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CD40 induces macrophage anti—Toxoplasma
gondii activity by triggering autophagy-
dependent fusion of pathogen-containing
vacuoles and lysosomes
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Many intracellular pathogens, including Toxoplasma gondii, survive within macrophages by residing in vacuoles
that avoid fusion with lysosomes. It is important to determine whether cell-mediated immunity can trigger mac-
rophage antimicrobial activity by rerouting these vacuoles to lysosomes. We report that CD40 stimulation of
human and mouse macrophages infected with T. gondii resulted in fusion of parasitophorous vacuoles and late
endosomes/lysosomes. Vacuole/lysosome fusion took place even when CD40 was ligated after the formation
of parasitophorous vacuoles. Genetic and pharmacological approaches that impaired phosphoinositide-3-class
3 (PIK3C3), Rab7, vacuolar ATPase, and lysosomal enzymes revealed that vacuole/lysosome fusion mediated
antimicrobial activity induced by CD40. Ligation of CD40 caused colocalization of parasitophorous vacuoles
and LC3, a marker of autophagy, which is a process that controls lysosomal degradation. Vacuole/lysosome
fusion and antimicrobial activity were shown to be dependent on autophagy. Thus, cell-mediated immunity
through CD40 stimulation can reroute an intracellular pathogen to the lysosomal compartment, resulting in

macrophage antimicrobial activity.

Introduction

Macrophages are pivotal effectors for control of intracellular
pathogens. Fusion of the lysosomal compartment with vacuoles
that contain these pathogens is a fundamental mechanism by
which macrophages kill microbes. Unfortunately, many patho-
gens manipulate vesicular trafficking and, as a result, avoid fusion
with lysosomes, allowing their survival within macrophages
(1-3). Thus, it is crucial to determine whether cell-mediated
immunity (CMI) can activate phagolysosomal fusion for control
of intracellular pathogens. Toxoplasma gondii, a major pathogen
in patients with defects in CMI, provides an excellent model for
addressing this question. While a recent study revealed that this
obligate intracellular protozoan hijacks mammalian lysosomes
in the vacuolar space (4), no actual fusion of the parasitopho-
rous vacuole (PV) with the lysosomal compartment takes place,
enabling T. gondii to survive within host cells (4-6). The fate of T.
gondii within host cells is thought to be determined at the time of
cell entry; active invasion results in a nonfusogenic PV, allowing
parasite replication, while uptake through Fc receptors leads to
phagolysosomal fusion and killing of the pathogen (5, 6).

Nonstandard abbreviations used: CMI, cell-mediated immunity; CPSII, carbamoyl
phosphate synthetase II; EGFP, enhanced GFP; hCD154, human CD154; hmCDA40,
chimera of the extracellular domain of human CD40 and the intracytoplasmic
domain of mouse CD40; LAMP-1, lysosome-associated membrane glycoprotein 1;
LC3, light chain 3; 3-MA, 3-methyladenine; M6PR, mannose 6-phosphate receptor;
ODN, oligodeoxynucleotide; PIK3C3, phosphoinositide-3-kinase class 3; PV, para-
sitophorous vacuole; RNI, reactive nitrogen intermediate; SAG1, surface antigen 1;
secRFP, secreted red fluorescent protein; YEP, yellow fluorescent protein.
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The fact that many pathogens cannot survive within lysosomes
raises the possibility that targeting them to this compartment
would result in pathogen eradication. There is controversy as
to whether TLRs modulate phagolysosomal fusion. While one
study reported that TLR signaling accelerates the rate of this
process (7), another group found that neither TLR2 nor TLR4
control the rate of phagosome acidification or phagolysosome
fusion (8). An association between IFN-y and phagolysosomal
fusion has been observed (9, 10). However, using T. gondii as a
model, a recent study showed that IFN-y induces antimicrobial
activity independently of phagosomal maturation (11). Taken
together, it is not certain whether CMI utilizes fusion of patho-
gen-containing vacuoles and lysosomes as a mechanism to con-
trol intracellular pathogens.

Lysosomal degradation as a mechanism to kill pathogens that
normally reside within nonfusogenic vacuoles would require
rerouting these vacuoles to the lysosomal compartment. In this
regard, autophagy is a process that directs cytoplasmic mate-
rial and organelles to the lysosomes (12, 13). In this process,
portions of cytosol and organelles are encircled by autophago-
somes. This is followed by fusion between autophagosomes and
endosomes/lysosomes, culminating in the formation of autoly-
sosomes and degradation of their contents (14). Thus, autopha-
gy represents an alternate route to the lysosomal compartment.
Under certain conditions, host cells can degrade Shigella flexneri
and Streptococcus pyogenes through autophagy (15, 16). While S.
flexneri within epithelial cells normally avoids the autophagic
pathway, experimental deletion of the bacterial gene icsB results
in bacterial death via autophagy (16). Epithelial cells invaded
by S. pyogenes and treated with antibiotics exhibit a transient
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Figure 1

CD40 stimulation induces vacuole/lysosome fusion in human and mouse macrophages infected with T. gondii. (A) Control and CD154-stimulated
human macrophages were incubated with LysoTracker Red, then infected with T. gondii—-YFP. Macrophages incubated with opsonized T. gondii were
used as controls. Cells were examined by confocal microscopy 6 hours after infection or 2 hours after addition of opsonized parasites. Macrophages
shown contain 1 tachyzoite of 7. gondii. (B—D) Control and CD40-activated human macrophages were infected with T. gondii-YFP. Macrophages
incubated with opsonized T. gondii were used as controls. Macrophages were incubated with anti-LAMP-1 (B), anti-CD63 (C), or anti-cathepsin D (D)
Abs; this was followed by addition of secondary antibodies. Cells were examined by confocal microscopy at 6 hours after infection or 1 hour after addi-
tion of opsonized T. gondii. CD40-activated macrophages show colocalization of LAMP-1, CD63, and cathepsin D (rings) around T. gondii—containing
vacuoles (arrowheads). Cath, cathepsin. Scale bars: 5 um. (E and F) Quantification of colocalization of late endosomal/lysosomal markers around
vacuoles containing T. gondii within human (E) or mouse (F) primary macrophages. Monolayers were examined at 6 and 8 hours after challenge in
the case of human and mouse macrophages, respectively. In the case of macrophages incubated with opsonized T. gondii, M6PR was assessed
at 15 minutes while LAMP-1, LAMP-2, CD63, and cathepsin D expression were assessed at 1 hour. Percentages indicate the mean + SD. Results
shown are representative of 3—4 independent experiments. Cath, cathepsin; ctr, control; DIC, differential interface contrast; ops, opsonized.

