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Summary

Mycobacterium tuberculosis (Mtb) causes 1.5 million deaths annually. Active tuberculosis
correlates with a neutrophil-driven type I interferon (IFN) signature, but the underlying cellular
mechanisms remain poorly understood. We found that interstitial macrophages (IMs) and
plasmacytoid dendritic cells (pDCs) are dominant producers of type | IFN during Mtb infection in
mice and non-human primates, and pDCs localize near human Mtb granulomas. Depletion of
pDCs reduces Mtb burdens, implicating pDCs in tuberculosis pathogenesis. During IFN-driven
disease, we observe abundant DNA-containing neutrophil extracellular traps (NETs) known to
activate pDCs. Single cell RNA-seq indicates that type | IFNs act on IMs to impair their
responses to IFNY, a cytokine critical for Mtb control. Cell type-specific disruption of the type |
IFN receptor suggests IFNs act on IMs to inhibit Mtb control. We propose pDC-derived type |
IFNs, driven by NETS, act on IMs to drive bacterial replication, further neutrophil recruitment,
and active tuberculosis disease.

Introduction

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis disease, caused 1.5
million deaths in 2020 (WHO, 2021). Treatment requires a minimum 4-6 month course of
antibiotics, or up to 2 years for increasingly prevalent multi-drug resistant strains. Moreover, the
only approved vaccine for Mtb has variable or no efficacy in adults (Katelaris et al., 2020). The
pathophysiology of tuberculosis remains poorly understood. The mouse model has been
essential to identify most of the host factors known to control tuberculosis in humans, including
tumor necrosis factor and interferon-y (Cooper et al., 1993; Flynn et al., 1995, 1993).
Nevertheless, the use of mice has been criticized for poorly recapitulating key aspects of human
disease (Russell et al., 2010).

In humans, active tuberculosis disease is associated with the induction of anti-viral type |
interferons (Berry et al., 2010; McNab et al., 2015; Moreira-Teixeira et al., 2018; Ottenhoff et al.,
2012). A causal role for type | interferons in driving human tuberculosis is supported by the
finding that a partial loss-of-function mutation in type I IFN receptor (IFNAR) is associated with
Mtb resistance in humans (Zhang et al., 2018). Conversely, infection with type | interferon
inducing viruses is associated with worse Mtb infection outcomes in humans. For example,
influenza infection correlates with an increased risk of death among patients with pulmonary
tuberculosis and infants with cytomegalovirus have an increased risk of tuberculosis disease
(Martinez et al., 2021; Muller et al., 2019; Walaza et al., 2015). A type | IFN response has the
potential to be a driver of progression to active Mtb in humans, as type | IFNs can antagonize
the critical, protective IFNy response during mycobacterial infection (Flynn et al., 1993; Singhal
et al., 2007; Teles et al., 2013).
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Mice are able to model the viral induced loss of Mtb control seen in humans, with chronic
lymphocytic choriomeningitis virus (LCMV), acute LCMV, pneumonia virus of mice, and
influenza A virus co-infection with Mtb all exacerbating tuberculosis disease (Kang et al., 2022;
Redford et al., 2014; Volkert et al., 1947; Xu et al., 2021). Additionally, virus-induced type | IFN
drove the loss of Mtb control during the acute LCMV and influenza co-infections (Kang et al.,
2022; Redford et al., 2014). However, co-infection studies make it challenging to understand the
cellular mechanism behind Mtb susceptibility, as perturbations such as type | IFN receptor
blockade simultaneously impact viral and bacterial control. Therefore, an ideal platform for
studying how type | IFN induces loss of Mtb control would be mice where Mtb infection is
sufficient to induce a hyper type | IFN response. However, C57BL/6 (B6) mice, the most used
model for Mtb infection, generate a weak type | IFN response in response to Mtb infection
without overt manipulation such as intranasal administration of poly I:C (Antonelli et al., 2010;
Mayer-Barber et al., 2014; Moreira-Teixeira et al., 2018). Indeed, IFNAR deletion from
unmanipulated B6 mice does not impact bacterial burdens in the lungs (McNab et al., 2013;
Moreira-Teixeira et al., 2017; Stanley et al., 2007). Therefore, it has been challenging to
decipher the cellular mechanism behind type | IFN production during Mtb infection and the effect
of type | IFN on bacterial control.

Unlike B6 mice, C3H and 129 mice exhibit a type | interferon driven susceptibility to Mtb
(Dorhoi et al., 2014), but there are limited genetic tools in these mouse strains, making
mechanistic studies difficult. We have recently discovered that congenic B6 mice with the ‘super
susceptibility to tuberculosis 1’ region from C3H mice (B6.Sst1®) (Pan et al., 2005; Pichugin et
al., 2009) are highly susceptible to Mtb infection due to their strong type | IFN response. IFNAR
deletion fully rescues the susceptibility of B6.Sst1° mice at early timepoints and enhances
survival (Ji et al., 2019). We recently identified Sp140 as the gene responsible for the Sst1°®
phenotype and confirmed that the early Mtb susceptibility of Sp140™~ mice is also rescued by
IFNAR deletion (Ji et al., 2021). As Sp140~~ mice were generated on a pure C57BL/6J
background, this mouse model allows for mechanistic studies of the type | IFN response during
Mtb infection.

In the present study, we leveraged Sp140~ mice to identify the cellular mechanisms by
which type | IFN drives Mtb susceptibility. Single cell RNA-sequencing (SCRNA-seq) identified
interstitial macrophages (IMs) as a major type | IFN producer. A sensitive genetic reporter of
type I IFN production corroborated the scRNA-seq findings, and also revealed that plasmacytoid
dendritic cells (pDCs) are an additional source of type | IFN during Mtb infection. Type | IFN
production by pDCs appears to drive disease since pDC depletion rescued the susceptibility of
Sp140~"~ mice. Type | IFN conferred susceptibility by acting on IMs, potentially dampening their
ability to respond to IFNy (Eshleman et al., 2017; Rayamajhi et al., 2010; Teles et al., 2013).
Loss of bacterial control in Sp1407™~ mice lead to an influx of neutrophils and abundant
production of DNA-rich neutrophil extracellular traps (NETs), known ligands that promote type |
IFN production by pDCs (Garcia-Romo et al., 2011; Lande et al., 2011). Our findings suggest a
new model of tuberculosis pathogenesis in which type | IFNs impair responses to IFNy to drive
an initial loss of bacterial control, which in turn initiates a positive feedback loop of NET
production and type | IFN expression by pDCs, leading to uncontrolled bacterial replication and
active tuberculosis disease.

Results
Myeloid cells harbor Mtb in Sp140~~ mice
As we have previously demonstrated, the susceptibility of Sp140~~ mice to Mtb infection is

driven by type | IFN. Genetic or antibody-mediated depletion of IFNAR fully rescues the
enhanced susceptibility of Sp140~~ animals (Fig. 1A) (Ji et al., 2021). To better understand the
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immune response of Sp140™ mice to Mtb, we infected mice with Mth containing a Wasabi
expression plasmid, which permits robust detection of Mth-infected cells by flow cytometry. With
this approach, we were able to clearly identify Mtb-harboring cells in mouse lungs 25 days post-
infection (Fig. 1B). Additionally, the vast majority of the bacteria isolated from these lungs were
highly fluorescent, indicating that the plasmid is stably maintained for at least 25 days. The
number of Mtb infected cells detected by flow cytometry strongly correlates with lung Mtb CFU
(R? = 0.6281), indicating that flow cytometry reliably reports the cellular distribution of Mtb 25
days post-infection (Fig. 1C). We classified lung immune cells as CD11b* Ly6G" neutrophils,
CD64" MerTK" Siglec F* alveolar macrophages (AMs), CD64" MerTK" Siglec F~ CD11b" IMs, or
CD64" MerTK™ CD11b" monocytes and assessed the abundance of these cells at day 25 after
Mtb infection in Sp140~~ and Sp140~" Ifnarl™ mice (Supplementary Fig. 1). The lungs of
infected Sp140~ animals contained significantly more neutrophils, IMs, and monocytes as
compared to Sp140~" Ifnarl™ mice, with no difference in the number of AMs (Fig. 1D). Over
90% of the infected cells were myeloid cells (Fig. 1B, 1E), in line with previous reports (Cohen
et al., 2018; Huang et al., 2018). Consistent with their higher abundance in infected Sp140™""
lungs, neutrophils comprised a considerably larger percentage and absolute number of the Mtb
infected cells in Sp140~~ mice compared to Sp140™" Ifnarl™ animals (Fig. 1E, 1F). There were
also more infected IMs and monocytes in Sp140™~ mice compared to Sp140™" Ifnar1™" animals,
in line with the overall increase in these immune populations in the lungs of infected Sp1407"~
mice (Fig. 1D, 1F). Importantly, we did not observe alterations in the hematopoetic
compartment of uninfected Sp140~~ mice, implying that the cellular changes observed arose as
a result of infection (Supplemental Fig. 2) (Amatullah et al., 2022; Fraschilla et al., 2022; Mehta
et al., 2017). However, the exact mechanisms causing the differences in myeloid cells from
these mice was unclear and thus required more in-depth profiling of the myeloid compartment in
Sp1407™ mice.

Macrophages and Neutrophils exhibit a variety of activation states during Mtb infection

To further characterize the Mtb infected myeloid cells and dissect the cellular mechanism of
type | IFN driven Mtb susceptibility, we compared B6 and Sp140~~ innate immune responses by
performing scRNA-seq on myeloid cells from Mtb infected or uninfected lungs 25 days after
infection. For this experiment, CD64" and Ly6G" cells were magnetically enriched, sort purified,
and processed for library generation with the 10X Genomics platform. To ensure proper cell
clustering, mRNA transcripts and protein expression for select lineage markers were
simultaneously measured by CITE-seq (Supplementary Fig. 3) (Stoeckius et al., 2017).
Resulting datasets were analyzed with Seurat V4, and Weighted Nearest Neighbor (WNN)
analysis was used to cluster cells based on mRNA and protein expression (Hao et al., 2021).
Analyzed datasets were then visualized by uniform manifold approximation and projection
(UMAP) reduction on the WNN clustered data (wnnUMAP) (Becht et al., 2019). The resulting
dataset consists of 6,604 B6 and 13,668 Sp140~" cells, almost exclusively consisting of myeloid
cells (Fig. 2A). Major cell types were annotated based on protein or mMRNA expression of
lineage defining markers, such as Siglec F protein expression for identifying AMs (Fig. 2B)
(Pisu et al., 2021). Individual clusters within a major cell type, like the 10 clusters of neutrophils,
were annotated based on expression of maturation and activation markers (Supplementary
Fig. 4). Each cluster is represented in the B6 and Sp140~ datasets, however the proportions of
some clusters, including the ratio of IFN stimulated gene (ISG)* IM to ISG™ IM, shifts between
genotypes (Fig. 2C). The largest changes in composition are seen when comparing cells from
naive lungs to bystander and Mtb infected cells from Mtb infected lungs (Fig. 2D). For example,
AMs are abundant in naive lungs but are rare among the Mtb infected cells 25 days post-
infection, as also seen by flow cytometry (Fig. 1D, 2D). To establish whether the differences in
immune response between Sp140~ and B6 mice occurred in response to Mtb infection, we
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compared naive Sp140™ and B6 lungs by scRNA-seq. Consistent with the normal cellular
profile of naive Sp140”’ mice (Supplementary Fig. 2), fewer than 10 differentially expressed
genes were identified between the two genotypes in AMs, IMs, monocytes, and neutrophils
(Supplementary Fig. 5). These results suggest that the immune compartment of B6 and
Sp140~~ mice is highly similar at baseline, and the type I IFN-driven changes in the genotypes
occur after Mtb infection.

