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CD40 Induces Anti-Toxoplasma gondii Activity in Nonhematopoietic
Cells Dependent on Autophagy Proteins
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Toxoplasma gondii infects both hematopoietic and nonhematopoietic cells and can cause cerebral and ocular toxoplasmosis, as
aresult of either congenital or postnatally acquired infections. Host protection likely acts at both cellular levels to control the
parasite. CD40 is a key factor for protection against cerebral and ocular toxoplasmosis. We determined if CD40 induces anti-T.
gondii activity at the level of nonhematopoietic cells. Engagement of CD40 on various endothelial cells including human micro-
vascular brain endothelial cells, human umbilical vein endothelial cells, and a mouse endothelial cell line as well as human and
mouse retinal pigment epithelial cells resulted in killing of T. gondii. CD40 stimulation increased expression of the autophagy
proteins Beclin 1 and LC3 II, enhanced autophagy flux, and led to recruitment of LC3 around the parasite. The late endosomal/
lysosomal marker LAMP-1 accumulated around the parasite in CD40-stimulated cells. This was accompanied by killing of T.
gondii dependent on lysosomal enzymes. Accumulation of LAMP-1 and killing of T. gondii were dependent on the autophagy
proteins Beclin 1 and Atg7. Together, these studies revealed that CD40 induces toxoplasmacidal activity in various nonhemato-
poietic cells dependent on proteins of the autophagy machinery.

D40 is a type I transmembrane glycoprotein and a member of

the tumor necrosis factor (TNF) receptor superfamily. CD40
is constitutively expressed on antigen-presenting cells and on var-
ious nonhematopoietic cells such as endothelial cells, epithelial
cells, fibroblasts, vascular smooth muscle cells, keratinocytes, and
certain neurons (1-4). Its natural ligand, CD154, is expressed pri-
marily on activated CD4™" T cells but also in activated platelets as
well as in plasma as a soluble protein (5-8). The finding that the
congenital immunodeficiency X-linked Hyper IgM syndrome (X-
HIM) is caused by the lack of functional CD154 provided evidence
of the clinical relevance of the CD40-CD154 pathway (9). Studies
in patients with X-HIM and in mice revealed that the interaction
between CD40 and CD154 is important for resistance against a
variety of pathogens including Mycobacterium tuberculosis, Myco-
bacterium avium, Cryptosporidium parvum, Leishmania major,
Leishmania amazonensis, Toxoplasma gondii, Cryptococcus neofor-
mans, Pneumocystis jirovecii, and Salmonella (10-19). One of the
mechanisms by which CD40 confers protection against pathogens
is likely by inducing antimicrobial activity. Indeed, CD40 ligation
in macrophages and microglia induces antimicrobial activity (15—
17, 20).

Many pathogens infect both hematopoietic and nonhemato-
poietic cells. Thus, effective control of these pathogens likely re-
quires activation of mechanisms of resistance at both cellular
compartments. Much work has been done investigating the he-
matopoietic cellular response to infection, yet much less is known
about the specific contribution of nonhematopoietic cells during
infection. Activated nonhematopoietic cells are reported to con-
tribute to the immune response against M. tuberculosis, Esche-
richia coli, or Listeria monocytogenes infection through cytokine
regulation and recruitment of cellular infiltrate (21-23). How-
ever, whether other mechanisms of host protection are active in
nonhematopoietic cells in vivo is less understood.

T. gondii is an obligate intracellular parasite that is capable of
infecting virtually any nucleated cell through active invasion. T.
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gondii resides within the host cell in a specialized parasitophorous
vacuole that resists acidification and lysosomal fusion, allowing
the parasite to replicate within host cells (24-26). CD40 and
CD154 play a key role in protection against cerebral and ocular
toxoplasmosis since CD40™'~ and CD154'~ mice display
marked susceptibility to these manifestations of toxoplasmosis
(16, 17). The CD40-CD154 pathway regulates interleukin-12 (IL-
12) production (16, 27) and elicits degradation of T. gondii in
macrophage and microglial cells through the autophagy pathway
(17, 20). However, it is unclear whether CD40 ligation could di-
rectly activate antimicrobial activity in nonhematopoietic cells. In
this regard, in a model of C. parvum infection, CD40 expression in
hematopoietic but not in nonhematopoietic cellular compart-
ment was necessary for protection against the pathogen (28).

