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SUMMARY

Mycobacterium tuberculosis (Mtb) possesses an arsenal of virulence factors to evade host
immunity. Previously, we showed that the Mtb protein CpsA, which protects Mtb against the
host NADPH oxidase, is required in mice during the first 3 weeks of infection but is thereafter
dispensable for full virulence. Using flow cytometry, we find that AcosA Mtb is retained in
alveolar macrophages, impaired in recruiting and disseminating into monocyte-derived cells, and
more likely to be localized in airway cells than wild-type Mtb. The lungs of AcpsA-infected

mice also have markedly fewer antigen-specific T cells, indicating a delay in adaptive immunity.
Thus, we conclude that CpsA promotes dissemination of Mtb from alveolar macrophages and the
airways and generation of an adaptive immune response. Our studies of AcpsA Mtb show that a
more effective innate immune response against Mtb can be undermined by a corresponding delay
in the adaptive immune response.
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Grigshy et al. demonstrate that M. tuberculosis CpsA promotes bacterial dissemination from
alveolar macrophages to other myeloid cells. While AcpsA Mtb is attenuated during the first
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weeks of infection, it reaches nearly the same burden as wild-type (WT) Mtb, likely due to a delay

in adaptive immunity and myeloid cell activation.

Graphical abstract
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INTRODUCTION

Despite an extraordinary amount of progress made in the effort to reduce the global burden
of tuberculosis (TB), Mycobacterium tuberculosis (Mtb) continues to cause 1.5 million
deaths each year, second only to SARS-CoV-2. The rising incidence and deleterious effect
of drug resistance on treatment outcomes have made it a global health threat and a public
health crisis.! Bacille Calmette-Guérin (BCG) has been in use for almost a century, but

a more effective vaccine has so far eluded research efforts due in part to the incomplete
understanding of the anti-mycobacterial immune response and the various mechanisms of
Mtb to counteract the immune response.?

The host immune response against Mtb can be divided into two major phases: the innate
immune phase, which is insufficient to control Mtb infection, and the adaptive immune
phase, which is critical for establishing control and preventing disseminated disease.3
During the innate immune phase, the bacilli replicate relatively unhindered, initially in
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tissue-resident alveolar macrophages (AMs) and then in additional myeloid cell types that
are recruited to the site of infection. Monocyte-derived dendritic cells (DCs) play a key role
in transporting Mtb antigens from the lung to the draining lymph node. Their migration to
the draining lymph node is delayed during TB relative to other pulmonary infections,*® but
eventually conventional DCs in the lymph node present antigen to naive T cells to initiate
the adaptive immune response. Once antigen-specific T cells arrive in the lungs, the immune
system generally controls bacterial replication.

The host-pathogen interactions that underlie bacterial survival and cell-to-cell spread during
the innate immune phase of TB are not well understood. In mice, AMs are the predominant
cell type infected for the first 2 weeks.® They exhibit a nuclear factor erythroid 2-related
factor 2 (NRF2)-driven antioxidant transcriptional response that correlates with impaired
control of Mtb growth.”:8 Based upon the transcriptional responses of the bacilli when they
are within AMs, Mtb accesses host iron and fatty acids, experiences minimal oxidative and
nitrosative stress, and has a high replicative capacity in this environment.%10 Moreover,
selective depletion of AMs reduces the lung Mtb burden in mice,%1! supporting the idea
that AMs are a particularly permissive niche that facilitate the establishment of infection.
However, by 3 weeks post infection (wpi), infected AMs can exhibit a proinflammatory
response.12 During this time, infected AMs migrate into the lung parenchyma, and the
bacilli diversify their niche by infecting polymorphonuclear leukocytes (PMNs), DCs, and a
variety of tissue-resident and recruited macrophage populations. PMNSs create a permissive
niche for Mtb replication,13-17 as do certain macrophage populations.®-18

The myeloid cells that become infected have been difficult to classify as they are

recruited, proliferate, respond to stimuli, and differentiate into macrophages and DCs in

the inflammatory environment of the Mtb-infected lung. Broadly, in addition to the AMs,
CD11c* populations, which have been classified as either DCs or macrophages, as well as
CD11clow/intermediate nony|ations, previously called “interstitial macrophages” or “recruited
macrophages,”46:912.19 hecome infected. Recent data suggest a complex picture. Single-cell
RNA sequencing data suggest there are at least four distinct Mth-infected macrophage
populations, and their ability to restrict Mtb infection may vary over the course of
infection.1® After 4 weeks of infection, a CD11c™ population (termed MDC1) was found

to be lysosome poor and to be highly infected.20 Other work describes a subset of CD11c*
monocyte-derived macrophage-like cells that by 6 wpi become the predominantly infected
cell type, with up to 30% of this population in the lung infected.12 The bacilli within this cell
population also appear to experience less stress, suggesting that this CD11¢* macrophage
population is more permissive than other monocyte-derived populations.18 Thus, it is not
entirely clear which cell populations control intracellular Mtb or how that changes over the
course of infection.

We previously demonstrated that the Mtb virulence factor CpsA inhibits NADPH oxidase
assembly and generation of reactive oxygen species (ROS) on the Mtb-containing
phagosome in bone marrow-derived macrophages (BMDMs).2! ROS are key players in
immunity through both direct antimicrobial activity and immunomodulatory mechanism.
Apart from its direct microbicidal effects, ROS also act as signaling molecules and have
important immunomodulatory effects on the host, including during TB infection.22 One
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important immunomodulatory role for ROS is in the non-canonical autophagy pathway of
LC3-associated phagocytosis (LAP),23:24 which is also inhibited by CpsA.2!

When we infected mice with a mutant lacking CpsA, we found that the mutant was highly
attenuated 17 days post infection (dpi), demonstrating that it was defective in surviving the
innate immune response. Interestingly, despite its marked attenuation early in infection, we
found that AcpsA Mth was able to reach bacterial burdens nearly equivalent to WT Mtb by
60 dpi.21 The apparent shift in the ability of AcpsA Mtb to survive /n vivo corresponds in
time to the shift from innate to adaptive immunity, as well as a shift in the cell types infected
from AMs to PMNs, DCs, and diverse tissue-resident and recruited macrophages. Thus,
by understanding these unusual dynamics, we sought to gain insight into how Mtb evades
innate immunity and undergoes cell-to-cell spread. To characterize the immune response
elicited by AcpsA Mth, we profiled lung cells of aerosol-infected mice by flow cytometry.
In our analysis, we found that AcpsA Mtb exhibits a defect in dissemination from AMs to
recruited myeloid cells and in egress from the airways into the lung interstitium.

AcpsA and AcpsA AkatG Mtb are delayed in achieving normal bacterial burdens in vivo

We previously reported that the degree of attenuation of AcpsA Mtb changed during

the course of infection in mice. We repeated these experiments using the previously
generated AcpsA Mth.21 When cultured 7 vitro, Mtb strains can undergo loss of phthiocerol
dimycocerosate (PDIM), an important virulence factor. To ensure integrity of the PDIM
locus, we first passaged the isolate through mice, and then we analyzed envelop lipids by
high-pressure liquid chromatography mass spectrometry (HPLC-MS) and whole-genome
sequencing (WGS) to select a clone that made PDIM. As we found previously, AcpsA Mtb
was markedly attenuated in C57BL/6J mice after aerosol infection at 2 and 3 wpi. However,
by 6 wpi, the bacterial burden of mice infected with AcpsA Mtb was similar to that of

mice infected with WT Mtb (Figure 1A). Complementation of the mutant with ¢psA under
its endogenous promoter fully rescued its growth defect (Figures S1A and S1B). These
infection dynamics were surprising, particularly since during the first 2 weeks, AMs should
be the predominant cell type infected, and they are thought to be particularly permissive
during initial infection.

We considered a variety of explanations for why AcpsA Mtb was specifically attenuated
early during infection. Since we previously showed that CpsA inhibits the NADPH
oxidase,?! one possibility was that the activity of the NADPH oxidase is higher during initial
infection. If this is the case, then strains lacking KatG, a catalase-peroxidase that protects
Mtb from ROS,25 should also be attenuated at the same time periods. However, after aerosol
infection, AkatG Mtb was indistinguishable from WT Mtb in its growth at 2 wpi (Figure
1B). This is consistent with a previous report.2> In contrast to that study, however, we found
that AkatG Mth was not attenuated at 6 wpi (Figure 1B).2° This discrepancy may be due

to differences in background strain (Erdman versus H37Rv), dose and route of infection
(106 colony-forming units [CFU] intravenously versus ~100 CFU by aerosol), or the age
and microbiota of the mice. One explanation for the difference in phenotype between the
AkatG Mth and AcpsA Mtb during the first 2 weeks of the infection is that CpsA protects
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AkatG Mtb by inhibiting ROS generation. We predicted that if this were the case, then
AcpsA MkatG Mtb would be more attenuated than either single-mutant strain. To test this
possibility, we generated the double-mutant strain by deleting cpsA from AkatG Mtb using
mycobacterial recombineering,28 and we verified PDIM production by mass spectrometry
(Figure S2). We found that AcpsA AkatG Mtb exhibited a similar growth pattern to AcosA
(Figure 1B); the double mutant was attenuated at 2 wpi, and remarkably, the bacterial burden
was close to that of WT Mtb at 6 wpi, though still attenuated. Thus, although mutants
lacking CpsA and KatG behave similarly in BMDMs in conferring resistance to the NADPH
oxidase,?! they have very distinct phenotypes in vivo. With time, both AgpsA Mtb and
AcpsA AkatG Mtb achieve bacterial burdens similar to WT Mtb.

