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An innate granuloma eradicates an
environmental pathogen using Gsdmd
and Nos2

Carissa K. Harvest1,2,3, Taylor J. Abele 1,2, Chen Yu 4, Cole J. Beatty 1,4,
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Heather N. Larson 1,2, Benjamin D. McGlaughon3, Daniel R. Saban1,4,
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Granulomas often form around pathogens that cause chronic infections. Here,
we discover an innate granuloma model in mice with an environmental bac-
terium called Chromobacterium violaceum. Granuloma formation not only
successfully walls off, but also clears, the infection. The infected lesion can
arise from a single bacterium that replicates despite the presence of a neu-
trophil swarm. Bacterial replication ceases when macrophages organize
around the infection and form a granuloma. This granuloma response is
accomplished independently of adaptive immunity that is typically required to
organize granulomas. The C. violaceum-induced granuloma requires at least
two separate defense pathways, gasdermin D and iNOS, to maintain the
integrity of the granuloma architecture. This innate granuloma successfully
eradicates C. violaceum infection. Therefore, this C. violaceum-induced gran-
uloma model demonstrates that innate immune cells successfully organize a
granuloma and thereby resolve infection by an environmental pathogen.

Chromobacterium violaceum is a Gram-negative bacterium found in
freshwater sediment and soils. This colorful bacterium produces a
violet pigment and encodes a type III secretion system (T3SS) that is
similar to the invasion-associated T3SS found in Salmonella species1. C.
violaceum uses this T3SS to invade and replicate in nonphagocytic
cells2,3. Immunocompetent people are likely exposed to C. violaceum,
but almost never develop symptomatic infection. Conversely, immu-
nocompromised patients can be highly susceptible to C. violaceum
infection. For example, patients with chronic granulomatous disease,
who have defects in the phagocyte NADPH oxidase, are highly sus-
ceptible to disseminated C. violaceum infection with a mortality rate
of around 55%1,4. Concomitantly, mice lacking the NADPH oxidase

succumb to low-dose C. violaceum infection within one day. In addi-
tion, we previously discovered that resistance to C. violaceum requires
the T3SS-sensingNLRC4 inflammasome, caspase-1, and gasderminD3,5.
Mice deficient in these pyroptosis-inducing genes succumb to very
low-dose infection3. Therefore, C. violaceum has potent virulence
potential conferred by its T3SS that is fully counteracted by a func-
tional innate immune system.

This defense requires NADPH oxidase and inflammasomes, how-
ever, herein we demonstrate a much more complex innate immune
defense that must be orchestrated to eradicate C. violaceum. Large,
distinct lesions form in the liver of wild-type C57BL/6 mice during
C. violaceum infection5,6. Nevertheless, these wild-type mice never
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display visible clinical signs and survive the infection. In this manu-
script, we discover that these liver lesions are organized granulomas
that form to eradicate this environmental bacterial pathogen.

Granulomas are an organized aggregation of immune cells that
surround a persistent stimulus, the origin of which can be either infec-
tious or noninfectious. Granuloma responses are initiated during infec-
tion by pathogens across diverse classes of microorganisms, including
bacteria, parasites, fungi, and viruses7–17. A defining characteristic of a
granuloma is the recruitment and organization of inflammatory mac-
rophages into a layer that surrounds the infection7–11,14,15,18. These
inflammatory macrophages can differentiate into different subtypes
depending on the pathogen. Sometimes these differentiation states
are visibly identifiable in histologic sections (e.g., epithelioid, giant
multinuclear, and foamy macrophages), but in other granulomas,
specific morphologic changes are less apparent. Numerous other
immune cell types can be present, most prominently T cells, that acti-
vate macrophages and are normally thought to be essential to organize
the granuloma architecture7,8,10,14,18–22. Fibroblasts are also typically
present and deposit layers of collagen in the granuloma. Granulomas
associated with different infections can have diverse histologic
architecture7–17. For example, some granulomas contain necrotic cores
at their centers while others do not, and some even contain high num-
bers of neutrophils8. Regardless of the specific histologic architecture of
each granuloma, all contain, and are defined by, organized zones of
macrophages.

Granulomas often form around persistent infectious agents, and
granulomas often fail to clear such infections7,10,19,22,23. Thesepathogens
can survive within the granuloma, leading many to conclude that the
granuloma response is a last resort used against an infection that
cannot be cleared. Thus, granulomas are often considered a way to
restrain an infectious agent and prevent its dissemination, but without
the ability to eradicate the microbe. Actually, individual granulomas,
either between different infected animals or evenmultiple granulomas
in the same animal, can be heterogeneous—some granulomas clear the
infection whereas other granulomas have progressive infection con-
taining viable organisms that are not able to be cleared24. Given the
diverse clinical outcomes and the lack of understanding as to what
drives the formation of heterogeneous granulomatous responses,
more models are needed to study the range of the granuloma
responses, particularly mouse models that leverage advanced immu-
nological technologies25,26.

Herein, we examine the granuloma response to C. violaceum from
the initiating events through the clearance of the bacterium and pro-
vide definitive evidence for the beneficial role of pyroptotic proteins
during the granuloma response.

Results
C. violaceum triggers formation of a necrotic granuloma
Intraperitoneal infection of wild-type C57BL/6 J mice with C. violaceum
(1 × 102 colony-forming units; CFUs) does not result in lesions3. However,
when a higher infectious dose (1 × 104 CFUs) is used, WT mice form
macroscopic lesions, specifically in the liver (Fig. 1a)5,6. Lesions were
evenly distributed and typically 1–2mm in diameter at 5 days post
infection (dpi) (Fig. 1b). Working with a board-certified veterinary
pathologist (S.A.M.), we investigated the histologic morphology by
hematoxylin and eosin (H&E) staining and consistently observed three
distinct layers in every lesion (Fig. 1c, colored boxes). First, the center
was characterized by dark hematoxylin (purple) staining of amorphous
material that lacked defined cell borders and features, consistent with
necrotic debris (Fig. 1c, green box, and 1d). Surrounding this necrotic
core was the second layer, composed of degenerative hepatocytes that
retained cell borders but displayed faded hematoxylin chromatin
staining in the nuclei, or lacked a visible nucleus altogether. In this layer,
the cytoplasm stained brightly eosinophilic (pink), and hepatocyte
boarders remained apparent (Fig. 1c, e; blue arrows), indicative of

coagulative necrosis27. These coagulative necrotic hepatocyteswere also
sporadically present within the necrotic core (Fig. 1d; green arrows).

The third layer, exterior to the layer of coagulative necrosis, was
predominantly composed of cells with a large, oval nucleus that con-
tained open chromatin which is consistent with activated macro-
phages (Fig. 1c, f; orange arrowhead). Within this “macrophage zone”,
scattered fibroblasts were present, identified by their fusiform shape
and anucleus thatwas dark andelongated (Fig. 1f; carrot). Immediately
exterior to the macrophage zone are viable hepatocytes at 5 dpi
(Fig. 1f; asterisk). The distinct, organized zone of macrophages sur-
rounding each lesion is a defining feature of a granuloma, with the
presence of a necrotic core subcategorizing them as necrotic granu-
lomas. Altogether, this model displays striking granulomas at the 5 dpi
timepoint.

A granuloma forms in response to one bacterium
To determine whether each granuloma was initiated by a single bac-
terium, we infected mice with a 1:1 ratio of WT (violacein positive) and
ΔvioAmutant (violacein negative)C. violaceum strains, dissected single
granulomas, and determined the number of CFUs and color of the
colonies (Fig. 1g and S1a). Themajority of single granulomas contained
only one C. violaceum strain (Fig. 1g and S1a). This result suggests that
granulomas are seeded by a single bacterium. In addition, WT and
ΔvioA strains seeded equivalent numbers of granulomas with similar
burdens per granuloma (Fig. 1g), indicating that the violacein pigment
is dispensable for liver infection28. This suggests that a single bacter-
ium replicates to a median of 5.4 × 106 CFUs in each granuloma by 3
dpi. Clearly, the innate immune response fails to halt C. violaceum
replication within the first 3 dpi.

C. violaceum first infects hepatocytes
We next investigated the early hours of infection to understand
granuloma development. C. violaceum infects hepatocytes using its
T3SS2, a cell type in which wewere unable to detect caspase-1 protein3,
suggesting that this niche is not defended by caspase-1. We visualized
C. violaceum by immunohistochemical staining at 12 hours post
infection (hpi) and observed bacteria within hepatocytes (Fig. 1h). We
observed multiple bacteria within each hepatocyte, suggesting that
the bacteria were replicating by 12 hpi. Bacteria were also observed in
immune cells (Fig. S1b). Bacterial burdens in the liver increased by
~100-fold between6hpi and 24 hpi (Fig. 1i). This 1.5 hour doubling time
in vivo is remarkably similar to the 1 hour doubling time in vitro in
broth (Fig. S1c). To visualize how this hepatocyte niche would develop
in the absence of neutrophils, we depleted neutrophils with anti-GR1
and then infected the mice. This revealed large microcolonies of C.
violaceum at 24hpi, someofwhichwere the size of a single hepatocyte,
while others had the appearance of multiple hepatocytes infected in a
cluster (Fig. 1h and S1d).

