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SUMMARY

Mycobacterium tuberculosis infection in humans trig-
gers formation of granulomas, which are tightly orga-
nized immune cell aggregates that are the central
structure of tuberculosis. Infected and uninfected
macrophages interdigitate, assuming an altered,
flattened appearance. Although pathologists have
described these changes for over a century, the
molecular and cellular programs underlying this
transitionareunclear.Here, using the zebrafish-Myco-
bacteriummarinummodel, we found thatmycobacte-
rial granuloma formation is accompanied by macro-
phage induction of canonical epithelial molecules
and structures. We identified fundamental macro-
phage reprogramming events that parallel E-cad-
herin-dependent mesenchymal-epithelial transitions.
Macrophage-specific disruption of E-cadherin func-
tion resulted in disordered granuloma formation,
enhanced immune cell access, decreased bacterial
burden, and increased host survival, suggesting that
the granuloma can also serve a bacteria-protective
role. Granuloma macrophages in humans with tuber-
culosis were similarly transformed. Thus, during
mycobacterial infection, granuloma macrophages
are broadly reprogrammed by epithelial modules,
and this reprogramming alters the trajectory of in-
fection and the associated immune response.

INTRODUCTION

Mycobacterium tuberculosis (Mtb), the causative agent of tuber-

culosis (TB), can reside in a host-derived immune structure
termed the granuloma (Ernst, 2012; Martin et al., 2015; Ramak-

rishnan, 2012). The granuloma is the defining pathological

feature of TB, and the name tuberculosis derives from descrip-

tions of granulomas as ‘‘tubercles’’ by early pathologists (Rus-

sell, 2007). Although granulomas have traditionally been viewed

as a host-protective walling-off of pathogens or antigens resis-

tant to elimination, pathogenic mycobacteria also appear able

to accelerate and exploit this host response, promoting disease

progression (Martin et al., 2015; Ramakrishnan, 2012; Volkman

et al., 2004; Volkman et al., 2010).

Granulomas are macrophage-derived structures, which

later recruit other immune cells, and can form in response to

a variety of persistent inflammatory or non-inflammatory

stimuli, including foreign bodies, schistosome eggs, and path-

ogenic mycobacteria among others (Adams, 1976; Dannen-

berg, 1968; Williams and Williams, 1983). In schistosomiasis

and TB, aggregating macrophages undergo a series of ste-

reotyped morphological changes; their cytoplasm expands,

and zipper-like interdigitations form between the apposed

membranes of neighboring cells (Adams, 1974, 1976; Dan-

nenberg, 1968; Williams and Williams, 1983). Histological

characterization of this transformation led pathologists to

term these macrophages ‘‘epithelioid’’ as far back as at least

1888, due to their abundant cytoplasm, pale, oval nuclei, and

close interdigitation with neighboring cells (Adams, 1974,

1976; Metchnikoff, 1888). Although they resemble epithelial

cells by histology, the epithelioid cells that form the central

scaffold of tuberculous granulomas are thought to be macro-

phage derived (Adams, 1974; Spector and Lykke, 1966; Spec-

tor and Willoughby, 1968; Sutton and Weiss, 1966; Yona and

Gordon, 2015).

There is relatively little understanding of the molecular archi-

tecture of epithelioid macrophages in TB, a particularly common

and important cause of granulomas in humans. Epithelioid cells

in other granuloma types can express at least one canonical

epithelial marker. In human specimens of sarcoidosis and
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foreign body granulomas, E-cadherin is expressed in skin gran-

uloma macrophages (Wanat et al., 2014). In cell culture, IL-4/

IL-13-treated macrophages have also been shown to express

E-cadherin, a finding confirmed in sorted macrophages from

mouse helminth infections (Van den Bossche et al., 2009; Van

den Bossche et al., 2015).

However, the nature, extent, and consequences of epithelioid

transformation in tuberculous granulomas remain largely

undefined. The zebrafish-Mycobacterium marinum model has

emerged as a useful tool for understanding granuloma formation

in an optically accessible vertebrate (Ramakrishnan, 2012) and

recapitulates key features of human tuberculous granulomas

(Davis et al., 2002; Swaim et al., 2006).

Here, we used the zebrafish-M. marinum model to define key

cellular and molecular events that underlie macrophage trans-

formation and granuloma assembly. We found that infected

macrophages nucleated specialized networks of macrophage-

macrophage adherens junctions that scaffold mycobacterial

granulomas. Macrophage-specific disruption of cadherin-medi-

ated adhesion led to disorganized granulomas. This loss of orga-

nization resulted in increased immune cell access, decreased

bacterial burden, and increased host survival duringmycobacte-

rial infection, consistent with bacterial exploitation of the host

granuloma niche. Finally, we demonstrated that broad macro-

phage epithelial reprogramming, analogous to mesenchymal-

epithelial transitions, is a conserved feature of mycobacterial

granulomas in mouse models and in humans.

RESULTS

Induction of E-Cadherin in Macrophages during
Granuloma Formation
M. marinum infection of optically transparent zebrafish larvae

enables direct visualization of granuloma formation in a natural

host. We used this model to assess the nature of macrophage

epithelioid transformation during granuloma assembly (Fig-

ure 1A). We first asked whether granuloma macrophages deploy

true epithelial markers.

Epithelial cells are classically defined by homotypic E-cad-

herin-positive adherens junctions (Bryant and Mostov, 2008;

De Craene and Berx, 2013; van Roy and Berx, 2008). We exam-

ined granuloma macrophages for E-cadherin expression. We

found robust E-cadherin induction in the granuloma in both in-

fected and uninfected granuloma macrophages (Figure 1B).

To confirm E-cadherin expression within macrophages, we

co-stained using antibodies specific to the zebrafish leukocyte

marker l-plastin (Herbomel et al., 1999). Indeed, these cells

were positive for both l-plastin and E-cadherin (Figure 1B).

Infected and uninfected macrophages not in granulomas

invariably did not express E-cadherin (Figure S1A). Thus, granu-

loma macrophages access a central component of a classical

epithelialization program.

Live Imaging of Macrophage Adherens Junction
Formation within Granulomas
In epithelial cells, cell-cell adhesions driven by E-cadherin result

in the formation of adherens junctions between cells (van Roy

and Berx, 2008). To directly investigate the dynamics of

adherens junctions during granuloma formation, we identified
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zebrafish gene-trap lines in which animals express fully func-

tional, fluorescently tagged versions of a-catenin (Gt(ctnna-

citrine)ct3a) or plakoglobin (Gt(jup-citrine)ct520a), both members

of the adherens junction complex (Figure 1C) (Trinh et al.,

2011). Animals homozygous for the gene traps were fully viable,

and both gene-trap lines showed the expected expression

patterns, localizing to the cell membrane of adherens junctions

within epithelial tissues (Figure S1B).

