J AMERICAN mB' .
=8 socieTy For
MICROBIOLOGY

RESEARCH ARTICLE

L)

Check for
updates

Yersinia pestis Targets the Host Endosome Recycling Pathway
during the Biogenesis of the Yersinia-Containing Vacuole To

Avoid Killing by Macrophages

Michael G. Connor,®* Amanda R. Pulsifer,® 2’ Donghoon Chung,>? (2 Eric C. Rouchka,c Brian K. Ceresa,?

Matthew B. Lawrenz?P

2Department of Microbiology & Immunology, University of Louisville School of Medicine, Louisville, Kentucky,
USA

bCenter for Predictive Medicine for Biodefense and Emerging Infectious Diseases, University of Louisville
School of Medicine, Louisville, Kentucky, USA

“Department of Computer Engineering and Computer Science, University of Louisville, Louisville, Kentucky,
USA

dDepartment of Pharmacology & Toxicology, University of Louisville School of Medicine, Louisville, Kentucky,
USA

ABSTRACT Yersinia pestis has evolved many strategies to evade the innate immune
system. One of these strategies is the ability to survive within macrophages. Upon
phagocytosis, Y. pestis prevents phagolysosome maturation and establishes a modi-
fied compartment termed the Yersinia-containing vacuole (YCV). Y. pestis actively in-
hibits the acidification of this compartment, and eventually, the YCV transitions from
a tight-fitting vacuole into a spacious replicative vacuole. The mechanisms to gener-
ate the YCV have not been defined. However, we hypothesized that YCV biogenesis
requires Y. pestis interactions with specific host factors to subvert normal vesicular
trafficking. In order to identify these factors, we performed a genome-wide RNA in-
terference (RNAI) screen to identify host factors required for Y. pestis survival in mac-
rophages. This screen revealed that 71 host proteins are required for intracellular
survival of Y. pestis. Of particular interest was the enrichment for genes involved in
endosome recycling. Moreover, we demonstrated that Y. pestis actively recruits
Rab4a and Rab11b to the YCV in a type three secretion system-independent man-
ner, indicating remodeling of the YCV by VY. pestis to resemble a recycling endo-
some. While recruitment of Rab4a was necessary to inhibit YCV acidification and lys-
osomal fusion early during infection, Rab11b appeared to contribute to later stages
of YCV biogenesis. We also discovered that Y. pestis disrupts global host endocytic
recycling in macrophages, possibly through sequestration of Rab11b, and this pro-
cess is required for bacterial replication. These data provide the first evidence that
Y. pestis targets the host endocytic recycling pathway to avoid phagolysosomal mat-
uration and generate the YCV.

IMPORTANCE Yersinia pestis can infect and survive within macrophages. However,
the mechanisms that the bacterium use to subvert killing by these phagocytes have
not been defined. To provide a better understanding of these mechanisms, we used
an RNAi approach to identify host factors required for intracellular Y. pestis survival.
This approach revealed that the host endocytic recycling pathway is essential for
Y. pestis to avoid clearance by the macrophage. We further demonstrate that Y. pes-
tis remodels the phagosome to resemble a recycling endosome, allowing the bacte-
rium to avoid the normal phagolysosomal maturation pathway. Moreover, we show
that infection with Y. pestis disrupts normal recycling in the macrophage and that
disruption is required for bacterial replication. These findings provide the first evi-
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dence that Y. pestis targets the host endocytic recycling pathway in order to evade
killing by macrophages.

KEYWORDS intracellular survival, plague, Rab GTPases, Yersinia pestis, endosome
recycling

ersinia pestis is a facultative intracellular pathogen that causes the human disease

known as plague (1, 2). There are three forms of human plague: bubonic, pneu-
monic, and septicemic. Each form of plague results in an acute infection that is
delineated by the tissues primarily colonized by Y. pestis. Bubonic plague is the most
common form and arises after a bite from a Y. pestis-infected flea. The bacteria rapidly
disseminate from the inoculation site through the lymphatic system and colonize the
draining lymph node (1, 3, 4). Eventually, the bacteria enter and replicate in the
bloodstream, leading to septicemic plague (1, 5). In rare cases, Y. pestis can be directly
inoculated into blood by a flea or from the bite of an infected animal, resulting in
primary septicemic plague without colonization of the lymphatic system (1). From the
blood, Y. pestis is distributed throughout the body and colonizes other tissues, such as
the spleen, liver, and lungs. Colonization of the lungs leads to the development of
secondary pneumonic plague and the potential for patients to aerosolize Y. pestis by
coughing, and potential person-to-person transmission. Inhalation of infected aerosols
by naive individuals can result in colonization of the lungs by Y. pestis and the
development of primary pneumonic plague. All three forms of plague are very rapid
infections with high mortality rates in the absence of early antibiotic treatment (1, 6).
Furthermore, the ability for aerosol transmission of Y. pestis raises the potential for this
bacterium to be used as a biological weapon (7).

Y. pestis is maintained through a zoonotic transmission cycle between rodents and
fleas (1, 2). The ability of Y. pestis to exist in both the mammalian and flea hosts is a
result of acquiring virulence factors required for the mammalian host and transmission
factors required for flea colonization (1, 8-10). The bacterium regulates these factors to
ensure expression of appropriate factors only when required (1, 8-12). Importantly,
antiphagocytic factors expressed during mammalian infection, like the Ysc type three
secretion system (T3SS), secreted Yop effectors, and the Caf1 capsule, are not required
for flea infection, and thus are repressed in the flea vector (13, 14). Therefore, there is
a transition period when Y. pestis is highly susceptible to recognition and phagocytosis
by macrophages and neutrophils immediately upon flea transmission (15-17). This
susceptibility was highlighted by intravital microscopy of the infection site by Shannon
et al. (17). Following transmission of Y. pestis via the flea to the dermis of the ear,
polymorphonuclear leukocytes (PMNs) are rapidly recruited to the infection site and
appear to phagocytose the bacteria. To a lesser degree, host macrophages are also
recruited and engulf bacteria, and infected macrophages appeared to migrate away
from the infection site. Growing evidence suggests that these two phagocytes have
very different abilities to kill Y. pestis (15, 17-22). Specifically, neutrophils appear to be
more efficient at killing phagocytosed Y. pestis than macrophages (20-22). Moreover,
several studies suggest that Y. pestis actively inhibits killing by both mouse and human
macrophages (16, 19, 23-28).

The importance of intracellular Y. pestis survival in virulence has been highlighted by
several studies. Ye et al. showed that animals depleted for macrophage/dendritic cell
populations exhibited delayed Y. pestis dissemination and subsequently lower bacterial
burdens during plague infection (29). Moreover, a phoPQ mutant, which is defective for
survival within macrophages (23, 24, 30, 31), has a 75-fold attenuation in subcutaneous
infection of BALB/c mice and a significant delay in the development of lethal disease in
Swiss Webster mice (30, 31). While PhoPQ regulates many genes in Y. pestis, and thus
may have pleiotropic effects during infection, many of the genes regulated by this
operon have been shown to be important for stress response and intracellular survival,
indicating that deficiency in intracellular survival of the phoPQ mutant contributes to
the attenuated phenotypes (23). In contrast, Y. pestis is defective in intracellular survival
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in macrophages from canines and Mus spretus SEG mice, species that are relatively
resistant to plague, compared to common laboratory murine macrophages, indicating
that the ability of macrophages to kill Y. pestis may contribute to susceptibility to
plague (32-34). These data, combined with studies showing the sensitivity of Y. pestis
to PMN killing (20-22), suggest that Y. pestis infection of macrophages may provide an
intracellular niche to avoid killing by PMNs during early stages of bubonic plague.

