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ABSTRACT Coxiella burnetii, the causative agent of zoonotic Q fever, is character-
ized by replicating inside the lysosome-derived Coxiella-containing vacuole (CCV) in
host cells. Some effector proteins secreted by C. burnetii have been reported to be
involved in the manipulation of autophagy to facilitate the development of CCVs
and bacterial replication. Here, we found that the Coxiella plasmid effector B (CpeB)
localizes on vacuole membrane targeted by LC3 and LAMP1 and promotes LC3-II
accumulation. Meanwhile, the C. burnetii strain lacking the QpH1 plasmid induced
less LC3-Il accumulation, which was accompanied by smaller CCVs and lower bacte-
rial loads in THP-1 cells. Expression of CpeB in the strain lacking QpH1 led to restora-
tion in LC3-Il accumulation but had no effect on the smaller CCV phenotype. In the
severe combined immune deficiency (SCID) mouse model, infections with the strain
expressing CpeB led to significantly higher bacterial burdens in the spleen and liver
than its parent strain devoid of QpH1. We also found that CpeB targets Rab11a to
promote LC3-Il accumulation. Intratracheally inoculated C. burnetii resulted in lower
bacterial burdens and milder lung lesions in Rab11a conditional knockout (Rab11a~/~
CKO) mice. Collectively, these results suggest that CpeB promotes C. burnetii virulence
by inducing LC3-Il accumulation via a pathway involving Rab11a.
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oxiella burnetii, the causative agent of zoonotic Q fever, is an intracellular Gram-

negative bacterium characterized by proliferating in lysosome-derived vacuoles in
host cells (1-3). C. burnetii infection usually causes flulike acute respiratory infections,
as well as chronic and persistent infections, with endocarditis, hepatitis, osteomyelitis,
etc., as the main symptoms (4). Following uptake by a susceptible host cell, C. burnetii
traffics through the phagolysosomal maturation pathway to complete the colonization
(5). Phagosomes containing C. burnetii consecutively fuse with autophagosomes, lyso-
somes, and endocytic vesicles to develop Coxiella-containing vacuoles (CCVs) (2, 5-7).
The internal environment of mature CCV is acidic and contains a variety of active lyso-
somal-derived proteases. Different from other intracellular bacteria, C. burnetii can effi-
ciently translocate its effector proteins into the host cell cytoplasm via its Dot/Icm type
IV secretion system (T4SS) in this acidic environment (8, 9). More than 150 T4SS sub-
strates of C. burnetii have been predicted, but most of them need to be further con-
firmed as bona fide T4SS-secreted effectors (9-11). Some of these effector proteins are
highly expressed during the formation and maturation stages of CCVs and participate
in a variety of physiological processes of host cells (12). Due to the constraints of
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genetic manipulation in C. burnetii organisms, the function of the majority of these
identified effector proteins remains undefined.

Autophagy is a eukaryotic process of degradation and recycling damaged cellular
components and is also an important way for host cells to resist infection and maintain
their own homeostasis. In the course of C. burnetii infection, autophagosomes are
recruited to the CCV, and host lipoprotein LC3-II protein levels increase, with the level
of p62 remaining unchanged (13, 14), and the autophagosome markers (LC3, Rab24,
etc.) are embedded on the CCV membrane (15, 16). With the expansion of CCV, endog-
enous LC3-ll continues to accumulate on its lumen membrane, indicating that the
fusion between the CCV and LC3-labeled autophagosomes persists during infection
(17). Meanwhile, inhibition of autophagy-related components results in defects in
homotypic fusion of CCVs in host cells (18, 19).

In the context of C. burnetii infection, several members of the Rab GTPase family are
required for vesicular trafficking and membrane fusion. Rab5 is located on the phago-
somes containing C. burnetii and promotes CCV fusion with early endosomes. Next,
Rab7 promotes the CCV fusion with late endosomes (20, 21). In addition to Rab5 and
Rab7, Rab1b, Rab24, and Rab26 are recruited to the membrane of CCVs at different
stages after infection and affect vacuole biogenesis and intracellular C. burnetii replica-
tion (17, 20, 22, 23). Rab11a is a marker for recycling endosomes and regulates vesicle
trafficking by recycling early endosomes and endosome-like structures. Recent studies
have shown that the membrane structure labeled with Rab11a receives membrane
structures from sources such as the endoplasmic reticulum, recycled endosomes, Golgi
apparatus, and cell membranes and mediates the formation and maturation of auto-
phagosomes (24). As the main direct platform for the formation of classic autophago-
somes, the role of Rab11a in C. burnetii infection remains unrevealed.

All C. burnetii isolates carry a large, autonomously replicating plasmid or have chro-
mosomally integrated plasmid-like sequences, and QpH1 is the best-studied plasmid
(25-28). Coxiella plasmid effector B (CpeB, CBUA0013) is highly conserved in all C. bur-
netii plasmids. An earlier study revealed that maximal expression of CpeB occurred at
the early log phase of infection. Moreover, CpeB colocalizes with LC3 on autophago-
somes (29). Although a number of effectors encoded by plasmids have been identified,
their function and roles in C. burnetii virulence remain mostly unknown.

With the development of genetic manipulation methodology and the application
of animal infection models, the function of effector proteins, and the mechanisms
underlying host-pathogen interactions will be gradually clarified. Here, we demon-
strated that CpeB interacts with host Rab11a and induces LC3-Il accumulation during
C. burnetii infection. Expression of CpeB in the QpH1-deficient strain restored the bac-
terial virulence in a SCID mouse infection model. We also found that CpeB targeted
Rab11a, which was required for maximal virulence.