autophagy-dependent degradation of the bacteria (15). However, autophagy in macrophages by starvation or rapamycin inhibits
itis unclear whether autophagy is a mechanism used by CMIto  viability of Mycobacterium tuberculosis (17). Moreover, IFN-y stim-
eradicate pathogens. A recent study indicates that induction of  ulates autophagy in macrophages, and this process is accompa-
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Figure 2

Kinetics of recruitment of endosomal and lysosomal markers. Mouse peritoneal macrophages were incubated with
control (ctr) or anti-CD40 mAbs, then infected with T. gondii. Expression of late endosomal and lysosomal mark-
ers (A) or early endosomal markers (B) was examined by immunofluorescence at different times after challenge.
Opsonized tachyzoites were used as positive control. Results are shown as the mean + SD and are representative

of 3 independent experiments.

nied by recruitment of autophagy markers to the mycobacterial
phagosome (17). However, no demonstration was provided that
IEN-y acted through autophagy to induce macrophage antimi-
crobial activity. Moreover, studies in a model of T. gondii infec-
tion did not find evidence that IFN-y induces antimicrobial
activity through autophagy (11). Thus, the crucial question that
remains to be answered is whether autophagy mediates patho-
gen eradication triggered by CMI. Such a demonstration would
provide important new insights into host-pathogen interaction
and mechanisms of host protection.

The interaction between CD40 and CD154 (expressed primarily
on antigen-presenting cells and activated CD4* T cells, respectively)
is an event during CMI that is central for host protection. Com-
munication between T cells and macrophages through this path-
way induces macrophage microbicidal activity against numerous
pathogens, including T. gondii (18), an effect that likely contributes
to in vivo resistance against these organisms (18-22). While reac-
tive nitrogen intermediates (RNIs) can mediate macrophage anti-
microbial activity induced by CD40, experimental evidence indi-
cates the existence of other mechanisms of pathogen control. CD40
engagement directly activates macrophages to restrict the growth
of Mycobacterium avium despite the fact that this pathogen is not
controlled by RNI in activated macrophages (21). In the case of T.
gondii, CD40 induces macrophage toxoplasmacidal activity that is
independent not only of RNI but also of IFN-y, STAT1, the p47
GTPases LRG-47,IGTP, and IRG-47, production of oxygen inter-

Figure 3

CD40 stimulation induces convergence of PV and late endosomes/
lysosomes. Mouse resident peritoneal macrophages were incubated
with control or stimulatory anti-CD40 mAbs, then challenged with
T. gondii—secRFP. Expression of LAMP-1 was assessed at 8 hours after
challenge. Inset represents an extracellular tachyzoite with accumula-
tion of fluorescence in dense granules. Macrophages were also incu-
bated with heat-killed T. gondii-secRFP, and LAMP-1 expression was
assessed at 1 hour after challenge. Arrowheads indicate colocalization
of LAMP-1 around T. gondii—containing compartments. Scale bar: 5 um.
Results are representative of 4 independent experiments.
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Results

CDA40 stimulation recruits late endosomal/lysosomal markers to vacu-
oles containing T. gondii. We tested to determine whether CD40
stimulation of macrophages induces fusion between T. gondii-
containing vacuoles and late endosomes/lysosomes. Human
monocyte-derived macrophages were infected with transgenic T.
gondii, which expresses yellow fluorescent protein (YFP). CD40
stimulation does not affect the initial percentage of infected
macrophages (25). Staining with an antibody against the para-
site antigen surface antigen 1 (SAG1), then an Alexa 568-con-
jugated secondary antibody in nonpermeabilized monolayers
revealed that the percentages of cell-associated T. gondii that
resided within macrophages were similar in control and CD40-
activated monolayers (control: 87.7% + 2.4%; CD40 activated:
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CD40 stimulation induces fusion of preformed PV and late endosomes/
lysosomes. Bone marrow macrophages from TNF-a~~ mice infected
with CPSII KO T. gondii—YFP were incubated overnight in the presence
of uracil (0.2 mM) to allow parasite replication. After uracil removal,
infected macrophages were cultured with stimulatory anti-CD40 mAb
for 24 hours. TNF-o. (500 pg/ml) was then added to monolayers, and
cells were examined after 7 hours. Arrowheads denote colocalization
of LAMP-1 (ring) around PV in CD40-activated macrophage. Scale
bar: 5 um. Results are representative of 4 independent experiments.

85.5% + 2.6%; P = 0.4; n = 3). Next, macrophages were loaded with
the acidotropic dye LysoTracker Red, which labels late endo-
somes/lysosomes. Parasites in control macrophages resided in a
compartment that largely excluded LysoTracker Red (colocaliza-
tion: 4.9% + 1.5%; n = 4) (Figure 1A). In contrast, uptake of opso-
nized T. gondii-YFP revealed accumulation of LysoTracker Red in
parasite-containing phagosomes (colocalization: 60.6% + 2.9%).
Importantly, CD40-activated macrophages infected with nonop-
sonized T. gondii-YFP exhibited a significant increase in colocal-
ization of LysoTracker Red and parasite-containing vacuoles com-
pared with control macrophages (colocalization: 46.5% + 3.6%;
P <0.0001) (Figure 1A).
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We examined the expression of lysosome-associated mem-
brane protein 1 (LAMP-1), CD63, and cathepsin D to confirm
that CD40 stimulation results in fusion between T. gondii-con-
taining vacuoles and late endosomes/lysosomes. Macrophages
that phagocytosed opsonized T. gondii revealed a distinct rim of
fluorescence around the phagosome, indicative of phagolyso-
somal fusion (5) (Figure 1B). Most control macrophages infected
with T. gondii exhibited vacuoles that did not colocalize LAMP-1,
CD63, and cathepsin D. In contrast, CD40 stimulation resulted
in a significant increase (6.8- to 10.4-fold increase; P < 0.0003)
in the percentage of macrophages that revealed colocalization of
LAMP-1, CD63, and cathepsin D around the vacuoles (Figure 1,
B-E). Colocalization with late endosomal/lysosomal markers
was also observed in mouse macrophages (Figure 1F). CD40
stimulation of mouse peritoneal macrophages significantly
increased (5.9- to 10.3-fold increase; P < 0.0009) localization of
mannose 6-phosphate receptor (M6PR), LAMP-1, LAMP-2, and
cathepsin D around T. gondii-containing vacuoles compared
with control macrophages (Figure 1F). Not all macrophages
express CD40 (23). Thus, we examined CD40 and LAMP-1
expression. Most (79.2% + 4.2%; P = 0.0007) CD40* macrophages
from the CD40-stimulated monolayers exhibited colocalization
of LAMP-1 around the vacuoles (Supplemental Figure 1; supple-
mental material available online with this article; d0i:10.1172/
JCI28796DS1). In contrast, the percentage of macrophages
with colocalization of LAMP-1 around the vacuoles remained
unchanged in CD40" and CD40- macrophages from control
monolayers and in CD40- macrophages from CD40--stimulated
monolayers (8.3% to 13.0%; P = 0.7). Taken together, CD40 stim-
ulation of human and mouse macrophages results in a pattern
of localization of late endosomal/lysosomal markers compatible
with fusion with T. gondii-containing vacuoles, an interpretation
further supported by the distinct overlap between LysoTracker
Red and these vacuoles.

