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The central pathogen-immune interface in tuberculosis is the granuloma, a complex host immune
structure that dictates infection trajectory and physiology. Granuloma macrophages undergo a
dramatic transition in which entire epithelial modules are induced and define granuloma
architecture. In tuberculosis, relatively little is known about the host signals that trigger this
transition. Using the zebrafish-Mycobacterium marinum model, we identify the basis of
granuloma macrophage transformation. Single-cell RNA-seq analysis of zebrafish granulomas as
well as analysis of Mycobacterium tuberculosis-infected macaques reveal that, even in the
presence of robust type 1 immune responses, countervailing type 2 signals associate with
macrophage epithelialization. We find that type 2 immune signaling, mediated via star6, is
absolutely required for epithelialization and granuloma formation. In mixed chimeras, stat6 acts
cell-autonomously within macrophages, where it is required for epithelioid transformation and
incorporation into necrotic granulomas. These findings establish the signaling pathway that
produces the hallmark structure of mycobacterial infection.

Graphical Abstract

IL4R/STAT6 Signaling Epithelioid Macrophages Necrotic Granuloma
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Abstract

During mycobacterial infections, a non-canonical type 2 immune response underlies the formation
and epithelial architecture of the granuloma, the hallmark structure of tuberculosis.
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INTRODUCTION

The pathological hallmark of tuberculosis is the formation of the tuberculous granuloma, a
structure derived from the aggregation of host immune cells around infecting
Mycobacterium tuberculosis (Mth) (Pagan and Ramakrishnan, 2018). The granuloma serves
as a central gateway for the host immune response to infecting mycobacteria, and its
structure and properties shape immune interactions, disease progression, and resolution
(Ernst et al., 2018; Marakalala et al., 2016; Pagan and Ramakrishnan, 2018). In addition,
structural properties of the granuloma affect the efficacy of Mtb therapies, serving as a
substantial barrier to the penetration of anti-mycobacterial chemotherapies and shaping the
metabolism of Mtb, which in turn alters susceptibility to chemotherapeutics (Blanc et al.,
2018; Sarathy et al., 2019).

The central cell type of the granuloma is the macrophage, which aggregates during the
formation of the nascent granuloma. These macrophages undergo a morphological transition
in which they interdigitate with their neighbors and assume an altered morphology that
pathologists have termed epithelioid (Adams, 1976; Pagan and Ramakrishnan, 2018).
Epithelioid transformation is a defining feature of tuberculous granulomas (Adams, 1976;
Pagan and Ramakrishnan, 2018). We previously found that this transition involves a
wholesale epithelialization event that occurs within the granuloma macrophages, and that
this macrophage-epithelial transition underlies organized granuloma formation (Cronan et
al., 2016). Broad epithelial transcriptional modules are induced, including expression of E-
cadherin on granuloma macrophages. Although the granuloma may act to confine infection
to circumscribed areas within lung tissue, it also provides a safe harbor in which
mycobacteria can persist and replicate (Cronan et al., 2016; Pagan and Ramakrishnan,
2018). Partial disruption of epithelialization and organization can result in improved
outcome for infected animals (Cronan et al., 2016; Gautam et al., 2018).

The tuberculous granuloma is a highly organized structure, commonly consisting of an inner
core of necrotic cell debris termed caseum in which M6 resides, surrounded by layers of
epithelioid macrophages, while at the edge of the granuloma are clusters of lymphocytes
(Adams, 1976; Pagan and Ramakrishnan, 2018). The structural barriers of the granuloma
restrict the immune response to mycobacteria (Cronan et al., 2016; Ernst et al., 2018;
Kauffman et al., 2018). CD4* T cells are essential for control of infecting mycobacteria, but
CD4* T cells are restricted to the outer layers of the granuloma, segregated from the bacteria
within the macrophage-rich layers (Ernst et al., 2018; Kauffman et al., 2018). Other immune
cell types are also restricted from close interactions with the bacterial core, presumably
either through decreased recognition of bacteria within the necrotic core or by limiting the
ability of the immune cells to migrate to these bacteria (Cronan et al., 2016).

The three-dimensional structure of the granuloma contributes to the therapeutic challenges
of granuloma treatment; many chemotherapeutic drugs have difficulty penetrating through
the tight layers of cells surrounding the necrotic core and the lipid-rich caseum to the
bacteria within (Blanc et al., 2018; Gengenbacher et al., 2017; Prideaux et al., 2015; Sarathy
etal., 2019). The granuloma also drives a metabolic shift within mycobacteria as the
bacterium must adapt its metabolism to the lipid rich necrotic core as well as the hypoxic
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environment present within the core (Ehrt et al., 2018; Oehlers et al., 2015; Rittershaus et
al., 2013; Rustad et al., 2009). These metabolic shifts subsequently result in alterations to
mycobacterial drug susceptibility (Ehrt et al., 2018; Lenaerts et al., 2015; Sarathy et al.,
2018; VanderVen et al., 2015).

The signaling that drives the granulomatous response in tuberculosis has long been
conjectured. During Mtb infection, it is thought that a type 1 IFN-y-dependent signaling
pathway predominates and contributes to granuloma formation (Ndlovu and Marakalala,
2016). This derived from alterations in granuloma structure in mouse models and human
patient samples observed when type 1 signaling is disrupted and the long-standing
association of type 1 immune responses with mycobacterial control (Bean et al., 1999;
Bustamante, 2020; Cooper et al., 1993; Flynn et al., 1995; Jouanguy et al., 1996). However,
in schistosomiasis, granuloma formation is driven by the opposing IL-4 and IL-13 signaling
pathways (Jankovic et al., 1999; Pagan and Ramakrishnan, 2018). These dichotomous
responses have led to the description of granulomas that are formed by Mib as well as
diseases like sarcoidosis as type 1 granulomas, while Schistosoma granulomas have been
termed type 2 granulomas following classical nomenclature of immune polarization. Despite
the long-standing association of type 1 immunity with Mib infection, the signals that drive
tuberculous granuloma formation remain unclear.

The difficulty in mapping the determinants of tuberculous granuloma formation and
signaling has been driven by the complications of studying the organized granuloma. The
complex organization and composition of the fully organized granuloma can only be formed
in vivo. However, organized necrotic granulomas fail to form in standard inbred mouse
strains infected with Mtbwhere genetic tools are abundant, but rather form in animal models
such as rabbits, guinea pigs, and macaques, in which genetic interrogation is much more
difficult (Bucsan et al., 2019b; Flynn, 2006).

The zebrafish-M. marinum model has emerged as a validated model to study the host and
pathogen genetics of mycobacterial infection and granuloma formation (Davis et al., 2002).
M. marinum s a close relative of the Mtb complex, with a number of conserved virulence
loci (Tobin and Ramakrishnan, 2008). Zebrafish infected with this natural pathogen form
organized necrotic granulomas that closely mimic granulomas observed in human
tuberculosis patients (Parikka et al., 2012; Swaim et al., 2006). Here, we use the zebrafish-
M. marinum model to interrogate the genetic basis of macrophage epithelialization and
granuloma formation.

Using single cell RNA-seq analysis, we find that, rather than an exclusively type 1
inflammatory response, there is induction of both type 1 and type 2 responses within the
granuloma. Consistent with our findings in zebrafish, we find substantial type 2 signaling in
granulomas from Mtb-infected macaques and find that type 2 markers localize to
epithelialized regions of the granuloma. Contrary to the classical model of tuberculosis
wherein tuberculous pathology depends exclusively on a Type 1 immune response,
macrophage epithelialization and necrotic granuloma formation is lost in stat6-deficient and
IL-4R-deficient animals, in which type 2 responses have been compromised. We find that
stat6 function is required specifically in hematopoietic populations and acts cell
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autonomously during epithelioid transformation. Not only is functional stat6 function
required in the formation of new granulomas, but persistent stat6 signaling is required to
maintain E-cadherin expression and granuloma structure in established granulomas. These
results illustrate a contribution of type 2 immunity in the macrophage epithelioid transition
and the formation of defining granuloma pathology in mycobacterial infections.

Single cell RNA-seq reveals a diverse cellular composition in the mycobacterial granuloma

The granulomas that form in adult zebrafish infected with M. marinum recapitulate the
structure of granulomas formed in Mtb patients, including central necrosis and macrophage
epithelioid differentiation (Parikka et al., 2012; Swaim et al., 2006). We reasoned that the
unique advantages of the zebrafish model would allow us to interrogate the determinants of
organized granuloma formation /n vivo. Classically, the Mtb granuloma has been assumed to
be driven by type 1 signaling (Ndlovu and Marakalala, 2016; Sandor et al., 2003). However,
data in animal models such as macaques and rabbits as well as in human patient samples has
suggested that there may be substantial alternative activation within the granuloma (Huang
et al., 2015; Mattila et al., 2013; Mehra et al., 2010; Subbian et al., 2011).