Bystander IMs and pDCs are the primary sources of type | IFN during Mtb infection

To determine the cellular mechanism of type | IFN-driven Mtb susceptibility, we first sought to
identify which cells produce type | IFN following infection. In general, our scRNAseq analysis
revealed that very few cells were Ifnb1 positive, which may reflect a lack of sensitivity of
scRNAseq, and/or the transient and stochastic expression pattern of these gene (Fig. 3A) (Hu
et al., 2007; Scheu et al., 2008; Thomsen et al., 2021; Zhao et al., 2012). Mtb induced
expression of Ifnbl in infected and bystander mononuclear phagocytes, with a slight bias
towards Ifnb1 production by IMs compared to monocytes, and no production by AMs (Fig. 3A).
While there was no major difference in the cell tyPes producing Ifnb1 between B6 and Sp1407"-
cells, a greater number and frequency of Sp140~" cells expressed Ifnb1l compared to B6 cells
(Fig. 3B). Additionally, Ifnb1 expressing cells in Sp140~~ mice had higher per cell expression of
Ifnbl than B6 cells (Fig. 3C). Consistent with these findings, a prior scRNA-seq study of Mtb
infected and naive lungs from non-human primates largely mirrors our findings in mice
(Esaulova et al., 2021). IMs were also the dominant IFNB1-expressing cells in non-human
primates with active tuberculosis and IMs did not express IFNB1 in naive or latently infected
lungs (Fig. 3D). These results suggest that mice accurately model the Mtb induced type | IFN
production seen in non-human primates.

The type | IFN producers identified in the scRNA-seq datasets were validated using a
genetic reporter of type | IFN production, called I-Tomcat mice (manuscript in preparation).
These mice express TdTomato and Cre downstream of Ifnb1; therefore, any cell that expresses
Ifnbl will also express TdTomato and Cre (Fig. 3E). While TdTomato expression was sufficient
to identify Ifnb1 expression by I-Tomcat bone marrow-derived macrophages following in vitro
stimulation with poly I:C, TdTomato+ cells were not detected 25 days after Mtb infection (Fig.
3F, Supplementary Fig. 6). Even though type | IFN drives the Mtb susceptibility of Sp1407"-
mice 25 days post-infection, it is unclear when the type | IFN production occurs (Fig. 1A). Itis
possible that type | IFN is an early and/or transient event, which would be missed by analyzing a
single timepoint with the I-Tomcat mice. To address this issue, we crossed I-Tomcat mice with
the Ai6 Cre reporter mouse line to generate I-Tomcat Ai6é mice (Fig. 3E) (Madisen et al., 2010).
In these mice, any cell that has ever expressed Ifnb1 will constitutively express ZsGreen. Mtb
infected I-Tomcat Ai6é mice clearly contained populations of reporter-positive myeloid cells, while
demonstrating low background among cell populations that are not expected to be reporter
positive (e.g., ~0.1% of T cells were Ai6") (Fig. 3G). Consistent with the sScRNAseq analysis,
IMs and monocytes were the primary Ifnb1 expressing cells in B6 and Sp140~~ mice (Fig. 3H).
Interestingly, Sp140-deficient mice exhibited elevated Ai6" expression frequency in all cell
types, suggesting SP140 broadly modulates the sensitivity for inducing Ifnb1 expression (Fig.
3H). In addition to corroborating the scRNA-seq data, the I-Tomcat mice also identified pDCs as
a major type | IFN producing cell population. Lung pDCs are very rare and were therefore not
represented in our scRNA-seq dataset, demonstrating the power of using genetic reporters to
study rare events and cell populations. Despite their scarcity, pDCs are known to be extremely
robust producers of type | IFNs on a per cell basis (Fitzgerald-Bocarsly et al., 2008).

While we expected IMs to be a major type | IFN producing population given the scRNA-
seq results, we were surprised that the majority of the Ai6” IMs were Mtb™ and most Mth* IMs
were Ai6~ (Fig. 3G). These results suggest that direct infection of IMs is neither required nor
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sufficient for IFN-B production. To examine this phenomenon in greater detail, we performed
confocal microscopy and histo-cytometry analysis of Mtb infected I-Tomcat Ai6 and Sp1407™" I-
Tomcat Ai6 lungs (Gerner et al., 2012; Kotov et al., 2019). While lesions of diseased tissue were
clearly identifiable in I-Tomcat Ai6 mice, the size and myeloid cell influx into the diseased tissue
were greatly exacerbated in Sp1407 I-Tomcat Ai6 (Fig. 4A). Additionally, Ai6 expressing cells
were identifiable throughout the lungs, with an increased propensity to localize in diseased
rather than healthy tissue (Fig. 4A, Supplementary Fig. 7). Within diseased tissue, Ai6
expressing cells were primarily located near Mtb harboring cells in I-Tomcat Ai6 and Sp1407" I-
Tomcat Ai6 lungs (Fig. 4B). Similar to the flow cytometry results, SIRPI* macrophages were a
major Ai6 expressing cell population, with a higher frequency of SIRP" macrophages
expressing Ai6 than CD4" T cells in the diseased tissue but not healthy tissue (Fig. 3H, 4B, 4C).
Direct infection by Mtb was not a major driver of IFN-B expression, as ~2-3% of infected
macrophages were Ai6" and ~12-15% of Ai6" cells were Mtb infected, in line with the
frequencies seen in IMs by flow cytometry (Fig. 3H, 4D). These results suggest that IM
localization to Mtb rich regions provides the activating signals required for IFN-8 expression,
while direct infection of IMs is not required for IFN- expression.

pDCs significantly contribute to the Mtb susceptibility of Sp140~~ animals

While pDCs have a well-established role in anti-viral immunity, including lung infections like
respiratory syncytial virus, limited work has been done on their contribution during Mtb infection
(Cervantes-Barragan et al., 2012; Smit et al., 2006). Consistent with our finding that pDCs are a
major type | IFN producer in Mtb infected mouse lungs, Khader and colleagues described the
presence of pDCs in lungs of non-human primates with active pulmonary TB (Esaulova et al.,
2021). However, the lack of genetic tools in non-human primates precluded functional studies of
pDCs during TB. Therefore, we decided to take advantage of our genetically amenable mouse
model to assess whether pDCs affect Mtb control. The contribution of pDCs was initially tested
by depleting pDCs using an anti-PDCA-1 antibody (Asselin-Paturel et al., 2003; Blasius et al.,
2006; Krug et al., 2004). This strategy efficiently depleted pDCs and resulted in a partial rescue
of Mtb control in Sp140™~ mice (Fig. 5A, 5B). However, PDCA-1 is known to be upregulated by
cells other than pDCs in inflammatory environments, thus antibody depletion could have been
protective against Mtb by depleting non-pDC cells (Blasius et al., 2006). We therefore also
tested the contribution of pDCs by using a genetic pDC depletion strategy in which we
generated Sp140~"~ mice with diphtheria toxin receptor (DTR) expressed downstream of the
human BDCAZ2 promoter (pDC-DTR) (Swiecki et al., 2010). As a single copy of Sp140 is
sufficient to rescue the susceptibility of Sp140-deficient animals, the Sp140*" littermate controls
are representative of wild-type, Mtb restrictive animals. DT administration efficiently ablated
pDCs in Sp140™~ and Sp140"~ mice, with the depletion specifically affecting pDCs (Fig. 5C,
Supplementary Fig. 8). Genetic pDC depletion was able to fully rescue bacterial control in
Sp140~"~ mice, while depletion in Sp140-sufficient animals (that do not exhibit an exacerbated
type I IFN response) did not affect lung bacterial burden, as expected (Fig. 5D). These results
demonstrate a novel contribution by pDCs in limiting Mtb control in animals with a hyper type |
IFN response.

To understand why pDCs contribute to the susceptibility of Sp140~~ but not Sp140-
sufficient animals, we examined ligand availability for the pDCs. We focused on DNA-rich NETs
as a potential pDC-activating ligand because extracellular DNA is a potent pDC-activating ligand
and NETs have been described as a stimulus for type | interferon production by pDCs in mice
and humans in the context of autoimmunity (Cervantes-Luevano et al., 2018; Garcia-Romo et
al., 2011; Lande et al., 2011). Additionally, another Mtb susceptible mouse model with a hyper
type | interferon response identified the presence of NETs in the lungs of susceptible mice and
humans with active Mtb disease (Moreira-Teixeira et al., 2020). We assessed NET production in
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Sp140™and B6 mice by staining for citrullinated H3 in the lungs of Mtb infected mice (Fig. 5E).
Sp140~~mice had over a 100-fold increase in NET staining as compared to B6 animals,
indicating that Sp140™~ mice have substantially more ligand to activate type | interferon
production in pDCs as compared to wild-type hosts (Fig. 5F).

While our results demonstrate a role for pDCs during Mtb infection in mice and the
Khader lab identified a correlation between pDCs and active Mtb in non-human primates, the
role of pDCs during human Mtb infection has yet to be examined (Esaulova et al., 2021).
Therefore, we analyzed human lung and lymph node biopsies taken from Mtb culture-positive
patients for the presence of pDCs near Mtb granulomas (Fig. 5G). Based on CD303 and CD123
staining, pDCs localized to the lymphocytic cuff surrounding Mtb granulomas in human lungs
and lymph nodes (Fig. 5H, 51, Supplementary Fig. 8). Of the 8 patient samples analyzed, 5
lung samples and 7 lymph node samples had pDCs in the same 400X field as an Mtb
granuloma (Supplementary Table 1). The majority of the pDCs in the lung samples were
distributed as individual cells, while lymph node pDCs were primarily grouped together in
clusters of over 20 cells or scattered individually (Supplementary Table 1). These results
demonstrate that pDCs, though generally an extremely rare cell population, are nevertheless
located near Mtb-infected cells in granulomas in human lung and lymph nodes. These results,
along with our results in mice and previous studies in non-human primates (Esaulova et al.,
2021), implicate pDCs as a plausible source of type | IFN that drives active tuberculosis in
humans.