Intravital imaging ofM. marinum-infected animals revealed in-

duction and relocalization of tagged plakoglobin and a-catenin

to sites of cell-cell contact within the granuloma by 3 days

post-infection (dpi) (Figures 1D–1F and S1C–S1E). At 3 dpi,

concurrent with the initial appearance of early granulomas,

30%–40% of the total granulomas had membrane-localized

expression of the adherens junction component (plakoglobin:

60/179 granulomas positive, 23 total animals; a-catenin:

82/198 granulomas positive, 24 total animals). Thus, even at

early time points, E-cadherin induction is accompanied by for-

mation of adherens junctions within the granuloma.

We confirmed adherens junction formation between macro-

phages by staining infected plakoglobin gene-trap zebrafish

larvae with a pan-keratin antibody to visualize epithelium and

with the anti-l-plastin antibody to visualize leukocytes. In granu-

lomas, we found that the keratin-positive skin epithelium was

only present on the exterior, whereas the adherens junctions

within were formed between l-plastin-positive leukocytes

(Figure S1F). E-cadherin staining of granulomas in a-catenin

and plakoglobin gene-trap animals demonstrated that E-cad-

herin colocalized extensively at cell junctions with both a-catenin

and plakoglobin (Figures 1G and 1H).

To capture initial events of granuloma formation, we generated

a strain with amacrophage-specific reporter and the plakoglobin

gene trap (Tg(mfap4:tomato-caax); Gt(jup-citrine)ct520a) and

performed long-term imaging of nascent granulomas in infected

animals starting at 2 dpi. We captured nucleation of adherens

junctions within clusters of granuloma macrophages, often

adjacent to epithelium (Figures 2A–2G, arrows, and Movie S1).

Consistent with our earlier analysis, we found that 25 of 61 gran-

ulomas observed during this imaging were plakoglobin positive

over this early time frame.

The initial adherens junctions spread to macrophages deeper

within the granuloma (Figures 2E–2J). The propagation of these

adherens junctions occurred through interactions of incoming

plakoglobin-negative macrophages with established plakoglo-

bin-positive macrophages (Figures 2I and 2J).

We directly tracked individual cells surrounding the epithelial-

macrophage interface and found little evidence for invagination

of skin epithelial cells, confirming that formation of adherens

junctions involved granuloma macrophages (Movie S2). Images

of single planes confirmed that the plakoglobin-expressing cells

were positive for the mfap4 macrophage marker (Figure 2H).

Thus, asmacrophages formmycobacterial granulomas, they ex-

press and deploy adherens junction components.

Adult Mycobacterial Granulomas Form Organized
Networks of Epithelial-like Adhesions
M. marinum infection of adult zebrafish can lead to longer-term

infections than in larvae (Parikka et al., 2012; Swaim et al.,

2006). These granulomas morphologically resemble human



Figure 1. Mycobacterial Granulomas in

Larvae Induce Expression of Epithelial

Markers

(A) Cartoon of granuloma formation depicting

macrophage aggregation and morphological re-

arrangement to an interdigitated, flattened epithe-

lial appearance.

(B) M. marinum (cyan) granulomas stained for

E-cadherin (magenta) and l-plastin (red) at 4 dpi in

larva infected with 250 fluorescent M. marinum.

Scale bar, 25 mm.

(C) Schematic of gene-trap approach used in

generating the Gt(ctnna-citrine)ct3a and Gt(jup-cit-

rine)ct520a zebrafish lines. An exogenous citrine

ORF flanked with a splice donor site (SD) and

splice acceptor (SA) is introduced into the endog-

enous ctnna and jup genes.

(D) Granulomas were identified by differential

interference contrast (DIC) imaging (red circle).

Fluorescent imaging demonstrating localization of

Gt(ctnna-citrine)ct3a fusion protein (green) at ad-

herens junctions formed in M. marinum (cyan)

larval granulomas at 4 dpi. Scale bar, 50 mm.

(E and F) Quantitation of Gt(ctnna-citrine)ct3a-pos-

itive granulomas from 1–4 dpi in larval zebrafish

infected with 150–250 fluorescent bacteria (FB)/

fish M. marinum. n = 39, representative of three

independent experiments. (E) Percentage of fish

with at least one Gt(ctnna-citrine)ct3a-positive

granuloma by day. (F) Number of Gt(ctnna-cit-

rine)ct3a-positive granulomas per fish. Each dot

represents one fish. Bars represent mean ± SEM.

(G) Fluorescent images of a 4-dpi larval granuloma

showing E-cadherin staining (magenta) colo-

calized with plakoglobin (yellow) in a granuloma in

M. marinum (cyan)-infected zebrafish. Fish were

infected with 150–250 FB/fish. Scale bar, 25 mm.

Images representative of results from 12 animals.

(H) Plakoglobin and E-cadherin fluorescence in-

tensity as a function of distance was measured

along the white line in (G), demonstrating

colocalization of E-cadherin fluorescence with

plakoglobin.

See also Figure S1.
granulomas and include additional cell types, including adaptive

immune components (Parikka et al., 2012; Swaim et al., 2006;

Ulrichs et al., 2004).

In adults at 2 weeks post-infection (wpi), we found that plako-

globin-positive adherens junctions were induced within granu-

lomas and colocalized with E-cadherin (Figure 3A). In necrotic

granulomas, the adherens junctions consistently formed in

concentric layers surrounding the necrotic core (Figure 3A).

H&E staining confirmed that the cells had the characteristic

morphology and staining pattern of epithelioid cells (Figure S2A)

(Adams, 1974; Swaim et al., 2006).

As in larvae, the plakoglobin-positive cells retained leukocyte

markers, including l-plastin (Figure 3B). We also stained for the
Im
epithelial markers p63 and pan-keratin.

Neither marker stained cells within the

granuloma (Figures S2C and S2D), but

we observed staining in epithelial tissues

including skin (stained by both p63 and
keratin), intestine (keratin), and pancreas (keratin) (Figures S2B

and S2D). These results suggest that the E-cadherin-positive

cells of the granuloma are hematopoietic in origin and not a

population of infiltrating epithelial cells.

Lineage Tracing Identifies Macrophage-Macrophage
Adherens Junctions
We used macrophage-specific lineage tracing to assess the

origin of the E-cadherin-positive cells more definitively. We

found that the established macrophage markers, mpeg1 and

mfap4 (Ellett et al., 2011; Walton et al., 2015; Zakrzewska

et al., 2010), were repressed in adult granulomas, although the

mfap4 reporter could still be detected in larval granulomas
munity 45, 861–876, October 18, 2016 863



Figure 2. Live Imaging of Adherens Junction Formation within Macrophages of the Developing Granuloma

Tg(mfap4:tomato-caax);Gt(jup-citrine)ct520a animals were infected with 150–250 FB/fish and imaged from 48 hr post infection (hpi) to 96 hpi to visualize adherens

junction formation during granuloma formation.