Neutrophil swarming fails to eradicate C. violaceum
At 24 hpi, a transition occurs when larger microabscesses appear,
comprised of a swarm of neutrophils identified morphologically by
their multilobulated nucleus, and confirmed by Ly6G staining (Fig. 1j).
Macrophages were absent from these microabscesses by morpholo-
gical identification, also verified by CD68 staining (Fig. 1j and S1e). C.
violaceum staining showed bacteria only within the neutrophil swarm
and absent from surrounding hepatocytes (Fig. 1j). Bacteria were
tightly clustered within individual neutrophils (Fig. 1j). In contrast, the
spleen had low burdens at 6 hpi, and burdens were cleared by 18 hpi
(Fig. 1i) and remained sterile at 3 dpi3. In the liver, bacterial replication
slows after 24 hpi but does not stop, with a 14.5 hour doubling time
(Fig. S1c). Thus, neutrophils fail to clear the bacteria and C. violaceum
continues to replicate within microabscesses in the liver.

Although the neutrophils failed to clear the bacteria, reactive
oxygen species (ROS) are required to slow bacterial replication over
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Fig. 1 | C. violaceum replicates despite a neutrophil swarm. a–l Mice were
infected with 104 CFU WT C. violaceum, strains indicated. Dashed line, limit of
detection; solid line, median. a–f Gross pathology and H&E staining of WT livers
5 dpi. Representative of 10 experiments, each with 3–4 mice, each with multiple
granulomas per section. Arrows, coagulative necrotic hepatocyte; arrowhead,
macrophage; carrot, fibroblast; asterisk, healthy hepatocytes. g Inoculum was a
1:1 mixture of WT and ΔvioA C. violaceum. 83 individual granulomas were dis-
sected 3 dpi, bacterial burdens determined, and scored for color. Data combined
from two experiments. N.s., not significant by Kruskal–Wallis test. h Visualization
of C. violaceum within a hepatocyte at 12 hpi by IHC and within hepatocytes
in anti-GR1-treated mice at 24 hpi by IHC. For anti-GR1 depletion infections,
mice were treated with either anti-GR1 or isotype control at day −1 and 0

and harvested at 24 hpi, with 4 mice per treatment group. Data representative
of two experiments. i Bacterial burdens in the liver and spleen at indicated
timepoints. Representative of 2 experiments; each point is a single mouse.
j Serial sections of WT liver stained by H&E or indicated IHC markers 1 dpi.
Representative of 5 experiments, each with 4 mice, each with multiple granulo-
mas per section. kQuantitation of C. violaceum-positive stained areas per section
12 hpi in WT and Ncf1–/– mice. Data combined from two experiments, each with
three mice per genotype. Bar represents mean ± SD. **p = 0.0078, by unpaired
two-tailed t test. l Serial sections of WT or Ncf1–/– livers stained by H&E or indi-
cated IHC markers 12 dpi. Representative of 2 experiments, each with 3–4 mice
per genotype.
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thefirst 24 hpi.Myeloid cells generate ROS in the phagosomeusing the
phagocyte NADPH oxidase, which includes p47phox encoded by Ncf1.
Ncf1–/– mice succumb to even 100 CFUs of C. violaceum within 24 hpi3.
Ncf1–/– mice had an increased number of C. violaceum-positive areas in
the liver at 12 hpi (Fig. 1k). These areas ranged from a few neutrophils
to sizable neutrophil swarms, albeit smaller than those seen in WT
mice (Fig. 1l). Again, C. violaceum staining clustered tightly within the
neutrophil swarm in Ncf1–/– mice (Fig. 1l). Thus, although NADPH oxi-
dase functions to limit the seeding of lesions by C. violaceum, neu-
trophils nevertheless fail to eradicate C. violaceum which continues to
grow within the neutrophil swarm of WT mice.

A granuloma forms around the infected neutrophil swarm
Because neutrophils fail to eradicate C. violaceum, a more effective
immune response is needed. By 3 dpi, the microabscesses have grown
(Fig. 2a). The neutrophils observed at 1 dpi now form the bulk of the
necrotic core at 3 dpi, identified by Ly6G staining (Fig. 2b, c). We
observed a zone of coagulative necrotic hepatocytes surrounding the
necrotic core (Fig. 2b). C. violaceum staining was observed in the
necrotic core, but not inside the sparse coagulative necrotic hepato-
cytes in the core (Fig. 2d; carrots). At 3 dpi, we observed a thin mac-
rophage zone identified by morphology and confirmed with
CD68 staining (Fig. 2b, c). Bacterial staining was essentially absent in
the macrophage zone, except rare areas where neutrophils were
infiltrating the periphery of the granuloma (Fig. 2b, c). Further, no C.
violaceum staining was observed in the healthy hepatocytes outside
the microabscess (Fig. 2b, c). At this timepoint, the architecture and
presence ofmacrophages indicates the transition from amicroabscess
to the formation of an early granuloma, which can be subcategorized
into a necrotic suppurative granuloma (pyogranuloma)8.

At 5 dpi, the granuloma response has matured with a distinct and
thick macrophage zone confirmed with pronounced CD68 staining
(Fig. 2b, c), while neutrophil staining at the periphery became sparser
(Fig. 2b, c). Concomitantly, we identified fibroblasts by morphology
and colocalized collagendeposition, bothwithin themacrophage zone
(Fig. 2b, c). C. violaceum staining was still predominantly within the
necrotic core (overlapping with Ly6G); notably, all the bacterial
staining was contained within the granuloma (Fig. 2b, c). At 7 dpi the
granuloma macrophage zone had become even thicker while the
necrotic core appears smaller than at 3 and 5 dpi (Fig. 2a–c). At this
timepoint, the coagulative necrosis zone persists and collagen staining
ismore prominent (Fig. 2b). In the granulomasof other animalmodels,
epithelioid macrophages are present and express E-cadherin to form
tight junctions, functioning to help wall off the pathogen29. However,
we did not observe E-cadherin staining colocalizing withmacrophages
in the C. violaceum-induced granuloma (Fig. S1f). In our model, gran-
uloma macrophages also lacked foamy and multinucleated morphol-
ogy. This C. violaceum-induced granuloma model demonstrates the
ability of inflammatory macrophages to organize a granuloma that
successfully prevents bacterial dissemination.

At 14 dpi, most granulomas were visibly smaller, although rare
granulomas remain large inoccasionalmice (Fig. 3a; arrow). In a typical
14 dpi granuloma the macrophage zone remained prominent, while
the necrotic core became even smaller; in some granulomas the
necrotic core was completely absent (Fig. 3b and S1g; arrows). The
coagulative necrotic zone remained prominent, although the cellular
borders of the coagulative necrotic hepatocytes were no longer dis-
tinct. The macrophage zone remained prominent and began to infil-
trate the coagulative necrotic zone (Fig. 3b). At earlier timepoints, C.
violaceum staining and CD68 staining do not overlap, with C. viola-
ceum staining predominantly in the center of the granuloma (Fig. 2b,
c). However, surprisingly at 14 dpi these stains now overlap in the
macrophage zone (Fig. 3b and S1h). This staining pattern suggests that
dead bacterial antigens have been phagocytosed by macrophages in
the process of removing the necrotic core. This is consistent withmost

mice clearing the infection at late timepoints (Fig. 3e, f, S2a, and S2b).
In resolved livers, which were common at 21 dpi, we observed small
clusters of various immune cells and small, flat areas of collagen;
additionally, there were dead bacterial antigens still present (Fig. 3c,
d). Such areas are consistent with a granuloma that has contracted and
has almost completely resolved.

Individual granulomas resolve at different rates
Bacterial burdens peak at 3 dpi and decrease over time thereafter
(Fig. 3e and S2a). This decrease correlates with the appearance of the
macrophage zone, suggesting that the switch of a microabscess to a
granuloma halts bacterial replication. Starting at 7 dpi, some mice
cleared the infection, and the proportion of mice that cleared steadily
increased over time, although the kinetics of clearance vary slightly
between experiments (Fig. 3e, 3f, S2a and S2b). The majority of mice
cleared the infection between 14 and 35 dpi (Fig. 3f and S2a).

Infrequently at later time points, sporadic mice still had bacterial
burdens (Fig. 3e and S2a). We hypothesize that these burdens arise
from single, rare granulomas that have not yet resolved in the same
organ where the vast majority of granulomas have sterilized the bac-
teria (Fig. 3a; arrow). In these rare granulomas, C. violaceum staining is
still restricted to the necrotic core (Fig. S2c), which is more similar to a
typical granuloma at 5 dpi. Therefore, it is most likely that all granu-
lomas containing live bacteria restrict those bacteria in the core,
whereas sterilized granulomas permit the trafficking of dead bacterial
antigens to the macrophage zone. The total amount of liver inflam-
mation (inflammatory regions, including granulomas at various phases
of formation,maturation, and resolution) decreases over timewith the
visual disappearance of the necrotic core (Fig. 3g and S2d). This sug-
gests that individual granulomas eliminate bacteria independently of
each other within the same mouse. Indeed, when we dissected single
granulomas from the same mouse at 7 dpi, some granulomas were
sterile while others contained burdens, and a greater proportion
became sterile at 10 dpi (Fig. S2e). These observations suggest that the
granuloma response successfully clears C. violaceum infection.