One explanation for our findings is that mutations occur during growth /n vivo that allow
AcpsA Mtb and AkatG AcpsA Mtb to overcome the loss of CpsA. To determine whether
second-site suppressors develop, we extracted genomic DNA from 20 AkatG AcpsA colonies
that were isolated from five different mice at 6 wpi and performed Illumina WGS. Mutations
that were present in the parent AkatG AcpsA strain were excluded from further analysis. We
did not find any unique mutations in the mouse-passaged AcpsA AkatG isolates that, based
upon the available literature, could explain reversal of the attenuated phenotype (Table S1).
To further rule out the possibility of compensatory mutations, we infected C57BL/6J mice
with three of the mouse-passaged AcpsA AkatG Mtb isolates. 2 weeks after infection, we
compared the bacterial burden in the parent AcpsA AkatG Mtb strain and the three mouse-
passaged isolates; the mouse-passaged strains did not exhibit any increase in virulence that
would be expected if they had acquired compensatory mutations (Figure 1C). Thus, we
conclude that the growth pattern of AkatG AcpsA Mtb is an inherent property of the strain,
not due to second-site suppressor mutations acquired during /n vivo growth.

CpsA is required for chronic infection

The recovery of AcpsA Mtb at 6 wpi suggested that CpsA might only be essential for

full virulence during the early, innate phase of infection and dispensable during chronic
infection. To test this possibility, we constructed a strain of Mtb that conditionally expresses
CpsA by complementing AcpsA Mtb with an integrating plasmid containing ¢psA under
control of a promoter that can be repressed by anhydrotetracycline (ATc) or doxycycline.2”
This allowed us to infect mice with Mtb that expressed CpsA until chronic infection was
established and then to deplete CpsA by feeding the mice chow containing doxycycline
(Figure 2A). We verified that the strain (called TetOFF-CpsA) expressed endogenous levels
of CpsA in the absence of ATc and that CpsA expression was reduced by ATc during
growth /n vitro (Figure 2B). Furthermore, we showed that if mice were given doxycycline
immediately post infection, then the TetOFF-CpsA strain was highly attenuated, similar to
AcpsA Mtb in vivo (Figure S2C).

To determine whether CpsA is required during chronic infection, we infected mice with 100
CFU of the TetOFF-CpsA strain by aerosol and fed them normal chow for 6 weeks, allowing
the strain to express CpsA while it established chronic infection. At 6 wpi, one group of
mice was switched to doxycycline-containing chow to suppress CpsA expression, while the
other group continued a normal diet. At 3, 6, and 12 weeks after the initiation of doxycycline
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treatment, we evaluated the bacterial burden in the two groups. We found that when CpsA
was suppressed, the bacterial burden was significantly lower at 3 weeks post treatment (9
wpi) and remained lower through the 12-week post-treatment time point (18 wpi) (Figure
2C). In addition, we assessed CFUs on plates containing kanamycin, the marker on the
plasmid that encoded CpsA. We found that nearly all of the isolates from the mice on normal
chow retained the plasmid, whereas isolates from mice treated with doxycycline, in which
CpsA expression was suppressed, had substantial plasmid loss, demonstrating that there
was selective pressure to retain CpsA expression (Figure 2D). As a control, we tested the
impact of doxycycline on H37Rv and AcpsA Mtb without the TetOFF-CpsA plasmid, and
doxycycline had minimal effect on bacterial burden (Figure 2E). These data demonstrate
that when the initial adaptive immune response is established in the context of a WT Mtb
infection, CpsA plays a role in Mtb survival during chronic infection.

To determine whether CpsA is also required during chronic infection after the mutant
established normal bacterial burden at 6 wpi, we compared mice infected with AcpsA Mth
to WT Mtb at 12 and 18 wpi. After establishing a normal bacterial burden at 6 wpi, AcpsA
Mtb was slowly cleared during chronic infection, so that by 18 wpi, the burden of AcpsA
Mtb was nearly 100-fold less than H37Rv (Figure2E). Furthermore, histopathology revealed
less inflammatory cell infiltrate and fewer acid-fast bacilli in the lungs of AcpsA-infected
mice compared to those of H37Rv-infected mice at 18 wpi (Figure 2F). Combined, these
data show that CpsA is required in both acute and chronic infection.

AcpsA Mtb induces less inflammation during early infection

Since CpsA was required during both the innate immune phase and chronic infection, we
sought to understand why AcpsA Mtb was able to achieve a bacterial burden similar to WT
Mtb at 6 wpi. To characterize the inflammatory response to infection, initially we infected
C57BL/6J mice with ~100 CFU of H37Rv and AcpsA Mtb by aerosol and analyzed lung
cells by flow cytometry. Adapting previously published gating strategies,628 we were able
to distinguish inflammatory monocytes, conventional DCs, PMNs, and three macrophage
subsets. The macrophage subsets were AMs (Siglec-F* CD11c™) and two non-AMs (Siglec-
F~) populations that differed in their expression of CD11c (CD64* CD11b* MHCIIV&"
CD11c™ Ly6C~ and CD64* CD11b* MHCIINSN CD11c*), which we refer to CD11c™

and CD11c* non-AMs. These populations are composed of tissue-resident and monocyte-
derived macrophages (MDMs; Figure S3). At 3 wpi, AcpsA-infected mice had significantly
fewer monocytes, CD11c¢* non-AMs, and DCs in the lungs compared to mice infected with
WT Mitb; the myeloid cell infiltrate in AcpsA-infected mice was similar to uninfected mice
(Figure 3A). We examined cytokine and chemokine levels in WT and AcpsA Mtb-infected
mice the preceding week (2 wpi), and there were significantly lower levels of CCL2, CCL3,
CCL7, and CXCL10 and a trend toward lower CCL5 in AcpsA Mtb-infected mice compared
to WT (Figures 3B and S4A). The reduced levels of these chemokines might account for
the reduced numbers of monocytes and MDMs in the lungs of AcpsA Mtb-infected mice.2
In addition, the AMs, monocytes, CD11c-non-AMs, and PMNSs all had reduced expression
of MHC II in AcpsA Mtb-infected mice compared to WT mice (Figure 3C). (CD11c+
non-AMs and DCs were MHC |1 positive by definition in our gating strategy.) These
findings demonstrated that the attenuation of AcpsA Mtb is not explained by increased
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macrophage recruitment or activation. At 4 wpi, there continued to be significantly fewer
CD11c* non-AMs and DCs in the lungs of AcpsA Mtb-infected mice, as well as reduced
MHCII expression in all myeloid cells. These alterations in the inflammatory response were
restored to WT levels in the complemented strain (Figures 3D and 3E). At 6 wpi, when lung
CFUs were equivalent between WT and AcpsA Mtb, there was no significant difference in
the number of myeloid cells in the lungs (Figure 3F) or their MHC 11 expression (Figure
3G). Furthermore, histopathology revealed a similar degree of inflammatory cell infiltrate
and acid-fast bacilli between the lungs of H37Rv-infected and AcpsA-infected mice (Figure
3H). At 6 wpi, cytokine responses in the whole-lung homogenates were also similar (Figures
3l and S4B). Interestingly, mice infected with AcpsA Mtb at 6 wpi had less IL-1p and
CCL5 and more CCL2, CCL7, and CXCL10 than those infected with WT Mtb (Figure

3l). The reduced IL-1p is in accordance with our previous findings that AcpsA Mtb elicits
less IL-1B in BMDMs than WT Mtb.2! Elevated levels of CCL2, CCL7, and CXCL10 at

6 wpi may reflect an enhanced drive to recruit monocytes and macrophages so that they
reach the same levels in the lungs of AcpsA-infected mice as in H37Rv-infected mice. To
conclude, in a low-dose aerosol infection, the level of inflammation elicited by AcpsA Mth
was markedly reduced during early infection and was comparable to WT Mtb by 6 wpi; this
was accompanied initially by lower levels of CCL2, CCL3, CCL7, and CXCL10 at 2 wpi
and then higher levels of CCL2, CCL7, and CXCL10 at 6 wpi.

The increase in AcpsA Mtb burden at 6 wpi does not depend on CCR2

The above studies demonstrated that mice infected with AcpsA Mtb had fewer monocytes
and monocyte-derived cells (both CD11c+ non-AMs and DCs) at 3 weeks of infection,
which normalized by 6 wpi. Thus, the ability of AcpsA Mtb to achieve near normal bacterial
burden at 6 wpi might be explained by its ability to eventually gain access to a permissive
monocyte or monocyte-derived population. The recruitment of monocytes and MDMs to

the lungs depends upon CCR2, which is required for their egress out of bone marrow.29

To test whether monocyte or monocyte-derived cells are required for a permissive niche for
AcpsA, we tested whether CCR2 was required for bacterial burden at 6 wpi. We infected
CcrZ™'~ mice with ~100 CFU AcpsA Mtb by aerosol. As expected, there were significantly
fewer monocytes and CD11c+ non-AMs in the lungs of Ccr2/~ mice compared to WT mice
(Figure S5A). However, there was no difference in the bacterial burden of WT Mtb and
AcpsA Mtb in the lung of Ccr2 KO mice at 2 or 6 wpi (Figure S5B). Thus, CCR2-dependent
recruitment of monocytes and monocyte-derived cells is not required for AcposA Mtb to
achieve nearly normal bacterial burdens at 6 wpi.