Vacuole/lysosome fusion takes place in CD40-activated macrophages
that were invaded by T. gondii tachyzoites. Compared with classi-
cal phagolysosomal fusion triggered by Fc receptor-mediated
phagocytosis, vacuole/lysosome fusion induced by CD40 was
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Activated CD4+ T cells induce vacuole/lysosome fusion through CD40/CD154 interaction. Peritoneal macrophages from WT mice (A) or IFN-y~-
mice (B) were infected with T. gondii-YFP and incubated for 10 minutes; this was followed by removal of extracellular parasites. After 1 hour,
either resting (R) or activated (A) CD4+ T cells from WT (A) or IFN-y~- (B) mice were added in the presence of anti-CD54 or control mAbs. Colo-
calization of LAMP-1 around PV was assessed by immunofluorescence 8 hours after infection. Results are shown as the mean + SD and are

representative of 4 independent experiments.
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Vacuole/lysosome fusion mediates macrophage antimicrobial activity induced by CD40. Mouse peritoneal macrophages were incubated with
control or anti-CD40 mAbs or with IFN-y/LPS, then infected with T. gondii. (A and B) Pepstatin (50 uM) was added 1 hour after infection. Per-
centage of infected macrophages and parasite load was assessed by light microscopy at 1 and 18 hours after challenge. (C-E) Bafilomycin A
(BFA; 25 nM) was added 1 hour before infection with T. gondii. (C) Expression of cathepsin D was examined by immunofluorescence 8 hours
after infection. (D) Percentage of infected macrophages and parasite load were assessed at 1 and 18 hours after challenge. (E) Parasite load
was determined at 18 hours. Results are shown as the mean + SD and are representative of 4 independent experiments.

delayed and did not appear to be accompanied by recruitment
of early endosomal markers (Figure 2). Interestingly, examina-
tion of CD40-activated macrophages 6 to 8 hours after infection
revealed that 52.8% + 3.0% of the vacuoles that colocalized with
late endosomal/lysosomal markers already contained 2 tachyzo-
ites (n = 6). These findings suggested that fusion took place with
vacuoles that were formed by invasion of viable parasites. We con-
ducted studies to further examine this possibility. Active invasion
of host cells and formation of PVs is characterized by secretion
of contents from the parasite-dense granules into the vacuoles
(26). This process does not occur during phagocytosis of para-
sites. To confirm that tachyzoites resided in a PV, experiments
were conducted with transgenic T. gondii, which express a fusion
protein consisting of P30 major surface antigen and a secreted
red fluorescent protein (DsRed; T. gondii-secREFP; the GPI anchor
attachment signal was deleted to generate a soluble reporter).
As reported (27), extracellular parasites exhibited cytoplasmic
fluorescence that accumulated in dense granules (Figure 3).
Infection of control macrophages by viable T. gondii-secRFP
resulted in a shift in fluorescence from within the parasites to
the vacuolar lumen surrounding the parasites (Figure 3). In con-
trast, phagocytosis of heat-killed tachyzoites did not result in a
fluorescence shift (Figure 3). Next, we examined expression of
LAMP-1 in control and CD40-activated macrophages infected
with T. gondii-secRFP. No accumulation of LAMP-1 was noted
around vacuoles with intraluminal red fluorescence in infected
2370
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control macrophages. Importantly, 42.1% + 2.4% of infected
CD40-activated macrophages revealed colocalization of LAMP-1
around vacuoles with intraluminal red fluorescence. Thus, CD40
stimulation results in fusion between late endosomes/lysosomes
and PVs formed by invasion of viable tachyzoites.

CD40 engagement induces vacuole/lysosome fusion in macrophages
with previously formed PVs. We conducted additional experiments
to further explore whether CD40 switches the fusogenic poten-
tial of PVs. Carbamoyl phosphate synthetase II (CPSII) KO T.
gondii exhibit unimpaired capacity to infect host cells but require
exogenous uracil for multiplication, and removal of this nucleo-
tide arrests their replication (28). We used transgenic CPSII KO
tachyzoites that express cytosolic YEP to determine whether CD40
stimulation induces fusion with preformed PVs. This experi-
ment was based on our prior demonstration that CD40 triggers
macrophage toxoplasmacidal activity by enhancing autocrine
production of TNF-a. followed by cooperation between CD40
and TNF-a (25, 29). Bone marrow-derived macrophages from
TNEF-a/- mice were infected with CPSII KO T. gondii-YFP and
were cultured in the presence of uracil. Uracil was removed after
overnight incubation, at which time vacuoles contained typically
4 parasites. Macrophages were then incubated with or without
a stimulatory anti-CD40 mAb followed by addition of TNF-a.
PV in control macrophages did not colocalize with LAMP-1
(Figure 4). In contrast, colocalization of LAMP-1 and preformed
PVs was observed in 27.3% + 1.8% of TNF-a /- macrophages
Volume 116
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Blockade of vacuole/lysosome fusion ablates CD40-induced antimicrobial activity. The effects of knockdown of PIK3C3 (A—-C) and Rab7 domi-
nant-negative mutant (D—F) on vacuole/lysosome fusion and antimicrobial activity were examined. (A) hmCD40-RAW 264.7 cells were mock
transfected (M) or were transfected with sense (S) or antisense (AS) ODN against PIK3C3. Protein expression of PIK3C3 and actin were analyzed
48 hours after transfection. (B) Transfected cells were incubated with or without hCD154, then infected with T. gondii—YFP. Vacuole/lysosomal
fusion was assessed by cathepsin D staining 8 hours after infection. (C) Transfected cells were treated with medium alone, hCD154, or IFN-y/LPS;
this was followed by T. gondii infection. Cells were examined by light microscopy 18 hours after infection. (D) CD40-activated and control mouse
peritoneal macrophages were infected with T. gondii—YFP followed by assessment of Rab7 expression by immunofluorescence. Arrowhead
denotes colocalization of Rab7 (ring) around T. gondii—containing vacuole in CD40-activated macrophage. Scale bar: 5 um. (E) hmCD40-RAW
264.7 cells were incubated with medium with or without hCD154 followed by transfection with Rab7 WT or Rab7(T22N). Cells were infected with
T. gondii-RFP. Vacuole/lysosomal fusion was assessed by cathepsin D staining 8 hours after infection. (F) Transfected hmCD40-RAW 264.7
cells treated with medium alone, CD154, or IFN-y/LPS were challenged with T. gondii. Cells were examined by light microscopy 18 hours after
challenge. Results are shown as the mean + SD and are representative of 4 independent experiments. DN, dominant negative.

