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Ehrlichia secretes Etf-1 to induce autophagy and capture nutrients for its growth
through RAB5 and class III phosphatidylinositol 3-kinase
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Ehrlichia chaffeensis is an obligatory intracellular bacterium that causes a potentially fatal emerging
zoonosis, human monocytic ehrlichiosis. E. chaffeensis has a limited capacity for biosynthesis and
metabolism and thus depends mostly on host-synthesized nutrients for growth. Although the host cell
cytoplasm is rich with these nutrients, as E. chaffeensis is confined within the early endosome-like
membrane-bound compartment, only host nutrients that enter the compartment can be used by this
bacterium. How this occurs is unknown. We found that ehrlichial replication depended on autophagy
induction involving class III phosphatidylinositol 3-kinase (PtdIns3K) activity, BECN1 (Beclin 1), and ATG5
(autophagy-related 5). Ehrlichia acquired host cell preincorporated amino acids in a class III PtdIns3K-
dependent manner and ehrlichial growth was enhanced by treatment with rapamycin, an autophagy
inducer. Moreover, ATG5 and RAB5A/B/C were routed to ehrlichial inclusions. RAB5A/B/C siRNA
knockdown, or overexpression of a RAB5-specific GTPase-activating protein or dominant-negative RAB5A
inhibited ehrlichial infection, indicating the critical role of GTP-bound RAB5 during infection. Both native
and ectopically expressed ehrlichial type IV secretion effector protein, Etf-1, bound RAB5 and the
autophagy-initiating class III PtdIns3K complex, PIK3C3/VPS34, and BECN1, and homed to ehrlichial
inclusions. Ectopically expressed Etf-1 activated class III PtdIns3K as in E. chaffeensis infection and induced
autophagosome formation, cleared an aggregation-prone mutant huntingtin protein in a class III
PtdIns3K-dependent manner, and enhanced ehrlichial proliferation. These data support the notion that E.
chaffeensis secretes Etf-1 to induce autophagy to repurpose the host cytoplasm and capture nutrients for
its growth through RAB5 and class III PtdIns3K, while avoiding autolysosomal killing.
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Introduction

Ehrlichia chaffeensis, a Gram-negative obligatory intracellular
bacterium in the family Anaplasmataceae, primarily infects
monocytes and macrophages in mammals and causes the
emerging tick-borne zoonosis called human monocytic
ehrlichiosis.1-3 This serious and sometimes fatal disease is char-
acterized by fever, headache, myalgia, thrombocytopenia,
leukopenia, and elevated liver enzyme levels.3-5

One fundamental virulence factor of microbial pathogens is
“nutritional virulence,”6 i.e., the ability to acquire nutrients for
pathogen proliferation in competition with hosts and possible
other microbes. Many pathogens thrive on extracellular
nutrients available in the blood and mucosal surface and on the
host cellular lysate. However, E. chaffeensis, as an obligatory
intracellular bacterium, acquires nutrients inside host cells
which are kept alive until bacteria fully proliferate and mature

(reviewed in ref. 7). The host cell-dependency of E. chaffeensis
is so extreme that unlike facultative intracellular bacteria such
as Legionella pneumophila or Mycobacterium tuberculosis,
which can be cultured axenically, E. chaffeensis cannot replicate
or even survive outside of host cells for more than a few hours.
The intracellular membrane compartment (inclusion) that con-
tains E. chaffeensis has early endosome–like characteristics,
including the small GTPase RAB5, a RAB5 effector EEA1 (early
endosome antigen 1), TF (transferrin), TFRC (transferrin
receptor), and vacuolar-type HC-ATPase, but it lacks late endo-
somal or lysosomal markers or NADPH oxidase components.8-10

Within this compartment, E. chaffeensis acquires all nutrients
for its reproduction to form numerous mature infectious forms.
E. chaffeensis has a small genome of 1.176 Mb with a limited
capacity for biosynthesis and metabolism.11 Consequently it
must depend mostly on host-synthesized nutrients for
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replication. Although the host cell cytoplasm is rich with these
nutrients, it is unlikely that the inclusion membrane is leaky, as
ehrlichial inclusions maintain a weakly acidic intralumenal
pH.8 It is also unlikely that varieties of active transporters are
synthesized and assembled in the proper orientation on the
inclusion membrane to import host nutrients during ehrlichial
replication. Considering these limitations, it is possible that a
novel mechanism has evolved in this group of obligatory intra-
cellular bacteria to acquire nutrients.

Autophagy is an essential and highly regulated eukaryotic
cellular homeostatic process that sequesters and digests/
recycles intracellular components.12-14 Multiple membrane
sources (plasma membrane, ER/endoplasmic reticulum, mito-
chondria, endosomes, Golgi) and regulatory factors are
involved in the process of autophagy to recognize various car-
gos and activate downstream components of various pathways
(reviewed in ref. 15). A number of ATG (autophagy-related)
proteins regulate autophagosome biogenesis and maturation
(reviewed in refs. 15, 16). In the canonical amino acid starva-
tion-induced pathway in mammalian cells, autophagosome for-
mation is induced by activation of class III PtdIns3K, and an
essential component of the PtdIns3K complex, BECN1 (Beclin
1; mammalian ortholog of yeast Vps30/Atg6).17 ATG12, a
ubiquitin-like protein that covalently modifies ATG5, and
MAP1LC3/LC3 (microtubule-associated protein 1 light chain
3; a mammalian ortholog family of yeast Atg8) are involved in
elongation and expansion of autophagosomes.18,19 Biochemical
and morphological studies have shown that autophagosomes
can fuse with early or late endosomes, forming the amphisome,
a hybrid organelle,20-24 although detailed mechanisms of these
processes remain, for the most part, unknown. Autophago-
somes or amphisomes subsequently fuse with lysosomes to
form autolysosomes, where captured substrates are degraded
and catabolites are released to the cytosol.15,25,26

Autophagy is an important innate immune response against
intracellular infections by bacteria such as Salmonella, Shigella,
Listeria, and Mycobacterium.27-31 In contrast, other intracellu-
lar bacteria such as Brucella, Francisella, and Coxiella benefit
from autophagy.32-34 Brucella abortus-containing double-mem-
brane-enveloped autophagosome formation requires the auto-
phagy initiation proteins ULK1 (unc-51 like autophagy
activating kinase 1), BECN1, ATG14, and the class III
PtdIns3K, but is independent of ATG5, ATG16L1, ATG4B,
ATG7, and MAP1LC3B/LC3B (microtubule-associated protein
1 light chain 3 b).33 In addition, autophagosomes are not
required for Brucella replication but are required to complete
the intracellular Brucella lifecycle and for cell-to-cell spread-
ing.33 In contrast, Francisella tularensis scavenges intracellular
nutrients via ATG5- and LC3-independent noncanonical auto-
phagy.34 Most bacterial factors that induce autophagy for the
benefit of bacteria remain unknown.

A tick-borne obligatory intracellular bacterium, Anaplasma
phagocytophilum, in the family Anaplasmataceae, replicates in
neutrophils in LC3-decorated early autophagosomes that are
segregated from the endosomal and lysosomal pathway,
thereby gaining access to host cytosolic nutrients while escap-
ing autolysosomal degradation.35-37 However, unlike A. phago-
cytophilum, E. chaffeensis replicates in the early endosome-like

compartment;9 whether or how autophagy is involved in the
ehrlichial infection process is unknown.

E. chaffeensis and A. phagocytophilum encode a type IV
secretion (T4S) system11,38-41 that mediates the transport of
bacterial DNA and/or proteins, referred to as effectors/sub-
strates, across the bacterial membrane into the eukaryotic cell
to deregulate or modulate target cell functions.42 Ats-1 (Ana-
plasma translocated substrate-1), an A. phagocytophilum T4S
effector, directly binds BECN1 and induces ER-derived auto-
phagosomes that target and fuse with A. phagocytophilum
inclusions to deliver host cytosolic nutrients.37 Other than Ats-
1, bacterial factors that induce autophagy to promote bacterial
nutrition have not been reported. In this study, we explored
roles of autophagy in E. chaffeensis infection and mechanisms
by which autophagy is usurped for its replication in the early
endosome-like compartment. ECH0825 (here referred to as E.
chaffeensis translocated factor 1, Etf-1) is the first experimen-
tally proven T4S effector in the genus Ehrlichia.43 Our findings
demonstrate that a unique Etf-1-induced pathway distinct
from that of A. phagocytophilum has evolved in E. chaffeensis
to co-opt autophagy for proliferation.

Results

E. chaffeensis inclusion membranes are enriched with
PtdIns3P and class III PtdIns3K

A RAB5 effector, EEA1, localizes on E. chaffeensis inclusion
membranes.9 Because membrane localization of EEA1 is
dependent on PtdIns3P (phosphatidylinositol 3-phosphate), we
examined whether a 2£FYVE finger protein probe with unique
specificity for PtdIns3P in the absence of RAB5 and an ER-
localization signal44 is localized to E. chaffeensis replicative
inclusions. We used monkey endothelial RF/6A cells, which
can be readily infected with E. chaffeensis, are adherent cells
with a flattened morphology for unambiguous localization, and
can be more effectively transfected than the nonadherent
human acute leukemia cell line THP-1.43 Ectopically expressed
2£FYVE-GFP produced large puncta (vesicles) and was local-
ized on »80% of E. chaffeensis replicative inclusions at 2 d
post-infection (p.i.) (Fig. 1A and C). To further verify the pres-
ence of PtdIns3P on E. chaffeensis inclusions, we examined
another RAB5 effector, ANKFY1/Rabankyrin-5 (ankyrin repeat
and FYVE domain containing 1), the membrane localization of
which is also dependent on PtdIns3P.45 GFP-ANKFY1 pro-
duced large puncta (vesicles) and accumulated on E. chaffeensis
inclusions (Fig. S1). In uninfected cells, GFP-ANKFY1 showed
smaller puncta than in infected cells (Fig. S1).

