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ABSTRACT Persistent infections generally involve a complex balance between pro-
tective immunity and immunopathology. We used a murine model to investigate
the role of inflammatory monocytes in immunity and host defense against persistent
salmonellosis. Mice exhibit increased susceptibility to persistent infection when
inflammatory monocytes cannot be recruited into tissues or when they are depleted
at specific stages of persistent infection. Inflammatory monocytes contribute to the
pathology of persistent salmonellosis and cluster with other cells in pathogen-con-
taining granulomas. Depletion of inflammatory monocytes during the chronic phase
of persistent salmonellosis causes regression of already established granulomas with
resultant pathogen growth and spread in tissues. Thus, inflammatory monocytes pro-
mote granuloma-mediated control of persistent salmonellosis and may be key to
uncovering new therapies for granulomatous diseases.
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Bacterial pathogens that cause persistent or chronic infections pose a significant
public health problem. Examples of bacterial pathogens that can cause persistent

or chronic infections in humans include Mycobacterium tuberculosis, Helicobacter pylori,
Borrelia burgdorferi, Brucella abortus, and Salmonella enterica (1–5). Persistent infections
generally involve a complex balance between protective immunity and immunopa-
thology. New insights into mechanisms that control this balance are needed to better
combat persistent infections.

Host-adapted Salmonella enterica serovar Typhi (STy), the causative agent of
typhoid fever in humans, is responsible for 21.6 million illnesses annually (6–8). A sig-
nificant percentage (1 to 6%) of typhoid patients become chronic carriers of STy (2, 9,
10). Individuals who are chronically infected with STy are often asymptomatic.
However, they transmit disease via fecal shedding of the bacteria. Thus, chronically
infected individuals are a critical reservoir of STy (1, 9).

Histologically, persistent infections with STy have been associated with granulomas
in peripheral tissues and bone marrow, as well as localization of the bacteria in the
gallbladder (9, 11–16). These granulomas are composed primarily of macrophages (his-
tiocytes) mixed with lymphocytes and fewer plasma cells and neutrophils. They are
sites of chronic inflammation referred to as typhoid nodules, presumably triggered by
persistent STy. The presence of Salmonella enterica in tissues is a serious medical prob-
lem, especially in areas of the world where comorbidities such as malaria, human im-
munodeficiency virus infection, and malnutrition impair the immune system, leading
to higher incidences of relapse and acute and recurrent infection (9, 17–26).

Editor Andreas J. Bäumler, University of
California, Davis

Copyright © 2022 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Adrianus W. M. van
der Velden, a.vandervelden@stonybrook.edu.

The authors declare no conflict of interest.

Received 12 February 2022
Accepted 14 February 2022
Published 21 March 2022

April 2022 Volume 90 Issue 4 10.1128/iai.00070-22 1

BACTERIAL INFECTIONS

https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/iai.00070-22
https://crossmark.crossref.org/dialog/?doi=10.1128/iai.00070-22&domain=pdf&date_stamp=2022-3-21


As part of our studies aimed at elucidating mechanisms by which bacterial patho-
gens avoid immune clearance, we began to investigate the role of inflammatory mono-
cytes (IM; Ly6Chi Ly6G2 CD11b1 cells) in immunity and host defense (27–30). IM are
innate immune cells that originate from progenitors in bone marrow (BM). During
infection, IM are recruited from BM into tissues. Once there, IM can exert direct antimi-
crobial effects, transport bacteria to draining lymph nodes, differentiate into macro-
phages and dendritic cells, contribute to T cell priming, and orchestrate functions of
other cell types (31–34). IM and other subsets of monocytes are an important compo-
nent of the host response to Salmonella enterica (27, 29, 35–40). However, little is
known about their role in the pathogenesis of persistent salmonellosis.

Here, we show that, in a murine model of persistent salmonellosis, IM cluster with other
cells in pathogen-containing granulomas and, furthermore, that depletion of IM during the
chronic phase of persistent infection causes regression of already established granulomas
with resultant pathogen growth and spread in tissues. These findings establish that IM
play a key role in granuloma-mediated control of persistent salmonellosis.

RESULTS
NRAMP1+ mice exhibit increased susceptibility to STm infection when IM

cannot be recruited from BM into tissues due to Ccr2 or Ccl2 deficiency. The lack of
a convenient, tractable mammalian model of STy infection has been a significant limi-
tation in gaining new insights into the chronic carrier state (41, 42). However, infection
of 129 � 1/SvJ mice with Salmonella enterica serovar Typhimurium (STm) recapitulates
a number of hallmarks that characterize the pathology of persistent STy infection in
humans and has served as a useful model to elucidate mechanisms of intestinal per-
sistence and chronic carriage in tissues (42–44). We previously utilized this model and
showed that IM accumulate in tissues of mice infected with STm (29).

To define the role of IM in immunity and host defense against persistent STm infec-
tion, we used strains of genetically modified mice available in the C57BL/6J strain back-
ground. In contrast to 129 � 1/SvJ mice, which are naturally resistant to STm infection,
C57BL/6J mice are highly susceptible to STm infection. Susceptibility to STm is associ-
ated with a single point mutation in the Slc11a1/Nramp1 gene, resulting in a glycine-
to-aspartic acid substitution at position 169 of the primary sequence of SLC11A1/
NRAMP1 (45). This divalent cation transporter restricts the replication of a number of
different intracellular pathogens within phagocytes by limiting essential metal avail-
ability (45). C57BL/6J mice carry two copies of the Slc11a1/Nramp1D169 allele and, there-
fore, are phenotypically SLC11A1/NRAMP12.