There is a delayed adaptive immune response to AcpsA Mtb

An alternative possibility is that AcpsA Mtb, although attenuated, is able to “catch up” to
WT Mtb because it elicits a less robust or delayed adaptive immune response, providing

a longer window of time for the bacilli to expand while WT Mtb are restricted by the
adaptive immune response. To evaluate this possibility, we compared T cell responses to
WT Mtb and AcpsA Mth. At 3 wpi, we found that mice infected with AcpsA Mtb had
significantly fewer CD4 and CD8 T cells in the lung (Figure 4A), as well as fewer NK
and y8 T cells, than mice infected with WT Mth. The mice infected with AcpsA Mtb were
similar to uninfected mice. The percentage of CD4 and CD8 T cells expressing CD44,
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a marker of T cell activation, was also significantly lower in mice infected with AcpsA

Mtb (Figure 4B), compared to WT Mtb-infected mice. Since T cells are just arriving to

the site WT Mtb infection at 3 wpi, we looked at 4 wpi, by which time there is a robust
adaptive response in WT Mtb-infected mice. At 4 wpi, the adaptive immune response in

the lung AcpsA Mtb continued to be substantially lower than in mice infected with WT

Mtb, and the defect was restored in mice infected with the complemented strain (Figures

4C and 4D). As we had seen with myeloid cell recruitment, by 6 wpi, the mice infected

with AcpsA Mtb were not different from mice infected with WT Mtb in terms of CD4 T
cell, CD8 T cell, NK cell, and y& T cell number or CD44 expression (Figures 4E and 4F).
To further characterize the adaptive immune response, we examined the cytokine profile

of CD4 T cells at 4 wpi. All CD4 T cell subsets were lower in AcpsA Mtb-infected mice
compared to mice infected with WT Mtb or the complemented strain (Figures 4G and S6A).
The deficiency was particularly notable for mono- and polyfunctional IFN-y-expressing

T cells, which were found at reduced frequency in AcpsA Mtb-infected mice, whereas
monofunctional 1L-2-expressing T cells were found at a higher frequency (Figure 4H).
Fewer IFN-y-expressing T cells may explain the reduced MCHII expression in myeloid
cells (Figure 3C). In addition, using tetramer staining, we found significantly fewer ESAT6-
and Ag85-specific CD4 cells and TB10.4-specific CD8 T cells in AcpsA Mtb-infected mice,
both in terms of absolute numbers and as a percent of total T cells (Figures 41-4K and S6B).
CDA4 T cell priming during TB infection is tightly linked to the number of Mtb bacilli in

the draining lymph node, with T cell activation occurring after a threshold of >103 bacilli
are present.30 To determine whether the defect in T cell arrival in the lungs of AcpsA
Mtb-infected mice was due to a defect in bacterial dissemination to mediastinal lymph nodes
(MLNs), we measured the bacterial burden in MLNs at 4 wpi. While all of the mice infected
with AcpsA:.cpsA had more than 5 x 102 Mth in the MLNSs, none of the AgpsA-infected
mice had more than 103, and several had no detectable bacilli (Figure 4L). We conclude that
the adaptive immune response to AcpsA Mtb is delayed beyond that of WT Mtb.

AcpsA Mtb induces a muted inflammatory response even when lung bacterial burdens are
similar to WT H37Rv

The reduced myeloid and lymphoid infiltrate in the lungs of AcpsA-infected mice at 3 wpi
might be a consequence of the reduced bacterial burden at that time. In order to compensate
for the attenuation of AcpsA Mth, we repeated these studies using a higher inoculum for
AcpsA Mtb than H37Rv, which allowed us to achieve more equivalent bacterial burdens

at 3 wpi in some mice (Figure 5A). For this analysis, we excluded mice infected with
H37Rv or AcpsA that had lung CFUs outside of the range of 10°-10% CFU. Even when
bacterial burdens were similar, we found significantly fewer CD11c¢* non-AMs and DCs

in the lungs of AcpsA-infected mice compared to H37Rv-infected mice at 3 wpi (Figure
5B). Expression of MHCII and CD80, a marker of macrophage and DC activation, was
significantly lower in myeloid cells from AcpsA-infected mice (Figures 5C and 5D). While
robust activation of adaptive immunity could be observed in H37Rv-infected mice at 3

wpi in the form of T cell recruitment, AcpsA-infected mice showed little activation of
adaptive immunity. y8 T cells similarly were reduced in number in the lungs in AcpsA-
infected mice (Figure 5E). Furthermore, T cells exhibited reduced expression of CD44

in the AcpsA-infected mice compared to mice infected with WT Mtb (Figure 5F). In
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these experiments, which used especially high doses of AcpsA, complementation of cpsA
restored the cellular inflammatory response to infection (Figure S7). Cytokine analysis of
whole-lung homogenate revealed reduced pro-inflammatory cytokines in AcpsA-infected
mice, including IL-1B, IFN-y, TNF-a, and I1L-17, as well as less CCL2, CCL3, CCL5,
CCL7, and CXCL10 (Figure 5G; Figure S4C). There was elevated IFN-B, which often
shows a reciprocal relationship with IL1-p, and small changes in several other cytokines
(Figure SAC). Thus, during the first 3 weeks of infection, CpsA promotes myeloid and
lymphoid cell infiltration and activation in the lungs in response to Mtb infection, and this
blunted inflammatory response is not simply a consequence of reduced bacterial burden.

AcpsA Mtb is retained in alveolar macrophages

Since Mtb is known to infect different myeloid cells over the course of infection, we

sought to investigate the cells infected by AcpsA Mtb in vivo. We were able to detect
infected cells in the lungs by flow cytometry because the strains expressed GFP (Figure

S8). To examine the distribution of infected cells, we analyzed the mice infected with the
higher dose of AcpsA Mtb to achieve relatively similar CFUs at 3 wpi (CFU in Figure

5A). For this analysis, we excluded mice infected with H37Rv or AcpsA Mtb with CFUs
outside of the range of 10°-108. As has been previously published,® at 3 wpi with WT

Mtb, CD11c* non-AMs and PMNSs were the most prominently infected cell populations in
terms of the fraction of the total infected cell population, and there were very few infected
AMs. However, the distribution of GFP-positive cells in AcpsA-infected mice was markedly
skewed toward AMs at a time when the infection had already shifted out of AMs into
non-AMs and PMNs in H37Rv-infected mice (Figure 6A). Mice infected with AcpsA Mtb
had significantly more infected AMs and fewer infected monocytes, non-AMs, DCs, and
PMNs (Figures 6B and 6C). Thus, AcpsA Mth exhibits a defect in dissemination out of AMs
into recruited myeloid cells. To determine whether AcpsA Mtb can grow in AMs, we harvest
AMs from uninfected mice and compared the ability of WT, AcpsA, and the complemented
strain to grow intracellularly. In contrast to the attenuation of AcpsA in BMDMs,2! AcpsA
Mtb grew similarly to WT Mtb and the complemented strain in AMs (Figure 6D). Since

we previously showed that CpsA inhibits the NADPH oxidase (NOX2),21 we suspected that
NADPH oxidase may play a role in the altered cell tropism of AcpsA Mth. We compared
WT and Nox2™/~ mice infected with WT and AcpsA Mtb. Again, we excluded mice that
had lung CFUs outside of the range of 10°-108 (Figure 6E). Flow cytometry of lung cells
from NoxZ2™/~ mice at 3 wpi revealed that Nox2/~ mice infected with AcpsA Mtb had

an intermediate phenotype between that of WT-infected WT mice and AcpsA-infected WT
mice in terms of the fraction of infection found in AMs and CD11c* non-AMs (Figure 6F).
Therefore, we conclude that AcpsA Mtb has a defect in disseminating from AMs into other
myeloid populations, and this appears to depend, in part, on NADPH oxidase.

AcpsA-infected cells are preferentially retained in the airways

Since previous studies have suggested that infected AMs migrate out of the airways into the
lung interstitium before disseminating to other myeloid cell populations,® we wondered if
AMs infected with AcpsA Mtb were defective in migrating out of the airways. To examine
the airway localization of infected cells, we infected mice with GFP-expressing WT and
AcpsA Mth. Again, we infected mice with a higher inoculum of AcpsA Mtb than WT Mtb to
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compensate for the attenuation of AcpsA Mtb. At 3 wpi, we instilled a fluorescently tagged
aCD45 antibody intratracheally to label airway-localized leukocytes and then analyzed lung
cells by flow cytometry (Figure 7A).31 First, we examined whether there were differences

in the myeloid populations in the airways. In uninfected mice, approximately 60% of the
airway cells were AMs, with monocytes, non-AMs, DCs, and PMNSs all contributing more
minor fractions to the airway (CD45%) cells. During infection with WT Mth, AMs made

up less than 20% of the total airway myeloid cell population, and there was a greater
contribution from monocytes, CD11¢* non-AMs, DCs, and PMNSs than in uninfected mice.
Mice infected with AcpsA Mtb exhibited an intermediate phenotype, with AMs representing
~40% of the total cells and a significantly lower percentage of CD11c* non-AMs in the
airways compared to WT Mtb, as well as trends toward fewer monocytes and DCs (Figure
7B).

