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ABSTRACT Hematopoietic stem and progenitor cells (HSPCs) play a vital role in the
host response to infection through the rapid and robust production of mature immune
cells. These HSPC responses can be influenced, directly and indirectly, by pathogens as
well. Infection with Mycobacterium tuberculosis (Mtb) can drive lymphopoiesis through
modulation of type | interferon (IFN) signaling. We have previously found that the
presence of a drug resistance (DR)-conferring mutation in Mtb drives altered host-patho-
gen interactions and heightened type | IFN production in vitro. But the impacts of this
DR mutation on in vivo host responses to Mtb infection, particularly the hematopoietic
compartment, remain unexplored. Using a mouse model, we show that, while drug-sen-
sitive Mtb infection induces expansion of HSPC subsets and a skew toward lymphopoie-
sis, DR Mtb infection fails to induce an expansion of these subsets and an accumulation
of mature granulocytes in the bone marrow. Using single-cell RNA sequencing, we show
that the HSCs from DR Mtb-infected mice fail to upregulate pathways related to cytokine
signaling across all profiled HSC subsets. Collectively, our studies report a novel finding
of a chronic infection that fails to induce a potent hematopoietic response that can be
further investigated to understand pathogen-host interaction at the level of hematopoi-
esis.
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he host response to infection is a dynamic process that requires the generation and

subsequent migration of mature immune cells to the site of infection to contain and
eliminate the invading pathogen. Hematopoietic stem and progenitor cells (HSPCs) in
the bone marrow are sources of these infiltrating immune cells and will exit a dormant
state to produce the leukocytes necessary for host defense (1, 2). HSPCs are primed
by host inflammatory signals to produce immune cells in the necessary quantity and
with optimal functionality as needed (3-5). However, these signaling mechanisms can
be modulated by successful, virulent pathogens to alter hematopoiesis and limit the Editor Sabine Ehrt, Weill Cornell Medicine, New York,
generation of protective immune cells (6-8). For example, Mycobacterium tuberculosis ~ New York USA
(Mtb), the causative agent of tuberculosis (TB), can disseminate and access the privileged Address correspondence to Shabaana A. Khader,
bone marrow niche during aerosol infection (9, 10), and, through manipulation of  khader@uchicagoedu.
host type | interferon (IFN) signaling, drive the death of myeloid progenitors and the Tine auithers cladkie fo sniiia: o ifiaesi
production of macrophages that are limited in their ability to kill Mtb (6). While Khan
et al. highlighted how the virulence of Mtb can be attributed to this underexplored
immunomodaulation in sites distal to infection, much of the work compared a labora- ~ Received 30 May 2023
tory-adapted Mtb strain, H37Rv, with an avirulent TB strain, Mycobacterium bovis. It still Acce.pted 1A
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remains to be studied how pervasive these host-pathogen interactions are across Mtb
strains and how they might be driven.
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Using a clinically relevant and hypervirulent Mtb strain from the W-Beijing family
(11, 12), HN878, we found that the presence of certain drug resistance (DR)-conferring
mutations in Mtb alters host-pathogen interactions in vitro and in vivo (13). The presence
of the H445Y DR mutation in rpoB but not other DR mutations, such as S450L, can
heighten the production of type | IFNs, limit the production of interleukin-1 (IL-1), and
bypass IL-1 protective immunity. As type | IFN signaling was shown to affect hemato-
poiesis during Mtb infection, we sought to characterize how two Mtb strains that can
more potently induce type | IFN production than H37Rv, HN878, and H445Y affect
the hematopoietic response to Mtb infection. While infection with the drug-sensitive
Mtb strain drove expansions of HSCs and lymphopoiesis as well as a decline in the
myeloid progenitor population, infection with the hyper-type | IFN-producing DR Mtb
strain resulted in a limited expansion of HSCs and instead drove granulopoiesis. Analysis
of the HSCs after infection with either strain with single-cell RNA sequencing (scRNA-
Seq) revealed divergent transcriptional landscapes. HSCs following H445Y Mtb infection
exhibited decreased responses to cytokine signaling, suggesting that the divergence in
the HSC response between infections could be linked to insufficient activation of the
HSCs. Thus, our results highlight how virulent Mtb strains can drive different hemato-
poietic responses to infection, even when the strains are both potent type | IFN inducers.
These findings contribute to our understanding of HSPC responses to chronic infections
and suggest new avenues to further study host-pathogen interactions and their impact
on hematopoiesis.