RESULTS

CpeB promotes the accumulation of LC3-Il and colocalizes on the membrane of
CCVs. Although the close relationship between autophagy and intracellular C. burnetii
replication has been verified (15), several studies have also shown that knockdown of
autophagy-related essential genes with small interfering RNAs (siRNAs) leads to the
formation of multiple small vacuoles but does not affect intracellular C. burnetii replica-
tion (6). In this study, THP-1 cells were infected with the Nine Mile phase Il (NMII) strain,
and then the modification of cellular pathway-related markers was analyzed by
Western blotting. Compared with that of the uninfected group, phosphorylation of
p65 and Akt presented a transient increase and then returned to normal levels, while
the level of p-p38 showed no significant difference except for a slight increase in C.
burnetii-infected cells. Moreover, C. burnetii infection triggered a steadily higher level
of LC3-Il in host cells (Fig. 1A; see Fig. S2A in the supplemental material). Meanwhile,
the treatment of rapamycin increased the intracellular C. burnetii replication, and bafi-
lomycin A1 inhibited the proliferation of C. burnetii in a dose-dependent manner (Fig.
1B). Subcellular location analysis revealed that ectopically expressed CpeB exhibits

June 2022 Volume 90 Issue 6

Infection and Immunity

10.1128/iai.00016-22

2


https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00016-22

CpeB Promotes LC3-Il Accumulation Infection and Immunity

A

2.5x108 o —kix ek 2 mCherry-CpeB
Mock NMII Infected 2x108 »
@p) 1 2 34 5 6 7 1.2 345 6 17
p65->|-—----——— JRE—— | 5 110° 4
=
8 1x108 A
p-p65->|—-- | | F—— --6| ©
5x107 4
b | [mmm———
0 -l
Ak [ = = o~ | [y | o s By B

Rapa(uM) Bafi Al(nM)

-— GFP-LC3 GFP-LC3+HA _
P [ ——— | [T | 5 o]
P'p38'>| - —--a‘l | — ——— — — | > 154
a
LC3-1P - 5 10]
LC3-IIP| 7w - ——— . o z
GAPDHP> | = e cn anan e an | | = o= oo an an an o= od
o“& Q‘Y‘C/Q&@é&
<° ¥ &
P
GFP-LC3

F G

DMSO Bafilomycin Al DMSO Bafilomycin Al LAMP1
S D
© 9
> £ & v S S
LY 2 FL L ELS
£ FFLFF FLLITLEL
p62">| .—_....-o-.-l p62-}|—-0—.~--.-¢-. |
HA-CpeB >| - _—— | CpeB-}I —— -— |
INORRIE o [ —_—— LC3-I1p| ™% == 0 aa v o

o I - —
eI LC3-I % e -

GAPDH | i St siiies e sstppe GAPDH’I . o St s, U G |

FIG 1 CpeB promotes the accumulation of LC3 and colocalizes on the membrane of CCVs. (A) THP-1 cells were infected with C. burnetii
at an MOI of 10. At different time points (1, 2, 3, 4, 5, 6, and 7 days) postinfection, cells were lysed, and the expression of different
markers, including p65/p-p65, Akt/p-Akt, p38/p-p38, p62, and LC3, was detected by Western blotting. GAPDH expression was used as an
internal control. (B) Differentiated THP-1 cells (1 x 10° cells/mL) were treated with rapamycin or bafilomycin A1 at the indicated
concentration for 48 h after infection. Genome equivalents of C. burnetii were quantitated by qPCR at 5 days postinfection. All samples
were carried out in triplicate on the same plate. (C) Hela cells were transfected with mCherry-CpeB. Twenty-four hours later, cells were
fixed, and endogenous LC3 was labeled with an anti-LC3 antibody. The colocalization of LC3 and CpeB was observed with a Nikon
Eclipse Ti microscope (magnifications, x600; bar, 10 um). (D) Hela cells were transfected with pEGFP-LC3 alone (normal) or
cotransfected with pCMV-HA (HA) or pCMV-HA-CpeB (HA-CpeB). Rapamycin (4 uM) was used as a positive control. (E) Twenty-four hours
later, the GFP-LC3 dots were observed under a fluorescence microscope (magnification, x200; bar, 20 wm), and the number of GFP-LC3
dots per cell (n = 20) was counted. (F) Hela cells were transfected with pCMV-HA or pCMV-CpeB. Twenty-four hours later, cells were
treated with bafilomycin A1 (50 nM) or dimethyl sulfoxide (DMSO) as control for 4 h before being lysed. The expression of LC3, p62, and
HA-CpeB was examined using Western blotting. GAPDH was used as an internal control. (G) THP-1, THP1-NC, or THP1-CpeB cells were
pretreated with bafilomycin A1 or DMSO before collection, and then the expression of CpeB, LC3, or p62 was detected by Western
blotting using anti-CpeB, anti-LC3, or anti-p62 antibodies. (H) THP1-CpeB cells were infected with WT C. burnetii at the MOI of 10. Four
days postinfection, cells were fixed and labeled with anti-CpeB (green) and anti-LAMP1 (red) antibodies. Nucleic acid was stained with
DAPI (blue) (magnification, x600; bar, 10 wm). Data are representative of three independent experiments, and bars represent the mean *=
SD of three independent experiments. Significances are represented as follows: ***, P < 0.001; **, P < 0.01; and *, P < 0.05.

point-like aggregation and colocalizes with LC3 in Hela cells (Fig. 1C). Similarly, coex-
pression of HA-CpeB and GFP-LC3 resulted in significant aggregation compared with
the expression of GFP-LC3 in Hela cells (Fig. 1D and E). Using Western blotting to
detect the effect of CpeB on LC3 expression, it was found that ectopically expressed
CpeB increased the level of LC3-Il with or without bafilomycin A1 treatment (Fig. 1F
and G and Fig. S2B and C). Furthermore, CpeB colocalized with LAMP1 on the mem-
brane of CCVs in C. burnetii-infected THP1-CpeB cells (Fig. TH). Collectively, these
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results indicated that CpeB promotes LC3-Il accumulation and might play a role in CCV
biogenesis.