Using various nonhematopoietic cells of relevance to the
pathogenesis of toxoplasmosis (endothelial cells and retinal pig-
ment epithelial cells [RPE]), we report that CD40 engagement
induced sequestration of the parasite by structures that express the
autophagy protein LC3, fusion of the parasitophorous vacuole
with late endosomes/lysosomes, and killing of the parasite that
was dependent on the autophagy proteins Beclin 1 and Atg7.
These studies uncovered CD40 as an activator of toxoplasmacidal
activity in nonhematopoietic cells.
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MATERIALS AND METHODS

Cells. Primary human brain microvascular endothelial cells (BMVEC;
ScienCell Research Laboratories, Carlsbad, CA) were cultured in fi-
bronectin-coated tissue culture flasks and basal medium supplemented
with endothelial cell growth supplement (ECGS) and 5% fetal bovine
serum (FBS), all from ScienCell. Human umbilical endothelial cells
(HUVECG; Lonza, Allendale, NJ) were cultured in endothelial basal me-
dium (EBM) supplemented with epidermal growth factor (EGF), bovine
brain extract, and 2% FBS (Lonza). The mouse endothelial cell line
mHEVc (29) (a gift from Joan Cook-Mills, Northwestern University, Chi-
cago, IL) was cultured in Dulbecco’s modified Eagle medium (DMEM)
plus 10% FBS (HyClone; Logan, UT). Primary mouse retinal pigment
epithelial cells (RPE) were isolated as described previously (30). Briefly,
eyecups from 10-day-old C57BL/6 mice were sequentially treated with 0.5
mg/ml bovine hyaluronidase (Sigma Chemical, St. Louis, MO), 0.05
mg/ml of collagenase (Sigma-Aldrich), and 0.1% trypsin (Difco-BD Bio-
sciences, Sparks, MD) for 60 min for each incubation to allow the peeling
off of the neural retina and expose the RPE. Patches of RPE were peeled off
manually from Bruch’s membrane. To further dissociate the RPE patches,
purified RPE were incubated with 0.05% trypsin—0.53 mM EDTA for 2
min at 37°C. A human RPE cell line (ARPE-19; American Type Culture
Collection, Manassas, VA) was cultured in DMEM plus 10% FBS.

Transfections. mHEVc are CD40™ and thus were transfected with
linearized pRSV.5 (neo-) plasmid encoding the extracellular domain of
human CD40 with the intracellular domain of mouse CD40 (hmCD40) or
with pRSV.5 alone (gifts from Gail Bishop, University of Iowa) (31).
While primary human RPE can express CD40, ARPE-19 cells are CD40 ™
(32). Therefore, similar to mHEV<¢, ARPE-19 cells were stably transfected
with a plasmid that encodes human CD40 (gift from Gail Bishop) (33).
Cells were transiently transfected with a plasmid encoding LC3-enhanced
green fluorescent protein (EGFP) or a plasmid encoding tandem mono-
meric red fluorescent protein-(RFP)-GFP-tagged LC3 (tfLC3) (34) (gifts
from T. Yoshimori, National Institute for Basic Biology, Okazaki, Japan).
In addition, cells were transiently transfected with either control small
interfering RNA (siRNA), Beclin 1 siRNA (35), or Atg7 siRNA (35) (all
from Dharmacon Inc., Lafayette, CO). Transfections of endothelial cells
were performed using Lipofectamine 2000 (Invitrogen, Life Technolo-
gies, Grand Island, NY), while RPE were transfected using an Amaxa
nucleofector per the manufacturer’s protocol (Lonza).

T. gondii and infection. The type I strain (RH) and the type II strain
(PTG-ME49) of T. gondii were maintained in human foreskin fibroblasts.
Parasites expressing cytoplasmic-yellow fluorescent protein (YFP), cyto-
plasmic-DsRed (RFP), or secreted-DsRed (Sec-RFP) have been described
(36-38). Endothelial or epithelial cells were cultured on eight-chamber
tissue culture glass slides (Falcon; Becton, Dickinson Labware, Franklin
Lakes, NJ) in their respective culture medium without growth supple-
ments followed by challenge for 1 h with T. gondii tachyzoites. Monolayers
were washed to remove extracellular parasites. At the indicated time
points, monolayers were either fixed and stained with Diff-Quick (Dade
Diagnostics; Aguada, Puerto Rico) or fixed with 4% paraformaldehyde
and used for immunofluorescence. The number of parasites per 100 cells
in triplicate monolayers was determined by light microscopy by counting
at least 200 cells per monolayer. Changes in the percentages of infected
cells were not due to differences in cell detachment during the processing
of samples. In addition, cell densities as determined with an eyepiece grid
were similar in all experimental groups. To induce CD40 stimulation, cells
were treated with human CD154 (3 pg/ml; a gift from William Fanslow,
Amgen, Thousand Oaks, CA; or cell-free supernatants containing multi-
meric human CD154, obtained from Richard Kornbluth, University of
California, San Diego, currently at Multimeric Biotherapeutics Inc., La
Jolla, CA) for 18 h at 37°C as previously described (39, 40). The two
preparations of human CD154 gave similar results, and specificity of
CD154 was confirmed by detecting >95% neutralization in response to
coincubation with anti-human CD154 monoclonal antibody (MAb) (An-
cell Corporation, Bayport, MN). As negative controls, cells were incu-
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bated in culture medium alone without CD154 or with a nonfunctional
mutant of CD154 (41) (T147N; obtained from Richard Kornbluth). Pri-
mary mouse RPE were incubated with mouse CD154 (cell-free superna-
tants containing multimeric CD154, obtained from Richard Kornbluth).
Cells were also treated with human or mouse gamma interferon (IFN-v;
100 U/ml) or human or mouse tumor necrosis factor alpha (TNF-o; 1
ng/ml) for 18 h prior to infection. In certain experiments, mammalian
cells were incubated with leupeptin (10 wM; EMD Millipore Corporation,
Billerica, MA), pepstatin (10 wM; EMD Millipore), NG—monomethyl—L—
arginine (NMA, 100 uM; EMD Millipore), L-tryptophan (100 pg/ml;
Sigma Chemical), or diphenyleneiodonium chloride (DPI, 5 wM; Sigma
Chemical) 1 h prior to infection. Mammalian cells were also treated with
3-methyl adenine (3-MA) (10 mM; Sigma Chemical) 2 h after infection.