RESULTS
Mtb strains differentially expand HSC populations

A recent study showed that infection with a laboratory-adapted Mtb strain, H37Ry,
activates and expands HSPCs in the bone marrow (BM), prevents myelopoiesis, and
biases HSPCs toward lymphopoiesis (6). Using a clinically relevant Mtb strain, HN878,
and a drug-resistant strain generated from it, H445Y, we sought to investigate how
different Mtb strains might impact HSPC behavior in the BM. We found that pulmonary
infection of C57BI/6 (B6) mice with HN878 Mtb or H445Y Mtb led to dissemination
and accumulation of bacteria in the BM as early as 14 days post infection (dpi) and
continued to accumulate during infection similarly (Fig. STA). To characterize the stem
cell and progenitor populations in the BM, we assessed the LKS+ (lineage negative,
c-Kit+, Sca-1+) population, which includes the long-term HSCs (LT-HSCs) (LKS+, CD150+,
CD48-), short-term HSCs (ST-HSCs) (LKS+, CD150+4, CD48+), multipotent progenitors
(MPPs) (LKS+, CD150—, CD48+), MPP3 (LKS+, CD150—, CD48+, CD34+, Flt3-), and MPP4
(LKS+, CD150—, CD48+, CD34+, Flt3+) (online supplementary file 1B). The myeloid
progenitors were LK+ (lineage negative, c-Kit+, and Sca-1-) and included the common
myeloid progenitors (CMPs) (LK+, CD16/32—, CD34+), the megakaryocyte and eryth-
roid progenitors (MEPs) (LK+, CD16/32—, CD34-), and the granulocyte and monocyte
progenitors (GMPs) (LK+, CD16/32+, CD34+). Additionally, the common lymphoid
progenitors (CLPs) were lineage negative, c-Kit", Sca-1"°, and CD127+ (Fig. S1B).

We found that infection with HN878 Mtb resulted in an early increase in the absolute
number of LKS+ cells in the BM, with further expansion, likely through proliferation,
during later time points when compared to uninfected mice (Fig. 1A) (6). In contrast,
while we observed an early expansion of LKS+ cells following H445Y Mtb infection, by
30 dpi, we saw a contraction of the population to numbers comparable to uninfected
mice. Profiling the LKS populations more deeply, we quantified the numbers of various
HSC subpopulations. While there was no significant change in the numbers of LT-HSCs
throughout HN878 infection (Fig. 1B), we observed an increase in this cell type during
H445Y Mtb infection. With regard to the ST-HSCs, both infections resulted in an increase
in their number by 30 dpi (Fig. 1C). However, the ST-HSCs were far more expanded
in the HN878 Mtb infection relative to H445Y Mtb. When we profiled the MPPs compris-
ing MPP3 and MPP4 subpopulations, we observed a similar pattern. While there was
expansion of the MPPs, notably in the MPP3s, during H445Y infection, there were far
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more MPP3s following HN878 infection at 30 dpi (Fig. 1D and E). We also observed an
early increase in the number of MPP4s during HN878 infection at 14 dpi that was lacking
during H445Y infection (Fig. 1F). Together, our results suggest that H445Y Mtb infection
fails to induce a sustained and large expansion of HSCs, unlike HN878 Mtb infection.