PtdIns3P is the product of activated class III
PtdIns3K.46,47 Thus we examined localization of human
PIK3C3/VPS34, the catalytic subunit of class III PtdIns3K
(mammalian ortholog of yeast Vps34/vacuolar protein sort-
ing 34).48 FLAG-PIK3C3, when transfected at 1 d p.i., was
localized on »80% of E. chaffeensis replicative inclusions
(Fig. 1B and C). Furthermore, cellular PtdIns3P amount
was significantly higher in E. chaffeensis-infected THP-1
cells at the beginning and during ehrlichial exponential rep-
lication (1 and 2 d p.i., respectively) than in uninfected cells
(Fig. 1D, 2 d p.i. data not shown).
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E. chaffeensis proliferation requires class III PtdIns3K
activation and BECN1, and is enhanced by induction of
autophagy with rapamycin

Because PtdIns3P was elevated during E. chaffeensis infection,
we next examined whether class III PtdIns3K activation is
required for E. chaffeensis endocytosis or proliferation by using
3-methyladenine (3-MA), an inhibitor of class III PtdIns3K.49-51

At a late stage of infection, we used qPCR (quantitative real-
time PCR) to analyze the effect, as there were too many bacteria
to be counted accurately.43 At the early stage of infection or to
analyze binding and entry, a direct counting method by immu-
nofluorescence microscopy was used since qPCR cannot distin-
guish bound vs. internalized bacteria. Western blot analysis
was used to compare knocked-down host protein levels and E.
chaffeensis major outer membrane protein P2852 levels relative
to controls. All these methods are comparable in quantifying

bacteria.53,54 3-MA addition at 0 h did not inhibit E. chaffeensis
entry as determined at 2 h p.i. (Fig. 2A). However, when 3-MA
was added at 1 h p.i. (immediately after ehrlichial entry) or at 1
d p.i. (at the beginning of exponential growth) and the infected
THP-1 cells were continuously incubated in the presence of 3-
MA, infection—based on both the percent of infected cells and
bacterial numbers per host cell—was greatly inhibited com-
pared with untreated infected cells (Fig. 2B and C). When 3-
MA was added to infected cells at 23 h p.i. and incubated for
6 h or 58 h, E. chaffeensis became condensed and were margin-
alized in enlarged vacuoles (Fig. 2D, panels iv and vi), which
was confirmed by staining with an antibody against E. chaffeen-
sis P2852 (Fig. 2E). The vacuoles found in infected cells after 3-
MA treatment were specific to E. chaffeensis infection, because
similar vacuoles were not seen in uninfected THP-1 cells after
3-MA treatment for 2 d (Fig. S2A). 3-MA did not have direct
toxicity on E. chaffeensis: when E. chaffeensis was pretreated

Figure 1. E. chaffeensis inclusion membrane is enriched with PtdIns3P and class III PtdIns3K. (A and B) E. chaffeensis (Ech)-infected RF/6A cells were transfected with plas-
mids encoding 2£FYVE-GFP or FLAG-PIK3C3/VPS34. At 15 h p.t. (2 d p.i.), cells were fixed and stained with DAPI to indicate E. chaffeensis (pseudocolored in red). PIK3C3
was labeled with mouse anti-FLAG. Merged/DIC, fluorescence image merged with differential interference contrast (DIC) image. Each boxed area is enlarged 4-fold on
the right. N, nucleus; scale bars: 10 mm. (C) The percent colocalization of E. chaffeensis inclusions with PIK3C3 or 2£FYVE was determined by counting 10 to 20 inclusions
per cell in 5 to 10 cells per experiment from 3 independent experiments. (D) PtdIns3P levels are increased in E. chaffeensis-infected THP-1 cells. Uninfected or E. chaffeen-
sis-infected THP-1 cells (2 £ 106 cells) at 1 d p.i. were collected, and PtdIns3P lipids were purified and the amount determined by competitive ELISA. Assays were carried
out in triplicate. Data are presented as the mean § standard deviation. � Significantly different by the Student t test (P < 0.05).
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with 3-MA and then incubated with THP-1 cells in the absence
of 3-MA, there was no inhibitory effect on its ability to infect
the cells (Fig. S2B). 3-MA did not have direct toxicity on host
mammalian cells, as treatment with 2 mM 3-MA for 1 d had
no effect on THP-1 cell viability (Fig. S2A, Table S1). 3-MA
does not seem to block intracellular bacterial infection nonspe-
cifically by impairing host cell metabolism, because 3-MA treat-
ment enhances intracellular Mycobacterium growth inside
macrophages.31 In addition, 3-MA treatment did not induce
lysosomal fusion with ehrlichial inclusions as indicated by an
absence of LAMP1 (lysosomal-associated membrane protein 1)
colocalization (Fig. S3). The inhibition by 3-MA was reversible,
as the inclusions were filled with replicating ehrlichiae at 52 h
after 3-MA withdrawal (Fig. 2D, panel v).

PIK3C3 and PtdIns3P are not only essential for endocytic
sorting, trafficking, and maturation but also required for auto-
phagy in mammalian cells, and 3-MA is known to inhibit auto-
phagy.48,50,55,56 Localized PtdIns3P production has been linked
to the promotion of autophagy.55 For autophagy induction,
BECN1 binding to PIK3C3 is essential.57 Given the lack of mat-
uration of ehrlichial inclusions into late endosomes9 and the
requirement of class III PtdIns3K activation for ehrlichial pro-
liferation, but not for entry, we examined roles of autophagy in
ehrlichial infection by examining the requirement of BECN1.

First, we used a siRNA (small interfering RNA) to reduce
BECN1 expression in human embryonic kidney HEK293 cells,
which are readily transfected and infected with E. chaffeensis.54

E. chaffeensis proliferation was significantly reduced in BECN1
siRNA–transfected cells compared with cells transfected with
the control scrambled siRNA (Fig. 3A). Next, we treated
infected THP-1 cells with a cell-permeable potent autophagy
inhibitor, spautin-1.58 Spautin-1 promotes the degradation of
BECN1 by inhibiting 2 USPs (ubiquitin-specific peptidases),
USP10 and USP13, which target BECN1.58 Spautin-1 treatment
of infected cells significantly decreased E. chaffeensis prolifera-
tion (Fig. 3B). These results demonstrated that both class III
PtdIns3K activation and BECN1 are required for E. chaffeensis
replication, implying that autophagy induction by class III
PtdIns3K complex is required for E. chaffeensis replication.

E. chaffeensis infection was significantly increased in cells
treated with rapamycin, the inhibitor of MTOR (mechanistic
target of rapamycin [serine/threonine kinase]),59 based on
western blot analysis of E. chaffeensis P28 (Fig. 3C) and qPCR
of the E. chaffeensis 16S rRNA gene (rDNA, Fig. 3D). Rapamy-
cin treatment under these conditions had no effect on the
viability of the infected host cells (Table S1). These results
are similar to A. phagocytophilum,35 except that 3-MA treat-
ment does not induce enlarged vacuoles containing A.

Figure 2. Growth of E. chaffeensis is reversibly inhibited by the class III PtdIns3K inhibitor 3-MA. (A) 3-MA does not inhibit internalization of E. chaffeensis. The percentage
of intracellular bacteria vs. total cell-associated bacteria was determined in THP-1 cells incubated with 3-MA or RPMI 1640 medium control (RPMI) at 2 h p.i. by scoring
100 E. chaffeensis bacteria in each group after 2 rounds of immunofluorescence labeling. Data are presented as the mean § standard deviation of triplicate samples (not
significantly different by the Student t test, P > 0.05). (B and C) 3-MA added at 1 h or 1 d p.i. inhibits E. chaffeensis infection. 3-MA was added to THP-1 cells at a final con-
centration of 2 mM, and infection was assessed at 3 d p.i. by Diff-Quik staining to determine the percentage of infected cells (B) and the number of bacteria per cell
(C). Data are presented as the mean § standard deviation of triplicate assays. �, Significantly different by the Tukey HSD test (P < 0.05). (D) 3-MA reversibly inhibits E.
chaffeensis replication in THP-1 cells. i to iii, E. chaffeensis in THP-1 cells without 3-MA treatment at 23, 29, and 81 h p.i., respectively. iv to vi, E. chaffeensis in THP-1 cells
treated with 10 mM 3-MA at 23 h p.i. for 6 h (iv) and incubated an additional 52 h with (vi) or without (v) 3-MA. Arrows indicate E. chaffeensis as shown by Diff-Quik stain-
ing. (E) Cells in panel (D) (iv) were immunostained with anti-P28. White arrows indicate large vacuoles containing condensed bacteria. Merged/DIC, fluorescence image
merged with differential interference contrast (DIC) image. Deconvolution microscopy. Scale bar: 10 mm.
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phagocytophilum, and opposite to intracellular bacteria such as
Salmonella and Mycobacterium: 3-MA inhibits intracellular
mycobacterium killing by macrophages via autophagy,31 and
induction of autophagy by rapamycin, suppresses intracellular
bacteria such as Salmonella andMycobacterium.31,60

ATG5 is required for infection and localizes to
E. chaffeensis inclusions

To further investigate the involvement of autophagy induction inE.
chaffeensis infection of primary macrophages, the requirement of
an autophagy double-membrane initiation protein, ATG5,61 was
examined. Homozygous deletion of Atg5 gene results in neonatal
lethality in mice.62 Therefore, tissue-specific knockout (TSKO)
mice were created by a site-specific recombinase technology using
the third exon of Atg5 flanked by LoxP sites in combination with
the Cre recombinase driven by tissue-specific promoter.63 Because
siRNA transfection of monocytes-macrophages is not efficient,
and WT (wild-type) mouse bone marrow-derived macrophages
(BMDMs) are readily infected with E. chaffeensis,54 we used
BMDMs from atg5flox/flox-Lyz2-Cre mice64 in which Lyz2 pro-
moter-driven Cre is used for myeloid cell-specific KO of Atg5.65

Peritoneal macrophages and BMDMs from these mice lack
ATG5.66 E. chaffeensis infection in BMDMs from atg5flox/flox-Lyz2-

Cre (atg5 TSKO) mice was markedly reduced compared with WT
mice (Fig. 4A), demonstrating the critical role of ATG5 in E. chaf-
feensis infection of primary macrophages. The viability of BMDMs
from atg5 TSKO and WT mice, either uninfected or infected with
E. chaffeensis, was >90% at 4 d p.i. (Fig. S4). Moreover, GFP-ATG5
transfected at 1 d p.i. localized to E. chaffeensis inclusions (Fig. 4B).
Similar to ectopically expressed GFP-ATG5, immunostaining of E.
chaffeensis-infected cells with anti-ATG5 to detect the endogenous
protein, showed the localization of endogenous ATG5 in 54§ 12%
of inclusions (nD 75 cells; Fig. S5B).