(A–G) The image in each panel is a maximum projection of a 28 mm z-stack. Arrows indicate the site of initial adherens junction formation within the granuloma.

Scale bar, 100 mm.

(legend continued on next page)
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Figure 3. Granuloma Epithelialization Oc-

curs within Macrophages and Involves Mul-

tiple Adhesive Pathways

(A) E-cadherin was detected by immunofluores-

cence (red) and colocalized with endogenous

Gt(jup-citrine)ct520a (green) in granulomas in 2 wpi

M. marinum (cyan) infected animals. Scale bar,

50 mm.

(B) E-cadherin staining (red) and plakoglobin fluo-

rescence (green) within cell populations that are

positive for the pan-leukocyte marker l-plastin

(magenta) in granulomas from 2wpi animals. Scale

bar, 25 mm.

(C) Diagram of lineage-tracing approach used to

label macrophages.

(D) Images of tdTomato expression in animals ex-

pressing either macrophage-specific Cre alone

(Tg(mfap4:icre-p2a-tomato)) or double-transgenic

animals in which macrophage-specific Cre re-

arranges the blue-to-red lineage-tracing cassette

(Tg(ubb:BSR; mfap4:icre)), resulting in robust red

fluorescence from the reporter cassette. Asterisks

mark autofluorescent melanocytes. Scale bar,

100 mm.

(E) A necrotic granuloma in a 2 wpi Tg(mfap4:icre;

ubb:BSR); Gt(jup-citrine)ct520a animal infected with

400 FB of cerulean-tagged mycobacteria. Images

showmacrophages (red) localizing to plakoglobin-

positive adherens junctions (green); infecting

mycobacteria are visualized in cyan. Yellow box

indicates magnified areas shown in the row below.

Images are representative of granulomas from 12

animals. Scale bar, 50 mm.

(F) Electron microscopy images of desmosomes

(yellow box), adherens junctions (green box), and

tight junctions (red box) in granuloma macro-

phages in M. marinum infected 2 wpi Tg(mfap4:

icre; ubb:BSR) zebrafish.

(G) Image of desmosomes in 2 wpi Tg(mfap4:icre;

ubb:BSR) zebrafish. Note in inset the filament

network associated with desmosomes.

See also Figure S2 and S3.
(Figures 2, S2E, and S2F and data not shown). This result sug-

gested either a different origin of epithelioid cells in adults or a

more fundamental macrophage reprogramming associated

with granuloma formation.
(H) Single z-plane image from 82 hpi time point demonstrating plakoglobin adherens junction formation with

plakoglobin-positive-infected macrophage in single plane image. Gamma adjustments were applied uniform

initial plakoglobin signal surrounding the granuloma is the larval skin within the imaging planes.

(I and J) Images of a granuloma in another Tg(mfap4:tomato-caax); Gt(jup-citrine)ct520a animal demonstra

yellow) between adjacent macrophages (magenta). (I) A plakoglobin-negative approaching macrophage (w

positive macrophage (green arrowheads). (J) 25 min later, the macrophage relocalizes plakoglobin to the ce

main image, 50 mm in inset.

See also Movies S1 and S2.

Im
We therefore developed a lineage-

tracing approach in which a previously

characterized macrophage-specific Cre

line, Tg(mfap4:icre-p2a-tomato)xt8 (de-

noted as mfap4:icre hereafter) (Walton

et al., 2015), drove rearrangement of a
floxed reporter line, Tg(ubb:loxp-tagbfp2-stop-loxp-tomato)xt7

(denoted ubb:BSR for Blue-Stop-Red hereafter) (Figure 3C).

The Cre-positive macrophages in the absence of the floxed

transgene displayed only weak expression of tdTomato
in granuloma macrophages. Arrowheads indicate a

ly across all images to facilitate display. Note: the

ting formation of adherens junctions (plakoglobin,

hite dotted line, asterisk) contacts a plakoglobin-

ll surface (white arrowheads). Scale bar, 100 mm in

munity 45, 861–876, October 18, 2016 865



(legend on next page)

866 Immunity 45, 861–876, October 18, 2016



(Figure 3D). Cre-induced recombination of the indicator line

resulted in bright macrophage tdTomato fluorescence driven

off of the ubb promoter (Mosimann et al., 2011), easily distin-

guishable from macrophages expressing Cre only (Figure 3D).

We infected Tg(mfap4:icre; ubb:BSR); Gt(jup-citrine)ct520a an-

imals with M. marinum and examined granulomas at 2 wpi. As

predicted, many of the plakoglobin-positive cells surrounding

the necrotic core were from the macrophage lineage (Figure 3E).

We also found that macrophages within non-necrotic

granulomas formed plakoglobin-positive adherens junctions

(Figure S3A). Not every macrophage was labeled by the line-

age-tracing approach (presumably a limitation of promoter

strength and Cre efficacy), but we consistently identified macro-

phage-macrophage adherens junctions in both necrotic and

non-necrotic adult granulomas (Figures 3E and S3A, arrows).

Infected and uninfected macrophages outside the granuloma

failed to express plakoglobin (Figure S3B). These findings further

confirmed that granuloma adherens junctions are macrophage

derived, suggesting that macrophages undergo a process of

epithelialization.

Mycobacterial Granuloma Macrophages Form Classical
Epithelial Adherence Structures
We used electron microscopy to investigate the repertoire of ad-

hesive structures within the granuloma. In addition to adherens

junctions, we identified both classical desmosomes and tight

junctions between granuloma macrophages (Figures 3F and

3G). Desmosomeswere accompanied by networks of intermedi-

ate filaments entering these structures (Figure 3G).

To visualize tight junctions throughout the granuloma, we

stained for the marker ZO-1. ZO-1 staining identified tight

junctions throughout the granuloma, particularly in regions sur-

rounding the necrotic core (Figure 4A). Thus, canonical tight

junctions, which are crucial adhesive structures within the apical

domain of epithelial cells, are induced in mycobacterial granu-

lomas, suggesting that granuloma macrophages may deploy

elements of a classical apico-basal polarity program.