Mtb strains differentially affect downstream progenitor and mature immune
cell populations

After observing the differences in the responses of the stem cell populations, we next
profiled the progenitor populations that are more differentiated and limited in their
self-renewal capacity than the HSCs. The host requires a drastic influx of lymphoid
populations to respond to Mtb infection, as adaptive immunity is critically required to
control Mtb bacterial replication (14-17). As such, Mtb infection was reported to drive
increases in the CLP population (6). We observed that infection with HN878 Mtb led
to an early and sustained expansion of the CLPs (Fig. 2A). In contrast, we found that
H445Y Mtb infection expanded the CLPs early at 14 dpi, but this response failed to
continue at 30 dpi. Conversely, Mtb infection was reported to drive the cell death of CMPs
through disruptions in iron metabolism, mediated through type | IFN signaling (6). In
our infection model using HN878 Mtb, we also observed a decline in the numbers of
CMPs at 30 dpi (Fig. 2B). However, infection with H445Y Mtb did not impact the numbers
of CMPs, and the population appeared to be relatively stable across the observed time
points. CMPs differentiate into more committed progenitors like MEPs, which give rise
to erythrocytes or megakaryocytes, and GMPs, which are crucial in the generation of
mature granulocyte and monocyte populations. Similar to the number of CMPs, the
number of MEPs also declined during HN878 Mtb infection at the same time point,
while the numbers of MEPs did not change during H445Y Mtb infection (Fig. 2D). As has
been reported with aerosolized H37Rv Mtb infection, we did not find any differences
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FIG 1

H445Y Mtb infection shows limited expansion of HSC populations. B6 mice were aerosol-infected with a low aerosol dose of HN878 or H445Y Mtb and

sacrificed at the indicated time points. Bone marrow was collected from the hind legs, processed into single-cell suspensions, and stained for flow cytometry.
The numbers of (A) LKS™ cells (lineage negative, c-Kit positive, Scal positive), (B) LT-HSCs, (C) ST-HSCs, (D) MPP cells, (E) MPP3 cells, and (F) MPP4 cells in the bone
marrow of infected and uninfected mice were determined by flow cytometry. The data shown represent the mean + SEM of six to eight biological replicates per

experiment. Significant differences are indicated with asterisks (¥, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001) by a two-way analysis of variance with

Tukey’s multiple comparisons tests. One of three independent experiments shown.
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in the numbers of GMPs following HN878 Mtb infection (Fig. 2C). On the other hand,
we found an increase in the number of GMPs at 30 dpi with H445Y Mtb. These data
collectively indicate that HN878 and H445Y Mtb infections drive different kinetics in the
accumulation of progenitor populations.

Following an analysis of the numbers of HSPCs in the bone marrow, we then studied
the impact of the changes in these populations on the mature myeloid cell output. Using
the outlined gating strategy, we quantified the numbers of neutrophils, monocytes, and
CD11b* Gr1 cells (consisting of macrophages and some DC populations) in the bone
marrow (Fig. 3A). While the numbers of neutrophils did not change over the course
of HN878 Mtb infection, we found a significant accumulation in the absolute numbers
of neutrophils, whether through increased production or decreased egress from the
bone marrow, at 30 days following H445Y Mtb infection, relative to HN878 Mtb-infected
and uninfected mice (Fig. 3B). With regard to monocytes, we found fewer numbers of
them at 14 days after H445Y Mtb infection relative to HN878 Mtb infection (Fig. 3C). But
this population then significantly increased by 30 days post H445Y Mtb infection and
was found in greater numbers in the bone marrow than during HN878 Mtb infection
at the same time point. We observed a similar pattern of monocyte accumulation in
the numbers of CD11b* Gr1 cells during H445Y Mtb infection (Fig. 3D). In contrast, the
numbers of this cell type decreased during HN878 Mtb infection after 30 days. The
accumulation of these mature myeloid cells in the bone marrow during H445Y Mtb
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FIG 2 H445Y Mtb infection drives differential kinetics in progenitor populations. B6 mice were aerosol-infected with a low aerosol dose of HN878 or H445Y Mtb
and sacrificed at the indicated time points. Bone marrow was collected from the hind legs, processed into single-cell suspensions, and stained for flow cytometry.
The numbers of (A) CLPs, (B) CMPs, (C) GMPs, and (D) MEPs in the bone marrow of infected and uninfected mice were determined by flow cytometry. The data
shown represent the mean + SEM of six to eight biological replicates per experiment. Significant differences are indicated with asterisks (**, P < 0.01; ***, P <
0.007; and ****, P < 0.0001) by a two-way analysis of variance with Tukey’s multiple comparisons tests. One of three independent experiments shown.
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infection correlated with the expansion of the GMPs at the same time point. Together,
these data highlight how HN878 Mtb and H445Y Mtb infections can drive the expansion
and accumulation of different progenitor and mature cell populations, respectively.