We also made other histological observations described in Sup-
plementary Notes and Fig. S3.

Adaptive immunity is not required
Most, but not all, granuloma responses involve the adaptive immune
system in which T cells maintain or support the organization of the
macrophage zone7,8,14,21,22. However, in the C. violaceum-induced gran-
uloma, T cells within the macrophage zone were sporadic and unor-
ganized (Fig. 3d and S2f). Stochastic clearance of burdens began at 10
dpi in bothWT andRag1–/–mice (Fig. 3e, f, h, i). The proportion ofmice
that cleared the infection increased through 37 dpi when bothWT and
Rag1–/– had the same percentage of mice sterilizing the infection
(Fig. 3j). The trendof clearancebetweenWTandRag1–/–mice is similar,
which is consistent with previous results using a lower dose infection3.
Furthermore, both groups equally survived the infection (Fig. 3k). The
abundance and the architecture of granulomas per liver section was
similar between WT and Rag1–/–at 3 dpi (Fig. 3l) and of three Rag1–/–

mice analyzed by H&E staining at 26 dpi, two had no granulomas and
one had a single small resolving granuloma (Fig. S2g). Although
adaptive immunity is not required for this granuloma response, this
does not preclude adaptive responses fromorganizing amore efficient
immune defense during secondary infections. Taken together, C. vio-
laceum induces the formation of innate granulomas that organize,
eradicate the bacteria, and resolve without the need for adaptive
immunity.

Perforin and caspase-7 are not required for the granuloma
response
Natural killer (NK) cell attack reduces C. violaceumburdens in the liver3

through perforin and caspase-75. We have shown cleaved caspase-7
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staining in what we now know are granulomas of WT mice5, however,
NK cells were scarce and unorganized within the macrophage zone
(Fig. S3f; arrows). Prf1–/– mice survive and clear C. violaceum infection
by 19 dpi (Fig. S3g and S3h), and both Prf1–/– and Casp7–/– mice have

similar granuloma architecture compared to WT mice (Fig. S3i). Thus,
although someNK cells are present, neither perforin nor caspase-7 are
required for the overall granuloma-mediated clearance of C.
violaceum.

Fig. 2 | A granuloma forms around the infected neutrophil swarm. a–d Mice
were infectedwith 104 CFUWTC. violaceum. aH&E stainingofWT livers 1, 3, 5, and 7
dpi. Representative of 10 experiments (3 and 5 dpi) and 5 experiments (1 and 7 dpi),
each with 3–4mice, each withmultiple granulomas per section. b Serial sections of
WT liver stained by H&E or indicated IHCmarkers 3, 5, and 7 dpi. Representative of
10 experiments (3 and 5 dpi) and 5 experiments (7 dpi), each with 4mice, each with

multiple granulomas per section. c Serial sections ofWT liver stainedwith indicated
IFmarkers 1, 3, 5, and 7dpi. Representativeof 2 experiments, eachwith 4mice, each
with multiple granulomas per section. d Visualization of C. violaceum 3 dpi; carrot,
coagulative necrotic hepatocytes. Representative of 10 experiments, eachwith 3–4
mice, each with multiple granulomas per section.
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Gasdermin D is essential during the granuloma response
C. violaceum uses a T3SS to reprogramhost cells and the activity of this
T3SS can be detected by the NAIP/NLRC4 inflammasome, activating
caspase-1 which cleaves pro-IL-1β, pro-IL-18, and gasdermin D to their
active forms. Once cleaved, gasdermin D oligomerizes and forms a
pore that inserts into the inner leaflet of the plasma membrane,
resulting in the influx of fluids causing the cell to swell and undergo

pyroptotic lysis. Pyroptosis is an inflammatory form of regulated cell
death that can combat intracellular infection30.

Casp1/11–/– and Gsdmd–/– mice infected with C. violaceum suc-
cumbed to infection between 3 and 9 dpi and had increased burdens
in both the liver and spleen (Fig. 4a–c)3,5. We observed obvious
abnormalitieswithin the granuloma architecture of both knockouts at
3 dpi (Fig. 4d, e), with complete loss of the distinct layers seen in WT
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mice (Fig. 4f, g). Most lesions in these knockout mice have increased
abundance of necrosis containing Ly6G and C. violaceum staining
(Fig. 4f, g). These lesions have a ‘budding’ morphology with stron-
g Ly6G staining but little CD68 staining (Fig. 4f, g; H&E, brackets).
When viewed in isolation, each single bud is reminiscent of a 1 dpi
microabscess. Within each budding area and throughout each
lesion in Casp1/11–/– and Gsdmd–/– mice, we observed C. violaceum
staining that extended to the outer edge (Fig. 4f, g) and even outside
the defective granulomas (Fig. S3j and S3k; arrows). This loss of bac-
terial containment could arise by escape from the defective granu-
loma or by seeding via portal circulation from the infected spleen.
These data clearly demonstrate that caspase-1/11 and gasderminD are
required for the granuloma to form and contain C. violaceum
infection.

Spatial mapping of the granuloma transcriptome
To investigate gene expressionwithin different zones of the granuloma,
we used spatial transcriptomics (10x Genomics Visium) to capture
mRNA from granulomas in WT mice during C. violaceum infection
(Fig. 5a and S4a, Supplementary Data 1 and 2). Liver sections at 12 hpi,
and 1, 3, 5, 10, 14, and 21 dpi contained granulomas that appear repre-
sentative of each timepoint. We identified sixteen distinct expression
clusters within the granuloma and the surrounding liver (Fig. 5a and
S4a). Clusters had distinct distribution profiles within the layers of the
granuloma architecture (Fig. 5a and S4b). To assign cell types within
each capture area, we used published single-cell sequencing data from
the Mouse Cell Atlas 1.0 (https://doi.org/10.1016/j.cell.2018.02.001;
Fig. 5b, 5c, S4b).

Immune cell-enriched Ptprc (CD45)-positive areaswere located on
the left half of the UMAP plot, while non-immune clusters were on the
right and generally expressed the hepatocyte marker Alb (Fig. S4c and
S4d). We annotated clusters by both sequencing- and histological-
based parameters: necrotic core (NC)—identified based on basophilic
properties and low RNA abundance; coagulative necrotic zone (CN)—
identified based on spatial overlap with regions of diffuse tissue
damage surrounding the necrotic core; CN-macrophage zone (CN-M)
—identified based on presence at the nexus between the CN and M
zones; macrophage zone (M)—identified based on the mildly baso-
philic nature of the underlying tissue and presence outside the CN
zone (Figs. 5a, 5c and S4a). Sub-zonal annotation was used to denote
unique clusters found in the same zone. We created gene expression
modules using markers from published single-cell RNA sequencing
datasets from mouse liver31,32 and cross-referenced these markers in
ImmGen for cell type-specific expression, and selected marker genes
expressed in our spatial transcriptomics dataset. We created modules
for neutrophils, monocytes, macrophages, T cells, fibroblasts, hepa-
tocytes, and endothelial cells (Fig. S4e). The neutrophilmodule peaked
at 3 dpi, after which their expression decreased but remained present
over time (Fig. 5d). Monocyte prevalence peaked at 3 dpi and declined
thereafter (Fig. 5d), suggesting that the monocytes differentiated into
macrophages, which also peaked at 3 dpi but remained steady
throughout the granuloma response (Fig. 5d). Consistent with their
lack of involvement in the granuloma response, T-cell gene expression

was minimal (Fig. 5d). Fibroblast gene expression peaked at 5 dpi and
remained steady until later timepoints (Fig. 5d).

By assigning modules to different zones within the granuloma, we
observed that neutrophil gene expression was present primarily within
the necrotic core and the coagluative necrotic layers (Fig. 5e), which
histologically are composed of necrotic debris, indicating that mRNAs
from dead neutrophils persist. Macrophage and monocyte gene
expressions were present primarily throughout the coagulative necrotic
zone,macrophage zone, and just outside themacrophage zone (Fig. 5e)
but were minimal in the necrotic core. Fibroblast gene expression was
seen throughout the macrophage zone spreading into the coagulative
necrotic zone (Fig. 5e), consistent with Sirius Red staining (Fig. 2b).
Hepatocyte and endothelial cell gene expression was diminished within
the granuloma and was predominant in the outer surrounding tissue
(Fig. 5e). Using key genes from each cell module, we confirmed their
location within the granuloma by visualizing spatial expression in each
capture area (Fig. 5f). Collectively, these spatial transcriptomics data
confirm the histologically visualized distribution of cell types and the
specific staining for cell types with marker-specific antibodies.

Nitric oxide is required to clear C. violaceum in the granuloma
Nos2 and Acod1 have both been previously implicated in other gran-
uloma models33–37 and we observed expression of both in our spatial
transcriptomics data. Nos2 encodes inducible nitric oxide synthase
(iNOS), an enzyme that produces nitric oxide (NO) that can kill bac-
teria. Acod1 encodes IRG1, an enzyme that produces itaconate, which
can also kill bacteria and has immunometabolic activities38,39. Indeed,
we observed that NO can kill C. violaceum in vitro, and although ita-
conate alone was not toxic, it enhanced NO toxicity (Fig. S5a). This
suggested that iNOS and IRG1 might cooperate to sterilize the granu-
loma. However, Acod1–/– mice survived C. violaceum infection with
normal bacterial burdens (Fig. S5B and S5c). Therefore, although IRG1
is expressed in the granuloma, it is not essential for clearance of C.
violaceum.