Immunofluorescence microscopy. Endothelial or epithelial cells ex-
pressing LC3-eGFP or tfLC3 were fixed with 4% paraformaldehyde, and
slides were mounted with Fluoromount G (Southern Biotech; Birming-
ham, AL) and analyzed by fluorescence microscopy for distinct structures
that measured at least 1 wm in diameter. LC3-EGFP-expressing endothe-
lial or epithelial cells were stimulated with or without CD154, infected
with T. gondii, and then fixed with 4% paraformaldehyde at designated
time points postinfection and analyzed by fluorescence microscopy. In
certain experiments, endothelial or epithelial cells were fixed with 4%
paraformaldehyde at designated time points postinfection and permeab-
ilized with ice-cold methanol followed by incubation in blocking buffer.
Monolayers were incubated overnight at 4°C with either mouse anti-hu-
man LAMP-1 or rat anti-mouse LAMP-1 (all from Developmental Stud-
ies Hybridoma Bank, Iowa City, IA). Monolayers were washed with phos-
phate-buffered saline (PBS) plus 1% bovine serum albumin (BSA) and
then incubated for 1 h at room temperature with Alexa 568-conjugated
secondary antibodies (Jackson ImmunoResearch Laboratories Inc., West
Grove, PA). Slides were mounted using Fluoromount G. Specificity of
staining was determined by incubating monolayers with secondary anti-
body alone. Monolayers were analyzed using a Leica DMI 6000 B auto-
mated microscope equipped for epifluorescence microscopy. Accumula-
tion of LC3 or LAMP-1 was deemed to have taken place if there was a ring
of staining around the parasite (25). Experimental groups had triplicate
samples, and at least 100 cells per sample were counted.

Immunoblotting. Endothelial or epithelial cells were lysed at desig-
nated time points after CD154 treatment. Cells transfected with control
siRNA, Beclin 1 siRNA, or Atg7 siRNA were lysed after 48 h. Proteins were
resolved on 10% or 15% SDS-PAGE gels and transferred to polyvi-
nylidene difluoride (PVDF) membranes. Antibodies were directed against
LC3 (MBL International; Woburn, MA), Beclin 1 (BD Bioscience; San
Jose, CA), Atg7 (Cell Signaling Technology, Danvers, MA), or actin (Santa
Cruz Biotechnologies; Santa Cruz, CA).

Statistics. Statistical significance was assessed by 2-tailed Student’s ¢
test and analysis of variance (ANOVA) using InStat version 3.0 (Graph-
Pad, La Jolla, CA). Differences were considered statistically significant
when P was <0.05.

RESULTS

Role of CD40 engagement in killing of T. gondii within nonhe-
matopoietic cells. We investigated if CD40 stimulation of nonhe-
matopoietic cells induces antimicrobial activity against T. gondii.
These studies were conducted using human brain microvascular
endothelial cells (HBMVEC) and human umbilical vein endothe-
lial cells (HUVEC). These cells are likely involved in the invasion
of the brain and fetus, respectively, during parasite dissemination
via the bloodstream (42, 43). Primary HBMVEC and HUVEC
express CD40 (3, 44). These cells were treated with or without
CD154 followed by challenge with a type I (RH) strain of T. gondii
and determination of the percentage of cells infected at 2 h or 24 h
postinfection (Fig. 1A). In response to CD40 stimulation, there
was a reduction in the percentage of infected cells by 24 h, indic-
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FIG 1 CD40 stimulation of nonhematopoietic cells induces killing of T. gondii. (A to C) Human brain microvascular endothelial cells (HBMVEC), human
umbilical cord endothelial cells (HUVEC), and a mouse high endothelial venule cell line that expresses a human-mouse CD40 chimera (hmCD40-mHEVc) were
incubated with or without CD154 prior to infection with tachyzoites of a type I strain of T. gondii (RH). (A) The percentages of infected cells were assessed 2 h
or 24 h after challenge with T. gondii. (B) The numbers of tachyzoites per 100 cells were assessed at 24 h. (C) hmCD40-mHEVc were incubated with CD154 either
18 h before challenge with RH T. gondii or 1 h after challenge. The numbers of tachyzoites per 100 cells were assessed at 24 h. (D, E) HBMVEC and
hmCD40-mHEVc¢ were stimulated with or without CD154 prior to infection with tachyzoites of a type II strain of T. gondii (ME49). The percentages of infected
cells (D) and the numbers of tachyzoites per 100 cells (E) were assessed as described above. (F to H) A human retinal pigment epithelial cell line that expresses
CD40 (hCD40-HRPE) (F, G) or primary mouse RPE cells (H) were stimulated with or without CD154 prior to infection with tachyzoites of a type I strain of T.
gondii (RH). The percentages of infected cells (F) and the numbers of tachyzoites per 100 cells (G, H) were assessed as described above. Results are shown as