To limit the number of genetic crosses necessary to be able to use genetically modi-
fied mouse strains available in the C57BL/6J strain background, C57BL/6J mice were
crossed with C57BL/6J Slc11a1/Nramp1G169 mice (46). These transgenic mice in the
C57BL/6J strain background are homozygous for the dominant Slc11a1/Nramp1G169 al-
lele and have been used previously to study aspects of persistent STm infection (46–
50). The resulting F1 hybrid mice, which are phenotypically SLC11A1/NRAMP11 and
referred to here as NRAMP11 mice, were inoculated with phosphate-buffered saline
(PBS) or STm suspended in PBS. Consistent with our published findings (29), IM accu-
mulated over a period of at least 60 days in spleens (Fig. 1A and B; Fig. S1A) and livers
(Fig. S1B and C) of infected NRAMP11 mice. Thus, infection of NRAMP11 mice with
STm serves as a useful model to investigate the role of IM in the pathogenesis of per-
sistent salmonellosis.

CC chemokine receptor 2 (CCR2) plays a critical role in the emigration of Ly6Chi

monocytes from BM, with CCR2 expression being a hallmark of IM (51). To evaluate the
role of CCR2 in persistent STm infection, Ccr22/2 mice in the C57BL/6J strain back-
ground were crossed with NRAMP11 mice to ultimately generate Ccr22/2 NRAMP11

offspring. These mice were inoculated with PBS or STm. NRAMP11 mice inoculated with
PBS or STm were used as wild-type (WT) controls. On day 10 after inoculation, IM had
accumulated in spleens (Fig. 1C) and livers (Fig. S1D) of infected WT but not Ccr22/2

mice. Consistent with the notion that emigration of IM from BM is dependent on Ccr2
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FIG 1 NRAMP11 mice exhibit increased susceptibility to STm infection when IM cannot be
recruited from BM into tissues due to Ccr2 or Ccl2 deficiency. (A) Absolute numbers of IM in
spleens from NRAMP11 mice (n = 3 per group) inoculated with PBS or STm. Spleens were
harvested at different times (up to day 60) after inoculation. (B) Corresponding numbers of STm
CFU recovered per gram of spleen tissue. (C) Absolute numbers of IM in spleens from NRAMP11

(WT) and Ccr22/2 NRAMP11 (Ccr22/2) mice (4 per group) inoculated with PBS or STm. Spleens
were harvested on day 10 after inoculation. (D) Corresponding percentages of IM in BM. (E)
Absolute numbers of IM in spleens from NRAMP11 (WT) and Ccl22/2 NRAMP11 (Ccl22/2) mice (3
to 5 per group) inoculated with PBS or STm. Spleens were harvested on day 10 after inoculation.
(F) Corresponding percentages of IM in BM. (G) Numbers of STm CFU recovered per gram of
spleen tissue from NRAMP11 (WT), Ccr22/2 NRAMP11 (Ccr22/2), and Ccl22/2 NRAMP11 (Ccl22/2)
mice (4 per group) inoculated with STm. Spleens were harvested on day 1 or day 10 after
inoculation. (H) Survival of NRAMP11 (WT), Ccr22/2 NRAMP11 (Ccr22/2), and Ccl22/2 NRAMP11

(Ccl22/2) mice (8 to 16 per group) inoculated with STm. Data are means with standard errors of
the means (SEM) and individual data points (A to G) or survival in each group (H) and were
analyzed by use of one-way analysis of variance (ANOVA) with Fisher’s least significant difference
(LSD) (A and B) or Sidak’s (C to G) post hoc test or by use of a log rank test (H). ****, P , 0.0001;
***, P , 001; **, P , 0.01; *, P , 0.05; n.s., not significant. Each dot in the figures represents one
mouse. Data are from a single experiment that is representative of two independent experiments
(A to G) or are cumulative from two independent experiments (H). Also see Fig. S1.
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(51), it appeared as if IM had accumulated in BM of infected Ccr22/2 mice to a greater
degree than in WT mice (Fig. 1D). Similar results were obtained when we generated and
used Ccl22/2 NRAMP11 mice (Fig. 1E and F; Fig. S1E), which lack CC chemokine ligand 2
(CCL2), a known ligand for CCR2 (52, 53). Thus, Ccr2 and Ccl2 are required for STm-
induced recruitment of IM from BM into tissues.

To evaluate the roles of Ccr2 and Ccl2 in host susceptibility to persistent STm infec-
tion, Ccr22/2 and Ccl22/2 NRAMP11 mice were again inoculated with STm. NRAMP11

mice inoculated with STm were used as WT controls. On day 1 and day 10 after inocu-
lation, organ burden assays were performed to determine bacterial loads. On day 1 af-
ter inoculation, similar numbers of STm CFU were recovered from spleens (Fig. 1G) and
livers (Fig. S1F) of infected WT, Ccr22/2, and Ccl22/2 mice. On day 10 after inoculation,
however, increased numbers of STm CFU were recovered from spleens (Fig. 1G) and
livers (Fig. S1F) of infected Ccr22/2 and Ccl22/2 mice relative to WT mice, with data
from spleens of infected Ccl22/2 mice trending. In parallel experiments, survival of
STm-infected WT, Ccr22/2, and Ccl22/2 mice was monitored over time. Ccr22/2 and
Ccl22/2 mice succumbed to STm infection faster than WT mice, with Ccr22/2 mice suc-
cumbing fastest (Fig. 1H). Thus, Ccr22/2 and Ccl22/2 NRAMP11 mice exhibit increased
susceptibility to STm infection, with Ccr22/2 NRAMP11 mice being most susceptible.

Collectively, these results suggest that NRAMP11 mice exhibit increased susceptibil-
ity to STm infection when IM cannot be recruited from BM into tissues.