Expression of CpeB in QpH1-deficient strain restores the decreased LC3-Il level.
Based on the principle of incompatibility of similar plasmids, shuttle vectors (pQGK,
pQGK-CpeA, pQGK-CpeB, and pQGK-CpeC) containing cbua0036-0039a and RSF1010-
ori were constructed as described above, and the various C. burnetii mutants were gen-
erated via transformation of the corresponding shuttle plasmids into the wild-type C.
burnetii strain (NMII). The individual transformant of these mutant strains on ACCM-2
agar plates was shown in Fig. 2A, and the successful construction was verified using
reverse transcription-quantitative PCR (qRT-PCR) by examining the expression of cpeA,
cpeB, or cpeC mRNA (Fig. S3A to Q). After 7 days of continuous cultivation in ACCM-2
and daily sampling, no significant difference in the in vitro growth was found among
these mutant strains by qPCR assay (Fig. S3D). In infected THP-1 cells, the intracellular
growth ability of the NMIlpQGK mutant was lower than that of NMII, but expression of
CpeB in the NMIIpQGK mutant (NMIlIpQGK-cpeB) partially restored the defect in replica-
tion of C. burnetii in host cells caused by QpH1 deficiency (Fig. 2B). Moreover,
NMIlpQGK-cpeB infection restored the decreased level of LC3-Il induced by NMIIpQGK
infection (Fig. 2C and D). In the rapid proliferation period (2, 3, and 4 days postinfec-
tion), this difference was even more pronounced. In addition, the amount of LC3 on
vacuole membranes formed by NMIIpQGK-cpeB infection was much higher than that
formed by NMIIpQGK infection (Fig. S4A and B). However, no obvious differences in
LC3-Il levels were observed between NMIIpQGK-cpeA- or NMIIpQGK-cpeC- infected cells
and NMIIpQGK-infected cells (Fig. 2E and Fig. S4C). These results confirmed the irre-
placeable role of QpH1 in C. burnetii replication and the importance of CpeB in induc-
ing LC3-1l accumulation during C. burnetii infection.

CpeB cannot rescue the small-vacuole phenotype caused by QpH1 deficiency.
CCVs form approximately 8 h after infection and expand drastically via homotypic
fusion of multiple smaller CCVs (30, 31). The large CCV continues to expand through
fusion with autophagic, endocytic lysosome vesicles and can occupy nearly the entire
volume of the host cell (2, 32). Accordingly, the maturation and maintenance of large
CCVs are crucial to intracellular C. burnetii replication. In the THP-1 cells infected with
wild-type (WT) C. burnetii, the bacteria gathered in a large vesicle labeled with LAMP1,
and the vesicle gradually enlarged with the prolongation of infection time (Fig. 3A).
However, in NMIlpQGK-infected THP-1 cells, numerous small vacuoles were observed
(Fig. 3B), and the number of small vacuoles increased, but vacuole fusion did not occur
as the infection time prolonged, indicating that some effector proteins encoded by
QpH1 plasmid are involved in the development of vacuole fusion. Meanwhile, in THP-1
cells infected with the NMIlpQGK-cpeB strain, small vacuoles were also observed (Fig.
3C), suggesting that the expression of CpeB could not rescue the small vacuole defect
caused by QpH1 deficiency. Likewise, in THP-1 cells infected with NMIIpQGK-cpeA or
the NMIIpQGK-cpeC mutant, small disintegrated CCVs were also characterized (Fig. 3D
and E). Instead of CpeA, CpeB, and CpeC, other effectors on QpH1 plasmid or the com-
bination of multiple effectors might be responsible for the disability of fusion of small
vesicles.

CpeB is a potential virulence factor of C. burnetii. Due to the inherent resistance
of mice to C. burnetii, phase Il strains could not colonize and would be quickly elimi-
nated in immunocompetent mice (33), making it difficult for phase Il strains to estab-
lish infection in immunocompetent mice. SCID mice are severely immunodeficient and
have been widely used as infection models for identifying virulence determinants in C.
burnetii strains (34, 35). To further explore whether CpeB is related to C. burnetii viru-
lence, SCID mice were infected with the NMII WT strain or the NMIIpQGK or NMIIpQGK-
cpeB mutant in the present study. WT strain infection caused significant splenomegaly
and hepatomegaly in SCID mice compared with those of the uninfected group (Fig. 4A
and D). The ratios of spleen weight to body weight and liver weight to body weight in
the mice infected with NMIIpQGK were lower than those in the mice infected with the
WT C. burnetii strain (Fig. 4B and E), demonstrating that QpH1 is involved in C. burnetii
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FIG 2 CpeB restores the decreased LC3-Il level caused by QpH1 deficiency. (A) Single colonies of different C. burnetii mutants on
ACCM-2 agar plates were observed under a light microscope (top) and a fluorescence microscope (bottom) at a magnification of
x200. Bar, 20 um. (B) Differentiated THP-1 cells (1 x 10° cells/mL) were infected with NMII, NMIIpQGK or NMIlpQGK-cpeB strains.
The genomic DNA of C. burnetii was extracted, and the GEs were quantitated by gPCR daily postinfection. Experiments were
repeated three times independently, and the trend was consistent. Data are representative of three independent experiments,
and bars represent the mean * SD from three independent experiments (P < 0.05). (C) THP-1 cells were infected with NMII,
NMIIpQGK, or NMIIpQGK-cpeB strains. At indicated times postinfection, cells were lysed, and the expression of LC3 was detected
by Western blotting. Endogenous GAPDH was used as an internal control. (D) The band density of LC3-Il in panel C was
quantitated by densitometry. The relative levels of LC3-Il were calculated as follows: band density of LC3-ll/band density of
GAPDH. Data are representative of three independent experiments, and bars represent the mean * SD of three independent
experiments. ***, P < 0.001; **, P < 0.01; *, P < 0.05. (E) THP-1 cells were mock infected or infected with NMII or different mutant
strains at an MOI Of 10. At day 3 or 4 postinfection, the expression of LC3 was detected. GAPDH was used as an internal control,
and com1 expression was used as a reference for infection.

pathogenicity. In addition, the ratio of liver weight to body weight in the mice infected
with NMIIpQGK-cpeB was higher than that in the mice infected with NMIIpQGK (Fig.
4E). Using qPCR to determine C. burnetii loads in organs of the infected mice, it was
found that the bacterial load in the spleens and livers of the mice infected with the
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FIG 3 CpeB could not rescue the small-vacuole phenotype caused by QpH1 deficiency. (A to E) THP-1 cells were
infected with WT C. burnetii or different mutants at an MOI of 100. At different days postinfection, cells were fixed and
permeabilized. Membranes of CCV were labeled with anti-LAMP1 antibody followed by the goat anti-rabbit Alexa
Fluor 594 antibody (red), and C. burnetii was marked by anti-C. burnetii serum followed by goat anti-mouse Alexa
Fluor 488 antibody (green). Nucleic acid was stained with DAPI (blue). The samples were observed with a laser
confocal scanning microscope (magnification, x600; bar, 10 wm).