means * standard errors of the means (SEM) and are representative of 3 or 5 independent experiments. **, P < 0.01.

ative of parasite killing (Fig. 1A). Furthermore, killing of T. gondii
was also observed in a mouse endothelial cell line. Mouse high
endothelial venule cells that express a human-mouse CD40 chi-
mera (hmCD40-mHEVc¢) exhibited a reduction in the percentage
of infected cells in response to CD40 stimulation (Fig. 1A). Para-
site load was quantitated at 24 h postinfection by determining the
number of parasites per 100 host cells. CD40 stimulation induced
a significant reduction in the parasite load in all types of endothe-
lial cells (Fig. 1B). Anti-T. gondii activity was observed not only in
endothelial cells incubated with CD154 prior to infection but also
in cells that were exposed to CD154 after challenge with T. gondii
(Fig. 1C). In addition, CD40 stimulation caused antimicrobial

2004 iai.asm.org

activity against not only a type I but also a type II strain of T.
gondii. CD40 stimulation of HBMVEC and mHEVc infected with
the ME49 (type II) strain of T. gondii reduced the percentage of
infected cells at 24 h and decreased the parasite load (Fig. 1D
and E).

Retinal pigment epithelial cells (RPE) are another type of non-
hematopoietic cell that is relevant to toxoplasmosis since RPE are
thought to be effectors of resistance against ocular toxoplasmosis
(45). We used primary mouse RPE and a human RPE (HRPE) cell
line (ARPE-19) to examine the effects of CD40 ligation on the
induction of anti-T. gondii activity. Primary mouse RPE expressed
CD40 as assessed by fluorescence-activated cell sorter (FACS) (not
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FIG 2 CD40 stimulation enhances autophagic activity in nonhematopoietic cells. (A) HBMVEC, hmCD40-mHEVc¢, or hCD40-HRPE cells stimulated with
CD154 for indicated times were lysed and analyzed by immunoblotting for expression of Beclin 1, LC3 II, or actin. (B) hmCD40-mHEVc or hCD40-HRPE cells
stimulated with or without CD154 in the presence of bafilomycin A1 (Baf A1; 100 nM) for 6 h were lysed and analyzed by immunoblotting for expression of LC3
II or actin. (C) hmCD40-mHEVc or hCD40-HRPE transfected with tfLC3 were stimulated with or without CD154 for 5 to 6 h and monitored by fluorescence
microscopy for the number of autophagosomes (yellow; arrowheads) or autolysosomes (red; arrow). (D) hmCD40-mHEVc or hCD40-HRPE cells transfected
with LC3-EGFP were stimulated with or without CD154 and infected with T. gondii expressing REP. At 5 h postinfection, cells were analyzed and quantitated by
fluorescence microscopy for accumulation of LC3 around the parasite (arrowheads). Results are shown as means = SEM and are representative of 3 or 4
independent experiments. *, P = 0.05; **, P = 0.01.

shown). While primary HRPE can express CD40, the cell line at 3 h postincubation with CD154 (Fig. 2A). This enhanced ex-
ARPE-19 is CD40™ (32). Thus, we used this cell line, which was  pression persisted over the course of 12 to 24 h of stimulation.
stably transfected to express human CD40 (hCD40-HRPE). CD40  Next, we examined the effect of CD40 ligation on the expression of
stimulation of hCD40-HRPE and primary mouse RPE elicited LC3 I, a molecule associated with the autophagosome membrane
anti-T. gondii activity (Fig. 1F to H). Taken together, CD40 stim-  (47). Incubation with CD154 increased the levels of LC3II in
ulation activates toxoplasmacidal activity against type Iand typeII  HBMVEC, hmCD40-mHEV¢, and hCD40-HRPE (Fig. 2A). To
T. gondii strains in various nonhematopoietic cells. determine whether increased expression of LC3 II was due to en-