Transient depletion of IM renders NRAMP1+ mice more susceptible to STm
infection. To define the role of IM at specific stages of persistent STm infection,
NRAMP11 mice were crossed with CCR2-DTR mice (54), which are transgenic mice in
the C57BL/6J strain background that express simian diphtheria toxin receptor (DTR)
and cyan fluorescent protein (CFP) driven by the mouse Ccr2 promoter. The resulting
CCR2-DTR NRAMP11 offspring were inoculated with STm. NRAMP11 littermates inocu-
lated with STm were used as WT controls. On day 21 after inoculation, PBS, or diphthe-
ria toxin (DT) suspended in PBS, was administered to the mice, the effect of which was
evaluated 3 days later by use of flow cytometry and organ burden assay.
Administration of DT had caused IM to be depleted in spleens of infected CCR2-DTR
but not WT mice (Fig. 2A). Furthermore, increased numbers of STm CFU were recov-
ered from spleens of infected CCR2-DTR mice treated with DT relative to CCR2-DTR
mice treated with PBS and WT mice treated with DT or PBS (Fig. 2B). Similar results
were obtained in liver (Fig. S2A and B). Notably, decreased numbers of IM had accumu-
lated in spleens of infected CCR2-DTR mice treated with PBS relative to WT mice
treated with PBS (Fig. 2A). At present, the biological relevance of this effect is unclear.
Consistent with the notion that expression of Ccr2 is not entirely specific for IM, admin-
istration of DT also caused depletion of other, minor subsets of CCR21 cells, including
cells that likely differentiated from IM (Fig. S2C and D). DT-mediated depletion of
CCR21 cells was transient, as numbers of IM present in spleens of infected CCR2-DTR
NRAMP11 mice returned to near normal by day 5 after DT treatment (Fig. 2C). Despite
the reemergence of IM, however, the numbers of STm CFU recovered from spleens of
infected CCR2-DTR NRAMP11 mice were higher on day 5 after DT treatment than on
day 1 or day 3 after DT treatment (Fig. 2D).

To further define the effect of CCR21 cell depletion on host susceptibility to persis-
tent salmonellosis, CCR2-DTR NRAMP11 mice were again inoculated with STm. On day
5 or day 21 after inoculation, PBS or DT was administered to the mice, the effect of
which was evaluated by monitoring survival of the mice over time. No deaths were
observed among the PBS-treated control mice (Fig. 2E). In contrast, all the DT-treated
mice died, regardless of when DT was administered, with mice treated on day 5 after
inoculation dying faster than mice treated on day 21 after inoculation (Fig. 2E).
Importantly, no deaths were observed among PBS- or DT-treated mice left uninfected
(Fig. S2E). Remarkably, when DT was administered to the mice on day 170 after inocu-
lation, all the DT-treated mice died, with no deaths observed among the PBS-treated
control mice (Fig. S2F), suggesting that CCR21 cells are also involved in immunity and
host defense during later phases of the infection.
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Collectively, these results indicate that transient depletion of IM (i.e., CCR21 cells)
renders NRAMP11 mice more susceptible to STm infection.

IM contribute to the pathology of persistent STm infection and cluster with
other cells in STm-containing granulomas. To further define the role of IM in the
pathogenesis of persistent salmonellosis, we felt it was of fundamental importance to
examine methodically and in detail the pathology of persistent STm infection and to
visualize the spatial distribution of CCR21 cells in tissues. Therefore, NRAMP11 mice
were crossed with CCR2-GFP mice (54), which are transgenic mice in the C57BL/6J
strain background that express green fluorescent protein (GFP) driven by the mouse
Ccr2 promoter. The resulting CCR2-GFP NRAMP11 offspring were inoculated with PBS
or STm. On day 21 after inoculation, tissues were harvested and analyzed by blind,
qualitative histopathology and flow cytometry.

Hematoxylin and eosin staining revealed that livers of infected mice contained myr-
iad inflammatory foci, scattered multifocally throughout the hepatic parenchyma with
a random distribution (Fig. 3A). Sites of inflammation were variable in size, ranging
from approximately 100 to 1,000 mm, and contained mixed inflammatory infiltrates

FIG 2 Transient depletion of IM renders NRAMP11 mice more susceptible to STm infection. (A)
Absolute numbers of IM in spleens from NRAMP11 (WT) and CCR2-DTR NRAMP11 (CCR2-DTR) mice (6
per group) treated with PBS or DT on day 21 after inoculation with STm. Spleens were harvested at
on day 3 after treatment. (B) Corresponding numbers of STm CFU recovered per gram of spleen
tissue. (C) Absolute numbers of IM in spleens from CCR2-DTR NRAMP11 mice (4 to 8 per group)
treated with PBS or DT on day 21 after inoculation with STm. Spleens were harvested on day 1, day
3, or day 5 after treatment. (D) Corresponding numbers of STm CFU recovered per gram of spleen
tissue. (E) Survival of CCR2-DTR NRAMP11 mice (4 or 5 per group) treated with PBS or DT on day 5 or
day 21 after inoculation with STm. Data are means with SEM and individual data points (A to D) or
survival in each group (E) and were analyzed by use of one-way ANOVA with Sidak’s post hoc test (A
to D) or by use of a log rank test (E). ****, P , 0.0001; **, P , 0.01; *, P , 0.05; n.s., not significant.
Each dot in the figures represents one mouse. Data are from a single experiment that is
representative of two independent experiments (A to D) or are cumulative from two independent
experiments (E). Also see Fig. S2.
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FIG 3 IM contribute to the pathology of persistent STm infection and cluster with other cells in STm-
containing granulomas. (A) Representative image of hematoxylin- and eosin-stained liver sections
from CCR2-GFP NRAMP11 mice (4 per group) inoculated with PBS (left) or STm (right). Magnification,
�20. Bar, 50 mm. (B to E) Representative image of hematoxylin- and eosin-stained liver sections from
CCR2-GFP NRAMP11 mice (4 per group) inoculated with STm. Magnification, �40. Bar, 20 mm. (B)
Small acute inflammatory nodule composed predominantly of neutrophils. (C) Small subacute
inflammatory nodule composed of a mixture of neutrophils and mononuclear cells with emergence
of epithelioid macrophages. (D) Larger inflammatory nodule composed of a mixed population of
inflammatory cells with abundant macrophages and fewer neutrophils and lymphocytes. (E) Focus of
hypercellularity composed of hematopoietic precursor cells consistent with EMH. (F) Representative
image of multicolor immunohistochemical staining for GFP (blue) and STm CSA-1 (brown) on liver
sections from CCR2-GFP NRAMP11 mice (4 per group) inoculated with STm. (Left) Magnification, �20.