Neutrophils and IMs are the major sensors of type | IFNs during Mtb infection

Having identified pDCs, IMs, and monocytes as the major type | IFN producers during Mtb
infection, we next sought to identify which cells responded to this type | IFN. As expected,
IFNAR was uniformly expressed by all lung myeloid cells, and therefore not informative for
identifying IFN responsive cells (Fig. 6A) (de Weerd and Nguyen, 2012). However, comparing
differentially expressed genes in B6 and Sp140~~ neutrophils and IMs showed a clear induction
of IFN stimulated genes in cells from Sp140~~ animals (Fig. 6B). A major complication,
however, is that many genes induced by type | IFN are also induced by IFNy. Therefore, to
develop type | IFN-specific and IFNy-specific transcriptional signatures, we analyzed RNA-
sequencing on human macrophages stimulated with IFNy, IFN-3, tumor necrosis factor,
transforming growth factor-B, or nothing (Supplementary Fig. 9) (Nilsson et al., 2022). After
converting the gene names to mouse gene symbols, the signatures were applied to the mouse
lung myeloid scRNA-seq dataset. Strength of signature expression in naive mice was used to
define the threshold for classifying cells as an IFNy or type | IFN responder (Supplementary
Fig. 9). As expected, naive mice had very few cells responding to either cytokine, while
bystander and Mtb infected cells responded strongly to type | and 2 IFNs (Fig. 6C).
Interestingly, the type | IFN response was limited to IMs and neutrophils, even though
monocytes and AMs were responsive to IFNy. Potentially, differences in the localization of these
cells could explain their differences in cytokine responsiveness. As expected, neutrophils and
IMs from Sp140~~ mice exhibited a significant increase in type | IFN signaling relative to cells
from B6 lungs (Fig. 6D, 6E). Consistent with considerable prior work demonstrating that type |
IFNs impair responsiveness to IFNy (Crisler and Lenz, 2018; Eshleman et al., 2017; Rayamajhi
et al., 2010; Teles et al., 2013), the Sp140_/_ mice harbored a distinct population of IMs that
exhibited the signature of type | IFN-responsiveness but lacked the signature of IFNy
responsiveness (Fig. 6D, 6E). Since IFNy is critical for control of intracellular Mtb replication,
these results suggest that type | IFN inhibits Mtb control at least in part by opening a niche of
susceptible IMs that fail to respond to IFNy.
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As neutrophils and IMs were the primary sensors of type | IFN, these are the cell types
we tested to determine which cell population requires type | IFN recognition for inducing the Mtb
susceptibility of Sp140~~ mice. Using LysM®™ Ifnar1 flox mice, we deleted IFNAR expression on
myeloid cells in Sp140™~ mice. Myeloid cell-specific deficiency in IFNAR was sufficient to rescue
bacterial control and reduce lung neutrophil numbers to the same extent as global IFNAR
deletion (Fig. 7A, 7B). As LysM®* is activate in neutrophils, monocytes, and macrophages, this
strategy could not dissociate the contribution of type | IFN signaling in neutrophils from that in
mononuclear phagocytes. Therefore, we isolated the contribution of neutrophil sensing of type |
IFN in affecting Mtb control by deleting IFNAR solely on neutrophils with Mrp8©' Ifnarl flox
mice. Neutrophil-specific deficiency in type | IFN signaling was insufficient to rescue the Mtb
susceptibility or the increase in lung neutrophils exhibited by Sp140™~ mice (Fig. 7C, 7D). Taken
together, these results are consistent with a model in which type | IFN signaling on IMs inhibits
IFNYy signaling in these cells, thereby reducing their ability to restrict Mtb growth.

Discussion

Type | IFNs are a critical component of the anti-viral response (McNab et al., 2015). However,
the dominant gene signature identified in humans with active tuberculosis disease is a type |
IFN signature, suggesting type | IFNs play a negative role in Mtb control (Berry et al., 2010;
Moreira-Teixeira et al., 2018; Ottenhoff et al., 2012; Scriba et al., 2017). Interestingly, not all
IFNs promote Mtb disease as type Il IFN is protective during tuberculosis (Flynn et al., 1993).
Indeed, type | IFNs can exacerbate bacterial infections by directly antagonizing type 1l IFN
signaling by downregulating surface expression of the IFNy receptor (Eshleman et al., 2017;
Rayamajhi et al., 2010). Additionally, type | IFNs can antagonize IL-1 signaling, a pathway that
is critical for Mtb control, through the induction of IL-1 receptor antagonist and eicosanoid
imbalance (Bohrer et al., 2018; Ji et al., 2019; Mayer-Barber et al., 2014, 2011). The
antagonism of type Il IFN by type | IFNs is conserved in humans with type | IFN inhibiting IFNy
induced antibacterial activity against Mycobacterium leprae (Teles et al., 2013). Potentially,
antagonism of IFNy signaling underlies the tuberculosis-susceptibility of humans that exhibit a
type I IFN signature, as humans with active Mtb exhibit reduced IFNy receptor expression on
their monocytes (Singhal et al., 2007). If so, the type | interferon response may be a key driver
of progression to active tuberculosis. There is support in the literature for this hypothesis, as
infants that acquire cytomegalovirus infection, a viral infection known to induce type | IFN,
during the first year of life, have a high risk of developing tuberculosis disease (Boehme et al.,
2004; DekFilippis et al., 2010; Martinez et al., 2021; Miiller et al., 2019; Paijo et al., 2016).
Additionally, influenza infection, which also induces type | IFN, correlates with an increased risk
of death in pulmonary tuberculosis patients (Walaza et al., 2015). While the correlation between
viral infection worsening Mtb infection outcomes is tantalizing, a major limitation of studying
human disease is the difficulty in going from correlation to causation. Thus, we turned to a
mouse model of Mtb infection to dissect the cellular mechanism by which type I IFN drives Mtb
susceptibility.

The commonly used B6 mouse model does not exhibit a strong type | IFN response after
Mtb infection. Consistent with the modest type | IFN response of B6 mice, IFNAR deletion on
the B6 genetic background does not impact survival or bacterial burdens in the lungs after Mtb
infection (Ji et al., 2019; McNab et al., 2013; Moreira-Teixeira et al., 2017; Stanley et al., 2007).
Therefore, we sought a different mouse model that recapitulated two key aspects of human
disease, the hyper type | IFN response and the accompanying neutrophilic inflammation (Berry
et al., 2010; Lowe et al., 2013; Panteleev et al., 2017). Previously, we identified B6.Sst1° mice
as a mouse model that demonstrates type | IFN driven susceptibility to Mtb infection (Ji et al.,
2019). We then defined Sp140 as the gene responsible for the susceptibility of these mice (Ji et
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al., 2021). As was the case for B6.Sst1® animals, IFNAR deletion in Sp140"‘ mice rescues
susceptibility. Additionally, Sp140~~ mice have more lung neutrophils after Mtb infection than
Sp1407~" Ifnarl™" animals (Fig. 1D, 7B, 7D). Therefore, Sp140™~ mice recapitulate fundamental
aspects of human active Mtb disease and can serve as a platform for understanding the cellular
mechanism of type | IFN-driven Mtb susceptibility.

Sp140~" mice are a unique mouse model of the aberrant type | IFN response, as they do
not require repeated administration of TLR agonists, viral co-infection, or other perturbations of
the innate immune system for type | IFN production (Antonelli et al., 2010; Kang et al., 2022;
Mayer-Barber et al., 2014; Moreira-Teixeira et al., 2020; Redford et al., 2014). Other groups
have also modeled the type I IFN response by infecting B6 mice with a lineage 2 clinical Mtb
strain, like HN878 (Akter et al., 2022; Manca et al., 2001). However, IFNAR deletion had little to
no impact on the survival of mice infected with HN878, unlike Sp140”~ mice infected with Mtb
Erdman (Ji et al., 2021; Manca et al., 2005; Ordway et al., 2007). Thus, we believe the Sp1407™"-
mouse model uniquely recapitulates the hyper type | IFN response exhibited by humans
providing a tool to mechanistically study this aberrant type | IFN response.

We therefore used Sp140~~ mice to define the type | IFN-producing cells during Mtb
infection. Flow cytometry and imaging of I-tomcat Ai6 mice identified IMs and pDCs as the major
IFN-B producers during Mtb infection. Imaging provided insight into why these cells expressed
type I IFN, as the frequency of type | IFN-expressing macrophages was enriched relative to
CD4" T cells in diseased tissue but not in healthy tissue. This result suggests that proximity to
Mtb dictates access to activating signals required to induce IFN-B expression in macrophages.
However, most IFN- expressing IMs were not infected with Mtb, indicating direct infection is
insufficient and not the main driver of type | IFN expression in vivo. By imaging, B6 and Sp1407"~
macrophages expressed IFN-B at similar frequencies in diseased tissue. This result appears to
contrast with flow cytometry analysis of whole lungs, which demonstrates a higher frequency of
IMs expressing IFN-B in Sp140~~ mice relative to B6 mice. The discrepancy between the flow
cytometry and imaging data likely stems from Sp140~~ mice having considerably more diseased
tissue. Additionally, the Ai6 signal from I-Tomcat Ai6 mice identifies cells that have expressed
IFN-, but does not indicate the level of IFN-B expression in these cells. Thus, even if
macrophages are driven to express IFN-B at similar frequencies in B6 and Sp140~~ mice, the
macrophages in Sp140™ mice could produce more IFN-B per cell, as seen in the scRNA-seq
data.

Expression of type | IFNs by pDCs during Mtb infection was particularly noteworthy as
limited work exists on the effect of pDCs on Mtb control. The role of pDCs in viral control is well
established, with their type | IFN production during the early phases of viral infections
significantly contributing to viral control (Cervantes-Barragan et al., 2012; Smit et al., 2006;
Swiecki et al., 2010). In bacteria, the potential for pDCs to impact control has become
appreciated more recently, with pDCs demonstrating a protective function against Citrobacter
rodentium, Chlamydia pneumoniae, and Klebsiella pneumoniae (Crother et al., 2012; Lippitsch
et al., 2019; Rahman et al., 2019; Wu et al., 2016). However, few studies have examined the
contribution of pDCs during Mtb infection, and these studies have not yet led to a clear
understanding. The number of pDCs in the blood was reduced in Mtb infected humans, but lung
pDC numbers or function were not assessed (Lichtner et al., 2006; Lu et al., 2017). In non-
human primates, there was a correlation between active pulmonary Mtb and the influx of pDCs
and IFN-responsive macrophages into the lungs of the rhesus macaques (Esaulova et al.,
2021). Another group also identified pDCs in tuberculosis granulomas of a different non-human
primate, cynomolgus macaques, but the frequency of pDCs among all cells in the granulomas
did not correlate with bacterial burden of the granuloma (Gideon et al., 2022). A major issue in
the studies using NHPs or humans is the difficulty in depleting or otherwise functionally
assessing the role of pDCs. We therefore leveraged Sp140™~ pDC-DTR mice to study the
contribution of pDCs to bacterial control by specifically ablating pDCs during Mtb infection. This
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experiment demonstrated that pDCs significantly contributed to the susceptibility of Sp140™"
mice. Additionally, we identified pDCs in the lymphocytic cuff surrounding Mtb granulomas in
human lungs and lymph nodes. Together, these results suggest that disease progression driven
by pDC production of type I IFN is conserved between rodents, non-human primates, and
humans.

While pDC depletion rescued Sp140™" mice, it had no impact on the bacterial burdens in
B6 animals. This result was not surprising given that very few myeloid cells in B6 mice
expressed a type | IFN signature and Ifnarl deficiency also has only modest effects in the B6
background (Ji et al., 2019; Stanley et al., 2007). As pDCs are present in B6 and Sp140™~ mice,
we speculated that the difference in pDC type I IFN production in these mouse strains could be
due to differences in the availability of activating ligands. As seen in another Mtb susce}otible
mouse model, and in Mtb infected human lungs (Moreira-Teixeira et al., 2020), Sp140™" mice
had a significant enrichment in NET production compared to B6 mice. Potentially, these NETs
are acting as a ligand for TLR9 on the pDCs, as described in mouse and human autoimmunity
(Caielli et al., 2016; Cervantes-Luevano et al., 2018; Garcia-Romo et al., 2011; Lande et al.,
2011). Given that NET formation was also identified in Mtb granulomas in human lung sections,
it is possible that pDC sensing of NETs contributes to the type | IFN response detected in
humans with active Mtb disease (Moreira-Teixeira et al., 2020).