Upon phagocytosis by macrophages, Y. pestis actively inhibits phagosome-mediated
killing (16, 23, 25-28). A hallmark of this process is the inhibition of phagosome
acidification by Y. pestis (27). The bacterium remains within this phagosome throughout
the course of the intracellular infection, eventually remodeling it into a compartment
called the Yersinia-containing vacuole (YCV). In addition to maintaining a neutral pH, a
subset of the YCVs eventually mature into autophagosome-like compartments, acquir-
ing both LC3-Il and double membranes (27). During late infection, the YCV expands
from a tight-fitting vacuole to a spacious vacuole, coinciding with bacterial replication
(23, 27, 33). Recently, we identified the first host factor required by Y. pestis for the YCV
biogenesis process (35). The host GTPase Rab1b, which normally mediates endoplasmic
reticulum (ER)-Golgi trafficking (36, 37), is rapidly recruited to the YCV and is required
for Y. pestis to inhibit vacuole acidification and phagosome maturation. These data
demonstrate that Y. pestis manipulates host factors to subvert phagosomal maturation
and to generate a protective replicative niche within the macrophage. Here we describe
a genome-wide, RNA interference (RNAi)-based high-throughput screen to identify
additional host factors required for intracellular survival of Y. pestis. Network analysis of
these genes revealed enrichment for host factors involved in the endocytic recycling
pathway. We further show that Y. pestis actively recruits Rab4 and Rab11 to remodel the
YCV to resemble host recycling endosomes in order to avoid phagolysosomal matura-
tion in a T3SS-independent manner. Moreover, we demonstrate that Y. pestis infection
also disrupts global host cell recycling, likely through sequestration of Rab11, and that
disruption in recycling is important for intracellular replication.

RESULTS

Y. pestis requires host cell signal transduction, transport, and localization
pathways to survive in macrophages. RNAi has been used to identify host factors
required for intracellular survival of several pathogens (38-49). As macrophages are
specifically infected during Y. pestis infection, our first goal was to select a macrophage
cell line that was amendable to Lipofectamine-mediated transfection and RNAi neces-
sary for high-throughput screening. Toward this end, we tested small interfering RNA
(siRNA) transfection and knockdown in several human and mouse macrophage cell
lines. While robust RNAi was observed in mouse macrophages, we were unable to
reproducibly knock down gene expression in human cell lines (data not shown). On the
basis of these results, we chose RAW264.7 mouse macrophages for further optimiza-
tion. Using a combination of siRNAs targeting genes of variable expression levels, we
optimized Lipofectamine/siRNA concentrations and transfection time to consistently
achieve >70% knockdown of targets (Fig. 1A and B). Next, we infected cells transfected
with Rab2 siRNA and CopfB1 siRNA (both siRNAs are known to inhibit intracellular
survival of other pathogens [41, 42, 48]) with Y. pestis CO92 pCD1® LuXp,,c, @ biolu-
minescent bioreporter that can differentiate as little as a twofold difference in intra-
cellular bacteria (Fig. 1C and D; R? = 0.89) (50), to demonstrate that this bioreporter can
be used to kinetically monitor changes in intracellular survival (Fig. 1E). Finally, using
Copp1 siRNA as a positive control, we calculated Z' factor values for this assay of 0.61
and 0.83 at 2 and 10 h postinfection, respectively (Fig. 1F). Together, these data indicate
a highly reproducible assay amenable to high-throughput screening (Fig. 1G).

Using this RNAi assay, 17,370 host genes were screened using a pooled siRNA
approach (three siRNAs for each target were pooled into one well), and we monitored
changes in intracellular survival of Y. pestis. Each plate also contained control wells
transfected with scrambled or COPB1 siRNAs. Bioluminescence was measured at 2 and
10 h postinfection, and Z' factors were calculated from the control wells (the average
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FIG 1 RNAi-based assay to identify host factors required for intracellular survival of Y. pestis. To
determine whether reproducible RNAi could be achieved in RAW264.7 macrophages, cells were reverse
transfected with siRNAs targeting indicated genes. (A and B) Forty-eight hours posttransfection, cells (n =
3) were harvested for RNA isolation and qRT-PCR (data represent the level of gene expression compared
to the level for the scrambled siRNA control) (A) or protein isolation for Western blot analysis (B-actin was
used as a loading control) (B). a-GAPDH, anti-GAPDH antibody; «-Bactin, anti-Bactin antibody. To
demonstrate that the Y. pestis CO92 pCD1® Lux,., bioreporter accurately represents intracellular
bacterial numbers, RAW264.7 macrophages were infected with Y. pestis CO92 pCD1© Luxp, at the
indicated MOIs (n = 12), and extracellular bacteria were killed with gentamicin. (C) Bioluminescence (in
relative light units [RLU]) of intracellular bacteria was determined at 1, 4, 8, and 18 h postinfection. (D)
At 18 h, cells from each MOI (n = 3) were lysed, and bacterial numbers (CFU) were determined and
compared to 18-h bioluminescence (in RLU). (E) To demonstrate that RNAi targeting specific genes could
impact the intracellular survival of Y. pestis, RAW264.7 macrophages were transfected with siRNAs
targeting Rab2A or COPp1. Forty-eight hours posttransfection, macrophages were infected with Y. pestis
C092 pCD1® LuXpe,c (MOI of 10). Extracellular bacteria were killed with gentamicin, and intracellular
bacterial bioluminescence was monitored over time. Data are represented as percent RLU of scrambled (Scr)
siRNA control. (F) To demonstrate the robustness of the assay, RAW264.7 macrophages (n = 48) were reverse
transfected with either scrambled siRNA (negative control) or siRNA targeting Copf1 (positive control).
Forty-eight hours posttransfection, macrophages were infected with Y. pestis CO92 pCD1© Luxp,.,c (MOl of
10). Extracellular bacteria were killed with gentamicin, and intracellular bacterial bioluminescence was
determined at 2 and 10 h postinfection. The Z’ factors from four independent experiments are shown (the
bars are means). (G) Overview of optimized high-throughput assay for RNAi screening.
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Z' factors for the screen at 2 and 10 h were 0.57 and 0.66, respectively). Biolumines-
cence was normalized for each plate based on control wells, and changes in intracel-
lular survival of Y. pestis were ranked by normalized scores (Fig. 2A; see also Data Set S1
in the supplemental material). A total of 325 genes that inhibited bacterial growth and
39 genes that promoted bacterial growth were selected for secondary validation. For
the secondary screen, a single siRNA (siRNA “A”) was used to validate the primary
screen results. Furthermore, the primary hits were validated against two different
Y. pestis strains, one with the Ysc type three secretion system (T3SS) (KIMD19 pCD1¢"
LuXpeoic) @and one without it (CO92 pCD1® LuXp ). A direct correlation was observed
between the two strains (Fig. 2B; r, = 0.87), supporting previous studies showing that
the T3SS is dispensable for intracellular survival (16, 24, 35, 50). From the primary hits,
135 genes showed =40% inhibition of intracellular survival of Y. pestis and 7 showed
a hypervirulent phenotype with =20% more growth than scrambled controls. These
142 genes were further screened using a second siRNA (siRNA “B”). Of the 142 genes,
RNAi of 71 of these genes continued to show inhibition of intracellular Y. pestis survival,
while one retained a hypervirulent phenotype (=10% more growth than scrambled
controls; Data Set S1 and Table S1).