NMIlpQGK-cpeB mutant was markedly lower than that of the mice infected with WT
strain, while it was much higher than that of the mice infected with the NMIIpQGK mu-
tant (Fig. 4C and F). These results indicated that CpeB is a potential C. burnetii virulence
factor that plays a role in C. burnetii pathogenicity in a SCID mouse model.

CpeB interacts with host Rab11a. The host target proteins interacting with effec-
tor CpeB were identified by affinity purification-mass spectrometry (AP-MS) (Table S1).
Host proteins that were repeatedly pulled down by CpeB in three independent
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FIG 4 CpeB is related to C. burnetii pathogenicity in a SCID mouse model. Two weeks after infection with NMII, NMIIpQGK, or
NMIIpQGK-cpeB, SCID mice were sacrificed, and the spleens (A) and livers (D) were removed and photographed for comparation.
Spleens (B) or livers (E) were weighed, and the ratio of organs to the body of each mouse was calculated. Additionally, the C.
burnetii genome copies of the spleens (C) or the livers (F) were determined by gPCR. The data are presented as the mean of
n = 7 mice per group, and the standard error is indicated by the error bar. Significant differences between groups are presented

as mean * SD. ***, P < 0.001; **, P < 0.01; *, P < 0.05.

experiments and could not be pulled down by control proteins were selected as candi-
dates. Among them, Rab11a has been reported to be involved in autophagosome bio-
genesis by binding WIPI2 and PI3P (24). This reminded us to select Rab11a as the inter-
actor of CpeB for further study. The interaction between CpeB and Rab11a was verified
using coimmunoprecipitation (co-IP) in Hela cells coexpressing Strep-CpeB and FLAG-
Rab11a (Fig. 5A) and confocal microscope observation of Hela cells coexpressing
mCherry-CpeB and FLAG-Rab11a (Fig. 5B). Furthermore, coexpressing HA-CpeB and
FLAG-Rab11a truncations revealed that CpeB mainly interacts with amino acid residues
1 to 121 of Rab11a (Fig. 5C), and coimmunoprecipitation of FLAG-Rab11a and CpeB
truncations revealed that the domain of amino acid residues 164 to 204 of CpeB is suf-
ficient for the interaction with Rab11a (Fig. 5D).

Rab11a affects the intracellular replication of C. burnetii through modulating
autophagy. To determine whether Rab11a is involved in autophagy and C. burnetii in-
tracellular survival in host cells, the replication of C. burnetii in host cells transfected
with FLAG-Rab11a or rab11a siRNAs was determined by qPCR specific for C. burnetii. As
a result, the overexpression of Rab11a promoted the intracellular survival of C. burnetii,
while the replication of C. burnetii decreased after interfering with the expression of
Rab11a with siRNA (Fig. 6A). Additionally, ectopic expression of Rab11a increased the
level of LC3-Il with or without the presence of bafilomycin A1 (Fig. 6B and Fig. S5A),
while inhibition of Rab11a decreased the levels of LC3-Il (Fig. 6C and Fig. S5B).
Similarly, the expression of Rab11a promoted the accumulation of LC3-Il in HelLa cells
(Fig. 6D and E). In addition, compared with control cells, a lower replication level of C.
burnetii was observed in the THP1-Rab11a-KD cells (Fig. 6F and Fig. S5D and E). To clar-
ify the functional link between CpeB and Rablla in modulating autophagy, we
detected the effect of CpeB on inducing LC3-Il accumulation in the case of interfering
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FIG 5 CpeB interacts with host Rab11a. (A) Hela cells were transfected with the indicated expression plasmids. Twenty-four
hours later, cells were lysed, and cell lysates were prepared for immunoprecipitation with anti-FLAG antibody and
immunoblotted with anti-FLAG or anti-Strep-ll antibodies. (B) HeLa cells coexpressing mCherry-CpeB and FLAG-Rab11a were
fixed and probed with anti-FLAG antibody, followed by goat-anti-mouse Alexa Fluor 488 antibody (green). Nuclei were
stained with DAPI. The samples were observed under a Nikon Eclipse Ti microscope (magnification, x600; bar, 10 um). (C)
pPCMV-CpeB or pCMV-HA was cotransfected with plasmids expressing Rab11a or Rab11a truncations. The diagrams of the
truncations are shown on the top panels. Twenty-four hours after transfection, cell lysates were prepared and
immunoprecipitated with anti-FLAG antibody and immunoblotted with anti-FLAG or anti-HA antibodies. (D) FLAG-Rab11a
and HA-CpeB truncations were ectopically coexpressed in Hela cells. Twenty-four hours later, cell lysates were collected,

and the interaction region was detected using co-IP as described above.

with Rab11a expression and found that, compared with that of the control group, the
level of LC3-Il induced by CpeB was reduced after Rab11a expression interference (Fig.
6G and Fig. S5C), suggesting that the effect of CpeB on inducing LC3-Il accumulation
partially depends on Rab11a.