Next, we examined whether there were differences in the airway localization of Mtb-
infected cells. In 10 out of 11 mice infected with WT Mtb, we could not detect Mth-infected
AMs in the airways at this time point. In contrast, we found that the majority of AcpsA-
infected mice had infected AMs in the airway with 56% =+ 36% of the infected AMs CD45™.
There were also significantly more AcpsA-infected non-AMs and PMNSs in the airway

than WT-infected macrophages (Figure 7C). We also examined what percent of the airway-
localized cell populations were infected, and we found that significantly more non-AMs and
PMNs in the airways of AcpsA-infected mice were infected than corresponding populations
in the airways of WT Mtb-infected mice (Figure 7D). Overall, our findings show that the
distribution of myeloid cells in the airway is significantly different between mice infected
with WT Mtb and those infected with AcpsA Mtb, with enhanced retention of AMs in the
airways. In addition, AcpsA Mtb-infected myeloid cells are preferentially airway localized
compared to those infected with WT Mtb.

DISCUSSION

A mechanistic understanding of the initial events that enable Mtb to establish infection is
critical to the development of interventions to generate protection, such as trained immunity
and protective vaccines. Recent work has revealed the complexity and dynamic changes
that occur in the cellular niche during the first month of infection, but the host-pathogen
interactions underlying these changes are not well understood. Our data point to a critical
role for CpsA in mediating cell-to-cell spread of Mtb from AMs to a broader population

of myeloid cells during the earliest steps of Mtb infection. Since AcpsA Mtb is highly
attenuated early during infection, the reduced cellular response that we observed might
simply have reflected the reduced bacterial burden. By using a higher inoculum of AcpsA
Mtb compared to WT Mtb, we were able to obtain WT and AcpsA Mtb-infected mice with
bacterial burdens within the same order of magnitude, thus allowing us to compensate for
differences in bacterial burden at least in part. Even with this compensation, AcpsA Mtb still
recruited fewer CD11c* non-AMs and DCs to the lungs, and AcpsA Mth was preferentially
retained in AMs. Furthermore, the CD11c¢* non-AMs infected with AcpsA Mtb were more
likely to be localized in the airways compared to those infected with WT Mtb. Previous
reports indicated that infected AMs migrate out of the airways before Mtb disseminates into
other myeloid populations.® Our data show that recruited macrophages are preferentially
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being infected by AcpsA Mtb in the airways. Based on our combined findings, we conclude
that CpsA mediates dissemination of Mtb from AMs and into recruited macrophages and the
lung interstitium.

How does CpsA promote early bacterial dissemination? It is likely that the NADPH oxidase
is involved since previous work showed that CpsA inhibits the NADPH oxidase,?! and here,
we found that the retention of AcpsA Mtb in AMs was partially reversed in Nox2~ mice.
We also found that in the first 2 weeks of infection, AcpsA Mtb elicited less CCL2, CCL3,
CCL5, CCL7, and CXCL10 in total lung homogenate than WT Mtb (Figure 3B). Even
when mice had relatively similar bacterial burdens at 3 wpi, these chemokines were lower
in mice infected with AcpsA Mtb than WT Mtb (Figure 5G). In addition, previously, we
found that Ccl2, Ccl3, Ccl5, and Cc/7were all induced to lower levels in BMDMs 4 h

after ex vivo infection, when there is no differences in bacterial burdens (see Figure S5C in
Koster et al.21). Thus, a failure of AcpsA Mtb to elicit robust chemokine responses likely
contributes to its failure to recruit myeloid cells in which to disseminate. Interestingly, ex
vivo AcpsA Mtb is not attenuated in AMs (Figure 6D), while it is attenuated in BMDMs.21
Thus, we think another reason that it fails to efficiently disseminate is that it does not grow
effectively in the recruited myeloid populations. Since the NADPH oxidase is required to
control AcpsA Mtb in BMDMSs, 2! NADPH oxidase may play a role by restricting growth

of the mutant once it gains access to recruited macrophages. Lastly, IL-1p has been shown
to be important for the dissemination of Mtb infection out of AMs,® so it is notable that

we found lower IL-1p levels in the lungs of mice infected with AcpsA Mtb both when

we adjusted the inoculum to achieve similar bacterial burdens at 3 wpi (Figure 3G) and at

6 wpi when the inflammatory responses are similar between mice infected with WT and
AcpsA Mtb (Figure 5G). In addition, previously, we showed that AcpsA Mtb elicits less
IL-1B in macrophages ex vivo (see Figure S5D in Késter et al.21). Reduced I1L-18 may be
connected to the ability of CpsA to inhibit the NADPH oxidase, since NADPH oxidase
activity has been shown to inhibit IL-1@ production in the lungs.32 Thus, CpsA may also
promote the dissemination of WT Mtb by enhancing IL-1p levels. In conclusion, the failure
of AcpsA Mtb to efficiently disseminate from AMs and the airways into other macrophages
in the interstitium is likely multifactorial. The mutant elicits impaired chemokine responses
leading to reduced recruitment of macrophages; reduced IL-1 may contribute to the failure
to exit the airways; and once AcpsA Mtb is phagocytosed by recruited macrophages, they are
better able to control its replication than WT Mtb.

There are few other bacterial mutants that have been investigated in terms of their early
infection dynamics. Mtb mutants defective in PDIM have been proposed to selectively
recruit more restrictive macrophages in mouse infections.33 In mice infected with AcpsA
Mtb, all myeloid cell types were reduced in the lungs, suggesting that the mutant does

not selectively recruit more restrictive macrophages. In addition, even in Ccr2 KO mice,
AcpsA Mth was still attenuated early and able to eventually reach bacterial burdens similar
to WT Mtb (Figure S5). Since the populations that we defined by flow cytometry contain
subpopulations, it is still possible that CpsA impacts a specific subpopulation, altering

the balance between permissive and restrictive macrophages. NuoG is another virulence
factor that, like CpsA, reduces ROS levels and has been shown to be attenuated during
chronic infection. However, NuoG impairs T cell priming and recruitment to the lungs,34-36
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while CpsA appears to have the opposite effect. Finally, AesxA Mtb, which is defective

in the ESX-1 type VII secretion system, has been shown to have a defect exiting the AM
population into interstitial macrophages similar to AgpsA Mtb.8 Both AcpsA Mtb and AesxA
Mtb are attenuated in macrophages ex vivo as well as during the innate immune phase of
infection, and both elicit less IL-1p from the host.21:37-39 Thus, both AgpsA Mtb and AesxA
Mtb may be impaired in IL-1p production and controlled in recruited macrophages, leading
to their delay in eliciting the inflammatory response necessary for dissemination.

Our observations provide a mechanism by which AcpsA Mtb reaches nearly the same
infectious burden in the lung as WT Mtb despite its initial attenuation. At 3 wpi, in addition
to reduced myeloid cell recruitment, there were also substantially fewer CD4 and CD8 T
cells. This defect persisted at 4 wpi, when the adaptive immune response is well underway in
WT Mtb-infected mice. Activation of adaptive immunity by Mtb has been shown to depend
on antigen production in the lymph nodes and not the lungs.39 Since migration of infected
DCs to the lymph nodes is essential for priming naive T cells, 3040 the delayed adaptive
immune response is likely caused by the series of events that we documented during the
innate immune response: retention of AcpsA Mtb in AMs, reduced infection of DCs, and
retention of infected cells in the airways, leading to delayed arrival of Mtb in the MLN.
Consistent with this idea, strains that exhibit an earlier shift into recruited macrophages

and DCs cells are associated with greater, earlier activation of CD4 T cells.?! In addition,
the reduced bacterial load in the lungs will also contribute to lower T cell responses. One
could envision alternative possibilities. For example, CpsA could impact the ability of DCs
to present antigen. However, previously, we showed that CpsA does not affect the ability of
infected DCs to activate CD4 T cells 7 vitro,*? so we consider this a less likely possibility.
Instead, CpsA appears to indirectly promote T cell responses by promoting dissemination

of Mtb into recruited myeloid cells. The reduced IFN-y-producing, antigen-specific T cell
responses likely account for the diminished CD80 and MHC |1 expression that we saw in
the myeloid populations. Thus, the AMs and the small fraction of other myeloid cells that
are responding to the infection remain less activated and more permissive for longer during
infection with AcpsA Mtb compared to WT Mtb. In analogy to a race, WT Mtb starts out
with an enormous lead, but it encounters substantial headwinds that result in its standstill,
giving AcpsA Mtb time to “catch up.” Once adaptive immune responses develop against
AcpsA Mtb, then it experiences similar headwinds, and it is defective, relative to WT Mtb, in
persistence. Although, it should be noted that since we did not examine the adaptive immune
response later during infection, it is possible that it is not only delayed in the context of the
AcpsA Mtb infection but also impaired thereafter.