Role of CD40 as a regulator of autophagy in nonhematopoi- hanced autophagy or rather inhibition of autophagosome turn-
etic cells. Treatment with an oxidative pathway inhibitor (DPI), over, we treated cells with bafilomycin Al, an inhibitor of the
tryptophan, or an NOS2 inhibitor (NMA) did not affect anti-T.  vacuolar ATPase, which prevents autophagosome degradation
gondii activity induced by CD40 ligation in nonhematopoietic  (48). Incubation with CD154 in the presence of bafilomycin Al
cells (data not shown), indicating that anti-T. gondii activity in-  also resulted in an increase in LC3 II expression in hmCD40-
duced by CD40 in these cells was unlikely to be dependent on the mHEVc and hCD40-HRPE, supporting a role for CD40 in stim-
oxidative pathway, tryptophan starvation, or nitric oxide produc-  ulating the induction of autophagy (Fig. 2B). To further deter-
tion. We previously reported that CD40 stimulates autophagy in  mine whether CD40 ligation stimulates autophagy, cells were
macrophages/microglia and leads to killing of T. gondii dependent  transfected with a plasmid that encodes tandem fluorescently la-
on autophagy proteins (17, 20). Thus, we sought to examine the  beled LC3 (tfLC3). This plasmid allows detection of autophago-
role of autophagy in the anti- T. gondii activity induced by CD40in  somes and autolysosomes (34). hmCD40-mHEVc¢ and hCD40-
nonhematopoietic cells. First, we assessed if CD40 stimulation HRPE transfected with a plasmid encoding tfLC3 exhibited an
alters expression of Beclin 1, a critical regulator of autophagy (46).  increase in both autophagosome and autolysosome punctae after
HBMVEC, hmCD40-mHEVc¢, and hCD40-HRPE were stimu- incubation with CD154 (Fig. 2C). Thus, CD40 ligation upregu-
lated with or without CD154 and lysed to monitor for expression  lates expression of Beclin 1 and enhances autophagy in nonhema-
of Beclin 1. All cell types exhibited increased expression of Beclin 1 topoietic cells.
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Next, we examined the distribution of LC3 in T. gondii-in-
fected cells after CD40 stimulation. hmCD40-mHEVc and
hCD40-RPE transfected with a plasmid encoding LC3-EGFP were
treated with or without CD154 and infected with T. gondii organ-
isms that express RFP in their cytoplasm (7. gondii-RFP). CD40
stimulation led to accumulation of LC3 around the parasite in
both hmCD40-mHEV<c and hCD40-RPE (Fig. 2D). These results
indicate that CD40 ligation stimulates autophagy in various non-
hematopoietic cells and suggest that CD40 stimulation induces
the formation of an autophagosome that encases the parasite.

Role of autophagy in T. gondii delivery to late endosomes/
lysosomes in CD40-stimulated nonhematopoietic cells. A key
aspect of autophagy is the fusion of autophagosomes with lyso-
somes for cargo degradation. To this end, we examined the
localization of the late endosomal/lysosomal marker, LAMP-1.
HBMVEC, hmCD40-mHEVc, or hCD40-RPE were treated with
or without CD154 and infected with T. gondii-YFP. CD40 stimu-
lation resulted in enhanced accumulation of LAMP-1 around the
parasite in all these cells (Fig. 3A to C). Secretion of dense granule
contents by the parasite into the parasitophorous vacuole is a key
aspect of the formation of these vacuoles after active invasion of a
host cell by T. gondii (49). We utilized parasites that express fluo-
rescence targeted to dense granules (T. gondii sec-RFP) to deter-
mine whether CD40 stimulation caused accumulation of LAMP-1
around parasitophorous vacuoles as opposed to phagosomes. In-
cubation with CD154 caused accumulation of LAMP-1 around
vacuoles that associate with RFP (parasitophorous vacuoles), in-
dicating that vacuole-lysosome fusion had occurred (Fig. 3C).
Next, we examined whether delivery of T. gondii to the lysosomal
pathway was dependent on autophagy proteins. Figure 3E shows
that transfection of endothelial cells or retinal pigment epithelial
cells with Beclin 1 siRNA or Atg7 siRNA diminished expression of
these autophagy molecules. Moreover, gene knockdown impaired
CD40-induced enhancement in autophagy flux as assessed by ex-
pression of autophagosomes and autolysosomes in cells trans-
fected with tfLC3 plasmid (not shown). Silencing of Beclin 1 in
hmCD40-mHEVc and hCD40-RPE ablated accumulation of
LAMP-1 around the parasite in cells treated with CD154 (Fig. 3F
and G). These findings also applied to primary cells since
HBMVEC transfected with Beclin 1 siRNA exhibited diminished
LAMP-1 accumulation around T. gondii after incubation with
CD154 (Fig. 3H). The effect of Beclin 1 silencing was specific since
it did not affect LAMP-1 accumulation around latex beads in
hCD40-RPE (not shown). To further explore the role of the au-
tophagy machinery, we examined the effects of knockdown of
another autophagy protein. Similar to the results obtained with
Beclin 1 silencing, knockdown of Atg7 inhibited accumulation of
LAMP-1 around the parasites in hmCD40 mHEVc incubated with
CD154 (Fig. 3I). In addition, HUVEC stimulated with CD154 and
infected with T. gondii exhibited accumulation of LAMP-1
around the parasite, which was abrogated when cells were treated
with 3-MA, an inhibitor of autophagy (Fig. 3]). Taken together,
these results indicate that delivery of T. gondii to the late endo-
somal/lysosomal compartment is dependent on autophagy pro-
teins.