LKS populations exhibit transcriptional differences between Mtb infections

To further elucidate the HSC response to infection, we performed scRNA-seq on isolated
LKS+ cells from the BM of mice infected with either Wt HN878 or H445Y Mtb at 30 dpi
and compared responses with those of uninfected mice (Fig. 4A). Based on canonical
markers and differentially expressed genes, HSCs or MPP clusters were identified (Fig. 4B)
in proportions largely comparable across samples (Fig. 4C). As expected, both Wt HN878
and H445Y Mtb infections led to significant changes in the gene expression of hundreds
of genes in LT-HSCs, ST-HSCs, MPP3, and MPP4 populations (Fig. 4D). However, the nature
of the response between the two Mtb strains appeared to be significantly different. For
example, genes involved in cytokine signaling pathways, including tumor necrosis factor
alpha (TNFa), both type | and Il IFNs, and IL-6, were upregulated across several clusters
after Wt HN878 infection but not rpoB-H445Y in comparison with uninfected mice (Fig.
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FIG 3 H445Y Mtb infection drives the accumulation of mature myeloid populations. B6 mice were aerosol-infected with a low dose of HN878 or H445Y Mtb and

sacrificed at the indicated time points. Bone marrow was collected from the hind legs, processed into single-cell suspensions, and stained for flow cytometry. (A)

The gating strategy for the identification of mature myeloid populations is shown. The numbers of (B) neutrophils (CD11b* Gr1"), (C) monocytes (CD11c" Gr1™),

and (D) CD11b" Gr1~ cells in the bone marrow of infected and uninfected mice were determined by flow cytometry. The data shown represent the mean + SEM

of seven to eight biological replicates per experiment. Significant differences are indicated with asterisks (¥, P < 0.05; **, P < 0.01; ***, P < 0.001; and **** P <

0.0001) by a two-way analysis of variance with Tukey’s multiple comparisons tests. One of two independent experiments shown.
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4E, left and middle heatmaps). Indeed, all of the profiled cytokine signaling pathways
were downregulated in H445Y infection when compared with HN878 Mtb infection (Fig.
4E, right heatmap). In addition, the expression of key downstream mediators of cytokine
signaling, like Junb, is decreased in H445Y infection relative to HN878 Mtb infection (Fig.
4F). Junb inactivation has been shown to result in increased LT-HSC proliferation and
dysregulated hematopoiesis, leading to an increase in myeloid differentiation (18). These
results, in conjunction with the roles of cytokine signaling in promoting proliferation and
differentiation (4, 5, 19, 20), suggest that the lack of expansion in HSPC subsets and the
accumulation of myeloid cells following H445Y Mtb infection could be due to a limited
cytokine response and downregulation of Junb.

DISCUSSION

Hematopoiesis is a crucial component of the host immune response to infection (1,
2). Whether the host requires an emergency response to an acute infection or a
sustained production of immune cells for chronic insult, HSPCs will give rise to the
necessary leukocytes to mount an effective immune response (21, 22). While substantial
efforts have been made to uncover the processes by which short-term inflammation
and signaling shape HSPC behavior, responses to chronic illness remain understudied.
Although recent work has shed light on how Mtb can impact HSPCs during long-term
infection, we sought to further study how different Mtb strains with drug resistance
mutations might shape HSPC dynamics. In this work, we show how two closely related
Mtb strains can drive diverging hematopoietic programs during infection. HN878 Mtb
infection resulted in expanding HSCs and promoting lymphopoiesis, and H445Y Mtb
infection drove granulopoiesis, with an increase in the numbers of GMPs and mature
granulocytes and monocytes. Moreover, HSCs that were not expanding during H445Y
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FIG 4 H445Y Mtb infection does not trigger cytokine signaling pathways in HSCs. B6 mice were aerosol-infected with a low dose of HN878 or H445Y Mtb. (A)