The pathogenicity of C. burnetii decreases in Rab11a—/~ CKO mice. Inhalation of
infected aerosols is the main transmission route of C. burnetii (4), so the C. burnetii colo-
nization in the lungs plays a vital role in the process of infection. Among the different
types of cells in lung, alveolar macrophages are the preferred niches for C. burnetii rep-
lication (36, 37). Thus, the macrophage Rab11a conditional knockout mice (Rab11a=/—
CKO) were generated to further explore the role of Rab11a in C. burnetii infection. After
infection with C. burnetii (Henzerling phase | stain) via the intratracheal (i.t.) route, the
splenomegaly of Rab11a~/~ CKO mice was much less severe than that of WT mice (Fig.
7A). In accordance with the size of splenomegaly, the ratios of spleen weight to body
weight and C. burnetii loads in spleens or lungs of RabT1a=/~ CKO mice were also
much lower than those of WT mice (Fig. 7B to D). Histopathological analysis showed
that the inflammation and pathological changes in the lungs of Rab11a=/~ CKO mice
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FIG 6 Rab11a affects the intracellular replication of C. burnetii through modulating autophagy. (A) Hela cells were left
untransfected (normal) or transfected with pRK5-Rab11a or si-rab11a. Twelve hours later, cells were infected with C. burnetii at an
MOI of 100. Total DNA was extracted 4 days postinfection, and the copies of the C. burnetii genome were quantitated by qPCR.
(B) HelLa cells were transfected with pRK5-Rab11a or control vectors, and cells were collected 24 h later with or without
bafilomycin A1 pretreatment. The expression of LC3 and p62 was detected by Western blotting, and the expression of GAPDH
was used as an internal control. (C) Si-Rab11a or siRNA control was transfected into Hela cells, and the indicated proteins were
detected 48 h later using Western blotting. (D) GFP-LC3 and FLAG-Rab11a or a control vector were coexpressed in Hela cells, and
the GFP-LC3 dots were observed under a fluorescence microscope (magnification, x200; bar, 20 um) 24 h later. (E) The numbers
of GFP-LC3 dots per cell (n = 20) were counted. Data are representative of three independent experiments, and bars represent
the mean = SD of three independent experiments. **, P < 0.01. (F) THP-1, THP1-NC, or THP1-Rab11a-KD cells were infected with
C. burnetii. The samples were collected daily, and the genome equivalents of C. burnetii were determined by qPCR. Experiments
were repeated three times independently, and the trend was consistent. Data are representative of three independent
experiments, and bars represent the mean = SD from three independent experiments. *, P < 0.05. (G) CpeB was separately
transfected or cotransfected with si-Rab11a into Hela cells. Thirty-six hours later, cells with bafilomycin A1 pretreatment were
lysed, and cell lysates were subjected to Western blotting. The expression of CpeB, Rab11a, and LC3 was detected using indicated
antibodies, and GAPDH was used as an internal control.

were milder, mainly manifested as less lymphocyte infiltration around the bronchi and
blood vessels and more complete alveolar structure than those of wild-type mice.
Meanwhile, the alveolar structure of WT mice was destroyed; however, the alveolar
walls of Rab11a~/~ CKO mice remained intact, and the number of lymphocytes in the
lungs of Rab11a~/~ CKO mice was much lower than that of WT mice (Fig. 7E). Taken to-
gether, these results demonstrated that Rab11a deficiency in macrophages inhibits C.
burnetii replication in host cells.

DISCUSSION

The ability of C. burnetii to grow and replicate in lysosome-derived acidic vacuoles after
invading host cells has raised many questions by researchers (16, 38). With the develop-
ment of axenic growth, genetic mechanistic methodology, and infection models (35, 39,
40), the underlying mechanism of pathogen-host interaction of C. burnetii has been gradu-
ally uncovered. Here, we showed that the effector protein CpeB encoded by QpH1 plasmid
is involved in inducing LC3-Il accumulation during C. burnetii infection.

CpeB is an effector protein encoded by all C. burnetii plasmids. Early studies demon-
strated that CpeB is highly expressed during the rapid expansion period of CCVs at 2 and
3 days postinfection and colocalizes with LC3 (29). In our study, C. burnetii infection or
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FIG 7 The pathogenicity of C. burnetii decreased in Rab11a™/~ CKO mice. (A) Mock-infected mice, WT C.
burnetii-infected C57BL/6J WT mice, or Rab11a™/~ CKO mice were sacrificed at 14 days postinfection. The
spleens of the mice were removed and photographed after bloodletting. (B) The ratio of spleen weight to
body weight of each mouse was calculated. (C and D) The spleens (C) or lungs (D) of the WT or
Rab11a™/~ CKO mice were ground, and the genome copies of C. burnetii were determined by gPCR.
The data are presented as the mean of n = 8 mice per group, and the standard error is indicated by
the error bar. (E) The lungs of mice were fixed in formalin, and the pathological lesions were observed
in hematoxylin and eosin (H&E)-stained sections under a light microscope. Chronic lymphocyte
infiltration around the bronchi (arrow a), chronic lymphocyte infiltration around blood vessels (arrow b),
and plasmacytes (arrow c) were observed in the lungs of mice (magnification, x400; bar, 100 xm).

ectopic expression of CpeB induced increased levels of LC3-Il and the stabilized levels of
p62, which was consistent with previous results (41). However, compared with NMII, expres-
sion of CpeB in the QpH1-deficient strain restored the LC3-Il content only until day 4 postin-
fection. Even though the LC3-Il content in NMIlpQGK-cpeB-infected cells was much higher
than that in NMIIpQGK-infected cells, it was much less than that in NMll-infected cells at day
5 and day 6 postinfection. This result indicated that CpeB largely restored the decrease in
LC3-I levels caused by QpH1 deficiency, but there might be other effector proteins that
played a role in the maintenance of high LC3 levels in the late stage of C. burnetii infection.
Besides CpeB, the C. burnetii effectors CvpB, CvpF, and Cig57 have also been reported to be
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involved in the manipulation of host autophagy, highlighting the importance of this path-
way to CCV biogenesis (42). Meanwhile, LC3 was still decorated on CCVs generated by
NMIIpQGK lacking CpeB, indicating that CpeB might not be necessary for LC3 recruitment to
the CCVs (see Fig. S4A and B in the supplemental material). Additionally, small vacuoles
were observed in host cells infected with QpH1-deficient strains, and this phenotype could
not be rescued by the expression of CpeA, CpeB, or CpeC in QpH1-deficient strains. As
reported in numerous studies, loss of function in one of the essential T4SS effectors could
lead to the formation of small CCVs in macrophage-like cells (43). Therefore, it was reasona-
ble to assume that other effectors encoded by QpH1 might contribute to the homotypic
fusion of CCVs.