In contrast, all Nos2–/– mice succumbed to C. violaceum infection
(Fig. 6a), confirmedwith littermate controls (Fig. S6a). The importance
of iNOS was not yet manifested at 3 dpi, when C. violaceum continued
to replicate normally in the liver and continued to be cleared from the
spleenofNos2–/–mice (Fig. 6b), suggesting that iNOSdid not act during
the neutrophil swarm phase of the infection. Bacterial burdens
increased in the liver ofNos2–/– mice at 5 dpi and continued to increase
at 7 dpi compared to WT mice, and Nos2–/– mice succumbed shortly
thereafter (Fig. 6a–c). The spleen also showed high C. violaceum bur-
dens for the majority of the Nos2–/– mice at these later time points
(Fig. 6b, c), which may reflect dissemination from the liver rather than
an open niche in the spleen.

Nos2–/– mice had greater affected areas of the liver, and their
granulomas were markedly abnormal (Fig. 6d). Granulomas in Nos2–/–

mice did have a necrotic core surrounded by a coagulative necrotic
zone. However, in contrast to WT mice, beyond the coagulative
necrotic hepatocytes we observed multiple zones of Ly6G-positive
necrosis with additional fragmented coagulative necrotic zones
interspersed. C. violaceum staining appears lighter compared to WT

Fig. 3 | Adaptive immunity is not required to resolve the granuloma. a–l Mice
were infected with 104 CFU WT C. violaceum. Dashed line, limit of detection; solid
line, median. a H&E staining of WT liver 14 dpi. Representative of 3 experiments,
each with 3–4 mice, each with multiple granulomas per section. Arrow, rare gran-
uloma.b Serial sections ofWT liver stainedbyH&E or indicated IHCmarkers 14 dpi.
Representative of 3 experiments, each with 3–4 mice, each with multiple granulo-
mas per section. cH&E staining ofWT liver 21 dpi. Representative of 3 experiments,
each with 3–4mice, each withmultiple granulomas per section. d Serial sections of
WT liver stained by H&E or indicated IHC markers 21 dpi. Representative of 3
experiments, each 3–4 mice, each with multiple granulomas per section. e, h, and
iBacterial burdens in the liver and spleen at indicated timepoints. Representative of

2 experiments; each point is a singlemouse. ns, not significant, by Two-wayANOVA
(h) or Mann–Whitney test (i). f Bacterial burdens from e displayed as % bacterial
clearance. g Percent active inflammation quantified per whole liver section stained
with H&E. Data combined from 2 experiments; each point is a single mouse.
**p =0.0051, by Kruskal–Wallis test. j Bacterial burdens from (i liver) displayed as %
bacterial clearance. k Survival analysis of WT and Rag1–/– mice. N = 4 (WT) or 7
(Rag1–/–); Representative of two experiments. ns, not significant, by Kaplan–Meier
survival analysis. l H&E staining of WT and Rag1–/– livers at 3 dpi. Representative of
two experiments, each with 3, 4mice per genotype, eachwithmultiple granulomas
per section.
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Fig. 4 | GasderminD is essential during the granuloma response. a–gMice were
infected with 104 CFU WT C. violaceum. Dashed line, limit of detection; solid line,
median. a Survival analysis ofWT,Casp1–/–Casp11–/– (Casp1/11–/–), andGsdmd–/–mice.
N = 8 (WT), 7 (Casp1/11–/–), or 6 (Gsdmd–/–)mice. Representative of two experiments,
each with 6–8 mice per genotype. ****p <0.0001 (WT vs Casp1/11–/–), ****p =0.0001
(WT vs Gsdmd–/–), or n.s. p =0.7837 (Casp1/11–/– vs Gsdmd–/–), by Kaplan–Meier
survival analysis with Bonferroni correction for multiple comparisons (α =0.0167).

b, c Bacterial burdens in the liver and spleen at 3 dpi. Data combined from two
experiments; each point is a single mouse. **p =0.0070, ***p =0.0002,
****p <0.0001, by Mann–Whitney test. d–g Serial sections of WT, Casp1–/–Casp11–/–

(Casp1/11–/–), and Gsdmd–/– livers stained by H&E or indicated IHC markers 3 dpi.
Representative of two experiments, each with 3–4 mice per genotype, each with
multiple granulomas per section.
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granulomas, however, closer examination revealed that the bacteria
were more dispersed throughout the granuloma and present in more
discrete clusters akin to a 1 dpi lesion in WT mice (Figs. 6d and 1j).
This suggests that C. violaceum breached the granuloma and initiated
new neutrophil swarms. Indeed, we observed C. violaceum staining
throughout the zones in Nos2–/– mice, even reaching the edge of the
granuloma.

Abnormalities in the macrophage zone in Nos2–/– mice varied
between granulomas. Some Nos2–/– granulomas had single breaches in
the macrophage zone (shown below in Fig. 7g), whereas other granu-
lomas lost the macrophage zone altogether (Fig. 6d). This loss of
architecture could be due to the large influx of neutrophils that have
overrun the granuloma response, potentially disrupting nascent

macrophage zones. Neutrophil and macrophage numbers in the liver
were equal by flow cytometry at 3 dpi in WT and Nos2–/– mice, but at 7
dpi we observed significantly more neutrophils and fewer macro-
phages in Nos2–/– mice (Fig. 6e and S5d). This is consistent with histo-
logical staining for neutrophil and macrophage markers (Fig. 6d).

We used spatial transcriptomics to visualize the general location
ofNos2 expression within the granuloma architecture ofWTmice over
time (Fig. 6f). As early as 12 hpi we observed modest Nos2 expression,
which became strongest at 3 dpi and continued throughout the
infection (Fig. 6f). This expression pattern correlated with elevated
bacterial burdens in Nos2–/– mice but was offset by two days (Fig. 6b).
At 3 dpi, macrophages are maximizing Nos2 mRNA, but bacterial
burdens in Nos2–/– mice are not elevated until 5 dpi (Fig. 6b). To

Fig. 5 | Spatialmappingof the granuloma transcriptome. a–fMicewere infected
with 104 CFUWT C. violaceum and one liver was harvested per indicated timepoint
for spatial transcriptomic analysis. a H&E and spatial transcriptomic orientation of
indicated clusters from same granuloma at 5 dpi. Spatial transcriptomics was only
completed on one experiment. b UMAP plot for cluster expression orientation for
all clusters from all timepoints of infection. c UMAP plot of cluster expression in
designated locations within granuloma architecture. Necrotic core (NC), necrotic
core center (NC-C), necrotic core periphery (NC-P), coagulative necrotic zone (CN),
CN-macrophage zone (CN-M), macrophage zone (M), outside granuloma (OG),

hepatocyte (HEP), and endothelial cell (EC). d Module scores of various immune
cells and fibroblast expression markers from granulomas throughout infection
time course. e Indicated cell type expression dot plot in each cluster within the
granuloma architecture; combined from all timepoints of infection. f Spatial tran-
scriptomic expression of indicated genes representing immune and non-immune
cells within 5 dpi granuloma. S100a9 (neutrophils), Cd68 (macrophages), Ccr2
(monocytes), Trac (T cells), Col1a1 (fibroblasts), and Alb (hepatocytes and endo-
thelial cells).
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reconcile this discrepancy, we stained for iNOS protein. Despite the
detectionofNos2mRNAas early as 12 and24 hpi, iNOSprotein staining
was not detectable at 1 dpi, and staining at 3 dpi was quite faint
(Fig. S6b). iNOS staining became prominent only at 5 dpi (Fig. S6c).
Thus, Nos2 mRNA expression precedes detectable iNOS protein con-
tent as well as bacterial clearance. Altogether, these data demonstrate
that granuloma macrophages express iNOS, that NO can kill C. viola-
ceum, and in the absence of iNOS the granuloma cannot maintain its
organized architecture.