One strategy to enhance protection against Mtb is to overcome the delay in CD4 T cell
responses that is characteristic of the immune response to TB.43 BCG vaccination enhances
Mtb dissemination into recruited macrophages and subsequently T cell activation.*4
Moreover, the contained Mtb infection model, which consists of injection of Mtb into the
dermis of the ear, enhances recruitment of Mth-specific T cells to the lungs, which is also
associated with enhanced activation of AMs and reduced Mtb burden.4> However, while
these strategies result in reduced Mtb burden, they do not provide sterilizing immunity.
Alternative strategies to promote innate clearance, for example, through trained immunity
are also areas of active investigation. Importantly, the delay in the activation of adaptive
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immunity elicited by AcpsA Mtb shows that even strains that are highly attenuated in the
face of innate immunity can establish infection due to a corresponding longer delay in the
adaptive immune response. This observation has important implications for ongoing efforts
to design novel interventions to prevent tuberculosis. Our studies highlight the challenge
of enhancing innate immunity to confer protection; unless innate immune responses are
sterilizing, they will likely alter the dynamics of the immune response to Mtb but may be
insufficient to protect against infection.

Limitations of the study

This study examines the effect of CpsA in the H37Rv background, which may differ in
terms of host-pathogen interactions from circulating clinical strains. For example, some
hypervirulent strains of the Beijing/W lineage in particular have been found to elicit
distinct immune responses compared to the commonly used laboratory strains. Our infection
model uses C57BL/6J mice, which provide a useful, genetically tractable model that has
yielded important information about the earliest events in Mtb infection. However, there are
differences in granuloma architecture and the course of infection compared to humans and
non-human primates. Finally, although we were able to achieve similar bacterial burdens
between WT Mtb and AcpsA Mtb infections at 3 weeks post infection to examine responses
independent of burden, the unequal initial inoculum may have altered infection dynamics

in ways that are difficult to predict. Finally, we focused our studies on the first 6 weeks of
infection, so how CpsA influences the immune response during chronic infection was not
addressed.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Jennifer A. Philips
(philips.j.a@wustl.edu).

Materials availability—Mycobacterium tuberculosis strains and plasmids generated in the
study are available upon request. Transfer of the M. tuberculosis strains will require that the
receiving individual have appropriate biosafety approval to work with them.

Data and code availability

. Flow cytometry data reported in this paper will be shared by the lead contact
upon request. Whole-genome sequencing data has been deposited at Genome
Sequence Archive and is publicly available as of the date of publication.
Accession numbers are listed in the key resources table.

. This paper does not report original code

. Any additional information required to reanalyze the data reported in this work
paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains and plasmids—M. tuberculosis (Mth) H37Rv strain was from
William R Jacobs Jr (AECOM). All mutants were generated in H37Rv. AcpsA Mtb was
generated using mycobacterial recombineering as described previously.?1:26 AkatG Mtb
was provided by William R Jacobs Jr (AECOM). AcpsA AkatG Mtb was constructed

using mycobacterial recombineering to knockout ¢psA from the AkatG Mtb. Cloning
strategy and screening PCR are illustrated in Figure S1. Single colonies were screened

by PCR of genomic DNA using the following pairs of primers: 5” cloning junction
5'-CGGGCCAACCTGGGATGC-3’ & 5-GCAGGCTCGCGTAGGAATCATCC-3’;

3’ cloning junction 5"-GAACTGCTCGCCTTCACCTTCC-3’ & 5’-
AACCGCGTGGCATGGCCGGCTGCA-3’; deleted ¢psA 5v-TGCTCATCGGGCTG
GACTCG-3’ & 5'-ACTCGATGGCGGTGGTGAACG-3’. Verified transformants were
screened for PDIM production by whole-genome sequencing and HPLC-MS. Construction
of the ¢psA complementing plasmid was described previously.2! The plasmid used to
regulate CpsA expression, pGMCK-TetOFF-cpsA, was constructed by MultiSite Gateway
recombination using the procedures published previously.*6 In this plasmid, transcription

of ¢psA is mediated by a promoter that can be repressed by a reverse TetR,*” which was
also cloned into pGMCK-TetOFF-cpsA. Reverse TetRs are activated by tetracyclines so that
addition of anhydrotetracycline or doxycycline reduces transcription of, in this case, cpsA.
The ¢psA-containing entry plasmid required for the Gateway recombination was purchased
from GenScript. Mtb was cultured in Middlebrook 7H9 (BD Biosciences) with BBL OADC
enrichment (BD Biosciences), 0.05% Tween 80 (Fisher), and 0.2% glycerol (Sigma). AcpsA
Mtb was cultured with 50 pg/mL hygromycin (Gold Biotechnology). Mth expressing GFP or
CpsA TetOFF were cultured with 25 pg/mL kanamycin (IBI Scientific). The GFP plasmid
was provided by Christina Stallings (WUSM).

Mice—All mice were in the C57BL/6J background. WT (000664) and Ccr2 KO (004999)
mice were from The Jackson Laboratory and bred in house in a specific pathogen-free
animal barrier facility at Washington University. Mox2™/~ mice were provided by Mary
Dinauer (WUSM). Infections were performed with mice of both sexes, aged 8-14 weeks
old. All procedures were done in accordance with NIH guidelines and approved by the
Institutional Animal Care and Use Committee (IACUC) of Washington University School of
Medicine.

Alveolar macrophage isolation—Mice were euthanized with 1 mL isoflurane instilled
in a cotton ball. The trachea was exposed, incised with a small horizontal cut, and
cannulated with an 18G catheter. 8 washes with 1 mL wash buffer (ice-cold PBS, 2 mM
EDTA, 1% FBS) were performed. Cells were washed and seeded in alveolar macrophage
media [DMEM with 10% L929 cell supernatant, 10% FBS, 1 mM pyruvate, and 10 mM
N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid (HEPES)] and allowed to adhere for
2 h prior to infection. AMs were pooled from three male and three female B/6 mice for the
ex vivo infections described below.

Cell Rep. Author manuscript; available in PMC 2024 February 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grigsby et al. Page 15

METHOD DETAILS

Mouse infections—Mtb was cultured to mid-log phase (ODggg 0.6-0.8), and a single-cell
suspension was generated through sequential low-speed centrifugation at 800 rpm until
stabilization of ODgg of the supernatant. Mice were infected by aerosol using a Glas-Col
inhalation exposure system. Harvested tissues were homogenized using Bio-Gen PRO200
tissue homogenizer (PRO Scientific) and plated on Middlebrook 7H11 supplemented

with BBL OADC enrichment (BD Biosciences) for CFU enumeration. In most cases,
homogenized samples were passed through a 70 um cell strainer (BD Biosciences) before
plating. CFU were enumerated after 2—3 weeks of incubation at 37°C. For tet-mediated
CpsA depletion, mice were fed a diet consisting of Purina 5053 chow containing 2000 ppm
doxycycline (Research Diets).

Flow cytometry—Flow cytometry was done as described previously.28 Briefly, mouse
lungs were perfused with sterile PBS (Thermo Fisher) before harvesting. Lungs were
digested at 37°C with 75 U/mL DNase | (Millipore Sigma) and 0.63 mg/mL collagenase

D (Millipore Sigma). The cell suspension was washed with PBS containing 2% heat-
inactivated FBS (Thermo Fisher) and 2 mM EDTA (Corning). Staining for surface

markers was done at 4°C for 20 min. The following reagents were used for staining:
anti-CD16/32 Fc Block (93, Biolegend), LIVE/DEAD Fixable Blue Dead Cell Stain
(Thermo Fisher), BUV395 anti-CD80 (16-10A1, BD Biosciences), BV421 anti-1-A/I-E
(M5/114.15.2, Biolegend), BV510 anti-CD11c (N418, Biolegend), BV711 anti-CD11b
(M1/70, Biolegend), BV786 anti-CD64 (X54-5/7.1, BD Biosciences), PE anti-Siglec-F
(E50-2440, BD Biosciences), PE-Cy7 anti-Ly6G (1A8, Biolegend), Alexa 700 anti-CD45
(30-F11, Biolegend), APC-Cy7 anti-Ly6C (HK1.4, Biolegend), BUV395 anti-NK1.1
(PK136, BD Biosciences), BV421 anti-TCR 6 (GL3, Biolegend), BV711 anti-CD19 (6D5,
Biolegend), PE anti-CD44 (IM7, Biolegend), PE-Cy7 anti-CD8a. (53-6.7, Biolegend), APC
anti-CD4 (GK1.5, Biolegend), APC-Cy7 anti-TCR B (H57-597, Biolegend). After staining,
cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) for 30 min at
RT, and data was acquired on an LSR Fortessa X-20 flow cytometer (BD Biosciences) with
355 nm, 405 nm, 488 nm, 561 nm, and 640 nm lasers running BD FACSDiva software.
Flow cytometry data was compensated manually post-acquisition and analyzed using FlowJo
software (BD Biosciences). Gating strategies are depicted in Figure S3. Channel voltages
were set using single-stained cell controls. Gates for GFP were set using cells from
uninfected mice, and gates for CD80, CD44, and intratracheally administered CD45 were set
using fluorescence minus one (FMO) controls. Absolute cell counts were calculated using
Trucount tubes (BD Biosciences).