A gating strategy for sorting LKS™ cells from the BM is shown. (B) t-Distributed stochastic neighbor embedding plot of LKS* cells across all samples, colored

according to identified clusters. (C) Proportion of each cluster type across conditions. (D) Numbers of differentially expressed genes in each cluster when

comparing various conditions. (E) Heatmap of normalized enrichment scores of gene set enrichment analysis of differentially expressed genes in each cluster per

condition. The gene sets included in the panel are those showing an enrichment with false discovery rate (FDR) = 1E—6 or lower for at least one of those contrasts

explored in at least one cluster. Tiles are included for enrichments significant under FDR = 0.05 in each case, and their size is proportional to the —log10(FDR) of

the associated enrichments (the most significant FDR, corresponding to a full tile, corresponds to FDR <5E—15). (F) Violin plots comparing the fold expression of

Junb across identified clusters for HN878 and H445Y conditions over the uninfected controls. Significant differences in expression levels between the strains were

observed for all clusters except MPP3_1 and MPP3_2.
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Mtb infection exhibit decreased responsiveness to cytokine signaling. Taken together,
our findings suggest that chronic virulent Mtb infection can result in different hemato-
poietic responses in the bone marrow, which can have consequences for long-term
immunity.

There are a few ways to interpret the HSPC response to the H445Y Mtb infection.
For many of the HSPC subsets, like the LKS+ cells and the CLPs, H445Y Mtb infection
appears to drive similar responses to HN878 Mtb infection early in infection. However,
by 30 dpi, these populations appear to either contract or stop expanding and are much
smaller than their counterparts during the HN878 Mtb infection. These observations
suggest that there might be a point between 14 and 30 dpi where the behavior of these
cells is altered. Whether this change is caused by differences in host signaling, bacterial
effectors, or other processes remains to be studied. From the scRNA-Seq data set, we
observe a lack of cytokine signaling across various signaling pathways, suggesting that
there might be a master regulator non-specifically governing the response to these
various interferons and interleukins. Unexpectedly, the upregulated pathways in the
HSCs following H445Y Mtb infection are related to cell cycle pathways, such as E2F
targets and the G2M checkpoint. Enrichment of genes in these pathways would indicate
actively dividing cells, but these HSC populations during H445Y Mtb infection are all
smaller than their counterparts after HN878 Mtb infection. This discrepancy between
transcription and hematopoiesis remains to be bridged. With the number of mice used
per condition, we are limited in commenting on the reproducibility of these transcrip-
tional differences across sample sizes, but from the design of the scRNA-Seq analysis, we
observed robust differences.

When comparing the HSPC responses between our findings and previously published
results, we found that aerosol infection with HN878 Mtb largely mirrors aerosol infection
with H37Rv Mtb. However, we do see some changes in the kinetics of these responses.
The increase in the number of CLPs and the decrease in the number of CMPs occur
more rapidly during HN878 Mtb infection. This difference in the timeframe of the HSPC
response could be attributed to a number of factors, from the virulence of the Mtb strain
to subtler differences regarding microbiota (23) and rearing across separate institutions.
While the kinetics could also be affected by the rate of dissemination of bacteria to the
bone marrow, as seen comparing intravenous and aerosol infections (6), we observed
similar dissemination between the HN878 Mtb infection and previously published results
with H37Rv Mtb. An ultra-low dose model with heterogenous dissemination of Mtb
could further explore this relationship (24). It is also important to note that HN878
Mtb is a more potent inducer of type | IFN than the H37Rv strain (25). While a faster
contraction of the CMP population during HN878 Mtb infection could be correlated
with a greater production of type | IFNs, the lack of change in CMP numbers during
H445Y Mtb infection, a strain we have observed to drive even greater production of
type | IFNs (13), suggests that this is not exactly a linear relationship. Furthermore, type
I IFN signaling has not been shown to impact CLP expansion during infection of Ifnar”~
mice with H37Rv Mtb (6). A deeper examination of the role of type | IFN signaling in
these responses and how that signal is propagated in the bone marrow niche relative
to the lung microenvironment is necessary. An important area of emerging study in the
cross-section of hematopoiesis and infection is immune memory. In addition to affecting
short-term immune cell production, Mtb has been shown to leave lasting effects on
the host post TB treatment in the form of epigenetic changes on HSCs termed trained
immunity (3, 6, 26-28). While we were limited in our ability to treat drug-resistant
Mtb infection, it would be interesting to study if the differences in the hematopoietic
responses to infection with these strains would also have impacts on long-term trained
immunity following potential resolution of infection. Thus, our work opens up several
avenues for future study.