Having defined the cells producing type I IFNs in vivo after Mtb infection, we then sought
to identify which cells responded to the type | IFN. By scRNA-seq, we identified neutrophils and
IMs as type | IFN sensors. While both populations harbor Mtb, it is possible that type | IFN
driven susceptibility to Mtb is caused by signaling in only one of these populations. In a GM-
CSF blockade model of type | IFN driven Mtb susceptibility, neutrophil-specific deletion of
IFNAR rescued bacterial control (Moreira-Teixeira et al., 2020). We employed the same genetic
strategy as this prior report, but were unable to detect any rescue of SP140"‘ mice when
neutrophils lacked IFNAR. This was surprising as we saw that Sp140™" neutrophils expressed a
type I IFN gene signature by scRNA-seq. However, GM-CSF is critical for maintaining lung
alveolar macrophages and the responsiveness of lung monocytes and macrophages to
infections, including Mtb infection (Bryson et al., 2019; Gschwend et al., 2021; Liu et al., 2020;
Rothchild et al., 2014). Therefore, it is possible that impairing lung macrophages by GM-CSF
blockade shifted the impact of type | IFN on Mtb control from macrophages to neutrophils. In
support of this idea, we also identified IMs as a type | IFN-sensing population, and deletion of
IFNAR on macrophages rescued Sp140”~ mouse bacterial control. These results suggest that
during a normal (GM-CSF sufficient) response, type | IFN signaling in macrophages reduces
their ability to restrict Mtb in a cell-intrinsic manner, potentially by inhibiting IFNy signaling in the
macrophages (Eshleman et al., 2017; Rayamajhi et al., 2010; Singhal et al., 2007).

Overall, our results suggest a model in which an initial loss of bacterial control leads to
neutrophil influx and NET production within the diseased tissue. The DNA-rich NETs are then
likely sensed by TLR9 on pDCs causing them to produce type | IFN, which is detected by IMs.
Type | IFN signaling in IMs antagonizes IFNy signaling reducing the IMs ability to restrict Mtb
growth. Given the correlations between our results and findings in rhesus macaques and
humans with active Mtb, we believe that our proposed mechanism of type | IFN driven loss of
Mtb control is conserved across species. These findings open the door for the development of
therapies targeting NET production or pDC function as host-directed strategies for treating Mtb
infection.
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Figure Legends

Figure 1. Myeloid cells are the dominant Mtb harboring cells in Sp1407~ and Sp140~~ Ifnarl1™~
mice. (A) Colony forming units of Mtb in the lungs of Sp140~~ (n = 13) and Sp140~" Ifnarl™ (n
= 11) mice 25 days post-infection. (B) Representative flow cytometry identification of Mtb
infected cells, subset into neutrophils (green; Ly6G* CD11b"), other cells (purple; Ly6G~ CD64~
MerTK"), monocytes (blue; Ly6G~ CD64" MerTK"™), alveolar macrophages (AMs; orange;
Ly6G~ CD64* MerTK"®" Siglec F*), and interstitial macrophages (IMs; pink; Ly6G~ CD64"
MerTK"9" Siglec F). (C) Number of infected cells identified by flow cytometry plotted in relation
to colony forming units from the same infected lung (n = 45). (D) Number of innate immune cells
by cell type in the lungs of Mtb infected Sp140~~ (n = 19; closed circles) and Sp1407 Ifnarl™"
mice (n = 16; open circles). (E) Frequency and (F) number by immune cell population of Mtb
infected cells in Sp140™ (n = 12-19; closed circles) and Sp140~ Ifnarl™ mice (n = 10-15; open
circles). Lungs were analyzed for the depicted experiments 24-26 days after Mtb infection. The
bars in (A), (D), (E), and (F) represent the median. Pooled data from two or three independent
experiments are shown. A linear regression performed on log transformed data was used to
calculate significance and R? for (C). An unpaired t test was used to determine significance for
(A), a two-way ANOVA with Sidak’s multiple comparisons test was used to calculate
significance for (D), (E), and (F). **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 2. ScCRNA-sequencing analysis of B6 and Sp140~~ myeloid cells from Mtb infected and
naive lungs. (A) Weighted nearest neighbor umap plot depicting unbiased clustering of myeloid
cells from Mtb infected and naive lungs. (B) Dot plot of lineage defining protein and mRNA
markers used to annotate the dataset. (C) Weighted nearest neighbor umap plot comparing
cells from B6 and Sp140~~ lungs. (D) Weighted nearest neighbor umap plot contrasting cells
from naive mice, the bystander cells from Mtb infected mice, and the Mtb infected cells from Mtb
infected mice. Lungs were analyzed for the depicted experiment 25 days after Mtb-Wasabi
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infection. For each genotype, n = 3 for the infected lung samples and n = 2 for the naive lung
samples. *p < 0.05, **p < 0.01.

Figure 3. Interstitial macrophages, monocytes, and plasmacytoid dendritic cells are the primary
IFN-B producers in mice and non-human primates. (A) Weighted nearest neighbor umap plot of
Ifnb1 expression in myeloid cells from naive mice, bystander myeloid cells from infected mice,
and Mtb infected myeloid cells from infected mice. (B) Weighted nearest neighbor umap plot of
Ifnb1 expression in myeloid cells from B6 and Sp140™"~ mice. (C) Violin plot depicting level of
Ifnb1 expression in B6 and Sp140~"" cells that express Ifnbl. (D) Analysis of GSE149758
scRNA-seq data from Esaulova E., et al. 2021. Umap depicting IFNB1 expression in cells from
non-human primates with active Mtb infection, latent Mtb infection, or that are uninfected. (E)
Model of I-Tomcat mice crossed to Ai6 mice. (F) Representative flow cytometry plot of
TdTomato expression in lymphocytes. (G) Representative flow cytometry plots of ZsGreen
expression and Mtb-mCherry detection in T cells, IMs, pDCs, and monocytes. (H) Frequency of
Ai6 expressing cells in lung immune cells from Ai6— control (n = 34; open circles), Sp140™" I-
Tomcat Ai6 (n = 19; green circles), and I-Tomcat Ai6 (n = 15; red circles) mice. The bars in (H)
represent the median. Pooled data from four independent experiments are shown in (H). Lungs
were analyzed for the depicted experiments 25 days after Mtb infection. Statistical significance
in (H) was calculated by one-way ANOVA with Tukey’'s multiple comparison test. *p < 0.05, **p
<0.01, **p < 0.001, ***p < 0.0001.

Figure 4. IFN-B producers are enriched in diseased tissue, but only a minority harbor Mtb. (A)
Representative images of Mtb infected I-Tomcat Ai6 and Sp140~~ I-Tomcat Ai6 lung sections
stained for SIRPI (dark blue), CD4 (yellow), B220 (teal), Ly6G (red), Ai6 (green), and Mtb-
expressed mCherry (magenta). Inset images depict higher magnification of diseased and
healthy tissue for both genotypes. (B) Representative images of Ai6” cell localization near Mtb
in the diseased portions of I-Tomcat Ai6 and Sp1407~ I-Tomcat Ai6 lungs. Sections were
stained with SIRP 1 (dark blue), CD4 (yellow), Ai6 (green), and Mtb-expressed mCherry
(magenta). White arrows indicate cells co-expressing Ai6 and SIRP. (C) Image quantification
of the frequency of Ai6 expression in CD4" T cells and SIRP 1" IMs in the diseased and healthy
tissue of B6 I-Tomcat Ai6 (n = 5) and Sp140~~ I-Tomcat Ai6 (n = 7) lungs. (D) Image
guantification of the frequency of Ai6 expression among Mtb infected macrophages or frequency
of Mtb infection among Ai6" cells for B6 I-Tomcat Ai6 (n = 5) and Sp140~~ I-Tomcat Ai6 (n = 7)
lungs. All samples were analyzed 25 days after Mtb infection. Pooled data from two
independent experiments are shown in (C) and (D). Statistical significance in (C) and (D) was
calculated with an unpaired t test. ***p < 0.001.

Figure 5. pDC depletion rescues Sp140™ mouse Mtb susceptibility and pDCs are present in
the lymphocytic cuff surrounding granulomas in Mtb infected human lymph nodes and lungs. (A)
Number of splenic pDCs and (B) bacterial burden in Sp140™~ mice that received isotype or pDC
depleting antibody from days 12 to 24 post-infection (n = 9-12). (C) Number of splenic pDCs
and (D) bacterial burden in Sp140~~ pDC-DTR mice or Sp140™" mice controls that received DT
from days 12 to 24 after infection (n = 10-13). (E) Representative images and (F) quantification
of NET production based on citrullinated H3 staining in the diseased portions of I-Tomcat Ai6
and Sp140~" I-Tomcat Ai6 lungs. Sections were stained with citrullinated H3 (red), Ai6 (green),
Ly6G (teal), and Mth-expressed mCherry (magenta) (n = 6-7). (G) Representative hematoxylin
and eosin or (H) anti-CD303 (brown) and hematoxylin staining on serial sections of Mtb infected
human lymph nodes (n = 8). (I) Representative hematoxylin and eosin and anti-CD303 (brown)
and hematoxylin staining on serial sections of Mtb infected human lung samples (n = 8). Mouse
lungs were harvested 25 days post-infection. The bars in (A), (B), (C), (D), and (F) represent the
median. Pooled data from two independent experiments are shown in (A), (B), (C), (D), and (F).
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Statistical significance was calculated by one-way ANOVA with Tukey’s multiple comparison
test for (B), (C), and (D) and by an unpaired t test for (A) and (F). **p < 0.01, ***p < 0.001, ****p
< 0.0001.

Figure 6. Neutrophils and IMs are the type | IFN responding innate immune cells in Mtb infected
Sp140~"~ lungs. (A) Weighted nearest neighbor umap plot of Ifnarl and Ifnar2 mRNA expression
in innate immune cells from Mtb infected lungs. (B) Volcano plot of differentially expressed
genes comparing B6 and Sp140~ neutrophils and IMs, with higher log fold change indicating
greater expression in B6. (C) Weighted nearest neighbor umap plot of naive, bystander, and
Mtb infected lung myeloid cells classified by their responsiveness to IFNy (red), type | IFN
(blue), both (purple), or neither (grey). (D) Weighted nearest neighbor umap plot and (E) graph
of the frequency of neutrophils, monocytes, IMs, and AMs from bystander and Mtb infected B6
(n = 3) and Sp140™" (n = 3) lungs that are responsive to IFNy (red), type | IFN (blue), both
(purple), or neither (white). Lungs were analyzed 25 days after Mtb-Wasabi infection. Statistical
significance in (B) was calculated with the Wilcoxon Rank-Sum test and by two-way ANOVA
with Tukey’s multiple comparisons test in (E). *p < 0.05, ***p < 0.001, ****p < 0.0001.