(Continued on next page)
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composed of macrophages, with fewer neutrophils, lymphocytes, and plasma cells.
Smaller foci were composed exclusively of neutrophils (Fig. 3B) and were interpreted
to be sites of recent, acute bacterial colonization subsequent to ongoing or recurring
bacteremia. Larger foci contained a mixed population of inflammatory cells (Fig. 3C)
and were interpreted to be sites of chronic infection. The larger, chronic lesions con-
tained abundant macrophages and exhibited typical features of mature granuloma de-
velopment with epithelioid macrophages and peripheral lymphocyte recruitment (Fig.
3D). In addition, livers of infected mice also contained frequent multifocal aggregates
of hematopoietic precursor cells that were interpreted to be sites of extramedullary
hematopoiesis (EMH) (Fig. 3E). Furthermore, mononuclear inflammatory cell infiltrates
were also observed surrounding blood vessels and within portal tracts (Fig. S3A). This
feature of nonsuppurative perivascular and periportal inflammation was interpreted as
a response to systemic inflammation (i.e., reactive hepatitis) and contributed only mini-
mally to the overall hepatic inflammation (Fig. S3A). Occasional liver sections contained
solitary or coalescing areas of coagulative necrosis, which were interpreted to be areas
of ischemia due to endotoxin-mediated vascular injury. Staining for F4/80 revealed
that Kupffer cell hyperplasia and hypertrophy was abundant and represented a signifi-
cant reactive inflammatory feature of this model (Fig. S3B). Staining for CD31 revealed
an expansion of hepatic sinusoids to accommodate the marked proliferation of Kupffer
cells, while no evidence for STm-induced endothelial proliferation or reduplication of
hepatic arterioles was observed (Fig. S3C). Staining for cytokeratin-7 revealed no evi-
dence of significant STm-induced biliary hyperplasia (Fig. S3D). Masson’s trichome
staining revealed that hepatic fibrosis is not a major feature of this infection model on
day 21 after inoculation (Fig. S3E).

As for the spatial distribution of CCR21 cells (e.g., IM) and STm in liver, staining for
both GFP (blue) and STm common structural antigen 1 (CSA-1) (brown) revealed that
most CCR21 cells had clustered with other cells in inflammatory foci at sites of tissue
infection that were interpreted as being STm-containing granulomas (Fig. 3F). Notably,
the granulomas contained scant STm organisms (i.e., they were paucibacillary), and
only few CCR21 cells were scattered throughout the hepatic sinusoids. No CCR21 cells
were observed in EMH lesions (Fig. S3F) or in livers from mice inoculated with PBS (Fig.
S3G). Consistent with the notion that expression of Ccr2 is not entirely specific for IM,
parallel flow-cytometric analysis revealed that most, but not all, CCR21 cells are IM or
cells that likely differentiated from IM (Fig. S3H to J).

As for the spatial distribution of cells other than CCR21 cells in liver, staining for
GFP (blue) and Ly6G (brown) or CD4 (brown) revealed that both Ly6G1 cells (e.g., neu-
trophils) and CD41 cells (e.g., Th1 cells) were among the cells that had congregated
with CCR21 cells in STm-containing granulomas (Fig. 3G and H).

Collectively, these results describe the liver pathology of persistent STm infection of
mice, which is like that observed in people with chronic typhoid (12, 14–16, 55–57),
and establish that CCR21 cells (e.g., IM) cluster with other cells (e.g., neutrophils, Th1
cells) in STm-containing granulomas.

Transient depletion of IM impairs granuloma-mediated control of persistent
STm infection. To further define the role of IM in immunity and host defense against
persistent salmonellosis, CCR2-DTR NRAMP11 mice were again inoculated with PBS or
STm. On day 21 after inoculation, DT was administered to the mice, the effect of which
was evaluated over time by use of multicolor immunohistochemistry. Administration
of PBS was used as a control. Staining for CFP (blue) and STm (brown) revealed that, by

