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ABSTRACT

Mycobacterium tuberculosis (Mtb) is a bacterium that exclusively resides in human hosts
and remains a dominant cause of morbidity and mortality among infectious diseases worldwide.
Host protection against Mtb infection is dependent on the function of immunity-related GTPase
clade M (IRGM) proteins. Polymorphisms in human IRGM associate with altered susceptibility
to mycobacterial disease, and human IRGM promotes the delivery of Mtb into degradative
autolysosomes. Among the three murine IRGM orthologs, Irgml has been singled out as
essential for host protection during Mtb infections in cultured macrophages and in vivo.
However, whether the paralogous murine Irgm genes, Irgm2 and Irgm3, play roles in host
defense against Mtb or exhibit functional relationships with Irgml during Mtb infection remains
undetermined. Here, we report that Irgml” mice are indeed acutely susceptible to aerosol
infection with Mtb, yet the additional deletion of the paralogous Irgm3 gene restores protective
immunity to Mtb infections in Irgml-deficient animals. Mice lacking all three Irgm genes
(panlrgm™) are characterized by shifted lung cytokine profiles at 4 and 24 weeks post infection,
but control disease until the very late stages of the infection, when panlrgm™ mice display
increased mortality compared to wild type mice. Collectively, our data demonstrate that
disruptions in the balance between Irgm isoforms is more detrimental to the Mtb-infected host
than total loss of Irgm-mediated host defense, a concept that also needs to be considered in the

context of human Mtb susceptibility linked to IRGM polymorphisms.
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INTRODUCTION

Interest in cell-autonomous immune mechanisms that act downstream of interferon (IFN)
signaling led to the discovery of four IFN responsive families of dynamin-like GTPase proteins
(1). Among these, the immunity-related GTPases (IRGs) have been implicated in host resistance
to many intracellular pathogens, including Toxoplasma gondii, Listeria monocytogenes,
Mycobacterium tuberculosis (Mtb), Salmonella typhimurium, and Chlamydia trachomatis in
mouse models of infection (2). C57BL/6 mice possess 21 IRG genes, which are divided into two
sub-classes (“GMS” or “GKS”) based on the amino acid sequence encoded in the G1 motif of
their N-terminal GTP-binding domains (3). The genome of C57BL/6 mice contains three GMS
genes (Irgml, Irgm2, and Irgm3). By contrast, through a series of fascinating evolutionary
events, IRG genes have mostly been lost from the human genome, leaving IRGM as the only
known homologue of the murine GMS genes. It is expressed as five different splice variants
(IRGMa-e) (3). Despite its high degree of similarity, IRGM was initially presumed to be a
pseudogene due to its truncated GTP-binding domain and lack of IFN-dependent expression (4).
However, subsequent studies have identified protective functions for IRGM in autoimmunity or
immune responses to infection via its intersection with the autophagy pathway (5-9). What
factors have driven the differential expansion and deletion of IRG genes between mice and
humans, and what the relative fitness costs or benefits of retaining or losing the IRG system
remain intriguing questions (10). Studies that expand our understanding of how the IRG system
functions in mice during infection with diverse pathogens simultaneously offer useful points of
comparison for examining the function of IRGM in humans.

Mtb is a facultative intracellular bacterium that causes the death of ~1.4 million people

worldwide annually (11). Mtb has co-evolved with humans for thousands of years and is adept at
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manipulating the immune responses of macrophages, its primary host cell niche (12, 13).
Multiple studies have proposed that Irgml is important for host protection during mycobacterial
infection. It was previously shown that mice lacking Irgml exhibit extensive lung damage
associated with large lesions, are unable to control Mtb burden, and rapidly succumb to aerosol
infection (14). Similarly, Irgm1™ mice intravenously infected with either Mtb or Mycobacterium
avium survive through the acute stage of infection but cannot successfully control bacterial
growth and die by ~8-16 weeks post-infection (14, 15). The human ortholog, IRGM, has also
been linked to control of mycobacterial infection. Various polymorphisms in IRGM are
associated with increased or decreased risk of active pulmonary TB; however, these associations
may be host population- and bacterial strain-dependent (16-21). Interestingly, in a cohort of the
Han population of Hubei Province, China, there was a direct relationship between a variant
haplotype (-1208A/-1161C/-947T) that decreased transcriptional activity of the IRGM
promoter, reduced IRGM expression in patient PMBCs, and increased risk of pulmonary TB
disease (19). Conversely, a haplotype (-1208A/-1161C/-947C) that increases |IRGM
transcription was associated with reduced TB disease risk in two Chinese cohorts (17, 19).
Proposed explanations for the requirement of Irgml/IRGM during mycobacterial infection
include promotion of optimal macrophage phagolysosome function via autophagy, or prevention
of IFNy-dependent death of T cells that results in severe lymphopenia (5, 14, 15, 22).
Observations across studies that examined mice with additional Irgm deficiencies
indicate that the three genes (Irgmil, Irgm2, and Irgm3) have non-redundant functions and
complex inter-regulatory relationships, as evidenced by mice displaying differential
susceptibilities to infection with various intracellular pathogens depending on which Irgm genes