Gene Ontology (GO) clustering and network analyses of the 71 validated inhibition
hits using all GO evidence codes, a minimum kappa score of 0.4, and a P value threshold
of 0.05 revealed substantial clustering within the validated data set (Fig. 2D). Of the five
enriched groups, the largest cluster was under vesicle-mediated transport (Fig. 2D and
E; P = 0.001). Under the parent GO term clusters, detailed GO terms significantly
focused on host trafficking networks, with transport and localization as common
themes. Additional enrichment included small-GTPase-mediated signal transduction
and regulation of response to stress (Fig. 2D and E). Within the small GTPase signal
trafficking, six Rab GTPases appeared to be required for intracellular survival of Y. pestis,
and two trafficking pathways were highlighted: (i) endocytic recycling (Rab4a and
Rab20) and (ii) retrograde trafficking (Rab1b and Rab2b) (51-56). Together, these data
indicate targeting of specific host Rab-mediated signaling pathways by Y. pestis during
infection of macrophages.

Host cell recycling is essential for Y. pestis survival. Rab4a, Rab11b, and Myo5b
are well-characterized contributors to cell recycling (53). While Rab4a was a validated
gene in our screen and interconnected to the largest enriched ontology (vesicle-
mediated trafficking), the other two genes did not pass the primary screen criteria. RNAI
of Rab11b inhibited Y. pestis survival by only 50% in the primary screen, and Myo5B was
cytotoxic (upon subsequent analysis, only one of the three Myo5B siRNAs used in the
primary screen was cytotoxic; this siRNA was not included in further studies). However,
because of the importance of these proteins in the recycling pathway, we chose to
independently verify the contributions of Rab4a, Rab11b, and Myo5b to the intracel-
lular survival of Y. pestis (Fig. 3 and Fig. S1). RNAi resulted in >50% knockdown of each
gene target (Fig. 3A) with no significant loss in cell viability (Fig. 3B). Subsequent
infection confirmed that knockdown of all three genes impacted the ability of Y. pestis
to survive within the macrophage. Knockdown of Rab4a had the largest impact,
inhibiting Y. pestis survival by >40% at 2 h (Fig. 3C; P < 0.001) and >80% at 10 h
(Fig. 3D; P < 0.001). Interestingly, knockdown of Rab11b and Myo5B had no significant
impact on Y. pestis survival at 2 h (Fig. 3C) but attenuated Y. pestis by >40% at 10 h
(Fig. 3D; P < 0.001). Bioluminescence data were confirmed at 10 h by conventional
bacterial enumeration (Fig. 3E). Furthermore, while RNAi of Rab11b had a minor impact
on intracellular survival between 2 h and 10 h postinfection, RNAi of Rab4a had a
greater impact on the ability of bacteria to survive intracellularly between these two
time points (Fig. 3F). Importantly, knockdown of Rab4a or Rab11b did not alter the
expression of Rab GTPases involved with phagolysosome maturation or impact phago-
cytosis of Y. pestis (Fig. S2). Together, these data indicate that Y. pestis requires the host
cell recycling pathway to avoid killing by macrophages.
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FIG 2 Identification of host factors required for intracellular survival of Y. pestis. RAW264.7 macrophages were reverse transfected with siRNAs for 48 h. (A)
Transfected cells were infected with Y. pestis CO92 pCD1¢) LuXp.c (MOl of 10), and intracellular bacterial bioluminescence (in RLU) was determined at 2 and
10 h postinfection. RLU values were normalized to the values for the controls and ranked from lowest to highest. Normalized scores of =0.4 are indicated by
light blue shading, and normalized scores of =1.4 are indicated by yellow shading. (Inset) Average Z factor (Z') = standard deviation (SD) for all 205 screened
plates. (B and C) For secondary validation, cells transfected with siRNA “A” (B) or siRNA “B” (C) were infected with Y. pestis CO92 pCD1© LuXp,c or KIMD19
pPCD1) LuXpeoic (MOI of 10), and intracellular bacterial bioluminescence (in RLU) was determined at 10 h postinfection. RLU values for each strain were
normalized to the values for the controls and compared. Normalized scores of 0.6 are indicated by blue shading. (D) Cytoscape-generated layout for Gene
Ontology (GO) term node clusters, with significant genes per cluster highlighted in red. Clusters are color coded by parent ontology, and subgroup ontology
is labeled in black. Lines represent interconnections between detailed terms. Node size denotes significance. (E) Pie chart representing the percent parent
ontology represented as a whole within validated genes. pV, P value.
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FIG 3 Rab4a, Rab11b, and Myo5b are required for intracellular survival of Y. pestis. RAW 264.7 macrophages
were transfected with siRNAs targeting Rab4a, Rab11b, or Myo5B. (A and B) Forty-eight hours after
transfection, RNA samples were harvested for qRT-PCR (n = 9) (represented as relative expression of
scrambled-siRNA-treated cells) (A) or cell viability was determined (n = 5) (B). (C and D) To determine the
impact of RNAi on Y. pestis survival, transfected RAW264.7 macrophages (n = 6) were infected with
Y. pestis CO92 pCD1® LuXpy,c (MOl of 10), and intracellular bacterial numbers were determined by
bioluminescence (in RLU) at 2 h (C) or 10 h (D) postinfection and compared to the values for scrambled
(Scr) controls. (E) At 10 h postinfection, a subset of samples (n = 3) were harvested for conventional
bacterial enumeration. (F) Percent of intracellular bioluminescence at 10 h postinfection compared to 2 h
postinfection. Values that are significantly different by one-way ANOVA with Tukey's posthoc test are
indicated by asterisks as follows: **, P < 0.01; ***, P < 0.001. Values that are not significantly different (ns)
are indicated.

Y. pestis requires Rab4a to avoid YCV acidification and lysosomal fusion. We
previously showed that RNAi of Rab1b significantly reduces intracellular survival of
Y. pestis at 2 h postinfection, which directly correlated with an increase in the frequency
of YCV acidification (35). Therefore, we next determined the impact of Rab4a, Rab11b,
and Myo5b RNAi on YCV acidification using Lysotracker (Fig. 4A to C). As previously
shown (27, 35), Y. pestis actively inhibited YCV acidification, with only ~20% of YCVs
containing live Y. pestis colocalizing with Lysotracker by 80 min postinfection. In
contrast, YCVs containing paraformaldehyde (PFA)-killed Y. pestis rapidly acidified, with
>75% colocalization by 20 min postinfection. As predicted by our relative light unit
(RLU) data, Rab4a knockdown resulted in a significant increase in the frequency of YCV
acidification (P = 0.001), approaching levels similar to PFA-killed bacteria. Unlike Rab4a,
RNAi of Rab11b and Myo5b resulted in only a slight increase in colocalization, and by
80 min, colocalization remained significantly lower than both Rab4a siRNA-treated cells
or cells infected with PFA-killed Y. pestis.