FIG 3 Legend (Continued)
Bar, 50 mm. (Right) Magnification, �40. Bar, 20 mm. The arrow points to the brown color used to
visualize STm. (G) Representative image of multicolor immunohistochemical staining for GFP (blue)
and Ly6G (brown) on liver sections from CCR2-GFP NRAMP11 mice (4 per group) inoculated with
STm. Magnification, �20. Bar, 50 mm. (H) Representative image of multicolor immunohistochemical
staining for GFP (blue) and CD4 (brown) on liver sections from CCR2-GFP NRAMP11 mice (4 per
group) inoculated with STm. Magnification, �20. Bar, 50 mm. Data are from a single experiment that
is representative of two independent experiments. Also see Fig. S3.
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day 1 after DT treatment, CCR21 cells (e.g., IM) had been depleted from STm-contain-
ing granulomas in liver (Fig. 4A to C; Fig. S4A to C). Consistent with the notion that DT-
mediated depletion of IM is transient (Fig. 2C), increased staining for CFP was observed
by day 5 after DT treatment (Fig. 4A to C; Fig. S4A to C). The spatial distribution of the
blue color used to visualize CCR21 cells revealed that while most CCR21 cells colocal-
ized with infectious foci in what were taken to be altered STm-containing granulomas,
many CCR21 cells were scattered haphazardly throughout the tissues at this time point
(Fig. 4A and B). Remarkably, the intensity of the brown color used to visualize STm had
seemingly increased by day 3 after DT treatment and had increased significantly by
day 5 after DT treatment (Fig. 4A, B, and D; Fig. S4A, B, and D). Furthermore, the spatial
distribution of the brown color used to visualize STm suggested that the bacteria had
spread throughout the tissue (Fig. 4A and B, Fig. S4A and B). Staining for CFP (blue)
and Ly6G (brown) or CD4 (brown) revealed that DT treatment not only had caused
depletion of CCR21 cells but also had led to a marked loss of both Ly6G1 and CD41

cells associated with the granulomas (Fig. S4E and S4F). Given that Ly6G1 cells and
most CD41 cells (assuming CD4 T cells) do not express CCR2 (Fig. S3J), these results
suggest that DT treatment causes direct depletion of CCR21 cells and indirect deple-
tion of Ly6G1 and CD41 cells, with the effect of DT treatment on CCR21 cells being the
precipitating effect that then leads to the marked loss of Ly6G1 and CD41 cells.

Collectively, these results indicate that transient depletion of IM (i.e., CCR21 cells)
impairs granuloma-mediated control of persistent STm infection and suggest that
once granuloma-mediated control of persistent STm infection is lost, it cannot easily
be regained.

DISCUSSION

We report that NRAMP11 mice exhibit increased susceptibility to STm infection when
IM (i.e., CCR21 cells) cannot be recruited from BM into tissues or when they are depleted at
specific stages of persistent STm infection. Furthermore, we report that CCR21 cells (e.g.,
IM) cluster with other cells (e.g., neutrophils and Th1 cells) in STm-containing granulomas
and that their depletion during the chronic phase of persistent STm infection causes
regression of already established granulomas with resultant pathogen growth and spread
in tissues. These findings indicate that IM (i.e., CCR21 cells) promote granuloma-mediated
control of persistent STm infection.

Our comprehensive histopathological analysis of chronic hepatic lesions associated
with persistent STm infection of NRAMP11 mice indicates that this type of systemic sal-
monellosis is characterized by the formation of granulomas and the induction of EMH,
Kupffer cell hyperplasia, and various reactive inflammatory changes. These findings are
consistent with the notion that persistent infections usually involve a complex balance
between protective immunity and immunopathology.

Effective control and clearance of intracellular bacterial pathogens generally require a
type 1 immune response that involves the recruitment of pathogen-specific T cells, par-
ticularly Th1 cells. These cells coordinate and amplify the host response to the pathogen
through classical activation of macrophages, heightening their microbicidal functions. In
several clinically important infections, however, the bacteria are sufficiently resistant to
the microbicidal effects of classically activated (M1) macrophages such that they are
incompletely eliminated by them. Some can even set up long-term residence in the mac-
rophages and incapacitate them. This gives rise to a low level of infection (paucibacillary)
that requires an ongoing Th1 response to limit pathogen growth and spread. In this cir-
cumstance, the chronic coordination between Th1 cells and macrophages underlies the
formation of granulomas (58–62). Whether granulomatous responses to persistent infec-
tions are harmful to the host is unknown (59).

Granulomas are the pathological hallmark of persistent infections caused by intra-
cellular bacterial pathogens (59). Our findings indicate that the granulomatous
response to persistent STm infection is at its core protective and that the benefits of
the response far outweigh the costs associated with it. We postulate that IM promote
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FIG 4 Transient depletion of IM impairs granuloma-mediated control of persistent STm infection. (A and B) Representative images of multicolor
immunohistochemical staining for CFP (blue) and STm CSA-1 (brown) on liver sections from CCR2-DTR NRAMP11 mice (2 to 11 per group) treated with PBS
or DT on day 21 after inoculation with STm. Magnifications, �10 (A) and �40 (B). Livers were harvested on day 1, day 3, or day 5 after treatment. Arrows
point to the brown color used to visualize STm. (C and D) Corresponding quantitative analysis of total areas of strong positivity for the blue color used to
visualize IM (C) and the brown color used to visualize STm (D). Quantification is reported as percent of positive tissues for each stain. Data are means with
SEM and individual data points and were analyzed by use of one-way ANOVA with Sidak’s post hoc test (C and D). ****, P , 0.0001; **, P , 0.01; *,
P , 0.05. Data are from a single experiment that is representative of two independent experiments. Each dot in the figures represents one mouse (C and
D). Also see Fig. S4.
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the formation of granulomas and that, to some extent, constant replenishment of IM
may be needed to maintain granulomas and sequester STm within discrete sites in tis-
sues, impeding their growth and systemic spread. As the granulomatous response to
STm evolves, it is possible that the heterogeneity among the CCR21 cells changes and
that CCR21 cells other than IM (e.g., IM-derived cells, minor subsets of CD4 and CD8 T
cells) could also be involved in granuloma-mediated control during later phases of the
infection.