are inactivated (1). For example, Irgml” mice exhibit dysregulated host protection during
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85 infection with S typhimurium, but this phenotype can be partially or entirely countered when
86  mice are deficient in both Irgml and Irgm3 (Irgm1/3™) (23). Mice infected with T. gondii or C.
87  trachomatis on the other hand require Irgm3 expression for host protection (24). Although Irgm-
88 deficient mice are universally susceptible to T. gondii, Irgm2 and Irgm1/3 have differential roles
89 in the cell-autonomous response to infection, regulating the recruitment of distinct effectors to
90 the parasitophorous vacuole (2, 25). However, whether Irgm2 and Irgm3 exhibit functional
91 interactions with Irgml that significantly influence the host response during mycobacterial
92 infection is not yet established. In this work, we investigated if mice deficient in both Irgml and
93  Irgm3, or the full repertoire of IRGM proteins, exhibit differences in disease progression during
94  Mtb infection. We show that mice deficient in both Irgml and Irgm3 are not susceptible to Mtb,
95 exhibiting a rescue phenotype compared to Irgml-deficient mice. We also demonstrate that
96 despite significant changes in the levels of certain disease associated cytokines in their lungs,
97  mice deficient in all three IRGM proteins show the same level of host protection as wild type
98  mice until almost one year following infection. Therefore, the increased susceptibility of Irgm1”
99 mice to acute pulmonary Mtb infections cannot be satisfyingly explained by a defect in cell-

100  autonomous immunity, as proposed previously, but rather results from disrupted inter-regulatory

101  relationships between functionally divergent Irgmisoforms.

102

103
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104 RESULTS

105  Irgm1” mice are acutely susceptibleto infection with Mtb.

106 To investigate the significance of IRGM proteins in host protection during Mtb infection,
107 we first sought to recapitulate the established observation that Irgml” mice are highly
108  susceptible to Mtb (14, 15). WT and Irgml1™ mice were infected with a low dose of Mtb strain
109  H37Rv by the aerosol route. IFNy receptor knockout (IFNyR") mice were included as a control
110 to represent the complete loss of downstream IFNy signaling. Consistent with the results of
111  previously published studies, the bacterial burden in Irgm1” lungs was significantly higher (~1.2
112 logio CFUs, P < 0.01) than WT at 5 weeks post-infection (Fig. 1A). Similarly, the bacterial
113 burden in the spleens of Irgm1” mice was increased (~1 logi, CFUs, P < 0.01) relative to WT
114  (Fig. 1B). In a separate survival experiment, mice were infected with a low dose of Mtb by the
115  aerosol route. All Irgm1” mice and IFNyR” mice succumbed to Mtb infection by 6 weeks post-
116  infection, while WT mice survived beyond 150 days post-infection (Fig. 1C). Taken together,
117 these data corroborate previously published results and indicate that mice lacking Irgml are
118 acutely susceptible to Mtb, exhibiting uncontrolled bacterial burden and early death (14, 15).

119

120 Host protection against Mtbisrestored in mice deficient in both Irgm1 and Irgm3.

121 While Irgml-deficient mice are highly susceptible to Mtb infection, the role of the two
122 remaining IRGM proteins (IRGM2 and IRGM3) in host protection remains unclear. Because
123 murine IRGM proteins exhibit non-redundant functions in host protection during other
124 infections, we tested whether knocking out Irgm3 in an Irgm1™” background (Irgm1/3™) alters
125  host susceptibility to Mtb. In contrast with Irgm1” hosts, mice deficient in both Irgm1 and Irgm3

126  controlled Mtb burden in the lungs (Fig. 2A) and spleens (Fig. 2B) similar to WT mice at 4-
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127  weeks post-infection. Moreover, Irgm1/3” mice maintained control of Mtb burden up to 100
128  days post-infection (Fig. S1A and B). Additionally, Irgm1/3” mice exhibited no survival defect
129  relative to WT mice at up to 200 days post-infection with Mtb (Fig. 2C). These results
130 demonstrate that knocking out Irgm3 in Irgml-deficient mice rescues control of Mtb burden and
131  restores long-term survival.