Phagosome acidification is directly linked to lysosomal fusion (57), so we next asked
whether Rab4a is required for Y. pestis to avoid YCV fusion with lysosomal compart-
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FIG 4 Rabd4a is essential for Y. pestis to avoid phagosome acidification and LAMP-1 acquisition. (A) Representative confocal microscopy
images of RAW264.7 macrophages transfected with the indicated siRNAs that were treated with Lysotracker and infected with Y. pestis
C092 pCD1©® pGEN222, which expresses EGFP (MOI of 7.5). The different colors indicate the following: Lysotracker (red), Y. pestis
(green), and colocalization (yellow). Bars = 10 um. (B and C) Yersinia-containing vacuole (YCV) colocalization with Lysotracker was
calculated using IMARIS at 20 min (B) and 80 min (C) postinfection. (D) Representative confocal microscopy images of RAW264.7
macrophages transfected with scrambled or Rab4a siRNAs that were infected with Y. pestis CO92 pCD1¢® pGEN222 (MOI of 3) and
stained with anti-LAMP-1 antibody. LAMP-1 is shown in red, and Y. pestis is shown in green. Yellow arrows indicate locations of bacteria
that do not colocalize with LAMP-1 and white arrowheads indicate bacteria that colocalize with LAMP-1 based on Imaris COLOC
function. Bars = 5 um. (E and F) YCV colocalization with LAMP-1 was calculated using IMARIS at 20 min (E) and 80 min (F)
postinfection. One-way ANOVA with Tukey’s posthoc test was performed, and the results are indicated as follows: ns, not significant;
*, P = 005 *, P = 001, ** P = 0.001. The treatments are indicated as follows: Scr, scrambled siRNA; Killed, untransfected
macrophages infected with PFA-killed Y. pestis CO92 pCD1¢) pGEN222; Rab4a, Rab4a siRNA; Rab11b, Rab11b siRNA; Myo5b, Myo5b
siRNA.

ments by measuring YCV colocalization with the LAMP-1 lysosomal marker in siRNA-
treated macrophages (Fig. 4D to F). As observed for YCV acidification, Y. pestis actively
inhibits lysosomal fusion, with only ~20% of YCVs colocalizing with LAMP-1 during the
first 80 min of infection. In contrast, YCVs containing PFA-killed Y. pestis reached >50%
colocalization with LAMP-1 by this time point (P = 0.01). Knockdown of Rab4a also
inhibited the ability of Y. pestis to avoid lysosomal fusion, resulting in a significant
increase in colocalization with LAMP-1 (63.7%; P =< 0.001). Together, these data suggest
that Rab4a is required for Y. pestis to avoid phagosomal acidification and lysosomal
fusion.

The Yersinia-containing vacuole acquires recycling endosome markers. To de-
termine whether Rab4a or Rab11b is recruited to the YCV, primary peritoneal macro-
phages were infected with Y. pestis, PFA-killed Y. pestis, or Escherichia coli K-12, and
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recruitment of endogenous Rab4a and Rab11b to the YCV was determined by immu-
nofluorescence using anti-Rab antibodies (Fig. 5A to F). At 20 min postinfection, a
significantly higher number of YCVs colocalized with Rab4a and Rab11b than vacuoles
containing E. coli (Fig. 5C and E; P = 0.05 and P = 0.01, respectively). By 80 min
postinfection, YCVs retained significantly higher colocalization with Rab11b than E. coli-
containing vacuoles (P = 0.01). However, while YCVs trended toward higher colocal-
ization with Rab4A compared to vacuoles containing E. coli or killed Y. pestis, these
differences were not statistically different. To confirm these results, RAW264.7 macro-
phages were transfected with plasmids expressing Rab4a or Rab11b fused to enhanced
green fluorescent protein (EGFP) to monitor the localization of Rab proteins indepen-
dently of antibodies (58) and 24 h later infected with bacteria. At 20 min postinfection,
~50% of PFA-killed Y. pestis and E. coli K-12 containing phagosomes colocalized with
Rab4a-EGFP (Fig. 5D). However, as observed in primary macrophages, a significantly
higher number of vacuoles containing live Y. pestis colocalized with Rab4a-EGFP (76%;
P = 0.01). By 80 min postinfection, both PFA-killed Y. pestis and E. coli K-12 decreased
in colocalization with Rab4a-EGFP, indicating loss of the GTPase during phagosome
maturation, but vacuoles containing live Y. pestis maintained Rab4a-EGFP at a statisti-
cally higher frequency (~61%; P < 0.01). As the infection continued, colocalization of
the YCV with Rab4a-EGFP decreased, and by 2 and 20 h postinfection, it approached
background levels (Fig. 5G). In contrast to Rab4a-EGFP, fewer vacuoles containing
PFA-killed Y. pestis or E. coli K-12 colocalized with Rab11b-EGFP at 20 and 80 min
postinfection (Fig. 5F). However, the majority of YCVs containing live Y. pestis colocal-
ized with Rab11b-EGFP, approaching 85% by 80 min postinfection (P = 0.001). Fur-
thermore, Y. pestis continued to colocalize with Rab11b-EGFP at a high frequency
throughout the course of the infection (Fig. 5H).

Finally, to determine whether Rab proteins are specifically recruited to phagosomes
containing Y. pestis and not to all phagosomes of Y. pestis-infected macrophages,
RAW264.7 macrophages transfected with Rab4a-EGFP or Rab11b-EGFP were coinfected
with Y. pestis and E. coli K-12. Colocalization between Rab4a-EGFP and bacterium-
containing vacuoles at 20 min postinfection and between Rab11b-EGFP and bacterium-
containing vacuoles at 2 h postinfection was determined by confocal microscopy
(Fig. 51 to L). In cells infected with both bacteria, Y. pestis-containing vacuoles had a
higher frequency of colocalization with both Rab proteins than E. coli K-12-containing
vacuoles. Furthermore, the frequency of E. coli K-12 colocalization was not higher
during coinfection than observed during single infection with just E. coli K-12 (Fig. 5D
and F). Together, these data indicate that Y. pestis actively recruits Rab4a and Rab11b
to the YCV during early stages of macrophage infection and that recruitment is
specifically to vacuoles containing live Y. pestis.