We had previously developed methods to dissect and dissociate granulomas from infected
animals. We used these approaches together with single-cell RNA-seq (SCRNA-seq) to
interrogate the cellular composition and the inflammatory environment within the
tuberculous granuloma. Granulomas at a single timepoint within one animal show
heterogeneity in composition and trajectory. Some resolve, while others expand, and a broad
range of cell-types is apparent upon dissociation and staining. For single cell analysis, we
pooled >220 granulomas from 11 animals at a 14-day timepoint in which structured and
organized granulomas had formed or were in the process of forming. Using the 10x
Genomics Chromium platform, we identified 20 discrete clusters from 9273 cells that reflect
the diverse cell types and states present in mature granulomas (Figure 1A, Table S1).

At the cellular level, the predominant cell-types of the granuloma were subsets of
macrophages that had undergone epithelial transitions. These cells were discernible by the
expression of markers for epithelial cell-cell junctions such as E-cadherin (cdhZ) and ZO-1
(¢pI) (Figure 1B, Figure S1 and S2A). In addition to epithelialized macrophages, we
detected inflammatory macrophages marked by canonical genes such as iNOS (r0s2b),
IL1B, CXCL11 (excl/11.1, (Rougeot et al., 2019)) and IL12 (/L12ba) (Figure 1C and S1).
Using canonical markers for other cell types, we were able to identify T cells (/ck, zap70), B
cells (cd79a, ighv), and neutrophils (/yz, mpx) as well as eosinophils based on genetic
signatures identified by sScCRNA-seq (Baron et al., 2019) (Figures 1D-1G, S1 and S2C-F).
The relatively limited numbers of T cells observed is consistent with previous reports that
fewer T cells are recruited to zebrafish granulomas than are seen in other models (Swaim et
al., 2006). However, as in mammalian models, the T cells present play a role in control of
infection (Parikka et al., 2012; Swaim et al., 2006). Finally, we also observed discrete
clusters of epithelioid macrophages that appeared to be undergoing proliferation by the
expression of proliferating cell nuclear antigen, pcna, (clusters 5 and 7) (Figures 1A and S1).
Active proliferation of cell populations within the granuloma was noted in classical works
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although how this proliferation contributes to the granuloma itself is still an open question
(Spector and Lykke, 1966; Spector and Wynne, 1976). A comprehensive list of cell clusters
and transcripts is presented in Table S2.

Discrete Type 1 and Type 2 Signatures within Granulomas

We found that there was expression of both canonical type 1-associated transcripts (IFN-vy,
IL-12, IL1B) and type 2 signals (IL-4 and IL-13) within the granulomas (Figures 1H and 11I).
IFN-vy transcripts in the granuloma were found exclusively in T cells, while IL-12 and I1L1p
transcripts were produced by populations of inflammatory macrophages within the
granuloma. Similarly, IL-4 and IL-13 transcripts were both made by T cells within the
granuloma (and largely distinct from the populations of T cells that make IFN-y (Figure
S2B)) while IL-4 transcripts were also produced by eosinophils (Figure 11). These results
demonstrate that, despite the classical view of the granuloma as an exclusively type 1
structure, the mycobacterial granuloma accesses both type 1 and type 2 signaling pathways.

We have previously established that epithelialization is required for organized granuloma
formation (Cronan et al., 2016). While mycobacterial granuloma formation has been thought
to draw on type 1 signals, we found that populations of macrophages that highly expressed
type 1 markers such as iNos, CXCL11, and IL1p did not express markers for
epithelialization including E-cadherin and ZO-1 (Figure 2A and 2B). These results
suggested that type 1 polarization may be antithetical to macrophage epithelialization within
these macrophages themselves. In humans, highly pro-inflammatory signatures are restricted
to the innermost layer of macrophages (Marakalala et al., 2016). Previous work in cell
culture and helminth infections /n vivo have demonstrated that type 2 cytokines can drive E-
cadherin and other epithelial marker induction in macrophages, while type 1 cytokines could
suppress this response (Van den Bossche et al., 2009; Van den Bossche et al., 2015). Beyond
the absence of type 1 markers in the epithelialized macrophages, we observed some
characteristics of type 2 polarization. While arginase-1 expression in zebrafish M2
macrophages has not been reported, arginase-2 is associated with M2-skewed macrophages
in fish (Edholm et al., 2017), and we observed arginase-2 expression as well as expression of
other recently described fish M2-associated markers (Rougeot et al., 2019; Wentzel et al.,
2020) in the clusters of epithelialized macrophages (Figures 2C and S2G). As we observed
type 2 cytokine signaling within the cells of the granuloma, we wondered if a role for type 2
immunity in the mycobacterial granuloma had been previously overlooked.

Alternative Activation is a Feature of Necrotic Granulomas

We investigated if a type 2 immune response was also associated with granuloma formation
in other experimental models of organized mycobacterial granuloma formation. Previous
work has identified substantive type 2 signals present in well-organized, necrotic granulomas
in macaques, humans, and rabbits (Huang et al., 2015; Mattila et al., 2013; Subbian et al.,
2011). We assessed whether macrophages with markers of these type 2 signals associated
with epithelialization in the granuloma. Macaques infected with Mtb have emerged as a
particularly faithful model of human Mib infection (Bucsan et al., 2019b; Lenaerts et al.,
2015). Our previous work established that epithelialization is crucial to organized necrotic
granuloma formation (Cronan et al., 2016), and we focused on E-cadherin as a marker of
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engagement of these granuloma forming pathways. We initially investigated whether E-
cadherin was induced within the macrophages in macaque granulomas. Consistent with our
previous findings in humans, we found that E-cadherin was induced within CD68-positive
macrophages in the granuloma (Figure 3A).

To investigate the inflammatory status of the E-cadherin-positive macrophages, we stained
macaque granulomas for the type 2 marker arginase-1 along with E-cadherin (Figure 3B).
We found that E-cadherin positive cells localized to regions of the granuloma that were
arginase-1 positive, consistent with a type 2 response being associated with epithelialization.
Arginase staining was low immediately adjacent to the necrotic core but extensive arginase-1
expression was observed in the more distal cell layers from the necrotic core (Figure 3B),
consistent with previous findings in macaques (Mattila et al., 2013). We observed little E-
cadherin proximal to the necrotic core of the granuloma — presumably where the most
inflammatory population of cells resides. We observed consistent co-staining of arginase-1-
positive cells with E-cadherin, suggesting it is the macrophages receiving type 2 signals that
undergo the characteristic epithelialization. Within multiple epithelialized granulomas,
quantitation of arginase-1 levels in E-cadherin-positive cells versus cells in regions of the
granuloma that were E-cadherin negative demonstrated that arginase-1 levels were higher in
the E-cadherin cells (Figure 3C).

We also investigated whether E-cadherin was induced in type 1 polarized macrophages. Co-
staining for E-cadherin and the type 1 marker iNOS identified many E-cadherin-positive
cells within the granuloma that are negative for iNOS (Figure 3D). These findings further
support an inverse relationship between type 1 immunity and macrophage epithelialization,
consistent with our findings in zebrafish. Taken together with our findings on arginase
expression, these results support a potential role for type 2 signaling during macrophage-
epithelial transition and granuloma formation during Mtb infection.

Stat6 Signaling is Required for Necrotic Granuloma Formation and Macrophage
Epithelialization

To investigate the functional role of type 2 immune responses in the granuloma, we
generated zebrafish deficient in the type 2 signaling molecule stat6 by CRISPR/Cas9
mediated knockout (Figure S3A). Stat6 is the canonical transcription factor downstream of
IL-4 and IL-13 activation and signaling through the IL4R. sfat6 transcripts are expressed
broadly in most cell types in the granuloma (Figure S2H). We initially targeted stat6 rather
than the upstream IL-4 receptor a (IL4Ra.), as //4rahas undergone a tandem duplication
event in teleost evolution, complicating any genetic targeting (Zhu et al., 2012). This stat6
mutant allele, termed stat6*%3, has a 10 base pair deletion immediately downstream of the
Stat interaction domain and upstream of the Stat coiled coil domain of stat6 resulting in a
predicted frameshift and premature truncation of the stat6 protein prior to the DNA binding
region (Figures S3B and S3C).