In yeast, Atg5 is involved in the sequestration of the cytosolic
precursor of aminopeptidase I and aminopeptidase IV, and the
Atg12–Atg5 conjugate localizes only to phagophores (precur-
sors of autophagosomes) and dissociates just before or after
completion of autophagic vacuole formation.67 Therefore,
ATG5 and ATG12 are not associated with mature autophago-
somes. LC3, also called LC3-I (cytosolic form), becomes conju-
gated to phosphatidylethanolamine (termed LC3-II) and
localizes on autophagosomal membranes (appearing as small
puncta by fluorescence microscopy) when autophagy is
induced.19 Thus LC3-II serves as a marker for canonical auto-
phagosomes. ATG12–ATG5 conjugation is required for the
conversion of LC3-I to LC3-II,61 and A. phagocytophilum inclu-
sions are heavily encased by LC3-II.35,37 However, GFP-LC3, as

Figure 3. E. chaffeensis infection requires BECN1 and is enhanced by rapamycin. (A) Depletion of BECN1 suppresses E. chaffeensis infection. HEK293 cells were transfected
with BECN1 siRNA or control scrambled siRNA (Neg.) for 40 h and then infected with E. chaffeensis for 36 h. Western blotting was performed using anti-P28, ACT/actin,
and BECN1. The values under the bands show the relative ratio of band intensities vs. ACT/actin, with the ratios of those from control siRNA set as 1. (B) Spautin-1 inhibits
E. chaffeensis growth. E. chaffeensis–infected THP-1 cells were treated at 1 d p.i. with DMSO solvent control or with 1 mM or 10 mM spautin-1 and incubated for an
additional 2 d. Infection was assessed at 3 d p.i. by Diff-Quik staining to determine the percent of infected cells. �, Significantly different by the Tukey HSD test (P < 0.05).
(C and D) Rapamycin enhances E. chaffeensis infection in THP-1 cells. (C) Western blot analysis with anti-P28. ACT/actin was used as a loading control. The values under
the bands show the relative ratio of band intensities normalized against ACT/actin, with the ratio of DMSO (control) set as 1. (D) qPCR of E. chaffeensis 16S rDNA normal-
ized to human GAPDH DNA. �, Significantly different (P < 0.05) by the Student t test.
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well as endogenous LC3B, did not encase individual E. chaffeen-
sis inclusions (Fig. 4C and S5B). In contrast, both GFP-LC3 and
endogenous LC3B were observed as puncta in E. chaffeensis-
infected RF/6A cells at 2 to 3 d p.i. (Fig. 4C and S5B). The con-
version from LC3B-I to LC3B-II did not increase during expo-
nential E. chaffeensis proliferation but was evident at 3 d p.i. in
human promyelocytic leukemia HL-60 cells (Fig. 4D) when
infected cells began to rupture because of the heavy bacterial
burden, as shown by fluorescence microscopy (Fig. 4C), suggest-
ing that the late onset of LC3B-II conversion may be caused by
canonical autophagy: nutritional and ATP depletion that is due
to overwhelming ehrlichial replication. Because treatment of E.
chaffeensis-infected cells at 2 d p.i. with 10 nM bafilomycin A1

(BAF) for 6 h significantly increased the ratio of endogenous
LC3B-II to LC3B-I (Fig. S6A), the basal autophagy flux was not
blocked during the exponential growth phase (2 d p.i.) of intra-
cellular E. chaffeensis. In addition, LC3B knockdown with siRNA
did not reduce E. chaffeensis infection at 2 d p.i. (Fig. 4E). Thus
ATG5 autophagosome localization to E. chaffeensis inclusions
was not followed by the LC3B-II localization, a process that is
distinct from the development of GFP-LC3-II-loaded autopha-
gosomes routed to A. phagocytophilum inclusions.35,37

E. chaffeensis increases cellular glutamine and glutamate
and takes up host-incorporated amino acids

Mammalian cellular free amino acid concentrations (those not
incorporated into proteins) are tightly regulated by membrane

transporters and the autophagy pathway.68 Given that E. chaf-
feensis replication requires host cell autophagy proteins
(BECN1 and ATG5) and the class III PtdIns3K activation, we
examined cellular free amino acid levels in E. chaffeensis-
infected cells by targeted metabolomics analysis using LC-MS/
MS.69 Compared with uninfected THP-1 cells, L-glutamine and
L-glutamate in E. chaffeensis-infected THP-1 cells at 2 d p.i.
were notably increased, and cellular glutamine, glutamate,
aspartate, and proline were profoundly depleted at 3 d p.i.,
because of the overwhelming consumption of cellular free
amino acids by E. chaffeensis (Tables 1 and S2).

To determine whether host preincorporated amino acids are
taken up by E. chaffeensis via autophagy, uninfected THP-1
cells were prelabeled with [3H]-glutamine for 1 d and then
infected with E. chaffeensis for 2 d in the absence of [3H]-gluta-
mine in the fresh culture medium. The cells were then incu-
bated with or without 3-MA for an additional 6 h prior to
harvesting at 2 d p.i. Host preincorporated L-glutamine was
indeed taken up by E. chaffeensis, and 3-MA significantly
blocked this uptake (Fig. 5A). The results suggest that class III

Figure 4. E. chaffeensis infection requires ATG5, and ATG5 but not LC3 localizes to E. chaffeensis inclusions. (A) E. chaffeensis load in macrophages derived from bonemarrow
of wild-type (WT) and atg5flox/flox-Lyz2-Cremutant (atg5 TSKO) mice at 7 d p.i. qPCR of E. chaffeensis 16S rDNA was normalized to mouse Gapdh. �, Significantly different (P<
0.05) by the Student t test. (B) ATG5 traffics to E. chaffeensis inclusions. E. chaffeensis-infected cells were transfected at 1 d p.i. and were immunostained with anti-P28 (P28;
red) at 17 h p.t. (41 h p.i.). Uninfected RF/6A cells were examined at 17 h p.t. (C) Diffused localization of GFP-LC3 was observed in uninfected RF/6A cells, but puncta were
apparent in infected cells. GFP-LC3-transfected RF/6A cells were infected with E. chaffeensis at 1 d p.t. and immunostained with anti-P28 (P28; AF555) at 3 d p.i. and 4 d p.t.
(B and C) Each boxed area is enlarged on the right. Merged, merged image; Merged/DIC, fluorescence image merged with DIC image. Scale bars: 10 mm. (D) Conversion of
LC3-I to LC3-II occurs at a late stage of infection. HL-60 cells infected with E. chaffeensis (Ech), along with control uninfected cells (UN), were harvested at 6 h, 1 d, 2 d, and 3 d
p.i for western blot analysis using rabbit anti-LC3B, rabbit anti-P28, and mouse anti-tubulin. (E) E. chaffeensis infection does not require LC3. RF/6A cells were transfected
with LC3B siRNA or control scrambled siRNA (Neg.) for 2 d and incubated with E. chaffeensis for 2 d. Western blotting was performed using anti-P28, anti-ACT/actin, and anti-
LC3B. The values under the bands show the relative ratio of band intensities normalized against ACT/actin, with the ratios of those from control siRNA set as 1.

Table 1. E. chaffeensis infection increases glutamine and glutamate.

Amino acids Uninfected (mM) 48 h Infected (mM) 72 h Infected (mM)

Glu 18.08 § 0.48 48.46 § 9.02 1.95 § 0.14
Gln 2.44 § 0.78 16.72 § 7.2 0.98 § 0.26
Asn 0.21 § 0.02 0.36 § 0.07 0.11 § 0.02
Pro 1.34 § 0.01 0.71 § 0.19 0.03 § 0.01
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PtdIns3K activity is critical for E. chaffeensis to have access to
host-derived amino acids.

Next, we examined whether the simultaneous addition of
essential amino acids and 3-MA to infected cells would abrogate
the 3-MA-induced inhibition of E. chaffeensis replication. Our
result showed that E. chaffeensis growth inhibition by 3-MA was
partially rescued (Fig. 5B and C). Taken together, E. chaffeensis
dysregulates the homeostasis of cellular free amino acid levels and
raises cellular free glutamine and glutamate levels during expo-
nential growth, and E. chaffeensiswithin membrane-bound inclu-
sions has the ability to take up free amino acids fromhost cells in a
class III PtdIns3K activity-dependent manner.

To demonstrate that host cytosolic molecules are indeed
delivered into E. chaffeensis inclusions via autophagy, the auto-
phagy cargo protein human GAPDH70 was ectopically
expressed in E. chaffeensis-infected cells. E. chaffeensis has

surface proteases that are required for its replication.71,72 Com-
pared with untreated cells (Fig. 5D), brief treatment with diiso-
propylfluorophosphate (DFP), an irreversible serine protease
inhibitor, increased the presence of DsRed-GAPDH inside E.
chaffeensis inclusions (Fig. 5E), supporting autophagic delivery
of host cytoplasmic molecules into the inclusion lumen.

E. chaffeensis induces autophagy independently of MTOR,
ULK1, PRKA/AMPK, and ubiquitination pathways

Macroautophagy induction by amino acid starvation is initiated
by the activation of ULK, which is mainly regulated by MTOR
kinase complex or by PRKA/AMPK (protein kinase, AMP-acti-
vated) independently from MTOR activity.73,74 MTOR inhibi-
tion leads to dephosphorylation of ULK1 at Ser757,74 and of
RPS6 (ribosomal protein S6) at Ser240/244.75 PRKA is a

Figure 5. Host preincorporated amino acids are taken up by E. chaffeensis (Ech) in a host class III PtdIns3K-dependent manner. (A) THP-1 cells were prelabeled with [3H]
glutamine for 1 d and then infected with E. chaffeensis for 2 d in the absence of [3H]glutamine. Infected cells were treated with 2 mM 3-MA or solvent control for an addi-
tional 6 h. E. chaffeensis was purified from infected cells, and the [3H]glutamine incorporated in E. chaffeensis was determined by liquid scintillation counter and normal-
ized to the total protein amount. Data are presented as the mean § standard deviation of triplicate samples. �, Significantly different (P< 0.05) by the Student t test. (B
and C) E. chaffeensis growth inhibition by 3-MA is partially rescued upon supplementation with essential amino acids. E. chaffeensis-infected cells were treated at 1 d p.i.
with 3-MA or 3-MA and amino acids (3-MAC AA) for 2 d. The percentage of infected cells (B) and number of bacteria (C) were scored in each group. �, Significantly differ-
ent (P < 0.05) by the Student t test. (D) DsRed-GAPDH (white arrows) was detected within E. chaffeensis-containing inclusions more with 0.1 mM DFP treatment for 2 h
than without treatment before fixation by deconvolution microscopy. DAPI was pseudocolored in green. N, nucleus. Bar: 10 mm. (E) Percentage of inclusions that contain
DsRed-GAPDH or DsRed with or without DFP treatment was determined by counting 10 to 20 inclusions per cell in 10 to 20 cells per experiment from 3 independent
experiments. �, Significantly different (P < 0.01) by the Student t test.
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heterotrimeric protein composed of a (PRKAA), b, and g sub-
units. The g subunit detects shifts in the AMP-to-ATP ratio
and activates PRKA through phosphorylation of the a subunit
at Thr172.76 We therefore investigated whether E. chaffeensis
induces host autophagy through these well-known signaling
pathways using phosphorylation-specific antibodies that
demonstrate the activation status of ULK1, PRKA, and RPS6.
Western blotting results showed that tricyclic benzonaphthyri-
dinone (Torin-1; a potent inhibitor of MTOR complex 1
[MTORC1] or MTORC2)77 or rapamycin treatment activated
ULK1 by dephosphorylation at Ser757 and RPS6 at Ser240/
244., but not PRKAA at Thr172 (Fig. S6B). However, infection
of E. chaffeensis in THP-1 cells for 1 d did not alter the activa-
tion status of ULK1, RPS6, or PRKA (Fig. S6B).

Aggregated proteins, overabundant proteins, and certain
microbial proteins can induce selective autophagy through
ubiquitination that binds LC3 via SQSTM1/p62 (sequestosome
1).78-80 The autophagic sequestration of invading bacteria is an
important innate immune mechanism. Intracellular Salmo-
nella, Mycobacterium, Streptococcus, and Legionella-containing
vacuoles or bacteria are ubiquitinated, and subsequent binding

of SQSTM1/p62 delivers the bacteria to autolysosomes for deg-
radation.81-85 E. chaffeensis inclusions were not ubiquitinated
as monoclonal antibody FK2 that recognize both mono- and
poly-ubiquitinated proteins did not label the inclusions (Fig.
S7). Taken together, our observations suggest that E. chaffeensis
induces autophagy independent of MTOR, ULK1 or PRKA,
and ubiquitination-induced signaling pathways.