Y. pestis infection disrupts host recycling. Recruitment of Rab4a and Rab11b to
the YCV indicated that Y. pestis remodels its phagosome to resemble a recycling
endosome. Because of these links to host cell recycling, we next tested whether
infection with Y. pestis impacts host cell recycling by monitoring recycling of the host
transferrin receptor (TfR). RAW264.7 macrophages were infected with Y. pestis CO92,
PFA-killed Y. pestis, or E. coli K-12. At 2 and 24 h postinfection, intracellular TfRs were
differentially labeled from extracellular TfRs, and intracellular TfR intensity was deter-
mined by microscopy (Fig. 6A and B). Unlike PFA-killed bacteria, infection with live
Y. pestis significantly disrupted recycling of TfR as early as 2 h postinfection, resulting
in accumulation of intracellular TfR, and continued to impact recycling for 24 h (Fig. 6C
to F). Furthermore, intracellular TfR intensity also increased as the Y. pestis multiplicity
of infection (MOI) increased. Inhibition of TfR recycling was also specific for macro-
phages containing intracellular Y. pestis, as uninfected cells from the same cultures did
not show elevated retention of TfR (Fig. S5). Importantly, infection with 10-fold-higher
numbers of E. coli K-12 did not result in a significant change in TfR retention compared
to uninfected macrophages (Fig. 6G and H), indicating that recycling disruption is not
a general response to macrophage activation.
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FIG 5 Y. pestis recruits Rab4a and Rab11b to the YCV. (A and B) Representative confocal microscopy images of primary peritoneal
macrophages infected with Y. pestis CO92 pCD1® pGEN:mCherry (Live) (MOI of 3), PFA-killed Y. pestis CO92 pCD1¢ pGen:mCherry
(Killed) (MOI of 3), or E. coli K-12 pGEN::mCherry (E. coli) (MOI of 20) and labeled with anti-Rab4a (A) or anti-Rab11b (B) antibodies.
Merged (bacteria [red] and Rab protein [green]) and YCV-Rab colocalization fields generated by Imaris (COLOC) are shown. Bars =
5 um. (C) Frequency of colocalization of bacterium-containing vacuoles with endogenous Rab4a in peritoneal macrophages. (D)

(Continued on next page)
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FIG 6 Y. pestis infection disrupts host cell recycling. (A) Representative images of uninfected RAW264.7 macro-
phages showing total TfR (Unwashed) and intracellular TfR remaining after washing with high-salt, low-pH buffer
to remove antibody labeling of extracellular receptors (Washed). (B) Representative images of uninfected RAW264.7
macrophages infected with Y. pestis CO92 pCD1¢ (Live Yp) (MOI of 20), PFA-killed Y. pestis CO92 pCD1¢ (Killed Yp)
(MOI of 20), or E. coli K-12 (MOI of 100) for 24 h and then washed with high-salt, low-pH buffer to remove antibody
labeling of extracellular receptors. The nuclei are stained with DAPI (blue) and TfR (green). Bars = 10 um. (C to H)
Mean field intensity of TfR signal per cell was calculated by confocal microscopy at 2 and 24 h postinfection with
PFA-killed Y. pestis C092 pCD1© (Killed Yp) (C and D), live Y. pestis CO92 pCD1® (Live Yp) (E and F), or E. coli K-12
(G and H). Ul, uninfected. (I and J) Mean field intensity of TfR signal per cell from hMDMs infected with live Y. pestis
C092 pCD1® (Yp) (MOI of 10), PFA-killed Y. pestis CO92 pCD1® (Killed) (MOI of 10), E. coli K-12 (Ec) (MOI of 100),
or S. enterica Typhimurium (Sal) (MOI of 100) for 2 h (I) or 24 h (J). Data from one experiment representative of three
independent experiments are shown. Each data point represents the mean field intensity (TfR) per cell from an
individual field (n = 25; ~100 cells per field). The bars represent the means. One-way ANOVA with Dunnett’s
posthoc test was performed (values compared to uninfected values), and the results are shown as follows: ns, not
significant; **, P = 0.01; ***, P =< 0.001.

Next, we confirmed that disruption of recycling occurs during infection of primary
human monocyte-derived macrophages (hMDM:s). As observed for RAW264.7 macro-
phages, infection of hMDMs with Y. pestis resulted in a significant increase in intracel-
lular TfR intensity, while infection with PFA-killed Y. pestis or E. coli K-12 had no
significant impact on recycling (Fig. 6 and J). In contrast to Y. pestis, infection with
Salmonella enterica serotype Typhimurium, another intracellular pathogen, had no

FIG 5 Legend (Continued)

Frequency of colocalization of bacterium-containing vacuoles with Rab4a-EGFP in RAW264.7 macrophages transfected with pEGFP-
Rab4a. Yp, Y. pestis; Ec, E. coli. (E) Frequency of colocalization of bacterium-containing vacuoles with endogenous Rab11b in peritoneal
macrophages. (F) Frequency of colocalization of bacterium-containing vacuoles with Rab11b-EGFP in RAW264.7 macrophages
transfected with pEGFP-Rab11b. (G) Frequency of YCV colocalization with Rab4a-EGFP during 10 h of Y. pestis CO92 pCD1©
pGEN:mCherry infection of RAW264.7 macrophages transfected with pEGFP-Rab4a. (H) Frequency of YCV colocalization with
Rab11b-EGFP during 10 h of Y. pestis CO92 pCD1¢ pGEN:mCherry infection of RAW264.7 macrophages transfected with pEGFP-
Rab11b. (I and J) Representative images of RAW264.7 macrophages transiently transfected with pEGFP-Rab4a (I) or pEGFP-Rab11b (J)
and coinfected with Y. pestis CO92 pCD1® (blue) (MOI of 3) or E. coli K-12 pGEN:mCherry (red) (MOI of 20). Bars = 10 um. (K and L)
Frequency of colocalization of Y. pestis- or E. coli-containing vacuoles in coinfected cells withEGFP-Rab4a (K) or EGFP-Rab11b (L).
One-way ANOVA with Tukey’s posthoc test was performed, and the results are indicated as follows: ns, not significant; *, P = 0.05; **,
P = 0.01; ***, P = 0.001.
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significant impact on TfR recycling (Fig. 61 and J) (S. enterica Typhimurium infection of
macrophages was independently monitored to ensure bacterial infection, growth, and
host cell viability [Fig. S3]). Importantly, intracellular growth of Y. pestis was not
impacted by incubation with TfR antibody (Fig. S4). Together, these data demonstrate
that Y. pestis actively disrupts host cell recycling, disruption is not a default response by
macrophages to bacteria, and disruption is pathogen specific.

Disruption of host cell recycling is required for Y. pestis replication. Since
Rab11b is recruited to and retained on the YCV, we next explored whether Y. pestis
infection disrupts host cell recycling through sequestration of Rab11b and depletion of
available cellular Rab11b for vesicular trafficking. If this was occurring, then overex-
pression of Rab11b may be able to restore depleted Rab11b levels and host cell
recycling. To test this hypothesis, RAW264.7 macrophages were transfected with a
plasmid overexpressing wild-type Rab11b-EGFP (58), infected with Y. pestis, and TfR
recycling was monitored. Importantly, overexpression of Rab11b-EGFP did not alter
TfR recycling in uninfected cells (Fig. S6). At both 2 and 24 h postinfection, intracellular
TfR intensity and TfR-positive endosomes per cell were significantly lower in cells
overexpressing Rab11b-EGFP (Fig. 7A and B), demonstrating that overexpression of
Rab11b restored host cell recycling during infection. To determine whether restoration
of recycling impacted intracellular survival of Y. pestis, we quantified bacterial numbers
as a function of bacterial fluorescence (Fig. 7C and D). At 2 h postinfection, there were
no differences in the bacterial numbers of Rab11b-overexpressing and untransfected
cells. However, by 24 h postinfection, bacterial numbers significantly increased in the
untransfected cells, while the signal area did not increase in transfected cells (P =
0.001). Furthermore, overexpression of Rab4a-EGFP, which is not sequestered to the
YCV (Fig. 5G), did not alter bacterial replication (Fig. 7E and F). Together, these data
suggest that Y. pestis infection limits Rab11b availability through sequestration to the
YCV, resulting in disruption of host cell recycling. Furthermore, disruption of recycling
is required in order for Y. pestis to replicate in macrophages.

