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Summary 
Many intracellular bacteria can establish chronic infection and persist in tissues within 
granulomas comprised of macrophages. Granuloma macrophages exhibit 
heterogeneous polarization states, or phenotypes, that may be functionally distinct. Here, 
we elucidate a host-pathogen interaction that controls granuloma macrophage 
polarization and long-term pathogen persistence during Salmonella Typhimurium (STm) 
infection. We show that STm persists within splenic granulomas that are densely 
populated by CD11b+CD11c+Ly6C+ macrophages. STm preferentially persists in 
granuloma macrophages reprogrammed to an M2 state, in part through the activity of the 
effector SteE, which contributes to the establishment of persistent infection. We 
demonstrate that tumor necrosis factor (TNF) signaling limits M2 granuloma macrophage 
polarization, thereby restricting STm persistence. TNF neutralization shifts granuloma 
macrophages toward an M2 state, increases bacterial persistence, and these effects are 
partially dependent on SteE activity. Thus, manipulating granuloma macrophage 
polarization represents a strategy for intracellular bacteria to overcome host restriction 
during persistent infection. 
 
 
Introduction 
Although invasive biopsy is not routinely performed, human histopathological studies 
suggest macrophage-rich granulomas are a common feature across intracellular 
bacteria-infected tissues, such as spleens and livers (Florin et al., 2008; Hunt and 
Bothwell, 1967; Mallory, 1898; Nasrallah and Nassar, 1978). Granuloma formation is 
thought to be an important immune response to contain infection, but also serves as a 
crucial mechanism for bacterial persistence (Petersen and Smith, 2013; Ramakrishnan, 
2012). Recent studies showed that by residing within macrophages localized to 
granulomas, Salmonella Typhimurium (STm) can persist in infected tissues despite a 
robust Th1 response that acts to limit infection (Goldberg et al., 2018). Increasing 



evidence suggests macrophages of different phenotypes or polarization states exhibit 
differential functions (Goswami et al., 2017; Porta et al., 2015). During intracellular 
bacterial infections, infected macrophages typically exhibit an M1-like phenotype and 
restrict the pathogen through mechanisms such as pyroptosis and production of pro-
inflammatory cytokines, including TNF (Storek and Monack, 2015). Emerging evidence 
suggests an M2-like phenotype is associated with intracellular bacterial growth and 
persistence (Eisele et al., 2013; Huang et al., 2018; Kerrinnes et al., 2017; Sahu et al., 
2017; Stapels et al., 2018). Computational modeling studies have shown that the ratio of 
M1 vs. M2 activities within Mycobacterium tuberculosis (Mtb) granulomas can predict 
controlled infection or disseminated disease (Marino et al., 2015). However, the 
mechanisms controlling Salmonella granuloma macrophage phenotypes and functions 
that dictate infection outcome remain to be defined. 
 
TNF signaling is critical for granuloma formation and pathogen restriction during 
intracellular bacterial infections, but the in vivo mechanisms of TNF are incompletely 
understood (Dorhoi and Kaufmann, 2014; Matty et al., 2015). Studies exploiting the lack 
of adaptive immunity in zebrafish embryos to define the role of innate immune cells in 
mycobacterial granulomas found that disruption of TNF signaling compromised pathogen 
containment due to increased granuloma macrophage cell death and diminished 
neutrophil recruitment (Bernut et al., 2016; Clay et al., 2008). The effects of TNF signaling 
on bacterial granulomas in mammalian hosts during persistent infections, when both 
innate and adaptive immune cells are operative, have proven to be more complex. 
Manipulation of TNF signaling in Mtb-infected mice and primates have produced varying 
impacts on bacterial burdens and immune cells, likely due to differences in the host’s 
ability to limit the pathogen and control persistent infection (Algood et al., 2004; Allie et 
al., 2013; Lin et al., 2010; Mohan et al., 2001; Plessner et al., 2007). In acute STm 
infection in mice, disruption of TNF signaling also impaired pathogen restriction and 
altered granuloma morphology but the mechanistic basis underpinning these phenotypes 
is not known (Mastroeni et al., 1995).  
 
Intracellular bacteria utilize a number of mechanisms to compromise host immune 
responses and establish infection. These pathogens possess macromolecular secretion 
systems to inject effector proteins into the host cell cytoplasm that modulate immune 
cellular activities. For example, STm utilizes the SPI-2 T3SS (Salmonella Pathogenicity 
Island-2 Type-3 Secretion System) effector SteD to promote MHCII ubiquitination and 
suppress antigen presentation (Bayer-Santos et al., 2016). M. marinum and STm employ 
ESAT-6 and SseI, respectively, to influence leukocyte migration (McLaughlin et al., 2009; 
Volkman et al., 2010). More recently, Mtb ESAT-6 and STm SteE have been found to 
modulate primary macrophage polarization (Refai et al., 2018; Stapels et al., 2018). To 
establish persistent infection within granulomas, pathogens must overcome immune 
cellular mechanisms that function to restrict them. Yet little is known about the strategies 
that intracellular bacteria employ to persist chronically within these microstructures. Here 
we describe a host pathway that is required for containing STm and a pathogen virulence 
factor that antagonizes this host pathway by skewing macrophage polarization within 
granulomas of persistently infected mice. Our findings indicate that granuloma 



macrophage polarization is a critical intersection of host-pathogen interaction that controls 
persistent intracellular bacterial infection.     
 
 
Results 
Development and maintenance of CD11b+CD11c+ STm granulomas  
The lack of genetically tractable mammalian models of persistent, controlled infection has 
been a significant limitation in defining the functions and mechanism of bacterial 
granulomas (Flynn et al., 2015). Our previous work demonstrated that STm-infected 
129x1/SvJ mice developed granulomas in systemic tissues such as livers and spleens 
(Monack et al., 2004). Chronically infected mice recover from pathology such as 
splenomegaly and limit the pathogen to low levels for long periods of time. Thus, we 
utilized this tractable mammalian infection model to investigate the role of granulomas 
during persistent intracellular bacterial infections. We found that in mice orally infected 
with 108 CFU STm, splenic granulomas developed and morphologically evolved over the 
course of infection (Figure 1A). At 1 week post-inoculation (p.i.), granulomas contained 
cells with ample cytoplasm typical of mononuclear phagocytes, with neutrophilic 
infiltration. At 4 weeks p.i., granulomas became more confluent, with macrophages 
sometimes having elongated morphologies and infiltration of neutrophils. By 2-3 months 
p.i., granulomas contained cohesive aggregates of macrophages with peripheral 
discontinuous rims of lymphocytes and fewer admixed neutrophils. This granuloma 
development coincided with reduction of tissue bacterial burden to low chronic levels and 
diminishing CD4+ T cell IFNg response, which has been shown to be critical for controlling 
STm infection (Goldberg et al., 2018) (Figure 1B-C, S1A). These data suggest a 
functional link between granuloma formation and establishment of persistent, controlled 
infection. 
 
We found that persistent STm granulomas are densely populated by CD11b+CD11c+ 
myeloid cells and positive for inducible nitric oxide synthase (iNOS), which mediates 
macrophage production of reactive nitrogen metabolites to restrict intracellular bacteria 
(Bekker et al., 2001) (Figure 1D-F). Within granulomas, there is a small number of 
admixed cells positive for Gr-1, a marker that stains mature neutrophils more intensely 
than other myeloid cells (Kim et al., 2017) (Figure S1B). T and B cells typically localize to 
the surrounding areas (Figure S1B). To determine if these CD11b+CD11c+ granulomas 
are a site of STm persistence in infected spleens (Goldberg et al., 2018), we stained for 
bacilli using a Salmonella-specific antibody and found rod-shaped STm within these 
microstructures (Figure 1G).  
 