stimulated through CD40 and incubated with TNF-a. (Figure 4).
These activated macrophages exhibited a 35.3% + 3.2% reduction
in the percentage of infected cells at 24 hours compared with
control macrophages. Thus, CD40 stimulation induces vacuole/
lysosome fusion in preformed PVs.

CD154°CD4* T cells induce vacuole/lysosome fusion in macrophages
previously infected with viable T. gondii in an IFN-y—independent man-
ner. CD154 exists in a membrane-bound and a soluble form.
Membrane CD154 is expressed primarily on activated CD4* T
cells, suggesting a scenario in which membrane CD154 would
engage CD40 on macrophages previously infected with an
intracellular pathogen. Activated CD4* T cells induce CD154-
dependent anti-T. gondii activity in macrophages (23). Thus, we
determined whether activated CD4" T cells trigger vacuole/lyso-
some fusion in macrophages previously infected with T. gondii.
Mouse peritoneal macrophages were infected with T. gondii-YFP
or T. gondii-secRFP. Resting or activated CD4" T cells were added
after 1 hour. Activated but not resting CD4* T cells caused colo-
calization of LAMP-1 around T. gondii-containing vacuoles (Fig-
ure SA). Fusion with late endosomes/lysosomes was inhibited by
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amAb against CD154 (81.8% + 2.8% inhibition; P = 0.0001). Vacu-
ole/lysosome fusion did not require IFN-y because similar results
were obtained with activated CD4" T cells and macrophages from
IFN-y~/- mice (Figure 5B). Thus, CD40-CD154 interaction during
the crosstalk between T cells and macrophages induces vacuole/
lysosome fusion independently of IFN-y.

Vacuole/lysosome fusion mediates anti—T. gondii activity induced
by CD40 stimulation. We took several approaches to determine
if vacuole/lysosome fusion mediates toxoplasmacidal activity
induced by CD40. First, we examined the effects of inhibitors of
hydrolytic enzymes on anti-T. gondii activity induced by CD40
stimulation. Control and CD40-activated primary mouse mac-
rophages were infected with T. gondii followed by addition of pep-
statin, an inhibitor of cathepsin D. Not all primary macrophages
express CD40, and only CD40* macrophages acquire toxoplas-
macidal activity in response to CD40 ligation (23, 25). Indeed,
primary macrophages incubated with a stimulatory anti-CD40
mAD exhibited on average a 55.3% + 1.9% decrease in parasite
load. Pepstatin did not affect the percentage of infection and
parasite load in control macrophages (Figure 6, A and B). In
Volume 116 2371

Number9  September 2006



research article

A DIC/RFP LC3 LC3/RFP B
" v - 0.
O LC3ctr
- Lca hCD154
= - LAMF' 1 hCD154
o a
“C’ 40
2
S a0
=
o 8 oo
2 °
© (&)
2 10
[ %]
L]
D of
a 2 4 45 5 55 6 65 7
O Time after challenge (h)
(o] Nutrient rich Starvation D
<
—_ = Ctr siRNA
< c< o
Z 52 [ )
S O 5 Ctr siRNA
. On oo £ +hCD154
Beclin 1 we= 8
i Beclin 1
ACHin —— @ SIRNA
=
o Beclin 1 siRNA
a +hCD154
£ ) 10 20 a0 0 50
§ Cath D colocalization (%)
E
Ctr siRNA Ctr Ctr
Ctr siRNA Ctr +
+hCD154 Citr + hCD154
Beclin 1 hCD154
SiRNA 3-MA
Beclin 1 siRNA 3-MA +
+hCD154 3-MA hCD154
Cir siRNA + IFN-,
IFN-y/LPS 3-MA + ¥
Beclin 1 siRNA hCD154 IFN-y +
+ IFN=y/LPS i , , - 3-MA . : ; ;
o 20 40 60 80 ] 20 40 60 80 100
Tachyzoites/100 macrophages Cath D coiocahzaﬂon (% Tachyzoites/100 macrophages
Figure 8

CD40 stimulation induces vacuole/lysosome fusion and antimicrobial activity through autophagy. (A) Control and CD40-activated hmCD40-RAW
264.7 cells were transfected with LC3-EGFP and infected with T. gondii-RFP. Monolayers were examined by confocal microscopy at 5 hours
after challenge. Arrowhead indicates accumulation of LC3 around vacuole. Scale bars: 5 um. (B) Kinetics of colocalization of LC3 and LAMP-1
around PV in hmCD40-RAW 264.7 cells. (C) hmCD40-RAW 264.7 cells were transfected with control or Beclin 1 siRNA. Immunoblot was per-
formed after 96 hours. Two days after transfection with control or Beclin 1 siRNA, hmCD40-RAW 264.7 cells were transfected with LC3-EGFP,
then incubated in complete medium or HBSS for 1 hour. Expression of LC3 was analyzed by confocal microscopy. (D) Control or CD40-activated
hmCD40-RAW 264.7 cells transfected with control or Beclin 1 siRNA were infected with T. gondii-YFP, then stained for cathepsin D 8 hours after
infection. Percentages of vacuoles that colocalized with cathepsin D were assessed by immunofluorescence. (E) Control, CD40-activated, or
IFN-y/LPS—treated hmCD40-RAW 264.7 cells transfected with control or Beclin 1 siRNA were infected with T. gondii followed by assessment of
parasite load by light microscopy 18 hours after infection. (F and G) Control, CD40-, or IFN-y—activated human monocyte—derived macrophages
were infected with T. gondii, then incubated with or without 3-MA (10 mM). Expression of cathepsin D was examined by immunofluorescence
6 hours after infection (F), and parasite load was assessed at 18 hours after infection (G). Results are shown as the mean = SD and are repre-
sentative of 3 to 4 independent experiments.