A major question that is raised in our study is the role of the pathogen and its
associated virulence factors in driving differing HSPC responses. We isolated the DR
H445Y Mtb strain from selective screening of the drug-sensitive (DS) HN878 Mtb strain
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on antibiotic-containing media. So, in addition to the drug resistance-conferring H445Y
single nucleotide polymorphism (SNP) in the RNA polymerase B subunit (rpoB), there
exist a few other SNPs that distinguish the HN878 Mtb strain from the H445Y Mtb
strain. Therefore, we cannot infer causality between the DR SNP and the phenotypes
observed in the study, which must be confirmed in follow-up work. However, the finding
that only a few SNPs separate HN878 and H445Y Mtb strains and result in significant
HSPC responses during infection is still compelling and remains to be understood. We
suggest that the location and identity of the DR SNP in rpoB could result in significant
transcriptional changes for the pathogen, including major virulence factors (29). We have
previously observed that the presence of the rpoB-H445Y SNP was associated with an
increased abundance of long-chained phthiocerol dimycocerosate (PDIM), a mycobacte-
rial cell wall lipid, in the cell wall of the DR Mtb when compared with the parental DS
Mtb strain (13). PDIM has been shown to impact phagosome integrity and influence
mycobacterial containment in macrophages (30). At the same time, some strains, such
as the non-Beijing H37Rv strain, have been shown to spontaneously lose the ability to
produce PDIM (31). How this cell wall lipid and other differentially regulated virulence
factors between a DS strain and a DR strain with the rpoB-H445Y SNP in Beijing as
well as non-Beijing families could impact the sensing and response of the HSPCs in the
bone marrow niche and contribute to differences in virulence in patients remains to be
studied.

In summary, our studies have shown heterogeneity in bone marrow hematopoietic
responses to Mtb infection. These differences underscore the need to extensively
study hematopoiesis in the context of chronic infection and inflammation, with a
special emphasis on the kinetics of these processes. Investigating these host-pathogen
interactions can reveal novel pathways that could be leveraged to develop effective
host-directed therapeutics.

MATERIALS AND METHODS
Mice

C57BL/6J (B6) mice on the B6 background were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA). All mice were maintained in the animal facility at Washington
University in St. Louis and bred in-house. Experimental mice were age- and sex-matched
and infected between the ages of 6 and 8 weeks. All mice were maintained and used
in accordance with the approved Washington University in St. Louis Institutional Animal
Care and Use Committee guidelines.

Mtb infections

Mtb strain HN878 was obtained from BEl resources (Manassas, VA, USA) under
National Institutes of Health contract Al-75320. Independent rifampicin-resistant Mtb
HN878 colonies (biological replicates) were selected from rifampicin (2 pg/mL)-con-
taining 7H11 agar plates (32). The sequences of rpoB were confirmed by Sanger
sequencing (Genewiz), and Mtb stocks were created for further experimentation.
All Mtb strains were cultured in Proskauer Beck medium supplemented with 0.05%
Tween 80 and frozen at —80°C while in the mid-log phase. Colony-forming units
(CFU) of the bacterial stocks were determined through serial dilutions on 7H11
agar plates. Mice were aerosol-infected with low doses (~100 CFU) of indicated
Mtb strains in sterile phosphate-buffered saline using a Glass-Col nebulizer (33). Mtb
bacterial burden per organ was quantitated by plating aspirated bone marrow on
7H11 agar plates (BD Biosciences, Franklin Lakes, NJ, USA). Plates were incubated for
2-3 weeks at 37°C, and the number of colonies was counted.
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Flow cytometry