Gasdermin D and iNOS are independently required to maintain
the granuloma architecture
Both Gsdmd–/– and Nos2–/– mice have disrupted granuloma archi-
tecture and fail to clear C. violaceum. We examined whether iNOS is
downstreamof gasderminD in this granuloma response. This was not

the case, since Nos2 expression and NO production in Gsdmd–/– mice
were elevated compared to WT mice (Fig. 7a, b). iNOS has been
implicated in the regulation of IL-1β in other infectious models34,
however, during C. violaceum infection, Il1b–/– mice form normal
granulomas and survive the infection (Fig. S6d and S6e). Further-
more, Nos2–/– macrophages remain competent to undergo pyr-
optosis after C. violaceum infection (Fig. S6f and S6g)3. Furthermore,
burdens per granuloma were elevated in Casp1/11–/– and Gsdmd–/–

mice at 3 dpi, but not inNos2–/–mice (Fig. 7c).WhereasCasp1/11–/– and
Gsdmd–/– mice support splenic C. violaceum replication at 3 dpi,
Nos2–/– have little to no spleen burdens at this timepoint (Figs. 4b, 4c,
and 6b). To quantitate the defect in the overall granuloma response,
we measured the total area of active inflammation in the liver as a
percentage of the total tissue area. This included functional granu-
lomas in WT mice, defective granulomas in the various knockout

Fig. 6 | Nitric oxide is required to clear C. violaceum in the granuloma. a–fMice
were infected with 104 CFU WT C. violaceum. Dashed line, limit of detection; solid
line, median. a Survival analysis of WT and Nos2–/– mice. Representative of 2
experiments, each with 11 mice per genotype. ****p <0.0001, by Kaplan–Meier
survival analysis. b Bacterial burdens in the liver and spleen at 3 and 5 dpi. Repre-
sentative of 2 experiments; each point is a single mouse, 3–4 mice per day per
genotype. ns, not significant, ***p =0.0007, ****p <0.0001, by two-way ANOVA.
c Bacterial burdens in the liver and spleen at 7 dpi. Combined 2 experiments, each
point is a single mouse. N = 10 (WT) or 9 (Nos2–/–) mice. **p =0.0076 by

Mann–Whitney and ***p =0.0005 by unpaired two-tailed t test. d Serial sections of
WTandNos2–/– livers stainedbyH&Eor indicated IHCmarkers 5 dpi. Representative
of two experiments, each with 3–4 mice per genotype, each with multiple granu-
lomas per section. e Flow cytometry of total neutrophil and total macrophage
numbers from WT and Nos2–/– livers 3 and 7 dpi. Data combined from two experi-
ments. ns, not significant, *p =0.0114, and ****p <0.0001, by two-way ANOVA.
f Spatial transcription of Nos2 expression within WT granulomas at indicated
timepoints. One liver was harvested per the indicated timepoint for spatial tran-
scriptomic analysis.
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mice, as well as newly seeded microabscesses seen in the Casp1/11–/–

and Gsdmd–/– mice. Both Casp1/11–/– and Gsdmd–/– mice have
increased inflammation as well as increased numbers of inflamma-
tory regions within the liver at 3 dpi (Fig. S6h, S6i, S6j, and S6k),
which correlates with increased bacterial burdens (Fig. 4b, c).
Gsdmd–/– mice have increased inflammation as well as a higher
number of small inflammatory regions compared toWT at 5 dpi, akin
to 1 dpi microabscesses (Fig. 7d, e). These data suggest that
pyroptosis-deficient mice have a double failure during C. violaceum
infection. First, the ‘budding’ morphology indicates a failure of the
granuloma to contain C. violaceum from the local tissue. Second, the

smallmicroabscessesmaybe due to bacterial dissemination from the
spleen, first seen at 3 dpi (Fig. S3j and S3k).

In contrast, Nos2–/– mice did not have increased inflammation,
inflammatory regions, or burdens compared toWTmice at the same 3
dpi timepoint (Figs. S6h, S6i, S6j, S6k and 6b). Itwas not until 5 dpi that
the survivingNos2–/– mice have increased burdens, as well as increased
inflammation (to a similar degree as thoseGsdmd–/– mice that survived
until this timepoint) (Figs. 6b and 7d). There was selection bias for the
knockout mice that survived until the 5dpi timepoint, but we hypo-
thesize that the mice that did not survive to this timepoint had worse
pathology (Fig. 7d). When we quantitated the inflammatory regions at
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5 dpi, we saw that Nos2–/– mice had a similar number of inflammatory
regions as WT (Fig. S6l), but these regions are larger with the median
region size greater thanWT (Fig. 7e; brackets). This results in a greater
total area of inflammation (Fig. 7d). Taken together, thesedata suggest
that mice deficient in iNOS have a granuloma defect that allows local
spread in the liver.

Defective granulomas are heterogeneous. To quantitate the
severity of failed granuloma architecture, a board-certified pathologist
blindly scored each granuloma for the presence of granuloma zones,
containment of Ly6G-positive cells, and the integrity of the macro-
phage zone (Fig. 7f). A score of zero indicates fully intact granuloma
architecture (as in Fig. 1c). An intermediate score includes granulomas
with discreet breaches in the macrophage zone. Such breaches are
typically connected to a budding morphology that consists of a neu-
trophil swarmwith C. violaceum staining that appears similar to a 1 dpi
lesion (Fig. 7g compared to Fig. 1j). A score of four represents a com-
plete loss of architecture (e.g., Gsdmd–/– in Fig. 4g and Nos2–/– in
Fig. 6e). Both Gsdmd–/– and Nos2–/– mice had a markedly increased
number of failed granulomas compared to WT mice (Fig. 7f). These
data indicate gasdermin D and iNOS are both independently required
to maintain the granuloma architecture.

We further examined Nos2 expression in the granuloma using the
spatial transcriptomic dataset. Nos2 expression was associated with
clusters that contain CD45-expressing immune cells (Fig. S6m and 5c);
the highest levels of Nos2 expression were in clusters 6, 8, 9, and 11
(Fig. S6m). These clusters with high Nos2 expression were located at
the periphery of the necrotic core and within the coagulative necrotic
zone, and surprisingly less associated with the macrophage zone
(Fig. 5e). We had previously only noted a single macrophage zone at
the periphery of the granuloma. However, instructed by these Nos2
spatial expression patterns, we reevaluated the granuloma histology
focusing on the border between the necrotic core and the coagulative
necrotic hepatocytes. Indeed, in addition to the “peripheral macro-
phage zone”we observed a second, albeit thinner, “inner macrophage
zone” between the coagulative necrotic hepatocytes and the necrotic
core (Fig. 7h and 2c). Therefore, in addition to validating gene candi-
dates, spatial genomics highlighted new granuloma zones that were
less apparent by H&E staining.

We next stained for iNOS protein to determine the relative
expression in these two macrophage zones. Consistent with the spatial
transcriptomics data, iNOS overlapped with CD68 staining in the inner
macrophage zone (Fig. 7h and S6c). Gsdmd–/– mice have lost their
granuloma architecture but retain CD68 staining, albeit dis-
continuously, at the periphery of the granuloma. Concomitantly, iNOS
stainingwasmaintained at the periphery of the granuloma andwas also
weakly visible within hepatocytes identified by nuclear staining pattern
and lack of CD68 and Ly6G staining (Fig. 7h and S6c). Hepatocytes are
known to produce NO via iNOS under stressful conditions40,41, which
could occur due to the failed granuloma response in Gsdmd–/– mice.

However, the NO produced by hepatocytes is not enough to rescue the
failed granuloma response in these knockout mice. We again observed
thatGsdmd–/– andNos2–/–micehadC. violaceum staining throughout the
entire granuloma, not limited to the core (Fig. S6n). Therefore, both
gasdermin D and iNOS are required to keep C. violaceum contained in
the granuloma core. The C. violaceum-induced granuloma requires at
least two separate defense pathways, gasdermin D and iNOS, to main-
tain the integrity of the granuloma architecture, which is essential to
eradicate C. violaceum infection.

Discussion
C. violaceum first infects hepatocytes and rapidly leads to a neutrophil
swarm within 1 day. Remarkably, C. violaceum continues to replicate
through day 3 despite the copious numbers of neutrophils. This is a
catastrophic failure of the innate immune response. C. violaceum has
numerous virulence traits, including T3SS effectors (most of whose
functions remain unknown2) which could cause this neutrophil failure.
In other infectious models, such as Yersinia species, the same neu-
trophil failure could arise fromvirulence traits thatmitigate neutrophil
function42. Indeed, pyogranulomas form in response to Yersinia pseu-
dotuberculosis infection in the small intestine, which is driven by
monocytes12,43–46. We speculate that during C. violaceum and Y. pseu-
dotuberculosis infections it is the failure of neutrophils that triggers the
granuloma response. Neutrophils have also been implicated in the
granuloma response to M. tuberculosis, with recent studies showing
that M. tuberculosis preferentially occupies and replicates in live or
necrotic neutrophils47–49. However, this occurs once the granuloma is
already formed, and other studies show neutrophils are not the first
immune cell to be infected50,51. Thus, whether neutrophils play a key
role in granuloma initiation remains unclear in the M. tuberculosis-
induced granuloma. In contrast, by providing well-defined stages and
investigating early events that precede granuloma formation, we
propose the C. violaceum-induced granuloma may be revealing a fun-
damental reason that would explain granuloma formation.