Adult wildtype and stat6-deficient siblings were infected with M. marinum, and granuloma
morphology was assessed in these animals. While wildtype (WT) animals formed highly

organized necrotic granulomas, consistent with previous descriptions, there was a complete
absence of organized, necrotic granuloma formation (Figure 4A) in stat6-deficient animals.
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In total, we identified organized necrotic granulomas in every WT animal investigated (9
total animals, 54 total organized necrotic granulomas out of 186 total granulomas observed,
8 to 41 granulomas observed per animal) (Figure 4B). However, in stat6 deficient siblings
not a single organized necrotic granuloma was identified within a similarly large group of
granulomas (8 animals analyzed, 0 organized necrotic granulomas out of 158 infection foci
analyzed, 7 to 31 infection foci imaged per animal, mean 19.8) (Figure 4B). The loss of
organized granuloma formation in stat6-deficient animals was not due to failure of immune
recruitment to the bacteria as staining for the pan-leukocyte marker I-plastin revealed robust
recruitment of leukocytes to the bacteria (Figure 4A). Similarly, the lack of organized
necrotic core formation was not due to the absence of cell death within the granuloma as
nuclear staining revealed numerous pyknotic nuclei at sites of mycobacterial infection in
stat6 deficient animals (Figure S4). Taken together, these results demonstrate that contrary to
expectation, the mycobacterial granuloma requires Stat6-dependent type 2 immune signals
for its organization.

We have previously found that a macrophage-epithelial transition is required for formation
of organized granulomas (Cronan et al., 2016). This transition involves the induction of
classical epithelial markers including E-cadherin and formation of epithelial-like cell
junctions within the macrophages of the granuloma. We sought to assess whether the
infected foci in stat6 deficient animals underwent this transition. In WT animals, E-cadherin
staining revealed a network of E-cadherin positive cell-cell junctions surrounding the
necrotic core of the mycobacterial granuloma (Figure 4C). By contrast, stat6 deficient
animals exhibited a complete loss of the organized network of E-cadherin-positive adherens
junctions that was observed in WT granulomas (Figure 4C). In the stat6-deficient animals,
only sporadic E-cadherin positive cells were present at the macrophage aggregate. These few
E-cadherin-positive cells were negative for the leukocyte marker I-plastin and
morphologically resembled WT epithelial tissues, suggesting that these E-cadherin positive
cells were epithelial tissues that had been intercalated into the early macrophage aggregates.
Taken together, these results suggest that, contrary to the classical model of the type 1-
exclusive Mtb granuloma, the mycobacterial granuloma requires type 2 signals to organize
and drive macrophage-epithelial transformation.

To assess the functional consequences of stat6 deficiency within the granuloma, we
investigated how lack of stat6 altered bacterial numbers within WT and staf6-deficient
animals. Stat6-dependent alternative activation is generally thought to be host-detrimental in
mycobacterial infection by reducing IFN-y and type 1 responses. However, how would
changes in the type 1/type 2 balance interact with a complete lack of containment and
absence of granulomas? We found that stat6*®%X53 animals had markedly enhanced
bacterial burden by CFU assay (Figure 4D). This finding indicates that stat6-dependent
signaling can play a host beneficial role during infection in animal models where granuloma
formation is an important feature.
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Granuloma Formation and Epithelialization is Dependent on Stat6 Signaling Within
Hematopoietic Populations

Outside of immune populations, Stat6 is known to regulate the response of many other cell
types to alternative activation signals (Goenka and Kaplan, 2011). To specifically investigate
the requirement for stat6-dependent signals within the hematopoietic compartment, we
performed hematopoietic stem cell transplants by transplanting whole kidney marrow
(WKM) into HSC-deficient ¢c-myb mutants (Hess et al., 2013). To track donor marrow and
their progeny, WT and sfat6 deficient animals were crossed to a ubiquitous transgene driven
by the ubiquitin B promoter, Tg(ubb:tdTomato)*23, as well as a fluorescently tagged version
of the adherens junction complex member plakoglobin, Gi(jupa-citrine)®2% (plakoglobin-
citrine) to track adherens junctions formation specifically within hematopoietic derived cells
(Figure 5A). Juvenile c-myb deficient animals were transplanted with either
stat6"!™-To(ubb:tdtomato )23 -Gt(jupa-citrine) (referred to as WT WKM) or

Stat6IX53 - Ty ubb:tdtomato)3:Gt(jupa-citrine) WKM (referred to as stat6 deficient
WKM) at 2 weeks post-fertilization and allowed to grow to adulthood.

Adult WKM transplanted animals were subsequently infected with M. marinum, and
granuloma formation was assessed. Infected animals transplanted with WT WKM formed
necrotic granulomas surrounded by a network of E-cadherin-positive cells. These E-
cadherin-positive cells surrounding the necrotic core were hematopoietic in origin, as these
cells were marked with the ubiquitous Tomato transgene and E-cadherin-positive junctions
were also marked by the fluorescent plakoglobin genetrap expressed within donor WKM
tissue (Figure 5B). Stat6 was definitively required in the hematopoietic compartment for
granuloma formation. Animals reconstituted with stat6 deficient WKM failed to form
necrotic granulomas despite the extensive recruitment of hematopoietic cells labeled by the
hematopoietic encoded ubiquitous tdTomato transgene (Figure 5B). Consistent with an
absence of necrotic granuloma formation, we found minimal E-cadherin-positive adherens
junction formation in granulomas from animals transplanted with stat6-deficient WKM. Of
the few E-cadherin-positive adherens junctions that occurred in animals transplanted with
stat6-deficient WKM, none of these junctions were labeled by the hematopoietic encoded
plakoglobin gene trap or the ubiquitous tdTomato transgene, supporting the conclusion that
stat6 is required for epithelialization within the hematopoietic populations composing the
granuloma. These results indicate that any E-cadherin-positive cells within the stat6-
deficient granulomas are merely epithelium that has been intercalated within this structure,
consistent with our I-plastin staining data. Taken together, these results demonstrate that
stat6-dependent alternative activation pathways are required for both necrotic granuloma
formation and epithelioid transformation of granuloma macrophages.

Stat6 Signaling Functions Cell-Autonomously to Drive Macrophage-Epithelial Transition

The enhanced burden we observed in stat6 deficient animals raised the potential that the
absence of necrotic granuloma formation in stat6 deficient animals could be a secondary
effect due to exuberant bacterial growth and granuloma breakdown, as has been observed
with other cytokines such as TNF (Clay et al., 2008). At multiple earlier timepoints, we were
unable to observe such an effect. However, to rule out any possible indirect effects and to
formally assess whether stat6 functioned cell autonomously to drive macrophage
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epithelialization within the granuloma, we generated mixed kidney marrow chimeras in
which c-myb-deficient fish that lack HSCs were reconstituted with a mixture of stat6-
deficient labeled WKM and wildtype unlabeled WKM (termed WT/stat6) or wildtype
labeled WKM with wildtype unlabeled WKM as a control (termed WT/WT). The WKM
donor populations were labeled as previously, where cells were ubiquitously labeled with
tomato fluorescent protein while any adhesion junctions formed within would be marked by
the fluorescently labeled plakoglobin genetrap (Figure 6A).

We infected WT/WT and WT/stat6 WKM transplant animals with M. marinum and assessed
granuloma macrophage epithelialization and granuloma formation. Both WT/WT and WT/
stat6 WKM transplant animals were able to form necrotic granulomas, indicating that
reconstitution of a population of wild type cells was sufficient to restore necrotic granuloma
formation in the presence of staf6 deficient WKM. Although WT/stat6 WKM transplants
regained necrotic granuloma formation, these granulomas were predominantly composed of
unlabeled WT donor tissue (Figures 6B and 6C). Labeled stat6 deficient populations were
largely excluded from the organized area of the necrotic granuloma. In contrast, WT/WT
WKM transplants contained unlabeled and labeled populations of wildtype cells that were
readily admixed within necrotic granulomas (Figures 6B and 6C). Similarly, visualizing
adherens junction formation using the genetically encoded plakoglobin gene trap in stat6 or
WT control WKM-derived populations, we found that the stat6 WKM derived cells were
almost completely negative for adherens junction formation whereas the labeled WT
populations in WT/WT WKM transplants were strongly positive for adherens junction
formation (Figures 6B and 6C).