We next investigated whether granuloma formation was

accompanied by epithelial-like actin rearrangement within gran-

uloma macrophages. Adherens junction-positive macrophages

within both necrotic and non-necrotic granulomas exhibited a

cortical actin distribution, as commonly observed in epithelial
Figure 4. Granuloma Formation Is Accompanied by Diverse Changes i

(A) ZO-1 immunofluorescence (red) localized within the plakoglobin-positive (gre

(magenta) in 2 wpi M. marinum infected animals at an initial dose of 400 FB. Res

(B) Actin (red) and plakoglobin (Gt(jup-citrine)ct520a, green) localization within the

actin occurs within l-plastin-positive granuloma cells that have cell-surface-lo

Representative of results from four animals.

(C) Phase contrast image of a granuloma dissected from a 2 wpi zebrafish infecte

phase contrast image. Scale bar, 100 mm.

(D) Dissected, CLARITY-cleared granuloma stained for E-cadherin (green) from a

(E) Hierarchical clustering of expression data from dissected granulomas and kidn

samples with more closely related transcriptomes.

(F) Most differentially regulated pathways in granulomas relative to kidney macro

(G) Expression changes between kidney macrophages and granulomas in select

levels are calculated as fragments mapped per kilobase of exon per million f

Log2(granuloma/macrophages). More complete tables of pathway components

Full data also available at NCBI GEO: GSE81913.

See also Figures S3 and S4.
cells (Figures 4B and S3C, blue arrows). In adherens junction-

negative macrophages within the granuloma and tissue resident

macrophages, actin was largely organized into cytoplasmic

structures, away from sites of cell-cell contact (Figures S3C

and S3D). In total, these findings indicate that granulomamacro-

phages undergo a fundamental transition to an epithelial-like

state, including the formation of extensive adherens, desmo-

somal, and tight junctions, and reorganization of their actin

cytoskeleton.

Widespread Transcriptional Reprogramming in
Granuloma Macrophages
To assess granuloma macrophage reprogramming more

comprehensively, we microdissected necrotic granulomas

from M. marinum-infected animals (Figure 4C) and performed

RNA sequencing (RNA-seq). CLARITY processing followed

by E-cadherin staining demonstrated that individual granu-

lomas were isolated cleanly and were not disrupted during

dissection (Chung et al., 2013; Cronan et al., 2015; Yang et al.,

2014). Isolated granulomas had central necrotic foci that were

replete with bacteria, surrounded by intact layers of E-cad-

herin-positive cells (Figure 4D), in agreement with findings in

tissue sections.

We compared the transcriptional profile of isolated granu-

lomas at 2 wpi to macrophages isolated from the kidney of the

same animals. Principal-component analysis revealed differen-

tial clustering of the granuloma samples and the matched mac-

rophages (Figure S4A), and unsupervised hierarchical clustering

of transcript profiles resulted in divergent clusters between

granuloma and matched macrophage samples (Figure 4E).

Annotated pathway data and full data are presented in Tables

S1 and S2, respectively.

We identified differentially regulated Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathways, which included path-

ways previously associated with Mtb granulomas, including

cytokine-cytokine receptor interactions, arachidonic acid meta-

bolism, lysosome, and phagosome pathways (Figure 4F).

Corroborating our identification of epithelial-like adhesions, we

found multiple adhesion pathways significantly differentially

regulated between granulomas and the paired macrophage

samples (Figure 4F). We also observed significant enrichment

of pathway members involved in actin cytoskeleton regulation
n Macrophage Cytoskeleton and Gene Expression

en) region surrounding the granuloma necrotic core in l-plastin-positive cells

ults representative of granulomas in four animals. Scale bar, 50 mm.

l-plastin-positive (magenta) cells of the granuloma. Cortical reorganization of

calized plakoglobin. Yellow box indicates area magnified in bottom panel.

d with 400 FB of M. marinum. M. marinum fluorescence overlaid in red on the

2 wpi M. marinum (cyan) infected animal.

ey macrophages from infected animals. Darker colors on the heat map indicate

phages from infected animals.

ed adhesion, polarity, and immune-marker genes. Mean transcript expression

ragments mapped (FPKM). Differential expression values are calculated as

available in Table S1 and within the complete dataset in Table S2.
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(Figure 4F), consistent with the reorganization of actin we

observed.

Analysis of RNA-seq data for individual genes identified

significant upregulation of genes involved in adherens junctions

(e.g., E-cadherin, a-catenin, b-catenin, plakoglobin, and d-cat-

enin), tight junctions (ZO-1, ZO-2, several claudins), and

desmosomes (desmoplakin, desmoglein, and desmocollin)

(Figure 4G and Tables S1 and S2). As we observed tight junc-

tion formation within the granuloma, which generally marks the

apical surfaces of cells, we also investigated whether cell polar-

ity markers were induced. We identified significant induction of

a number of apical (Par3, Par6, aPKC) and basal (Lgl, Dlg)

polarity markers, suggesting that granulomas may access cell

polarity programs.

We further investigated the polarization of the granuloma by

visualizing the basement membrane using fibronectin staining.

Punctate fibronectin staining surrounded the granuloma, sug-

gesting that granulomas may form a basement membrane-pos-

itive basal region (Figure S4B).

We also examined the expression of a number of macrophage

and leukocyte markers within the granuloma (Figure 4G). While

most of these markers were lower in the granuloma than in

isolated macrophages, we found that macrophage marker

expression levels were significantly higher in granulomas than

in control cell populations (Table S1), suggesting at least some

retention of macrophage identity. In total, these results suggest

that macrophages undergo an extensive and specific reprog-

ramming that drives an epithelial-like program and includes mul-

tiple components of classical epithelial and cell polaritymodules.
Figure 5. Cadherin-Dependent Adherens Junctions Promote Granulom
(A) Schematic of lineage tracing approach used to drive DN-E-cadherin within m

(B) Images of tomato expression in Tg(mfap4:icre) and Tg(mfap4:icre; ubb:GS-DN

ubb:GS-DN-e-cadherin) animals relative to Tg(mfap4:icre) animals, indicative of

autofluorescent melanophores. Scale bar, 100 mm.

(C) Images of 2 wpi M. marinum granulomas in Tg(mfap4:icre; ubb:BSR); Gt(ju

morphology of granulomas by phase contrast and DAPI staining of granuloma n

(D) H&E-stained sections from Tg(mfap4:icre; ubb:BSR); Gt(jup-citrine)ct520a

alterations in DN-E-cadherin-expressing animals. Sections from 2wpi animals infe

individual granulomas. Green lines indicate regions of macrophages surrounding

within Tg(mfap4:icre; ubb:BSR) animals. Arrowheads mark groups of epithelioid

(E and F) Quantitation of necrotic granulomas in pooled Tg(mfap4:icre; ubb:B

ubb:GS-DN-e-cadherin and mfap4:icre; ubb:BS-DN-e-cadherin) from three expe

brightfield as outlined in Figure S4D. p value determined by Fisher’s exact test and

by Fisher’s exact test.