contrast, pepstatin remarkably inhibited the drop in infection
rate induced by CD40 stimulation and the reduction in parasite
load in these macrophages (81.8% + 4.3% inhibition; P < 0.01).
In parallel studies, pepstatin did not affect anti-T. gondii activity
induced by IFN-y/LPS. Similar results were obtained with leu-
peptin, an inhibitor of serine and cysteine proteases (Supple-
mental Figure 2, A and B).
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Vacuolar ATPase and phosphoinositide-3-kinase class 3
(PIK3C3), also known as hVps34, are required for transport to
late endosomes and lysosomes (30, 31). Indeed, bafilomycin
A, a specific inhibitor of vacuolar ATPase, reduces delivery of
endosomal cargo to lysosomes and mixing of phagosome and
lysosome contents while LY294002, a specific inhibitor of PI3K,
blocks phagolysosomal biogenesis (30, 32, 33). Bafilomycin A
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markedly inhibited recruitment of cathepsin D to PVs in CD40-
activated macrophages (86.7% + 2.1% inhibition; P = 0.001)
(Figure 6C). Bafilomycin A significantly inhibited toxoplasmacid-
al activity induced by CD40 stimulation (92.4% + 3.4% inhibition;
P <0.0001) (Figure 6, D and E). In contrast, bafilomycin A did not
affect the percentage of infection or the parasite load in control
macrophages and IFN-y/LPS-activated macrophages. The anti-
T. gondii activity induced by IFN-y/LPS was dependent on RNI
since it was blocked by NS-monomethyl-L-arginine (92% + 4%
inhibition; not shown) (23). Similar results were obtained with
LY294002 (Supplemental Figure 2, C-E).

Next, we used genetic approaches to confirm that blocking of
fusion ablates antimicrobial activity induced by CD40. These
experiments were conducted using RAW 264.7 cells, which
express a chimera that consists of the extracellular domain of
human CD40 and the intracytoplasmic domain of mouse CD40
(hmCD40). Engagement of the chimera by human CD154
(hCD154) not only resulted in a strong anti-T. gondii activity
(68.6% + 1.7% reduction in parasite load) (29) but also induced
vacuole/lysosome fusion. Incubation with hCD154 led to colo-
calization of cathepsin D and PVs in 40.5% + 2.4% of hmCD40-
RAW 264.7 cells (Figure 7B). We examined the effects of knock-
down of PIK3C3 on vacuole/lysosome fusion and anti-T. gondii
activity induced by CD40. Figure 7A shows that transfection of
hmCD40-RAW 264.7 cells with antisense oligodeoxynucleotides
(ODNs) against PIK3C3 diminished expression of this protein.
Knockdown of PIK3C3 inhibited vacuole/lysosome fusion in
T. gondii-infected hmCD40-RAW 264.7 cells stimulated with
hCD154 (92.9% + 2.0% inhibition; P < 0.0001) (Figure 7B). Impor-
tantly, knockdown of PIK3C3 markedly inhibited anti-T. gondii
activity induced by CD40 stimulation (93.1% + 5.5% inhibition;
P =0.002) (Figure 7C). In contrast, knockdown of PIK3C3 had no
effect on parasite load in control hmCD40-RAW 264.7 cells and
on the anti-T. gondii activity induced by IFN-y/LPS.

Rab?7 is pivotal for late endocytic trafficking and maintenance
of a functional lysosome compartment (34, 35). Rab7 was exclud-
ed from T. gondii-containing vacuoles in control primary macro-
phages or hmCD40-RAW 264.7 cells (Figure 7D). In contrast,
CD40 stimulation resulted in recruitment of Rab7 around PV in
both types of macrophages (Figure 7D). Expression of Rab7 dom-
inant-negative mutant impairs cargo degradation (36). Thus, we
examined the effects of such a mutant on vacuole/lysosome fusion
and anti-T. gondii activity induced by CD40 stimulation. Control
or CD40-stimulated hmCD40-RAW 264.7 cells were transiently
transfected with plasmids that encode Rab7 WT or the dominant-
negative mutant Rab7(T22N). While cells transfected with Rab7
WT exhibited vacuole/lysosomal fusion, as assessed by colocaliza-
tion of cathepsin D around PVs, transfection with Rab7(T22N)
inhibited fusion (81.7% + 5% inhibition; P = 0.002) (Figure 7E).
Moreover, transfection with Rab7(T22N) impaired anti-T.
gondii activity in response to CD40 stimulation (87.2% + 6.0%
inhibition; P < 0.002) but not IFN-y/LPS (Figure 7F). Thus, mul-
tiple genetic and pharmacologic approaches demonstrate that
vacuole/lysosome fusion mediates the antimicrobial activity
induced by CD40 stimulation in macrophages.

CD40 triggers vacuole/lysosome fusion and antimicrobial activ-
ity through autophagy. Our studies indicate that CD40 signaling
reroutes T. gondii-containing vacuoles to the late endosomal/
lysosomal compartment. We hypothesized that vacuole/lyso-
some fusion induced by CD40 is mediated by autophagy, a pro-
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cess that can target organelles and cytoplasmic compartments
to the lysosomes. We began by examining the expression of light
chain 3 (LC3; Atg8), a highly specific marker of autophagosomes
(37). Control and CD40-activated hmCD40-RAW 264.7 cells
were transiently transfected with a plasmid that encodes LC3-
enhanced GFP (LC3-EGFP). While control cells did not reveal
colocalization of LC3 and PVs, CD40-activated hmCD40-RAW
264.7 cells exhibited increased expression of LC3 around these
vacuoles (Figure 8A) (P = 0.001). Kinetic studies revealed that
accumulation of LC3 around PVs preceded recruitment of
LAMP-1 (Figure 8B).