To further investigate granuloma epithelialization in these mixed chimeras, WT/WT and
WT/stat6 WKM transplanted animals were stained for E-cadherin to mark the epithelialized
network within these necrotic granulomas. In WT/WT mixed chimera animals, we found an
organized network of epithelialized macrophages surrounding the necrotic core, consistent
with our previous findings. The network was composed of interleaved wildtype labeled and
unlabeled tissue (Figure 6B, right panels). The WT/stat6 animals also possessed a network
of epithelialized cells surrounding the necrotic core, consistent with these mixed chimeras
being able to form necrotic granulomas. However, in agreement with the findings from the
plakoglobin gene trap, the network of epithelialized macrophages was composed of the
unlabeled WT WKM derived cells while fluorescently labeled stat6 deficient cells localized
to defects in the E-cadherin network. These results show that stat6 is required cell
autonomously for macrophage epithelioid transformation and involvement in the
epithelialized network of cells surrounding the necrotic core.

Acute Stat6 Inhibition in Established Granulomas Results in Macrophage E-cadherin
Delocalization

The cell-autonomous effect of stat6 mutations supported a direct role for this pathway in E-
cadherin expression or localization. We next sought a non-genetic means to disrupt this
pathway acutely. Using an explant technique called Myco-GEM, established granulomas can
be excised and maintained in three-dimensional culture while retaining key features of their
physiology for up to one week (Cronan et al., 2018). This approach enables high-resolution
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longitudinal imaging and pharmacological manipulation of these structures. To examine the
effect of acute Stat6 inhibition, we applied the Stat6 inhibitor AS1517499 (Nagashima et al.,
2007) directly to explanted granulomas and performed continuous imaging over multiple
days. In vehicle-treated granulomas, granuloma macrophages maintained high levels of
membrane-localized E-cadherin expression throughout the multi-day time-course (Figure
7A-C). In contrast, treatment with the Stat6 inhibitor resulted in delocalization and
decreased expression of E-cadherin in the previously epithelialized macrophages (Figures
7A-C, S5, S6A, and Movies S1 and S2). After the loss of E-cadherin expression,
macrophages were still viable and survived throughout the time course, retaining active
motility (Figure S6A and Movie S2). To assess by a second method that the decreased E-
cadherin localization and expression was not a consequence of cell death, we stained treated
granulomas with propidium iodide to identify dying cells and found that there was no
increase in rates of macrophage cell death within the treated granulomas (Figure S6B).

To confirm that sfatf6 inhibition indeed resulted in a general de-epithelialization of
granuloma macrophages, we used an additional marker and infected a gene-trap line in
which plakoglobin is directly tagged with the fluorescent protein citrine, Gt(jupa-
citrine)202 \\e observed the same delocalization of plakoglobin upon inhibitor treatment
as we saw with E-cadherin (Figure S7) as well as a decrease in overall citrine expression,
suggesting a general reprogramming of the epithelioid character of granuloma macrophages
upon stat6 inhibition. Thus, there is continuous regulation of macrophage state by stat6
signaling, and acute inhibition can result in dramatic changes to macrophage phenotype and
the overall nature of granuloma macrophages.

Inhibition of IL4R results in granuloma defects

Stat6 is the canonical transcription factor on which type 2 signaling associated with IL-4 and
IL-13 converges, but there have been reports of Stat6 activation by signaling pathways
beyond IL-4/1L-13 (Osorio et al., 2014). To examine the relevant upstream signals required
for stat6 activation, we performed knockdown experiments using a pooled sgRNA CRISPR
approach in juveniles targeting the receptor subunit, IL4Ra, common to both IL-4 and IL-13
signaling. In order to examine whole animals, we infected juveniles that had been injected
with Cas9 and four pooled sgRNAs designed to target both IL4Ra copies in the zebrafish
genome or matched sibling controls. This approach has been shown to create biallelic
lesions that phenocopy known mutant phenotypes with no or minimal off-target effects (Jao
etal., 2013; Wu et al., 2018). We found that CRISPR/Cas9-mediated knockdown of IL4R
resulted in decreased granuloma organization, although, as expected, the effect was not as
large as the non-mosaic sfat6 mutant (Figure 7D-F). These experiments suggest that IL4R
signaling upstream of Stat6 is similarly required for classically organized mycobacterial
granulomas.

DISCUSSION

Granuloma formation is one of the central hallmarks of Mt infection and underlies many of
the difficulties in clinical treatment. Classically, it had been thought that the formation of the
tuberculous granuloma draws exclusively upon type 1 signaling, typified by the IFN-y
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signaling (Ndlovu and Marakalala, 2016; Sandor et al., 2003). This central role for type 1
signaling extends from observations that animals models and human patients deficient in
type 1 cytokines like IFN-y and TNF form poorly organized granulomas (Bean et al., 1999;
Cooper et al., 1993; Emile et al., 1997; Flynn et al., 1995; Jouanguy et al., 1996). Similarly,
CD4" T-cells have been found to be important to granuloma organization and mycobacterial
control (Caruso et al., 1999), effects that are thought to be driven by CD4* T cell-derived
IFN-vy. The association between CD4" T cells and granuloma formation is also supported by
the clinical observation that the extent of granuloma formation in HIV-TB coinfected
patients correlates with CD4 T cell counts (Diedrich et al., 2016; Esmail et al., 2018).

However, contrary to the view that type 1 responses alone drive granuloma formation, we
found that the mycobacterial granuloma utilizes type 2 signaling to coordinate granuloma
formation and macrophage-epithelial transition despite the simultaneous presence of an
organized type 1 response. Specifically, formation of the mycobacterial granuloma requires
cell-autonomous stat6-dependent signaling to drive epithelialization of granuloma
macrophages and orchestrate the formation of the necrotic granuloma (Figure 7G).

The mycobacterial granuloma has generally been viewed as a structure replete with type 1
signals, and we did identify substantial populations of granuloma macrophages with type 1
signatures via sSCRNA-seq (Figures 1 and 2). However, we also identified specific
populations of T cells and eosinophils that expressed IL-4 and IL-13 within the granuloma.
Studies in humans and model organisms with necrotic mycobacterial granuloma formation
have found disparate results with regard to the type 1 and type 2 signals within the
granuloma with some reports describing robust type 2 signaling while others finding that
type 1 signaling predominates (Mattila et al., 2013; Mehra et al., 2010; van Crevel et al.,
2002). In human TB, while there is robust production of IFN--y there is also evidence of the
presence of Type 2 immune responses, including IL-4 production in response to
mycobacterial antigens among PBMCs isolated from patients with active TB (Surcel et al.,
1994). Given the increasing recognition of the heterogeneity between granulomas and
genetic heterogeneity between individuals, this may in part be due to variability in the host
response depending on the state and age of individual granulomas as well as host-dependent
effects (Esaulova et al., 2020; Lenaerts et al., 2015; Mehra et al., 2010; Subbian et al., 2011).

In the macaque model, where key aspects of human granuloma heterogeneity are
reproduced, we found that epithelialized macrophages predominantly expressed the
canonical type 2 marker arginase-1. iNOS-positive macrophages localized near the central
inflammatory core of the granuloma, consistent with data from human granuloma specimens
(Marakalala et al., 2016). The iINOS-positive macrophages near the core were largely
negative for E-cadherin expression.

Classical inbred mouse strains fail to form the extensively organized necrotic granulomas
observed in other models. Work within these mouse strains found little or no role for IL-4
and IL-13 signaling on infection outcome (Guler et al., 2015; North, 1998). One set of
experiments in BALB/c mice with a high initial starting dose of 108 bacteria showed a host-
protective effect of IL-4 depletion, attributed to skewing toward more classical type 1 signals
(Buccheri et al., 2007). However, the biology of high-dose infection and the absence of
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organized granuloma formation in these strains may obscure key aspects of IL4R/Stat6
signaling in these experiments. Indeed, the absence of granuloma and infection phenotype in
mice deficient for type 2 signaling may be due to the fact that many inbred mice have a Thl-
skewed response in mycobacterial infection that may repress the type 2 response needed to
direct macrophage epithelialization and necrotic granuloma formation. Consistent with this
idea, we previously established that there is only limited E-cadherin induction within
C57BL/6 macrophage aggregates (Cronan et al., 2016). Interestingly, Heitmann et al.
demonstrated that overexpression of IL-13 in C57BL/6 mice was sufficient to drive more
organized, necrotic granuloma formation (Heitmann et al., 2014). Similarly, necrotic
granuloma formation has been observed in disseminated granulomas in mice that lack the
type 1 response gene iNos, which is enhanced by blocking IFN-y or TNF, suggesting that
loss of type 1 effectors and cytokines may enable necrotic granuloma formation in mouse
models (Reece et al., 2010).