(G) Schematic of lineage tracing approach used to drive rearrangement of the T

macrophages.

(H) Images of Tg(mfap4:icre) and Tg(mfap4:icre; ubb:BS-DN-e-cadherin) anim

increased tomato fluorescence from the downstream 2A tomato cassette. Aster

(I) Images of macrophage localization (red, mfap4:icre lineage tracing) and plako

formed in control Tg(mfap4:icre; ubb:BSR);Gt(jup-citrine)ct520a and Tg(mfap4:icre

of the merged image magnified in the images to the right. Scale bar, 25 mm.

(J) Quantitation of plakoglobin expression within macrophages in non-necrotic g

DN-E-cadherin expressing macrophages from Tg(mfap4:icre; ubb:BS-DN-e-cad

positivity as outlined in Experimental Procedures. Quantitation from five granulo

(K) Top: cartoon of the steps of CLARITY-mediated tissue clearing in zebrafish.

indicate the extent of the individual tissues.

(L) Imaging of intact, CLARITY-cleared granulomas in Tg(mfap4:icre; u

Gt(jup-citrine)ct520a animals, demonstrating loss of adherens junctions and organi

M. marinum: cyan. Micron distances indicate the depth of each individual image

gamma adjustment was performed uniformly for display.

See also Figures S4 and S5 and Movies S3–S5.
Inhibition of Cadherin-Mediated Adhesion Alters
Granuloma Morphology
We next assessed the functional contribution of epithelialization

to granuloma organization and infection trajectory. E-cadherin

serves as a central mediator of epithelialization; loss of E-cad-

herin in epithelial populations causes them to lose epithelial

character and acquiremesenchymal morphology.We generated

a dominant-negative (DN) zebrafish E-cadherin construct using

a truncated intracellular domain of E-cadherin driven to the

membrane by an N-terminal myristoylation signal (Nieman

et al., 1999).

To confirm that this construct was functional in zebrafish,

we expressed the DN-E-cadherin construct transiently and

mosaically in injected zebrafish larvae. Mosaic expression of

DN-E-cadherin led to high rates of lethality. In surviving animals

(in which DN-E-cadherin was expressed in a narrow population

of cells), we observed that the red DN-E-cadherin-expressing

cells frequently protruded from surrounding epithelial layers

and live red cells were readily extruded from the skin

(Figure S4C).

Having validated the construct, we used a lineage-tracing

approach to enable selective expression of DN-E-cadherin

within specific cell populations. We first generated Tg(ubb:

loxP-gfp-stop-loxP-DN-e-cadherin-p2a-tomato)xt9 (hereafter

denoted ubb:GS-DN-e-cadherin for Green-Stop-DN-e-cad-

herin) (Figure 5A). Crossing this line to the Tg(mfap4:icre) driver

line led to selective rearrangement of the cassette in macro-

phages and expression of DN-E-cadherin as assessed by

tomato fluorescence (Figure 5B).
a Organization
acrophages.

-e-cadherin) animals showing increased tomato expression in Tg(mfap4:icre;

rearrangement of the lineage-tracing DN-E-cadherin cassette. Asterisks mark

p-citrine)ct520a and Tg(mfap4:icre; ubb:GS-DN-e-cadherin) fish, showing the

uclei. Animals were infected with 400 FB/fish M. marinum. Scale bar, 25 mm.

and Tg(mfap4:icre; ubb:GS-DN-e-cadherin), demonstrating morphological

cted with 400 FB/fishM.marinum. Yellow dotted lines denote necrotic cores of

the necrotic core. Arrows indicate cells with classical epithelioid morphology

macrophages with spindle morphology. Scale bars, 25 mM.

SR); Gt(jup-citrine)ct520a and DN-E-cadherin-expressing animals (mfap4:icre;

riments. (E) Organization of cells surrounding the necrotic core, visualized by

(F) the percentage of necrotic granulomas in each fish. Populations compared

g(ubb:BS-DN-e-cadherin) construct, leading to DN-E-cadherin expression in

als, demonstrating expression of DN-E-cadherin in macrophages through

isks mark autofluorescent melanocytes. Scale bar, 100 mm.

globin-positive adherens junctions (green, Gt(jup-citrine)ct520a) of granulomas

; ubb:BS-DN-e-cadherin);Gt(jup-citrine)ct520a) animals. Boxes indicate regions

ranulomas from either control Tg(mfap4:icre; ubb:BSR); Gt(jup-citrine)ct520a or

herin); Gt(jup-citrine)ct520a animals. Macrophages were scored for plakoglobin

mas in two animals each. Populations were compared by Chi square test.

Bottom: images of cleared intact zebrafish and zebrafish organs. Dotted lines

bb:BSR); Gt(jup-citrine)ct520a and Tg(mfap4:icre; ubb:BS-DN-e-cadherin);

zation in DN-E-cadherin animals. Green: plakoglobin, magenta: macrophages,

relative to the top of the granuloma. Scale bar, 100 mm. For CLARITY images,

Immunity 45, 861–876, October 18, 2016 869



We infected adult Tg(mfap4:icre; ubb:GS-DN-e-cadherin)

and control Tg(mfap4:icre; ubb:BSR) animals with M. marinum

and evaluated granuloma formation at 2 wpi. Granulomas in

Tg(mfap4:icre; ubb:GS-DN-e-cadherin) animals were less orga-

nized and devoid of the organized layer of cells that surrounds

the necrotic center of control granulomas (Figures 5C, 5E, and

S4D). H&E staining of control andDN-E-cadherin-expressing an-

imals further confirmed the disorganization of granulomas in

these animals (Figures 5D and S5A). Granuloma macrophages

in DN-E-cadherin-expressing animals frequently had an elon-

gated spindle morphology and reduced cytoplasm as opposed

to epithelioid morphology and abundant cytoplasm in controls

(Figure 5D, arrows). Not only was the morphology of necrotic

granulomas altered in Tg(mfap4:icre; ubb:GS-DN-e-cadherin)

animals, but we also found that the proportion of necrotic

granulomas in Tg(mfap4:icre; ubb:GS-DN-e-cadherin) animals

was elevated (Figure 5F).