Next, we determined whether autophagy mediates vacuole/lys-
osome fusion and antimicrobial activity induced by CD40. The
autophagy protein Beclin 1 is essential for autophagosome for-
mation (38). Thus, we ascertained whether knockdown of Beclin 1
impairs vacuole/lysosome fusion and antimicrobial activity
induced by CD40. hmCD40-RAW 264.7 cells were transfected
with either control siRNA or Beclin 1 siRNA. Figure 8C shows
that transfection with Beclin 1 siRNA effectively reduced Beclin 1
protein expression. Next, we determined whether knockdown
of Beclin 1 inhibits autophagosome formation. HmCD40-RAW
264.7 cells transfected with control or Beclin 1 siRNA were sub-
sequently transfected with LC3-EGFP. Stimulation of autopha-
gy by starvation resulted in redistribution of LC3 and formation
of large LC3" structures (Figure 8C). In contrast, Beclin 1 siRNA
impaired starvation-induced autophagosome formation. Impor-
tantly, knockdown of Beclin 1 markedly impaired colocalization
of cathepsin D and PVs in CD40-activated hmCD40-RAW 264.7
cells (82.9% + 6.3% inhibition; P = 0.007) (Figure 8D). Knock-
down of Beclin 1 also inhibited anti-T. gondii activity induced
by CD40 stimulation (90.2% + 2.0% inhibition; P = 0.007) but
not antimicrobial activity triggered by IFN-y/LPS (Figure 8E).
3-Methyladenine (3-MA) is an inhibitor of autophagosome for-
mation (39). 3-MA blocked vacuole/lysosome fusion (76.4% + 1.9%
inhibition; P = 0.002) and antimicrobial activity (82.4% + 5.9%
inhibition; P = 0.002) of CD40-activated primary human macro-
phages (Figure 8, F and G). Taken together, CD40 stimulation of
macrophages triggers autophagy-dependent fusion between T.
gondii-containing vacuoles and lysosomes, resulting in antimi-
crobial activity. To further confirm that autophagy can control
the growth of T. gondii, macrophages were treated with rapamycin,
an inducer of autophagy (40). RAW 264.7 cells transfected with
LC3-EGFP and subsequently treated with rapamycin revealed
colocalization of LC3 around PVs (Supplemental Figure 3A).
Rapamycin treatment induced macrophage anti-T. gondii activ-
ity in RAW 264.7 cells that was blocked by transfection with
Beclin 1 siRNA (88.4% + 6.5% inhibition; P < 0.0001) (Supple-
mental Figure 3B). In addition, rapamycin induced anti-T. gondii
activity in primary mouse macrophages that was significantly
inhibited by treatment with 3-MA (79.5% # 7.5% inhibition;
P =0.003) (Supplemental Figure 3C). Thus, autophagy leads to
anti-T. gondii activity in macrophages.

Discussion

Understanding the regulation of effector mechanisms of patho-
gen elimination is pivotal for devising approaches to enhance host
protection. A crucial question is whether CMI can alter the fate
of an intracellular pathogen by inducing convergence between
pathogen-containing vacuoles and lysosomes. We report 3 impor-
tant findings that we believe represent a significant advance in
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this area of research: (a) CMI can trigger killing of a pathogen
within macrophages by inducing vacuole/lysosome fusion, and
it does so through ligation of CD40, a molecule central to in vivo
resistance against numerous pathogens; (b) Autophagy can be uti-
lized by CMI as a mechanism of pathogen killing, a process that is
controlled by CD40 engagement; (c) CD40 stimulation of macro-
phages changes the nonfusogenic nature of T. gondii-containing
PVs, resulting in convergence with the late endosomal/lysosomal
compartments. These findings provide new insight into funda-
mental aspects of host-pathogen interaction and mechanisms of
host protection and uncover a mechanism by which CMI can alter
the fate of an intracellular pathogen.

CD40-activated macrophages exhibit colocalization of Rab7,
MG6PR, LAMP-1, LAMP-2, CD63, and cathepsin D around PVs
together with overlap between these vacuoles and LysoTracker
Red; these findings are compatible with CD40-induced vacu-
ole/lysosome fusion (5). Importantly, using multiple genetic and
pharmacologic approaches, we demonstrate that vacuole/lyso-
some fusion mediates the microbicidal activity induced by CD40
in macrophages. Thus, CD40 is a novel regulator of vacuole/lyso-
some fusion in macrophages and triggers macrophage microbici-
dal activity through this mechanism.

The fate of T. gondii has been considered to be determined at
the time of invasion (5, 6). PVs were deemed to remain nonfu-
sogenic once they are formed (5, 6). By detecting dense granule
secretion into the lumen of the vacuole — a key process during
the formation of PV — we determined that CD40 stimulation
resulted in fusogenicity of PVs. Moreover, engagement of CD40
by activated (CD154%) CD4* T cells or anti-CD40 mAbs hours
after formation of PVs resulted in vacuole/lysosome fusion.
Thus, CMI can alter a key aspect of T. gondii-host cell interac-
tion. T. gondii is an example of a pathogen that cannot survive
within the lysosomal compartment. Hence, rerouting of the
parasite to this site results in pathogen elimination.

We hypothesized that a switch in the fusogenic potential of
PVs may be mediated by convergence of these vacuoles with the
autophagic pathway since the latter process can direct to the lyso-
somal compartment organelles and cytosol that would otherwise
not be targeted to lysosomes. Indeed, the autophagy marker LC3
colocalized with PVs in CD40-activated macrophages. Dissocia-
tion of LC3 from the autophagosome after its formation and enzy-
matic degradation of LC3 (41) likely explain why the percentage
of PVs with detectable LC3 colocalization was lower than that
of those that colocalized with late endosomal/lysosomal mark-
ers. Knockdown of Beclin 1 and treatment with 3-MA further
implicated autophagy as a mechanism to overcome the fusion
incompetence of PV. Lastly, bafilomycin A and LY294002, drugs
known to inhibit degradation of contents within autolysosomes
and autophagosome formation, respectively (42, 43), also inhibit
vacuole/lysosome fusion. Taken together, our studies reveal that
CD40 is a novel regulator of autophagy and utilizes this process
to mediate killing of an intracellular pathogen in macrophages.
These findings are important because, while studies thus far have
reported that autophagy can result in pathogen degradation and
it has been proposed that a rapid induction of autophagy may lead
to control of Legionella pneumophila (44), it was unclear whether
CMI restrains pathogens through induction of autophagy.

