeloid cells is necessary to combat 

mycobacteria infection in vitro and in vivo. Furthermore, we expect targeting this pathway 

by L-CIT supplementation or other targeted approaches to increase L-ARG synthesis will 

enhance mycobacterial control. Additionally, future studies should consider targeting L-

ARG synthesis to enhance host defense to virulent mycobacterial challenge as well as 

potentially augmenting vaccination strategies. If these experiments prove successful, they 

will strengthen L-CIT as a potential nutritional therapy to reduce the burden of M. 
tuberculosis in patient populations.
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Figure 1. Metabolites of L-ARG metabolism in the lung and serum following pulmonary M. bovis 
BCG infection.
(A) Male and female C57BL/6 mice were infected with M. bovis BCG via intranasal 

inoculation. (B) At 2, 6, and 16 weeks post-infection, CFUs were determined from lung 

homogenates (N=16, 3 experiments combined). (C, D) Concentrations of L-ARG, L-CIT, 

and L-ORN in the serum (C) and lung homogenates (relative to lung mass) (D) were 

determined by LC-MS/MS. (N=12, 2 experiments combined). Data are the individual CFUs 

or amino acid concentrations (Male = blue, Female = pink), with the mean represented by 

black symbols. Error bars, SD. *p<0.05, **p<0.01, ***p<0.001 by Student’s t test 

comparing indicated data to uninfected mice (i.e. 0 weeks).
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Figure 2. L-ARG synthesis machinery in lung myeloid cells following M. bovis BCG infection.
(A) Male and female C57BL/6 mice were infected with M. bovis BCG via intranasal 

inoculation. At 2, 6, and 16 weeks post-infection and from uninfected mice (0 weeks), lung 

cells were separated by magnetic bead cell sorting (MACS, B and C) or fluorescence 

activated cell sorting (FACS, D, E, and F). (B) MACS sorted cells were evaluated by 

microscopy (images shown are from 6 weeks post infection, scale: line = 30 μm). (C) Gene 

expression analysis from sorted cells by qRT-PCR (N≥11, 3 experiments combined). Data 

are the individual gene expression values normalized to Gapdh (Male = blue, Female = 

pink), with the mean represented by black symbols. Error bars, SD. *p<0.05, ***p<0.001 

(red) comparing the indicated population to CD11cnegCD11bneg cells by 2-way ANOVA; 
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**p<0.01, ***p<0.001 (black) comparing CD11c+ to CD11cnegCD11b+ cells by 2-way 

ANOVA. (D) Sample flow cytometry histograms from lung digests prior to sorting. (E) Cells 

from digested lungs were FACS sorted based on expression of CD11c and CD11b, and their 

relative frequency within hematopoietic cells (i.e. CD45+) are shown from uninfected, 2 and 

6 weeks post M. bovis BCG infection. (F) Gene expression analysis from sorted cells by 

qRT-PCR (N=4, 1 experiment). Data are the individual gene expression values normalized to 

Gapdh (each dot represents pooled lung homogenates from 2 mice; Male = blue, Female = 

pink), with the mean represented by black symbols. Error bars, SD. ***p<0.001 (red) 

comparing gene expression from CD11c+CD11b+ cells to each other population by 2-way 

ANOVA; *p<0.05 (black) comparing gene expression from CD11c+CD11b+ cells to 

CD11cnegCD11b+ and CD11cnegCD11bneg by 2-way ANOVA.
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Figure 3. Necessity of myeloid-specific L-ARG synthesis during host defense to M. bovis BCG.
(A) Male and female mice were infected with M. bovis BCG via intranasal inoculation. 

Eight weeks post-infection, mice were euthanized and tissues were analyzed by qRT-PCR or 

CFU enumeration. (B) Deletion of Asl was determined by qRT-PCR in the indicated 

populations of lung cells separated by MACS as described in Figure 2 (N≥4). Data are 

presented as box and whisker plots of the normalized Asl expression, relative to WT values 

in each cell population. (C, D) Lungs (N≥9) and spleens (N≥11) were homogenized and 

plated for CFUs. Data are presented as a scatter plot of individual CFU values with the line 
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representing the mean. Error bars, SD. Data are combined from at least two experiments. *p 

< 0.05, **p < 0.01, ***p < 0.001 by Student’s t test.
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Figure 4. Myeloid-specific L-ARG synthesis is necessary for host defense against virulent M. 
tuberculosis.
(A and B) Thioglycollate-elicited peritoneal-derived macrophages (PDMs) collected from 

As1flox/flox;Lyz2cre/cre, Ass1flox/flox;Lyz2cre/cre, or control mice (N≥8), cultured in titrating 

L-CIT or L-ARG, were stimulated with IFN-γ and infected with M. tuberculosis H37Rv. M. 
tuberculosis viability was determined by RLU at 72 hours post-infection (A). Data are the 

mean percent RLUs (RLUs from cultures without L-CIT or L-ARG were set to 100%). 

Nitric oxide production was determined by measuring NO2
- at 72 hours post infection (B). 

For (A) and (B), the y-axis intersects the x-axis at “0”. (C) Male and female 
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As1flox/flox;Lyz2cre/cre (N=10), Ass1flox/flox;Lyz2cre/cre (N=5), or Lyz2cre/cre (N=5) control 

mice were infected with M. tuberculosis H37Rv via intranasal inoculation. Eight weeks post-

infection, mice were euthanized and the lung and spleen were analyzed by CFU 

enumeration. Data are presented as a scatter plot of individual CFU values with the line 

representing the mean. Error bars, SD. Data are combined from at least two experiments (A, 

B) or are from one of two independent experiments (C). ***p < 0.001 comparing either 

As1flox/flox;Lyz2cre/cre or Ass1flox/flox;Lyz2cre/cre to WT by 2-way ANOVA (A and B); **p < 

0.01, comparing indicated data to Lyz2cre/cre WT controls by Student’s t test (C).table
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