132

133 panlrgm™ mice maintain control at one-month post-infection with Mtb.

134 Although Irgm1/3” mice controlled Mtb burden and did not have a survival defect, it
135  remained possible that Irgm2 is required to maintain control in the context of Irgm1/3 deficiency.
136  To determine whether deficiency in the entire Irgm locus increases susceptibility to Mtb after the
137  onset of Thl immunity, we infected panlrgm’” (Irgm1” Irgm2” Irgm3™) mice with Mtb H37Rv
138 by the aerosol route and compared their susceptibility to WT mice. At 4 weeks post-infection,
139  the bacterial loads in the lungs and spleens of panlrgm’ mice were not significantly different
140 from WT mice (Fig. 3A and B). Lung sections from each group of mice were stained with
141 hematoxylin and eosin (H&E) and used to estimate the degree of tissue damage (Fig. S2A).
142  Consistent with the CFU data, the relative area of lung damage in WT and panlrgm"' mice was
143  comparable (Fig. 3C and D). These results contrast sharply with the phenotype of Irgm1” mice
144  following Mtb infection, where lung CFUs are between 1 and 2-log;o higher than WT and more
145 than 70% of the air space is obstructed by lesions at 4 weeks post-infection (14) (Fig. 1).
146  Altogether, our results suggest that the full repertoire of mouse IRGM proteins is dispensable for
147  host resistance at one-month post-infection.

148 Next, we characterized the cytokine profile in the lungs of panlrgm"' mice at 4 weeks

149  post-infection relative to WT mice. Analysis of a 32-Plex cytokine array performed on lung
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150  homogenates revealed that panirgm’ lungs contained significantly less M-CSF, CXCL2, TNFE
151 and CCL5 (P < 0.05) than WT mice (Fig. 3E). Importantly, the levels of IFNy were not
152 significantly different between WT and panlrgm’ lungs (Fig. S2B). Taken together, we conclude
153  that the full repertoire of IRGM proteins in mice significantly influences a suite of cytokine
154  responses in the lung early after the onset of adaptive immunity, but without substantially
155  altering disease susceptibility at this stage of infection.

156

157  panlrgm™ mice exhibit higher bacterial burden and altered cytokines during late-stage Mtb
158 infection.

159 To investigate disease progression in the panlrgm’ mice, we investigated disease metrics
160 at 24 weeks post-infection. We found a slight but significant (~0.4 Logio; P < 0.05) increase in
161  lung CFUs of panlrgm™ mice relative to WT (Fig. 4A). There was no significant difference in
162  the bacterial burden in the spleens (Fig. 4B). The relative area of damaged lung tissue was
163  estimated from H&E-stained tissue sections, and there was no statistically significant difference
164  between WT and panlrgm’ mice (Fig. 4C and D, Fig. S3B). However, we noted that despite
165 little variability in lung CFU numbers among the panlrgm’ mice, the degree of lung tissue
166  damage was more variable among the panirgm’™ mice. Examples of both highly damaged and
167  minimally damaged lungs relative to WT were present among panlrgm’ sections (Fig. 4D).

168 Because panlrgm’™ mice demonstrated altered bacterial burden in the lungs at 24 weeks,
169 we additionally investigated the cytokine response at this timepoint. Here, we observed a
170  significant decrease in CCL5 (P < 0.05) and a trend toward decreased CXCL2 (P = 0.0635) in
171 panlrgm’ lungs (Fig. 4E). IFNy levels were unaffected by the loss of all three IRGM proteins

172 (Fig. S3A). When we analyzed the remaining cytokines in the 32-Plex panel, we identified
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173  several that were associated with the loss of IRGM proteins at the 24-week timepoint.
174  Specifically, I1L-10 was significantly (P < 0.05) decreased in panlrgm’ mice relative to WT
175  mice, while CXCL1 was significantly (P < 0.05) increased (Fig. 4E). Overall, our results indicate
176  the loss of all Irgm genes shifts the abundance of select cytokines in the lungs of mice during
177  chronic disease.