In studies ofMycobacterium tuberculosis, infections in pyroptosis-
deficient mice sometimes have exacerbated phenotypes and a failed
granuloma response52, whereas other studies show no role53,54. This
contrasts with the clear and robust protective role of pyroptotic
proteins in the C. violaceum-induced granuloma. Although C. viola-
ceum can inhibit the apoptotic caspases6,55, it does not inhibit the
pyroptotic caspases. We demonstrated that caspase-1/11 and gas-
dermin D-mediated defenses are essential to maintain granuloma
architecture. Without these pyroptotic proteins, mice still express
Nos2 and generate NO, but this antibacterial mechanism fails to clear
the infection. During C. violaceum infection, WT mice have less total
liver inflammation from the granuloma response compared toCasp1/
11–/– and Gsdmd–/– mice, and these pyroptotic proteins prevent the
spread of the bacteria to the edge of the granuloma. We speculate
that pyroptosis prevents C. violaceum from establishing a replicative

Fig. 7 | Gasdermin D and iNOS are independently required to maintain the
granuloma architecture. a–h Mice were infected with 104 CFU WT C. violaceum.
a qPCR of Nos2 gene expression in WT and Gsdmd–/– granulomas 4 dpi. Repre-
sentative of two experiments; each point is 5–6 pooled granulomas harvested from
single mouse. ****p <0.0001, by Mann–Whitney test. b Total nitrate and nitrite
concentrations in serum fromWT,Gsdmd–/–, andNos2–/– mice 4 dpi. Representative
of two experiments performed in triplicate. *p =0.0471 (WT vs Gsdmd–/–) or
p =0.0167 (WT vs Nos2–/–), by Kruskal–Wallis test. c Bacterial burdens of single
granulomas 3 dpi. Data combined from two experiments; each point is a single
granuloma. Solid line, median. n.s. nonsignificant, ****p <0.0001, by One-way
ANOVA test. d, e Percent active inflammation quantified per whole liver section
stainedwith H&E 5 dpi. Representative of two experiments, eachwith fourmice per
genotype. d Total percent active liver inflammation; each point is a single mouse.
*p =0.0482 (WT vs Gsdmd–/–) or p =0.0285 (WT vs Nos2–/–), by Kruskal–Wallis test.
Text below the graph denotes mice that died prior to harvest; these mice were not

included in the histology analysis. e Percent active liver inflammation per each
individual inflammatory region from d. Data combined from all mice within gen-
otype fromd. Frequencydistribution histogramby the size of inflammatory region,
binned in 0.5% increments. Brackets indicate total percentage of inflammatory
regions that are above 3% area in size. fGranulomas scored for failure of granuloma
architecture 5 dpi. Zero indicates fully intact granuloma architecture; intermediate
score includes granulomas with discreet breaches in the macrophage zone; four
represents a complete loss of architecture. Data combined from 2 experiments,
each with 3, 4 mice per genotype, each with multiple granulomas per section.
****p <0.0001, by Kruskal–Wallis test. g Serial sections of Nos2–/– liver stained by
H&E or indicated IHCmarkers showing a failed granuloma 7 dpi. Representative of
2 experiments, each 3, 4mice, eachwithmultiple granulomasper section.hWTand
Gsdmd–/– liver sections stained with indicated IF markers 5 dpi. Representative of 2
experiments, each with 4 mice per genotype, each with multiple granulomas
per section.
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niche within the organized granuloma macrophage zones. Thus, we
do not see a role for the pyroptotic proteins in driving a pathological
exacerbation of the inflammatory response, and instead we demon-
strate a clearly beneficial role of pyroptosis during the successful
granuloma response.

Many other granulomamodels have had contrasting conclusions as
to whether caspase-1/11 and gasdermin D contributed to granuloma
biology. During Schistosomiasis, where granuloma formation is patho-
logical, multiple pyroptotic pathway knockout mice have smaller
granulomas56–58, suggesting that pyroptotic proteins are detrimental.
This conclusion is the opposite to our conclusion with C. violaceum and
maybedue to the fact that schistosomesare largeextracellularparasites,
thuspyroptosis is notneeded toprevent intracellular infection. Similarly,
in a noninfectious granuloma response, Nlrp3–/– mice treated with tre-
halose 6.6’-dimycolate, a mycobacterial glycolipid, had fewer granulo-
mas compared to WT mice59. Thus, in models where granulomas drive
pathological tissue damage, inflammasomes can exacerbate pathology.

We show that iNOS is absolutely essential for the granuloma
response to C. violaceum. WT mice use iNOS to eradicate C. violaceum
and therefore survive; in contrast,Nos2–/–mice succumb to the infection
due to granuloma failure.Nos2–/–mice also have increased susceptibility
to M. tuberculosis infection47, however, unlike C. violaceum infection,
iNOS fails to clearM. tuberculosis in WT mice60–63. We speculate thatM.
tuberculosis has strong NO resistance mechanisms, thwarts the ster-
ilizing effects of NO, and thereby is able to survive in granulomas long
term60. During M. tuberculosis infection, NO also plays an immunomo-
dulatory role by suppressing IL-1 production to limit pathology and
prevent neutrophil recruitment34,35. If we are correct thatM. tuberculosis
is highly resistant toNO, itmay be that the primary role of NOduringM.
tuberculosis infection is to modulate the inflammatory response. In our
model, we also observe increased neutrophil recruitment and a loss of
granuloma architecture in Nos2–/– mice, however, if C. violaceum is
sensitive to NO, this cannot be separated from immunomodulation.We
speculate that during the C. violaceum-induced granuloma response,
the primary role of NO is to kill bacteria, and impeding neutrophil influx
is a secondary function that may or may not be essential. There is
another key difference of iNOS function between these two granuloma-
inducing pathogens—during M. tuberculosis infection, Nos2 expression
is driven by the adaptive immune response34, whereas during C. viola-
ceum infection the adaptive immune response is dispensable. Thus, the
C. violaceum-induced granuloma demonstrates that innate immunity
can use iNOS to sterilize a granuloma without T-cell help.

The current understanding of granuloma biology remains per-
plexing, despite being studied for over a century in various granuloma
models7,14. Granuloma biology is intriguing due to the sophisticated
organization of immune cells unified into a multicellular collective to
combat a pathogen that poses a dire threat to the host. Understanding
how a granuloma operates requires animal model systems where the
complexities of the immune response can be studied in their entirety,
from the veryfirst hours of infection to the final stages of resolution. C.
violaceum provides such a model, where a granuloma rapidly forms
and efficiently eradicates this environmental pathogen (Fig. 8). That
the granuloma successfully clears C. violaceum is remarkable because
many pathogens survive within granulomas chronically. It may be that
such host-adapted pathogens have virulence factors that thwart the
efficacy of the granuloma, whereas environmental pathogens such as
C. violaceum lack this capacity. Therefore, the C. violaceum-induced
granulomamodel could be a new way to understand the complexities
of granuloma biology and clearly demonstrates that granulomas are
potent immune defenses that can successfully eradicate infection.

Methods
Ethics statement
Animal protocols were approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of North Carolina at Chapel

Hill or by the IACUC at Duke University and met guidelines of the US
National Institutes of Health for the humane care of animals.

Bacterial strains and culture conditions
Chromobacterium violaceum ATCC 12472 was used in all experiments
except mixed inocula where the nalidixic acid spontaneous resistant
mutantCVNwasused asWTandwasmixedwithCVNΔvioA strain at 1:1
for infection. All strains were grown on brain heart infusion (BHI) agar
plates overnight at 37 °C. Bacteria were subcultured in 2mL BHI broth
with aeration at 37 °C overnight and directly diluted to 1 × 104 CFU/mL
in PBS for infection inoculum.

Mouse infection and survival
For all experiments, 8- to 12-week-old mice were infected via intra-
peritoneal route at indicated CFUs of bacteria in PBS. Mice were
monitored for survival or whole livers, spleens, and individual granu-
lomas were harvested at indicated timepoints, homogenized, and
plated on BHI agar as described above.

Mouse strains
Allmouse strainswere bred and housed atDukeUniversity in a specific
pathogen-free facility. For infection, mice were transferred to a BSL2
infection facility within Duke University, and mice were allowed to
acclimate for at least two days before infection. Wild-type C57BL/6
(referred to asWT; Jackson Laboratory),Ncf1mt/mt (referred to asNcf1–/–;
Jackson #004742), Casp1–/–Casp11129mt/129mt (referred to as Casp1/11–/–)64,
Gsdmd–/–65, Rag1–/–(Jackson #0022216), Prf1–/– (Jackson #002407),
Casp7–/– (Jackson #006237), Nos2–/– (Jackson #002609) and Acod1–/–

(Jackson #029340) mice were used as indicated. All strains were
maintained on 12/12 light/dark cycles, at 72+/− 2 °F, and under the
humidity set point of 45%.

Histology
For paraffin-embedded tissues, whole livers were harvested from
euthanized mice and placed in 50mL conical tubes containing 10%
buffered formalin (VWR Cat. No. 16004-128). Tubes were inverted and
swirled every other day for a minimum of three days to allow for full
penetration of formalin into the tissue. Once fixed the livers were
placed in tissue cassettes and transferred to the Histology Research
Core at the University of North Carolina at Chapel Hill for embedding,
cutting, slide mounting, and staining. The Histology Research Core
performed all H&E and Sirius Red staining and serial sectioning of
paraffin-embedded tissues. For frozen fixed tissues, mice were whole-
body perfused through the heart with 2% paraformaldehyde (diluted
down in PBS from 16%; VWR Cat. No. 15710-S), then livers were har-
vested and placed in 2% paraformaldehyde for 24hours at 4 °C, fol-
lowed by 30% sucrose (Sigma-Aldrich Cat. No. S1888) in PBS for
48 hours at 4 °C. After incubating in 30% sucrose, livers were placed in
OCT media (Sakura Cat. No. 4583) at room temperature for 4 hours,
then inserted into frozen tissue cassettes filled with OCT media and
frozen at −80 °C. Frozen tissues were sectioned using a cryostat
(CryoStar NX70). Pathologic analysis was performed with oversight
from a board-certified veterinary pathologist (S.A.M.).