Figure 7. Macrophage recognition of type | IFN drives the Mtb susceptibility of Sp140™~ mice.
(A) Colony forming units and (B) number of neutrophils in the lungs of Sp140~~ Ifnarl™ (n =
11), Sp1407" Ifnarl™ LysM®® (n = 18), and Sp1407" littermate control (n = 34) mice 24-25 days
after Mtb infection. (C) bacterial burden and (D) neutrophil numbers in the lungs of Sp1407"~
Ifnarl™ (n = 11-16), Sp140~" Ifnarl™ Mrp8° (n = 10-18), and Sp140~" littermate control (n =
28-57) mice. The bars in (A), (B), (C), and (D) represent the median. Lungs were analyzed for
the depicted experiments 24-26 days after Mtb infection. Pooled data from two-three
independent experiments are shown. Statistical significance was calculated by one-way ANOVA
with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Materials and Methods
Mice

Mice were maintained under specific pathogen-free conditions and housed at 23°C with a 12
hour light-dark cycle in accordance with the regulatory standards of the University of California
Berkeley Institutional Animal Care and Use Committee. All mice were sex- and age-matched
and were 6-12 weeks old at the start of infections. Male and female mice were used in all
experiments. Littermate controls were used when possible, as indicated in the figure legends.
B6, B6.129S2-Ifnarl™*%/Mmjax (Ifnarl™"), B6.Cg-Gt(ROSA)26Sor™Me(CAC-zsCreenlHze) 3 (Ajg)
B6(Cg)-Ifnar1"™-*€%/J (Ifnarl"), B6.Cg-Tg(S100A8-cre,-EGFP)1llw/J (Mrp8©'), and B6.129P2-
Lyz2™Here)os 3 (1 ysM©"®) mice were purchased from Jackson Laboratories. Ifnb1l-Tomato-Cre-pA
Terminator (I-Tomcat) mice were a gift from D. Stetson at the University of Washington and a
manuscript describing these mice in detail is currently in preparation. B6-Fcgr1"™2“P"® (CD64°™)
mice were a gift from B. Malissen at Centre d'Immunologie de Marseille Luminy and were
provided by Y. Belkaid at the National Institutes of Health (Scott et al., 2018, p. 2). B6-
Tg(CLEC4C-HBEGF)956CIn/J (pDC-DTR) mice provided by A. Lacy-Hulbert at the Benaroya
Research Institute. Sp140™~ mice were previously generated in-house (Ji et al., 2021, p. 140).
Sp1407~" Ifnarl™ mice were generated by crossing Sp140~~ mice with Ifnarl™~ mice in-house. I-
Tomcat Ai6 mice were generated by crossing I-Tomcat mice with Ai6 mice, while Sp1407" I-
Tomcat Ai6 mice were the result of crossing I-Tomcat mice with Sp140™~ and Ai6 mice in-
house. Sp140~"~ mice were crossed in-house with pDC-DTR mice to generate Sp140~~ pDC-
DTR mice. Sp140~" Ifnarl" LysM®®, Sp1407" Ifnarl" Mrp8©®, and Sp140~" Ifnarl" CD64°™ mice
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were generated by crossing Sp140~ mice with Ifnar1" and LysM®™ or Mrp8“" or CD64“"*® mice
in-house.

Mtb infections

Mtb strain Erdman was a gift of S. A. Stanley. Mtb expressing Wasabi (Mtb-Wasabi) and Mtb-
mCherry were generated using Mtb that had been passaged 2 or fewer times in culture. For
these fluorescent strains, Mtb was grown in Middlebrook 7H9 liquid medium supplemented with
10% albumin-dextrose-saline, 0.4% glycerol, and 0.05% Tween-80 for 5 days at 37°C. The cells
were pelleted and washed in 10% glycerol to remove salt. The bacteria were then
electroporated with 1 pg DNA using a 2 mm electroporation cuvette and the following settings:
2500 volts, 1000 Ohms, 25 pF. The pTEC15 plasmid (a gift from Lalita Ramakrishnan; Addgene
plasmid # 30174), which expresses Wasabi under the control of the Mycobacterium Strong
Promoter, was electroporated into Mtb to generate Mth-Wasabi (Takaki et al., 2013). The
pMSP12::mCherry plasmid (a gift from Lalita Ramakrishnan; Addgene plasmid # 30167), which
expresses mCherry under the control of the Mycobacterium Strong Promoter, was
electroporated into Mtb to generate Mtb-mCherry. Following electroporation, bacteria were
grown on 7H11 plates supplemented with 10% oleic acid, albumin, dextrose, and catalase,
0.5% glycerol, and either Hygromycin for Mtb-Wasabi or Kanamycin for Mtb-mCherry for 3-4
weeks at 37°C. Individual colonies where then propagated in 10 mL inkwell flask cultures using
7H9 medium supplemented with 10% albumin-dextrose-saline, 0.4% glycerol, 0.05% Tween-80,
and either Hygromycin for Mtb-Wasabi or Kanamycin for Mtb-mCherry for 7 days at 37°C. The
inkwell cultures were expanded into a 100 mL culture using the same 7H9 supplemented media
with antibiotics and cultured for 4-5 days at 37°C. Once the bacteria were in log phase, the
culture was filtered with a 5 pm syringe filter and frozen in 1 mL aliquots in 10% glycerol. For
infection, a frozen aliquot was diluted in distilled H,0 and 9 mL of diluted culture was loaded into
the nebulizer of a inhalation exposure system (Glas-Col, Terre Haute, IN) to deliver ~20-100
bacteria per mouse as determined by measuring CFU in lungs 1 day post-infection.

Tissue Processing for CFU and Flow cytometry

Mice were harvested at various days post-infection (as described in figure legends) to measure
CFUs by plating and innate immune populations by flow cytometry. All lung lobes were
harvested into a gentleMACS C tube (Miltenyi Biotec) containing 3 mL of RPMI media with 70
pg / mL of Liberase TM (Roche) and 30 pug / mL of Dnase | (Roche). Samples were processed
into chunks using the lung_01 setting on the gentleMACS (Miltenyi Biotec) and incubated for 30
minutes at 37°C. Tissue was then homogenized into a single cell suspension by running the
samples on the lung_02 setting on the gentleMACS. The digestion was quenched by adding 2
mL of PBS with 20% Newborn Calf Serum (Thermo Fisher Scientific) and filtered through 70 pum
SmartStrainers (Miltenyi Biotec).

For measuring plasmacytoid dendritic cell numbers, spleens were harvested into a 12
well plate with 1 mL of PBS with 2% Newborn Calf Serum and 0.05% sodium azide in each well.
The spleens were sandwiched between 100 uM mesh filters and mashed into a single cell
suspension with the back of a syringe plunger. The single cell suspensions were filtered through
70 um SmartStrainers (Miltenyi Biotec).

Measuring Bacterial Burden
To measure CFU, 50 uLs was taken from each single cell suspension and then serially diluted

in phosphate-buffered saline (PBS) with 0.05% Tween-80. Serial dilutions were plated on 7H11
plates supplemented with 10% oleic acid, albumin, dextrose, and catalase and 0.5% glycerol.
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Flow Cytometry

For flow cytometry, lung single cell suspensions were pelleted and resuspended in 500 pL of
PBS with 2% Newborn Calf Serum and 0.05% Sodium Azide and 100-150 pL were stained with
antibodies for analysis. Spleen single cell suspensions were pelleted and resuspended in 5 mL
of PBS with 2% Newborn Calf Serum and 0.05% Sodium Azide, of which 50 uL were stained
with antibodies. Single cell suspensions were stained for 45 minutes to an hour at room
temperature with the following antibodies: TruStain FcX PLUS (S17011E, BioLegend), BUV496-
labeled CD45 (30-F11, BD Biosciences), APC-labeled CD64 (X54-5/7.1, BioLegend), BV480-
labeled B220 (RA3-6B2, BD Biosciences), BV480-labeled CD90.2 (53-2.1, BD Biosciences),
APC-Fire 750-labeled Ly6G (1A8, BioLegend), BUV395-labeled CD11b (M1/70, BD
Biosciences), BUV737-labeled CD11c (HL3, BD Biosciences), APC-R700-labeled Siglec F
(E50-2440, BD Biosciences), PE-labeled MerTK (DS5MMER, Thermo Fisher Scientific), Super
Bright 645-labeled MHC 1l (M5/114.15.2, Thermo Fisher Scientific), Bv421-labeled PD-L1
(MIH5, BD Biosciences), BV711-labeled Ly6C (HK1.4 , BioLegend), PE-labeled IFNAR-1
(MAR1-5A3, BioLegend), PE-Cy7-labeled MerTK (DS5MMER, Thermo Fisher Scientific), APC-
eFluor 780-labeled CD11b (M1/70, Thermo Fisher Scientific), BUV395-labeled CCRL2 (BZ2E3,
BD Biosciences), BUV563-labeled Ly6G (1A8, BD Biosciences), Percp-Cy5.5-labeled B220
(RA3-6B2, BioLegend), BV421-labeled Siglec H (440c, BD Biosciences), BV480-labeled CD19
(1D3, BD Biosciences), BV605-labeled MHC Il (M5/114.15.2, BioLegend), BV785-labeled Ly6C
(HK1.4 , BioLegend), BV605-labeled CD4 (GKL1.5, BioLegend), BUV805-labeled CD80 (53-6.7,
BD Biosciences), and PE-Cy7-labeled PDCA-1 (eBio927, Thermo Fisher Scientific). All samples
also received fixable viability dye (Ghost Dye Violet 510; Tonbo Biosciences), Super Bright
Complete Staining Buffer (Thermo Fisher Scientific), and True-Stain Monocyte Blocker
(BioLegend) at the same time as the antibodies. Stained samples were fixed with
cytofix/cytoperm (BD biosciences) for 20 minutes at room temperature before samples were
removed from the BSL3. For intracellular staining, the fixed samples were stained with the
following antibodies: PE-Cy7-labeled CD63 (NVG-2, BioLegend), Percp-eFluor 710-labeled
iINOS (CXNFT, Thermo Fisher Scientific), BV785-labeled CD206 (C068C2, BioLegend). Cell
numbers were calculated by adding fluorescent AccuCheck Counting Beads (Invitrogen) to each
sample. Cells were then analyzed on a Fortessa (BD Biosciences) or an Aurora (Cytek) flow
cytometer. Data were analyzed with Flowjo version 10 (BD Biosciences).

pDC depletion

Injections for pDC depletions were started 12 days after Mtb infection and continued every other
day until the mice were harvested 25 days post-infection. Antibody depletion of pDCs was
performed by administering 200 g of anti-CD317 (927, BioXCell) or rat IgG2b isotype control
antibody (LTF-2, BioXCell) in 200 puL PBS via intraperitoneal injection (Blasius et al., 2006).
Genetic depletion involved administering 100 ng diphtheria toxin (Millipore Sigma) in 100 pL
PBS via intraperitoneal injection into Sp140~~ pDC-DTR mice and littermate controls (Swiecki et
al., 2010).

Immunostaining human lymph nodes and lungs

Human lung and lymph node samples were acquired from the surgical pathology archives of
Emory University Hospital with appropriate institutional approval. 8 lung samples and 8 lymph
node samples were analyzed. Each sample was culture verified for Mycobacterium tuberculosis
infection. The samples were formalin-fixed and paraffin-embedded. Sections were cut and
stained with anti-CD123 (6h6, Thermo Fisher Scientific), anti-CD303 (124B3.13, Dendritics), or
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hematoxylin and eosin (Jaye et al., 2007, 2006). Primary antibodies were detected by
immunoperoxidase staining with the LSAB+ System and a standard DAB reaction following
manufacturer’s instructions (DakoCytomation). Sections were counterstained with hematoxlyin
prior to mounting and microscopy. pDCs were assessed in multiple 400X fields for each section
to calculate the frequency of samples containing pDCs and the clustering of pDCs within each
sample, defined as either singe cells, loose clusters of 5-20 cells, or tight clusters of more than
20 cells.