Multiple late endosomal/lysosomal markers colocalized with
PV in CD40-activated macrophages. In contrast, we could not
detect recruitment of early endosomal markers. These findings
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may be explained by convergence of autophagosomes with the
endocytic pathway after the early endosome stage (45). Our
studies on Rab7 and PIK3C3 are also relevant to the biology of
autophagy. Rab7 and PIK3C3 not only control transport toward
the lysosome in classical phagolysosome fusion (31, 46), but they
are also central for autophagy. PIK3C3 is key for autophagosome
formation (47, 48) while Rab?7 is recruited to autophagosomes
and controls their maturation, probably by regulating fusion
with lysosomes (49, 50). Thus, the studies on manipulation of
Rab7 and PIK3C3 not only reveal that vacuole/lysosome fusion
mediates the antimicrobial activity induced by CD40, but they
also indicate that these key players in autophagy were essential
for vacuole/lysosome fusion induced by CD40.

Lysosomal hydrolytic enzymes, including cathepsins, are central
for degradation of intracellular material. Our studies reveal that
CD40 stimulation induces colocalization of cathepsin D with
PVs. Moreover, studies using proteinase inhibitors indicate that
pathogen eradication is dependent on the activity of these hydro-
lytic enzymes. Thus, in addition to delivering lysosomal enzymes
to the vacuole, these findings suggest that CD40 stimulation also
promotes activation of cathepsins and change of intravacuolar pH
to that optimal for the function of these enzymes. These effects
are in keeping with the central role of lysosomes in autophagy, in
which autophagosomes acquire hydrolytic enzymes through con-
vergence with the lysosomal compartment followed by digestion
of the sequestered material.

While molecules involved in host protection have been well
described, the mechanisms by which they lead to killing of
a pathogen like T. gondii have remained elusive. In a model of
mycobacterial infection, it was proposed that IFN-y induces
microbicidal activity by triggering phagosome maturation
through autophagy (17). Our studies as well as those of others
(11) revealed no evidence that IFN-y triggers anti-T. gondii activ-
ity by inducing autophagy and vacuole/lysosome fusion. It was
recently reported that IFN-y induces toxoplasmacidal activity
in mouse astrocytes by inducing disruption of PVs through a
mechanism that requires the p47 GTPase IIGP1 (11). The fact
that humans have only a single full-length p47GTPase that lacks
IFN response elements and a truncated presumed pseudogene
(51) would argue for the existence of other mechanisms of patho-
gen eradication. Indeed, not only is the toxoplasmacidal activ-
ity induced by CD40 independent of p47 GTPases (24), but this
effector response as well as vacuole/lysosome fusion take place in
both human and mouse macrophages.

The immune response against intracellular pathogens is multi-
faceted. While IFN-y is central for resistance against these organ-
isms, many lines of evidence indicate that there are additional
mechanisms of host protection. In the case of T. gondii, patients
with autosomal dominant mutation in IFN-y receptor 1 (IFN-yR1)
control T. gondii infection (52) despite the fact that this mutation
removes the intracellular binding site for STAT1, a signaling mole-
cule essential for control of T. gondii in mice (53). In addition, mice
that lack T cells, CD154, or TNF-a die of toxoplasmosis despite
elevated in vivo levels of IFN-y (18, 54, 55). The CD40/CD154
pathway controls IFN-y-independent mechanisms of resistance.
Not only does CD40 stimulation in vitro induce a strong toxoplas-
macidal activity in CD40" macrophages, but CD40 ligation in vivo
induces killing of T. gondii by macrophages and reduces parasite
load independently of IFN-y and STAT1, a signaling molecule that
controls RNI production and p47 GTPase activation (24).
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In summary, our studies indicate that fundamental aspects of
host-pathogen interaction can be modified by CD40 signaling.
This work identifies CD40 as a pathway by which CMI alters
the fate of an intracellular pathogen by controlling vacuole/
lysosome fusion through autophagy. Thus, autophagy can act
as a mechanism of pathogen eradication triggered by adaptive
immunity. The fact that numerous pathogens survive by avoid-
ing targeting to lysosomes raises the possibility that modulation
of CD40 signaling and autophagy may be used as a therapeutic
approach to eradicating pathogens.

Methods

Macrophages. Human monocyte-derived macrophages, mouse resi-
dent peritoneal macrophages, mouse bone marrow macrophages from
either healthy volunteers or C57BL/6, BALB/c, or TNF-0/- mice, and
hmCD40-RAW 264.7 cells were obtained as described (23, 25, 29). Mac-
rophages were incubated with either a stimulatory anti-mouse CD40
mADb or hCD154 (gift from W. Fanslow, Amgen, Thousand Oaks, Cali-
fornia, USA) for 24 and 48 hours prior to infection with T. gondii, respec-
tively (29). CD40 engagement took place after infection in experiments
that used CPSII KO T. gondii. In certain experiments, mouse macro-
phages were cultured with resting or activated CD4* T cells. These cells
were obtained from uninfected BALB/c mice or IFN-y7- mice (BALB/c
background) by incubation of spleen cells with anti-CD4-coated mag-
netic beads followed by culture with or without immobilized anti-CD3
plus anti-CD28 monoclonal antibodies. After 24 hours of incubation,
CD4* T cells were added to macrophages 1 hour after infection with T.
gondii. Animal studies were approved by the Institutional Animal Care
and Use Committee of the University of Cincinnati.

Transgenic parasites. T. gondii RH parasites were maintained in human fore-
skin fibroblasts following standard procedures (56). Parasites expressing
cytoplasmic YFP have been described (57, 58). Parasites expressing cyto-
plasmic DsRed (RFP) were generated by transfection with ptubP30RFP/
sagCAT plasmid, kindly provided by F. Dzierszinski (University of Penn-
sylvania, Philadelphia, Pennsylvania, USA) (58). Transgenic CPSII KO T.
gondii that express cytoplasmic YFP (28, 58) were a kind gift from D. Roos
(University of Pennsylvania, Philadelphia, Pennsylvania, USA). Parasites
expressing secreted DsRed (secRFP) were transfected with plasmid ptub-
P30RFP/sagCAT (59). All parasite lines were selected for stable expression
of the transgene under drug selection and cloned by limiting dilution.