Ectopic expression of a T4S effector, Etf-1, enhances E.
chaffeensis infection, and Etf-1 traffics to E. chaffeensis
inclusions

We have previously shown that the T4S effector Etf-1 is pro-
duced and secreted at the start of ehrlichial exponential growth,
which is required for E. chaffeensis replication in THP-1 cells,
since bacteria amount was reduced while affinity-purified anti-
Etf-1 IgG was delivered into infected cells using the Chariot
protein delivery system at 1 d p.i.43 Here, we examined whether
Etf-1 has additional effects on E. chaffeensis infection. E. chaf-
feensis infection was significantly enhanced in cells transfected
with Etf-1-GFP compared with control GFP-transfected cells as

Figure 6. Etf-1 promotes E. chaffeensis infection and traffics to E. chaffeensis inclusions. (A) HEK293 cells transfected with Etf-1-GFP or with GFP alone (control) were
infected with E. chaffeensis at 1 d p.t. qPCR was performed at 2 d p.i. The 16S rDNA/GAPDH ratio for GFP-transfected HEK293 cells was set as 1. Data are presented as the
mean § standard deviation of triplicate assays. �, Significantly different (P < 0.05) by the Student t test. (B) Native Etf-1 localizes on the cytoplasmic side of E. chaffeensis
inclusions. N, nucleus. The plasma membrane of infected THP-1 cells was selectively permeabilized with SLO and labeled with anti-Etf-1 (Etf-1/SL) and anti-VirB6-2 (B6-2/
SL). After the first round of staining, all cell membranes were permeabilized with saponin (Sa), and the cells were stained again with anti-VirB6 (B6-2/Sa). Secondary anti-
bodies with distinct fluorochromes were used for VirB6-2 labeling before (red) and after (blue) saponin treatment. (C) E. chaffeensis (Ech) inclusions are enveloped by Etf-
1-GFP. E. chaffeensis-infected RF/6A cells were transfected with Etf-1-GFP at 1 d p.i., and treated with 0.1 mM DFP for 2 h prior to fixation at 16 h p.t. (40 p.i.). DAPI was
used to stain DNA in host cell nuclei and E. chaffeensis DNA and pseudocolored in red. N, nucleus. Merged/DIC, fluorescence image merged with DIC image. Boxed area
was enlarged 4-fold on the right. The white arrow indicated the presence of Etf-1-GFP inside E. chaffeensis-containing inclusions. Scale bars: 10 mm. (D) Immunogold
labeling of Etf-1-GFP in E. chaffeensis-infected RF/6A cells. Silver-enhanced anti-GFP immunogold labeling of Etf-1-GFP detected on the inclusion membrane (purple
arrows) or inside the inclusions (blue arrowhead). Scale bar: 2 mm.
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determined by qPCR (Fig. 6A). This growth-stimulating activ-
ity of Etf-1-GFP was specific to E. chaffeensis because Etf-1-
GFP did not enhance infection by A. phagocytophilum (Fig.
S8A), which replicates in autophagosomes.35

Although our previous study shows that Etf-1 targets mito-
chondria, it also localizes in part to E. chaffeensis inclusions.43

To determine whether Etf-1 is present on cytoplasmic side of
the inclusion membrane, we selectively permeabilized the
plasma membrane of host cells using streptolysin O (SLO).86

SLO is a thiol-activated protein toxin that binds cholesterol to
form membrane-penetrating channels in a temperature-depen-
dent manner.87 Cytoplasmic Etf-1 was labeled with anti-Etf-1
after SLO treatment (Fig. 6B). In contrast, the intrainclusion
ehrlichial protein VirB6-240 was not labeled with anti-VirB6-2
in SLO-treated cells (Fig. 6B), indicating the inability of SLO to
permeabilize E. chaffeensis inclusions. Saponin treatment per-
meabilizes all cholesterol-containing membranes. Both Etf-1
and VirB6-2 could be labeled with their respective antibodies
and colocalized in saponin-permeabilized cells (Fig. 6B). This
result indicates that native Etf-1 is present on the cytoplasmic
face of inclusions. Furthermore, ectopically expressed Etf-1-
GFP at 2 d p.i. was recruited to E. chaffeensis inclusions, and
Etf-1-GFP could be observed inside bacteria-containing inclu-
sions (56.8 § 4.8% of E. chaffeensis inclusions as quantitated
from 10 to 20 cells each in 3 independent experiments,
Fig. 6C). Similarly, immunogold labeling showed Etf-1-GFP on
the E. chaffeensis inclusion membranes or inside inclusions
(Fig. 6D). Etf-1 targeting to bacteria-containing inclusions was
specific to E. chaffeensis, as Etf-1-GFP was not present on A.
phagocytophilum inclusions (Fig. S8B).

Ectopically expressed Etf-1 activates class III PtdIns3K,
induces autophagosomes, and clears mutant HTT

Ectopic expression of Etf-1 activated class III PtdIns3K in the
absence of any other ehrlichial molecule, as indicated by a signifi-
cantly higher amount of cellular PtdIns3P in Etf-1-transfected
cells (Fig. 7A). When GFP-ATG5 or GFP-LC3 alone was ectopi-
cally expressed, they each showed a few weak and small puncta in
uninfected cells (Fig. 4B and C). Coexpression of Etf-1-DsRed
with GFP-ATG5 or GFP-LC3 induced numerous puncta, and

>80% of Etf-1 puncta colocalized with ATG5 or LC3 (Fig. S9).
BAF treatment for 16 h produced enlarged autophagosomes, in
which Etf-1 and GFP-ATG5 or GFP-LC3 colocalized (Fig. 7B
and C). This indicates that Etf-1 is sufficient in inducing autopha-
gosomes in the absence of any other ehrlichial molecules.

Eukaryotic proteasomes can cleave only very poorly (if at
all) within polyglutamine sequences such as polyglutamine
tracts in HTT (huntingtin) protein.88 Expansions of poly-
glutamine tracts in HTT causes aggregation of polyglut-
amine peptides, leading to a neurodegenerative genetic
disorder, Huntington disease.89 NPEPPS/PSA (aminopepti-
dase, puromycin sensitive; EC 3.4.11.14) is a mammalian
cytosolic Zn2C metallopeptidase that can digest aggregation-
prone proteins including polyglutamine-containing peptides
such as HTT via autophagy, thereby reducing cellular toxic-
ity.90 NPEPPS overexpression can enhance macroauto-
phagy.91 In the yeast cytoplasm-to-vacuole targeting
pathway, the precursor form of aminopeptidase I is seques-
tered in phagophores in an Atg5-dependent manner67 and
is targeted to the vacuole (the yeast equivalent of mamma-
lian lysosomes).92 We found that ectopically expressed
NPEPPS-GFP colocalized with Etf-1 puncta (Fig. 8A) and,
at 1 d p.i., encased E. chaffeensis inclusions (Fig. 8B). PAQ-
22 is a synthetic, noncompetitive NPEPPS inhibitor that
does not act as a substrate mimic and thus binds to
NPEPPS at a site distinct from the catalytic site.93,94 Com-
pared with the DMSO-treated control cells, E. chaffeensis
infection was significantly decreased in PAQ-22-treated cells
at 2 d p.i. based on qPCR (Fig. 8C). PAQ-22 was not toxic
to the host cells at 100 mM (data not shown).

Ectopic expression of exon 1 of aggregation-prone mutant
HTT with 103 polyglutamine repeats fused to GFP (Q103-
GFP) is toxic to eukaryotic cells, but coexpression with
NPEPPS protects cells via autophagy from death induced by
Q103-GFP.91 Indeed, ectopic expression of Q103-GFP in RF/
6A cells caused striking aggregation of the protein; however,
cotransfection with Etf-1, but not DsRed control, significantly
reduced aggregation of Q103-GFP (Fig. 8D-E) and reduced the
amount of Q103-GFP, which was partially abrogated by 3-MA
treatment (Fig. 8F), suggesting that Etf-1 helps clearance of
Q103-GFP through enhanced autophagy.

Figure 7. Etf-1 activates PtdIns3K and colocalizes with ATG5 and LC3. (A) RF/6A cells were transfected with Etf-1-GFP or GFP control plasmids, and the PtdIns3P amount
was determined by competitive ELISA at 2 d p.t. Data are presented as the mean § standard deviation of triplicate assays. �, Significantly different by the Tukey HSD test
(P < 0.05). (B and C) Etf-1 colocalizes with ATG5 and LC3. HEK293 cells cotransfected with GFP-ATG5 and Etf-1-DsRed (B) or GFP-LC3 and Etf-1-DsRed (C) were treated at
1 d p.t. with 10 nM BAF for 16 h prior to fixation. Merged/DIC, fluorescence image merged with DIC image. Scale bars: 10 mm. (D) The percentage colocalization of Etf-1
with ATG5 or LC3 was analyzed using Pearson correlation coefficients with ImageJ software. Results were average values of 10 to 20 cells per group § standard deviation
from 3 independent experiments.
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Certain overexpressed cytosolic proteins can be ubiquiti-
nated and degraded by autophagy.78 We investigated whether
native or ectopically expressed Etf-1 was ubiquitinated in
infected or transfected cells. Based on immunoprecipitation of
E. chaffeensis-infected THP-1 cells with anti-Etf-1 IgG followed
by western blotting, native Etf-1 was not ubiquitinated (Fig.
S10). Immunofluorescence labeling with anti-ubiquitin showed
that neither GFP staining nor Etf-1-GFP puncta were ubiquiti-
nated (Fig. S11A, B, and D). As a positive control, strong ubiq-
uitination was detected on Q103-GFP aggregates (Fig. S11C
and D).