Role of autophagy in CD40-induced killing of T. gondii in
nonhematopoietic cells. We next investigated if CD40-induced
killing of T. gondii in nonhematopoietic cells was dependent on
the autophagy machinery. CD40-activated cells were compared to
cells treated with IFN-y, since studies in astrocytes indicated that
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IFN-v-induced anti-T. gondii activity was not accompanied by
detectable encasing of the parasite or parasitophorous vacuoles by
LC3 (50). Given that autophagosomes deliver their contents to
lysosomes for degradation, we initially addressed the role of lyso-
somal degradation in killing of T. gondii utilizing the lysosomal
protease inhibitors leupeptin and pepstatin. HBMVEC, HUVEC,
hmCD40-mHEV¢, and hCD40-RPE were stimulated with or
without CD154 or IFN-y/TNF-a and infected with T. gondii. At 1
h postinfection, cells were treated with or without leupeptin plus
pepstatin. Lysosomal protease inhibitors ablated anti- T. gondii ac-
tivity in all CD40-stimulated cell types (Fig. 4A). In contrast, these
inhibitors did not affect killing of T. gondii in response to IFN-y/
TNF-a (Fig. 4A). Next, we assessed if CD40-mediated killing of T.
gondii was dependent on the autophagy machinery. Treatment
with the autophagy inhibitor 3-MA impaired anti-T. gondii activ-
ity induced by CD40 ligation in HBMVEC and HUVEC, while it
had no effect on the anti-T. gondii activity induced by incubation
with IFN-y/TNF-a (Fig. 4B). In addition, silencing of Beclin 1 in
HBMVEC, hmCD40-mHEVc¢, and hCD40-RPE ablated anti-T.
gondii activity induced by CD40 ligation but not that induced by
IFN-vy/TNF-a (Fig. 4C). Similar results were observed after silenc-
ing of Atg7 in hmCD40-mHEVc (Fig. 4D). Finally, 3-MA or si-
lencing of Beclin 1 inhibited the antimicrobial activity against a
type II T. gondii strain (ME49) in CD40-stimulated HBMVEC or
hmCD40-mHEVc, respectively, but had no effect on cells treated
with IFN-y/TNF-a (Fig. 4E and F). Taken together, these studies
indicate that in various nonhematopoietic cells CD40 triggers a
toxoplasmacidal activity that is dependent on autophagy proteins.

DISCUSSION

Herein, we report that ligation of CD40 induced toxoplasmacidal
activity in endothelial cells and retinal pigment epithelial cells.
CD40 stimulation enhanced expression of Beclin 1 and enhanced
autophagy flux in these cells. While evaluation for the potential
role of classical autophagy in immunity needs to consider that LC3
can target structures other than autophagosomes (for example,
phagosomes) and certain autophagy genes can have autophagy-
independent function, several lines of evidence support that CD40
stimulation of endothelial cells and retinal pigment epithelial cells
resulted in sequestration and degradation of intracellular T. gondii
through classical autophagy: (i) activation of these cells through
CD40 not only enhanced autophagy flux but also resulted in ac-
cumulation of LC3 around the parasite, which was followed by
accumulation of LAMP-1, an event that took place around para-
sitophorous vacuoles and not phagosomes; (ii) CD40-induced
killing of the parasite was dependent on the lysosomal protease
activity; (iii) knockdown of either of 2 autophagy genes (Beclin 1
and Atg7) as well as the use of an autophagy inhibitor (3-MA)
inhibited vacuole-lysosome fusion and toxoplasmacidal activity
induced by CD40 in nonhematopoietic cells.