Tissue processing for bacterial plating
Whole livers were harvested at indicated timepoints and placed into
7mL homogenizer tubes (Omni International Cat. No. 19-651) con-
taining 3mL sterile PBS and one, 5mm stainless steel bead (QIAGEN
Cat. No. 69989). Spleens and single granulomas were harvested at
indicated timepoints and placed into an 1mL homogenizer tubes
(Fisher Brand Cat. No. 14-666-315) containing 1mL sterile PBS and one,
5mm stainless steel bead. All tissues were homogenized on a Fish-
erbrand Bead Mill 24 Homogenizer for livers, and a Retsch MM400
Homogenizer for spleens and single granulomas. After homogeniza-
tion, tissue lysates were serially diluted 1:5 in sterile PBS and plated on

Article https://doi.org/10.1038/s41467-023-42218-1

Nature Communications |         (2023) 14:6686 13



BHI agar. Plates were incubated overnight at 37 °C and colony-forming
units counted.

Immunohistochemistry and Immunofluorescent staining
For immunohistochemistry of paraffin-embedded tissue, slides with
5 µm thick tissue sections were washed in xylene (Epredia Cat. No.
9990501) for 15minutes, 100% ethanol (Sigma-Aldrich Cat. No. E7023)
three times for 3minutes each, 95% ethanol two times for 3minutes
each, 80% ethanol for 3minutes, then washed in ddiH2O for 8minutes
to rehydrate the tissues. For antigen retrieval, slides were incubated in

sodium citrate buffer (2.94 g Tri-Sodium Citrate, dH20 1 L, mix to dis-
solve, pH to 6.0 with 1 N HCl, add 0.05mL Tween-20) and placed in a
pressure cooker (Instant Pot Ultra) on the high pressure setting for
12minutes. Slides were cooled for a minimum of 20minutes in a slide
rack at room temperature and then washed in TBS-T 1× (100mL 10×
TBS, 900mL ddiH20, 1mL Tween-20) for 1minute. A pap pen was used
tomake a hydrophobic border around the tissues and then tissueswere
blocked with normal goat serum blocking solution, 2.5% (Vector
Laboratories S-1012-50) at room temperature for 30minutes. Tissues
were washed with TBS-T 1×, then tissues were blocked with an Avidin/

Fig. 8 | Evolutionand resolutionof theC. violaceum-inducedgranuloma.During
the first hours of C. violaceum infection in the liver of WT mice, a single bacterium
infects a hepatocyte. Infected hepatocytes are visible 12 hpi, in which bacteria
rapidly replicate with a 1.5 hour doubling time. Shortly thereafter at 24 hpi, a
neutrophil swarm appears and forms a microabscess. The ROS produced by neu-
trophils helps to slow the replication rate to a 14.5 hour doubling time but fails to
clear the infection. At 3 dpi, macrophages arrive and begin to organize at the
periphery of the microabscess, and bacterial replication halts. By 5 dpi this mac-
rophage zone is pronounced, defining the pathology as a granuloma.Macrophages
continue to form a barrier around the necrotic core that is composed mostly of C.
violaceum and debris from dead neutrophils. Pyroptosis is critical to maintain the

integrity of the granuloma, likely by killing anymacrophage that becomes infected
by C. violaceum, thus closing the macrophage replicative niche. Using nitric oxide,
macrophages kill C. violaceum at the border of the necrotic core of the granuloma
as early as 7 dpi. Once the bacteria are killed, macrophages can then infiltrate the
inner layersof the granuloma to efferocytose the necrotic debris anddeadbacteria.
At later timeswhen all theC. violaceum are dead, bacterial antigens cannowbe seen
within the outer macrophage zone. Finally, the granuloma pathology is fully
resolved and the liver returns to homeostasis. All this is accomplishedby the innate
immune system without the need for adaptive immune help during the primary
infection.
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Biotin Blocking Kit (Vector Laboratories SP-2001) following manu-
facturer protocol, and then washed in TBS-T 1× again. Primary anti-
bodies for IHC: C. violaceum, 1:2000 (rabbit antisera custom generated
by Cocalico Biologicals); Ly6G, 1:300 (Biolegend Cat. No. 127601);
CD68, 1:200 (Abcam Cat. No. ab125212); CD3, 1:500 (Abcam Cat. No.
ab5690); GFP, 1:200 (Invitrogen Cat. No. A11122); antibodies were
diluted in SignalStain antibody diluent (Cell Signaling 8112 L) and
incubated overnight at 4 °C in a humidity chamber. Then slides were
washed with TBS-T 1× for 1minute three times, then blocked for
10minutes with 3% hydrogen peroxide (SigmaCat. No. H1009) to block
endogenous peroxidase activity. Slides were washed three times for
1minute, then incubated with a secondary antibody polymer (Cell
Signaling-Signal Stain boost, HRP anti-rabbit, 8114; ImmPRESS® HRP
Goat-Anti-Rat IgG Polymer Detection Kit, Peroxidase, Cat. No.MP-7404-
50). Slides were washed three times for 5minutes, then stained with a
DAB Substrate Kit, Peroxidase (HRP), (3,3’-diaminobenzidine; Vector
Labs SK-4100) for 30–45 seconds. Slideswere then counter-stainedwith
Harris Modified Hematoxylin (Epredia Cat. No. 72704) or Meyers
Modified Hematoxylin (Abcam Cat. No. ab220365) for 10-30 seconds.
Hematoxylin was blued using running tap water for 1minute. Slides
were dehydrated in 50% ethanol for 2minutes, 70% ethanol for 2min-
utes, 100% ethanol 2 times for 2minutes each, then xylene 2 times for
5minutes each. Slides were then covered with Permount mounting
medium (Fisher Chemical SP15-100) and covered with a coverslip.

For Immunofluorescence of frozen tissue, slides with 5 µm thick
tissue sections were brought to room temperature for 15–20minutes
and a pap pen was used to draw a hydrophobic barrier around
the tissue. Tissues were blocked with 2% Fc block (BD Pharmingen Cat.
No. 553142) with 5% normal goat serum in 1× PBS at room temperature
for 1 hour. Slides were washed for 1minute in 1× PBS and then incu-
bated with primary antibody overnight at 4 °C in a humidity chamber.
Primary antibodies for IF: Ly6G Alexa Fluor 647, 1:100 (Biolegend Cat.
No. 127610), CD68 Alexa Fluor 488, 1:100 (Abcam Cat. No. ab201844),
iNOS Alexa Fluor 568, 1:100 (Abcam Cat. No. ab209595), e-cadherin,
1:200 (Abcam Cat. No. ab15148). Slides were then washed in 1× PBS
three times for 5minutes each and incubated with a secondary anti-
body (Invitrogen Goat-anti-rabbit 594, 1:1000, Cat. No. A32740) at
room temperature for 1 hour. Slides werewashed in 1× PBS three times
for 5minutes each, mounted using Fluoroshield™ with DAPI (Sigma-
Aldrich F6057), and covered with a coverslip.

Histology image capture
All histology images were captured using a Keyence all-in-one Fluor-
escent Microscope BZ-X800/BZX810. For histology image stitching
and IF analysis, the BZ-X800 analyzer was used.

Neutrophil depletion
24 hours prior to infection, mice were IP injected with 0.2mg of either
anti-mouse Ly6G/Ly6C antibody (BioXCell Cat. No. BE0075) or the
isotype control anti-keyhole limpet hemocyanin antibody (BioXCell
Cat. No. BE0090). At the zero timepoint,miceweregiven a repeatdose
of the appropriate antibody and were infected with 1 × 104 CFU C.
violaceum, as previously described. Livers were taken for histology at
24 hours post infection, as previously described.

10x genomics visium
Infected mouse liver tissues were harvested at various time points,
embedded inOCT (SakuraCat.No. 4583), and frozen. Frozen liverswere
cut to optimal section thickness and placed on a Tissue Optimization
Slide to determine permeabilization conditions. Tissues were then
placedwithin a 6.5mm2

field on an expression slide that contained 5000
barcoded probes. The tissues were then fixed and stained with Hoechst
and Eosin then permeabilized to release mRNAwhich binds to spatially
barcoded capture probes, allowing for the capture of gene expression
information. Captured mRNA from the slide surface was denatured,

cleaved, and transferred into a PCR tube. From there, the cDNA was
amplified, and standard NGS libraries were prepared. Adapters were
ligated to each fragment followed by a sample index PCR. The libraries
were sequenced to an average of 50,000 reads/probe on a paired-end,
dual-indexed flow cell in the format of 28x10x10×90. Data was then
uploaded to analysis packages for visualization.