178

179  panlrgm™ mice show impaired survival to infection.

180 Considering panlrgm’™ mice showed elevated lung bacterial burden and altered cytokines
181  at 24 weeks post-infection, we investigated the overall survival of WT and panlrgm’ mice over
182  the course of infection. panlrgm"‘ mice began to die earlier (P < 0.01), with less than a 40%
183  chance of survival by 52 weeks post-infection compared to ~90% survival in WT mice (Fig.5).
184  Thus, the loss of all IRGM proteins impacts overall disease susceptibility to Mtb but does so very
185 late in the course of disease in mice.

186

187 DISCUSSION

188 Cell-intrinsic immunity is a fundamental mechanism through which hosts defend against
189  a variety of pathogens, including viruses, bacteria, and parasites. IFNy is vital in coordinating
190 cell-autonomous immune responses, Yyet the context-dependent mechanisms by which
191 downstream IRGs facilitate host protection are incompletely understood. Comparing the
192  functions of human and murine IRGM proteins in the context of different pathogens and during
193  autoimmune disease continues to provide new insights into the ways these proteins regulate
194  IFNy-dependent immune responses (26). In this work, we examined whether functional

195  relationships between Irgmi, Irgm2, and Irgm3 genes significantly influence host protection in
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196 the context of early (4 weeks) and late (24 weeks) stages of Mtb infection in mice. Our results
197  suggest that a balance between IRGM proteins is required to effectively protect against TB.

198 Similar to previous studies, we found that Irgm1™ mice succumb to Mtb infection rapidly
199  with uncontrolled bacterial replication (14, 15). Various interrelated explanations for the extreme
200  susceptibility of Irgm1” mice to Mtb have been proposed, including defective phagosome
201  maturation, impaired autophagosome biogenesis and/or delivery of mycobacteria to late
202  endosome/lysosome compartments, and dysregulated T cell survival (5, 8, 14, 15). However, the
203  contribution of each of these mechanisms to the loss of host protection remains a matter of
204  debate and is dependent on the pathogen. For example, Irgm1” mice are also susceptible to S.
205  typhimurium, L. monocytogenes, C. trachomatis, and T. gondii infection (26). During T. gondii
206 infection, Irgml contributes to cell-autonomous control of the pathogen by regulating activation
207 of GKS IRG proteins and their accumulation on the parasitophorous vacuole membrane,
208 ultimately coordinating destruction of the pathogen (27). In the context of mycobacterial and
209 listerial infections, it was initially proposed that IRGML1 is critical for phagocytosis, directly
210 localizing to the phagosome membrane to promote maturation (14, 28, 29). However,
211  experiments using improved antibodies and more extensive controls to dissect IRGM1
212 localization during mycobacterial and listerial infection in vitro could not confirm that IRGM1
213 directly associates with the phagosomal membrane (30).

214 In the context of both IRGM1 and IRGM3, studies examining the simultaneous loss of
215  both proteins discovered that the balance of different IRGM proteins modulates disease outcome
216  in a pathogen-dependent manner. While the susceptibility of Irgm1™ mice to S typhimurium is
217  reversed in Irgml/3” mice, the susceptibility remains during infection with C. trachomatis and

218 T. gondii, suggesting distinct mechanisms of protection that are dependent on the pathogen (23,

10
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219 24). We observed that at the onset of adaptive immunity, Mtb infection resembles S
220 typhimurium, with the rapid disease progression of Irgml” mice being entirely reversed in
221 Irgml/3” mice that survive far into the chronic phase of disease with no changes in bacterial
222 control. Mtb infection perturbs mitochondrial functions in macrophages, and even in uninfected
223 Irgml-deficient mice macrophages exhibit defective mitochondrial quality control (31, 32).
224  Taken together, this suggests that rather than directly controlling Mtb replication in
225  macrophages, a balance between IRGM1 and IRGM3 may be required to maintain disease
226  tolerance by regulating mitochondrial functions, and that loss of this balance is the source of
227  susceptibility to Mtb in Irgml” mice.

