FUNGAL AND PARASITIC INFECTIONS

A waan | INfection and

SOCIETY FOR G
microsiotocy | [MMUN Ity o.)
Check for
updates

Ascorbate-Dependent Peroxidase (APX) from Leishmania
amazonensis Is a Reactive Oxygen Species-Induced Essential
Enzyme That Regulates Virulence

Lucia Xiang,>® Maria Fernanda Laranjeira-Silva,>< Fernando Y. Maeda,? Jason Hauzel,> Norma W. Andrews,2
Bidyottam Mittra?®

2Department of Cell Biology and Molecular Genetics, University of Maryland, College Park, Maryland, USA
bAntibody Discovery and Protein Engineering, AstraZeneca, Gaithersburg, Maryland, USA
<Department of Physiology, Institute of Biosciences, University of Sao Paulo, Sao Paulo, SP, Brazil

ABSTRACT The molecular mechanisms underlying biological differences between
two Leishmania species that cause cutaneous disease, L. major and L. amazonensis,
are poorly understood. In L. amazonensis, reactive oxygen species (ROS) signaling
drives differentiation of nonvirulent promastigotes into forms capable of infecting
host macrophages. Tight spatial and temporal regulation of H,0, is key to this sig-
naling mechanism, suggesting a role for ascorbate-dependent peroxidase (APX),
which degrades mitochondrial H,O,. Earlier studies showed that APX-null L. major
parasites are viable, accumulate higher levels of H,0,, generate a greater yield of in-
fective metacyclic promastigotes, and have increased virulence. In contrast, we
found that in L. amazonensis, the ROS-inducible APX is essential for survival of all life
cycle stages. APX-null promastigotes could not be generated, and parasites carry-
ing a single APX allele were impaired in their ability to infect macrophages and
induce cutaneous lesions in mice. Similar to what was reported for L. major, APX
depletion in L. amazonensis enhanced differentiation of metacyclic promastigotes
and amastigotes, but the parasites failed to replicate after infecting macro-
phages. APX expression restored APX single-knockout infectivity, while expres-
sion of catalytically inactive APX drastically reduced virulence. APX overexpres-
sion in wild-type promastigotes reduced metacyclogenesis, but enhanced
intracellular survival following macrophage infection or inoculation into mice.
Collectively, our data support a role for APX-regulated mitochondrial H,O, in
promoting differentiation of virulent forms in both L. major and L. amazonensis.
Our results also uncover a unique requirement for APX-mediated control of ROS
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lysosome-like parasitophorous vacuoles (PVs) of macrophages, but L. major amastigotes
reside in individual PVs, while L. amazonensis amastigotes replicate in large communal
PVs (2, 3). In addition, there is evidence that L. amazonensis is more resistant to
macrophage microbicidal mechanisms compared to L. major, a property that may be
related to the ability of L. amazonensis to cause more severe mucocutaneous skin
lesions (3-6).

In spite of this variation in biological properties and disease symptoms, all Leish-
mania species that are pathogenic to vertebrates have life cycles alternating between
insect and vertebrate hosts, with transmission occurring via sand fly (such as Lutzomyia
sp. and Phlebotomus sp.) bites (7). Marked changes in metabolism and morphology
occur upon differentiation of procyclic into metacyclic promastigotes in insect vector
and of metacyclic promastigotes into intracellular amastigotes inside mammalian
macrophages. These differentiation processes involve genome-wide changes in gene
expression orchestrated at the posttranscriptional and posttranslational levels, enabling
the parasites to rapidly adapt to environmental changes between host and vectors
(8-13). The signaling cascades that bring about differentiation have not been com-
pletely elucidated, but recent studies implicate H,O,-mediated signaling in the devel-
opment of Leishmania virulence (14-16).

An important role for H,0, as a regulator of cellular redox sensing, signaling, and
cell fate has emerged over the last decade. Initially considered mostly as a source of the
extremely toxic hydroxyl ions (OH-~) and perinitrite through the Fenton reaction (17,
18), H,0, is now recognized as a membrane-diffusible second messenger that can
initiate changes in cell proliferation and differentiation by modulating the activity of
redox-sensitive proteins (19-21). This extensive class of “redox switch” proteins includes
phosphatases, kinases, and transcription factors that contain redox-sensitive metal
centers or cysteine residues, and they are thus able to alter their oxidative state in
response to H,0,. Thereby, subtle changes in local concentrations of H,0, can directly
modulate the activity of target proteins, which propagate signaling cascades through
posttranslational modifications or directly influence gene expression (22). While mod-
erate, transient or spatially localized changes in H,0, concentration play important
physiological roles, large-scale, sustained or widely distributed H,O, increases can have
serious deleterious effects (19). Hence, maintenance of tightly controlled, steady-state
H,0, levels is critical for the normal physiological functioning of eukaryotic cells.