RAB5 is required for E. chaffeensis infection and traffics to
E. chaffeensis inclusions

The small GTPase RAB5 regulates endosome maturation to late
endosomes, thereby regulating fusion of LC3-decorated auto-
phagosomes with late endosomes to form intermediary com-
partments prior to fusion with lysosomes.21 RAB5 also
regulates autophagy upstream of LC3 conjugation.95-97 Given
that E. chaffeensis replicates in inclusions that contain endoge-
nous RAB5,9 we first examined whether endogenous RAB5 is

required for E. chaffeensis infection. There are 3 RAB5 isoforms
expressed in human cells, namely RAB5A, 5B, and 5C, which
share similar subcellular localization and regulatory functions
in the early endocytic pathway.98 RAB5 isoforms are at least
partially redundant because downregulation of expression of
any single RAB5 isoform using siRNA has no effect on EGF or
transferrin internalization, but downregulation of all 3 isoforms
has a significant effect.99 Similarly, silencing of all 3 RAB5 iso-
forms is required to block AKT activation after insulin treat-
ment.100 With this in mind, we tested the role of RAB5 in E.
chaffeensis infection by silencing expression of all 3 RAB5 iso-
forms using siRNA. Western blotting results showed that E.
chaffeensis infection was significantly reduced by RAB5 knock-
down compared with the control scrambled-siRNA transfec-
tion (Fig. 9A). Next, we examined whether exogenous RAB5
traffics to already established E. chaffeensis inclusions by trans-
fecting GFP-RAB5. All 3 GFP-RAB5 isoforms produced puncta
(vesicles) and accumulated on E. chaffeensis inclusions when
transfected at 15 h p.i., and quantitation from 10 to 20 cells
each in 4 independent experiments showed RAB5A positive E.
chaffeensis inclusions were 94.0 § 5.5%. RAB5 delivery
appeared to occur largely via fusion of the E. chaffeensis

Figure 8. NPEPPS-GFP colocalizes with Etf-1 in cotransfected cells, traffics to E. chaffeensis inclusions, and reduces aggregation of Q103-HTT. (A and B) NPEPPS/PSA-GFP
colocalizes with Etf-1 in cotransfected cells and surrounds E. chaffeensis inclusions. (A) DH82 cells were sequentially transfected first with Etf-1 and 1 d later with NPEPPS-
GFP. At 1 d p.t. with NPEPPS-GFP, cells were immunostained with anti-Etf-1 (AF555). White arrows indicate the colocalization between the 2 proteins. (B) E. chaffeensis-
infected RF/6A cells were transfected with NPEPPS-GFP at 1 d p.i. and stained with DAPI at 1 d p.t. (2 d p.i.). Merged/DIC, fluorescence image merged with DIC image.
The boxed area is enlarged on the right. Scale bars: 15 mm. (C) PAQ-22 inhibits E. chaffeensis replication in THP-1 cells. E. chaffeensis-infected THP-1 cells were incubated
with 0.1% DMSO (control) or 10 or 100 mM PAQ-22. qPCR of E. chaffeensis 16S rDNA normalized to human GAPDH. �, Significantly different by the Tukey HSD test (P<
0.05). (D to F) Etf-1 reduces aggregation of Q103-GFP. (D) RF/6A cells transfected with Q103-GFP alone or cotransfected with Q103-GFP and DsRed control; exposure
time, 0.001 sec. RF/6A cells cotransfected with Q103-GFP and Etf-1 were immunostained with anti-Etf-1 (red); exposure time, 0.6 sec. Scale bars: 15 mm. (E) Percentage of
RF/6A cells with Q103-GFP aggregation in cells cotransfected with Q103-GFP and vector control or Etf-1. �, Significantly different by the Tukey HSD test (P < 0.05). (F) Rel-
ative amount of Q103-GFP in RF/6A cells with or without Etf-1. Western blot analysis was performed using anti-GFP and - ACT/actin IgG, and band intensities were nor-
malized against ACT/actin.
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inclusions with RAB5-containing vesicles, suggesting the
recruitment and retention of RAB5 endosomes during E. chaf-
feensis replication and expansion of the inclusion (Fig. 9B to
D). In uninfected cells, GFP-RAB5 showed smaller diffuse
puncta than in infected cells (RAB5A shown in Fig. 9E).

Etf-1 interacts with RAB5, PIK3C3, and BECN1

Given that endogenous Etf-1 and RAB5 localized on the cyto-
plasmic face of E. chaffeensis inclusions and that both Etf-1 and
RAB5-containing vesicles targeted E. chaffeensis inclusions, we
examined whether Etf-1- and RAB5-containing vesicles inter-
act. Furthermore, since most cellular BECN1 exists in a com-
plex with PIK3C3, a RAB5 effector,57,101 we examined whether
the BECN1-PIK3C3 complex contains RAB5 and Etf-1. With
reciprocal immunoprecipitation of E. chaffeensis-infected THP-
1 cell lysates using antibodies against Etf-1, RAB5, BECN1, or
PIK3C3 followed by western blotting, we found that native Etf-
1 and the 3 endogenous human proteins formed a multimeric
complex in the infected cells (Fig. 10). Very small amount of
BECN1 and PIK3C3 bound to RAB5 in uninfected cells,
whereas infection highly upregulated this complex formation.
Furthermore, endogenous PIK3C3 and RAB5 proteins were
consistently upregulated in E. chaffeensis-infected cells com-
pared with uninfected cells (Fig. 10).

In vitro affinity isolation showed that glutathione S-transfer-
ase (GST)-RAB5A fusion protein, but not GST, pulled down
native Etf-1 from E. chaffeensis-infected THP-1 cell lysates
(Fig. S12A). In addition, recombinant Etf-1 interacted with
endogenous RAB5, PIK3C3, and BECN1 in uninfected THP-1
cells (Fig. S12B). These results suggest that E. chaffeensis inclu-
sions recruit Etf-1, RAB5, and major components of the class
III PtdIns3K complex through protein-protein interactions.

GTP-bound RAB5 interacts with Etf-1 and the BECN1-class
III PtdIns3K complex, and promotes infection

RAB GTPase cycles between GTP- and GDP-bound forms and
acts via RAB effectors.102,103 RAB effectors such as PIK3C3
and ANKFY1 bind to RAB-GTP but dissociate from
RAB-GDP.45,95 RAB5AS34N (dominant-negative RAB5A/
RAB5A-DN), a GDP-bound form of RAB5 that sequesters
RAB5 guanine nucleotide exchange factor (RAB5-GEF) and
thus prevents RAB5 activation.104 In RAB5-regulated auto-
phagy, RAB5-DN decreases LC3-puncta formation and
increases ATG5-containing structures (autophagosome precur-
sors).97 To analyze whether RAB5 GTPase cycle is involved in
Etf-1 interaction with RAB5 and the BECN1-class III PtdIns3K
complex, and Etf-1-induced autophagy, Etf-1-HA and GFP
vector control, GFP-RAB5A (WT), GFP-RAB5A-DN, or GFP-
RAB5AQ79L (constitutively active RAB5A/RAB5A-CA) were
cotransfected into HEK293 cells, and the cell lysates were
immunoprecipitated with anti-HA. Western blot analysis
showed that although Etf-1-GFP bound RAB5A (WT),
RAB5A-DN and RAB5A-CA, PIK3C3 and BECN1 interacted
with Etf-1 only in the presence of RAB5A (WT) and RAB5A-
CA (Fig. 11A). Fluorescence microscopy showed enlarged
GFP-RAB5A-CA endosomes that colocalized with Etf-1 puncta
(Fig. 11B). Colocalization analysis between GFP-RAB5A-CA
with Etf-1 showed that the Pearson correlation coefficient of 24
§ 2 %, which was increased to 49 § 5% when cells were treated
with rapamycin for 16 h before harvesting at 2 d post-transfec-
tion (p.t.), and both were significantly greater (P < 0.01) vs.
GFP control (12 § 2 %) by the Student unpaired t test. Taken
together, Etf-1 interacts with the RAB5-BECN1-PIK3C3, auto-
phagy master regulator complex via GTP-bound RAB5, to
induce autophagy.

Figure 9. E. chaffeensis infection requires RAB5, and GFP-RAB5 traffics to the E. chaffeensis inclusion membrane. (A) E. chaffeensis infection requires RAB5. RF/6A cells were
transfected with control scrambled siRNA (Neg.) or RAB5A/B/C siRNAs for 1 d, and then infected with E. chaffeensis for 2 d. Western blotting was performed using anti-P28,
-ACT/actin, or -RAB5 IgG. The values under the bands show the relative ratio of band intensities normalized against ACT/actin, with the ratios of those from control siRNA
set as 1. (B to D) E. chaffeensis-infected RF/6A cells at 1 d p.i. were transfected with GFP-RAB5A, GFP-RAB5B, or GFP-RAB5C. At 15 h p.t. (39 h p.i.), cells were subjected to
immunofluorescence labeling with rabbit anti-P28 (AF555). Merged, merged images; Merged/DIC, fluorescence image merged with DIC image. Each boxed area is
enlarged on the right. (E) Control uninfected RF/6A cells transfected with GFP-RAB5A. Scale bars: 15 mm.
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Overexpression of GFP-RAB5A-DN impaired E. chaffeensis
infection compared with cells transfected with GFP-RAB5A
(WT) or GFP-RAB5A-CA (Fig. 11C), indicating that activated
RAB5 (the GTP-bound state of RAB5) is indeed critical for
infection. RABs have a low intrinsic rate of GTP hydrolysis,
which is controlled by GAPs/GTPase activating proteins. Thus
we assessed the effects of a RAB5-specific GAP, SGSM3/RAB-
GAP5 (small G protein signaling modulator 3),105 on E. chaf-
feensis infection. SGSM3 overexpression at 1 d p.i. profoundly
impaired E. chaffeensis replication compared with overexpres-
sion of SGSM3R165A (SGSM3-RA), a catalytic site mutant105

(Fig. 11C), confirming the critical role of GTP-bound RAB5 in
E. chaffeensis replication. Taken together, Etf-1 induces auto-
phagy by recruiting the BECN1-class III PtdIns3K complex via
GTP-bound RAB5, to promote E. chaffeensis replication.

Discussion

Autophagy is induced in response to a variety of infections and
is a critical innate immune mechanism for clearing intracellular
infection.106,107 Thus, what is distinctive for the obligatory
intracellular pathogen E. chaffeensis, compared with most other
intracellular pathogens, is that infection-induced autophagy
does not kill the pathogen; on the contrary, pathogen growth is
autophagy dependent. Ehrlichial infection significantly
increases cellular PtdIns3P levels at early stage of infection, and
dramatic inhibition of ehrlichial growth results from the inhibi-
tion of autophagy induction by 3-MA or spautin-1 treatment,
or knockdown of ATG5 or BECN1. The inhibition is not due
to reduced viability of the host cells, or due to direct toxicity to
bacteria. Conversely autophagy induction by rapamycin
enhanced infection. How does host cellular autophagy facilitate

ehrlichial proliferation? Gln is a primary energy and carbon
source of E. chaffeensis that cannot utilize glucose.53 The pres-
ent study implies that autophagy supplies Gln for E. chaffeensis,
because it acquires host preincorporated Gln in a class III
PtdIns3K activity–dependent manner, and growth inhibition
by autophagy inhibition was reversed by excess amino acid sup-
plementation. Moreover, free Gln and Glu, which are the pri-
mary amino acids generated by the autophagic degradation of
eukaryotic cytoplasm,108 are also the primary amino acids that
increased during exponential E. chaffeensis growth (Table 1).

Our data revealed lack of involvement of MTOR-ULK1-
PRKA and ubiquitination pathways in ehrlichial infection.
Instead, our data indicate that E. chaffeensis Etf-1, which is
secreted at an early stage of infection, is responsible in inducing
autophagy by recruiting PIK3C3 and BECN1, because ectopic
expression of Etf-1 is sufficient in increasing cellular PtdIns3P
levels; and ectopically expressed Etf-1 induces vesicles that
colocalize with ATG5 and LC3.

