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Abstract
Unlike other Salmonellae, the intracellular bacterial human pathogen Salmonella Typhi exhibits
strict host specificity. The molecular bases for this restriction are unknown. Here we show that the
expression of a single type III secretion system effector protein from broad-host Salmonella
Typhimurium allows Salmonella Typhi to survive and replicate within macrophages and tissues
from mice, a non-permissive host. We found that this effector proteolytically targets Rab32, which
controls traffic to lysosome-related organelles in conjunction with components of the biogenesis
of lysosome-related organelle complexes (BLOCs). RNAi-mediated depletion of Rab32 or of an
essential component of a BLOC complex was sufficient to allow S. Typhi to survive within mouse
macrophages. Furthermore, Salmonella Typhi was able to survive in macrophages from mice
defective in BLOC components. These findings provide insight into the molecular bases of S.
Typhi host restriction and uncover a previously unknown mechanism of pathogen control in
macrophages.
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The bacterial pathogen Salmonella enterica comprises thousands of serovars (i. e. variants
that can be distinguished by their surface antigen composition) that as a whole can infect a
large number of vertebrate species ranging from reptiles to humans (1, 2). While some
serovars can infect a broad range of hosts, others are extremely host specific. This is the case
of Salmonella enterica serovar Typhi (S. Typhi), which naturally can only infect humans
although experimentally it can also infect higher primates (3). S. Typhi causes typhoid fever,
a life-threatening systemic disease that every year kills 200,000 people worldwide (4-6).
Although the genome sequences of several host-specific and broad-host Salmonellae are
available, the molecular bases for this remarkable host adaptation are unknown and likely to
be multifactorial (7, 8). It is believed that genome reduction most likely played a central role
in the narrowing of S. Typhi’s host range (9). This host restriction is also manifested at the
cellular level since, in contrast to human macrophages, S. Typhi is unable to survive within
macrophages of mice, a non-permissive species (10, 11). The interaction of Salmonella
enterica with host cells is largely determined by the activities of two type III secretion
systems (T3SS), which deliver bacterial effector proteins into host cells to modulate a
variety of cellular processes (12-15). We recently discovered that differences in the
composition of the membrane compartment that harbors S. Typhi and S. Typhimurium is
due to differences in the assortment of the T3SS effector proteins that they encode (16).
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While vacuoles containing S. Typhi efficiently recruit Rab29, those containing the broad-
host serovar S. Typhimurium do not because its T3SS effector GtgE, absent from S. Typhi,
proteolytically degrades it (16).

We hypothesized that the presence or absence of a Rab GTPase in the vacuoles harboring S.
Typhi or S. Typhimurium must translate into fundamental differences in the intracellular
biology of these pathogens, potentially influencing host-cell restriction. We expressed the S.
Typhimurium T3SS effector GtgE in S. Typhi and examined its ability to survive within
primary bone-marrow-derived macrophages (BMDM) obtained from mice, a non-permissive
species (17). Surprisingly, we found that expression of gtgE significantly increased the
ability of S. Typhi to survive within mouse macrophages (Fig. 1A and S1). While very few
colony-forming units (c. f. u.) were recovered from mouse macrophages 48 hs after infection
with wild-type S. Typhi, large numbers of c. f. u. were recovered from macrophages infected
with S. Typhi expressing gtgE. In fact, the number of c. f. u. recovered from macrophages
infected with S. Typhi expressing gtgE were equivalent to those recovered from
macrophages infected with the broad-host serovar S. Typhimurium (Fig. 1A and S1). These
results indicate that expression of a single effector protein from broad host Salmonellae
allows S. Typhi to overcome host-cell restriction and survive in a non-permissive host cell.