Intracellular cytokine staining—For T cell stimulation, cells from Mtb-infected lung
samples resuspended in complete media (RPMI-1640 + 10% FBS) were stimulated with
phorbol myristate acetate (30 ng/mL, Sigma Aldrich) plus ionomycin (1 pg/mL) and
incubated for 1 h at 37° C, 5% CO». After the initial incubation, Golgistop (containing
Monensin, BD Biosciences) and Golgiplug (containing Brefeldin A, BD Biosciences) were
added to the cell suspension and further incubated for 4 h. Cells were washed once, stained
with surface antibodies, fixed in 4% PFA, and permeabilized with BD Perm/Wash buffer
as per manufacturers protocol. Permeabilized cells were stained with BV785 anti-IFNy
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(XMGL1.2, Biolegend), BV510 anti-TNFa (MP6-XT22, Biolegend), and APC-Cy7 anti-I1L-2
(JES6-5H4. BD Pharmingen) antibodies for 30 m, and then washed and resuspended in
PBS, followed by acquisition on an LSR Fortessa X-20 flow cytometer. Data was analyzed
using FlowJo software. A hierarchical gating strategy was used to first select single-cell
CDA T cells. Gates for cytokine-expressing CD4 T cells in samples stimulated with PMA

+ ionomycin were set using FMO controls. A Boolean combination strategy was used to
estimate polyfunctional T-cells producing two or more cytokines.

Tetramer staining—Tetramer staining was done prior to surface staining with antibodies.
PE-conjugated MHC class |l tetramers ESAT6,4_17 (I-A(b) QQWNFAGIEAAASA), PE-
Ag85hygg_294 (I-A(b) FQDAYNAAGGHNAVF) and BV421-conjugated MHC class |
tetramer TB10.44_1; (H-2K(b) IMYNYPAM), obtained from NIH Tetramer Core Facility,
were used to detect Mth-specific CD4 and CD8 T cells. Lung single cell suspensions were
incubated with 100 nM of freshly prepared Dasatinib (Sigma-Aldrich) for 30 m at 37°C in
a COy, incubator. The cells were washed with FACS buffer and incubated with saturating
concentrations of MHC tetramers. For MHCII tetramer staining, the cells were incubated
with tetramers at 37°C for 30 min in a CO, incubator. For MHCI tetramer staining, the
cells were incubated with TB10.44_11 tetramer for 30 m at 4°C. Cells were then washed and
stained with surface antibodies.

Labeling of airway cells—Labeling of airway cells was done as described previously.3!
Mice were injected intraperitoneally with 200 pL of PBS containing 10 mg/mL ketamine
and 1 mg/mL xylazine. Once the mice were fully anesthetized, a 20G 1” catheter containing
a 0.75 mm fiber optic cable connected to a light source was inserted into the trachea. The
fiber optic cable was then withdrawn from the catheter. 50 puL of PBS with 14 ug/mL
BV650 aCD45 (30-F11, Biolegend) was introduced into the catheter. Air was blown into
the catheter using a 1 mL syringe to distribute the antibody through the airways. After mice
recovered for 15 min, lungs were harvested and processed for flow cytometry.

Alveolar macrophage infection—Single cell suspensions of Mth in DMEM complete
with 10% L929 were added to 25,000 macrophages in 96 well plates at an MOI of 5, and
plates were spun for 5 min at 51xg. The MOI was verified by plating the inoculum. At

4 hpi, macrophages were washed 3 times with DMEM to remove extracellular bacteria.
To enumerate CFU, at specified time points macrophages were lysed with 0.06% sodium
dodecyl sulfate (SDS) in water and serially diluted in PBS. The cell lysates were plated

on 7H11 agar plates supplemented with OADC and glycerol, and CFU were counted after
14-21 days.

Western blotting—Western blotting was done as described previously.?! Briefly, Mtb was
cultured to mid-log phase, diluted to ODggg 0.1, and then cultured for 3 days to reach an
ODgqg of 0.8. For ATc induction, Mtb was cultured with 500 ng/mL ATc. To generate

a whole-cell lysate, cultures were pelleted and resuspended in lysis buffer consisting of

25 mM Tris HCI (Sigma; pH 7.5), 150 mM NaCl (Sigma), 0.6% SDS (Invitrogen), 1mM
PMSF (Sigma), and cOmplete protease inhibitor cocktail (Roche). Cells were lysed by bead
beating with zirconium beads (BioSpec Products). Lysates were mixed with 5x loading
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buffer (50% glycerol, 10% SDS, 0.5 M DTT, and 0.25% bromophenol blue) and heated

at 85°C for 10 min. SDS-PAGE was done using a 4-20% Mini-PROTEAN TGX Precast
Protein Gel (BIO-RAD) and PageRuler Prestained Protein Ladder (Thermo Fisher). Protein
bands were transferred to a Novex nitrocellulose membrane (Thermo Fisher) using a wet
transfer with Tris/glycine buffer containing 10% methanol (BIO-RAD) overnight at 25V at
4°C. The membrane was blocked using PBST (PBS 0.05% Tween 20 (Fisher) with 3% BSA
(Bio Basic)). The membrane was probed with PBST +1:2000 rabbit aCpsA anti-serum,?!
followed by 1:5000 goat mAb arabbit Alexa 647 (Thermo Fisher). After imaging, the
membrane was stripped with Restore Western Blot Stripping Buffer (Thermo Fisher), then
re-probed, blocked, and re-probed with 1:1000 rabbit a Ag85B antibody (provided by Joel
Ernst), followed by 1:5000 goat mAb arabbit Alexa 488. The membrane was imaged

using a ChemiDoc MP Imaging System (BIO-RAD) and analyzed using iBright Analysis
Software.

Whole-genome sequencing—To extract genomic DNA (gDNA), Mtb was grown to an
ODgqg of 0.8, then cultured for an additional 24 h with 1% glycine. The culture was pelleted
and resuspended in GTE buffer [25mM Tris-HCI (Sigma) pH 8.0.10mM EDTA (Fisher),
50mM glucose (Sigma)]. Cells were lysed with 1 mg/mL lysozyme (Sigma) overnight

at 37°C, and samples were treated with 1.5% SDS (Invitrogen), 3 mg/mL proteinase K
(Thermo Fisher), and heating (55°C), followed by addition of 1 M NaCl (Sigma), 1.6%
CTAB (Sigma), and heating (60°C). gDNA was isolated by extracting twice in an equal
volume of 24:1 chloroform:isoamyl alcohol (Sigma). gDNA was precipitated in isopropanol
(Sigma), washed with 70% ethanol, air-dried, and then resuspended in TE buffer (Corning).
gDNA was submitted to the Genome Technology Access Center at the McDonnel Genome
Institute (WUSM) for KAPA Hyper PCR-Free automated WGS library prep, followed by
Illumina NovaSeq6000 S4 XP (2x150) sequencing. Sequencing data was aligned to the
H37Rv reference genome (NCBI), and variants were identified using mpileup. Variant data
was analyzed using Integrated Genomics Viewer (Broad Institute) and annotated using
Variant Effect Predictor (Ensembl).

Mtb lipid extraction and HPLC-MS—Mtb lipids were extracted and analyzed by HPLC-
MS as described previously.2! Briefly, Mtb was plated on Middlebrook 7H11 and incubated
for ~3 weeks. The bacterial lawn was pelleted, boiled for 20 min, pelleted to remove

excess liquid, and weighed in order to analyze the same amount of biomass for each strain
tested. The Mtb pellet was sonicated in 2:1 chloroform:methanol (Sigma) containing 10
ug/mL triarachidin (Cayman Chemical) as an internal standard. After sonication, samples
were centrifuged, and the organic phase was collected. Sonication was repeated with fresh
chloroform:methanol and triarachidin, followed by centrifugation and collection of the
organic phase. The fractions from both extractions were combined and desiccated under
nitrogen gas. Lipids were resuspended in chloroform:methanol and submitted for HPLC-MS
to the Mass Spectrometry and Lipidomics Core of Washington University. Analysis was
conducted on a Scientific TSQ Vantage mass spectrometer (Thermo Fisher) with a Thermo
Accela UPLC operated by Xcalibur software. Separation of lipid was achieved by a 100 x
2.1 mm (2.7-um particle size) Ascentis C-8 column (Supelco) at a flow rate of 260 uL/min
as described previously.48 The electrospray ionization (ESI) mass spectra were acquired in
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both positive-ion and negative-ion modes, ranging from m/z 400-3,000, at a scan rate of
scan/2 s, and the ESI mass spectra of each of the major lipid classes were obtained.

Cytokine analysis—Lung homogenate was pelleted twice at 13,000xg for 5 min at 4°C.
The supernatant was filtered using a 0.22um MultiScreen-GV filter plate (EMD Millipore).
Filtrates were submitted to the Immunomonitoring Laboratory (IML) of the Center for
Human Immunology and Immunotherapy Programs (CHiiPs) at Washington University for
analyses using the IFN-a and IFN-B simplex kits (Thermo Fisher) and the Cytokine &
Chemokine Convenience 26-Plex Mouse ProcartaPlex Panel 1 kit (Thermo Fisher) and the
Luminex FLEXMAP 3D platform (Invitrogen).