DISCUSSION

While it has been known for decades that Y. pestis survives within a vacuolar
compartment within macrophages (27, 28), the mechanisms leading to subversion of
phagolysosome killing by macrophages have not been defined. To better understand
the processes involved in the biogenesis of the protective YCV by Y. pestis, we
conducted an RNAi genome-wide screen that identified 71 host proteins necessary for
survival of Y. pestis inside macrophages. Bioinformatic analysis showed enrichment for
three key cellular processes: vesicular trafficking, vesicular transport, and vesicular
localization. Refining the interactome generated from this screen suggested that the
host endocytic recycling pathway is key for Y. pestis to survive in macrophages.
Expanding on these findings, we demonstrated for the first time that Y. pestis remodels
the YCV by recruiting endocytic recycling compartment (ERC) markers Rab4a and
Rab11b. Importantly, trafficking of endosomes to the ERC, which is mediated by Rab4
and Rab11, is thought to prevent cargo within these compartments from entry into
degradative compartments such as phagolysosomes (53). Therefore, by remodeling the
YCV, Y. pestis may take advantage of this normal, nondegradative pathway to avoid
lysosomal fusion and escape killing by the macrophage. A model summarizing addi-
tions to the YCV biogenesis process based on these data is outlined in Fig. 8.

While Rab4a and Rab11b are recruited to the YCV, RNAi of these two genes resulted
in very distinct phenotypes. Knockdown of Rab4a resulted in rapid killing of Y. pestis
within 2 h of infection, while changes in bacterial survival in Rab11b siRNA-treated
macrophages were not apparent until later. These findings suggest that Rab4a is
required to avoid early steps in phagosome maturation, while Rab11b interactions
contribute to later stages in YCV biogenesis. Supporting this hypothesis, we observed
that Rab4a is required to avoid phagosome acidification and lysosomal fusion, which
begins within 20 min of phagocytosis. We have also shown that Rab1b is also required
to avoid acidification (35), highlighting that avoidance of YCV acidification is a key step
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FIG 7 Overexpression of Rab11b restores recycling and inhibits intracellular growth of Y. pestis. (A to D)
RAW264.7 macrophages were transiently transfected with pEGFP-Rab11b prior to infection with Y. pestis
C092 pCD1® pGEN:=mCherry (MOI of 10), and TfR was differentially labeled and imaged by confocal
microscopy. Individual Rab11b-overexpressing transfected (OE) and untransfected (Un) cells were man-
ually isolated using IMARIS to maintain host cell boundaries and analyzed for intracellular TfR and
bacteria (n = 50 cells each). (A) Intracellular TfR intensity per cell. (B) Number of TfR-positive endosomes
per cell. (C) Intracellular bacterial numbers as a function of mCherry signal area per cell. (D) Represen-
tative image of infected cells overexpressing Rab11b at 24 h postinfection. (E) Intracellular bacterial
numbers as a function of mCherry signal area per cell for cells overexpressing Rab4a (OE) compared to
untransfected cells (Un). (F) Representative image of infected cells from Rab4a overexpression studies at
24 h postinfection. Data from one experiment representative of three independent experiments are
shown. Paired Student’s t test was used to compare samples from the same time point and ANOVA with
Tukey’s posthoc test was used for comparisons different time points (in panels C and E only), and results
are indicated as follows: ns, not significant; **, P =< 0.01; ***, P = 0.001. Red bars show the mean values.
For microscopy images, Y. pestis (red), Rab protein (green), bacteria in untransfected cells (white
arrowheads), and bacteria in Rab-overexpressing cells (yellow arrowheads) are indicated. Cell borders are
shown outlined in white.

in the intracellular survival of Y. pestis. Future studies to better understand the kinetics
of Rab1b, Rab4a, and Rab11b recruitment and retention will help understand the
dynamics of these early steps in YCV biogenesis and whether these proteins are
dependent on one another for stepwise recruitment. Importantly, direct recruitment of
Rab1b and Rab4a to the YCV in order to inhibit acidification could also explain why live
Y. pestis did not inhibit the acidification of phagosomes containing PFA-killed Y. pestis
in coinfected macrophages previously reported by Pujol et al. (27). This is further
supported by our data here that live bacteria recruit Rab4a and Rab11b only to the YCV
they are contained within (Fig. 5K and L). Furthermore, these data also suggest the
bacterial factors that mediate Rab recruitment are likely located at the YCV and not
distributed throughout the cell.

January/February 2018 Volume 9 Issue 1 e01800-17

mBio’

mbio.asm.org 13


http://mbio.asm.org

Connor et al.
Step 1: Avoid Phagosome Maturation Step 2: Bacterial Replication
Recruitment of Rab4A and 1B inhibit Sequestration of Rab11B inhibits host
acidification and lysosomal fusion cell recycling — leads to replication
@ Recruitment of Sequestration Inhibition
@ Rab4, 11, & 1B of Rab11 of recycling @

@

@==0 DAL
C ) )

28) k Lysosome @ @

Inhibition of 0 Loss of RabA\

lysosomal fusion and 1B @ Bacterial Replication

W &

FIG 8 Model of the biogenesis of the Yersinia-containing vacuole (YCV). Y. pestis engages the host
endosome recycling pathway by recruiting Rab GTPases to the YCV in order to generate a protective
replicative niche in a two-step process. First, Rab1b and Rab4a are recruited to the YCV, which is required
for the bacterium to inhibit phagosome acidification and fusion with the lysosome. While these two Rab
proteins are eventually lost from the YCV, Rab11b is retained on the YCV over the entire course of infection.
Retention of Rab11b leads to a global inhibition of host recycling, which is required for Y. pestis to replicate
in macrophages. Rab4, Rab11, and Rab1b proteins are shown in the figure as gray circles labeled 4, 11, and
1B, respectively.