We generated an independent lineage-tracing DN-E-cadherin

construct Tg(ubb:loxP-tagbfp2-stop-loxP-DN-e-cadherin-p2a-

tomato)xt10 (designated ubb:BS-DN-e-cadherin for Blue-Stop-

DN-e-cadherin from here on) (Figure 5G). Non-rearranged cells

express blue fluorescent protein to be compatible with the

citrine-expressing a-catenin and plakoglobin gene-trap con-

structs (Figure 5G). Crossing to the Tg(mfap4:icre) driver line

caused efficient rearrangement of the DN-E-cadherin cassette

(Figure 5H). As expected, macrophage-specific DN-E-cadherin

expression diminished the formation of plakoglobin-positive

adherens junctions in granuloma macrophages relative to

control animals (Figures 5I and 5J). Granulomas formed in

Tg(mfap4:icre; ubb:BS-DN-e-cadherin); Gt(jup-citrine)ct520a

animals at 2 wpi demonstrated a similar loss of granuloma orga-

nization and increased necrotic granuloma frequency relative to

Tg(mfap4:icre; ubb:BSR); Gt(jup-citrine)ct520a control animals

(Figures 5E and 5F).

To better assess the morphological transformations within the

granuloma, we used CLARITY to clear dissected zebrafish or-

gans (Figure 5K) (Chung et al., 2013; Cronan et al., 2015; Yang

et al., 2014). In control (Tg(mfap4:icre; ubb:BSR); Gt(jup-

citrine)ct520a) animals, the bacteria-laden core of the granuloma

was surrounded by adherens junctions (Figure 5L and Movie

S3). In contrast, DN-E-cadherin expression in macrophages

(Tg(mfap4:icre; ubb:BS-DN-e-cadherin); Gt(jup-citrine)ct520a) re-

sulted in granulomas that were diffuse, with minimal adherens

junctions and which, in many cases, failed to organize (Figure 5L

and Movie S4). Even the subset of DN-E-cadherin granulomas

that were better organized had a thinner layer of adherens junc-

tions around the bacterial core, with intermittent gaps (Fig-

ure S5B, arrows, and Movie S5).

Cadherin-Disrupted Granulomas Lead to Improved Host
Outcome
To investigate the functional outcome of disrupted granuloma

formation, we infected adult Tg(mfap4:icre; ubb:BSR)

and Tg(mfap4:icre; ubb:GS-DN-e-cadherin) animals with

M. marinum, measured bacterial burden, and also assessed

long-term survival. At 2 wpi, bacterial burden was reduced in

DN-E-cadherin-expressing animals both by CFU assays and

quantitation of bacterial fluorescence in matched sections of

kidney tissue (Figures 6A and S5C). Consistent with decreased
870 Immunity 45, 861–876, October 18, 2016
burden, we found that Tg(mfap4:icre; ubb:GS-DN-e-cadherin)

animals survived longer (median survival of 37 days in control

animals versus 83 days in DN-E-cadherin expressing animals)

than matched Tg(mfap4:icre; ubb:BSR) control animals (Figures

6B, S5D, and S5E).

To further investigate the enhanced survival of DN-E-cad-

herin-positive animals, we harvested Tg(mfap4:icre; ubb:GS-

DN-e-cadherin) animals that had survived for three months

post-infection (all of the matched control animals had died by

this time point). We found that, by either bacterial fluorescence

or acid-fast staining, these animals contained numerous

granulomas that were apparently sterile (Figures S5F and

S5G). Together, these experiments suggest that granuloma

epithelialization can benefit the bacterium.

We examined multiple aspects of macrophage development

and function and found no differences prior to granuloma forma-

tion. Quantitation in Tg(mfap4:icre; ubb:GS-DN-e-cadherin)

larval zebrafish demonstrated that DN-E-cadherin expression

within macrophages did not lead to alterations in macrophage

number (Figures S6A and S6B), changes in phagocytosis

(Figures S6C and S6D), intracellular growth (Figure S6E), or bac-

terial burden at early infection time points (Figure S6F). Thus,

DN-E-cadherin expression had little effect on macrophage

development and function in early infection.

GranulomaDisruption Results in Increased ImmuneCell
Access
Intact organized granulomas might, in parallel to epithelial bar-

riers, limit immune access or immune recognition of the bacteria

contained within, providing a relatively protected niche for bac-

terial proliferation. We tested a number of T cell antibodies but

were unable to find an antibody that performed acceptably on

zebrafish tissue sections. We instead tested the accessibility of

neutrophils to the interior of the granuloma. By staining for the

zebrafish neutrophil marker LysC (Hall et al., 2007; Meijer

et al., 2008), we found that neutrophils preferentially reached

the interior of granulomas in DN-E-cadherin expressing animals

(Figures 6C and 6D).

Because the lineage-tracing disruptions were not fully effi-

cient, we could also identify mosaic granulomas in the macro-

phage-specific DN-E-cadherin animals in which some of each

granuloma contained plakoglobin-positive adherens junctions

while other parts were disrupted (Figure 6E). Neutrophil numbers

were specifically enriched in the plakoglobin-negative areas of

granulomas relative to the plakoglobin-positive areas, suggest-

ing that these adhesions control local immune access or recog-

nition of bacteria (Figures 6E and 6F).

Macrophages in Human Mycobacterial Granulomas
Express E-Cadherin
To extend our findings from zebrafish to humans, we investi-

gated E-cadherin expression within the macrophages of human

granulomas. We obtained clinical samples of granulomas from

Mtb-infected patients, as well as patients infected with non-

tuberculous mycobacteria. Granuloma macrophages stained

positive for E-cadherin in each of nine specimens from eight

distinct patients (Figures 7A–7C, S7A, and S7C). In non-necrotic

Mtb granulomas, E-cadherin localized to cell-cell junctions in

groups of macrophages throughout the granuloma, similar to



Figure 6. Loss of Granuloma Adherens Junctions Reduces Bacterial Burden and Enhances Survival of Infected Animals

(A) Bacterial burden in Tg(mfap4:icre; ubb:BSR) and Tg(mfap4:icre; ubb:GS-DN-e-cadherin) animals was determined by CFU counts fromwhole animals at 2 wpi.

Each point represents the mean of a single experiment with 5–8 surviving fish of each genotype in each experiment. Due to CFU variability between experiments,

each experiment is presented normalized to control animals. Animals were infected with either 50 FB/fish or 400 FB/fish. Bars represent mean ± SEM.

(B) Survival curves of Tg(mfap4:icre; ubb:BSR) and Tg(mfap4:icre; ubb:GS-DN-e-cadherin) animals infected with 400 FB/fish and followed longitudinally. Animals

were monitored daily, and moribund animals were euthanized. Statistical significance was determined by log rank test. n = 8 for both Tg(mfap4:icre; ubb:BSR)

and Tg(mfap4:icre; ubb:GS-DN-e-cadherin) groups. Experiments are representative of three independent experiments, and additional experiments are displayed

as Figures S5C and S5D.