To investigate the consequences of overcoming host-cell restriction in the ability of S. Typhi
to replicate within a non-permissive host, we infected mice with the S. Typhi strain
expressing gtgE. We found a significantly higher number of c. f. u. in the tissues of mice
infected with S. Typhi expressing gtgE compared to those infected with wild-type (Fig. 1B,
1C, and S2). These results indicate that expression of gtgE allows S. Typhi to overcome
some of the host restriction barrier. Furthermore, these results suggest that the inability of S.
Typhi to replicate within non-human hosts is at least in part due to its inability to survive
within macrophages of the non-permissive species. However, additional factors must
contribute to host restriction since the virulence of S. Typhi expressing GtgE did not match
that of S. Typhimurium (18), which is highly virulent for mice.

To gain insight into the mechanisms by which GtgE allows S. Typhi to overcome the host-
cell restriction barrier, we examined the effect of depleting Rab29, a target of its protease
activity (16), on the ability of S. Typhi to survive within primary mouse BMDM.
Surprisingly, we found that siRNA-mediated depletion of Rab29 had no effect on the ability
of S. Typhi to survive in non-permissive macrophages (Fig. S3), which indicated that GtgE
might have additional cellular target(s) for its protease activity responsible for its phenotype.
We therefore examined the ability of GtgE to target other Rab GTPases. We found that,
despite the broad conservation of residues surrounding the GtgE cleavage site in several
GTPases (Fig. S4), GtgE was only able to target Rab32 and Rab38 (Fig. 2A, 2B, 2C, and
S5). Consistent with these findings, phylogenetic analysis of all Rab-family GTPases
indicated that Rab32 and Rab38 are the GTPases most highly related to Rab29 (Fig. 2D and
S6). However, GtgE did not cleave Rab23, the next most highly related GTPase, nor did it
cleave other GTPases phylogenetically close to Rab29, Rab32 or Rab38 (Fig. 2A, 2C, 2D,
S4, S5, and S6). Consistent with these observations, Rab32 and Rab38 (but not Rab23) were
cleaved in cells infected with S. Typhimurium, which expresses GtgE, but not in cells
infected with S. Typhi, which does not (Fig. 2C). These results indicate that GtgE is a
specific protease that targets a very restricted sub-group of highly related Rab GTPases.

We have previously shown that shortly after infection, Rab29 is readily recruited to the S.
Typhi-containing vacuoles and remains associated with these vacuoles for several hours
after infection (16). We therefore investigated whether Rab32 and Rab38 were also recruited
to the S. Typhi-containing vacuole. We found that, like Rab29, Rab32 and Rab38 were
recruited to the S. Typhi-containing vacuole with similar kinetics (Fig. 3A). Similar
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observations were made in cells infected with the related human-restricted serovar
Salmonella Paratyphi, which, like S. Typhi, does not encode gtgE (Fig. 3B). In contrast,
Rab32 and Rab38 were not recruited to the S. Typhimurium vacuole (Fig. 3B), which is
consistent with the degradation of these GTPases in infected cells by GtgE (Fig. 2C).
Similar results were observed in mouse primary BMDM (Fig. 3C). These results indicate
that there are very significant differences between the composition of the intracellular
compartments that harbor the human-restricted S. Typhi and the broad-host Salmonellae
such as S. Typhimurium, which may contribute to their differences in host specificity.

To ascertain which of the GtgE targets restricts the survival of S. Typhi within non-
permissive macrophages, we investigated the effect of siRNA-mediated depletion of Rab32
or Rab38 on the ability of S. Typhi to survive within primary mouse BMDM. We found that
depletion of Rab38 had no effect on the ability of S. Typhi to survive in non-permissive
macrophages (Fig. 4A and S7). However, depletion of Rab32 significantly increased the
ability of S. Typhi to survive within mouse macrophages, essentially phenocopying S. Typhi
expressing gtgE (Fig. 4A and S7). These results indicate that GtgE confers to S. Typhi the
capacity to survive within mouse macrophages by degrading Rab32.