In contrast to Rab1b and Rab4a, knockdown of Rab11b had only a minor impact on
YCV acidification, with the majority of YCVs still avoiding acidification (58% versus 22%
for Rab4A RNAI at 80 min). This change in YCV acidification frequency correlated with
increased bacterial survival at 2 h postinfection in Rab11b siRNA-treated cells (Fig. 3C).
However, we observed significantly lower bacterial numbers in Rab11b siRNA-treated
macrophages at 10 h postinfection. Notably, while the number of Y. pestis in Rab11b
siRNA-treated macrophages decreased slightly between 2 and 10 h postinfection,
bacteria were beginning to replicate in the scrambled-siRNA-treated cells (Fig. 3F).
These data indicate that Rab11b knockdown may restrict intracellular replication of
Y. pestis as opposed to survival. Anaplasma phagocytophilum (59) and Chlamydia
species (60) have also been shown to recruit Rab4 and Rab11 to their vacuoles, and
knockdown of Rab11 in cells infected with Chlamydia trachomatis (61) and Coxiella
burnetii (39) inhibits bacterial replication of these species. During infection, these three
pathogens develop large vacuoles, which require acquisition of vesicular membranes.
It has been suggested that interception of Rab11-positive recycling endosomes could
provide both membranes for vacuole expansion and nutrients for bacterial replication
(59, 61). The YCV also expands into a spacious vacuole after ~8 h of infection, though
vacuoles do not expand in size to the degree observed for the aforementioned
pathogens (16, 27, 28). This time frame coincides with the beginning of intracellular
replication of Y. pestis, suggesting that Y. pestis may also intercept recycling endosomes
for similar purposes. During these studies, we did not observe evidence for the
formation of spacious YCVs in Rab11b siRNA-treated macrophages, supporting that
hijacking of recycling endosomes may be occurring during Y. pestis infection and
suggesting convergent evolution by multiple intracellular pathogens. However, if direct
interception of recycling endosomes is the only function of Rab11b targeting during
Y. pestis infection, we would not expect that overexpression of Rab11b would inhibit
bacterial growth, as the YCV still acquires Rab11b in overexpressed cells and should
still be able to intercept recycling endosomes. Importantly, while Huang et al. and
Rzomp et al. used overexpression of Rab-GFPs to localize the Rab4 and Rab11 to the
Anaplasma- and Chlamydia-containing vacuoles, they did not report inhibition in
bacterial growth during overexpression of Rab11 (59, 60). These data indicate that
inhibition of intracellular replication is not a general artifact of Rab11 overexpression,
but perhaps a pathogen-specific phenotype. Therefore, while our current data do not
exclude interception of recycling endosomes through Rab11b, our overexpression data
suggest that a novel mechanism used by Y. pestis to manipulate the biology of the
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macrophage, which is yet to be defined, contributes to intracellular replication of
Y. pestis.

We also demonstrated for the first time that macrophage recycling is disrupted
during Y. pestis infection. This disruption does not appear to be a general response of
macrophages to encountering bacteria, as infection with PFA-killed Y. pestis, E. coli K-12,
or S. enterica Typhimurium did not disrupt recycling in macrophages. While other
bacterial pathogens have been shown to recruit recycling markers to their vacuole, to
our knowledge, this is the first description of a bacterial infection disrupting global
endosome recycling during infection. Disruption of host recycling by Y. pestis could
alter several different aspects of macrophage biology that could impact infection. For
example, Longatti et al. have shown that disruption of recycling inhibits starvation-
induced autophagy and autophagy induction is dependent on active Rab11 (62, 63).
More recently, Szatmari et al. demonstrated that Rab11b interacts with Hook, a nega-
tive regulator of endosome maturation, to facilitate cross talk between recycling
endosomes and induction of autophagy (64). These links between Rab11, recycling, and
autophagy could be important in the context of Y. pestis infection. Several studies have
shown that both Y. pestis and Yersinia pseudotuberculosis induce autophagy during
infection, and eventually YCVs take on characteristics of autophagosomes (65). Inter-
estingly, autophagy does not seem to be detrimental to Y. pestis (27), but it may be
required for bacterial replication (66). Furthermore, Y. pestis does not appear to escape
the YCV, raising questions of why is autophagy triggered and how is the YCV targeted
for autophagosome formation. Our discovery that Y. pestis interacts with Rab11b and
the host recycling pathway provide potential answers to these questions. For example,
disruption of endocytic recycling may induce conditions/signals similar to starvation
that trigger autophagy pathways in the macrophage. Additionally, sequestration of
Rab11b by Y. pestis may trigger autophagy nucleation at the YCV, resulting in autopha-
gosome formation. Therefore, the consequence of inhibiting host cell recycling by
Y. pestis may be to specifically induce autophagy to promote replication. Future studies
to address these hypotheses are ongoing and important to define the contribution of
Rab11b sequestration and recycling disruption on the pathogenesis of Y. pestis.

In summary, we have demonstrated for the first time that Y. pestis remodels the YCV
to resemble a recycling endocytic vacuole in a T3SS-independent manner, and the
bacterium disrupts host recycling during infection. These findings suggest that inter-
actions with the recycling pathway are important for multiple steps in the YCV
biogenesis process. We also showed that overexpression of Rab11b overcomes the
ability of Y. pestis to disrupt recycling and this prevents bacterial replication, suggesting
that recruitment of Rab11b to the YCV has trans-acting effects on the cell that are
beneficial to the bacterium. Future studies to further define the impact disruption of
host cell recycling has on the biology of the macrophage will be important to
understand how Y. pestis avoids killing by these phagocytes.

MATERIALS AND METHODS

Eukaryotic cells, bacterial strains, and plasmids. RAW264.7 macrophages were obtained from
ATCC and cultured in Dulbecco modified Eagle medium (DMEM) containing 100 mM glucose plus 10%
fetal bovine serum (FBS) (HyClone). Peritoneal macrophages were isolated from C57BL/6 mice as
previously described (67). Human monocyte-derived macrophages (hMDMs) were isolated with minor
modifications as previously described (68-70). Briefly, hMDMs were isolated from peripheral blood
samples from healthy, antibiotic-free adult donors (institutional review board [IRB] protocol 04.0358)
using a Ficoll-Hypaque gradient. Monocytes were suspended in RPMI 1640 plus 20% FBS (Biowest), then
aliquoted into six-well ultralow attachment plates (Greiner Bio One), and incubated for 3 days at 37°C and
5% CO,. On day 4, nonadherent cells were aspirated, monolayers were scraped and resuspended in RPMI
1640 plus 10% FBS, and 2.5 X 10° cells/well were transferred into the wells of a 24-well tissue culture
plate (Greiner Bio One). On days 6 and 7, the medium was removed, and replaced with RPMI 1640 plus
5% FBS and RPMI 1640 plus 1% FBS, respectively. hMDMs were used for studies on day 8.

Y. pestis CO92 pCD1© (71) and KIMD-19 (BEI Resources NR-4681) were cultivated at 26°C in Difco brain
heart infusion broth (Becton, Dickinson, and Co.). E. coli K-12 DH5« (New England Biolabs) and Salmonella
enterica Typhimurium L2 (ATCC 14028s) were cultivated at 37°C in Luria-Bertani broth (Miller) (Becton,
Dickinson, and Co.). Bioluminescent derivatives were generated using the Lux,,, bioreporter as de-
scribed previously (50). To generate fluorescent bacterial strains, bacteria were transformed with
PGEN222, pGEN-P,,,,:DsRED, or pGEN222:mCherry (72) and maintained with 50 ug/ml carbenicillin
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(Sigma). Inactivation of Y. pestis was achieved by incubating bacteria with 2.5% paraformaldehyde (PFA)
for 30 min at room temperature as previously described (35). During RAW264.7 macrophage infections,
extracellular Y. pestis and E. coli were killed with a 1-h treatment of 16 ug/ml gentamicin, followed by
maintenance in 2 pg/ml; extracellular S. Typhimurium was killed with 100 wg/ml gentamicin and
maintained in 10 wg/ml. For peritoneal macrophages and hMDMs, the 1-h gentamicin concentration for
Y. pestis was lowered to 8 ug/ml, with maintenance in 1 ug/ml or no maintenance, respectively (25).