RAB GTPases are the central regulators of membrane traf-
ficking and organellar identity in eukaryotic cells.104 RAB5 is
found in nascent phagosomes and early endosomes that lack
the microbicidal capacity required to kill invading pathogens;
this requires subsequent maturation into late endosomes via
the transition from RAB5 to RAB7 and lysosomal fusion. Con-
sequently several intracellular pathogens prevent or delay the
RAB5 to RAB7 transition. For example, M. tuberculosis local-
izes in the RAB5-positive endocytic compartment by reducing
PtdIns3P in the phagosomal membrane, thereby interfering
with phagosome maturation.109,110 Listeria monocytogenes
GAPDH binds and carries out ADP-ribosylation of RAB5A
and impairs the GDP/GTP exchange and thereby blocks phag-
osome maturation.111 Maturation arrest of RAB5-positive

Figure 10. Etf-1 interacts with the RAB5-class III PtdIns3K complex. Co-immunoprecipitation of native Etf-1 with endogenous RAB5, BECN1, and PIK3C3/VPS34. Uninfected
(THP) or E. chaffeensis-infected (Ech) THP-1 cells at 2 d p.i. were lysed in modified lysis buffer and immunoprecipitated (IP) with rabbit anti-Etf-1, BECN1, or PIK3C3, or
mouse anti-RAB5 IgG cross-linked to protein A/G-magnetic beads for 2 h. Bound proteins were eluted and subjected to western blotting. Arrows indicate the target pro-
teins. �, IgG heavy or light chains. The number under the figure is the density ratio relative to ACT/actin, with uninfected cells set as 1. The absence of a number indicates
an infinite ratio (i.e., the protein was absent in the control). Images were representative of 3 experiments with similar results.
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E. chaffeensis inclusions is distinct from these examples, as
PtdIns3P is highly enriched and the blockade seems to be due
to RAB5 GTPase inactivation, based on the ability of SGSM3
overexpression to overcome the blockade. In agreement with
this observation, the stable presence of the RAB5 effectors
EEA1, PIK3C3, and ANKFY1 on E. chaffeensis–containing
inclusions and the inhibition of E. chaffeensis infection by over-
expression of RAB5-DN or SGSM3 suggest that RAB5 is mostly
locked in the GTP-bound state on E. chaffeensis inclusions.

Our results suggest that inactivation of RAB5 GTPase on
inclusions not only protects E. chaffeensis from a microbicidal
mechanism and expands inclusions via homotypic fusion but
also enhances “RAB5-regulated autophagy” as a result of the
increase in GTP-bound RAB5. Indeed, several previous studies
point to the critical role of RAB5-GTP in early autophagosome
development/maturation. 1) Ectopic expression of dominant-
negative RAB5 or 3-MA treatment blocks the progression of
early ATG5-positive phagophores to form LC3-positive auto-
phagosomes.97 2) Upon growth factor restriction, the class 1A
phosphoinositide-3-kinase catalytic subunit b (PIK3CB/p110b)
dissociates from the growth factor receptor and binds RAB5.95

Such interaction blocks the RAB5 GTPase-activating protein
PIK3R1/p85a (class 1A phosphoinositide-3-kinase regulatory
subunit 1) from binding to RAB5, which consequently
increases the amount of GTP-bound RAB5 and enhances the
RAB5-PIK3C3 interaction to promote autophagy.95 3) Hepati-
tis C virus NS4B protein forms a complex with RAB5 and
PIK3C3 and induces RAB5-GTP-promoted autophagy, which
is required for virus replication.96 4) HTT binds RAB5 via the
RAB5 effector F8A1/HAP40 (coagulation factor VIII-associ-
ated 1), and degradated by autophagy.112 Similar to E. chaffeen-
sis infection, such RAB5-regulated autophagy is independent
from MTOR signaling.95,97

The present study revealed host cytoplasmic molecules
(amino acids, GAPDH, and Etf-1-GFP) are delivered into
ehrlichial inclusions. It is still unclear how host cytoplasmic
molecules enter into ehrlichial inclusions. Unlike most other
intracellular bacteria that are killed by autophagy, E. chaf-
feensis inclusions lack ubiquitination, LC3, and late endo-
some or lysosomal markers, although they do contain
ATG5, PIK3C3, PtdIns3P, and RAB5. Although the classical
view has been that autophagic and endocytic pathways con-
verge at the phagolysosomal and lysosomal levels, autopha-
gosomes have also been found to undergo fusion with
earlier components of the endocytic pathway.21,22,24,113 The
presence of ATG5 suggests that E. chaffeensis inclusions are
large amphisomes, and Etf-1-, RAB5-, and ATG5-containing
small vesicles might also be considered amphisomes. Multi-
vesicular bodies (MVBs), morphologically distinctive endo-
somes, internally accumulate small membrane vesicles (60
to 80 nm), which contain cytosolic cargo molecules.21,114

Morphological evidence suggests that MVBs are the main
endocytic fusion partner of the autophagosome, forming the
amphisome.21,115 It is tempting to speculate that fusion of
these vesicles with ehrlichial inclusions or invagination of
the ehrlichial inclusion membrane would deliver host cyto-
solic cargo into the inclusion lumen. PIK3C3 and PtdIns3P
are essential for the generation of the internal vesicles of
MVBs, and RAB5 promotes the formation of PtdIns3P on

Figure 11. RAB5-GTP is required for E. chaffeensis infection. (A) HEK293 cells were
cotransfected with plasmids expressing Etf-1-HA and GFP (CTL) or GFP-RAB5A (WT,
DN, or CA mutant). At 2 d p.t., samples were lysed and immunoprecipitated with
mouse anti-HA cross-linked on protein G-sepharose beads for 2 h. Images were
representative of 3 experiments with similar results. (B) RF/6A cells cotransfected
with Etf-1-DsRed and GFP-RAB5A-CA for 2 d. White arrows indicate the colocaliza-
tion between the 2 proteins. The boxed area was enlarged 4-fold. Scale bar:
10 mm. (C) HEK293 cells were transfected with GFP, GFP-RAB5 (WT, DN, or CA
mutant), SGSM3/RABGAP5 (WT), or SGSM3R165A mutant (RA) and then infected
with E. chaffeensis at 1 d p.t. for 2 d. Samples were examined by western blotting,
and the ratios of P28: ACT/actin were quantified and compared with those of RAB5
WT or SGSM3R165A groups, which were arbitrarily set as 1. Images were representa-
tive of 3 experiments with similar results.
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endosomes116 and phagosomes.117 Most 2£FYVE labeling is
associated with the internal membranes of MVBs, which
have low levels of the late endosome and lysosome markers
like lysosomal membrane glycoproteins and lyso-bisphos-
phatidic acid.44,118 PtdIns3P accumulates within ECVs
(endosomal carrier vesicles) and MVBs, and PtdIns3P sig-
naling regulates receptor sorting into ECVs/MVBs.44,119

Indeed, our results with 2£FYVE-GFP-transfected cells also
showed strong intralumenal PtdIns3P in large vesicles
docked onto E. chaffeensis inclusions, suggesting that these
vesicles are MVBs (Fig. 1A, arrow). Inhibition of PtdIns3K
blocks formation of intralumenal vesicles in MVBs, which
results in swollen vesicles.120 Reversible vacuolation of ehrli-
chial inclusions in 3-MA-treated cells (Fig. 2D, 2E, and S2)
suggests the inclusions also have the feature of MVBs.

Although autolysosomal degradation does not ensue in ehr-
lichial inclusions (to protect the bacteria), serine protease may
be involved in autophagic cargo degradation, because treatment
with DFP, an irreversible serine protease inhibitor, increased
the presence of DsRed-GAPDH inside E. chaffeensis inclusions.
E. chaffeensis has surface proteases that are required for its rep-
lication.71,72 Host cytosolic NPEPPS, which is incorporated
into Etf-1 autophagosomes and targeted to E. chaffeensis inclu-
sions, is also expected to aid degradation of autophagic cargo.
Ectopic expression of Etf-1 facilitates the class III PtdIns3K-
dependent degradation of Q103-GFP that is degraded by
NPEPPS via autophagy,91 supporting the involvement of
NPEPPS in Etf-1 autophagosome cargo degradation.

ANKFY1 plays a role in homotypic early endosomal fusion,
micropinocytosis, and retromer-based transport.45,121 Because
GFP-ANKFY1121 and transferrin8 colocalize to E. chaffeensis
inclusions, macropinocytosis and endocytosis also directly
deliver some extracellular nutrients to E. chaffeensis in
inclusions.

Taken together, several aspects are unusual in this form
of pathogen effector-induced autophagy: 1) autophagy
induction is essential for bacterial replication, as it provides
nutrients to intracellular bacteria; 2) autophagosomes form
proximally to inclusions, but their maturation is arrested, so
autophagy cannot function as an innate immune mecha-
nism to clear the infection; 3) a T4S effector interacts with
autophagy proteins to induce autophagosome formation
and homes to the bacterial inclusions; and 4) canonical
starvation-induced MTOR inhibition and ULK activation
are not involved. Although this is similar to A. phagocyto-
philum Ats-1-induced autophagy,37 there are clear differen-
ces between the 2 bacteria: 1) RAB5 is involved in E.
chaffeensis-induced autophagy, but not in A. phagocytophi-
lum-induced autophagy; 2) Etf-1 and Ats-1 promote distinct
autophagy nucleation complexes derived from early endo-
somes and ER, respectively; 3) E. chaffeensis inclusions
appear as early amphisomes without LC3-II localization,
whereas A. phagocytophilum inclusions are early autophago-
somes with distinct LC3-II localization;37 and 4) Etf-1 and
Ats-1, despite their 21% amino acid sequence identity,
selectively target and promote E. chaffeensis and A. phago-
cytophilum growth,37 respectively. How the 2 molecules
recruit distinct autophagy membrane precursors and recog-
nize the parent bacterial inclusions remains to be studied.

Materials and methods

Bacteria and cell culture

The E. chaffeensis Arkansas strain1 was cultured in THP-1 cells
(ATCC, TIB-202),122 and the A. phagocytophilum HZ strain123

was cultured in HL-60 cells (ATCC, CCL-240) in RPMI 1640
medium (Mediatech, 10-040-CV) supplemented with 10% fetal
bovine serum (Atlanta Biologicals, S12450) and 2 mM L-gluta-
mine (Gibco, 25030). RF/6A cells (ATCC, CRL-1780) were cul-
tured in advanced minimal essential medium (Gibco, 12492)
supplemented with 10% fetal bovine serum and 2 mM L-gluta-
mine. The method of synchronous culture of E. chaffeensis in
HL-60 cells was similar to those described previously.9,43 Host
cell-free E. chaffeensis was used to initiate infection as previ-
ously described.9,43 HEK293 cells (ATCC, CRL-1573) and
canine histiocytic leukemia DH82 cells were cultured in
DMEM (Dulbecco’s minimal essential medium; Mediatech, 10-
013-CV) supplemented with 10% fetal bovine serum and 2 mM
L-glutamine.1 Cultures were incubated at 37�C under 5% CO2

in a humidified atmosphere.