Visium spatial data was analyzed using 10xGenomincs Space
Ranger software and visualization through Loupe Browser66,67. Sec-
ondary statistical analysis wasperformedusing a Seurat package in R68.
Linear dimensional reduction was performed to calculate principal
components using the most variably expressed genes in the spatial
data. Spots were grouped into an optimal number of clusters for de
novo cell type discovery using Seurat’s FindNeighbors() and
FindClusters() functions, and graph-based clustering approaches with
visualization of spots were achieved through the use of manifold
learning technique UMAP (Uniform Manifold Approximation and
Projection)69. SpatialDimPlot() function in Seurat overlays the clus-
tering results on the image to give combined plots of the expression
data and the histology images. Additional downstream analyses
include examining the distribution of a priori genes of interest, closer
examination of genes associated with spot clusters, and the refined
clustering of spots in order to identify further resolution of cell types.
Spatial sequencing data is provided in Supplementary Data 1 and
relevant code is provided in Supplementary Data 2.

Module-based analysis of spatial sequencing data
To understand the cellular composition of each cluster, we leveraged
two published single-cell RNA-seq datasets31,32 from mouse liver and
utilized the markers for immune cells and non-hematopoietic cells to
calculate the module scores of different major cell types (Table S4E).
The module score was generated as previously described70 using the
AddModuleScore function from the Seurat R package version 471.
Results were visualized using the ggplot2 R package and used to track
the approximate relative abundance of unique cell types or specific
genes at each infection time point. Abbrev. Key for reference: NC =
Necrotic Core, CN=Coagulative Necrosis, M =Macrophage, EC =
Endothelial Cell, OG =Outside Granuloma, Hep =Hepatocyte. Codes
used are provided as Supplementary Data 2.

Flow cytometry
Whole livers were harvested at the indicated timepoints post infection.
Briefly,micewere euthanized according to IACUCguidelines, followed
bywhole-bodyperfusionwith PBS (Gibco™, Cat. No. 14190-144).Whole
livers were harvested and minced on ice using scissors, followed by
incubation in digestion buffer (100U/mL Collagenase Type IV
(Gibco™, Cat. No. 17104019) prepared in DMEM (Gibco™, Cat. No.
11885-084), supplemented with 1mM CaCl2 and 1mMMgCl2,) at 37 °C
for 40minutes with intermittent vortexing. Digested tissues were
mechanically homogenized through a Falcon® 40 µm cell strainer
(Corning, Cat. No. 352340) to remove themajority of hepatocytes, and
washed twice with RPMI (Gibco™, Cat. No. 11875-093) supplemented
with 1% FBS (CPS Serum, Cat. No. FBS-500-HI) and 1× penicillin/strep-
tomycin (Gibco™, Cat. No. 15140-122), followed by centrifugation in an
Eppendorf® centrifuge (model 5810 R) at 1200 rpm (290 g) for 8min-
utes at room temperature. Leukocytes were further isolated using a
Percoll® gradient: samples were resuspended in 45% Percoll® (GE
Healthcare, Cat. No. 17-0891-01), prepared inDMEM+ 1.5MNaCl), with
an 80% Percoll® (prepared in PBS + 1.5M NaCl) underlay, and spun for
20minutes at 2000 rpm (805 g), room temperature, with no brake.
Following collection of the leukocyte layer at the gradient interface,
samples were washed twice, as before, and red blood cells were lysed
with 1× RBC Lysis Buffer (eBioscience, Cat. No. 00-4333-57, according
to productmanual). Cells were washed and counted using trypanblue.
1 × 106 cells from each liver were stained for various cell markers: Live-
or-Dye™ fixable viability dye in APC-Cy™7 (Biotium, Cat. No. 32008,

Article https://doi.org/10.1038/s41467-023-42218-1

Nature Communications |         (2023) 14:6686 15



according to the product manual), Mouse BD Fc Block™ (BD Bios-
ciences, Cat. No. 553142, according to productmanual) rat anti-mouse
Ly6G in BV421™ at 1:300 for 30minutes (BD Horizon™, Cat. No.
562737), and finally, rat anti-mouse CD68 in FITC at 1:300 for
30minutes (BioLegend, Cat. No. 137005) using Intracellular Fixation &
Permeabilization Buffer (eBioscience, Cat. No. 88-8824-00, according
to the product manual). Cells were acquired on a BD LSRFortessa X-20
Cell Analyzer (Duke Flow Cytometry Core Facility), and analyzed using
FlowJo (for Windows, version 10.7.1).

Quantification of relative Nos2 expression
Granulomas were excised from infected livers and placed into 1mL
homogenizer tubes (Fisher Brand Cat. No. 14-666-315) containing 1mL
sterile PBS and one, 5mm stainless steel bead (QIAGENCat. No. 69989).
Nucleic acids were isolated from excised granulomas by homogenizing
in TRIzol (Invitrogen, Cat. No. 15596026) for 10minutes. After homo-
genization, RNA was isolated by adding chloroform to a final ratio of 1:5
chloroform:TRIzol, centrifuging, mixing the aqueous layer with 70%
EtOH, and then applying to Qiagen RNeasy columns (according to the
product manual) to isolate RNAs longer than 200bp. RNA quality was
evaluated by 1% bleach gel72. cDNA was generated from 1 ug of RNA
using Oligo dT(12-18) primers (Invitrogen, 18418012) and SuperScript II
reverse transcriptase (Invitrogen, 18064022). Resultant cDNA at 1:100
dilution was subject to qPCR performed using iQ SYBR Green Supermix
(BioRad, Cat. No. 1708880) on a QuantStudio 3 Real-Time PCR System
(AppliedBiosystems, A28567). Primers forNos2 (NM_010927.4) andB2m
(NM_009735.3) were designed using NCBI PrimerBlast73. Nos2 primers
were designed to span exons 12 and 13 of Nos2, where the calmodulin-
binding domain was replaced with a neomycin cassette to generate the
Nos2 knockout mice74. Nos2 was amplified using primers NOS2_F (TAC-
CAGATCGAGCCCTGGAAGA) and NOS2_R (AGCAAAGAACACCACTTT
CACCA), and B2m was amplified using primers B2M_F (TGTATGC-
TATCCAGAAAACCCCT) and B2M_R (AGCAAAGAACACCACTTTCA
CCA).Nos2–/–micedidnot amplify anyproductwithprimersNOS2_F and
NOS2_Rby agarose gel andmelt curve analysis. Quantificationof relative
expressionofNOS2 toB2Mwasdeterminedusing theΔΔCtmethod75. At
least three biological replicates were sampled for each treatment, and
three technical replicates were run for each condition.

Total nitrate and nitrite assay of C. violaceum granulomas
Blood from indicated mouse strains was harvested via heart puncture
and centrifuged at 10,000 × g for 6minutes in serum separation tubes
(BD Microtainer Blood Collection Tubes Cat. No. 365967). Serum was
filtered through aMicrocon-10kDaCentrifugal FilterUnitwithUltracel-
10 membrane (Millipore Cat. No. MRCPRT010) per product manual.
Filtered serum was diluted 1:8 in assay buffer and measured for total
nitrate and nitrite usingNitrate/Nitrite Colorimetric Assay Kit (Cayman
ChemicalCat.No. 780001).Absorbancewasmeasured at 540 nmusing
a BioTek Synergy H1 Microplate Reader, and total nitrate and nitrite
calculated from absorbance according to product manual.

Percent inflammation measurements
2× stitched images of whole liver were taken using a Keyence
Microscope (BZ-X800). A control measurement was taken at this
time using the internal Keyence measurement analysis tool to
determine um^2 of control square. Images were then loaded into
Microsoft Windows 10 Paint (version21H2) to trace both the whole
liver and regions of inflammation. Traced images were loaded into
Image J (win-64 version 1.53) and area measured using the tracing
tool. Image J areas were converted into true um^2 area using the
control measurement values. Percent inflammation was determined
by dividing the total area of inflammation by the total liver area. For
the frequency distribution histogram, the area of each individual
lesion was measured and calculated against the total area of the liver
section to determine the percent area inflammation per lesion.

Lesion percent areas were then compiled and arranged in histogram
format to show the distribution of lesion size per mouse genotype.
Each histogram bin has a width of 0.5% area inflammation.

Statistical analysis
All statistical analysis was performed with GraphPad Prism 9. Discrete
data was first assessed for normal distribution using a Shapiro–Wilk
normality test. Data with normal distribution was analyzed with either
unpaired two-tailed t test (two groups) or a one-wayANOVA (3 ormore
groups). Discrete data that did not have a normal distribution, or
ordinal data for histological scoring, was analyzed with a two-sided
Mann–Whitney (twogroups)orKruskal–Wallis (threeormoregroups).
Experiments with 2 factors were analyzed with a two-way ANOVA.
Survival analyses were performed using a Kaplan–Meier survival curve
with Bonferroni correction for multiple comparisons where appro-
priate. Briefly, the Bonferroni correction was performed by calculating
the pairwise P values of each desired comparison according to the
Kaplan–Meier analysis on Prism, and then calculating a corrected α
value by dividing0.05 by the number of comparisons beingmade. This
corrected α value was compared to each pairwise P value, and if P <α,
the difference between the groups was determined to be statistically
significant. Significance is denoted in the following order by Prism: n.s.
p >0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Prism 9 is
unable to provide more precise calculations beyond p <0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All relevant data are included in the Article or its Supplementary
Information and Source Data files. Mouse Cell Atlas 1.0 dataset is
publicly available at https://doi.org/10.1016/j.cell.2018.02.001. Source
data are provided with this paper.

Code availability
Code used for spatial sequencing analysis is included in Supplemen-
tary Data 2.
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