RNAi and transfection of RAW264.7 macrophages. To confirm RNAi efficiency in RAW264.7
macrophages, cells were forward transfected with 20 ul of a solution with a final concentration of 1 uM
of Silencer siRNA (Life Technologies) diluted in Opti-MEM (Life Technologies) mixed with 10 ul of 0.03%
(vol/vol) Lipofectamine RNAiMax/Opti-MEM (Life Technologies) for 48 h (35). Total RNA from 1.6 X 106
transfected cells (n = 3) was isolated and converted to cDNA, and quantitative reverse transcription-PCR
(qRT-PCR) was performed using Sybr green (Life Technologies) (35). Relative expression was calculated
using the AAC; method (73). For protein expression, 3 X 10° transfected cells were harvested, and total
lysates were analyzed by Western blotting using anti-glyceraldehyde-3-phosphate dehydrogenase (anti-
GAPDH) (PA1-988; Pierce), anti-CopB1 (PA1-061; Pierce), and antiactin (ab8227; Abcam) antibodies as
previously described (35). For expression of Rab-EGFP GTPases, RAW264.7 macrophages were transiently
transfected with pEGFP-Rab11b and pEGFP-Rab4a (74) using JetPrime as described by the manufacturer
(Polyplus).

RNAi primary and validation screens. RAW264.7 macrophages were forward transfected with small
interfering RNAs (siRNAs) from the Silencer siRNA mouse genome library v3 (Ambion). The library
contains three siRNAs targeting each gene, which were pooled for the primary screen. siRNAs were
suspended in 20 ul Opti-MEM at a final concentration of 1 uM and then mixed with 10 ul of 0.03%
(vol/vol) Lipofectamine RNAiMax/Opti-MEM and added to each well of a white flat-bottom 96-well plate
(Greiner Bio One). For each plate, column 12 included wells containing scrambled siRNA (negative
control; n = 3) and CoppB1 siRNA (positive control; n = 3) as controls for transfection efficiency and
plate-to-plate variation. The plates were incubated at room temperature for 10 min, and then 1 X 104
RAW264.7 macrophages suspended in 80 ul of DMEM plus 10% FBS (HyClone) were added. The cells
were incubated for 48 h and then infected with Y. pestis CO92 LuXp,.,c pPCD1¢) (multiplicity of infection
[MOI] of 10) and synchronized by centrifugation (200 X g) for 5 min. Twenty minutes after infection,
extracellular bacteria were killed with gentamicin as described above. Intracellular bacteria were quan-
tified as a function of bioluminescence at 20 min and 2 h and 10 h postinfection using a Synergy 4 plate
reader (BioTek; 1-s read with sensitivity set at 150). After the 10-h bioluminescent read, cell viability was
determined using alamarBlue (Life Technologies). Briefly, 10 ul alamarBlue was added directly to each
well and incubated at 37°C and 5% CO, for 2 h, and fluorescence was determined using a Synergy 4 plate
reader (excitation wavelength, 560 nm; emission wavelength, 600 nm) and compared to the average of
the scrambled-siRNA control wells. For each plate, a Z factor (Z') was calculated from the control wells
using the formula: 1 — (3X (SD Cop1 RLU - SD scrambled RLU)/(AVG scrambled RLU - AVG Copf31 RLU))
where SD is the standard deviation, AVG is the average. Plates with Z' of <0.3 were repeated. Intracellular
survival was normalized for each plate using the following formula: (siRNA RLU/AVG CopB1 RLU)/(AVG
scrambled RLU/AVG Copf31 RLU). Primary screen selection criteria was set at =60% inhibition of Y. pestis
survival and =50% cytotoxicity. Primary hits were validated using two single siRNAs in independent
validation screens. Selection criteria for the validation screen were =40% inhibition of Y. pestis survival
and =50% cytotoxicity.

Bioinformatic analysis. Validated and primary screen hits were stored with both Entrez Gene and
MGl identifiers. Interacting partners were identified using all experimental evidence codes from BioGRID
(75) and STRING (76) databases using MGl and Entrez Gene identifiers. Interactors for the input data sets
were validated and primary hits were characterized by (i) direct interactions within each individual data
set and (i) direct interactions from validated to primary hits. These interactions were stored and imported
into Cytoscape (v3.30) to generate interaction maps (77). For Gene Ontology (GO) clustering, the
validated hits were imported by Entrez Gene identifier to Cytoscape plug-ins ClueGO (78) and CluePedia
(79). Genes were clustered using all GO evidence codes, a minimum kappa score of 0.4, and a P value
threshold of 0.05.

Fluorescence confocal microscopy. To monitor vacuole acidification, macrophages were incubated
with 75 nM Lysotracker red DND-99 for 1 h prior to fixation with 2.5% PFA (35). Endogenous Rab proteins
were labeled using anti-Rab4a (10347-1-AP; Protein Tech) and anti-Rab11b (sc-26591; Santa Cruz)
antibodies at concentrations of 1:100 and 1:200, respectively. Y. pestis was labeled with rabbit anti-
Y. pestis serum at a 1:10,000 dilution, and the transferrin receptor (TfR) was labeled with anti-TfR antibody
(ab84036; Abcam) at 1 wg/ml. All secondary antibodies were obtained from Jackson ImmunoResearch
and used at the following concentrations: anti-rabbit antibody conjugated to Alexa Fluor 647 (catalog no.
711-605-152), 1:4,000; anti-goat antibody conjugated to Alexa Fluor 647 (catalog no. 705-605-147),
1:1,000; anti-rabbit antibody conjugated to Alexa Fluor 488 (catalog no. 111-545-144), 1:2,000. Coverslips
were mounted with Prolong gold with 4',6’-diamidino-2-phenylindole (DAPI) for 24 h prior to imaging.
All cells were imaged using a Zeiss LSM 710 laser confocal microscope. Colocalization was determined
using the COLOC module in IMARIS 8.0 (Bitplane). TfR intensity and mCherry quantification were
determined using Fiji (80). To quantify Y. pestis replication within cells, individual infected cells were
segregated, and the corresponding bacterial fluorescent channel was analyzed for signal area (in square
micrometers) per cell using Fiji (80).

Differential staining of intracellular TfR. To monitor TfR recycling, macrophages were infected with
bacteria as described above in the presence of 1 pug/ml of anti-TfR antibody, which was maintained
throughout the course of infection. At 2 and 24 h postinfection, the cells were gently washed three times
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with ice-cold stripping buffer (Hanks buffered salt solution [HBSS] with 50 mM glycine, 150 mM NaCl, and
0.2% bovine serum albumin [BSA] [pH 4]) to remove anti-TfR antibody bound to the cell surface
(extracellular receptors) and nonspecific binding antibody. The cells were then fixed with 2.5% PFA for
15 min at room temperature and incubated with permeabilization buffer (0.5% Tween 20, 3% BSA)
overnight at 4°C. For indirect immunofluorescence labeling of internal TfR, cells were incubated for 1 h
with anti-rabbit antibody labeled with Alexa Fluor 488 diluted in permeabilization buffer. TfR intensity
per cell was calculated as follows: (TfR signal X number of endosomes)/number of nuclei.

Statistics. All experiments were repeated three times to ensure reproducibility. Unless noted, data
are shown as the means * standard deviations (SDs) from three independent experiments. For
microscopy, each experiment analyzed at least 50 YCVs, 50 individual cells, or 25 fields, and power
analyses were performed posthoc to ensure that appropriate sample sizes were analyzed. P values were
calculated using Student’s t test or one-way analysis of variance (ANOVA), with appropriate posthoc
testing, using GraphPad Prism software.
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