Several proteins have been confirmed to be C. burnetii virulence factors in infected
cells, including the essential factors of theT4SS (9, 44) and the effectors Cir (45), Cvp
(46), and Ank (47). Recently, the identification of virulence determinators encoded by
QpH1 plasmid has been greatly facilitated by the incompatible plasmid-curing
approach (48). Using this approach, we found that the expression of CpeB in a plas-
mid-deficient strain could partially complement the pathogenetic defect of the QpH1-
deficient strain in SCID mice, inducing a higher bacterial burden in organs of the
infected mice. However, the role of CpeB in bacterial virulence and modulation of
autophagy need to be further verified with the cpeB single-gene deletion strain by
using the method reported by Beare et al. (49, 50).

Rab11a was identified as the host target of CpeB, and the interaction had been veri-
fied as described above, but the underlying mechanism of this interaction had not
been clarified. We first investigated whether CpeB influences the expression of endog-
enous Rab11a; however, the results showed that ectopically expressed CpeB has no
effect on the expression of Rab11a compared to the control in HeLa and HEK-293T cells
(Fig. S6A). The activation of Rab11a is controlled by reversible binding to GTP or GDP,
and this process is regulated by multiple molecules, the most important of which are
two families of proteins, GAPs and guanine nucleotide exchange factors (GEFs) (51—
53). Thus, we detected the intrinsic activity of prokaryotically expressed Rab11a and
the potential role of CpeB in modulating Rab11a activity. Using the GTPase-Glo assay,
we confirmed that recombinant expressed Rab11a possessed low GTPase activity (Fig.
S6B), and CpeB had no significant effect on the enzyme activity of Rab11a (Fig. S6C
and D), indicating that CpeB might be neither a GEF nor a GAP for Rab11a. But this
result would be further confirmed by the presence of a known GEF or GAP of Rab11a,
such as Crag (54) or C9ORF72-SMCR8 complex (55). Nevertheless, this result also gave
us some hints that CpeB might affect Rab11a in other ways, such as preferentially bind-
ing to active Rab11a or inactive Rab11a or influencing the combination of Rab11a and
Rab11 family-interacting proteins (FIPs).

In conclusion, we showed that C. burnetii effector protein CpeB interacts with
autophagy-related protein Rab11a, and we verified the promotion of LC3-Il accumula-
tion by CpeB in host cells. Additionally, CpeB is a potential C. burnetii virulence factor
because of its enhancement of C. burnetii pathogenicity in a SCID mouse model.
Infection of Rab11a~/~ CKO mice also verified that the host Rab11a protein is capable
of promoting C. burnetii infection in mice. Our work will help broaden the understand-
ing of the role of autophagy in C. burnetii infection and provide new references for
identifying C. burnetii virulence factors.

MATERIALS AND METHODS

Cell lines, bacterial strains, and mice. Human embryonic kidney cells (HEK293T), human cervical
cancer cells (HeLa), and sp2/0 myeloma cells were purchased from ATCC and maintained in Dulbecco’s
modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS). Human monocytic leukemia
cells (THP-1) were also obtained from ATCC and cultured in RPMI 1640 medium supplemented with 10%
FBS and 0.1% 2-mercaptoethanol (Gibco; catalog no. 21985023). THP1-CpeB (a stable cell line expressing
CpeB), THP1-Rab11a (a stable cell line expressing Rab11a), THP1-Rab11a-KD (a stable Rab11a knockdown
cell line), and THP1-NC (an empty lentivirus transduced cell line) were constructed by GenePharma
(Suzhou, China) and cultured in RPMI 1640 medium with 10% FBS and 0.1% 2-mercaptoethanol as well
as 1 wg/mL puromycin (Sigma; catalog no. 540411). For the THP1-CpeB and THP1-Rab11a cell lines, the
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cpeB or rab11a gene was cloned into the region downstream of the EF7a promoter in a lentivirus shuttle
plasmid. For the THP1-Rab11a-KD cell line, siRNA targeting rab17a (5'-TGT CAG ACA GAC GCG AAA ATT-
3’) was inserted into the downstream region of the U6 promoter in a lentivirus shuttle plasmid. All cell
lines were cultured at 37°C in 5% CO,. The Coxiella burnetii Nine Mile RSA439 strain (phase Il) and
Henzerling strain (phase 1) were cultivated in acidified citrate cysteine medium-2 (ACCM-2) in 5% CO, and
2.5% 0O, at 37°C as previously described (56). Severe combined immune deficiency (SCID) mice and C57BL/6J
mice (aged 6 to 8 weeks) were purchased from Vital River Laboratories (Beijing, China). Macrophage Rab11a
conditional knockout (Rab11a~/~ CKO) mice were generated by Cyagen Biosciences Inc. (Guangzhou, China).