T. gondii infection. Macrophages were challenged for 5 to 10 minutes
with transgenic T. gondii that express cytoplasmic YFP, cytoplasmic RFP,
or secRFP or with transgenic CPSII KO T. gondii that express cytoplas-
mic YFP. Monolayers were washed to remove extracellular parasites and
used for immunofluorescence analysis. Monolayers were also infected
with nonfluorescent RH T. gondii and examined by light microscopy (23).
Changes in the percentage of infected cells were not due to differences in
cell detachment during processing of samples (23). In addition, cell densi-
ties as determined with an eyepiece grid were similar in all experimental
groups (23). In certain experiments, monolayers were treated with: Bafilo-
mycin Al (25 nM; Sigma-Aldrich) beginning 1 hour prior to infection.
LY294002 (20 nM; Sigma-Aldrich), pepstatin (50 uM; Sigma-Aldrich),
leupeptin (2 mg/ml; Calbiochem; EMD Biosciences), or 3-MA (10 mM;
Sigma-Aldrich) were added to monolayers 1 hour after infection. Rapa-
mycin (1 uM; Calbiochem; EMD Biosciences) was added to macrophages
2 hours after infection with T. gondii. Effects of experimental conditions
were confirmed when blinded samples were scored.

Transfections. HmCD40-RAW 264.7 cells preincubated with or without
hCD154 for 24 hours were transiently transfected with plasmids encod-
ing EGFP-Rab7 WT, EGFP-Rab7(T22N) (gift from C. Roy, Yale University,
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New Haven, Connecticut, USA), or LC3-EGFP (gift from T. Yoshimori,
National Institute for Basic Biology, Okazaki, Japan) using an Amaxa
Nucleofector. Cells were cultured with or without hCD154 for an addi-
tional 18 hours prior to infection with T. gondii.

Knockdown of Beclin 1 was performed by transfecting hmCD40-RAW
264.7 cells with either control or a previously described Beclin 1 siRNA
(60) (Dharmacon), using an Amaxa Nucleofector. Knockdown of PIK3C3
was performed using phosphorothioate-modified ODN (Integrated DNA
Technologies). The antisense ODN had the following sequence: 5'-CCA-
CAGGCCCTTCAAATG -3'. hmCD40-RAW 264.7 cells were incubated with
either sense or antisense ODN (25 uM) in the presence of Lipofectamine
2000 (Invitrogen). Cells were subsequently incubated for 48 hours in medi-
um with or without hCD154, then infected with T. gondii.

Immunofluorescence and confocal microscopy. Macrophages were fixed
with 4% paraformaldehyde. Cells were permeabilized either with 0.1%
Triton X-100 in PBS or ice-cold methanol followed by incubation in
blocking buffer. Macrophages challenged with T. gondii secRFP were
fixed and permeabilized with methanol without prior exposure to
paraformaldehyde. Monolayers were incubated with the following anti-
bodies overnight at 4°C: mouse anti-human LAMP-1, rat anti-mouse
LAMP-1, rat anti-mouse LAMP-2 (all from Developmental Studies
Hybridoma Bank), mouse anti-human CD63, anti-human cathepsin D
(both from Chemicon International), goat anti-mouse Cathepsin D
(R&D Systems), chicken anti-mouse M6PR (Chemicon International),
mouse anti-Rab$5 and anti-EEA1 (both from BD Biosciences), goat anti-
Rab7 (Santa Cruz Biotechnology Inc.). Monolayers were washed with PBS
plus 1% BSA, then incubated for 1 hour at room temperature with Alexa
568-, Texas red-, Cy2-, or Cy5-conjugated secondary antibodies (Alexa
568, Invitrogen; Texas red, Cy2, and Cy35, Jackson ImmunoResearch
Laboratories Inc.). Antibodies did not cross-react with opsonized or
nonopsonized T. gondii. Slides were mounted using Fluormount G
(SouthernBiotech). Specificity of staining was determined by incubating
monolayers with control primary antibody plus secondary antibody or
with secondary antibody alone. Monolayers were analyzed using a LSM
510 laser scanning confocal microscope (Zeiss) or a Zeiss Axioplan epi-
fluorescence microscope equipped with an ORCA-ER camera (Opelco).
For LysoTracker colocalization studies, macrophages were preloaded
with LysoTracker Red DND-99 (1:20,000; Invitrogen) for 2 hours prior
to infection. LysoTracker Red was re-added after removal of T. gondii.
Colocalization with endosomal/lysosomal markers was deemed to have
taken place if there was a continuous accumulation of staining around
the vacuole (ring) (5) or if staining was distributed within PVs covering
the parasite (LysoTracker Red). Macrophages that phagocytosed opso-
nized T. gondii were used as positive controls. To this end, tachyzoites
were incubated with either dye-test positive (1:30,000) human serum or
anti-SAG1 monoclonal antibody (DGS2; gift from J. Boothroyd, Stan-
ford University, Stanford, California, USA) before addition to human or
mouse macrophages, respectively. Heat-killed tachyzoites (10 minutes
incubation at 56°C) were also used as controls. Effects of experimental
conditions were confirmed when “blinded” samples were scored.

To detect membrane CD40, monolayers were incubated with blocking
buffer, then with biotinylated anti-CD40 monoclonal antibody (eBiosci-
ence) or hamster IgM for 30 minutes at 4°C (23). After washing with
blocking buffer, monolayers were incubated with streptavidin-Alexa 647
(Invitrogen) for 30 minutes on ice. Slides were washed, fixed with 4%
paraformaldehyde, and processed for staining of endosomal/lysosomal
markers as described above.

To determine the percentages of cell-associated tachyzoites that were
intracellular, monolayers of macrophages infected with T. gondii-YFP
were fixed with paraformaldehyde, then incubated with an anti-SAG1
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antibody without prior permeabilization. Monolayers were stained with
Alexa 568-conjugated secondary antibody. Intracellular tachyzoites dis-
played only green fluorescence while extracellular ones exhibited both
green and red fluorescence.

Immunoblot. hmCD40-RAW 264.7 cells transfected with sense or anti-
sense PIK3C3 ODN or with control or Beclin 1 siRNA were lysed 48
hours and 96 hours after transfection, respectively, and proteins were
resolved on 10% SDS-PAGE. Antibodies used were directed against
hVps34 (Zymed; Invitrogen), Beclin 1 (BD Biosciences), or actin (Santa
Cruz Biotechnology Inc.).

Statistics. Statistical significance was assessed by 2-tailed Student’s ¢ test
and ANOVA. Values less than 0.05 were considered statistically significant.
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