Increasing evidence supports a specific role for mitochondria-generated reactive
oxygen species (MROS) in determining cell fate (23-25). This is particularly well dem-
onstrated in vertebrate stem cells, whose characteristic self-renewing capacity is pre-
served at low mROS levels, but readily lost when mROS elevations inhibit their ability
to proliferate and commit to differentiation (26). Mitochondrion-generated H,O, pro-
motes differentiation of a wide range of specialized cells, including mammalian muscle
fibers and Arabidopsis root hair cells (27-29). It also plays a critical role in cell fate
determination in cancer cells and in tumor development (30). H,O, is generated in
mitochondria or the cytosol as part of ROS cascades that start with the generation of
superoxide ion (O,™) through mitochondrial electron transport chain (mETC) com-
plexes or plasma membrane-associated NAD(P)H oxidases (NOXs). Superoxide is rapidly
converted to H,0, by superoxide dismutase (SOD) enzymes present in mitochondria or
the cytosol. H,0, is more stable than superoxide and is membrane diffusible, properties
that make it suitable for propagating signals across organelles. Intracellular steady-state
H,0, levels are tightly controlled by the coordinated action of antioxidant enzymes
such as catalase, peroxidases and peroxiredoxins, and even subtle changes in H,0,
levels are known to be sufficient to trigger cellular responses (31).

The H,0,-mediated signaling cascade promoting virulence development in L. ama-
zonensis was proposed to start with increased generation of O,~, either through
elevated mETC activity under stress conditions (such as low pH or high temperature) or
via electron leakage from iron-sulfur (Fe-S) clusters in mETC complexes during iron
deprivation (15, 16). Superoxide then gets converted into H,0, by the mitochondrial
iron-dependent superoxide dismutase (SODA) (15). Studies involving genetic and
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chemical approaches showed that H,0, can promote development of infective Leish-
mania forms by stimulating two axenic differentiation processes: (i) generation of
infective metacyclic promastigotes from noninfective promastigotes and (ii) differenti-
ation of avirulent promastigotes into virulent amastigotes (15, 16). The tight control of
steady-state H,0, levels, thought to be essential for these differentiation processes, is
likely to be achieved through regulation of H,0, generation by iron-dependent mETC
and SODA, in conjunction with H,0,-degrading enzymes that prevent toxic build-up.
Of the three peroxide degrading mechanisms identified in Leishmania (32), previous
work suggests that heme-containing ascorbate peroxidase (APX), a mitochondrial
enzyme that catalyzes H,0,-dependent ascorbate oxidation through peroxidative one-
electron transfers (33), is an important regulator of peroxide-induced differentiation in
these parasites. Promastigotes from an APX-null mutant line of L. major showed
elevated intracellular H,0, levels and increased differentiation into metacyclic promas-
tigotes compared to the wild type (WT), which resulted in hypervirulence in macro-
phage and mouse infections (34).

A role for H,0,-mediated oxidative stress in promoting differentiation and virulence
in L. major was suggested (34, 35) but not directly demonstrated, as previously done for
L. amazonensis (14-16). In this study, we used genetic and biochemical manipulations
to directly investigate APX function in L. amazonensis promastigotes. Unlike L. major, L.
amazonensis promastigotes can be efficiently induced to differentiate axenically into
infective amastigotes by simple changes in growth conditions (from pH 7.4 and 26°C to
pH 4.5 and 32°C). Surprisingly, we found that APX plays a dual role in L. amazonensis:
while regulating H,0,-dependent differentiation of virulent forms, it is also essential for
the survival of all life cycle stages and for amastigote intracellular replication.

RESULTS

APX is a mitochondrial protein whose expression is induced by increasing ROS
concentrations. Our previous studies suggested a role for mitochondrial APX in the
axenic differentiation of L. amazonensis from insect promastigotes into virulent amas-
tigotes (15). In that study, utilizing a low-pH, high-temperature protocol (36) to induce
>98% of the promastigotes to differentiate into amastigotes in 48 h, we observed
steady upregulation of both APX and superoxide dismutase (SOD) activity in
mitochondrion-enriched subcellular fractions. Less APX activity was detected in mito-
chondria of parasites incapable of upregulating mitochondrial SODA, suggesting that
APX expression might be dependent on mitochondrial H,O, production (15).