Generation of C. burnetii mutants. QpH1-based shuttle plasmids were constructed by cloning the
kanamycin resistance (Kan") cassette, enhanced green fluorescent protein (eGFP), and the cbua0036-
0039a gene into the RSF1010 ori-based vector pQGK as previously described (48). Then, the coding
sequences of cpeA, cpeB, and cpeC were cloned downstream of the P1169 promoter on pQGK by homol-
ogous recombination to generate the pQGK-CpeA, pQGK-CpeB, and pQGK-CpeC shuttle plasmids,
respectively. The plasmid map is provided in Fig. S1 in the supplemental material. For the generation of
QpH1-deficient mutants, approximately 20 ug of pQGK-based shuttle vectors were electroporated into
C. burnetii Nine Mile phase Il strain with the electroporation conditions of 1.8 kV, 25 uF, and 500 Q as
previously described (39). After 3 passages in ACCM-2 with kanamycin (400 wg/mL), positive C. burnetii
transformants were screened using ACCM-2 agar plates with kanamycin. Using an optical microscope,
individual C. burnetii colonies with clear boundaries and fluorescence were marked, and then, each col-
ony was removed and placed into individual wells of a 96-well plate with 100 uL of fresh ACCM-2. After
3 passages, 1 mL of the transformed bacteria was pelleted to extract genomic DNA. The QpH1-deficient
strain of C. burnetii (NMIIpQGK) and the expression of Cpes in NMIIpQGK (NMIIpQGK-cpe) mutants were
verified by qRT-PCR with primers specific for the deleted or introduced cpe genes and the primers spe-
cific for cbua0036 as a control.

C. burnetii growth in bacteriological medium and cells. C. burnetii wild-type (WT) or mutant strains
were cultivated in ACCM-2 with or without the presence of antibiotics. To assess the growth characteris-
tics, C. burnetii strains were inoculated into 20 mL of fresh ACCM-2 at a concentration of 1 x 10° genome
equivalents (GEs)/mL. At different time points (1, 2, 3, 4, 5, 6, and 7 days) postinoculation, 1 mL of each
sample was taken for DNA extraction. The C. burnetii GE was quantitated by qPCR targeting the com1
gene as previously described (57). For host cell infection, HelLa cells were seeded in 12-well plates at
2 x 10° cells per well and cultured in DMEM medium containing 1% fetal bovine serum (FBS), and then,
the cells were infected with C. burnetii at a multiplicity of infection (MOI) of 100. THP-1 cells (1 x 10°
cells/well) were differentiated into macrophage-like cells by phorbol myristate acetate (Sigma; catalog
no. p8139) at 200 nM and then infected with C. burnetii at an MOI of 10 after cell adhesion. Six hours
postinfection, the cells were washed twice with phosphate-buffered saline (PBS) and continually incu-
bated in fresh medium for the indicated times before cell collection for different experiments. To detect
the effect of autophagy on C. burnetii replication, the infected THP-1 cells were cultured in fresh medium
with rapamycin (Abcam; catalog no. ab120224) at different concentrations or stimulated with bafilomy-
cin A1 (Sigma; catalog no. 19-148) for 6 h every 48 h. Genomic DNA from C. burnetii-infected cells was
extracted, and genome copy numbers were determined by a probe specific to com1.

Animal experiments. SCID mice were randomly divided into 3 groups (7 mice per group) and were
infected with the C. burnetii wild-type strain (Nine Mile phase Il [NMII]), NMIIpQGK, or NMlIpQGK-cpeB
mutant (2 x 10° GE per mouse) via intraperitoneal (i.p.) injection, respectively. Two weeks postinfection,
the mice were sacrificed. The body and spleen of each mouse were weighed, and genomic DNA was
extracted from each organ. To determine GEs per sample, qRCR was performed with primers specific for
the com1 gene. Additionally, C57BL/6J wild-type mice or Rab11a~/~ CKO mice were infected with C. bur-
netii Henzerling strain (phase | strain) at the dose of 1 x 10”7 GE per mouse via intratracheal (i.t.) inocula-
tion as previously described (58). Mice were sacrificed at 2 weeks postinfection. The lungs of each mouse
were removed and immediately fixed in formalin for preparation of pathological slices. The spleens and
liver of each mouse were weighed, and bacterial burden in each organ was determined by qPCR.

Generation of anti-CpeB monoclonal antibody. Prokaryotically expressed His-CpeB proteins (30 wg)
and complete Freund’s adjuvant (Sigma; catalog no. F5881) of equal volume were emulsified until a
thickened mixture resulted. Female BALB/c mice (6 to 8 weeks) were injected subcutaneously with the
emulsion at a dose of 0.1 mL/mouse and boosted at intervals of 14 days with approximately the same
dose of antigen emulsified in incomplete Freund’s adjuvant (Sigma; catalog no. F5506) twice. Then, the
immunized mice were sacrificed, and the spleens were harvested. After lysing red blood cells and resus-
pension, spleen cells and sp2/0 myeloma cells were mixed and fused in the presence of 50% polyethyl-
ene glycol (PEG). The primary hybridoma was screened by enzyme-linked immunosorbent assay (ELISA),
and positive monoclonal hybridoma lines were established by limiting dilution. After three generations
of clones by limiting dilution, stable monoclonal antibody-producing hybridoma lines were obtained
and injected into mice intraperitoneally with 5 x 10° cells/mouse to produce ascites fluid. One to 2
weeks later, ascites samples were harvested, and the anti-CpeB monoclonal antibody was purified with
saturated ammonium sulfate.

Affinity purification-mass spectrometry. The coding sequence of cpeB was cloned into pQMO02
with a C-terminal twin Strep-Il tag and an N-terminal mCherry tag. The eukaryotic expression plasmid
pPQMO02-CpeB or pQMO02 control plasmid was transfected into HEK-293T cells using Lipofectamine 3000
(Invitrogen; catalog no. L3000001). Cells were lysed with lysis buffer (100 mM Tris-HCl, pH 8.0, 150 mM
NaCl, T mM EDTA, and 1% NP-40) with complete EDTA-free protease and PhosStop phosphatase inhibi-
tor cocktails 36 h posttransfection, and cell lysates were incubated with Strep-Tactin Sepharose beads
(GE; catalog no. 28-9355-99) at room temperature for 1 h. Then, the Strep-Tactin beads were washed
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with lysis buffer 6 times before being eluted with lysis buffer containing 2.5 mM D-desthiobiotin. Each
eluate was quantitated using a bicinchoninic acid (BCA) protein assay kit, and the purification and
enrichment of Strep-CpeB were estimated by Western blotting. At least 3 independent replicates were
performed for the expression and purification of each protein. Each purified protein (~100 ng) was
freeze-dried, digested, and desalted for liquid chromatography-mass spectrometry (LC-MS).