CD11b+CD11c+Ly6C+ macrophages populate STm granulomas  
Classically, granulomas are thought to be enriched with macrophages (Pagan and 
Ramakrishnan, 2018). Thus, we hypothesized that the CD11b+CD11c+ cells within STm 
granulomas are a distinct macrophage population in the infected tissues and sought to 
functionally characterize them. Using flow cytometry, we found two major cell populations 
in the infected spleens that are CD11b+CD11c+: one positive for the 
macrophage/monocyte marker Ly6C and the other Ly6C negative (Figure 2A). The 



CD11b+CD11c+Ly6C+ population exhibited surface markers consistent with activated 
macrophages: CD8a-, MHCII high, CD64 high, F4/80+, CCR2 intermediate, and CD115 
intermediate/high (Figure 2B). In contrast, the CD11b+CD11c+Ly6C- population displayed 
markers suggestive of splenic CD11b+ dendritic cells that had been described previously 
(Cohn and Delamarre, 2014). To test if the presence of the CD11b+CD11c+Ly6C+ 
activated macrophages in the infected spleens is induced by STm infection, we compared 
this population from uninfected and infected mice. In uninfected mice, ~0.02% (SD + 
0.007) of total splenocytes were comprised of CD11b+CD11c+Ly6C+ cells that had low 
F4/80, MHCII, and CD64 expression. STm infection increased the number of 
CD11b+CD11c+Ly6C+ cells to as much as 0.92% (+ 0.52%) of total splenocytes and these 
cells had an activated macrophage phenotype as indicated by high levels of MHCII and 
CD64 (Figure 2C). Using confocal microscopy, we found that the CD11b+CD11c+ myeloid 
cells within STm granulomas are also Ly6C and CD64 positive (Figure 2D). Hereafter, 
this cell population—CD11b+, CD11c+, Ly6C-intermediate, F4/80+, CD64-high, MHCII-
high—is referred to as granuloma macrophages; whereas, we refer to the 
CD11b+CD11c+Ly6C- population as CD11b+CD11c+ DC (dendritic cells) (see Figure S2A 
for gating scheme). Quantitation of granuloma macrophages in infected spleens over a 
3-month infection showed this population increased as much as 200-fold by 4 weeks p.i., 
compared to uninfected spleens, before contracting and persisting (Figure 2E, S2B). 
Notably, this cell population expands markedly more than neutrophils and classical 
monocytes (Figure S2C-D), both of which have been found to have critical roles in the 
host immune response in persistent STm infection (Gopinath et al., 2013; Tam et al., 
2014).  
 
To further interrogate the importance of splenic granuloma macrophages, we 
characterized their functional features. TNF and iNOS productions are hallmarks of 
macrophage antimicrobial response during intracellular bacterial infections (Bekker et al., 
2001; Dorhoi and Kaufmann, 2014). Furthermore, TNF signaling is critical for bacterial 
restriction and protective immunity during STm infection (Mastroeni et al., 1995; Tite et 
al., 1991). Thus, we examined granuloma macrophages for their capacity to produce TNF 
and iNOS. Splenocytes from infected spleens were stimulated with heat-killed STm 
(HKST) in the presence of brefeldin A, a protein transport inhibitor, for 3 hours ex vivo, 
followed by intracellular TNF staining. We found that most granuloma macrophages 
robustly produced TNF (Figure 2F). In contrast, the fraction of CD11b+CD11c+ DC 
producing TNF was significantly lower. In addition, flow cytometric measurement of 
endogenous iNOS showed that the frequencies of iNOS+ granuloma macrophages were 
typically 10 to 50-fold higher than other major myeloid cell populations in the infected 
spleens (Figure 2G). 
 
Phenotypic and functional heterogeneity of STm granuloma macrophages 
Macrophages mediate critical antimicrobial immune responses to control intracellular 
bacterial pathogens. Yet intracellular bacteria, including STm, can exploit macrophages 
as a cellular niche for persistence. We hypothesized that granuloma macrophages have 
differential phenotypes, or polarization states, that are functionally distinct to control 
persistent infection within the granuloma microenvironment. To interrogate this, we 
stained splenic STm granulomas for the alternatively activated, M2 macrophage marker 



CD301. We previously found that CD301 expression on CD11b+F4/80+ mononuclear 
phagocytes was associated with a metabolic state that facilitated STm persistence (Eisele 
et al., 2013). Imaging by confocal microscopy revealed that a small fraction of granuloma 
macrophages was CD301+ and frequently encircled the granuloma periphery (Figure 3A). 
Using flow cytometry, we determined that approximately 13.5% (+ 4.3%) of granuloma 
macrophages were also CD301+ by 4 weeks p.i. (Figure 3B-C, S3A). Functionally, a 
significantly lower fraction of CD301+ granuloma macrophages produced TNF upon 
stimulation with HKST, compared to CD301-  cells (Figure 3D). Furthermore, the fraction 
of CD301- granuloma macrophages that expressed iNOS was typically 2 to 5-fold higher 
than CD301+ cells (Figure 3E). Thus, among granuloma macrophages, CD301+ cells are 
less likely to exhibit antimicrobial functions. 
 
Next, we investigated if granuloma macrophages have differential potential to harbor 
STm. Mice were infected with 108 CFU STm orally or 103 CFU intraperitoneally (i.p.), 
which yielded a higher splenic CFU in the early stage of infection. Splenocytes analyzed 
by flow cytometry were first gated for live, singlet, CD19-CD3-NK1.1- population, followed 
by gating for granuloma macrophages and other major myeloid cell populations as shown 
in figure S2A. Gated myeloid cell populations were then plotted for intracellular STm 
staining using an anti-STm antibody (S3B-C). We found that the fraction of granuloma 
macrophages harboring intracellular STm was markedly higher than other myeloid 
populations (Figure 3F). By 8 weeks p.i. the STm+ macrophage fraction was 20 to 30-fold 
higher than that of neutrophils and classical monocytes, similar to our prior confocal 
microscopy analysis in which more than 80% of the bacteria in chronically infected 
mesenteric lymph nodes were localized within cells expressing the macrophage marker 
MOMA-2 (Monack et al., 2004). Although a recent report found a splenic 
CD11b+CD11c+MHCII+iNOS+Ly6C- macrophage population that harbors STm bacilli, 
those cells have variable Ly6C expression and only account for a small fraction of STm+ 
CD64+ cells in the infected spleens (Goldberg et al., 2018).  
 
IL-4Ra expression is a canonical functional signature of M2-like macrophages. Functional 
and transcriptional analyses suggest the IL-4 signaling capacity of bone-marrow derived 
macrophages (BMDMs) and CD11b+F4/80+ mononuclear phagocytes is highly 
associated with bacterial intracellular growth and persistence (Eisele et al., 2013; Saliba 
et al., 2016; Stapels et al., 2018). To determine if granuloma macrophage CD301 and IL-
4Ra levels are associated with a higher potential to harbor STm, we compared their levels 
on granuloma macrophages with or without intracellular bacilli. We found that granuloma 
macrophages containing intracellular STm expressed higher IL-4Ra  levels but not 
CD301 (Figure 3G). Thus, within the splenic granuloma macrophage population, cells 
with high IL-4Ra expression preferentially serve as a cellular niche for STm, whereas 
cells with high CD301 expression provide a more permissive cytokine and intracellular 
metabolic environment for pathogen persistence.  
 