228 How IRGM1 and IRGM3 together regulate the overall host response during Mtb
229 infection is not entirely clear and may be multifactorial. Taken together, past studies indicate that
230 IRGM functions overlap with both autophagy and type | IFN pathways; importantly both of
231 these are previously proposed correlates of TB disease progression (32-35). Specifically,
232 previous studies indicate that the loss of murine Irgml or human IRGM is consistently associated
233 with defects in autophagy during infection. This autophagy dysfunction drives a shift toward pro-
234 inflammatory metabolism, increased inflammasome activation, and death of proliferating T cells
235  that results in lymphopenia (36, 37). As mentioned above, the loss of Irgml also affects
236  mitochondrial quality control, which leads to exacerbated type I IFN responses in macrophages
237 (32). Our results highlight the importance of Irgm balance in controlling protective responses,
238 independent of bacterial replication, but the underlying mechanisms driving unbalanced Irgm
239  responses remain to be understood. Given the complex roles of type I IFNs in TB disease (6, 34),
240 it will be important to confirm how the balance of Irgml and Irgm3 in mice affects type | IFN

241  responses during Mtb infection, and whether this is related to mis-targeting of GKS proteins in

11
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242 immune cells (32). Although detailed mechanistic analysis suggests that IRGM1 does not
243  directly localize to the Mycobacterial containing vacuole and is not likely a direct effector at the
244  phagosome, it remains possible that the loss of Irgml leads to increased IRGM3 activity and
245  dysfunction in maintaining stability of intracellular membrane compartments (30).

246 Given the clear genetic interactions between Irgml and Irgm3 during Mtb infection it was
247  also important to consider the role Irgm2 plays in TB susceptibility using a mouse lacking all
248 three IRGM proteins (panlrgm™). We observed that panirgm’ mice showed no changes to
249  Dbacterial burden or lung damage early after the initiation of adaptive immunity. However, there
250  were some significant differences in cytokine production in the lungs. At a much later stage of
251  disease, panlrgm’ mice displayed marginally increased bacterial burden in the lungs, more
252  variable tissue damage, and ultimately died earlier than wild type animals. The late presentation
253  of a survival defect in panlrgm’ mice, following over 300 days of infection, further suggests that
254 IRGM proteins do not strongly contribute to direct control of Mtb replication as proposed
255  previously. Instead, it is more likely that the IRGM proteins are involved in controlling the
256 inflammatory environment and tissue damage in the lungs, which appears to be critically
257  important during very late stages of infection, or advanced host age. Of the cytokines examined,
258 we consistently observed changes in chemokines that drive immune cell recruitment into the
259 infected lung environment, including CXCL1 that is a known correlate of TB disease severity in
260  diverse mice and humans (38-43).

261 The late emergence of a survival defect in panlrgm’™ mice during Mtb infection contrasts
262  sharply with T. gondii infection, where panlrgm™ mice survive poorly, at a frequency only
263 slightly higher than Irgml” or Irgml/3” mice (23, 25). Our data clearly indicate a need for

264 IRGM proteins very late during infection. Age is a factor known to contribute to TB disease

12
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265  susceptibility, and changes during aging, including lower nutrition and immunosuppression or
266  immune dysregulation, function via pleotropic mechanisms (44, 45). Exemplifying the
267  phenomenon of “inflammaging”, IL-12, TNF& and IL-1f increase in the lung as the host ages,
268  yet cause and effect mechanisms for this are difficult to isolate. Whether IRGM proteins are
269  required to maintain lung protection, perhaps contributing to the regulation of inflammatory
270  responses, as the host ages is an important hypothesis to consider. How our results relate to
271 human IRGM functions also remains to be determined. For example, it is unclear whether IRGM
272 polymorphisms that have been identified as correlates of TB control or progression alter cell-
273 autonomous control of Mtb in human macrophages, and/or have pleiotropic effects on the
274 immune response to Mtb via autophagy and metabolism.

275 In conclusion, in this work we have begun to address the need for a balance of IRGM
276  proteins during Mtb infection in mice for long-term protection. Irgml is necessary for early
277  control of Mtb infection in mice when it is lost individually, but the imbalance created by the loss
278  of Irgml can be repaired by eliminating Irgm3 or all IRGM proteins. However, as the infection
279  progresses to a very late stage in an aging host, the loss of all IRGM proteins becomes
280  detrimental to host survival and is associated with early death.

281
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MATERIALSAND METHODS

Ethics statement

Mouse studies were performed in strict accordance using the recommendations from the
Guide for the Care and Use of Laboratory Animals of the National Institute of Health and
the Office of Laboratory Animal Welfare. Mouse studies were performed using protocols
approved by the Institutional Animal Care and Use Committee (IACUC) for each
institution, in a manner designed to minimize pain and suffering in Mtb-infected animals.
IACUC numbers for each institution includes the University of Massachusetts Medical
School  (A3306-01); Duke  University  (A221-20-11);  Michigan  State
(PROTO202200127). Any animal that exhibited severe disease signs was immediately

euthanized in accordance with IACUC approved endpoints.