Confocal microscopy

Confocal Microscopy was performed using a Zeiss LSM 880 laser scanning confocal
microscope (Zeiss) equipped with two photomultiplier detectors, a 34-channel GaASP spectral
detector system, and a 2-channel AiryScan detector as well as 405, 458, 488, 514, 561, 594,
and 633 lasers. 20 um paraformaldehyde fixed lung sections from Mtb-mCherry infected I-
Tomcat Ai6 and Sp140~~ I-Tomcat Ai6 mice were stained at 4°C overnight with BV421-labeled
SIRPR (P84, BD Biosciences), Pacific Blue—labeled B220 (RA3-6B2, BioLegend), eF506-
labeled CD4 (RM4-5, BioLegend), and AF647-labeled Ly6G (1A8, BioLegend). Sections
detecting the presence of Neutrophil extracellular traps (NETs) were stained with BV421-labeled
Ly6G (1A8, BioLegend) and rabbit polyclonal anti-citrullinated histone-H3 (citrulline R2, R8,
R17; Abcam), stained with AF488 donkey anti-rabbit secondary (Poly4064, BioLegend). Stained
sections were inspected with a 5x air objective to find representative lesions and distal sites and
then imaged using a 63x oil immersion objective lens with a numerical aperture of 1.4. For each
infected lung, one Mtb-heavy lesion image and one distal site image was taken consisting of 20
pm z-stacks acquired at a 1.5 pum step size. For representative NET images, 4x4 tiled images
were captured without a z-stack. Additionally, the Zeiss LSM 880 microscope was used to
image single color-stained Ultracomp eBeads Plus (Thermo Fisher Scientific) for generating a
compensation matrix.

Image processing and histo-cytometry analysis

Image analysis was performed using Chrysalis software (Kotov et al., 2019). Briefly, a
compensation matrix was generated by automatic image-based spectral measurements on
single color-stained controls in ImageJ by using Generate Compensation Matrix script. This
compensation matrix was used to perform linear unmixing on three-dimensional images with
Chrysalis. Chrysalis was also used for further image processing, including rescaling data and
generating new channels by performing mathematical operations using existing channels. For
histo-cytometry analysis, Imaris 9.9.1 (Bitplane) was used for surface creation to digitally identify
cells in images based on protein expression (Gerner et al., 2012). Statistics for the identified
cells were exported from Imaris and then imported into FlowJo version 10 (BD Biosciences) for
quantitative image analysis.

Sorting Immune Cells for scRNA-seq analysis

3 B6 and 3 Sp140™~ mice were infected with less than 100 CFU of Mtb-Wasabi bacteria. Lungs
from infected animals as well as 2 naive control mice per genotype were harvested 25 days
post-infection and processed as described for CFU and flow cytometry analysis. Single cell
suspensions were resuspended in PBS with 2% Newborn Calf Serum and stained with TruStain
FcX PLUS (S17011E, BioLegend), APC-labeled Ly6G (1A8, BioLegend), APC-labeled CD64
(X54-5/7.1, BioLegend), and TotalSeqg-A-labeled Ly6G (1A8, BioLegend) anti-mouse antibodies
on ice for 30 minutes. Myeloid cells were then magnetically enriched using an EasySep APC
Positive Selection Kit Il (StemCell Technologies) and MojoSort Magnets (BioLegend). All
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enriched samples were stained with the following panel of TotalSeg-A-labeled anti-mouse
antibodies to detect protein expression in the scRNA-seq dataset: Ly6C (HK1.4, BioLegend),
CD44 (IM7, BioLegend), CD169 (3D6.112, BioLegend), CD274 (MIH6 , BioLegend), Siglec F
(S17007L, BioLegend), CSF1R (AFS98, BioLegend), CD11b (M1/70, BioLegend), CD86 (GL-1,
BioLegend), MHC Il (M5/114.15.2, BioLegend), and CX3CR1 (SA011F11, BioLegend). All
samples were also stained with a unique anti-mouse TotalSeq-A Hashtag antibody (1-6;
BioLegend) to allow up to 6 populations to be multiplexed in a single lane on a 10X Genomics
Chromium Next GEM Chip (Stoeckius et al., 2018). Enriched cells from infected mice were also
stained with PE-labeled B220 (RA3-6B2, Tonbo), PE-labeled CD90.2 (30-H12, Tonbo), and
BV785-labeled CD45.2 (104, BioLegend) anti-mouse antibodies. Enriched cells from naive mice
were stained with Pacific Blue-labeled B220 (RA3-6B2, BioLegend), Pacific Blue-labeled
CD90.2 (53-2.1, BioLegend), PE-labeled F4/80 (BM8, Thermo Fisher Scientific), and BV786-
labeled CD45.2 (104, BioLegend) anti-mouse antibodies. All post-enrichment antibody staining
was performed on ice for 45 minutes in the presence of True-Stain Monocyte Blocker
(BioLegend). Following staining, cells were resuspended in PBS with 2% Newborn Calf Serum
and Sytox Blue Dead Cell Stain (Thermo Fisher Scientific). Cells were sort purified using a 100
pm microfluidic sorting chip in a 4 laser SH-800 cell sorter (Sony) on the purity setting. The
isolated populations from infected lungs were Mtb-infected cells and bystander myeloid cells.
Macrophages and a mixture of neutrophils and monocytes were isolated from the naive lungs
and the macrophages were combined with neutrophil/monocyte mixture at a 1:2 ratio for better
macrophage representation in the resulting dataset.

Single cell RNA: Library generation and sequencing.

The scRNA-sequencing libraries were generated using the v3.1 chemistry Chromium Single
Cell 3' Reagent Kit (10X Genomics) largely following this kits protocol with the following minor
modifications. Cells were loaded into 3 different lanes on a Chromium Next GEM Chip. Lane 1
was loaded with Mtb-infected cells from all 3 B6 and 3 Sp140™ lungs. Lane 2 was loaded with
bystander myeloid cells from the 3 infected B6 lungs as well as the myeloid cell mixture from the
2 naive B6 lungs. Lane 3 was loaded with bystander myeloid cells from the 3 infected Sp140™~
lungs as well as the myeloid cell mixture from the 2 naive Sp140~~ lungs. All 3 lanes of the
Chromium Next GEM Chip were super-loaded with 29000 cells with a target of 14800 single
cells per lane, as hashtag barcoding allows for a lower effective multiplet rate due to the ability
to identify most of the multiplets (https://satijalab.org/costpercell/) (Stoeckius et al., 2018). 0.5
U/uL RNaseOUT Recombinant Ribonuclease Inhibitor (Invitrogen) was added to single cell RT
master mix during the loading step and 1 pL of ADT and HTO additive primers (0.2 uM stock)
were added during the cDNA amplification, as recommended by the CITE-seq and Cell Hashing
Protocol (https://cite-seq.com/protocols/) (Stoeckius et al., 2017). Following cDNA, ADT, and
HTO purification, samples were decontaminated by 2 rounds of centrifugation through 0.2 uM
filter microcentrifuge tubes and then removed from the BSL3. Library preparations were
completed outside of the BSL3 following the 10X Genomics protocol for the cDNA and the
CITE-seq and Cell Hashing Protocol for the ADT and HTO libraries. Quality control of the
libraries was performed with a Fragment Analyzer (Agilent). The mRNA, ADT, and HTO libraries
were pooled at the following proportions: 85% mRNA, 9% ADT, and 6% HTO. Libraries were
sequenced on a NovaSeq 6000 (lllumina) using two lanes of a S1 flow cell and the following
cycles read 1 (28 cycles), i7 index (10 cycles), i5 index (10 cycles), read 2 (90 cycles).

ScRNA-seq: data processing.

Raw sequencing reads for the mRNA libraries were processed into raw count matrices with
CellRanger version 4.0.0 (10X Genomics). The ADT and HTO libraries were processed into raw
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count matrices with CITE-Seq-Count version 1.4.3 (https://hoohm.github.io/CITE-seg-Count/)
(Roelli et al., 2019). The raw counts for mMRNA, ADT, and HTO were analyzed using Seurat
v4.1.1 using default settings for normalizing the data, finding variable features, and scaling the
data (Hao et al., 2021). HTO demultiplexing was performed with the HTODemux function. Data
was filtered to only include single cells with between 200 and 4500 genes and less than 5%
mitochondrial reads. The resulting datasets were integrated together using 30 dimensions for
the FindIntegrationAnchors function and 30 dimensions for the IntegrateData function. The data
was then scaled and analyzed by PCA with 30 principal components followed by UMAP
analysis with 30 dimensions. Clustering was performed by using 30 dimensions with the
FindNeighbors function and a resolution of 0.8 for the FindClusters function.

To improve resolution for clustering innate immune cells, weighted nearest neighbor analysis
was used to combine the protein data (ADTs) and the mRNA data when clustering cells. For this
analysis, variable ADT features were identified and then normalized using centered log ratio
transformation and a margin of 2. The normalized ADT data was then scaled and analyzed by
PCA. The ADT and mRNA data was then combined with the FindMultiModalNeighbors function
using 30 dimensions for the mRNA and 10 for the protein. The resulting dataset was analyzed
by UMAP and clusters were identified with the FindClusters function using algorithm 3 and a
resolution of 1.5 (Becht et al., 2019).

Type | IFN and IFNy Gene Signature Analysis

For generating the type | IFN and IFNy gene signatures, we utilized a published RNA-seq
dataset (GEO: GSE20251) of primary human macrophages that were unstimulated or
stimulated with 10 ng / mL of TNF, IFNy, IFN-B, or transforming growth factor- for 24 hours and
then processed for RNA-sequencing (Nilsson et al., 2022). Gene expression was compared
across all stimulation conditions and filtered to only include genes that were differentially
expressed by an adjusted p-value of less than 0.001. The list was also filtered to only include
genes with a normalized average expression of greater than 2. A gene specificity index was
calculated based on the ratio of expression of a gene within a stimulation group over the
average expression across all groups. The list was further filtered to only include genes with a
gene specificity index greater than 1.5. Gene names were then converted to mouse symbols
and any genes that did not have a mouse homolog where removed. The gene signature for
IFNy and type | IFN were then generated by finding all genes uniquely induced by IFNy or type |
IFN, respectively, from the filtered gene list. The UCell R package was used to score cells in the
scRNA-seq dataset for their expression of either gene signature (Andreatta and Carmona,
2021).

Statistical analysis

Statistical significance was determined using Prism (GraphPad) software for unpaired two-tailed
Student t test when comparing two populations, one-way or two-way ANOVA tests with Tukey's
or Sidak’s multiple comparisons test when comparing multiple groups. Prism (GraphPad) was
also used to calculate linear correlations and R*.

Data and code availability

Raw and processed single cell RNA-sequencing data is deposited at GEO: XXXXXX. Code for
scRNA-sequencing analysis is available on Github: XXXXXX.
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Supplementary Figure Legends

Supplementary Figure 1. Representative flow cytometry gating strategy to identify innate
immune cell populations in Mtb infected lungs. (A) Gating strategy for identifying neutrophils,
eosinophils, monocytes, dendritic cells (DCs), alveolar macrophages (AMs), interstitial
macrophages (IMs), and Mtb infected cells. (B) Representative identification of activated
(CD63" PD-L1" or iNOS™) neutrophils and interstitial macrophages in tuberculosis infected
lungs. (C) Histogram comparing CD11c and MHC Il expression on AMs (orange), monocytes
(blue), and IMs (red).

Supplementary Figure 2. Naive Sp140~~ mice do not exhibit increased immune cell numbers
by flow cytometry. Comparison of innate and adaptive immune cell numbers between B6 (n = 7;
closed circles) and Sp1407~ (n = 8; open circles) (A) spleen, (B) lung, (C) and thymus. The bars
in (A), (B), and (C) represent the median. Pooled data from two independent experiments are
shown in (A), (B), and (C). Statistical significance was calculated by multiple unpaired t tests in
(A), (B), and (C).