TNF limits M2 granuloma macrophage polarization to restrict STm 
Our findings that granuloma macrophages with M2-like features are less likely to exhibit 
antimicrobial functions and preferentially harbor intracellular STm suggest that regulation 
of granuloma macrophage polarization may directly affect bacterial persistence. TNF 



signaling has been implicated in restricting intracellular bacteria and regulating granuloma 
formation through a number of mechanisms such as modulating macrophage and T cell 
death, neutrophil recruitment, and nitric oxide production (Bernut et al., 2016; Dorhoi and 
Kaufmann, 2014; Matty et al., 2015). Recently, it was found that TNF signaling 
suppressed the emergence of M2 tumor-associated macrophages (Kratochvill et al., 
2015). This led us to investigate whether a TNF-dependent mechanism may restrict STm 
during persistent infection by limiting M2 polarization of granuloma macrophages. Mice 
infected for 2-3 months were injected i.p. with either 500 µg TNF neutralizing antibody 
(Ab) or control Ab on day 0 and day 4, followed by analysis on day 8. At this dose, the 
anti-TNF Ab has been shown to effectively neutralize TNF activity in systemic tissues of 
Mtb infected mice (Plessner et al., 2007). We measured IL-4Ra levels of granuloma 
macrophages and quantitated the number of CD301+ cells within this population to 
determine the impact of TNF neutralization on polarization. We found that disruption of 
TNF signaling led to increased IL-4Ra expression of splenic granuloma macrophages but 
not CD11b+CD11c+ dendritic cells (Figure 4A). In addition, the CD301+ granuloma 
macrophage population expanded by approximately 7-fold in the spleens of mice treated 
with anti-TNF Ab compared to controls (Figure 4B-C). Concurrent with the increased M2 
granuloma macrophage polarization, TNF-neutralized mice had 1-1.5 log more STm in 
the spleens and livers (Figure 4D-E). 
 
In addition, TNF neutralization resulted in 30 times more IFNg+ CD4+ T cells (Figure 4F), 
indicating that diminished T-helper IFNg response was unlikely to be the driving factor 
underpinning the loss of pathogen restriction. The number of naïve T cells were similar in 
the spleens of neutralized and control mice (Figure 4F). Furthermore, there was a marked 
increase in the number of CD301- granuloma macrophages, which are more likely to 
produce TNF and iNOS, as well as a modest increase of neutrophils and classical 
monocytes from TNF inactivation (Figure 4G-I). Taken together these data demonstrate 
that TNF signaling limits M2 granuloma macrophage polarization to restrict STm during 
persistent infection. Disruption of this critical signal leads to increased tissue bacterial 
burden and antigen availability, which triggers exacerbated inflammatory innate and 
adaptive cellular responses. 
  
STm SteE drives M2 granuloma macrophage polarization and promotes pathogen 
persistence  
The SPI-2 T3SS effector SteE (Stm 2585, also known as SarA) has been shown to be 
important for STm persistence in systemic tissues and to mediate M2 reprogramming in 
primary macrophages (Jaslow et al., 2018; Lawley et al., 2006; Stapels et al., 2018). 
However, the impact of SteE on host immune responses and STm persistence in vivo is 
not well understood. We tested if STm establishes systemic persistence by modulating 
M2 granuloma macrophage polarization in a SteE-dependent manner. First, we 
determined the impact of SteE on pSTAT3, a transcriptional regulator of M2 polarization, 
and IL-4Ra levels in BMDMs from the 129x1/SvJ mice. Consistent with recent reports 
(Jaslow et al., 2018; Stapels et al., 2018), 129x1/SvJ BMDMs infected with DsteE mutant 
showed diminished M2 polarization, as indicated by the reduced pSTAT3 and IL-4Ra 
levels compared to wild-type (WT) STm-infected cells at 20 hours of infection (Figure 
S4A-C).   



 
Next, we infected mice with either WT or DsteE STm via i.p. injection to bypass potential 
effects of SteE deletion on bacterial gut invasion and examined its effect on STm systemic 
persistence. The DsteE STm bacterial levels in the spleens and livers were approximately 
one log lower than WT STm at 4 weeks p.i. (Figure 5A-B). Mice infected with DsteE STm 
exhibited less severe splenomegaly compared to those infected with WT STm, 
suggesting that the lack of SteE augmented the ability of the host to limit STm and 
minimize immunopathology (Figure 5C, S4D). Previous reports showed that DsteE did 
not exhibit a growth defect in vitro or within macrophages (Figueira et al., 2013; Jaslow 
et al., 2018; Stapels et al., 2018). By affecting cellular IL-10 production and 
reprogramming the intra-macrophage metabolic and immune environment, SteE activity 
is thought to promote bacterial persistence. Since IL-10 is a negative regulator of Th1 T 
cell response (Couper et al., 2008), we determined if enhanced Th1 T cell response 
contributed to the attenuated persistence of DsteE STm in vivo. Quantitation of splenic 
IFNg+ CD4+ T cells showed a 5-fold decrease in these cells in DsteE STm-infected 
compared to WT STm-infected mice (Figure 5D), suggesting that the reduced  DsteE STm 
levels resulted in lower antigen loads and dampened T cellular response. There was no 
difference in the number of naïve T cells (Figure 5D). In addition, we found that the 
numbers of neutrophils, classical monocytes, and CD301- granuloma macrophages, 
which produce high levels of TNF and iNOS, were reduced in DsteE STm-infected 
spleens (Figure 5E-G, S4E).  Furthermore, granuloma macrophages from DsteE and WT 
STm-infected spleens produced TNF similarly in response to HKST (Figure S4F). 
Collectively, these findings demonstrate that the attenuated persistence of the DsteE STm 
mutant was not due to increased proinflammatory immune cells in infected tissues. 
 
We then investigated whether the reduced capacity of the SteE-deficient strain to persist 
in systemic tissues is due to a diminished ability to promote M2 polarization of granuloma 
macrophages. We found that the granuloma macrophages from mice infected with DsteE 
STm for 4 weeks expressed significantly less IL-4Ra, compared to those from WT STm-
infected animals (Figure 5H). In addition, the CD301+ granuloma macrophage population 
in the mutant-infected spleen was 6 times smaller than WT STm-infected spleens (Figure 
5I, S4G). SteE complementation fully restored the granuloma macrophage polarization 
and persistence defects of the DsteE mutant (Figure S5A-B). To gain further insight into 
the role of SteE in persistence, we examined granuloma formation. Granulomas in the 
livers and spleens of DsteE STm-infected mice were markedly smaller and 
morphologically less well-defined compared to those from WT STm-infected animals 
(Figure 5J-K, S5C). Taken together, our data indicate that SteE drives M2 granuloma 
macrophage polarization and contributes to persistent systemic STm infection, 
suggesting that SteE acts to overcome host restriction.  
 
SteE activity antagonizes TNF-mediated restriction of M2 granuloma macrophage 
polarization and STm persistence 
To directly test if SteE opposes TNF-mediated restriction, we determined the impact of 
SteE activity on granuloma macrophage polarization and pathogen persistence when 
TNF signaling is abrogated. TNF levels are upregulated in STm-infected lymphoid tissues 



at days 7-14 p.i. (Eisele et al., 2013), during the period of time when nascent granulomas 
develop (Figure 1A). Thus, we neutralized TNF in mice that had been infected with either 
DsteE or WT STm for 10 days. When TNF was neutralized for 8 days (Figure 4), a large 
proportion of WT STm-infected animals treated with anti-TNF Ab became moribund 
(Figure S6A), likely due to overwhelming bacterial burden (Mastroeni et al., 1995). 
Therefore, mice were infected for 10 days and then injected with either anti-TNF or control 
Ab, followed by analysis on day 4 post-treatment. We found that when TNF was 
neutralized, granuloma macrophages in both WT and DsteE-infected animals became 
more M2-like, as indicated by their higher IL-4Ra levels and increased numbers of 
CD301+ but not CD301- granuloma macrophages (Figure 6A-C). However, M2 
polarization was markedly diminished in neutralized, DsteE STm-infected spleens, 
compared to neutralized, WT STm-infected spleens (Figure 6A-B, striped red vs. striped 
blue columns). In addition, TNF neutralization led to increased pathogen burdens in both 
WT and DsteE STm-infected spleens and livers (Figure 6D, S6B). However, the bacterial 
levels were reduced by more than 1 log in neutralized DsteE STm-infected mice, 
compared to neutralized WT STm-infected animals (Figure 6D, striped red vs. striped 
blue columns). These results suggest that when TNF-mediated suppression of M2 state 
is abolished, unopposed SteE activity promotes granuloma macrophage M2 polarization 
and pathogen persistence to a greater extent in WT STm-infected animals, compared to 
those infected with DsteE STm. 
 