M ouse strains and infection with Mtb

WT C57BL/6J mice were purchased from The Jackson Laboratory (#000664). panlrgm’ mice
were generated by the lab of Dr. Jorn Coers at Duke University as described previously (46). All
mice were housed in a specific pathogen-free facility under standard conditions (12hr light/dark,
food and water ad libitum). Mice were infected with Mtb between 8-12 weeks of age with the
H37Rv strain of Mtb (PDIM positive). For aerosol infections, Mtb was cultured in 7H9 media
supplemented with oleic acid-albumin-dextrose-catalase OADC enrichment (Middlebrook) and
0.05% Tween 80 (Fisher). Prior to all in vivo infections, Mtb cultures were washed, resuspended
in phosphate-buffered saline (PBS) containing 0.05% Tween 80, and sonicated or filtered
through a 40 uM filter to generate a single-cell suspension. For infections of WT, Irgml”" and

IrgmL/3” mice, an inoculum between 50-200 CFUs was delivered by an aerosol generating Glas-
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306 Col chamber. For WT versus panlrgm’™ infections, an inoculum of ~200-250 CFUs was
307 delivered by an aerosol generating Madison chamber (University of Wisconsin at Madison) to
308 the groups of mice as indicated. To determine the inoculation dose, 5 mice were euthanized at 1
309 day post-infection and CFUs were enumerated from lung homogenates, as described below.

310

311  Bacterial burden quantification

312 At 1 day, 4 weeks, and 24 weeks post-infection, mice were euthanized by overdose with
313  isoflurane (Covetrus) and the spleens and lungs were removed aseptically. For enumeration of
314  viable bacteria, organs were individually homogenized in PBS-Tween 80 (0.05%) by bead
315  beating (MP Biomedical), and 10-fold dilutions were plated on 7H10 agar (Middlebrook) plates
316 containing OADC enrichment (Middlebrook) and 50 pg/mL Carbenicillin, 10pg/mL
317  Amphotericin B, 25 ug/mL Polymyxin B, and 20 pg/mL Trimethoprim (Sigma). Plates were
318 incubated at 37°C for 3-4 weeks and individual colonies were enumerated to calculate CFUs.

319

320 Lung pathology and estimation of damage

321  In parallel with bacterial burden quantification, one lung lobe from each mouse was reserved for
322 histology and fixed in 10% neutral buffered formalin. Lungs were submitted to the Duke
323  University Pathology core facility where they were paraffin embedded, sectioned at 5 uM, and
324  stained with hematoxylin and eosin. Lung sections were imaged at 10X magnification and
325  stitched into whole-lung images for each mouse (Keyence). The relative area of damaged tissue
326 was estimated using QuPath v0.3.2 (47). For this, a pixel classifier was trained to identify
327 damaged versus undamaged areas of H&E stained mouse lung sections, based on 132 damaged

328 annotations and 96 undamaged annotations across 11 training images, which were imported to
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329 train the ANN_MLP classifier at moderate resolution. The quality of the classifier was visually
330 inspected across diverse samples by overlaying live annotation predictions with each H&E
331 image. The resulting pixel classifier was loaded into QuPath and used to estimate the damaged
332  area of each lung sample, relative to the total lung area (Fig. S1 and S2).

333

334  Quantification of cytokinesin tissue homogenates

335  Murine lung homogenates were centrifuged to remove cellular debris, and the supernatants were
336 filtered through 0.2 uM filters. 32 cytokines/chemokines were quantified via a Discovery Assay
337  (Eve Technology; MD31). Observed concentrations were used for all downstream analyses.

338

339 Statistical analysis

340  Statistical analyses were performed using Prism 9 (Graph Pad) software. Bacterial burden, lung
341 damage, and cytokine differences between two groups were analyzed using Mann-Whitney test.
342 When more than two groups were compared, Kruskal-Wallis test by ranks and Dunn’s multiple
343  comparisons test were selected. Differences in survival were graphed using Kaplan-Meier
344  curves, and statistical significance was assigned via Mantel-Cox testing. Throughout, P value
345 thresholds are noted as ns = not significant, * P < 0.05, ** P < 0.01, *** P < 0.001.