Supplementary Figure 3. The scRNA-seq dataset is a CITE-seq experiment that represents
multiple mice and combines mRNA and protein expression. (A) Umap plots depicting cell
clustering by mRNA expression, protein expression, or combined mRNA and protein
expression. (B) Violin plot of the RNA weight of each cluster, thereby depicting clusters
identified based primarily on mRNA (closer to RNA weight = 1) or protein (closer to RNA weight
= 0). (C) Weighted nearest neighbor umap plot of the biological replicates from naive and
infected B6 and Sp140~~ mice. For each genotype, n = 3 for the infected lung samples and n =
2 for the naive lung samples.

Supplementary Figure 4. The expression of protein and mRNA used to annotate the myeloid
cell clusters in the scRNA-seq dataset. Markers used for annotating (A) neutrophil and (B)
monocyte and macrophage clusters based on maturity, activation status, and unigue gene
expression. The data represents a total of 10 mice (n = 3 for the infected lung samples and n =
2 for the naive lung samples from B6 and Sp140~"~ mice).

Supplementary Figure 5. Naive Sp140™~ mice do not exhibit increased inflammation by
scRNA-seq. (A) Weighted nearest neighbor umap plot of myeloid cells from naive lungs of B6 (n
=2) and Sp140™" (n = 2) mice. (B) Volcano plot of the differentially expressed genes between
B6 and Sp140~~ alveolar macrophages (AMSs), interstitial macrophages (IMs), monocytes, and
neutrophils. Greater fold change indicates higher expression in B6 relative to Sp140™"".
Statistical significance in (B) was calculated with the Wilcoxon Rank-Sum test.

Supplementary Figure 6. I-Tomcat bone marrow-derived macrophages express TdTomato
following poly I:C stimulation. (A) Representative flow cytometry plot of TdTomato expression by
I-Tomcat bone marrow-derived macrophages that were unstimulated (grey) or stimulated with
poly I:C (red line).

Supplementary Figure 7. Histo-cytometry image analysis of Mth infected I-Tomcat Ai6 mouse
lungs. (A) Representative confocal microscopy image of SIRPJ (dark blue), CD4 (yellow), B220
(teal), Ly6G (red), Ai6 (green), and mCherry (magenta) staining in a section of mouse lung 25
days after Mtb infection. (B) Identifying cells within the image based on fluorescence intensity of
individual channels as well as cellular morphology. (C) Flowjo analysis to quantify fluorescent
signal intensity and distance to Mtb for cells identified in the image. (D) Representative Flowjo
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comparison of macrophages (red) and CD4" T cells (blue) from an image of a diseased portion
of an Sp140~~ lung. (E) Number of Ai6" cells per 10° um® in diseased (closed circle) and healthy
tissue (open circle) from B6 (n = 5) and Sp1407~ (n = 7) Mtb infected mouse lungs. Mouse lungs
were harvested 25 days after infection. Pooled data from two independent experiments are
shown in (E). Statistical significance in (E) was calculated by multiple paired t tests. *p < 0.05.

Supplementary Figure 8. pDC-DTR mice specifically deplete pDCs without affecting major
lung immune cell populations and CD123 also identifies pDCs in Mtb infected human lymph
node samples. (A) Representative flow cytometry plot of splenic pDCs in Sp140*~ pDC-DTR
mice treated with PBS or DT from days 12 to 24 after Mtb infection. (B) Number of various
immune cell populations in Mtb infected lungs of Sp140*~ pDC-DTR (n = 13; filled circles) and
Sp140*~ mice (n = 13; open circles). Mice received DT from days 12 to 24 post-infection. (C)
anti-CD123 (brown) and hematoxylin staining on Mtb infected human lymph nodes. Mouse
lungs and spleens were harvested 25 days after infection. Pooled data from two independent
experiments are shown in (B). The bars in (A), (B) represent the median. Statistical significance
in (B) was calculated by multiple unpaired t tests. *p < 0.05.

Supplementary Figure 9. Generating gene signatures for identifying IFNy and type | IFN
responding cells. (A) List of genes used for the gene signature for IFNy or type | IFN
responsiveness. (B) Weighted nearest neighbor umap plot of the IFNy and type | IFN gene
signature expression on naive, bystander, or Mtb infected lung myeloid cells. (C) Weighted
nearest neighbor umap plot comparing IFNy and type | IFN gene signature expression on cells
from B6 and Sp1407" lungs.

Supplementary Tables

Supplementary Table 1

pDC Distribution
Tissue Cases Cases with Groups of | Groups of 5- | Single cells
CD303"cells | >20 cells (% | 20cells (% (% total)
(% total) total) total)
Lung 8 5 (63%) 0 1 (20%) 4 (80%)
Lymph node 8 7 (88%) 3 (43%) 1 (14%) 3 (43%)

Supplementary Table 1. Quantification of the number of human lung and lymph nodes with
pDCs in the same field of view as Mtb granulomas, as well as enumeration of the pDC

distribution.
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Figure 1. Myeloid cells are the dominant Mtb harboring cells in Sp7140-- and Sp140~- Ifnar1”- mice. (A) Colony forming units of Mtb in the
lungs of Sp1407- (n = 13) and Sp140~- Ifnar1”- (n = 11) mice 25 days post-infection. (B) Representative flow cytometry identification of Mtb
infected cells, subset into neutrophils (green; Ly6G* CD11b*), other cells (purple; Ly6G- CD64- MerTK-), monocytes (blue; Ly6G- CD64*
MerTK"™v), alveolar macrophages (AMs; orange; Ly6G- CD64* MerTK"e" Siglec F*), and interstitial macrophages (IMs; pink; Ly6G- CD64*
MerTK"eh Siglec F-). (C) Number of infected cells identified by flow cytometry plotted in relation to colony forming units from the same
infected lung (n = 45). (D) Number of innate immune cells by cell type in the lungs of Mtb infected Sp740~- (n = 19; closed circles) and
Sp1407- Ifnar1~- mice (n = 16; open circles). (E) Frequency and (F) number by immune cell population of Mtb infected cells in Sp140~- (n =

12-19; closed circles) and Sp140~- Ifnar1~- mice (n = 10-15; open circles). Lungs were analyzed for the depicted experiments 24-26 days

after Mtb infection. The bars in (A), (D), (E), and (F) represent the median. Pooled data from two or three independent experiments are

shown. A linear regression performed on log transformed data was used to calculate significance and R2 for (C). An unpaired t test was used

to determine significance for (A), a two-way ANOVA with Sidak’s multiple comparisons test was used to calculate significance for (D), (E),
and (F). **p <0.01, ***p < 0.001, ****p < 0.0001.


https://doi.org/10.1101/2022.10.06.511233
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.06.511233; this version posted October 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

o -
104 \1
o 1 @; 96.0%
[
L 104 _‘33,
{--
o3
0 50K 100K150K 200K 250K
FSC-A
250K/ ) D 250k] T | oazo
= .
200K . 200K
< 150K < 1501
? ?
& 100K & 100K
50KA 50K
s 68.4% o . o
0 50K 100K150K 200K 250K 0 50 50K 200K 250K 0 50K 100K 150K 200K 250K o 10° 10" 10°
FSC-A SSC-W SSC-A CD64 APC
5] 155% 1 . 5]
§ +§ 10 Neutrophil ,8 10° 99.1% L1071 4479 17.7%
= o o MU N
o 2 S W0
Q U o .
v
S O < = ,.3]:
> o w » 10
) < g1
(0] 2 2
o) © = 1073
a} =z 5 . » 0
e et . < . — . T . -1 e T o .
4100 0 10°| 10* 10° o 10® 10t 10 o 10% 10* 10° o 10° 10* #°
Autofluoresgence BV605 CD11b BUV395 CD11¢ BUV737 CD64 APC
0
§ 105- Mtb+ 8 105.
@ . o 2 J144%
g 10 8 oo
8 104 © & 10+
& o O
Q 3 = <
8 10+ o w10
5] I I3 M ‘
= 1605 = 2, 0dsase -
£ 0] o N -10%
< o 10° 10* 10° o 10 10* 10° o 10® 10* 10°
Mtb-Wasabi CD11¢c BUV737 CD11b BUV395
B Neutrophil IM
5 -
o] PD-L1+CD63+ ¢{ PDLIzCDE3:]
- - 3 8
o o g
- 59 2
) A w
o o 0l 45.3% O 1073
3 Z _132} 44.5% 33.2%
o 10° 10* 10° o 10° 10* 10° o 10 10* 10°
CD63 PE-Cy7 CD63 PE-Cy7 CD63 PE-Cy7
100 100
5 ] 3
< 80 2 80 AM
2 601 2 601
hat 3 [] Monocyte
N 401 \ N 40 Oimm
b= ]
£ 20] g 20
3
Z ol 2 ol
o 10° 10* 10° o 10° 10* 10°
CD11¢c BUV737 MHC 1l BV650

Supplementary Figure 1. Representative flow cytometry gating strategy to identify innate immune cell populations in Mtb infected
lungs. (A) Gating strategy for identifying neutrophils, eosinophils, monocytes, dendritic cells (DCs), alveolar macrophages (AMs),
interstitial macrophages (IMs), and Mtb infected cells. (B) Representative identification of activated (CD63* PD-L1* or iNOS*)
neutrophils and interstitial macrophages in tuberculosis infected lungs. (C) Histogram comparing CD11c and MHC Il expression on
AMs (orange), monocytes (blue), and IMs (red).


https://doi.org/10.1101/2022.10.06.511233
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.06.511233; this version posted October 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

A
Spleen
105 **
102 88
%) 3
gﬁ ?@ﬁ@
4 o~
10 % %‘,
03 T T T T
Bcells yd T CD4* CD8*
cells TcellsT cells
6
10 *
5
2 10 i 8 0. & .n. .
8 4 :.‘ %’ o.' :_o % o %
10 H 8 i
103 T . T T T
Neutrophil DC

Macrophage Monocyte

available under aCC-BY 4.0 International license.