To determine the impact of intracellular bacilli on SteE-mediated counteraction of TNF 
effects, we compared IL-4Ra expression of uninfected, bystander vs. infected granuloma 
macrophages within infected spleens. As expected, the IL-4Ra level on WT STm-infected 
splenic granuloma macrophages was higher than uninfected cells and was further 
enhanced when TNF was neutralized (Figure 6E). In contrast, the IL-4Ra level on DsteE 
STm-infected splenic granuloma macrophages was marginally increased upon TNF 
neutralization (Figure 6E, striped red vs. striped blue columns). Neutrophils expressed 
much lower IL-4Ra levels compared to granuloma macrophages, and the level was not 
modulated by intracellular STm (data not shown).  
 
To test whether SteE activity antagonizes TNF effects to maintain STm persistence within 
granulomas during persistent infection, mice were infected with either DsteE or WT STm 
for 2 months and then injected with anti-TNF or control Ab on day 0 and day 4, followed 
by analysis on day 8. TNF neutralization led to increased M2 polarization of splenic 
granuloma macrophages, as indicated by increased IL-4Ra levels and CD301+ fraction 
among these cells (Figure 6F-G). However, M2 polarization was diminished in 
neutralized, DsteE STm-infected mice, compared to neutralized, WT STm-infected 
animals (Figure 6F-G). Furthermore, the tissue bacterial burdens in neutralized, DsteE 
STm-infected spleens and livers remained 1.5 to 2-log lower than in neutralized, WT 
STm-infected tissues (Figure 6H and S6C, striped red vs. striped blue columns). The 
diminished persistence of DsteE STm was not due to increased CD301- granuloma 
macrophages, which produce higher levels of antimicrobials such as TNF and iNOS 
(Figure 6I). Collectively, our results suggest that intracellular STm drives M2 granuloma 



macrophage polarization via a SteE-dependent mechanism to overcome TNF-mediated 
suppression of its preferred cellular niche. 
 
Macrophage polarization and heterogeneity are influenced not only by cell-intrinsic 
programming, but also microenvironmental signaling (Gordon and Pluddemann, 2019). 
To determine if the diminished M2 granuloma macrophage polarization and pathogen 
levels in neutralized, DsteE STm-infected animals was specifically due to the loss of SteE-
dependent macrophage reprogramming and/or a change in the immune milieu associated 
with reduced pathogen persistence, we compared infections with DsteE STm and with 
STm lacking the SPI2 T3SS effector SseI. Our previous studies demonstrated that SseI 
promotes STm long-term persistence by inhibiting macrophage and dendritic cell 
migration to compromise host immune responses (McLaughlin et al., 2009). To determine 
whether SseI impacts macrophage polarization, BMDMs were infected with DsseI STm 
and IL-4Ra levels were measured. The levels of IL-4Ra were increased to the same level 
in WT and DsseI STm-infected BMDMs, but not with DsteE STm macrophages (Figure 
S6D). Similar to our previous results (McLaughlin et al., 2009), the levels of DsseI STm in 
the spleens of 129x1/SvJ mice at 4 weeks p.i. were significantly lower than WT STm and 
were the same as the levels of the SteE-deficient strain (Figure S6E). We next determined 
the impact of TNF neutralization on pathogen persistence and M2 granuloma 
macrophage polarization in mice infected with DsseI STm. Mice were infected for 4 weeks 
and then injected with either anti-TNF or control Ab, followed by analysis on day 4 post-
treatment. We expressed the ratio of splenic CFUs from mice injected with TNF 
neutralizing antibody to the splenic CFU mean from mice injected with the control 
antibody. TNF neutralization led to a 10- and 7-fold increase in the splenic levels of WT- 
and DsseI STm, respectively, and a 2-fold increase in the splenic levels of DsteE STm  
(Figure 6J and S6E). Granuloma macrophage IL-4Ra levels increased similarly between 
neutralized DsteE STm- and DsseI STm-infected mice, although to a lesser extent than 
neutralized WT STm-infected animals (Figure S6F). In addition, we quantitated the levels 
of CD301+ splenic granuloma macrophages upon neutralization. Although the levels of 
this cell population were higher in WT STm-infected mice, the expansion of these cells in 
TNF-neutralized DsseI STm-infected mice was significantly greater than the expansion in 
neutralized DsteE STm-infected mice (Figure 6K). Thus, when TNF-mediated restriction 
is abrogated, SteE activity provides DsseI STm with a greater ability to shift granuloma 
macrophages toward a CD301+ state than DsteE STm, but remains insufficient to polarize 
this cellular compartment toward an IL-4Rahi state or promote similar levels of granuloma 
macrophage M2 polarization as WT STm.  Taken together, these findings suggest that a 
SteE-mediated mechanism partially opposes TNF-mediated restriction by driving 
granuloma macrophage polarization. 
 
 
Discussion 
Our finding that STm granulomas are comprised of CD11b+CD11+ macrophages 
suggests these microstructures are analogous to the CD11c+ granulomas in Mtb-infected 
non-human primates (NHP) described previously (Mattila et al., 2013). As seen with Mtb 
granulomas, many macrophages within STm granulomas express iNOS (Figure 1 and 2) 



(Goldberg et al., 2018; Mattila et al., 2013). STm and Mtb granulomas similarly contain a 
mixture of M1-like and M2-like macrophages with distinct functional characteristics and 
regional distributions (Figure 3)(Mattila et al., 2013). Macrophages can arise from cells of 
embryonic origin or from bloodborne monocyte progenitors that are recruited to tissues 
during homeostatic and inflammatory states (Gordon and Pluddemann, 2019). The 
phenotype of splenic STm granuloma macrophages—CD11b+, CD11c+, Ly6C 
intermediate, CD115+, F4/80+, CD64 high, and MCHII high—suggests that they may arise 
from a monocyte lineage. Future studies elucidating the ontogeny and the developmental 
relationship between granuloma macrophages and the antimicrobial monocytes that have 
been described in recent years will provide further insights into granuloma development 
(Xiong and Pamer, 2015). 
 
The juxtaposition of M1 and M2 macrophages within the granuloma microenvironment 
provides a structural basis for how granulomas may be both protective to the host and 
beneficial to intracellular bacterial pathogens (Pagan and Ramakrishnan, 2018). Although 
we have utilized the M2 markers CD301 and IL-4Ra to define and track STm granuloma 
macrophage subsets for mechanistic interrogations, a spectrum of activities of multiple 
macrophage determinants that are shaped by macrophage pre-existing programming, 
local environmental cues, and pathogen factors likely determine whether an individual 
macrophage plays a predominantly antimicrobial role or serves as a cellular niche for 
pathogen persistence. Our results suggest a model for granuloma macrophage regulation 
in which localized TNF signaling within the granuloma microenvironment restrains M2 
polarization to limit the STm cellular niche, thereby restricting the pathogen. On the other 
hand, STm SteE activity polarizes granuloma macrophages toward an M2 state, enabling 
the pathogen to overcome host suppression of its long-term cellular niche and to establish 
persistent infection. When the balance between these competing drivers of granuloma 
macrophage polarization is disrupted, such as when TNF is neutralized, SteE-driven M2 
polarization is unopposed, leading to expansion of the STm cellular niche and increased 
pathogen persistence. Higher bacterial burden increases the antigen loads in infected 
tissues and triggers enhanced host cellular immune responses, including increased IFNg+ 

CD4+ T cells, neutrophils, monocytes, and CD301- granuloma macrophages—which 
produce more TNF and iNOS—to regain control of the infection. Conversely, when 
pathogen mechanisms for modulating M2 granuloma macrophage polarization are 
compromised, such as SteE deficiency, TNF-mediated restraint of the pathogen cellular 
niche becomes dominant, leading to more rapid pathogen eradication.   
 