Rab32 and Rab38 have been implicated in the biogenesis of specialized compartments
distinct from lysosomes that are collectively known as “lysosome-related-organelles” (LRO)
such as melanosomes or specialized granules in platelet and T-cells (19-23)(24). Rab32 and
Rab38, in conjunction with BLOC 1, 2, and 3, coordinate the delivery of specific cargo to
LROs including enzymes required for melanine synthesis or a variety of antimicrobial
proteins (20, 23, 25, 26). Intriguingly, the Salmonella- containing vacuole (SCV) exhibits
features of LROs such as the presence of the lysosomal glycoprotein 1 (Lamp-1), the
absence of lysosomal degradative enzymes (27, 28) and, as shown here, the presence of
Rab32 and Rab38 (Fig. 4B). We therefore hypothesized that Rab32 may restrict S. Typhi
growth in mouse macrophages by delivering an antimicrobial activity to the SCV. If this
hypothesis were correct, interfering with components of the BLOC complexes should allow
S. Typhi to survive in mouse macrophages. We found that depletion of HSP-7 or HSP-6,
essential components of BLOC-1 and BLOC-2, respectively, did not have an effect on the
ability of S. Typhi to survive within mouse macrophages (Fig. 4C and S8). In contrast,
depletion of HSP-4, an essential component of BLOC-3, allowed S. Typhi to survive within
mouse macrophages (Fig. 3C and S8). Furthermore, we found that S. Typhi survived in
BMDM obtained from a mouse (pa/co/le) simultaneously defective in BLOC-1, -2, and -3
(29-31) (Fig. 4D). Together, these results indicate that S. Typhi restriction in cells from a
non-permissive host is due to an antimicrobial activity delivered to its intracellular vacuole
by a machinery akin to that utilized in the genesis of specialized compartments such as
melanosomes and T-cell granules. The rapid kinetics of S. Typhi loss of c. f. u. after
infection of non-permissive cells (Fig. 1) suggests that this activity must kill S. Typhi rather
than restrict its growth. It is therefore possible that differences in the antimicrobial activity
of human macrophages may have relieved S. Typhi from the need to acquire (or retain) gtgE
thus contributing to its host specialization.

Rab GTPases are highly conserved across vertebrate species exhibiting very little amino
acid sequence variation (32). However, Rab32 exhibits relatively more amino acid sequence
variation across mammalian species than most other members of this family (Fig. 4E and
4F). We hypothesize that this variation may have been driven by the action of virulence
factors that, like GtgE, may target this host-defense pathway. Mutations in the components
of the machinery involved in melanosome formation such as the BLOCs or a geranylgeranyl
transferase that modifies Rab32, lead to a variety of pathologies such as Hermansky Pudlak
syndrome (33, 34). These deficiencies not only lead to albinism but to other clinical
manifestations including increased susceptibility to infections (35). It is possible that
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deficiencies in macrophage microbial killing functions may account at least in part for the
observed increased susceptibility to bacterial infections. In this context, it is also intriguing
that a recent genome-wide association study has uncovered a genetic polymorphism in
Rab32 that is linked to increased susceptibility to Mycobacterium leprae infection (36).
Furthermore, Rab32 has been reported to be present in the Mycobacterium tuberculosis-
containing vacuole (37). Therefore, it is likely that the mechanism described here may be
important in the control of other important intracellular bacterial pathogens that, like
Salmonella, reside in this specialized membrane compartment.