Immunofluorescence with polyclonal antibodies raised against purified recombinant
L. amazonensis APX revealed a punctate pattern within promastigotes. The APX puncta
partially colocalized with the mitochondria-specific dye MitoTracker Red (Fig. 1A), in
agreement with our previous detection of the APX protein in mitochondrial subcellular
fractions (15).

To test whether APX expression was regulated by H,O,, we exposed wild-type L.
amazonensis promastigotes to increasing concentrations of H,O, or menadione, a
mitochondrial superoxide generator. Dose-dependent increases in APX protein levels
were observed following both treatments, with 5- to 6-fold increases observed after
treatment with 2 and 4 uM menadione and a 1.7-fold increase at 100 uM H,0O,,
respectively (Fig. 1B). The different upregulation levels are most likely due to variations
in steady-state H,O, concentrations inside mitochondria following the treatments.
While menadione treatment directly induces H,O, generation inside mitochondria by
acting on the ETC, H,0, added extracellularly has to traverse several membranes in
order to enter the organelle.

APX is essential for L. amazonensis survival. To determine the mechanistic role of
APX in regulating L. amazonensis differentiation, we applied a genetic approach to
generate APX-null L. amazonensis lines. Since L. amazonensis APX is encoded by a
single-copy gene, we decided to replace both alleles sequentially with gene cassettes
containing hygromycin (HYG) or phleomycin (PHLEO) resistance genes, flanked by APX
5" and 3’ untranslated regions (UTRs) to aid homologous recombination (see Fig. STA

December 2019 Volume 87 Issue 12 e00193-19

Infection and Immunity

iai.asm.org 3


https://iai.asm.org

Xiang et al.

B H202 menadione
uM 0 20 50 100 KD 0 05 1 2 4
Tubulin -———so“ s S — c— —

APX __—-25_‘——————

F O & o S P DI
S P R i
F IS FFFEE S

FIG 1 L. amazonensis APX is a mitochondrial protein upregulated by ROS. (A) APX localizes to mito-
chondria. Immunolocalization of APX in L. amazonensis promastigotes was performed using antibodies
against APX (a [green]). Nucleus and kinetoplast DNA was stained with DAPI (b [blue]), and mitochondria
were stained with MitoTracker Red (c [red]). Merging the two images (d [merge]) confirmed the
mitochondrial localization of APX (Pearson’s correlation coefficients were 0.826, 0.773, 0.49, and 0.641 in
cells 1 to 4). Bar = 4 um. The extent of overlap between APX staining (green) and mitochondrial staining
(red) was determined for individual cells. (B) APX expression is induced by ROS exposure. Log-phase L.
amazonensis promastigotes (2 X 107/ml) were treated for 8 h with increasing concentrations of H,0, or
menadione, as indicated. Western blots of whole-cell lysates (10 g protein/lane) were used to compare
the amounts of APX protein in different ROS-treated samples. Tubulin expression was used as a loading
control. The ratio of APX relative to tubulin in each sample is indicated below each lane and values
represent the mean * SD of three independent experiments.

and B in the supplemental material). The first round of transfection efficiently replaced
one APX allele and generated the heterozygote (APX/AAPX) line. Both wild-type and
transgenic promastigotes with a single APX allele showed a progressive increase in APX
expression as they matured in culture, with the highest level of APX expression
observed in stationary-phase promastigotes (see Fig. S2A in the supplemental material),
and also in axenically grown amastigotes (Fig. S2C). However, in all growth phases the
APX protein content in APX/AAPX cells was ~50% lower than that of wild-type cells (Fig.
S2B). Our repeated attempts to generate APX-null mutants resulted in failure. Even
though we were able to select clones resistant to the second drug marker, PCR and
Western blot analyses demonstrated the presence of residual APX (Fig. S1). This
phenomenon of maintenance of essential genes extrachromosomally is not uncommon
in Leishmania and was shown for the mitochondrial iron transporter gene LMIT1 (16)
and mitochondrial superoxide dismutase gene SODA (15). Similar observations were
reported for Leishmania chagasi gamma-glutamylcysteine synthetase encoded by the
GSHT gene (37).