TNF is a pleotropic cytokine that may exert multiple, non-mutually exclusive functions 
during intracellular bacterial infections. Dissection of TNF-mediated mechanisms 
regulating mycobacterial granulomas has yielded varying effects of this pathway on 
pathogen control and host cellular immune responses, depending on the host-pathogen 
system and the stage of infection (Dorhoi and Kaufmann, 2014; Matty et al., 2015). In our 
present study, we found that TNF neutralization in mice infected with STm for 2-3 months, 
a chronic stage in which the pathogen is kept at a low level, led to more than a 10-fold 
increase in splenic granuloma macrophages, antigen-experienced CD4+ T cells, and to a 
lesser extent, neutrophils (Figure 4). These cellular immune changes were linked to 1-1.5 
log STm expansion in systemic tissues, suggesting that granuloma macrophage and T 



cell death, as well as impaired neutrophil recruitment were not the primary factors 
underlying the loss of pathogen control during the persistent stage of infection. These 
findings are consistent with TNF neutralization in chronic Mtb infection in NHP (Lin et al., 
2010). However, they vary from findings in zebrafish demonstrating that disruption of TNF 
signaling in early mycobacterial granulomas led to increased granuloma macrophage cell 
death, impaired neutrophil recruitment, and subsequent compromised pathogen 
restriction (Bernut et al., 2016; Clay et al., 2008). Other studies have found that a loss of 
TNF signal leads to increased T-cell death in Mtb infected mice, an infection model in 
which tissue bacterial burdens are high as the host fails to limit the pathogen (Plessner 
et al., 2007). Collectively, these findings suggest that loss of TNF signaling may have 
differential impacts due to the levels of tissue pathogen and extent of inflammation. 
Indeed, in our study, we find that TNF neutralization at 2 weeks p.i. leads to a 2-fold 
decrease in total splenic granuloma macrophages, in contrast to our findings for TNF 
neutralization during chronic stage of infection (Figure 4 and 6). Regardless of the 
infection stage in which we disrupted TNF signaling, STm tissue expansion was linked to 
a marked increase in M2 granuloma macrophage polarization, indicating that limiting M2 
granuloma macrophages is an important mechanism by which TNF functions to restrict 
pathogen persistence throughout all stages of infection. Thus, our data revealed a 
mechanism of multifaceted TNF signaling during intracellular bacterial infections that had 
not been previously appreciated. During the course of infection, TNF-mediated restraint 
of M2 polarization likely operates in concert with other TNF functions to limit the pathogen. 
 
While SteE had been found to be an important factor for long-term STm infection in 
systemic tissues, the in vivo mechanism of SteE remained largely unexplored (Jaslow et 
al., 2018; Lawley et al., 2006). In in vitro broth culture, DsteE mutant exhibits similar fitness 
to the WT strain (Jaslow et al., 2018). However, by modulating host cytokine response 
and reprogramming the STm intracellular metabolic and immune environment to an M2 
state, SteE activity is coupled to STm persistence within its cellular niche and host tissue 
(Jaslow et al., 2018; Stapels et al., 2018). Extending from prior reports, our results indicate 
that SteE promotes the establishment of persistent infection in systemic tissues by driving 
M2 granuloma macrophage polarization to provide STm with a favorable long-term 
cellular niche. Consequentially, SteE activity also antagonizes a TNF-mediated 
mechanism that functions to limit M2 granuloma macrophages, thereby restricting STm 
during persistent infection. Our finding that DsseI STm, which possesses a functional steE 
gene, polarizes granuloma macrophages and antagonizes TNF-mediated restriction to a 
greater extent than DsteE mutant but not as much as WT STm suggests SteE activity is 
necessary but not sufficient for the pathogen to overcome TNF-mediated effects. During 
infection in vivo, macrophage polarization is likely impacted not only by the pathogen but 
also multiple host-regulated factors, including microenvironmental signals and 
developmental pre-programming. For example, the ontogeny of tissue macrophages was 
recently shown to shape their polarization, metabolic state, and susceptibility to 
intracellular bacterial infection (Huang et al., 2018). Furthermore, there are several factors 
that could temper SteE’s effect on granuloma macrophages in a DsseI STm-infected 
spleen. Firstly, SseI, which modulates macrophage migration, may be required to position 
granuloma macrophages in the optimal microenvironment to maximize pathogen-driven 
M2 polarization. Secondly, the low levels of DsseI STm in the tissue, which is due to a 



defect in the ability of the mutant bacteria to compromise host immune responses 
(McLaughlin et al., 2009), may result in a lower overall level of SteE-mediated polarization 
of the granuloma macrophage compartment, compared to a WT STm-infected spleen. 
Finally, changes in the immune milieu when there are decreased bacterial burdens may 
affect availability of the cellular target of SteE, rendering SteE less effective. 
 
By modulating STAT3 activity, SteE manipulates a master transcriptional regulator that 
promotes the alternative M2 phenotype (Figure 4S and 5)(Jaslow et al., 2018). Effectively, 
SteE activity opposes TNF-mediated suppression of M2 macrophage reprogramming. 
Our finding that DsteE mutant-infected granuloma macrophages expressed substantially 
less IL-4Ra than those infected with WT bacteria when TNF was neutralized provides 
evidence that during persistent STm infection, these opposing regulations operate at the 
level of granuloma macrophages to dictate infection outcome (Figure 6). SteE 
immunoprecipitates with STAT3 (Jaslow et al., 2018). How SteE activity enhances 
pSTAT3 levels is a fascinating subject for futures studies, including molecular structural 
analysis to examine the impact of SteE binding to STAT3. Our data indicate that 
modulating granuloma polarization is an effective pathogenesis strategy for intracellular 
bacteria to establish persistent infection. Whether other intracellular bacteria secrete 
effectors to promote M2 granuloma macrophage polarization to persist in host tissues is 
not known. SteE coding sequence is absent from Salmonella Typhi, which is well known 
to cause persistent systemic infections in humans (Jennings et al., 2017). However, given 
the multitude of regulatory checkpoints in macrophage polarization, it is conceivable that 
different intracellular bacteria might exploit unique host pathways to achieve similar 
macrophage polarization effects. Indeed, a recent in vitro study showed Mtb utilizes 
ESAT-6 to modulate macrophage polarization, suggesting that diverse intracellular 
bacteria may employ evolutionarily convergent strategies to exploit granuloma 
macrophages (Refai et al., 2018).  
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Figure legends 
Figure 1: Development and maintenance of CD11b+CD11c+ STm granulomas. Mice 
orally infected with S. Typhimurium SL1344 and analyzed at indicated times p.i. (A) 
Hematoxylin and eosin (H&E) stains of infected spleens. White boundaries demarcate 
granulomas. Scale bar: 100 µm. (B) Quantitation of splenic bacterial burdens by colony 
forming units (CFU) using plating assays. Bars: geometric mean. Dots: individual mice. 
Dotted line: limit of detection. (C) Flow cytometric measurement of IFNγ-producing CD4+ 
T cells (gated as shown in figure S1) in infected vs uninfected (uninf.) spleens. Box and 
whisker plots. Horizontal lines indicate minimum, median, and maximum frequencies. 
Dots: individual mice. (D-E) Confocal microscopy identifying CD11b+CD11c+ granuloma 
microstructures in STm-infected spleens at 1-3 months p.i. White arrows and boundaries 
indicate granulomas. Scale bar: 200 µm (D), 50 µm (E). (F) A fraction of granuloma cells 
is iNOS+. Scale bar: 50 µm. (G) STm bacilli persist within CD11b+CD11c+ splenic 
granulomas at 4 weeks p.i. Scale bar: 20 µm. White arrow indicates STm bacilli. 
Significance calculated using a two-tailed Mann-Whitney test. ** p < 0.01, *** p < 0.001, 
**** p < 0.0001. A-C, data from 3 independent experiments, 3-5 mice per group per 
experiment. B-C show combined data. D-F, n > 10, multiple sections per mouse from at 
least 3 independent experiments. 
 