Our findings are also consistent with previous work that demonstrated that the induction of
E-cadherin and other epithelial markers in cell culture and in helminth infections requires
IL-4, 1L-13 and STAT®6 (Van den Bossche et al., 2009; Van den Bossche et al., 2015). That
the mycobacterial granuloma draws on the same type 2 signaling pathways that drive
epithelial markers in cell culture as well as to helminth infection, demonstrates a potentially
conserved macrophage epithelialization pathway despite the disparate inflammatory milieu
of each of these responses.

Many inflammatory conditions and infections induce type 2 signaling but relatively few of
these diseases drive granuloma formation. Thus, despite the requirement for type 2 immune
signals for macrophage epithelialization and necrotic granuloma formation, we expect that
other cytokines and signaling events are also required for granuloma formation. Work in cell
culture demonstrated that other cytokines such as TGFP and IL-10 can potentiate the
induction of E-cadherin by IL-4 or IL-13 (Van den Bossche et al., 2009). Both TGFp and
IL-10 are present in Mtb lesions and in zebrafish granulomas (Bonecini-Almeida et al.,
2004; DiFazio et al., 2016; Toossi et al., 1995), suggesting that synergy of IL-4 and IL-13
with these cytokines may be a reason why robust macrophage epithelialization is seen in
mycobacterial granulomas but not in other environments where IL-4 and 1L-13 predominate
alone.

We establish that loss of szat6 results in a complete lack of organized granuloma formation,
as well as enhanced bacterial numbers within infected animals. The exuberant growth of
mycobacteria within stat6 mutant animals suggests that complete loss of granuloma
formation in stat6 mutant animals is a negative outcome for the host. In contrast, partial
disruption of granuloma formation by a macrophage-specific dominant negative E-cadherin
construct in our previous work found that partial granuloma disruption could be host
beneficial (Cronan et al., 2016). This discrepancy may be due to the means used to disrupt
granuloma architecture in each approach — that partial disruption of granuloma formation
using the dominant negative E-cadherin transgene may be host beneficial by allowing
controlled immune access to the bacteria whereas the complete disruption of organized
granuloma formation by stat6 deficiency may facilitate bacterial growth by compromising
any physical containment or changing the metabolic environment normally present in the
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granuloma. Although stat6 deficiencies in mouse models generally do not show large
differences in burden, presumably because of the absence of organized necrotic granulomas,
it remains to be determined whether the stat6 deficiency has additional effects on bacterial
burden or inflammatory state that might be obscured by the robust granuloma phenotype.
Loss of type 2 immunity in stat6-deficient zebrafish may also push these animals into a
hyperinflammatory state characterized by exuberant type 1 activation. Hyperinflammatory
states have been associated with worse outcomes in a range of mycobacterial infections
(Barber et al., 2019; Kauffman et al., 2021; Mishra et al., 2017; Roca and Ramakrishnan,
2013; Roca et al., 2019; Sakai et al., 2016; Tobin et al., 2012; Tobin et al., 2013). The cell
autonomy experiments (Figures 5 and 6) suggest, however, that the epithelialization
phenotype is not directly related to changes in inflammatory milieu.

Organized necrotic granuloma formation has been found to alter the metabolism of
mycobacteria within the core, altering their chemotherapeutic sensitivity as well as limiting
drug diffusion into the core (Gengenbacher et al., 2017; Lenaerts et al., 2015; Prideaux et al.,
2015). The loss of macrophage epithelialization and necrotic granuloma formation in stat6
deficient animals raises the possibility that bacteria in these animals may be more accessible
to chemotherapy. Treatment of mature granulomas with a small molecule inhibitor of stat6
resulted in dramatic effects on granuloma macrophages within 24 hours, including decreased
E-cadherin expression and alterations in granuloma dynamics. Thus, it may be possible to
use these stat6 inhibitors as an adjunctive therapy with existing anti-mycobacterial agents to
disrupt granuloma barrier function. There are also many anti-mycobacterial agents that are
effective in broth culture but are ineffective /n vivo likely due to drug pharmacokinetics and
tissue penetration or because of metabolic shifts in the bacteria. Disruption of the epithelioid
macrophage network may enhance the activity of these normally inactive compounds or may
enable increased immune access to the core. However, in any of these adjunctive
approaches, it will be important to ensure that granuloma disruption does not enhance
bacterial burden or promote dissemination. Deeper understanding of the signaling
environment that supports epithelioid granuloma formation, structure, and dynamics will
lead to new therapeutic opportunities for tuberculosis.

Limitations of the Study

Although important components of granuloma signaling pathways appear broadly conserved
between zebrafish mycobacterial granulomas and non-human primates, the contribution of
stat6-mediated signaling to human tuberculosis remains to be more fully examined,
particularly in the context of granulomas within the lung environment. Functional and
downstream analysis in other animal models where epithelioid, necrotic granulomas form
will also provide further details on the conservation of this program. Additionally, the single-
cell analysis presented here includes granulomas that were harvested at a single timepoint of
infection and does not capture changes in their cell composition and gene expression as they
mature or regress. Nonetheless, the stat6 results suggest a fundamental requirement for
engagement of this pathway during mycobacterial granuloma formation and
epithelialization.
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STAR Methods
RESOURCE AVAILABILITY

Lead Contact: Further information and requests for resources should be directed to and
will be fulfilled by the Lead Contact, David Tobin (david.tobin@duke.edu).

Materials Availability: All materials and lines generated in this study are available from
the lead contact.

Data and Code Availability: The scRNA-seq data generated during this study have been
deposited at GEO under accession humber GSE161712.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics Statement—All zebrafish husbandry and experiments were approved by the Duke
University Animal Care and Use Committee (protocol A122-17-05). All procedures in
nonhuman primates, including Mtb infection, subsequent sampling and euthanasia were
approved by the Tulane National Primate Research Center Institutional Animal Care and
Use Committee (IACUC; protocol IDs P3712, P3751, and P3825).

Zebrafish Husbandry—=Zebrafish were maintained on a 14 hour light/10 hour dark cycle.
Water conditions within the system were maintained at 28 °C between pH 7.0-7.3 and
conductivity 600-700 uS. Zebrafish were fed twice per day — once per day with dry food and
once per day with Artemia.

Zebrafish Lines—All zebrafish strains used were in the *AB wildtype background.
To(ubb:tdTomato)23, Gt(jupa-citrine)’®?% and (cahi-tdtomato)8 zebrafish lines have
been previously described (Cronan et al., 2016; Cronan et al., 2018; Trinh et al., 2011). The
stat6"3 and cmyb mutants were derived in this study as described below.

Bacterial strains—Mycobacterium marinum M strain expressing tdTomato or Cerulean
fluorescent proteins have been previously described (Cambier et al., 2014; Oehlers et al.,
2015). For infections, single cell aliquots of M. marinum were made and frozen according to
the method of (Takaki et al., 2013). Briefly, M. marinum was grown to an OD600 of
between 0.7 and 1.0. Single cell suspensions were generated by passing the bacteria through
a tuberculin syringe with a 27G needle and subsequent filtration through a 5 pm filter. After
bacterial enumeration, aliquots of single cell suspensions were frozen at —80 °C.

METHOD DETAILS

Preparation of single cell suspensions, sequencing, and analysis—Wildtype
adult *AB animals, both female and male, were infected with approximately 350 fluorescent
bacteria (FB) M. marinum by peritoneal injection. Granulomas were dissected from infected
animals at 14 dpi as described previously (Cronan et al. 2018). Granulomas were transferred
to a 1.5 ml tube and cells were dissociated using 1 ml of 0.05% trypsin/EDTA
(ThermoFisher Scientific, 25300054) at 30 °C for 35 minutes with rocking. Cells were
collected by centrifugation for 5 min at 300 xg, resuspended in 1x DPBS with 10% FBS on
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ice, and passed through a 40 pm strainer. Cell viability was measured by trypan blue
staining. Single cell samples were submitted to the Molecular Genomics Core at Duke
Molecular Physiology Institute for 10X Genomics library preparation and data analysis
assistance. Library preparation was done using Chromium Single Cell 3 GEM, Library and
Gel Bead Kit v3. Sequencing was carried out at Duke Center for Genomic and
Computational Biology. We followed our standard analytical pipeline for the single cell
analysis. Briefly, we demultiplex raw base call (BCL) files generated by an Illumina
sequencer into FASTQ before aligning them to the Ensembl zebrafish genome assembly
GRCz11.96, performed filtering, barcode and UMI counting using the most current version
of 10X’s Cell Ranger software. We then used Seurat (Butler et al., 2018) to perform quality
control and linear dimensional reduction. Cells were grouped into an optimal number of
clusters for de novo cell type discovery using Seurat’s FindNeighbors() and FindClusters()
functions, graph-based clustering approach with visualization of cells being achieved
through the use of UMAP plots. Differential expression of relevant cell marker genes is
visualized on UMAP plots to reveal specific individual cell types.