CD40 is a mediator of resistance against numerous pathogens.
One of the mechanisms by which CD40 likely confers resistance is
by activating antimicrobial activity in macrophages/microglia.
Much less is known about the antimicrobial effects of CD40 liga-
tion in nonhematopoietic cells. It has been reported that incuba-
tion of hepatocytes, a hepatocellular carcinoma cell line, and fi-
broblasts with CD154 diminished replication of hepatitis C virus,
cytomegalovirus (CMV), and herpes simplex virus (HSV), respec-
tively, through mechanism(s) that remain to be fully elucidated
(51-53). In addition, CD154 stimulation of a hepatocellular car-
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FIG 3 CD40 induces vacuole-lysosome fusion in T. gondii-infected nonhematopoietic cells, dependent on the autophagy machinery. (A to C) HBMVEC (A),
hmCD40-mHEVc¢ (B), and hCD40-HRPE (C) were incubated with or without CD154 and infected with RH T. gondii-YFP. At 8 h postinfection, LAMP-1
expression was assessed by immunofluorescence, and the percentages of cells that exhibited accumulation of LAMP-1 around the parasites (arrowheads) were
quantitated. (D) hmCD40-mHEVc were stimulated with or without CD154 and infected with T. gondii expressing Sec-RFP. Percentages of cells that exhibited
accumulation of LAMP-1 around vacuoles that associate with RFP (parasitophorous vacuoles) were quantitated. (E) hmCD40-mHEV<c or hCD40-HRPE were
transfected with control siRNA, Beclin 1 siRNA, or Atg7 siRNA. Expression of Beclin 1, Atg7, and actin was assessed by immunoblotting. (F to H) hmCD40-
mHEVc¢ (F), hCD40-HRPE (G), or HBMVEC (H) transfected with control or Beclin 1 siRNA were incubated with or without CD154 and infected with T. gondii
expressing YFP. Cells were immunostained for LAMP-1 and analyzed by fluorescence microscopy for accumulation of LAMP-1 around the parasite. (I)
hmCD40-mHEVc¢ were transfected with either control siRNA or Atg7 siRNA. Cells were incubated with or without CD154 and infected with T. gondii expressing
YFP. Cells were immunostained for LAMP-1 expression and then analyzed by fluorescence microscopy for accumulation of LAMP-1 around the parasite. (J)
HUVEC were incubated with or without CD154, infected with T. gondii-YFP, and treated with or without 3-MA. LAMP-1 expression was assessed by immu-
nofluorescence. Results are shown as means = SEM and are representative of 3 independent experiments. **, P < 0.01; ***, P < 0.001.

cinoma cell line impaired growth of C. parvum apparently by in-
ducing apoptosis of host cells (18). Here, we report that CD40
stimulation of various endothelial cells and of RPE induces toxo-
plasmacidal activity that is dependent on lysosomal degradation
of T. gondii.

While some pathogens appear to utilize autophagy to promote
their intracellular growth (54), nonhematopoietic cells have been
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reported to utilize autophagy as an innate mechanism for degra-
dation of various pathogens. Autophagy can be a cell-autonomous
innate mechanism of defense against bacteria that colonize the
cytosol. Epithelial cells exhibit transient clearance of Streptococcus
pyogenes cells that invade the cytosol by targeting the bacteria with
autophagosome-like compartments, leading to lysosomal degra-
dation, a process that is dependent on Atg5 (55). Shigella flexneri
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are representative of 3 to 5 independent experiments. *, P < 0.05; **, P < 0.01.

cells that do not express the virulence factor IcsB cannot prevent
recognition of the bacterial protein VirG by Atg5 (56) and avoid
binding to the ubiquitin adaptor molecules p62 or NDP52 (57).
As a result, the bacteria become susceptible to killing via au-
tophagy within epithelial cells (56). Nonmotile Listeria monocyto-
genes actA mutant strains can no longer camouflage themselves by
binding to host proteins of the Arp2/3 complex and Ena/VASP
(58). Consequently, they become ubiquitinated and are sur-
rounded by p62 and LC3, leading to targeting by autophagic clear-
ance (58). Similarly, Salmonella enterica serovar Typhimurium
cells that escape the salmonella-containing vacuoles and invade
the cytosol from epithelial cells become coated with ubiquitin (59,
60). This results in recognition of the bacteria by NDP52, recruit-
ment of LC3, and directing of the bacteria to autophagosomes and
restriction in their growth (60). Autophagy has also been impli-
cated in the degradation of viruses in nonhematopoietic cells. Pro-
tein kinase R (PKR)- and « subunit of eukaryotic initiation factor
2 (eIF2a)-dependent autophagy mediates degradation of herpes
simplex virus 1 (HSV-1) (61). This virus produces ICP34.5, a neu-
rovirulence factor that inhibits autophagy by reversal of PKR-
mediated elF2a phosphorylation and by antagonizing Beclin 1
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(62, 63). As discussed above, our studies strongly suggest that
CD40 triggers autophagy-dependent killing of T. gondii in various
nonhematopoietic cells. This work indicates that, in addition to
exhibiting the intrinsic ability to restrict certain pathogens via
autophagy, nonhematopoietic cells can be activated by CD40 to
acquire antimicrobial activity, likely via the autophagy pathway.
IFN-vy and TNF-«a are key mediators of resistance against T.
gondii. Studies using bone marrow chimeras indicated that these
cytokines likely act in both the hematopoietic and nonhematopoi-
etic compartments to elicit protection against cerebral toxoplas-
mosis (64). While studies in an animal model of C. parvum infec-
tion suggested that CD40 expression in hematopoietic but not in
nonhematopoietic cells was required for protection (28), our
findings raise the possibility that CD40 signaling in nonhemato-
poietic cells may play a role in protection against toxoplasmosis.
Relevant to this possibility is the notion that endothelial cells and
retinal pigment epithelial cells are thought to be important in the
pathogenesis of toxoplasmosis. T. gondii disseminates throughout
the bloodstream within either infected monocytes or dendritic
cells, as well as via free tachyzoites (65, 66), indicating that organs
like the brain, eye, and placenta would be invaded when the par-
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asite traverses endothelial layers. Although the mechanisms of in-
vasion are not well established, one of them appears to entail the
migration of the parasite into the brain and presumably the eye
within infected leukocytes (65-67). Extracellular tachyzoites
could potentially enter organs, including the placenta if the para-
site infects endothelial cells (transcellular traversal) or if the par-
asite migrates between endothelial cells (paracellular traversal)
(67). It has been proposed that even when the parasite dissemi-
nates in the blood within infected leukocytes, T. gondii may actu-
ally traverse endothelial layers as an extracellular parasite after
egress from infected leukocytes (67). Thus, the induction of anti-
microbial activity in endothelial cells could potentially diminish
organ invasion when T. gondii invades organs through transcellu-
lar traversal. Retinal pigment epithelial cells are thought to play an
important role in ocular toxoplasmosis. These cells become hy-
pertrophic, migrate to the retina, and appear to contain parasites
(45, 68, 69). It has been suggested that this may represent an at-
tempt at parasite eradication by retinal pigment epithelial cells
(45). Our studies raise the possibility that the autophagy protein-
dependent antimicrobial activity induced by CD40 ligation in en-
dothelial cells and retinal pigment epithelial cells may play a role in
protection against T. gondii. Of potential relevance, mice with
Atg7 deficiency targeted to epithelial cells exhibited reduced clear-
ance of Citrobacter rodentium and were more susceptible to dis-
ease, although these studies did not examine whether autophagy
in epithelial cells promoted killing of the pathogen (70).