(C)M. marinum fluorescence (cyan) and neutrophil localization visualized by anti-LysC immunostaining (red) in Tg(mfap4:icre; ubb:BSR);Gt(jup-citrine)ct520a and

Tg(mfap4:icre; ubb:BS-DN-e-cadherin); Gt(jup-citrine)ct520a animals, demonstrating increased neutrophil recruitment to granulomas in DN-E-cadherin ex-

pressing animals. The extent of each granuloma is indicated by the dotted lines. Scale bar, 25 mm.

(D) Quantitation of neutrophil numbers (normalized to area) in Tg(mfap4:icre; ubb:BSR); Gt(jup-citrine)ct520a and Tg(mfap4:icre; ubb:BS-DN-e-cadherin);

Gt(jup-citrine)ct520a animals. Box indicates 25% and 75% percentile, and whiskers 10%–90% percentile. Outliers indicated as individual points. For control

granulomas, n = 107; for DN-E-cadherin granulomas, n = 209. Results pooled over six animals in controls and nine animals in DN-E-cadherin.

(E) Mycobacteria (cyan), neutrophils (red, a-LysC) and plakoglobin (green, Gt(jup-citrine)ct520a) in Tg(mfap4:icre; ubb:BS-DN-e-cadherin); Gt(jup-citrine)ct520a

animals demonstrating preferential recruitment of neutrophils to regions of the granuloma devoid of plakoglobin-positive adherens junctions. Dotted line denotes

regions of plakoglobin-positive adherens junction formation. Scale bar, 25 mm.

(F) Quantitation of area-normalized neutrophil counts in plakoglobin-positive and -negative regions of Tg(mfap4:icre; ubb:BS-DN-e-cadherin);Gt(jup-citrine)ct520a

animals. Only granulomas in which distinct plakoglobin-positive and -negative regions could be identified were analyzed. Data from 17 granulomas from 3

independent animals.

See also Figures S5 and S6.
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Figure 7. E-Cadherin Is Expressed in Granuloma Macrophages in Human Mtb Patients and Mouse Models

(A) Left: H&E staining of a human lymph node granuloma from a patient with disseminated Mtb infection. Right: representative immunohistochemical image of

E-cadherin (brown precipitate) in human Mtb lymph node sample, showing junctional localization of E-cadherin within epithelioid macrophages. Nuclei are

counterstained with hematoxylin. Yellow box indicates the area magnified in the bottom panels. Scale bar, 50 mm.

(B) Representative double immunofluorescence of a human Mtb lymph node granuloma demonstrating expression of E-cadherin (green) within CD68-positive

macrophages (red). Scale bar, 100 mm.

(C) Top: H&E staining of a necroticM. avium granuloma in the lung. Central necrotic region is visualized as eosinophilic focus devoid of hematoxylin-positive nuclei

marked with N. The extent of the necrotic core is outlined in the dotted lines. Bottom: representative immunohistochemical staining of E-cadherin within an

M. avium lung granuloma. Extensive E-cadherin staining is seen in the palisading macrophages immediately surrounding the necrotic core. Scale bar, 500 mm.

(A–C) Images representative of nine granulomas from eight independent patients with mycobacterial granulomas, all of which were positive for E-cadherin

staining.

(legend continued on next page)
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non-necrotic zebrafish granulomas (Figure 7A). Dual staining for

the macrophage marker CD68 and E-cadherin demonstrated

that the E-cadherin-positive cells within human granulomas are

macrophages (Figure 7B). In both Mtb and M. avium necrotic

granulomas in lung and lymph node tissue, we found prominent

E-cadherin localization within the palisading macrophages

directly around the necrotic core, mimicking the layers of E-cad-

herin-positive cells surrounding the necrotic core of zebrafish

granulomas (Figures 7C and S7A–S7C).

We also investigated E-cadherin induction during Mtb

infection of mice. Macrophages in C57BL/6Mtb granulomas ex-

pressed E-cadherin (Figure 7D). However, E-cadherin expres-

sion generally localized to the cytoplasm of the macrophages

and, sporadically, to the cell membrane. C57BL/6 mice are

relatively resistant to Mtb infection and form relatively loose

granulomas (Medina and North, 1998). To examine macrophage

E-cadherin induction in a more susceptible mouse strain, we

performed E-cadherin staining of Mtb granulomas in CBA/J

mice (Beamer et al., 2008; Turner et al., 2001). Although CBA/J

granulomas are also relatively disorganized, we found that

E-cadherin was again induced in granuloma macrophages and

that E-cadherin, in this case, was more consistently membrane

localized (Figure 7E). Thus, macrophage induction of E-cad-

herin-positive junctions during mycobacterial granuloma

formation is conserved in zebrafish, mice, and humans.

DISCUSSION

Here, we describe the molecular underpinnings of macrophage

epithelialization in the tuberculous granuloma. The histopatho-

logical features of TB were first described in the 19th century

(Adams, 1976; Schüppel, 1871). The defining characteristic of

the granuloma has long been the aggregation of a distinct

subtype of macrophages, termed epithelioid, which interdigitate

and take on a flattened appearance, with expanded cytoplasm

and ovoid nuclei (Adams, 1974). Despite extensive characteriza-

tion of the granuloma and the cells within, the cellular andmolec-

ular nature of this key phenotypic transformation remains largely

unknown. We found that, in mycobacterial infections, macro-

phages formed macrophage-macrophage adherens junctions,

desmosomes, and tight junctions during granuloma formation

and that this process drives the trajectory of disease.

We identified broad epithelial modules engaged by granuloma

macrophages. These cells showed reduced expression of

macrophage markers, consistent with the extensive transforma-

tions within these macrophage populations, but still expressed

macrophage and leukocyte markers above background. While

there is strong induction of epithelial modules and structures,

the transitionmay not be total. We did not see granulomamacro-

phage staining using a pan-keratin antibody (although several

keratins were enriched by RNA-seq).

We found macrophage epithelialization to be conserved in hu-

man mycobacterial granulomas. Recently, profiling of a small

number of human granulomas generated a proteomic dataset
(D) Diffuse E-cadherin (brown precipitate) is seen throughout granuloma macro

counterstained with hematoxylin. Scale bar, 50 mm.

(E) E-cadherin (Brown) localizes to cell-cell junctions between granuloma macro

See also Figure S7.
(Marakalala et al., 2016). We examined these data and, in agree-

ment with the zebrafish data, identified induction of desmosomal

proteins (desmoplakin, desmoglein, and desmocollin), adherens

junction proteins (E-cadherin, plakoglobin, a-, b-, and d- cate-

nin), and tight junction pathways (ZO-1 and ZO-2) within the

epithelioid macrophage layer of human granulomas (Marakalala

et al., 2016). A previous report has also identified desmosome

formation within granulomas from striped bass through electron

microscopy (Gauthier et al., 2004).