Coimmunoprecipitation. CpeB and its truncations were cloned into the indicated plasmids, and
Rab11a and its truncations were cloned into pRK5-FLAG with an N-terminal FLAG tag. Hela cells were
cotransfected with plasmids overexpressing CpeB or Rab11a or empty vector as controls using
Lipofectamine 3000. Twenty-four hours after transfection, cells were lysed using radioimmunoprecipita-
tion assay (RIPA) lysis buffer with protease and phosphatase inhibitor cocktails on ice for 20 min. After
centrifugation at 6,000 rpm for 20 min to remove the debris, cell lysates were incubated with 1 ug of
anti-FLAG antibody (Sigma; catalog no. F1804) and 50 uL of GammaBind G Sepharose beads (GE; catalog
no. 17061801) at 4°C overnight. The beads were washed 6 times with RIPA buffer at 3,000 rpm and 4°C
and boiled with 2x SDS loading buffer of the same volume for 10 min. The samples were analyzed by
Western blotting using anti-FLAG, anti-hemagglutinin (HA) (Abcam; catalog no. ab9110), or anti-Strep-II
(MBL; catalog no. M112-3) antibodies, followed by an appropriate secondary antibody.

Confocal microscopy assay. Hela cells were seeded on coverslips in 24-well plates and transfected
with 1 ug of the indicated plasmids using Lipofectamine 3000. Twenty-four hours posttransfection, the
cells were fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100 for 15 min at
room temperature. Permeabilized cells were blocked with 1% bovine serum albumin for 30 min and
probed with anti-FLAG, anti-HA, anti-LC3-Il (CST; catalog no. 3868S), or anti-LAMP1 (CST; catalog no.
9091S) antibody, followed by goat anti-mouse IgG Alexa Fluor 488 antibody (Abcam; catalog no.
ab150113) or goat anti-rabbit IgG Alexa Fluor 594 antibody (Abcam; catalog no. ab150116). Finally, the
cells were incubated with DAPI (4',6-diamidino-2-phenylindole) for 1 min to stain the nuclei. Coverslips
were mounted on slides with Prolong Gold antifade mounting solution (Thermo Fisher; catalog no.
p36935). Samples were observed with a spinning disk confocal microscope (Nikon Eclipse Ti micro-
scope). To access the subcellular localization of CpeB during C. burnetii infection, THP-1 cells were
seeded onto coverslips in 24-well plates in the presence of 200 nM phorbol myristate acetate (PMA).
Two days later, cells were infected with C. burnetii at an MOI of 10. Four days after infection, the cell cul-
ture medium was discarded, and the cells were washed 3 times with precooled PBS. Then, the cells were
fixed and blocked as described above. Next, mouse anti-C. burnetii serum, mouse anti-CpeB antibody, or
rabbit anti-LAMP1 antibody was used as primary antibody. After staining with secondary antibodies and
DAPI, confocal images were obtained with the confocal microscope.

Western blotting. Protein samples were fractionated by electrophoresis on 10% SDS-PAGE gels, and
resolved proteins were transferred to polyvinylidene difluoride (PVDF) membranes. After blocking with
5% skim milk, the membranes were incubated with the indicated primary antibodies, followed by appro-
priate horseradish peroxidase (HRP)-conjugated secondary antibodies. For analysis of autophagy, cells
were transfected with the indicated plasmids in the presence or absence of 50 nM bafilomycin A1 or
infected with different C. burnetii strains. Then, the cells were lysed and subjected to Western blotting
using anti-LC3 (CST; catalog no. 3868S), anti-p62 (CST; catalog no. 8588S), anti-Rab11a (Thermo Fisher;
catalog no. 71-5300), or anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Proteintech; catalog
no. 60004-1) antibodies followed by HRP-conjugated goat anti-mouse antibodies (Gene-Protein; catalog
no. p03S01) or HRP-conjugated goat anti-rabbit antibodies (Gene-Protein; catalog no. p03502). Blots
were visualized using an ECL kit.

GTPase activity assay. The experiment was carried out using the GTPase-Glo assay kit (Promega;
catalog no. V7681). Briefly, for detection of the GTPase activity of Rab11a, 25 uL of GTPase/GAP (GTPase-
activating proteins) buffer containing Rab11a at different concentrations, 5 or 2 wuM GTP, and 1 mM di-
thiothreitol (DTT) was added to each well in a solid white 96-well plate. For analysis of the potential GAP
or GEF activity of CpeB, 25 uL of GAP or GEF buffer containing 4 uM Rab11a, 1 mM DTT, 5 uM GTP, and
different concentrations of purified CpeB were added to each well. The control group was set up at the
same time. After incubation at room temperature for 90 min, 25 uL of prepared 1 mL reaction solution
with 2 uL of GTPase-Glo 500 reagent, 0.5 uL of ADP and 998 uL of GTPase-Glo buffer was added to each
well in the 96-well plate. Then, the plate was incubated with shaking for 30 min before 50 uL of detec-
tion reagent was added, and the full-wavelength luminescence was measured after 5 to 10 min of
incubation.

Study approval. Infectious experiments with C. burnetii phase | strain were conducted in the animal bio-
safety level 3 laboratory (ABSL3) and carried out according to the guidelines of the authors’ institution. All
procedures for animal experiments were approved by the Institute of Animal Care and Use Committee
(IACUQ) of the Academy of Military Medical Sciences (approval no. IACUC-DWZX-2020-003), and all experi-
ments were performed in accordance with the regulation and guidelines of this committee.

Statistical analysis. Statistical significance of C. burnetii GE, band density, ratio of spleen or liver
weight to body weight, and splenomegaly data were determined by Student’s t test or one-way analysis
of variance (ANOVA). Data were analyzed using GraphPad Prism 8.0 software (GraphPad). For all analy-
ses, a P value of <0.05 was deemed significant.
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