We have described here a novel mechanism that restricts the growth of the human restricted
Salmonella Typhi within mouse macrophages, a mechanism that could be overcome by the
expression of a single effector protein from broad host Salmonellae. These findings provide
major insight into the mechanisms of pathogen host-adaptation and describe a novel
mechanism of host defense to target pathogens located at a unique intracellular
compartment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. GtgE expression limits host-cell restriction
(A) Survival of S. Typhi expressing GtgE in bone-marrow-derived mouse macrophages
(BMDM). Macrophages were infected with S. Typhi (Ty), S. Typhi expressing GtgE (Ty
GtgE), or S. Typhimurium (Tm). Cells were lysed at the indicated time points and c. f. u.
enumerated. Values are means ± SEM of three independent measurements. p values (for the
difference relative to values obtained from cells infected with S. Typhi) were determined by
the Student’s t test: *<0.05; **<0.01; ***<0.001. (B) and (C) C. f. u. recovered from the
spleens of C57BL/6 Nramp+/+ mice infected with S. Typhi (wt) or S. Typhi expressing GtgE
(GtgE) 4 days after intraperitoneal (B) or oral (C) inoculation. Horizontal bars indicate the
means. The p value was determined by the Wilcoxon rank sum test.
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Fig. 2. Rab32 and Rab38 are targets of the GtgE protease activity
(A) GtgE cleaves Rab32 and Rab38 in cultured cells. COS-1 cells were co-transfected with
plasmids expressing the indicated GFP or RFP-tagged Rab GTPases and wild-type GtgE
(wt) or a GtgE catalytic mutant (GtgEH151A) (cat). Twenty-four hours after transfection,
cells were lysed and samples were analyzed by Western blotting using a rabbit anti-GFP
antibody or a rabbit anti-RFP antibody. (B) GtgE cleaves Rab32 and Rab38 in vitro. Purified
MBP-tagged Rab32 or MBP-tagged Rab38 were incubated with MBP-tagged GtgE,
separated by SDS-PAGE and stained with Coomassie. (C) GtgE targets Rab32 and Rab38
during Salmonella infection. COS-1 cells expressing GFP-Rab29, YFP-Rab32, YFP-Rab38
or RFP-Rab23 were infected with S. Typhi (Ty), or S. Typhimurium (Tm). Two and a half
hour after infection cells were lysed and samples were analyzed by Western blotting using a
rabbit anti-GFP antibody or a rabbit anti-RFP antibody. (D) Phylogenetic tree of the human
Rab and Rab-like GTPases. The locations of Rab29, Rab32 and Rab38 within the tree are
indicated in red.
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Fig. 3. Rab32 and Rab38 are recruited to the Salmonella Typhi-containing vacuole
Henle-407 cells (A and B) or mouse primary BMDM (C) expressing YFP- or CFP-tagged
Rab32 or Rab38 (green) were infected with S. Typhi (A and C), S. Paratyphi (B and C), or
S. Typhimurium (B and C) expressing mCherry (red) and imaged at the indicated times (A)
or 2 hours (B and C) after infection. The images shown represent maximum intensity
projections of Z-stacks. Bars, 10 μm.
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Fig. 4. Rab32 and BLOC-3 are required for S. Typhi host-cell restriction
(A) Intracellular survival of S. Typhi in BMDM depleted of Rab32 and Rab38. BMDM
from mice were transfected with a non-targeting siRNA smart pool (nt) or siRNA smart
pools targeting Rab32 or Rab38. Three days after transfection cells were infected with S.
Typhi, lysed at the indicated time points after infection and c. f. u. were enumerated. Values
are means ± SEM of three independent measurements. (B) Schematic representation of the
comparison between the maturation of the Salmonella-containing vacuole and melanosomes
(an example of a lysosome-related organelle). (C) Intracellular survival of S. Typhi in
BMDM depleted of BLOCs. BMDM from mice were nucleoporated with a non-targeting
siRNA smart pool (nt) or specific siRNA smart pools targeting HPS7 (subunit of BLOC-1),
HPS6 (subunit of BLOC-2) or HPS4 (subunit of BLOC-3). Three days after transfection,
cells were infected with S. Typhi, lysed at the indicated time points and c. f. u. were
enumerated. Values are means ± SEM of three independent experiments. (D) Intracellular
survival of S. Typhi in BMDM defective for BLOC-1, -2, and -3. BMDM cells from mice
simultaneously defective in BLOC-1, 2, and -3 (pa/co/le) were infected with S. Typhi, lysed
at the indicated time points after infection and c. f. u. were enumerated. Values are means ±
SEM of three independent measurements. (E) Alignment of human and mouse Rab32 shows
sequence variation in the N-terminal and C-terminal regions. (F) Heat-map of the degrees of
identity of the human Rab GTPases with the orthologs in three mammalian species: Pan
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troglodytes, Sus scrofa, Mus musculus. Black represents 100% identity, white represents
75% identity. p values were determined by the Student’s t test: *<0.05; **<0.01; ***<0.001.
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