There is some precedent for induction of at least E-cadherin in

other granuloma types. One report has described E-cadherin

expression in cutaneous granulomas in foreign body reactions

and sarcoidosis (Wanat et al., 2014), while expression of E-cad-

herin in sorted macrophages from mouse helminth infections

suggests induction of E-cadherin in another granulomatous

disease (Van den Bossche et al., 2015).

In schistosome granulomas, macrophage-specific deletion of

E-cadherin with LysM:Cre did not alter granuloma architecture

(Van den Bossche et al., 2015). It is possible that mechanisms

differ between helminth-induced and mycobacterial granu-

lomas. However, it has also been reported that elicited macro-

phages in mouse models of schistosomiasis can resist LysM:

Cre-mediated deletion (Vannella et al., 2014), and so definitive

comparison of the functional role of E-cadherin in distinct gran-

uloma types may require further analysis.

Notably, Langerhans cells also express E-cadherin as they

interact with keratinocytes (Tang et al., 1993). This differs from

our findings, as we do not observe baseline expression of E-cad-

herin within macrophages, nor is there evidence for homotypic

Langerhans cell interactions.

Our results with macrophage reprogramming and granuloma

formation suggest a parallel to developmental transformations.

Expression of E-cadherin within motile mesenchymal popula-

tions can transition the cells into epithelial morphology in a pro-

cess called mesenchymal-epithelial transition (MET) (Bryant and

Mostov, 2008; De Craene and Berx, 2013). These morphological

programs have been described in development and cancer,

where they are critical mediators of gene expression and cell

behavior (Bryant and Mostov, 2008; De Craene and Berx,

2013), but immune cell populations have generally not been

considered a part of this framework.

In mosaic DN-E-cadherin granulomas, there was increased

neutrophil recruitment to granuloma regions lacking adherens

junctions. Decreased bacterial burden may be due in part to

increased immune access to the interior. Neutrophils have

been associated with both improved and worsened host out-

comes in TB (Dallenga and Schaible, 2016; Yang et al., 2012).

It is possible that some of the host-detrimental effects of neutro-

phil interactions may be mediated by their recruitment and

non-productive activation in areas in which there is an epithe-

lial-like barrier between them and the infecting bacteria.

Increased immune cell accessibility in disrupted granulomas

is likely to apply to other immune cell types known to play impor-

tant roles in protection.
phages in 8 wpi H37Rv Mtb granulomas in C57BL/6 mouse lung. Nuclei are

phages in 135 dpi granulomas in CBA/J mice infected with Mtb Erdman.
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Overall, these findings lend mechanistic support to the idea

that a classically organized granuloma can be a favorable niche

for mycobacteria (Dorhoi andKaufmann, 2014; Philips and Ernst,

2012; Ramakrishnan, 2012; Volkman et al., 2004). The increased

survival in animals with disrupted granuloma adherens junctions

points to the possibility of modulating granuloma stability to

enhance existing therapies. More generally, these results sug-

gest that immune cells engage canonical developmental and

epithelial programs to construct a central structure of

tuberculosis.

EXPERIMENTAL PROCEDURES

Zebrafish Handling and Strains

Zebrafish experiments were performed with the approval of the Duke

University Animal Care and Use Committee (protocol A145-14-06). Larvae

were raised in filtered fish systemwater. For imaging, pigmentation was halted

through addition of 45 mg/mL 1-phenyl-2-thiourea (PTU) at 1 day post-

fertilization (dpf). Tg(mpeg1:tomato-caax)xt3, Tg(mfap4:icre-p2a-tomato)xt8,

Tg(mfap4:tomato-caax)xt6, and Gt(ctnna-citrine)ct3a lines have been previously

described (Oehlers et al., 2015; Trinh et al., 2011; Walton et al., 2015).

Larval and Adult Zebrafish Infections and Bacterial Burden

Determination

Larval and adult zebrafish were anesthetized with tricaine (MS-222, final con-

centration 0.016%). For larvae, �200 fluorescent bacteria (FB) of M. marinum

were injected into the caudal vein of each embryo. For adults, either 400 FB or

50 FB were injected intraperitoneally.

Larval bacterial burdens were determined by quantitating bacterial fluores-

cence by microscopy. Adult bacterial burden was determined by CFU assay.

Statistics

Statistical analyses utilized for each dataset are indicated in the figure legends.

All statistical analyses were performed using Prism 5 (GraphPad Software).

Staining of Larval Zebrafish and Frozen Sectioning and

Immunostaining of Adult Zebrafish

4 dpi, larvae were fixed in Dent’s Fixative (80% methanol, 20% DMSO),

blocked in 3%goat serum and stained with primary and secondary antibodies.

For neutral red staining, 3 dpf larvae were soaked in Neutral Red (Sigma

N6264) 2.5mg/mL overnight at 28.5C.

2 wpi, adult zebrafish were euthanized, fixed in 4% PFA, and frozen in

Neg-50 (Richard Allen Scientific). Zebrafish were cryosectioned at 20 mm.

For immunostaining, sections from adult fish were blocked in 3% goat

serum and stained with primary and secondary antibodies as indicated.

Human Patient Samples

Human research was approved by the Duke Medicine Institutional Review

Board under protocol number Pro00057484. Human tissue samples contain-

ing mycobacterial granulomas were identified. Tissue specimens were

obtained from the pathology department, and paraffin sections were cut by

the Duke Pathology Research Histology Laboratory.

Staining of Human and Mouse Tissues

Sections were deparaffinized and rehydrated. Sections underwent antigen

retrieval followed by blocking. For immunohistochemistry, sections were

incubated with primary and horseradish peroxidase (HRP) conjugated

secondary antibodies. Sections were developed with ImmPACT DAB (Vector

Laboratories). For immunofluorescence, sections were incubated with primary

antibodies followed by Alexafluor conjugated secondary antibodies (Thermo-

Fisher).

Additional Experimental Procedures

Detailed experimental methods about generation of transgenic zebrafish lines,

bacterial strains, generation of transgene constructs, larval and adult zebrafish

infections, bacterial burden determination in infected adults, microscopy and
874 Immunity 45, 861–876, October 18, 2016
image quantitation, electron microscopy, staining of larval zebrafish, neutral

red staining, quantitation of phagocytic macrophages in larvae, quantitation

of bacteria per macrophage, quantifying larval mycobacterial burden,

sectioning and histology of adult zebrafish, identification and quantitation of

granulomas, RNA-seq of adult zebrafish granulomas, CLARITY clearing of

dissected organs and granulomas, human patient samples, mouse-Mtb infec-

tions and sectioning, and immunostaining of human and mouse tissues are

available in Supplemental Experimental Procedures.
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