Histopathology—Lungs were harvested and fixed in 10% neutral buffered formalin
(Fisher) for 3—4 days. Fixed lungs were then washed with PBS and dehydrated with serial
incubation in 30%, 50%, and then 70% ethanol. Lungs were embedded, sectioned, and
stained at the Pulmonary Morphology Core at Washington University. Dehydrated lungs
were embedded in paraffin and sectioned at 5 pm using an RM2255 Fully Automated
Microtome (Leica). Sections were collected onto charged microscope slides from a water
flotation bath at 40°C. Slides were allowed to dry before staining. Sections were de-
paraffinized with xylene; serially rehydrated in 100% alcohol, 95% alcohol, and then 70%
alcohol; and washed briefly with distilled water. For H&E staining, sections were stained in
Mayer hematoxylin solution, washed in warm running tap water, rinsed in distilled water,
rinsed in 95% alcohol, and counter-stained in eosin Y solution. After staining, sections
were dehydrated through 95% alcohol and then 100% alcohol, cleared through xylene,

and mounted with Cytoseal 60 (Epredia). For AFB staining, sections were stained with
Carbol Fuchsin and Fast Green Stain using an Acid Fast Bacillus Stain Kit (Epredia).
Slides were imaged at the Alafi Neuroimaging Laboratory at Washington University using a
NanoZoomer 2.0-HT Whole-Slide Imaging System (Hamamatsu) with a 40x objective.

QUANTIFICATION AND STATISTICAL ANALYSIS

In vivo data is from mice randomly sorted into each experimental group. No blinding was
performed during animal experiments. Statistical differences were calculated using Prism
(GraphPad Software) and details are available in the figure legends. For two groups with
normal distributions, unpaired Student’s t test was used. In cases where the two groups
appeared to have non-normal distributions, Mann-Whitney test was used. For more than
two groups with normal distributions, one-way ANOVA with Tukey’s multiple comparisons
test or Dunnett’s multiple comparisons test was used to compare one variable, and two-way
ANOVA with Sidak’s multiple comparisons test was used to compare two variables. For
more than two groups with non-normal distributions, Kruskal-Wallis test with Dunn’s
multiple comparisons test was used. When used, center values and error bars represent
mean £ SEM. Figures were created using BioRender.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

CpsA promotes recruitment and activation of lung myeloid cells during Mtb
infection

CpsA promotes dissemination of Mtb from alveolar macrophages and the
airways

In the absence of CpsA, there is a delay in the adaptive immune response to
Mtb

Our study shows how enhanced innate control of Mtb is offset by delayed
adaptive immunity
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Figure 1. AcpsA and AcpsA AkatG Mtb are highly attenuated during initial infection but not at 6
wplI

(AF\)—C) C57BL/6J mice were infected with WT (H37Rv), AcpsA, AcpsA AkatG, and mouse-
passed Mtb strains (isolates 1, 2, and 3) as indicated with ~100 CFU by aerosol, and

CFUs in the lung were enumerated. (A and B) Lungs were harvested 1 dpi and 2, 3, or

6 wpi as indicated. (C) Lungs were harvested at 2 wpi. Each data point represents one
mouse. Error bars indicate mean + SEM. n = 3-11 mice/group from two (A and B) or one
(C) independent experiments. ns, not significant; *p < 0.05; **p < 0.01; ****p < 0.0001.
Two-way ANOVA with Sidak’s multiple comparisons test (A and B) or Kruskal-Wallis test
with Dunn’s multiple comparisons test (C). See also Figures S1 and S2.
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Figure 2. CpsA is required during chronic infection
(A) Schematic illustrating the experimental strategy to test the requirement of CpsA during

chronic infection.

(B) Immunoblot of CpsA from Mtb whole-cell lysate of TetOFF-CpsA, WT, and AcpsA Mtb
grown in presence or absence of ATc as indicated. Ag85B served as a loading control. All
samples were run on the same gel; the line indicates where the image was cropped to remove
irrelevant lanes.

(C) Lung CFUs from mice infected with TetOFF-CpsA and treated as shown in (A).

(D) KanR fraction of bacteria isolated from (C) calculated by dividing CFUs from plates
containing kanamycin by CFU counts from plates without antibiotics.

(E and F) Mice were infected with ~100 CFU H37Rv Mtb or AcpsA Mtb (without the
TetOFF plasmid) and treated with or without doxycycline starting at 6 wpi. (E) Lung CFUs
at indicated time points. (F) Representative hematoxylin and eosin (H&E) and acid-fast
bacilli stain (AFB) from lungs of mice infected with H37Rv Mtb or AcpsA Mtb (without
doxy) for 18 weeks. Scale bars correspond to 250 pym (H&E) or 50 um (AFB). Arrows point
to AFB-positive bacilli. (C-E) Each data point represents one mouse. Data bars indicate
mean + SEM. Data consist of 3—10 mice per group from two independent experiments.

*p < 0.05; ****p < 0.0001. Two-way ANOVA with Sidak’s multiple comparisons test (C),
Student’s t test with Welch’s correction (D), and one-way ANOVA with Sidak’s multiple
comparisons test (E). See also Figure S1.
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Figure 3. AcpsA Mtb elicits a reduced myeloid response early in infection

Mice were uninfected or infected with ~100 CFU of H37Rv Mtb or AcpsA Mtb for 3
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(A-C), 2 (B), or 6 weeks (F—H). Mice were infected with ~30 H37Rv Mth, AcpsA Mtb,
or AcpsA..cpsA Mtb for 4 weeks (D and E). Lungs were harvested for flow cytometry (A

and C-G), cytokine analysis (B and I), and histopathology (H). (A, D, and F) Absolute

cell counts of myeloid cell populations. (C, E, and G) MHC Il expression shown as the
percentage positivity of the indicated cell population. Data consist of seven to nine mice per
group from three independent experiments (F-I) or three to five mice per group from one
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experiment (A-E). Each data point corresponds to one mouse. Error bars indicate mean +
SEM. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. One-way
ANOVA with Tukey’s multiple comparisons test (A and C-G) or Student’s t test (B and I).
See also Figures S3, S4, and S5.
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Figure 4. The adaptive immune response is delayed in mice infected with AcpsA Mtb
(A-F) Mice were uninfected or infected with 100 CFU of H37Rv or AcpsA for 3 (A and B)

or 6 weeks (E and F) or ~30 H37Rv, AcpsA, or AcpsA...cpsA for 4 weeks (C, D, and G-L).
Lungs were harvested for flow cytometry (A-K), and mediastinal LNs were analyzed for
CFUs (L). (A, C, and E) Absolute cell counts of lymphoid cell populations. (B, D, and F)
Percentage of CD44" CD4 and CD8 T cells.

(G) Absolute counts of polyfunctional CD4 T cells producing TNFa, IFN+y, and IL-2 upon
stimulation with PMA and ionomycin were assessed by flow cytometry.
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(H) Percentage of CD4 T cells with the indicated cytokine expression.

(1-K) Absolute cell counts and frequencies of tetramer Ag85- or ESAT6-binding CD4 T
cells (1-J) and TB10.4-binding CD8 T cells (K) among lung T cells.

(L) CFUs from MLNs at 4 wpi. Data consist of three to five mice per group from one
experiment (A-D and G-L) and seven to nice mice per group from three independent
experiments (E and F). Each data point corresponds to one mouse. Error bars indicate mean
+ SEM. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. One-
way ANOVA with Tukey’s multiple comparisons test (A—F), two-way ANOVA with Holm-
Sidak’s multiple comparisons test (G) or Tukey’s multiple comparisons test (H), Kruskal-
Wallis for absolute cell counts and Brown-Forsythe and Welch ANOVA for percentages
(1-K), or Student’s t test (L). Uni, uninfected. See also Figures S3 and S6.
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Figure 5. AcpsA Mtb induces less inflammation than WT Mtb
(A-F) Mice were uninfected or infected with H37Rv (CFU ~1,500) or AcpsA (CFU ~7,000)

for 3 weeks, and lungs were analyzed for CFUs (A) and flow cytometry

(B-F). Absolute cell counts of (B) myeloid and (E) lymphoid cell populations were
quantified. (C) CD80, (D) MHC II, and (F) CD44 expression is expressed as the percentage
positivity of the indicated cell population.

(G) Cytokines measured by Luminex of whole-lung homogenate from mice. Data consist
of 5-16 mice per group from at least two independent experiments. Each data point
corresponds to one mouse. Error bars indicate mean £ SEM. ns, not significant; *p <

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Mann-Whitney test (A), one-way ANOVA
with Dunnett’s multiple comparisons test (B-D and F) or Kruskal-Wallis test with Dunn’s
multiple comparisons test (E), and Student’s t test (G). Uni, uninfected. See also Figures S3,
S4, and S6.
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Figure 6. AcpsA fails to efficiently spread from AMs to other myeloid populations
(A-C, E, and F) WT (C57BL/6) or Nox2™'~ mice were infected with ~1,500 CFU GFP-

expressing H37Rv or ~7,000 GFP-expressing AcpsA Mtb for 3 weeks, after which lungs
were harvested for flow cytometry. (A and F) Percentage of GFP-positive cells of the
indicated cell population compared to total GFP-positive cells from WT or Mox2™/~ mice.
(B and C) Number of GFP-positive cells of the indicated cell population from WT mice.
(D) AMs were infected ex vivo with indicated strains, and CFUs were enumerated at
indicated times.