BM was harvested from both femurs and tibiae and lysed for RBCs. BM cells were then
stained with LIVE/DEAD fixable viability dye (Thermofisher), followed by staining with
appropriate fluorochrome-labeled specific antibodies, including lineage markers [CD3
(145-2C11; BD Biosciences), CD5 (53-7.3; BioLegend), TER119 (TER-119; BD Biosciences),
CD11b (M1/70; Tonbo Biosciences), Gr-1 (RB6-8C5; BD Biosciences), CD45R (RA3-6B2; BD
Biosciences)], cKit (2B8; Invitrogen), Scal (D7; Invitrogen), CD34 (RAM34; Invitrogen),
CD150 (mShad150; Invitrogen), CD48 (HM48-1; Invitrogen), FIt3 (A2F10; Invitrogen),
CD16/CD32 (93; Invitrogen), CD127 (SB/199; BioLegend), and streptavidin (BD Bioscien-
ces).

Cells were processed with the Becton Dickinson (BD) Fortessa X-20 flow cytometer
using FACS Diva software or the BD FACSJazz flow cytometer using FACS software (BD).
Flow cytometry experiments were analyzed using FlowJo (Tree Star Inc.). The gating
strategies for HSPC and myeloid populations in the bone marrow are shown in Fig. ST;
Fig. 3, respectively (6). Total numbers of cells within each gate were back-calculated
based on cell counts and individual samples.

LKS" cells sorting

LKS* populations were sorted from mice infected with either rpoB-H445Y Mtb or HN878
Wt Mtb as well as uninfected mice. Then, 30 days after infection, mice were sacrificed. BM
cells were harvested and stained as previously described, using the following antibodies
from the Lineage Depletion Kit according to the manufacturer’s instructions (Miltenyi
Biotec): lineage markers (CD3, CD5, Thy1.1, TER119, CD11b, Gr-1, and CD45R), LIVE/DEAD
viability dye as above, cKit, and Scal. To isolate the LKS* population, the Lin"cKit*Sca1*
cells were sorted using the BD FACSJazz flow cytometer with FACS Sortware software, as
outlined in Fig. 4A (BD). Cells were collected into phosphate-buffered saline containing
0.04% non-acetylated bovine serum albumin.

scRNA-seq library generation

scRNA-seq was done according to the manufacturer’s instructions (10x genomics)
as before (34). Sorted LKS" single-cell suspensions were subjected to droplet-based
massively parallel scRNA-seq using the Chromium Single Cell 3’ (v3) Reagent Kit in
the BSL-3 laboratory as per the manufacturer’s instructions (10x genomics). Briefly,
cell suspensions were loaded at 1,000 cells/uL to capture 10,000 cells/lane. The 10x
Chromium Controller generated GEM droplets, where each cell was labeled with a
specific barcode and each transcript was labeled with a unique molecular identifier
(UMI) during reverse transcription. The barcoded cDNA was isolated and removed from
the BSL-3 space for library generation. The cDNA underwent 11 cycles of amplification,
followed by fragmentation, end repair, A-tailing, adaptor ligation, and sample index PCR
as per the manufacturer’s instructions. Libraries were sequenced on a NovaSeq S4 (200
cycles) flow cell, targeting 50,000 read pairs/cell.

scRNA-seq data preprocessing and quality control

Samples were processed using the count command in CellRanger and aligned against
the mm10 1.2.0 mouse reference genome. A total of 18,046 genes were measured when
combining data across all cells. Using this set of genes, we calculated the percentage
of mitochondrial RNA per cell as well as the percentage of RNA coming from pro-
tein-coding genes. Cells that featured (i) a high fraction of mitochondrial RNA reads
(fmito Samp;gt; 10%) or a low percentage of protein-coding genes (f,. §amp;lt; 90%)
were excluded. We then explored the complexities of the libraries associated with each
barcode and identified an additional subset of cells with lower complexity than the rest,
which were also excluded [nUMI <2,500 or log(nGene) < 4.32 + 0.38:log(nUMI)]. Once the
final set of cells is selected, genes detected in less than five of the surviving cells in all
conditions, mitochondrial genes, as well as genes with biotypes different from protein
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coding, are also removed. After the quality control (QC), our final data set included gene
expression measurements for 12,909 genes across 1,596 cells in total.