Granulomas that form during persistent STm infection contain both M1 and alterna-
tively activated (M2) macrophages but are T cell sparse (43, 63, 64). Within these granu-
lomas, most STm reside in M1 macrophages (63). However, persistence of STm in tis-
sues is associated with residence in M2 macrophages (65–67). Recent studies have
shown that STm employs the effector SteE to direct macrophage polarization toward
an M2 state and establish a metabolic environment conducive to long-term persist-
ence, a process that antagonizes tumor necrosis factor alpha (TNF-a)-mediated patho-
gen restriction (64, 68, 69). Interestingly, neutralization of TNF-a during the chronic
phase of persistent salmonellosis results in the regression of already established granu-
lomas and reactivation of STm growth and spread in tissues (64, 70, 71). Our finding
that depletion of IM during the chronic phase of persistent salmonellosis similarly
results in the regression of already established granulomas with resultant growth and
spread of STm in tissues suggests that these cells may promote granuloma-mediated
disease containment by producing TNF-a.

In summary, our work establishes that IM (i.e., CCR21 cells) promote granuloma-
mediated control of persistent STm infection, providing new insights into a host-
pathogen standoff that is a stalemate. Future studies on how STm exploits host-protec-
tive granulomas for long-term persistence, expansion, and eventual dissemination will
undoubtedly provide new insights into the role of IM in immunity and host defense
and may be key to uncovering new therapies for a multitude of granulomatous
diseases.

MATERIALS ANDMETHODS
Experimental model and subject details. (i) Mouse strains. This study used C57BL/6J mice (The

Jackson Laboratory, stock no. 000664; RRID, IMSR_JAX:000664), C57BL/6J Slc11a1/Nramp1G169 mice (46),
B6.129S4-Ccr2tm1Ifc/J (Ccr22/2) mice (The Jackson Laboratory, stock no. 004999; RRID, IMSR_JAX:004999),
B6.129S4-Ccl2tm1Rol/J (Ccl22/2) mice (The Jackson Laboratory, stock no. 004434; RRID, IMSR_JAX:004434),
CCR2-GFP mice (54), and CCR2-DTR mice (54). Small breeding colonies of these strains of mice were
maintained in the specific-pathogen-free animal facility at Stony Brook University. Mouse genotyping
was performed by use of established protocols. Studies used both male and female mice aged 8 to
20 weeks, sex and age matched by group. All mice were housed in the Division of Laboratory Animal
Resources at Stony Brook University. The animal facility at Stony Brook University is accredited by
AAALAC and licensed by the USDA and the Department of Health of the State of New York.

(ii) Ethics statement. Studies that used live mice were performed in accordance with relevant insti-
tutional and national guidelines and regulations. All experiments involving mice were approved by the
Stony Brook University Institutional Animal Care and Use Committee (protocol number 2012-2075-
11.12.21-R2-MI) and conformed to the relevant regulatory standards. Euthanasia of mice with carbon
dioxide was conducted in accordance with the American Veterinary Medical Association Guidelines for
Euthanasia of Animals (2013 Report of the AVMA Panel of Euthanasia). The Stony Brook University
Animal Care and Use program operates in accordance with the U.S. Department of Agriculture Animal
Welfare Act (1966), regulation (CFR, 2009), and policies; the Health Research Extension Act (1985); the
Public Health Service Policy on Humane Care and Use of Laboratory Animals (2002); the Guide for the
Care and Use of Laboratory Animals (National Research Council, 2011), the New York State Law (Chapter
II: Administrative Rules and Regulations, Chapter II, Part 55 State Sanitary Code 16), and other applicable
federal, state, and local laws, regulations, policies, and guidelines.

(iii) Microbe strain and growth conditions. This study used STm strain IR715 (72), a spontaneous
nalidixic acid-resistant derivative of STm strain 14028. With the use of standard microbiological techni-
ques, bacteria were grown aerobically overnight at 37°C in 3 mL of lysogeny broth or on lysogeny agar
supplemented with 50mg/mL of nalidixic acid (Alfa Aesar catalog no. J63550-14; CAS no. 3374-05-8).

Method details. (i) Mouse infections and treatments. Naive mice were injected intravenously with
0.1 mL of PBS or 5 � 103 CFU of STm suspended in PBS. Tenfold serial dilutions of the inoculum were
plated on lysogeny agar to confirm the inoculum titer. At various times after injection (up to day 60), tis-
sues were harvested and processed for downstream analysis, and organ burden assays were performed
to enumerate STm CFU. Where noted, mice were injected intraperitoneally with 0.1 mL of PBS or DT (List
Biological Laboratories catalog no. 150) (20 ng/g of body weight) suspended in PBS. Death was an
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endpoint for some of the studies. Euthanasia of mice was performed by inhalation of carbon dioxide fol-
lowed by cervical dislocation, a method that is consistent with the recommendations of the AVMA Panel
on Euthanasia.

(ii) Flow-cytometric analysis. Spleens were collected postmortem, immersed in RP-10 medium
(RPMI 1640 medium supplemented with 10% fetal bovine serum, 0.2 M L-Gln, 0.1 M HEPES, 50 mM 2-
mercaptoethanol), and passed through 70-mm nylon filters to obtain single-cell suspensions. Resulting
samples were suspended in ACK lysing buffer (0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA [pH 7.4]),
incubated for 3 min at room temperature to lyse red blood cells, washed twice in PBS, suspended in flu-
orescence-activated cell sorting (FACS) buffer (1% bovine serum albumin [BSA] in PBS), and passed
through 70-mm nylon filters prior to cell staining.