Immunostaining of Macaque Tissue—Adult Indian rhesus macaques were exposed to
infectious aerosols of Mtb CDC1551 as described earlier (Bucsan et al., 2019a; Gautam et
al., 2018), and developed TB disease, characterized by granuloma formation in the lungs.
Either at pre-specified endpoints designed to minimize pain and suffering, or at the end of
the study, animals were humanely euthanized, and a complete necropsy conducted to
retrieve lung samples. Paraffin embedded granuloma tissue was deparaffinized by incubating
2 x 10 min in xylenes followed by rehydration by dipping 20 times in 100% ethanol twice,
dipping 20 times in 95% ethanol twice, 20 dips in 70% ethanol and 20 dips in 50% ethanol
followed by 3 washes in deionized water. After rehydration, antigen retrieval was performed
by pressure cooking for 5 min in 10 mM Tris/L mM EDTA, pH 9.0. Slides were allowed to
cool over an hour and were subsequently blocked in PBS/3% goat serum for 1 hour. After
blocking slides were incubated overnight with primary antibody in PBS/3% goat serum. The
following antibodies were used for staining — E-cadherin (rabbit anti-E-cadherin, Cell
Signaling clone 24E10, cat# 3195S, 1:100) CD68 (mouse anti-CD68, Dako clone KP-1, cat#
M0814 1:200) and Argl (mouse anti-Argl, BD Biosciences clone 19, cat# 610708, 1:200).
Slides were washed 3 times for 5 min in PBS and incubated for 1-2 hours with AlexaFluor
conjugated secondary antibodies in PBS/3% goat serum. Slides were washed 3 times for 5
min in PBS again followed by background reduction and mounting using the Vector
TrueView autofluorescence quenching kit with DAPI (Vector labs, cat #SP-8500).

For costaining of iINOS and E-cadherin in macaque lung sections, 5 um thick sections on
slides were baked at 65°C and subsequently de-paraffinized using Xylene followed by re-
hydration with decreasing gradations of ethanol and dH20O. Antigen retrieval was carried out
by heating the sections in Sodium citrate buffer (10mM, pH 6.0) for 20 min at 95°C.
Blocking was done with 3 % BSA in TBST at RT. Rabbit iNOS polyclonal antibody
(Thermo Fisher Scientific, USA, 1:20, 2 h at 37°C) and Goat Anti-Human/Mouse E-
Cadherin antibody (R&D Systems, USA, 1:20, 2 h at 37°C) were used for identification of
iNOS and E-cadherin, respectively. Secondary antibodies- donkey anti-goat 1gG (H+L),
Alexa Fluor 555 conjugate and chicken anti-rabbit 1IgG (H+L) and Alexa Fluor 488
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conjugate (Thermo Fisher Scientific, USA, 1:400, 1 h at 37°C) were respectively used to
label E-Cadherin and iNOS primary antibodies. For nuclear staining, specimens were
incubated with DAPI (Thermo Fisher Scientific, USA, 1:5000, 5 min at 37°C) and then
mounted with Prolong Diamond Antifade mountant (Thermo Fisher Scientific, USA). The
stained sections were then visualized using Zeiss LSM 800 confocal microscope.

Generation of CRISPR-mutant Zebrafish Lines—Cas9 mRNA was made by in vitro
transcription of T3TS-nls-zCas9-nls, a gift from Wenbiao Chen (Addgene plasmid # 46757;
http://n2t.net/addgene:46757; RRID:Addgene_46757), using the mMessage mMachine T3
kit (ThermoFisher, AM1348). Cas9 protein was purchased from IDT. gRNAs were made
according to the method of (Moreno-Mateos et al., 2015). Briefly, gRNA DNA templates
were synthesized by annealing and filling in a gRNA target-specific primer with the
CRISPRscan universal primer 5’-
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTA
ACTTGCTATTTCTAGCTCTAAAAC-3’. Resulting DNA templates for gRNA synthesis
were PCR purified and gRNA was synthesized using the MEGAshortscript T7 kit
(ThermoFisher) or HiScribe T7 kit (NEB). Targeting template for stat6 exon 5 was made
using the target-specific primer 5’-
taatacgactcactataGGGATGCCGTTGGTAGGTGGgttttagagctagaa-3’. gRNAS targeting exon
5 of c-Myb were generated using the gene-specific primer 5’-
taatacgactcactataGGAAGTACGGCCCCAAACGT ttttagagctagaa-3’.

For injection of staté-targeting gRNAs, single cell stage eggs were injected with ~1-2 nl of a
solution containing 150 ng/ul Cas9 mRNA and 50 ng/ul staté-specific gRNA. c-Myb editing
was achieved by injecting single cell eggs with ~1-2 nl of a solution containing 160 ng/ul
Cas9 protein, 50 ng/pl staté-targeting gRNA in 150 mM KCI. This solution of gRNA and
Cas9 protein was heated to 37 °C for 5 min prior to injection. Stat6 injected animals were
grown to adult hood and outcrossed to generate F1 progeny. F1 progeny were subsequently
screened by Sanger sequencing to identify mutations and a 10 bp deletion resulting in
premature frameshift and protein truncation was identified.

Routine genotyping of sfaf6 mutant animals was performed by high resolution melt assay
(HRMA). stat6 HRMA was performed using MeltDoctor HRM Master Mix (Thermo Fisher)
along with the stfar6-specific primers 5’-TATGCAGTTCCCTCCCTTCG-3’ and 5’-
AGCTGATGAAGTGTTTGGCG-3".

cmyb gRNA injected animals were screened by outcrossing injected animals followed by
HRMA based genotyping of their progeny. cmyb mutations were detected using MeltDoctor
HRM Master Mix together with the crmyb-specific primers 5°-
GGTTTCAGGTGATTGAGTTGGTG-3’ and 5’- CTGCTTTCCGATTCGCCC-3’.

il4r CRISPR Design: Four pooled guide RNAs targeting exactly conserved regions of both
predicted //4rorthologues in zebrafish were designed and synthesized following the method
of (Wu et al., 2018). Notably, the two annotated orthologues are highly conserved at even the
nucleotide level, enabling each guide to target both of the two orthologues. Targeting
templates for the //4rused the target-specific primers: 5’
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taatacgactcactataGGGCTTGGCAGACGAGTGTGgttttagagctagaaatage 37; 5°
taatacgactcactataGGTGATCGGATGTCTTGCACqttttagagctagaaatage 3°; 5°
taatacgactcactataGGGAAACTTTCATGTTACCTgttttagagctagaaatage 3’; and 5’
taatacgactcactataGGCCAGGCCGTCTGTGATT Cgttttagagctagaaatage 3.

WKM transplant in c-Myb Deficient animals—*AB,

stat6"!™-To(ubb:tdtomato); Gt(jupa-citrine) and state®>3X53; Tg(ubb.tdtomato), Gt(jupa-
citrine) animals were euthanized using Tricaine and kidneys were dissected. These donor
kidneys were placed in 5 ml of 0.9x PBS/5% fetal bovine serum (FBS) in a GentleMACS C
tube and dissociated using a GentleMACS cell dissociator with 2 runs of the program
M_Spleen_1. These suspensions were filtered through a 40 um cell strainer and collected by
centrifugation. Cells isolated from each kidney were enumerated using a hemocytometer and
the cells were resuspended at a concentration of at least 1 x 10° cells/ul. For mixed WKM
chimeras, *AB WKM was mixed with equal cell numbers of either WT WKM or stat6
deficient WKM.

To generate cmyb-deficient animals for transplant recipients, cmyb gRNA injected animals
that displayed high degrees of genome editing were incrossed and crmyb deficient animals
were identified by the greatly diminished blood cell numbers at 14 days post fertilization
(dpf) as has previously been described. These 14 dpf crmyb deficient animals were
subsequently injected with ~1/25 of the donor kidney marrow suspension and allowed to
grow to adulthood (2—-3 months post fertilization). Adult WKM injected animals were
subsequently screened for engraftment prior to infection.