Figure 2: CD11b+CD11c+Ly6C+ macrophages populate STm granulomas. (A) Flow 
cytometric analysis of splenic CD11b+CD11c+ granuloma cells at 4 weeks p.i. 
Splenocytes gated for live, singlet, CD19-CD3-NK1.1- population, then further gated as 
shown. (B) Histograms illustrating expression of phenotypic and functional markers of 
myeloid cell populations as indicated in (A). (C) Splenocytes gated as in (A). Dot plots 
and histograms showing frequencies and phenotype of CD11b+CD11c+Ly6C+ cells in 
uninfected vs. infected spleens. Percentages indicate frequencies of gated cells among 
total splenocytes. (D) Visualization of STm granuloma macrophage phenotype by 
confocal microscopy. Scale bar: 50 µm (E) Quantitation of splenic granuloma 
macrophages (gated as shown in figure S2A) and total splenocytes at indicated times p.i. 
Bars: geometric means. Dots: individual mice. Significance derived from comparing 
infected animals at each time point to uninfected animals. (F) Intracellular TNF staining 
of splenocytes from infected animals at 4 weeks p.i. after stimulation ex vivo with medium 
or heat-killed S. Typhimurium (HKST).  (G) Quantitation of endogenous iNOS+ 
splenocytes from infected animals. Ma: granuloma macrophages; N: neutrophils; Mo: 
classical monocytes; DC: CD11b+CD11c+ DC as shown in figure S2A. Significance 
calculated using a two-tailed Mann-Whitney test. * p < 0.05, **** p < 0.0001. A-C and E-
H, data from at least 3 independent experiments 4-5 mice per groups per experiment. E-
F show combined data. D, n > 5, multiple sections per mouse. 
 

Figure 3: Phenotypic and functional heterogeneity of STm granuloma 
macrophages. (A) Confocal microscopy showing cells expressing the alternative 



macrophage marker CD301 within STm granulomas. (B) Granuloma macrophages gated 
as in figure S2A then examined for CD301 expression as shown. Percentages indicate 
frequencies of gated cells among granuloma macrophages. FMO: fluorescence-minus-
one control. Samples from 4 week-infected mice shown. (C) Quantitation of splenic 
CD301+ and CD301- granuloma macrophages at indicated times p.i. Significance derived 
from comparing infected to uninfected animals. (D) TNF response to HKST ex vivo of 
CD301- and CD301+ granuloma macrophages from infected animals. (E) Quantitation of 
iNOS+ cells among CD301- and CD301+ granuloma macrophages from infected animals 
by flow cytometry. (D-E) Samples from 4 week-infected mice shown. (F) STm+ fractions 
among splenic myeloid cell populations from orally infected mice in early and chronic, 
persistent infections. Ma: granuloma macrophages; N: neutrophils; Mo: classical 
monocytes; DC: CD11b+CD11c+ DC as shown in figure S2A. (G) Mean fluorescence 
intensity (MFI) of CD301 and IL-4Ra on granuloma macrophages from mice infected with 
STm intraperitoneally (i.p.) at 2 weeks post-infection. Significance calculated using a two-
tailed Mann-Whitney test. * p < 0.05, ** p < 0.01, **** p <0.0001. A, n > 10, multiple 
sections per mouse. B-G, data from at least 3 independent experiments, 4-6 mice per 
group per experiment. C and F show combined data. 
 
Figure 4: TNF limits M2 granuloma macrophage polarization to restrict STm 
persistence. Mice orally infected with STm for 3 months and treated with either anti-TNF 
Ab or control Ab on day 0 and 4, followed by analysis on day 8. (A) IL-4Ra levels on 
granuloma macrophages and CD11b+CD11c+ DC. (B) Quantitation of splenic CD301+ 
granuloma macrophages. (C) Confocal microscopy showing expansion of CD301+ cells 
among granuloma macrophages with TNF neutralization. Two month-infected mice 
shown. Scale bar: 50 µm. (D) Bacterial burdens in infected spleens and livers quantitated 
by CFU. Dotted line: limit of detection. (E) Confocal microscopy showing STm dynamics 
within granulomas. Scale bar: 20 µm (F) Quantitation of naïve and IFNγ+ CD4+ T cells. 
Gating for these cells shown in figure S1. (G-I) Quantitation of splenic CD301- granuloma 
macrophages, neutrophils, and classical monocytes. Significance calculated using a two-
tailed Mann-Whitney test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <0.0001. A, B, D, F-
I, data from 3 independent experiments 3-5 mice per group per experiment. B, D, F-I show 
combined data, C and E, n > 5 per group, multiple sections per mouse. 
 
Figure 5: STm effector SteE drives M2 granuloma macrophage polarization and 
pathogen persistence. (A-B) Mice infected with either WT or DsteE STm i.p. and tissue 
CFU quantitated at indicated time points p.i. Line: limit of detection. (C-K) Mice analyzed 
at 4 weeks p.i. (C) Spleen weights of infected mice. (D) Quantitation of naïve and IFNγ+ 
CD4+ T cells in infected spleens. Gating for these cells shown in figure S1. (E-G) 
Quantitation of splenic CD301- granuloma macrophages, neutrophils, and classical 
monocytes. (H) IL-4Ra levels of splenic granuloma macrophages and CD11b+CD11c+ 
dendritic cells. (I) Quantitation of CD301+ splenic granuloma macrophages. (J) H&E 
stains showing granulomas in the infected spleens and livers. White arrows indicate 
granulomas. Scale bar: 200 µm. (K) Staining of granulomas by confocal microscopy. 
Scale bar: 50 µm. Significance calculated using a two-tailed Mann-Whitney test. ** p < 
0.01, **** p <0.0001. A-K, data from at least 3 independent experiments, 3-6 mice per 
group per experiment. A-G, I show combined data. 