B
Lung
102
5| e
104 o2
2L 4 - .f B
10 ° %
O &
10° o ©
02
Bcells yd T CD4+ CD8*
cells TcellsT cells
107 o0
= L
4| ° § .~ &
107 » > &8 o 8° * o
[%) O — O
T 104 °
O s
10% : 5
10— — .
Neutrophil DC

Macrophage Monocyte

Cells

z%z%

Thymus
o8, o
_s: %& % 5 e '&
* _:_ ? e O o:o gm
... :_. o
. 838
$e00°

¢

Beells y5T CD4* CD8* CD4 CD4*

cells TcellsTcells CD8 CD8*

Tcells T cells

:T: % % & @ C57BL/6

e T¥rm N
RN QO Sp1407-KO

0 T T T
Neutrophil DC
Macrophage Monocyte

Supplementary Figure 2. Naive Sp740-- mice do not exhibit increased immune cell numbers by flow cytometry. Comparison of
innate and adaptive immune cell numbers between B6 (n = 7; closed circles) and Sp7140~- (n = 8; open circles) (A) spleen, (B) lung,
(C) and thymus. The bars in (A), (B), and (C) represent the median. Pooled data from two independent experiments are shown in

(A), (B), and (C). Statistical significance was calculated by multiple unpaired t tests in (A), (B), and (C).
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Figure 2. ScCRNA-sequencing analysis of B6 and Sp740”- myeloid cells from Mtb infected and naive lungs. (A) Weighted nearest
neighbor umap plot depicting unbiased clustering of myeloid cells from Mtb infected and naive lungs. (B) Dot plot of lineage defining
protein and mMRNA markers used to annotate the dataset. (C) Weighted nearest neighbor umap plot comparing cells from B6 and
Sp1407- lungs. (D) Weighted nearest neighbor umap plot contrasting cells from naive mice, the bystander cells from Mtb infected
mice, and the Mib infected cells from Mib infected mice. Lungs were analyzed for the depicted experiment 25 days after Mtb-Wasabi
infection. For each genotype, n = 3 for the infected lung samples and n = 2 for the naive lung samples. *p < 0.05, **p < 0.01.
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Supplementary Figure 3. The scRNA-seq dataset is a CITE-seq experiment that represents multiple mice and combines mRNA
and protein expression. (A) Umap plots depicting cell clustering by mRNA expression, protein expression, or combined mRNA and
protein expression. (B) Violin plot of the RNA weight of each cluster, thereby depicting clusters identified based primarily on mRNA
(closer to RNA weight = 1) or protein (closer to RNA weight = 0). (C) Weighted nearest neighbor umap plot of the biological
replicates from naive and infected B6 and Sp740”- mice. For each genotype, n = 3 for the infected lung samples and n = 2 for the
naive lung samples.
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Supplementary Figure 4. The expression of protein and mRNA used to annotate the myeloid cell clusters in the scRNA-seq
dataset. Markers used for annotating (A) neutrophil and (B) monocyte and macrophage clusters based on maturity, activation
status, and unique gene expression. The data represents a total of 10 mice (n = 3 for the infected lung samples and n = 2 for the
naive lung samples from B6 and Sp71407- mice).
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Supplementary Figure 5. Naive Sp740~- mice do not exhibit increased inflammation by scRNA-seq. (A) Weighted nearest
neighbor umap plot of myeloid cells from naive lungs of B6 (n = 2) and Sp740~- (n = 2) mice. (B) Volcano plot of the differentially
expressed genes between B6 and Sp7407- alveolar macrophages (AM), interstitial macrophages (IM), monocytes, and neutrophils.
Greater fold change indicates higher expression in B6 relative to Sp140--. Statistical significance in (B) was calculated with the
Wilcoxon Rank-Sum test.
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Figure 3. Interstitial macrophages, monocytes, and plasmacytoid dendritic cells are the primary IFN-f producers in mice and non-human primates. (A)
Weighted nearest neighbor umap plot of /fnb1 expression in myeloid cells from naive mice, bystander myeloid cells from infected mice, and Mib infected
myeloid cells from infected mice. (B) Weighted nearest neighbor umap plot of /fnb1 expression in myeloid cells from B6 and Sp740~- mice. (C) Violin plot
depicting level of Ifnb1 expression in B6 and Sp140- cells that express Ifnb1. (D) Analysis of GSE149758 scRNA-seq data from Esaulova E., et al. 2021.
Umap depicting IFNB1 expression in cells from non-human primates with active Mtb infection, latent Mtb infection, or that are uninfected. (E) Model of
I-Tomcat mice crossed to Aié mice. (F) Representative flow cytometry plot of TdTomato expression in lymphocytes. (G) Representative flow cytometry plots
of ZsGreen expression and Mtb-mCherry detection in T cells, IMs, pDCs, and monocytes. (H) Frequency of Ai6 expressing cells in lung immune cells from
Ai6— control (n = 34; open circles), Sp140~- I-Tomcat Ai6 (n = 19; green circles), and |-Tomcat Ai6 (n = 15; red circles) mice. The bars in (H) represent the
median. Pooled data from four independent experiments are shown in (H). Lungs were analyzed for the depicted experiments 25 days after Mib infection.
Statistical significance in (H) was calculated by one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Supplementary Figure 6. I-Tomcat bone marrow-derived macrophages express TdTomato following poly I:C stimulation. (A)
Representative flow cytometry plot of TdTomato expression by I-Tomcat bone marrow-derived macrophages that were unstimulated

(grey) or stimulated with poly I:C (red line).
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Figure 4. IFN-f3 producers are enriched in diseased tissue, but only a minority harbor Mib. (A) Representative images of Mtb
infected I-Tomcat Ai6é and Sp740-- I-Tomcat Ai6 lung sections stained for SIRPa (dark blue), CD4 (yellow), B220 (teal), Ly6G (red),
Ai6 (green), and Mtb-expressed mCherry (magenta). Inset images depict higher magnification of diseased and healthy tissue for
both genotypes. (B) Representative images of Ai6* cell localization near Mtb in the diseased portions of I-Tomcat Ai6 and Sp140™-
I-Tomcat Ai6 lungs. Sections were stained with SIRPa (dark blue), CD4 (yellow), Ai6 (green), and Mtb-expressed mCherry
(magenta). White arrows indicate cells co-expressing Ai6 and SIRPa. (C) Image quantification of the frequency of Ai6 expression in
CD4+ T cells and SIRPa* IMs in the diseased and healthy tissue of B6 I-Tomcat Ai6 (n = 5) and Sp7407- I-Tomcat Ai6 (n = 7) lungs.
(D) Image quantification of the frequency of Ai6 expression among Mib infected macrophages or frequency of Mtb infection among
Ai6* cells for B6 I-Tomcat Ai6 (n = 5) and Sp71407- I-Tomcat Ai6 (n = 7) lungs. All samples were analyzed 25 days after Mtb
infection. Pooled data from two independent experiments are shown in (C) and (D). Statistical significance in (C) and (D) was

calculated with an unpaired t test. ***p < 0.001.
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Supplementary Figure 7. Histo-cytometry image analysis of Mib infected I-Tomcat Ai6 mouse lungs. (A) Representative confocal
microscopy image of SIRPa (dark blue), CD4 (yellow), B220 (teal), Ly6G (red), Ai6 (green), and mCherry (magenta) staining in a
section of mouse lung 25 days after Mtb infection. (B) Identifying cells within the image based on fluorescence intensity of individual
channels as well as cellular morphology. (C) Flowjo analysis to quantify fluorescent signal intensity and distance to Mib for cells
identified in the image. (D) Representative Flowjo comparison of macrophages (red) and CD4* T cells (blue) from an image of a
diseased portion of an Sp740~-lung. (E) Number of Ai6* cells per 106 um? in diseased (closed circle) and healthy tissue (open circle)
from B6 (n = 5) and Sp1407- (n = 7) Mtb infected mouse lungs. Mouse lungs were harvested 25 days after infection. Pooled data
from two independent experiments are shown in (E). Statistical significance in (E) was calculated by multiple paired t tests. *p <
0.05.
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Figure 5. pDC depletion rescues Sp7407- mouse Mtb susceptibility and pDCs are present in the lymphocytic cuff surrounding granulomas in
Mitb infected human lymph nodes and lungs. (A) Number of splenic pDCs and (B) bacterial burden in Sp140-- mice that received isotype or
pDC depleting antibody from days 12 to 24 post-infection (n = 9-12). (C) Number of splenic pDCs and (D) bacterial burden in Sp140--
pDC-DTR mice or Sp140-- mice controls that received DT from days 12 to 24 after infection (n = 10-13). (E) Representative images and (F)
quantification of NET production based on citrullinated H3 staining in the diseased portions of I-Tomcat Ai6 and Sp740~- |-Tomcat Ai6 lungs.
Sections were stained with citrullinated H3 (red), Ai6 (green), Ly6G (teal), and Mtb-expressed mCherry (magenta) (n = 6-7). (G) Representative
hematoxylin and eosin or (H) anti-CD303 (brown) and hematoxylin staining on serial sections of Mtb infected human lymph nodes (n = 8). (1)
Representative hematoxylin and eosin and anti-CD303 (brown) and hematoxylin staining on serial sections of Mtb infected human lung
samples (n = 8). Mouse lungs were harvested 25 days post-infection. The bars in (A), (B), (C), (D), and (F) represent the median. Pooled data
from two independent experiments are shown in (A), (B), (C), (D), and (F). Statistical significance was calculated by one-way ANOVA with
Tukey’s multiple comparison test for (B), (C), and (D) and by an unpaired t test for (A) and (F). **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Supplementary Figure 8. pDC-DTR mice specifically deplete pDCs without affecting major lung immune cell populations and
CD123 also identifies pDCs in Mtb infected human lymph node samples. (A) Representative flow cytometry plot of splenic pDCs in
Sp140+- pDC-DTR mice treated with PBS or DT from days 12 to 24 after Mtb infection. (B) Number of various immune cell
populations in Mtb infected lungs of Sp140+- pDC-DTR (n = 13; filled circles) and Sp740*- mice (n = 13; open circles). Mice
received DT from days 12 to 24 post-infection. (C) anti-CD123 (brown) and hematoxylin staining on Mtb infected human lymph
nodes. Mouse lungs and spleens were harvested 25 days after infection. Pooled data from two independent experiments are shown
in (B). The bars in (A), (B) represent the median. Statistical significance in (B) was calculated by multiple unpaired t tests. *p < 0.05.
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Figure 6. Neutrophils and IMs are the type | IFN responding innate immune cells in Mtb infected Sp740~- lungs. (A) Weighted
nearest neighbor umap plot of /fnar1 and Ifnar2 mRNA expression in innate immune cells from Mtb infected lungs. (B) Volcano plot
of differentially expressed genes comparing B6 and Sp740-- neutrophils and IMs, with higher log fold change indicating greater
expression in B6. (C) Weighted nearest neighbor umap plot of naive, bystander, and Mitb infected lung myeloid cells classified by
their responsiveness to IFNy (red), type | IFN (blue), both (purple), or neither (grey). (D) Weighted nearest neighbor umap plot and
(E) graph of the frequency of neutrophils, monocytes, IMs, and AMs from bystander and Mtb infected B6 (n = 3) and Sp140~- (n = 3)
lungs that are responsive to IFNy (red), type | IFN (blue), both (purple), or neither (white). Lungs were analyzed 25 days after
Mtb-Wasabi infection. Statistical significance in (B) was calculated with the Wilcoxon Rank-Sum test and by two-way ANOVA with
Tukey’s multiple comparisons test in (E). *p < 0.05, ***p < 0.001, ****p < 0.0001.
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Supplementary Figure 9. Generating gene signatures for identifying IFNy and type | IFN responding cells. (A) List of genes used
for the gene signature for IFNy or type | IFN responsiveness. (B) Weighted nearest neighbor umap plot of the IFNy and type | IFN
gene signature expression on naive, bystander, or Mtb infected lung myeloid cells. (C) Weighted nearest neighbor umap plot
comparing IFNy and type | IFN gene signature expression on cells from B6 and Sp740~- lungs.
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Figure 7. Macrophage recognition of type | IFN drives the Mtb susceptibility of Sp740-- mice. (A) Colony forming units
and (B) number of neutrophils in the lungs of Sp1407- Ifnar1~- (n = 11), Sp1407- Ifnar1™ LysMe® (n = 18), and Sp140~"-
littermate control (n = 34) mice 24-25 days after Mtb infection. (C) bacterial burden and (D) neutrophil numbers in the
lungs of Sp1407- Ifnar1~- (n = 11-16), Sp1407- Ifnar1™ Mrp8°e (n = 10-18), and Sp7140-- littermate control (n = 28-57)
mice. The bars in (A), (B), (C), and (D) represent the median. Lungs were analyzed for the depicted experiments 24-26

days after Mib infection. Pooled data from two-three independent experiments are shown. Statistical significance was

calculated by one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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