Adult Zebrafish Infection—Both males and females were used in roughly equal humbers
and sex noted. Adult zebrafish were anesthetized with 120 mg/L Tricaine. Single cell
aliquots of M. marinum were thawed and diluted in sterile PBS. Zebrafish were
subsequently injected with 5-10 pl of a solution containing between 200-400 fluorescent
bacteria. Infected zebrafish were maintained in spawning tanks and were fed daily. Water
quality was maintained through daily water changes.

Zebrafish sectioning—Zebrafish were euthanized by immersion in lethal tricaine
solution followed by decapitation. A small incision was made in the belly of the zebrafish to
enhance permeability of fixative and fish were subsequently fixed in CLARITY hydrogel
solution (4% paraformaldehyde, 4% acrylamide, 0.05% bis acrylamide, 0.0025 g/ml
VA-044) for 2 days. After fixation, hydrogel was polymerized by incubation at 37 °C for 3
hours. Excess hydrogel was subsequently removed from the tissue and the tissue was
equilibrated overnight in 10% sucrose/1x PBS. The tissue was subsequently equilibrated in
20% sucrose/PBS and 30% sucrose/PBS for 1 day each. Incubated for an hour in a 50/50
mix of Neg-50 and 30% sucrose/PBS and frozen in pure Neg-50. Zebrafish were
subsequently sectioned at 20 um on cryostat and stored at =80 °C.

Immunostaining of Zebrafish Tissue—Frozen section slides were dried for 10 min at
room temperature prior to washing 3 times in 1x PBS. Slides were blocked for 1 hr in
PBS/3% goat serum. After blocking, slides were incubated in primary antibody (mouse anti-
E-cadherin, BD Biosciences, clone 36, cat# 610181, 1:100 and rabbit anti-I-plastin 1:2000
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(Feng et al., 2012)) in PBS/3% goat serum overnight at 4 °C. Slides were washed 3 times for
5 min per wash and subsequently incubated with AlexaFluor conjugated secondary
antibodies (cat# A-21429 and A32728, 1:1000) for 2 hours at room temperature.

Bacterial Burden Determination in Adult Zebrafish—At 2 weeks post infection,
wildtype and stat6X®>3/Xt53 zeprafish were euthanized by Tricaine overdose. Zebrafish were
placed with 1 ml of PBS/0.05% Tween-80 in individual 2 ml screwcap tubes with a single
steel bead and homogenized by two 15 sec bursts in a bead mill. A dilution series of the
resulting homogenates was plated on 7H10 supplemented with 50 pg/ml Hygromycin B, 4
pg/ml Amphoteracin B and 10% OADC supplement. Plates were grown for 2 weeks at 30
°C and counted.

Juvenile Zebrafish infections and CLARITY clearing: For examination of //4r
knockdowns, matched sibling controls or //4r CRISPR animals were infected as juveniles
and examined /n toto by confocal microscopy after CLARITY processing. Juvenile zebrafish
(3 wpf) were anesthetized with 0.016% tricaine and ~ 250 fluorescent M. marinum were
injected intraperitoneally per fish using a borosilicate needle. Infected fish were recovered in
zebrafish system water and maintained in an incubator set to 28.5°C with a 14h light/dark
cycle. At 12 dpi, the animals were euthanized, and CLARITY cleared as described
previously with some modifications (Cronan et al., 2015). Briefly, euthanized zebrafish were
incubated for 24 h in a solution of 4% PFA, 1% acrylamide, 0.05% bisacrylamide and 0.25%
temperature-dependent initiator 2,20-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride
in 1x phosphate buffered saline (PBS) at 4°C. The hydrogel was then polymerized by
incubating for 3 h at 37°C. After polymerization, excess hydrogel was removed and the fish
was cleared in 4% SDS in 200 mM boric acid, pH 8.5 at 37°C with shaking for seven days,
replacing the SDS solution every other day. After clearing, the tissue was washed twice for 1
day in PBS, 0.1% Triton X-100 at 37°C. The fish was then incubated in refractive-index
matching solution overnight before imaging.

Stat6 Inhibition in Zebrafish Granulomas—Adult Gt(jupa-citrine)*2%2 and (cahi-
tdtomato)™8 zebrafish were infected with approximately 400 fluorescent M. marinum by
peritoneal injection. Granulomas were dissected from infected animals at 14 dpi and placed
in Myco-GEM culture as previously described (Cronan et al., 2018). Granulomas were
allowed to settle for 12 hours before application of vehicle (DMSO) or the Stat6é inhibitor
AS1517499. Final DMSO concentration was 0.8% and AS1517499 final concentrations
were 3 UM and 10 uM. Time-course imaging began at the onset of vehicle or inhibitor
application and was done every 30 minutes for 22 hours over 4 consecutive days. Gi(jupa-
citrine)202 and (cahl-tatomato)™8 fluorescence was measured using Imagel. Single z-
plane images were used for fluorescence analysis of granuloma cells, which does not include
the necrotic core and was corrected for background fluorescence. To score the number of E-
cadherin-positive macrophages, images were randomized and scored blind.

Propidium lodide Staining of Zebrafish Granulomas—~Propidium iodide
(ImmunoChemistry Technologies, LLC) was added to Myco-GEM cultures of vehicle
treated (DMSO) or Stat6 inhibited (AS1517499) granulomas after 72 hours of treatment.
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Granulomas were allowed to stain for 1 hour and final propidium iodide concentration was
0.5% vi/v.

QUANTIFICATION AND STATISTICAL ANALYSIS

Arginase Staining Intensity—In macaque sections, Arginase-1 staining intensity was
quantitated by thresholding the nucleus by DAPI staining in FIJI/Imagel. After thresholding,
cytoplasmic rings were generated by generating a mask from the thresholded nucleus,
dilating the mask, and subtracting the undilated nuclear mask from the dilated mask. The
resulting mask was processed by using the analyze particles function in FIJI/ImageJ to
ensure that individual objects were the size of single cells. Average Arginase-1 fluorescent
intensity was measure in E-cadherin positive cells and compared to cells in E-cadherin-
negative regions of the granuloma.

Granuloma Organization—To quantitate granuloma organization, frozen sections from
wildtype and stat6¥>3/x153 animals were stained with DAPI and granulomas were identified
by bacterial fluorescence. Every granuloma in a selected section was imaged and DAPI and
phase contrast imaging were used to identify the number of organized necrotic granulomas
within the animals.

Quantitation of Mixed Kidney Marrow Chimeras—Fluorescent images of granulomas
in WT/WT and WT/stat6 animals were acquired. For each image, the region of the
granuloma that was E-cadherin positive was identified from E-cadherin staining. Tomato-
positive macrophages within the E-cadherin-positive region of granulomas in WT/WT and
WT/stat6 animals were scored for the presence or absence of adherens junctions labeled by
the genetically encoded plakoglobin-citrine gene.

Statistical Analysis—Single-cell RNAseq data were analyzed using Seurat v3. Statistical
analysis was performed using Prism 8 (GraphPad Software). Statistical tests used and the
resulting p values are indicated in the figures and figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Diverse cell populations and inflammatory cues characterize tuberculous granulomas
Granuloma macrophages that express E-cadherin display type 2 immune signatures
stat6 functions cell autonomously in granuloma macrophage epithelioid transformation

A type 2/Stat6 axis coordinates necrotic granuloma formation and epithelialization
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Activation and an Inverse Correlation Between Type 1 Responses and Macrophage
Epithelialization.

(A) UMAP plot of scRNA-seq data of 9273 cells from dissociated granulomas. (B)

Expression map of the epithelial markers E-cadherin and ZO-1 (tjpla) in cell populations
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isolated from the granuloma. (C) Expression maps of inflammatory markers within the cell
populations of the granuloma. (D-G) Marker gene expression in individual clusters
identifying these clusters as (D) neutrophils, (E) T cells, (F) B cells, and (G) Eosinophils. (H

and I) Expression of type 1 and type 2 markers, respectively, within T cell (arrow) and

eosinophil (arrowhead) populations. (H) IFN-y. (1) IL-4 and IL-13.
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Figure 2. Type 1 Macrophage Polarization Negatively Correlates with Macrophage
Epithelialization.