Cloning and cell transfection

Full-length Etf-1 that had been codon-optimized for mamma-
lian expression43 was cloned into pEGFP-N1 (Clontech, 6085-
1) and pDsRed-N1 (Clontech, 632412) to create plasmids
encoding Etf-1-GFP and Etf-1-DsRed fusion proteins. pEtf-1-
GFP was further modified to create pEtf-1-HA. Full-length
RAB5A was cloned into pET-41a(C) (Novagen, 70556-3) for
GST-RAB5A expression. A double-FYVE finger (2£FYVE) of
HGS (HGF-regulated tyrosine kinase substrate) was cloned
from mouse cDNA as described44 into vector pEGFP-N1 to
create plasmid 2£FYVE-GFP for mammalian expression.
pEGFP-C1-ATG5 (pEGFP-C1-hApg5) was obtained from
Addgene (plasmid 22952, deposited by Dr. Noboru Mizush-
ima).18 Dominant negative GFP-RAB5AS34N and constitutive
active GFP-RAB5AQ79L mutants were constructed from GFP-
RAB5A by using the QuikChange Site-Directed Mutagenesis
Kit (Stratagene, 200519). RF/6A, HEK293, and DH82 cells
were transfected using Fugene HD according to the manufac-
turer’s instructions (Promega, E2311).

Antibodies

Antibodies against A. phagocytophilum outer membrane pro-
tein P44 (mAb 5C11),124 dog anti-E. chaffeensis,122 rabbit anti-
E. chaffeensis P28,52 ACT/actin (Sigma, A2066), Etf-1,43

BECN1 (Cell Signaling Technology, 3738), PIK3C3/VPS34
(Cell Signaling Technology, 4263), ATG5 (Abcam ab78073),
MAP1LC3B/LC3B (NovusBio, NB100-2220), poly-ubiquiti-
nated proteins (Enzo Life Sciences, FK1, BML-PW8805),
mono- and poly-ubiquitinated proteins (Enzo Life Sciences,
FK2, BML-PW8810), mouse anti-TUBA/a-tubulin (Santa Cruz
Biotechnology, sc-5286), MYC/c-Myc (BioLegend, 901501),
FLAG M2 (Sigma, F1804), RAB5,125 GFP (mAb Clone B-2;
Santa Cruz Biotechnology, sc-9996), anti-VirB6-2,40 Alexa
Fluor (AF) 350-conjugated goat anti-mouse IgG (Invitrogen,
A-21049), AF555-conjugated goat anti-mouse IgG (Invitrogen,
A-21427), and AF488-conjugated goat anti-rabbit IgG
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(Invitrogen, A-11008) or anti-mouse IgG (Invitrogen, A-11029)
were used.

Immunofluorescence assay

E. chaffeensis-infected RF/6A cells at 1 d p.i. were transfected
with a plasmid encoding Etf-1-GFP, GFP-RAB5A, GFP-
RAB5B, GFP-RAB5C, GFP-ANKFY1, FLAG-PIK3C3,
2£FYVE-GFP, GFP-ATG5, or NPEPPS-GFP.91 Localization
was determined at 15 to 17 h (or 24 h for NPEPPS-GFP) p.t.
Cells transfected with GFP-LC319 were infected 1 d p.t., and
localization was determined at 3 d p.i. Briefly, cells were fixed
with 4% paraformaldehyde (PFA) and incubated with rabbit
anti-P28, followed by secondary antibodies AF488-conjugated
goat anti-rabbit IgG in PGS (phosphate-buffered saline [PBS;
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM
KH2PO4, pH 7.4] supplemented with 0.5% bovine serum albu-
min [Sigma, A2153], 0.1% gelatin [Sigma, G8150], and 0.1%
saponin [Sigma, S4521]). For cells transfected with GFP, Etf-1-
GFP, 2£FYVE-GFP, or NPEPPS-GFP, DAPI (4’,6-diamidino-
2-phenylindole; Invitrogen, D1306) was used to label DNA in
the host cell nucleus and E. chaffeensis. Localization of PIK3C3
in transfected cells was determined by immunofluorescence
assay with mouse anti-FLAG, followed by AF488-conjugated
goat anti-mouse IgG and DAPI.

Localization of native ATG5, LC3, or ubiquitinated proteins
was performed with uninfected or E. chaffeensis-infected RF/
6A cells cultured on coverslips in a 6-well plate at 2 d p.i. Cells
were fixed in 4% PFA and labeled with rabbit anti-ATG5 or
-LC3B IgG or with mAb FK2 against mono- and poly-ubiquiti-
nated proteins, followed by AF555-conjugated goat anti-rabbit
or -mouse IgG. DAPI was used to label DNA in the host cell
nucleus and E. chaffeensis.

Localization of Etf-1 in the host cytoplasm of E. chaffeensis-
infected THP-1 cells was determined using SLO (Sigma, S0149)
to selectively permeabilize the plasma membrane as
described.37 After SLO treatment, cells were immediately fixed
in 4% PFA and incubated with rabbit anti-Etf-1 (1:100) and
mouse anti-VirB6-2 (1:50), followed by incubation with
AF488-conjugated goat anti-rabbit IgG and AF555-conjugated
goat anti-mouse IgG in PBS supplemented with 0.5% bovine
serum albumin. After washing with PBS, cells were further
labeled with mouse anti-VirB6-2 and AF350-conjugated goat
anti-mouse IgG diluted in PGS to permeabilize all
membranes.43

To examine the localization of DsRed-GAPDH in E. chaf-
feensis-infected RF/6A cells, infected cells cultured on cover-
slips in a 12-well plate at 1 d p.i. were transfected with pDsRed-
N1 control or pDsRed-GAPDH plasmids using Fugene HD. At
1 d p.t., cells were treated with 0.1 mM DFP (Sigma, D0879) for
2 h and then fixed in 4% PFA and incubated with DAPI to stain
bacteria.

To examine the colocalization of Etf-1-DsRed with GFP-
ATG5 or GFP-LC3, RF/6A or HEK293 cells at »80% conflu-
ence were used for transfection. Cells were treated with or with-
out 10 nM BAF (Enzo, BML-CM110-0100) for 16 h at 1 d p.t.,
prior to fixation in PFA. To examine the distribution of
NPEPPS-GFP and Etf-1, sequential transfections were per-
formed. Etf-1 was first transfected into DH82 cells, and

NPEPPS-GFP was transfected 1 d later. At 1 d p.t. with
NPEPPS-GFP, cells were fixed and incubated with rabbit anti-
Etf-1 and AF555-conjugated goat anti-rabbit IgG. To examine
the effect of Etf-1 on the degradation of Q103-GFP, Q103-GFP
was first transfected into RF/6A cells and, at 16 h p.t., Etf-1-
DsRed or DsRed was transfected into RF/6A cells. At 2 d p.t.,
cells were fixed and incubated with rabbit anti-Etf-1 and
AF555-conjugated goat anti-rabbit IgG. Images were captured
with a DeltaVision Deconvolution microscope system (GE
Healthcare, Marlborough, MA). For western blot analysis, cells
were transfected with Q103-GFP or cotransfected with Q103-
GFP and Etf-1. At 16 h p.t., the cells were treated with or with-
out 2 mM 3-MA (Sigma, M9281) for 2 d.

Image analysis

Colocalization analysis was performed with softWoRx software
from DeltaVision microscope on a single z-section by counting
10 to 20 inclusions per cell in 5 to 20 cells per experiment from
3 independent experiments to obtain percentage colocalization
of E. chaffeensis-inclusions with various markers including
2£FYVE, PIK3C3, GAPDH, and Etf-1. Colocalization of Etf-1
with RAB5, ATG5, or LC3 was analyzed by Coloc 2 in the NIH
Image J software package for the Pearson correlation coefficient
from 10 to 20 cells per group from 3 independent experi-
ments.126 Results were presented as average colocalization per-
centage or Pearson coefficients (r £ 100) § standard deviation,
and data were analyzed by the Student unpaired t test for statis-
tical significance.

3-MA, amino acid supplementation, rapamycin, and PAQ-
22 treatment

To determine the effect of 3-MA on E. chaffeensis internaliza-
tion into THP-1 cells, E. chaffeensis was incubated with 1.5 £
105 THP-1 cells at an multiplicity of infection (MOI) of 1,500:1
for 2 h in the presence of 2.5 mM 3-MA. The cells were washed
to remove bacteria that were unbound and then were fixed
with 4% PFA. The extracellular and intracellular bacteria were
distinguished by immunofluorescence assay using rabbit anti-
P28 and AF555-conjugated goat anti-rabbit IgG before permea-
bilization and rabbit anti-P28 and AF488-conjugated goat anti-
rabbit IgG after permeabilization as described.54

THP-1 cells (1.5 £ 105) were incubated with E. chaffeensis at
an MOI of 50:1. 3-MA at a final concentration of 2 mM was
added to E. chaffeensis-infected THP-1 cells at 1 h and 1 d p.i.,
and E. chaffeensis infection was assessed at 3 d p.i. To deter-
mine the reversibility of 3-MA inhibition of E. chaffeensis repli-
cation, THP-1 cells were infected with E. chaffeensis for 23 h,
and then a portion of cells was incubated with 10 mM 3-MA
for 6 h or 58 h. The cells that were treated with 3-MA for 6 h
were washed to remove 3-MA, and the incubation was contin-
ued for an additional 52 h. Bacterial infection was assessed by
Diff-Quik staining (Thermo Scientific, 9990700) and immuno-
fluorescence staining with anti-P28.

For amino acid supplementation, 3 £ 105 THP-1 cells were
infected with E. chaffeensis in 1 ml complete RPMI 1640
medium. At 1 d p.i., cells were treated with complete RPMI
1640 medium with 2 mM 3-MA, or complete RPMI 1640
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medium with 2 mM 3-MA plus 5£MEM essential amino acids
solution (Invitrogen, 11130-051), and E. chaffeensis infection
was assessed at 3 d p.i. THP-1 cells at 1.5 £ 105 were preincu-
bated with 0.1 mM rapamycin (Sigma, R0395) or 0.1% DMSO
(control) for 2.5 h, and E. chaffeensis was added at an MOI of
50:1 in the continued presence of rapamycin or DMSO at 2 d
p.i. Bacterial infection was assessed by western blotting using
antibodies against P28 and ACT/actin and by qPCR using spe-
cific primers for E. chaffeensis 16S rDNA, with data normalized
against the level of expression of human GAPDH.127

To study the effect of PAQ-22 (Wako Pure Chemical Indus-
tries, 165-23581) on bacterial infection, 3 £ 105 E. chaffeensis–
infected THP-1 cells were incubated with 10 or 100 mM of
PAQ-22 or 0.1% DMSO (control) for 2 d.