Several studies have reported that cytokines induce anti-T.
gondii activity of various nonhematopoietic cells. HUVEC acquire
toxoplasmastatic activity (inhibit T. gondii replication) in re-
sponse to IFN-+y or the combination of TNF-a and IL-1f3 (43, 71).
Incubation of immortalized human microvascular brain endothe-
lial cells with IFN-+y causes toxoplasmastatic activity that is medi-
ated by upregulation of the enzyme indoleamine 2,3-dioxygenase
(IDO) (72), an enzyme that starves the parasite of tryptophan and
was previously shown to mediate toxoplasmastasis induced by
IFN-v in human fibroblasts (73). IFN-y also utilizes IDO upregu-
lation to inhibit the growth of the parasite within astrocytoma
cells without reducing the number of infected cells (74, 75). In
contrast, IFN-vy induces anti-T. gondii activity in primary mouse
astrocytes by recruiting the p47 GTPase IGTP to the parasito-
phorous vacuole and causing vacuolar disruption (76). Epithelial
cells have been reported to inhibit T. gondii replication in response
to cytokines (77, 78). Human retinal pigment epithelial cells in-
hibit T. gondii replication in response to IFN-y and, to a lesser
extent, in response to TNF-a and IFN-a/f (78). Similar to other
human cells, the effect of IFN-vy is mediated by IDO (78(). Our
studies indicate that, similar to what occurs with macrophages/
microglia (17, 20), the mechanism of anti-T. gondii activity in-
duced by CD40 ligation in nonhematopoietic cells is different
from those triggered by IFN-y since knockdown of Beclin 1 or
Atg7 or the use of 3-MA or lysosomal inhibitors blocked CD40-
induced killing of T. gondii but had no appreciable effect on the
anti-T. gondii activity induced by IFN-vy. Of relevance, autopha-
gosomes did not engulf parasites or disrupted vacuoles in astro-
cytes treated with IFN-vy (50, 79). Moreover, while IFN-vy requires
Atg5 to induce recruitment of p47 GTPase to the membrane of the
parasitophorous vacuole in professional phagocytes, the effect of
Atg5 occurs in the absence of autophagosome formation (80).
Indeed, this finding represents an example of autophagosome-
independent function of Atg5. The dichotomy in the mechanisms
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of anti-T. gondii activity-induced CD40 and IFN-v likely explains
the cooperation between these two pathways in the restriction of
T. gondii growth (39). Another example of this cooperation may
lie in the reports of strong CD40 upregulation in cells treated with
IFN-y (81).

In summary, we report that CD40-activated endothelial and
epithelial cells control T. gondii likely through the autophagy ma-
chinery. These findings expand the knowledge on the antimicro-
bial effects triggered by CD40 ligation and on immune-mediated
activation of the autophagy machinery in nonhematopoietic cells.
This work may provide insight into mechanisms of host protec-
tion garnered by nonhematopoietic cells against other pathogens
that infect these cells and that can be controlled by CD40.
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