 
Figure 6: SteE antagonizes TNF-mediated restriction of STm. Red: WT STm-infected 
mice; blue: DsteE STm-infected mice; gray: DsseI STm-infected mice. (A-E) Mice infected 
with either WT or DsteE STm i.p. for 10 days before treatment with either anti-TNF or 
control Ab on day 0, followed by analysis on day 4. (A) IL-4Ra levels on splenic granuloma 
macrophages. (B-C) Quantitation of CD301+ and CD301- granuloma macrophages in 
infected spleens. (D) Quantitation of splenic bacterial burdens by CFU. (E) IL-4Ra levels 
on uninfected, bystander vs. infected granuloma macrophages from infected animals 
using anti-Salmonella Ab to stain for intracellular STm. (F-I) Mice infected with either WT 
or DsteE STm i.p. for 8 weeks, then treated with either anti-TNF or control Ab on day 0 
and day 4, followed by analysis on day 8.  (F) IL-4Ra levels on splenic granuloma 
macrophages. (G) Quantitation of CD301+ granuloma macrophages in infected spleens. 
(H) CFU quantitation of splenic bacterial burdens. (I) Quantitation of CD301- granuloma 
macrophages. (J-K) Mice infected with either WT, DsteE, DsseI STm i.p. for 4 weeks 
before treatment with either anti-TNF or control Ab on day 0, followed by analysis on day 
4. (J) Splenic CFU ratio of individual anti-TNF treated mice to the mean CFU of the control 
Ab-treated mice that were infected with the same STm strain. (K) Quantitation of CD301+ 
granuloma macrophages in infected spleens. Significance calculated using a two-tailed 
Mann-Whitney test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <0.0001. A-E, data from 
2 independent experiments, 5-7 mice per group per experiment; F-I, 4 independent 
experiments, 3-5 mice per group per experiment. J-K, 2 independent experiments, 5-6 
mice per group. B-D, G-K show combined data. 
 
 
STAR Methods 
Lead Contact and Materials Availability 
Further information and requests for resources and reagents should be directed to and 
will be fulfilled by the Lead Contact, Denise M. Monack (dmonack@stanford.edu) 
 
Experimental Model and Subject Details 
Ethics Statement 
Experiments involving animals were performed in accordance with NIH guidelines, the 
Animal Welfare Act, and US federal law. All animal experiments were approved by the 
Stanford University Administrative Panel on Laboratory Animal Care (APLAC) and 
overseen by the Institutional Animal Care and Use Committee (IACUC) under Protocol 
ID 12826. Animals were housed in a centralized research animal facility accredited by the 
Association of Assessment and Accreditation of Laboratory Animal Care (AAALAC) 
International. 
 
Mouse Strains and Husbandry 
129X1/SvJ mice were obtained from Jackson Laboratories or an in-house 129X1/SvJ 
colony. Male and female mice (7-16 weeks old) were housed under specific pathogen-
free conditions in filter-top cages that were changed bi-monthly by veterinary or research 
personnel. Sterile water and food were provided ad libitum. Mice were given at least one 



week to acclimate to the Stanford Animal Biohazard Research Facility prior to 
experimentation. 
 
Bacterial Strains and Growth Conditions 
Salmonella enterica serovar Typhimurium strain SL1344 was utilized in this study. 
SL1344 ΔsteE and SL1344 ΔsteE + psteE were generated as described previously 
(Stapels et al., 2018). For all mouse infections, S. Typhimurium strains were maintained 
aerobically on LB agar supplemented with 200 μg/mL streptomycin, + 40 μg/mL 
kanamycin, + 100 μg/mL carbenicillin, and grown aerobically to stationary phase 
overnight at 37 °C with broth aeration. Bacterial cultures were spun down and washed 
with sterile phosphate-buffered saline (PBS) before suspension in PBS for infection.  
 
Methods Details 
Mouse Infections and TNF neutralization 
Mice were allocated to control and experimental groups randomly, sample sizes were 
chosen based on previous experience to obtain reproducible results and the investigators 
were not blinded. For oral infections, food was removed 16 hours prior to inoculation with 
108 CFU S. Typhimurium in 100 µL PBS by oral gavage. For intraperitoneal infections, 
mice were injected with 103 CFU in 200 µL PBS. For TNF neutralization, infected mice 
were injected i.p. with either 500 μg anti-TNF monoclonal Ab, clone MP6-XT22 
(Biolegend), or isotype control Ab in sterile PBS in 400 μL total volume every 4 days until 
analysis. Mice were euthanized at the indicated time points post-inoculation by CO2 
asphyxiation followed by cervical dislocation as the secondary method of euthanasia. 
Organs were collected, weighted, and either homogenized in PBS for CFU enumeration, 
used to make single cell suspension for flow cytometric analysis, or prepared or 
histopathological examinations. 
 
Flow Cytometry 
Spleens from mice were minced with surgical blades No. 22 and incubated in digestion 
buffer (HBSS+Ca2++Mg2+ + 50 μg/mL DNase (Roche) + 25 μg/mL Liberase TL (Sigma)) 
at 37 °C for 25 min, mixing at 200 rpm. EDTA was added at a final concentration of 5 mM 
to halt digestion. Single cell suspensions were passed through a 70-μm filter and washed 
with R5 buffer (RPMI containing 5% FBS and 10 mM Hepes). Red blood cells were lysed 
with ACK Lysis Buffer (Fisher Scientific) for 3 min at room temperature, washed, and 
resuspended in R5 buffer until they were stained for flow cytometry. 
 
For myeloid intracellular TNF staining, heat-killed S. Typhimurium (HKST) was prepared 
from stationary-phase broth cultures grown aerobically overnight followed by heat 
treatment for 30 min at 56 °C. Digested splenocytes were washed and resuspended in 
RPMI containing 10% FBS, 10mM Hepes, and 50 ug/mL gentamicin. A total of 9 x 106 
splenocytes in 2-mL volume was added into each well of 6-well plates and allowed to 
equilibrate for 30 min at 37 °C. HKST at MOI 10:1 and brefeldin A to final concentration 
of 3 μg/mL were then added to stimulate splenocytes. After 3 hours of stimulation at 37 
°C, splenocytes were harvested and stained.  
 



Single-cell suspensions were incubated in Fc Block (TruStain fcX anti-mouse CD16/32, 
Biolegend) for 15 min on ice and washed with PBS. Cells were stained on ice for 30 min 
in PBS with a cocktail of Live/Dead Fixable Blue Viability Dye (Invitrogen) and antibodies 
for surface antigens (list of antibodies used provided in the Key Resources table). Cells 
were washed with FACS buffer (PBS containing 2% FBS and 2 mM EDTA), followed by 
fixation for 15 min with Cytofix/Cytoperm solution (BD Biosciences). Cells were washed 
twice with Perm/Wash buffer (BD Biosciences) and stained for intracellular Salmonella, 
TNF, iNOS, and IFNg. After washing, cells were resuspended in FACS buffer and 
analyzed on a LSRFortessa or LSRII cytometer (Becton Dickinson). Data were acquired 
with DIVA software (BD Biosciences) and analyzed using FlowJo software (TreeStar). 
 
Immunofluorescence Microsopy 
A full list of antibodies used for immunohistochemistry can be found the Key Resources 
table. Spleens were harvested, frozen in OCT compound (Fisher Scientific), and frozen 
sections 8 μm in thickness were placed on SuperFrost Plus cryosection slides (Fisher 
Scientific). Sections were fixed in ice-cold acetone at -20 °C for 10 minutes and then 
allowed to dry. A boundary was drawn around tissue sections using a pap pen (Fisher 
Scientific). Sections were washed with PBS and then blocked with staining buffer (PBS 
with 3% bovine serum albumin, + 1% saponin, 5 % normal mouse serum) for 30 min at 
room temperature. After blocking, sections were stained with the primary anti-
Salmonella antibody in staining buffer for 4 hours, or with primary antibodies against 
surface antigens for 1.5 hours, at room temperature. Sections were washed and then 
stained for 2 hours at room temperature with fluorescent conjugated secondary 
antibodies. Slides were washed in PBS and then mounted using ProLong Diamond (Life 
Technologies). Images were acquired on a Zeiss LSM 700 or 880 confocal microscope 
with the ZEN 2010 software (Zeiss) and processed using FIJI software.  
 
Histology  
Tissues were fixed in 10% neutral buffered formalin. After fixation, tissues were 
routinely processed for paraffin embedding and stained with hematoxylin and eosin. 
Histopathological analyses were performed by a veterinarian pathologist (J.G. V-M). 
Images were collected using a Hamamatsu Nanozoomer scanner and processed with 
NDP.view2 software. 
 