PtdIns3P assay

Uninfected or E. chaffeensis-infected THP-1 cells (»2 £ 106

cells) at 1 d p.i. were collected. Alternatively, RF/6A cells (1 £
106 cells) were transfected with EGFP (1 mg) or Etf-1-EGFP
plasmids (5 mg) by electroporation (100 V) in 0.2-cm cuvettes.
Cells were cultured in a T75 flask for 1 d for the Etf-1-trans-
fected groups, before being collected. PtdIns3P lipids were puri-
fied according to the manufacturer’s instructions (PtdIns3P
Mass ELISA kit; Echelon Biosciences, K-3300). Cells were pre-
cipitated with 0.5 M trichloroacetic acid (Sigma, T0699), lipids
were extracted with MeOH:CHCl3 (2:1), and acidic lipids were
extracted with MeOH:CHCl3:12 M HCl (80:40:1). The superna-
tant (»2.25 mL) was mixed with 0.75 mL of CHCl3 and
1.35 mL of 0.1 M HCl, and the organic (lower) phase was col-
lected and vacuum dried. The PtdIns3P amount was measured
with the competitive ELISA using a SpectraMax Plus 384
microplate reader (Molecular Devices, Sunnyvale, CA).

Utilization of [3H]L-glutamine-labeled THP-1 proteins for
synthesis of E. chaffeensis proteins

THP-1 cells (2 £ 106) were grown for 24 h in RPMI medium
(with 10% FBS and 2 mM glutamine) containing 10 mCi/ml of
[3H] L-glutamine (PerkinElmer, NET551250UC), washed,
resuspended in fresh growth medium, and infected with E.
chaffeensis for 2 d.128 One group of infected cells was treated
with 2 mM 3-MA for 6 h. E. chaffeensis was purified from
infected cells by sonication and differential centrifugation as
described,128 and uninfected THP-1 cells were processed in
parallel as control for potential host protein contamination.
The protein amount of purified samples was determined, and
the incorporation of [3H]glutamine into E. chaffeensis proteins
was determined with a liquid scintillation counter, with data
normalized to the total protein amount.

siRNA transfection

RF/6A cells were transfected with BECN1 siRNA (Ambion,
AM16104) or control siRNA (Santa Cruz Biotechnology;
100 pmol/4 £ 104 cells), or HEK293 cells were transfected with
LC3B siRNA (Dharmacon, L-012846-00-0005) or RAB5A/B/C
siRNA (33 pmol each) (Sigma custom oligos as described in
ref. 129) using Lipofectamine 2000 (Invitrogen, 11668-019). E.

chaffeensis was added to cells at 1 or 2 d p.t. At 2 d p.i., cells
were harvested and subjected to western blotting using antibod-
ies against BECN1, LC3B, RAB5, and E. chaffeensis P28. Band
intensities were determined using a Fujifilm Multi Gauge soft-
ware (GE Healthcare).

E. chaffeensis-infection in bone marrow-derived
macrophages from wild-type and atg5flox/flox-Lyz2-Cre
mice

BMDMs with atg5 knockout were isolated from atg5flox/flox-
Lyz2-Cre mice (atg5 TSKO),64 in which the Cre recombinase
driven by Lyz2 promoter was used to target myeloid cells to
knockout the third exon of Atg5 flanked by LoxP sites.65 Mono-
cytes were derived from bone marrow of wild type (WT) and
atg5 TSKO mice, and macrophages differentiated from the
monocytes were incubated with E. chaffeensis as described.54

The infected samples were collected at 7 d p.i and subjected to
DNA isolation using the QIAamp DNA blood mini kit (Qia-
gen, 51106); qPCR was performed using primers specific for E.
chaffeensis 16S rDNA and mouse Gapdh.130 The protocol for
using animals in this study was approved by the Institutional
Laboratory Animal Care and Use Committee.

Effect of Etf-1-GFP, RAB5, or SGSM3 on Ehrlichia infection

Etf-1-GFP or GFP control was transfected with Fugene HD
into HEK293 or RF/6A cells during exponential growth. At 8 h
p.t., E. chaffeensis or A. phagocytophilum, which were freshly
isolated as described,43 were added to infect transfected
cells.37,43 Bacteria that were not internalized were removed at 1
d p.i., and cells were harvested at 2 d p.i. Bacterial numbers in
each sample were determined by qPCR using specific primers
for E. chaffeensis 16S rDNA and normalized against the level of
expression of human GAPDH.127 Samples were subjected to
western blotting using antibodies against A. phagocytophilum
P44 and ACT/actin.

HEK293 cells cultured in a 12-well plate were transfected
with plasmids encoding pEGFP, pEGFP-RAB5 (WT, DN, or
CA), pcDNA3.1-MYC-SGSM3 (RABGAP5),105 or pcDNA3.1-
MYC-SGSM3R165A,105 and infected with E. chaffeensis at 1 d p.
t. for 2 d. Cells were lysed in 1£ SDS sample buffer, sonicated,
and examined by western blotting using antibodies against
EGFP (for RAB5), MYC/c-Myc (for SGSM3), and E. chaffeensis
P28.

Co-immunoprecipitation

Uninfected or E. chaffeensis-infected THP-1 cells at 2 d p.i.
were lysed in modified lysis buffer (25 mM Tris, pH 7.4,
150 mM NaCl, 1% NP40 [USB, 19638], 5% glycerol, and 1%
protease inhibitor cocktail III [Calbiochem, 539134]) for
15 min and immunoprecipitated for 2 h with rabbit anti-Etf-1,
-BECN1, or -PIK3C3, or mouse anti-RAB5 IgG that was cross-
linked to protein A/G-magnetic beads (Pierce, 88805). Normal
rabbit (Santa Cruz Biotechnology, sc-2027) or mouse IgG
(Santa Cruz Biotechnology, sc-2025) was used as a negative
control for immunoprecipitation. Bound proteins were eluted
by 2£ SDS sample buffer and subjected to western blotting.
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HEK293 cells expressing codon-optimized Etf-1-HA and
GFP-RAB5 (WT, DN, or CA) or GFP control were lysed in
modified lysis buffer as described above. After centrifugation,
each supernatant fraction was incubated with mouse anti-HA
mAb cross-linked on protein G-sepharose beads (BioLegend,
900801) for 2 h. After extensive washing with lysis buffer,
bound proteins were dissociated from the beads with 2£ SDS
sample buffer, and western blotting was performed.

Affinity isolation assay

A total of 100 mg GST or GST-RAB5 purified and bound to
nickel-agarose resin (Sigma, P6611) was used to affinity isolate
100 mg of lysate from E. chaffeensis-infected THP-1 cells (lysis
buffer: 43 mM Na2HPO4, 14.7 mM KH2PO4, 137 mM NaCl,
27 mM KCl, pH 7.3, 1% [v/v] Triton X-100 [Sigma, T8787]
and 1% protease inhibitor cocktail III) that were precleared
with nickel-agarose resin. Western blotting with rabbit anti-
Etf-1 was carried out as described.43

Affinity isolation using rEtf-1 (C-terminal 250 residues)
containing an N-terminal 6£His-tag43 was performed as
described with minor modifications.131 Purified and nickel-aga-
rose-bound rEtf-1 (0.5 mg) was added to lysates from 3 £ 107

uninfected THP-1 cells precleared with nickel-agarose. After
extensive washing with phosphate buffer (50 mM sodium phos-
phate, pH 8.0, 0.3 M NaCl) with 1% (v/v) NP40, the bound
proteins were eluted with phosphate buffer containing 250 mM
imidazole and precipitated with 10% trichloroacetic acid. After
centrifugation, the pellet was neutralized with 1.5 M Tris-HCl
(pH 8.8) and dissolved in 2£ SDS-PAGE loading buffer. West-
ern blotting was performed with rabbit anti-RAB5, rabbit anti-
PIK3C3, and mouse anti-BECN1.

Free amino acid analysis by LC-MS/MS

Amino acids were extracted using boiling water as described.69

The resulting extract (200 ml per sample) was loaded onto a 3-
kDa Amicon Ultra 0.5-ml filtering device. The samples were
spun at 14,000 £ g for 45 min at 4�C. Amino acids were sepa-
rated and quantified using known quantities of amino acid
standards that were run before and after samples by LC-MS/
MS as described (AB Sciex QTRAP 5500, Foster City, CA and
Agilent 1290 LC Infinity II LC System, Santa Clara, CA)69 with
minor modifications. A 40-ml aliquot of extract was added to a
vial containing 860 ml of nano-pure water and 100 ml of
10 mM hydrochloric acid, and 10 ml of the diluted sample was
injected onto the column. The declustering potentials of gluta-
mate, phenylalanine, and proline were modified to 150 V,
150 V, and 160 V, respectively, to avoid saturation of the mass
spectrometer detector.

Immunogold labeling

The immunogold labeling method with preembedding gold
enhancement was performed as described.132 In brief, cells
were fixed in 4% PFA in 0.1 M sodium phosphate buffer (pH
7.4) for 2 h at room temperature and permeabilized in the
same buffer containing 0.25% saponin for 30 min. After block-
ing for 30 min in the same buffer containing 0.1% saponin,
10% bovine serum albumin, 10% normal goat serum (Vector

Laboratories, S-1000), and 0.1% cold-water fish skin gelatin
(Sigma, G7765) (blocking solution), specimens were incubated
with mouse anti-GFP or control mouse IgG overnight, followed
by incubation with colloidal gold (1.4 nm in diameter; Nanop-
robes, 2001) conjugated to goat anti-mouse IgG in blocking
solution for 2 h. After treatment with a silver enhancement kit
(SilverEnhance EM; Nanoprobes, 2012) for 2 min at room tem-
perature to intensify the signal, the specimens were postfixed in
1% OsO4 solution containing 1.5% potassium ferrocyanide,
dehydrated in a series of graded ethanol solutions, and embed-
ded in epoxy resin. Ultra-thin sections were collected, stained
with uranyl acetate and lead citrate, and observed with a
Hitachi H7600 (Tokyo, Japan) transmission electron microscope.

Abbreviations

AF Alexa Fluor
ANKFY1/Rabankyrin-5 ankyrin repeat and FYVE domain

containing 1
ATG autophagy-related
Ats-1 Anaplasma translocated substrate-1
BECN1 Beclin 1
CA constitutively active
DFP diisopropylfluorophosphate
DN dominant negative
EEA1 early endosome antigen 1
Etf-1 Ehrlichia translocated factor-1
GFP green fluorescent protein
HA hemagglutinin
HTT huntingtin
3-MA 3-methyladenine
LAMP1 lysosomal-associated membrane

protein 1
LC-MS/MS liquid chromatography-tandem

mass spectrometry
MAP1LC3/LC3 microtubule-associated protein 1

light chain 3
MOI multiplicity of infection
MTOR mechanistic target of rapamycin

(serine/threonine kinase)
MVBs multivesicular bodies
p.i. post-infection
p.t. post-transfection
PtdIns3K phosphatidylinositol 3-kinase
PtdIns3P phosphatidylinositol 3-phosphate
Q103 exon 1 of mutant HTT with 103

glutamine repeats
qPCR quantitative polymerase chain

reaction
siRNA small interfering RNA
PIK3C3 phosphatidylinositol 3-kinase

catalytic subunit type 3
SGSM3/RABGAP5 small G protein signaling modulator

3
RAB5-CA RAB5Q79L

RAB5-DN RAB5S34N

SLO streptolysin O
TF transferrin
TFRC transferrin receptor
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