scRNA-seq data normalization, scaling, and variance stabilization

All the scRNA-seq data treatments were done as previously described (6). Briefly,
the data were normalized using the function computeSumFactors from the R pack-
age scran, which proposes a robust approach for normalization of scRNA-seq data
that is suitable for comparisons across samples. The data were then log-transformed
according to the following expression: E,o.m(is j) = 10g,(1 + Ecouni(is j)/1;), where the
normalized expression estimates at sample i and gene j E,,.,(i, j) are obtained from
the count abundances E (i, j) and the normalization coefficients per sample n; .
Then, the normalized expression levels were modeled according to a linear model:
E~fpe+ fmito + Numr + C + €, where f., fi0 and nyy; are the mean-centered and
scaled fractions of protein-coding fragments, mitochondrial fragments, and numbers of
UMIs per cell, respectively; and C is the cell-cycle score obtained using the scran function
cyclone (35). After fitting the model, we extracted the residuals, which were then
transformed to remove gene-wise heteroskedasticity as described before (6). Proceeding
this way, we generate a version of the data set that has been (i) scaled (i.e., deprived of
the effects of technical covariates from normalized gene expression) and (ii) variance-sta-
bilized.

Sample integration, dimensionality reduction, and clustering

We further selected a set of highly informative genes as the intersection between genes
showing high levels of biological variation across cells and those reported in previous
works (3, 6) as differential expression markers between the subtypes of LKS cells present
in the samples. Using these genes, we first integrated the data across samples using the
anchoring routine proposed in Seurat (FindlntegrationAnchors). After data integration,
the steps of scaling and identification of highly informative genes were repeated on
the integrated data, as previously described (6). The expression estimates of the highly
informative genes in the integrated, scaled, and variance-stabilized version of the data
set were then used to conduct dimensionality reduction: principal component analysis
and t-distributed stochastic neighbor embedding. Finally, using the first 20 principal
components at a resolution of 0.15, the Seurat routines FindNeighbors and FindClusters
were used to identify the six clusters reported in this work, whose identities were
proposed upon inspection of the patterns of the averages of gene expression levels
of genes reported to be differentially expressed (i) between MPPs and HSCs, (ii) between
MPP3s and MPP4s within MPPs, and (iii) between long-term and short-term HSCs.

Differential expression and gene set enrichment analysis

Finally, we interrogated the differences in expression of genes in response to H445Y or
HN878 challenges, as well as the differences in expression between the samples infected
with Wt and RDR Mtb. To conduct these analyses, normalized (though not scaled or
integrated) data were used under the following experimental design:

E~fpe + fmito + numr + Cluster + Condition: Cluster + ¢

Finally, gene set enrichment analyses were carried out using the R package fgsea
(36). To that end, ranks of standardized differences in expression between the three
conditions present in the study were retrieved in each of the clusters identified and
interrogated for enrichments within those ranks of genesets in a mouse version of
the hallmark geneset collection from the molecular signatures database MdigDB (http://
bioinf.wehi.edu.au/MSigDB/, based on MSigDB version 7.1, org.Mm.eg.db version 3.11.4,
and NCBI gene information file dated 12 June 2020).
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Statistical analysis

All data sets were evaluated for normality using the Shapiro-Wilk test. Differences
between the means of groups were analyzed using either the two-tailed Student’s
t-test or the Mann-Whitney test, where applicable. Differences between the means of
more than two groups were analyzed using one-way analysis of variance (ANOVA) or
two-way ANOVA for time course studies, with Tukey’s post tests for normally distrib-
uted distributions or the Kruskal-Wallis test with Dunn’s multiple comparisons tests. All
statistical analyses were done in GraphPad Prism 9. A P value of <0.05 was considered
significant. The data points across figures represent the mean (+SD or £SEM) of values, as
noted. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant (P > 0.05).
All experiments were replicated for reproducibility.

Study approval

Protocols involving the use of animals were approved by the IACUC at Washington
University in St. Louis. All of the experiments were performed in accordance with the
protocols.
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