UMARP plots of co-expressed sScRNAseq data showing left panels - epithelial markers (A) E-
cadherin (cdhl) and (B) ZO-1 (tjpl) in red, center panels - the type 1 markers iNOS (nos2b)
CXCL11 (cxcl11.1) and IL1B (il1b) in green and right panels — the overlay of these two
populations with co-expression in yellow. The epithelialization markers E-cadherin and
Z0-1 and the type 1 markers iNOS, CXCL11, and IL1p are expressed in largely exclusive

populations. (C) Dotplot of canonical M1-associated markers (solid box) in the

inflammatory macrophage cluster and M2-associated markers (dashed box) in epithelioid
clusters. The M1-associated markers are largely expressed in the inflammatory macrophage
cluster while M2-associated markers are largely expressed in epithelioid cell clusters.
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Figure 3. Type 2 Activation Associates with Macrophage Epithelialization in Macaque
Granulomas.

(A) Representative image of a macaque granuloma stained for the epithelial marker E-
cadherin (green) and the macrophage marker CD68 (red) demonstrating E-cadherin within
the granuloma macrophages in macaque lung granulomas. Nuclei were counterstained with
DAPI to identify regions of the granuloma that were necrotic (outlined in the dotted cyan
line). Areas in the yellow and purple dotted boxes are shown in close up in the images
below, indicated by the yellow and purple borders around each image. Scale bar — 100 pum,
images representative of granulomas from 2 animals. (B) Staining of a macaque lung
granuloma for the type 2 marker arginase-1 (magenta) and epithelial marker E-cadherin
(green) and nuclei (DAPI, blue), revealing the association of E-cadherin with regions of the
granuloma with high arginase 1 staining. The necrotic region of the granuloma is indicated
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with the cyan dotted line. The dotted yellow and purple boxes indicate the regions magnified
in the yellow and purple boxes to the right. Scale bar — 100 um, representative of granulomas
from 2 animals. (C) Mean intensity of arginase-1 staining was measured in cells that were E-
cadherin positive and cells from regions of the granuloma that were E-cadherin negative.
Whiskers indicate 5" and 95™ percentile and outliers are displayed as points. Data from 379
E-cadherin-positive cells and 279 cells from E-cadherin negative regions. Results are pooled
from 4 granulomas. Populations compared by unpaired t-test. (D) Macaque granulomas co-
stained for E-cadherin (red) and iNOS (green). Nuclei are counterstained with DAPI.
Arrows indicate E-cadherin-positive cells that are iNOS negative. Two separate granulomas
displayed.
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Figure 4. Stat6 is Required for Necrotic Granuloma Formation and Macrophage
Epithelialization.

(A) Representative phase contrast and fluorescent images of granulomas in wild type and
stat6"3/x153 gnimals infected with cerulean fluorescent protein expressing M. marinum
(cyan). Tissue was stained for I-plastin-positive leukocytes (red) and counterstained with
DAPI to image nuclei (blue). Scale bar — 100 um, representative of granulomas from 3
experiments, WT 9 animals total, stat6 8 animals total. (B) Quantitation of the percentage of
granulomas or infection foci in each animal that were necrotic for n = 9 animals for WT and
n = 8 animals for stat6>¥/x153 gnimals. The bar represents mean and each point is the
percentage of necrotic granulomas in a single animal. Pooled data from 3 independent
experiments. (C) Phase contrast and fluorescent images of granulomas formed in wild type
and stat6*®3X53 gnimals infected with cerulean expressing M. marinum (cyan). Granulomas
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were stained with the pan-leukocyte marker I-plastin (red) and the epithelial marker E-
cadherin (green) while nuclei were counterstained with DAPI (blue). Scale bar — 100 pm,
representative of results from 3 independent experiments, 9 total animals for WT and 8 total
animals for stat6. (D) Bacterial numbers in WT and stat6*%5%%%3 animals enumerated by
CFU assay at 2 wpi. Data is pooled from 3 independent experiments from a total of 33 WT
animals and 36 stat6X®/X53 gnimals.
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Figure 5. Hematopoietic Stat6 Signaling is Required for Necrotic Granuloma Formation and
Epithelialization.

(A) Schematic of the kidney marrow transplant approach used to reconstitute HSC deficient
animals with either WT or stat6X®%/xt53 |abeled marrow populations. (B) Phase contrast and
fluorescent images of granulomas in HSC-deficient myb™~ fish transplanted with either WT;
ubb:tomato; plakoglobin-citrine WKM or stat6X®®X153. ybh:tomato; plakoglobin-citrine
WKM. Fluorescent images show infecting mycobacteria (cyan), nuclei (DAPI, blue),
ubiquitious ubb:tomato transgene expressed in hematopoietic cells (red), adherens junctions
in hematopoietic cells (plakoglobin-citrine, green) and stained for the epithelial marker E-
cadherin (white). Scale bars — 50 um. Images are representative of results from 5 animals
(WT) or 4 animals (stat6) total from 2 independent experiments.
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Figure 6. Stat6 is Required Cell Autonomously for Macrophage Epithelialization and Association
with the Epithelialized Regions of the Granuloma.

(A) Schematic of the kidney marrow transplant approach used to generate mixed kidney
marrow chimeras. (B) Representative phase contrast and fluorescent images of granulomas
formed in WT/WT and WT/stat6 animals. Fluorescent images show M. marinum (cyan),
nuclear fluorescence (DAPI, blue), hematopoietic cells derived from the labeled transplant
cells (ubb:tomato, red), adherens junctions in hematopoietic cells derived from the labeled
transplant cells (plakoglobin-citrine, green) and stained for the epithelial marker E-cadherin
(white). In a single WT/stat6 animal, very infrequent plakoglobin-positive, stat6-deficient
cells were observed, demonstrating that WT cells could rarely rescue epithelialization in
trans. Scale bar — 50 um. Images are representative of results from 4 total animals each for
WT and stat6 from 3 independent experiments. (C) Quantitation of adherens junction
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formation in macrophages from transplanted wildtype or stat6-deficient hematopoietic cells.
Adherens junctions within the transplanted cells were quantitated using the genetically
encoded plakoglobin genetrap. Pooled data from 578 wildtype cells and 539 stat6-deficient
cells from 3 independent experiments. Populations compared by Fisher’s exact test.
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Figure 7. Acute inhibition of stat6 results in macrophage de-epithelialization.
After explant of established, mature granulomas, vehicle or the Stat6 inhibitor AS1517499

was applied during Myco-GEM culture. (A) Single z-plane, time-lapse images from DMSO
(top) and 10 pM AS1517499 Stat6 inhibitor (bottom) treated explant granulomas from E-
cadherin knock-in fish line (cahi-tadtomato)™&. Granulomas dissected from adult animals at
14 dpi. Yellow boxes show enlarged areas of granuloma cells, white arrowheads indicate E-
cadherin fluorescence signals. (B) Number of E-cadherin positive cells, normalized to the
cell count at the initial timepoint for each granuloma. n =7 for DMSO, n =8 for 3uM and n
= 8 for 10 uM. Bars represent median values with interquartile range and each point
represents a single granuloma. P values calculated using Dunnett’s multiple comparison test
with the initial timepoint set as the control. (C) Quantitation of Cdhl1-tdTomato fluorescence
in granulomas treated with vehicle or Stat6 inhibitor, normalized to the fluorescence value at
initial timepoint for each granuloma. n = 7 for DMSO, n = 8 for 3 uM and n = 8 for 10 pM.
Bars represent median values with interquartile range and each point represents a single
granuloma. Dunnett’s multiple comparison test used for p values. Representative of two
independent replicates. (D) Representative single z-plane images of granulomas in
CLARITY-cleared control and //4r mosaic knockout plakoglobin-citrine (green) gene trap
fish (GH{jupa-citrine))°®2% infected with fluorescent M. marinum (red). Animals infected at
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3 wpf and fixed for CLARITY clearing at 12 dpi. Bar, 50 pm. (E) Quantitation of the
percentage of organized granulomas in CLARITY cleared control and //4r mosaic knockout
plakoglobin-citrine gene trap animals. Median percentage of organized granulomas with
95% ClI. (F) Quantitation of the percentage of plakoglobin-positive granulomas in
CLARITY-cleared control and /7/4r mosaic knockout plakoglobin-citrine gene trap animals.
Median percentage of plakoglobin positive granulomas with 95% CI. n = 22 for control and
n = 20 for j/4rmosaic knockout animals. For D-F, a total of 711 aggregates were analyzed
for control animals and 446 for //4rknockdown. Data pooled from two independent
experiments differentiated by red and blue dots for each animal. (G) Schematic of
macrophage epithelialization and granuloma formation.
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