(E) CFUs from lungs of WT and Aox2/~ mice.

(F) Percentage of GFP* AMs and CD11c* non-AMs in the total infected (GFP-positive)
population from WT and Nox2™/~ mice. Bars indicate mean + SEM. Data consist of 6-16
mice per group from at least two independent experiments. ns, not significant; *p < 0.05;
**p < 0.01; ****p < 0.0001. Two-way ANOVA with Sidak’s multiple comparisons test (A
and F), Student’s t test with Welch’s correction (B), and two-way ANOVA (C). Ac indicates
AcpsA. See also Figures S3 and S8.
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Figure 7. AcpsA-infected cells are preferentially retained in the airways
(A) Schematic of experimental strategy for airway cell labeling of mice that were uninfected

(uni) or infected with 1,500 CFU H37Rv or 7,000 CFU Ac¢psA Mtb. Prior to euthanasia at 3
wpi, they were treated with intratracheal fluorescently tagged anti-CD45 antibody, followed
by flow cytometry.

(B) Distribution of airway-positive cells expressed as the percentage of airway-positive cells
of the indicated cell population.
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(C) Percentage of infected (GFP*) and uninfected (GFP™) myeloid cells that were positive
for CD45 labeling, indicating their airway localization.

(D) Percent of airway-positive and airway-negative myeloid cells that were infected (GFP™).
(B-D) Data consist of 7-17 mice per group from five independent experiments, except for
the complemented strain in (B), which is from three mice from one experiment. Error bars
indicate mean + SEM. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. Two-way
ANOVA with Dunnett’s multiple comparisons test (B) or two-way ANOVA or mixed effects
analysis (C and D). Uni, uninfected. See also Figures S3 and S8.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Purified anti-mouse CD16/32, Clone 93 Biolegend Cat#101302; RRID:AB_312801
BD OptiBuild BUV395 Hamster Anti-Mouse CD80, Clone 16-10A1 BD Biosciences Cat#740246; RRID:AB_2739993
Brilliant Violet 421 anti-mouse I-A/I-E, Clone M5/114.15.2 Biolegend Cat#107632; RRID:AB_2650896
Brilliant Violet 510 anti-mouse CD11c, Clone N418 Biolegend Cat#117353; RRID:AB_2562016
Brilliant Violet 711 anti-mouse/human CD11b, Clone M1/70 Biolegend Cat#101242; RRID:AB_2563310

BD OptiBuild BV786 Mouse Anti-Mouse CD64 a and b Alloantigens, Clone
X54-5/7.1

BD Pharmingen PE Rat Anti-Mouse Siglec-F, Clone E50-2440
PE/Cyanine7 anti-mouse Ly-6G, Clone 1A8

Alexa Fluor 700 anti-mouse CD45, Clone 30-F11
APC/Cyanine7 anti-mouse Ly-6C, Clone HK1.4

BD Horizon BUV395 Mouse Anti-Mouse NK-1.1, Clone PK136
Brilliant Violet 421 anti-mouse TCR /8, Clone GL3

Brilliant Violet 711 anti-mouse CD19, Clone 6D5

PE anti-mouse/human CD44, Clone IM7

PE/Cyanine7 anti-mouse CD8a, Clone 53-6.7

APC anti-mouse CD4, Clone GK1.5

APC/Cyanine7 anti-mouse TCR B chain, Clone H57-597
Brilliant Violet 650 anti-mouse CD45, Clone 30-F11

Rabbit anti-CpsA

Goat anti-Rabbit 1gG (H + L) Highly Cross-Adsorbed Secondary Antibody,
Alexa 647

Rabbit anti-Ag85B

Goat anti-Rabbit 1gG (H + L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor Plus 488

BD Biosciences

BD Biosciences
Biolegend
Biolegend
Biolegend

BD Biosciences
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

21

Thermo Fisher

Joel Ernst

Thermo Fisher

Cat#741024; RRID:AB_2740644

Cat#552126; RRID:AB_394341
Cat#127618; RRID:AB_1877262
Cat#103128; RRID:AB_493715
Cat#128026; RRID:AB_10640120
Cat#564144; RRID:AB_2738618
Cat#118120; RRID:AB_2562566
Cat#115555; RRID:AB_2565970
Cat#103007; RRID:AB_493686
Cat#100722; RRID:AB_312761
Cat#100412; RRID:AB_312696
Cat#109220; RRID:AB_893624
Cat#103151; RRID:AB_2565884
N/A

Cat#A-21245; RRID:AB_2535813

N/A
Cat#A32731; AB_2633280

Bacterial and virus strains

M. tuberculosis H37Rv William R Jacobs Jr N/A

M. tuberculosis AkatG William R Jacobs Jr N/A

M. tuberculosis AcpsA (24,26) N/A

M. tuberculosis AcpsA AkatG This paper N/A

Chemicals, peptides, and recombinant proteins

Purina 5053 Rodent Chow with 2,000 ppm Doxycycline Research Diets Cat#C15020601i
Deoxyribonuclease | from bovine pancreas Sigma-Aldrich Cat#D4527
Collagenase D Roche Cat#COLLD-RO
Trucount Absolute Counting Tubes BD Biosciences Cat#340334
cOmplete Protease Inhibitor Cocktail Roche Cat#CO-RO
4-20% Mini-PROTEAN TGX Precast Protein Gels Bio-Rad Cat#4561094
10x Tris/Glycine/SDS Bio-Rad Cat#1610732
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REAGENT or RESOURCE SOURCE IDENTIFIER

10x Tris/Glycine Buffer for Western Blots and Native Gels Bio-Rad Cat#1610734

Restore Western Blot Stripping Buffer Thermo Scientific Cat#21059
Nitrocellulose/Filter Paper Sandwich, 0.2 ym, 8.3 x 7.3 cm Invitrogen Cat#L.C2000

Critical commercial assays

Cytokine & Chemokine Convenience 26-Plex Mouse ProcartaPlex Panel 1 Invitrogen Cat#EPXR260-26088-901
IFN alpha Mouse ProcartaPlex Simplex Kit Invitrogen Cat#EPX01A-26027-901
IFN beta Mouse ProcartaPlex Simplex Kit Invitrogen Cat#EPX01B-26044-901
DuoSet ELISA kits for IL-1 B R&D Systems Cat#DY401

Deposited data

Whole-genome sequencing data; AcpsA katG parent strain and mouse passaged
isolates

Genome Sequence
Archive

GSA: CRA013548

Experimental models: Organisms/strains

Mouse: WT: C57BL/6J The Jackson Cat#000664
Laboratory

Mouse: Nox2™~: B6.129S- Cybb™0inj) Mary Dinauer N/A

Mouse: Cer2”~: B6.129S4- Cer2miifey) The Jackson Cat#004999
Laboratory

Oligonucleotides

5’-CGGGCCAACCTGGGATGC-3’ IDT N/A

5’-GCAGGCTCGCGTAGGAATCATCC-3’ IDT N/A

5’-GAACTGCTCGCCTTCACCTTCC-3’ IDT N/A

5’-AACCGCGTGGCATGGCCGGCTGCA-3’ IDT N/A

5’-TGCTCATCGGGCTGGACTCG-3’ IDT N/A

5’-ACTCGATGGCGGTGGT GAACG-3’ IDT N/A

Recombinant DNA

pGMCK-TetOFF-cpsA This paper N/A

pKP617 cpsA 21 N/A

pMV261 GFP Christina Stallings N/A

Software and algorithms

Prism GraphPad N/A

FlowJo BD Biosciences N/A

FACSDiva BD Biosciences N/A

BioRender BioRender N/A

Cell Rep. Author manuscript; available in PMC 2024 February 28.



	SUMMARY
	In brief
	Graphical abstract
	INTRODUCTION
	RESULTS
	ΔcpsA and ΔcpsA ΔkatG Mtb are delayed in achieving normal bacterial burdens in vivo
	CpsA is required for chronic infection
	ΔcpsA Mtb induces less inflammation during early infection
	The increase in ΔcpsA Mtb burden at 6 wpi does not depend on CCR2
	There is a delayed adaptive immune response to ΔcpsA Mtb
	ΔcpsA Mtb induces a muted inflammatory response even when lung bacterial burdens are similar to WT H37Rv
	ΔcpsA Mtb is retained in alveolar macrophages
	ΔcpsA-infected cells are preferentially retained in the airways

	DISCUSSION
	Limitations of the study

	STAR★METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
	Bacterial strains and plasmids
	Mice
	Alveolar macrophage isolation

	METHOD DETAILS
	Mouse infections
	Flow cytometry
	Intracellular cytokine staining
	Tetramer staining
	Labeling of airway cells
	Alveolar macrophage infection
	Western blotting
	Whole-genome sequencing
	Mtb lipid extraction and HPLC-MS
	Cytokine analysis
	Histopathology

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	KEY RESOURCES TABLE