346

347 SUPPLEMENTAL MATERIAL

348  Figure S1-S3, PDF file

349
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507 FIG 1. Mice lacking Irgm1 rapidly succumb to pulmonary Mtb infection. WT, Irgm1”, and
508  IFNyR’ mice were infected with Mtb H37Rv by the aerosol route (Day 0, 50-200 CFUs). Lungs
509 and spleens were collected at 5 weeks post-infection and used to quantify bacterial CFUs. (A)
510 Bacterial burden in the lungs and (B) spleens of mice. Each point represents a single mouse, data
511 are from one experiment, with 4 male mice per group and are representative of two similar
512  experiments. Statistics were determined via Kruskal-Wallis test by ranks and Dunn’s multiple
513  comparisons test (* P < 0.05, ** P < 0.01). (C) WT, Irgm1”, and IFNyR" mice were infected
514  with Mtb H37Rv by the aerosol route (Day 0, 50-150 CFU) and their relative survival was
515 quantified (Mantel-Cox test, *** P < 0.001). Data are from one experiment with 6 male mice per
516  group and are representative of two similar experiments.
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520 FIG 2. Mice deficient in both Irgml and 1rgm3 are not susceptible to Mtb infection. WT,
521  Irgml”, and Irgm1/3” mice were infected with Mtb H37Rv by the aerosol route (Day 0, 50-150
522  CFUs). Lungs and spleens were collected at 4 weeks post-infection and used to quantify bacterial
523  CFUs. (A) Bacterial burden in the lungs and (B) spleens of mice. Each point represents a single
524  mouse, data are from one experiment, with 4 female mice per group and are representative of 4
525 similar experiments. Statistics were determined via Kruskal-Wallis test by ranks and Dunn’s
526  multiple comparisons test (* P < 0.05, ns = not significant). (C) WT or Irgml/3” mice were
527 infected with Mtb H37Rv by the aerosol route and their relative survival was quantified (Mantel-
528 Cox test, ns = not significant). Data are from on experiment with 6 male mice per group and are
529  representative of 3 similar experiments.
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533  FIG 3. Mtb disease phenotypesin panlrgm™ mice at 4 weeks post infection. WT or panlrgm”
534  mice were infected with H37Rv Mtb by the aerosol route (~200-250 CFUs). At 4 weeks post-
535 infection samples were collected from the lungs and spleens for phenotyping disease
536  susceptibility and cytokines. (A) Bacterial burden in the lungs and (B) spleens of mice. (C)
537 Relative area of damaged tissue and (D) representative images from formalin-fixed paraffin
538 embedded lung sections that were H&E stained and used for damage quantification. (E)
539  Concentration of cytokines (M-CSF, CXCL2, TNF&, or CCL5) in lung homogenates from
540 infected mice. Each point represents a single mouse, data are from one experiment, with 4-6
541 male mice per group. Statistics were determined via Mann-Whitney test (* P < 0.05, ns = not

542  significant).
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545 FIG 4. panlrgm” mice bacterial burden and cytokine response at 24 weeks post infection.
546 WT or panlrgm’ mice were infected with H37Rv Mtb by the aerosol route. At 24 weeks post-
547 infection samples were collected from the lungs and spleens for phenotyping disease
548  susceptibility. (A) Bacterial burden in the lungs and (B) spleens of mice. (C) Relative area of
549 damaged tissue and (D) representative images from formalin-fixed paraffin embedded lung
550 sections that were H&E stained and used for damage quantification. Examples of relatively
551  highly damaged (“panirgm’ high”) and minimally damaged (“panlrgm’ low”) lungs are shown.
552 (E) Cytokines were quantified by multiplex ELISA. Shown are concentrations of select
553  cytokines in lung homogenates from infected mice. Each point represents a single mouse, data
554  are from one experiment, with 4 or 5 female mice per group. Statistics were determined via
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555  Mann-Whitney test (* P < 0.05, or exact P value shown for trends above significance threshold,
556  ns = not significant).
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558 FIG 5. panlrgm” mice survival phenotype after long-term Mtb infection. WT or panlrgm™
559  mice were infected with H37Rv Mtb by the aerosol route (~200-250 CFUs; as per Figure 4).
560 Relative survival of WT and panlrgm’ mice following Mtb infection by the aerosol route

561 (Mantel-Cox test, ** P < 0.01). Data are from one experiment with 12-18 male mice per group.
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