Quantification and Statistical Analysis  
Sample sizes were chosen based on previous experience to obtain reproducible results. 
On rare occasions, an infected mouse within a cohort developed signs of meningitis or 
severe infection characterized by ruffling, ataxia, inability to attain water and food, and 
hunching. Such animals were humanely euthanized and excluded from analyses. Data 
were consistently reproduced in at least 3 independent experiments (except for figures 
6A-E, 6J-K, S5A-B, S6B, S6E-F, for which 2 independent experiments were performed), 
with a minimum of 3 mice analyzed per group in each experiment, as indicated in the 
legends. All statistics were calculated in GraphPad Prism v8.0 software using two-tailed 
Mann-Whitney tests and are noted in figure legends. P values are expressed as follows: 
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 



 
Data and Code Availability 
This study did not generate datasets or code 
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Figure S1. Related to Figure 1: (A) Gating scheme for quantitation of antigen experienced, IFNγ+ CD4+ T cells in STm infected 
spleens. Samples were gated for size/scatter, living, and singlet population then further gated as displayed. Analysis of mice at 4 weeks 
post-infection shown. (B-C) Additional confocal microscopy showing immune cellular organization of splenic of STm granulomas.  
Analysis of 1 to 3-month infected animals shown. Scale bar: 50 um. White boundaries demarcate granulomas. Arrows indicate admixed 
neutrophils within granuloma. n > 10, multiple sections per mouse.
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Figure S2. Related to Figure 2: (A) Gating scheme to identify and quantify CD11b+CD11c+Ly6C+ granuloma macrophages. Samples 
were gated for size/scatter, living, and singlet population then further gated as displayed. Analysis of mice at 4 weeks p.i. shown. (B) 
Frequencies of granuloma macrophages and CD11b+CD11c+ dendritic cells, as gated in S2A, in uninfected and infected spleens at 
indicated time points p.i. (C-D) Quantitation of neutrophils (C) and classical monocytes (D) in uninfected and infected spleens at 
indicated time points p.i. Bars: geometric means; dots: individual mice. Significance derived from comparing infected animals at each 
time point to uninfected animals. (E) Examples of endogenous iNOS staining among myeloid cells from uninfected and STm infected 
spleens by flow cytometry. Granuloma macrophages and neutrophils were gated as in S2A and examined for iNOS expression as 
shown. FMO: fluorescence-minus-one staining control. Significance calculated using a two-tailed Mann-Whitney test. **** p < 0.0001. A-
E, at least 3 independent experiments, 4-5 mice per group per experiment.
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Figure S3. Related to Figure 3: (A) Frequencies of CD301- and CD301+ granuloma macrophages in uninfected and infected spleens at 
indicated time points p.i. Significance derived from comparing infected animals at each time point to uninfected animals. (B) Splenocytes 
analyzed by flow cytometry were first gated for live, singlet, CD19-CD3-NK1.1- population, followed by gating for granuloma 
macrophages and other major myeloid cell populations as shown in figure S2A, then examined for intracellular STm using an anti-
Salmonella antibody. Numbers indicated fractions of gated events within the parent cell population. Black: uninfected, red: infected. (A) 
Mice orally infected with 108 S. Typhimurium SL1344 for 2 weeks. (B) Mice infected with 103 CFU STm i.p. for 2 weeks. Significance 
calculated using a two-tailed Mann-Whitney test. **** p < 0.0001.
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Figure S4. Related to Figure 5: (A-C) 129x1/SvJ BMDMs infected with either WT, ∆steE, or ∆steE::pSteE STm SL1344 and analyzed 
by flow cytometry at 20 hours of infection. Infected cells gated for positive intracellular STm then examined for pSTAT3, pSTAT1, IL-4R, 
and CD301 levels. (A) Intracellular levels of pSTAT3 and pSTAT1. (B) Surface expressions of IL-4R. (C) Frequencies of CD301+, IL-4Rhi 
infected BMDMs. (D) Spleen weights of ∆steE and WT STm infected mice at indicated time points p.i. (E) Quantitation of CD301- 
granuloma macrophages, neutrophils, and classical monocytes in ∆steE and WT STm-infected spleens at indicated time points p.i. (F) 
Mice infected with 103 CFU of either WT or ∆steE STm i.p. for 8 weeks. Measurement of intracellular TNF levels of granuloma 
macrophages following 3 hours of stimulation ex vivo with HKST. (G) Quantitation of CD301+ granuloma macrophages in ∆steE and WT 
STm-infected spleens at indicated time points p.i. (D-G) Significance calculated using a two-tailed Mann-Whitney test. *** p < 0.001, **** 
p <0.0001.



Figure S5

A
LiverSpleen

B
**

** **
**

**
**

Granuloma macrophages

C WT ΔsteE

WT ΔsteE

WT ΔsteE

WT ΔsteE

Liver Spleen

WT ΔsteE pSteE
103

104

105

106

C
FU
/s
pl
ee
n

WT ΔsteE pSteE
102

103

104

105

C
FU
/g

WT ΔsteE pSteE

500

1000

1500

IL
-4

R
α

 M
FI

Figure S5. Related to Figure 5: (A-B) Mice infected with either WT, ∆steE, or ∆steE::psteE STm SL1344 and analyzed on day 10 p.i. (A) 
Quantitation of bacterial burdens in infected spleens and livers using CFU plating assays. (B) Measurements of IL-4R levels on granuloma 
macrophages from infected spleens. (C) Additional examples of granuloma development defect in ∆steE STm-infected animals at 4 weeks 
p.i.. Scale bar: 200 um. Significance calculated using a two-tailed Mann-Whitney test. * p < 0.05, ** p < 0.01. Data shown are representative 
of at least two independent experiments. 
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Figure S6. Related to Figure 6: (A) Mice infected with 103 CFU of either WT or ∆steE STm i.p. 
for 10 days before treatment with either 500 ug anti-TNF or control Ab on day 0 and day 4 
followed by analysis on day 8. Survival curve showing a large proportion of WT STm infected, 
TNF-neutralized mice became moribund before analysis on day 8. (B-F) Red: mice infected with 
WT STm; blue: mice infected with ∆steE STm; gray: mice infected with ∆sseI STm. (B) Mice 
infected with 103 CFU of either WT or ∆steE STm i.p. for 10 days before treatment with either 
anti-TNF or control Ab on day 0, followed by analysis on day 4. Quantitation of bacterial 
burdens in infected livers by CFU. (C) Mice infected with 103 CFU of either WT or ∆steE STm 
i.p. for 8 weeks, then treated with either 500 ug anti-TNF or control Ab on day 0 and day 4, 
followed by analysis on day 8. Quantitation of bacterial burdens in infected livers by CFU. (D) 
129x1/SvJ BMDMs infected with either WT, ∆steE, or ∆sseI STm SL1344 and analyzed by flow 
cytometry at 20 hours of infection. Uninfected, bystander and infected cells gated by 
intracellular STm signal then examined for IL-4R expression. No infection: BMDMs not exposed 
to bacteria. Data shown are representative of two independent experiments. (E-F) Mice infected 
with 103 CFU of either WT, ∆steE, ∆sseI STm i.p. for 4 weeks before treatment with either anti-
TNF or control Ab on day 0, followed by analysis on day 4. (E) Quantitation of bacterial burdens 
in infected spleens by CFU. (F) Measurement of IL-4R levels on splenic granuloma 
macrophages. (B-F) Significance calculated using a two-tailed Mann-Whitney test. * p < 0.05, ** 
p < 0.01, *** p < 0.001, **** p <0.0001. 
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