Livers were collected postmortem and cut into small pieces that were then transferred into
gentleMACS C tubes containing 10 mL of dissociation buffer (3 mM CaCl2, 5% BSA, and 3 U/mL collage-
nase type 2 [Worthington Biochemical Corporation catalog no. LS004176] in PBS). Resulting samples
were twice subjected to the gentleMACS Dissociator program Liver_02 and incubated for 45 min at
37°C, with agitation. Samples were then twice subjected to the gentleMACS Dissociator program
Heart_01 and filtered through 70-mm nylon filters to obtain single-cell suspensions. Cells were resus-
pended in 8 mL of a 44% Percoll solution (GE Healthcare catalog no. 17-5445-02) (100% Percoll solution
is 9 parts Percoll and 1 part 10� PBS) that was then overlaid onto 5 mL of a 67% Percoll solution and
centrifuged (1,600 rpm) for 20 min at room temperature, with the brake off. Cells at the interface
between the 44% and 67% Percoll solutions were collected, added to 10 mL of RP-10 medium, washed,
and resuspended in FACS buffer prior to staining.

Cells were stained in the presence of Fc block (purified anti-CD16/32 antibody; BioLegend catalog
no. 101302; RRID, AB_312801) with peridinin chlorophyll protein (PerCP)-conjugated anti-CD11b anti-
body (BioLegend catalog no. 101230; RRID, AB_2129374), allophycocyanin (APC)-conjugated anti-
Ly6C antibody (BioLegend catalog no. 128016; RRID, AB_1732076), phycoerythrin (PE)-conjugated
anti-Ly6G antibody (BioLegend catalog no. 127608; RRID, AB_1186099), BV510-conjugated anti-
CD11b antibody (BioLegend catalog no. 101263; RRID, AB_2629529), BV711-conjugated anti-CD4 anti-
body (BioLegend catalog no. 100549; RRID, AB_11219396), PerCP-conjugated anti-NK1.1 antibody
(BioLegend catalog no. 108726; RRID, AB_2132707), PE-Cy7-conjugated anti-CD11c antibody
(BioLegend catalog no. 117317; RRID, AB_493569), BV650-conjugated anti-F4/80 antibody (BioLegend
catalog no. 123149; RRID, AB_2564589), BV421-conjugated anti-NK1.1 antibody (BioLegend catalog
no. 108732; RRID, AB_2562218), BV785-conjugated anti-CD3 antibody (BioLegend catalog no. 100355;
RRID, AB_2565969), BV711-conjugated anti-B220 (CD45R) antibody (BD Biosciences catalog no.
563892; RRID, AB_2738470), BV785-conjugated anti-Ly6G antibody (BioLegend catalog no. 127645;
RRID, AB_2566317), PacBlue-conjugated anti-CD11c antibody (BioLegend catalog no. 117322; RRID,
AB_755988), PerCP-conjugated anti-CD3 antibody (BioLegend catalog no. 100326; RRID, AB_893317),
APC-Cy7-conjugated anti-CD8b antibody (BioLegend catalog no. 126619; RRID, AB_2563950), PE-Cy7-
conjugated anti-I-Ab antibody (BioLegend catalog no. 116420; RRID, AB_10575296), PE-conjugated
anti-CD301 antibody (BioLegend catalog no. 145704; RRID, AB_2561961), Alexa Fluor 700 dye (Life
Technologies catalog no. A-20010), or Zombie Violet dye (BioLegend catalog no. 423114), or combina-
tions thereof. Cells were then fixed with fixation buffer (BioLegend catalog no. 420801) and subjected
to flow-cytometric analysis.

Data were acquired on a BD FACScan flow cytometer with the Cytek digital extra parameter upgrade
(DxP8) and FlowJo Collectors’ Edition software or a Cytek Aurora (4 laser; 16V-14B-10YG-8R) spectral
flow cytometer and were analyzed with FlowJo, LLC, software (https://www.flowjo.com).

(iii) Histopathological analysis. Livers were collected postmortem, fixed in 10% buffered formalin
for 4 h at room temperature and washed extensively in PBS before being embedded in paraffin.
Embedded liver tissues were routinely sectioned (5 mm per section) and stained in the van der Velden
laboratory or by HistoWiz, Inc. Histochemical staining with hematoxylin and eosin was used for observa-
tion of cell nuclei, cytoplasm, and tissue architecture. Histochemical staining with Masson’s trichrome
was used for detailed observation of type I collagen and analysis of fibrillar collagen deposition.
Immunohistochemical staining with anti-CD31 antibody (Cell Signaling Technology catalog no. 77699;
RRID, AB_2722705) (1:100) was used for identification and analysis of vascular proliferations.
Immunohistochemical staining with anti-cytokeratin-7 antibody (Abcam catalog no. ab181598) (1:8,000)
was used for identification and analysis of biliary ductular reactions. Immunohistochemical staining with
anti-F4/80 antibody (Invitrogen catalog no. 14-4801-82; RRID, AB_467558) (1:200) was used for analysis
of Kupffer cell proliferation and macrophage recruitment to inflammatory foci.

Where noted, liver sections were subjected to multicolor enzymatic immunohistochemical staining.
Specifically, embedded liver tissues were sectioned (5 mm per section), deparaffinized in xylene, and rehy-
drated by immersing samples in a series of ethanol solutions of decreasing concentrations. Heat-based
antigen retrieval was performed using citrate-based antigen-unmasking solution (Vector Laboratories cata-
log no. H-3300; RRID, AB_2336226), with use of a microwave. Slides were allowed to cool for at least
30 min at room temperature before being rinsed in tap water. Using a hydrophobic pen, a boundary was
drawn around the tissue sections, which were then incubated for 10 min at room temperature with 3%
hydrogen peroxide buffer. Slides were then rinsed in tap water followed by 1� TBST buffer (20 mM Tris,
150 mM NaCl, 0.1% Tween 20).

To visualize STm, slides were incubated overnight at 4°C with 2.5% horse serum (Vector Laboratories
catalog no. S-2012; RRID, AB_2336618), incubated with an avidin/biotin blocking kit (Vector Laboratories
catalog no. SP-2001; RRID, AB_2336231) according to the manufacturer’s instructions, and incubated
overnight at 4°C with anti-STm CSA-1 primary antibody (KPL BacTrace catalog no. 5310-0322; RRID,
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AB_2890923), diluted 1:1,000 in 1� Tris-buffered saline-Tween (TBST) buffer. Slides were then incubated
for 30 min at room temperature with ready-to-use biotinylated horse anti-goat secondary antibody
(Vector Laboratories catalog no. BP-9500; RRID, AB_2336123) according to the manufacturer’s instruc-
tions, incubated for 30 min at room temperature with Vectastain Elite ABC-HRP reagent (Vector
Laboratories catalog no. PK-7100; RRID, AB_2336827), incubated for 1 min at room temperature with
3,39-diaminobenzidine-containing horseradish peroxidase substrate solution (Dako catalog no. K3467)
to develop the desired brown stain intensity, and rinsed in tap water.

To visualize CD41 cells (e.g., Th1 cells), slides were incubated for 1h at room temperature with 2.5%
horse serum, incubated with an avidin/biotin blocking kit according to the manufacturer’s instructions,
and incubated overnight at 4°C with anti-CD4 primary antibody (Abcam catalog no. 183685; RRID,
AB_2686917), diluted 1:500 in 1� TBST buffer. Slides were then incubated for 30 min at room tempera-
ture with ready-to-use biotinylated horse anti-rabbit secondary antibody (Vector Laboratories catalog
no. BP-1100) according to the manufacturer’s instructions, incubated for 30 min at room temperature
with Vectastain Elite ABC-HRP reagent, incubated for 5 min at room temperature with 3,39-diaminoben-
zidine-containing horseradish peroxidase substrate solution to develop the desired brown stain inten-
sity, and rinsed in tap water.

To visualize Ly6G1 cells (e.g., neutrophils), slides were incubated for 1 h at room temperature with
2.5% rabbit serum (Vector Laboratories catalog no. S-5000; RRID, AB_2336619), incubated with an avi-
din/biotin blocking kit according to the manufacturer’s instructions, and incubated overnight at 4°C
with anti-Ly6G primary antibody (BioLegend catalog no. 127601; RRID, AB_1089179), diluted 1:500 in 1�
TBST buffer. Slides were then incubated for 30 min at room temperature with ready-to-use biotinylated
mouse adsorbed rabbit anti-rat secondary antibody (Vector Laboratories catalog no. BA-4001; RRID,
AB_10015300) according to the manufacturer’s instructions, incubated for 30 min at room temperature
with Vectastain Elite ABC-HRP reagent, incubated for 5 min at room temperature with 3,39-diaminoben-
zidine-containing horseradish peroxidase substrate solution to develop the desired brown stain inten-
sity, and rinsed in tap water.

To visualize CCR21 cells (e.g., IM), slides were incubated for 3 to 4 h at 4°C with 5% BSA blocking so-
lution, incubated with an avidin/biotin blocking kit according to the manufacturer’s instructions, and
incubated overnight at 4°C with biotinylated anti-GFP antibody (GeneTex catalog no. GTX26658; RRID,
AB_371422; detects both GFP and CFP), diluted 1:500 in 1� TBST buffer. Slides were then incubated for
30 min at room temperature with Vectastain Elite ABC-AP reagent (Vector Laboratories catalog no. AK-
5000; RRID, AB_2336792), incubated for 30 min at room temperature with 5-bromo-4-chloro-3-indolyl
phosphate- and nitro blue tetrazolium-containing alkaline phosphatase substrate solution (Vector
Laboratories catalog no. SK-5400; RRID, AB_2336236) to develop the desired blue stain intensity, and
rinsed in tap water.

Stained tissue sections were dehydrated by immersing samples in a series of ethanol solutions of
increasing concentrations to xylene and mounted using a nonaqueous mounting medium, after which
slides were digitized by HistoWiz, Inc. Blind, qualitative histopathological analysis of digitized slides was
performed by a board-certified veterinary anatomic pathologist using the latest version of QuPath soft-
ware (https://qupath.github.io).

Quantification and statistical analysis. Quantification of multicolor immunohistochemical stains
was performed by HistoWiz, Inc. Specifically, stained liver sections were analyzed using the latest version
of Indica Labs HALO software (https://www.indicalab.com/halo). Digitized images were imported into
the HALO database, tissue areas were detected using an automated tissue detection classifier, and
detected regions were manually corrected to exclude folds, edge staining effects, and artifacts. Image
analysis was performed using the Indica Labs Area Quantification v 2.1.3 algorithm. Color characteristics
of the brown color used to visualize STm and the blue color used to visualize IM were identified from
positive samples, and thresholds were set corresponding to low-, medium-, and high-intensity staining
for GFP and STm within tissues. Results, including the total areas of strong positivity for each stain ana-
lyzed across the whole slide, as well as the average optical densities for each stain within the positively
identified areas, were exported on an image-by-image basis for use in postprocessing statistical analysis.
Representative regions of interest were also exported.

The significance of the results described in this study was determined by use of a number of different
statistical analyses performed with Prism 6 software (GraphPad Software, Inc.; https://www.graphpad.com).
All of the details regarding the statistical analysis of the data can be found in the figure legends. P values
of less than 0.05 were considered statistically significant.

This study did not generate any new unique reagents, datasets, or codes.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 6.6 MB.
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