Consistent with their 50% lower APX protein content, the APX/AAPX single-knockout
parasites showed significantly higher sensitivity to H,0, (50% inhibitory concentration
[ICso]l = 38x23uM) in viability tests compared to the wild type (IC5, =
62.75 = 5.4 uM) or an overexpression line (APX/APX +APX-HA) episomally expressing
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additional APX fused to a C-terminal hemagglutinin (HA) tag (ICs, = 68.39 = 5.16 uM)
(Fig. 2A and B). A small but statistically significant increase in intracellular ROS levels
was detected in APX/AAPX single-knockout promastigotes compared to wild-type
promastigotes in stationary-phase culture. No significant change in fluorescence levels
of CM-H,DCFDA (a chloromethyl derivative of 2',7'-dichlorodihydrofluorescein diace-
tate) was observed for the other cell lines, collected from either mid-log or stationary
phases of culture (Fig. 2C). No significant upregulation in other antioxidant genes with
possible roles inside mitochondria, such as the peroxidoxin tryparedoxin reductase
(PXN) and non-selenium glutathione peroxidase (ns-GPX) genes, was observed in
APX/AAPX cells (see Fig. S3 in the supplemental material). Small but statistically
significant increases in tryparedoxin peroxidase (TRYP5) transcript levels were detected
in both APX/AAPX and APX/APX+APX-HA cells (Fig. S3).

To confirm that APX is an essential gene in L. amazonensis and to verify that our
inability to generate L. amazonensis null mutants was not due to technical issues, we
attempted to replace the second APX allele in single-knockout cells episomally express-
ing HA-tagged APX under nourseothricin (SAT) selection. To replace the second APX
allele via homologous recombination, complemented single-knockout (APX/APX+APX-
HA) cells were subjected to a second round of transfection with the APX-KO-PHLEO
construct. Interestingly, under these conditions replacement of the second APX allele
with the drug marker cassette was accomplished in 8 out of 10 clones (AAPX/
AAPX+APX-HA) tested. Western blot analysis of whole-cell lysates demonstrated com-
plete absence of native APX in AAPX/AAPX+APX-HA cells, which now exclusively
expressed HA-tagged APX. APX-HA expression levels in these cells were >3-fold higher
than endogenous APX detected in WT cells. Interestingly, two distinct isoforms of the
C-terminus HA-tagged APX protein were detected, suggesting posttranslational pro-
cessing (Fig. 2D).

In the absence of selection pressure, episomes expressing drug resistance proteins
are usually lost during several rounds of Leishmania replication (38, 39). To examine the
extent of episome retention following SAT withdrawal, we performed Western blot
analysis on lysates of APX-HA-overexpressing cells in both wild type (APX/APX +APX-
HA) and double-knockout backgrounds (AAPX/AAPX+APX-HA). As expected, within
4 weeks of drug withdrawal, >95% of episomal APX-HA expression was lost in the
overexpression line of the wild-type background (APX/APX+APX-HA) and only native
APX was detected (Fig. 2E). On the other hand, APX-HA expression in AAPX/
AAPX+APX-HA cells was maintained at constant high levels even after 10 weeks of SAT
withdrawal, suggesting that episomal retention was determined by the essentiality of
APX and not by the drug selection pressure. Thus, unlike what was previously reported
for L. major (34), APX is an essential gene in L. amazonensis.

We found that APX expression is cell cycle dependent and increases over time, with
the highest levels of expression occurring during the stationary phase of promastigote
growth (Fig. S2A and B). Also, APX expression was higher in amastigotes than in
promastigotes (Fig. S2C). This observation is in agreement with the increased resistance
to ROS observed in stationary-growth promastigotes and in amastigote stages, as the
parasites adapt to elevated ROS levels in their environment and develop virulence
(40, 41).

Our inability to generate APX-null lines prompted us to utilize the APX single-
knockout L. amazonensis line to investigate the role of APX in regulating virulence
development. Comparison of growth rates showed a slight but statistically significant
delay in the growth rate of APX single-allele-knockout (APX/AAPX) promastigote cul-
tures, which was restored to wild-type levels by episomal expression of APX-HA in the
complemented line (APX/AAPX+APX-HA) (Fig. 3A). The enhanced sensitivity to H,0,
observed in APX/AAPX promastigotes (Fig. 2A) was also restored to wild-type levels in
the complemented line (APX/AAPX-APX-HA) (ICs, = 60 = 4.4 uM) (Fig. 3B). In contrast,
expression in APX/AAPX promastigotes of a mutated APX-HA protein (APX/
AAPX+mutAPX-HA) with substitutions in the conserved amino acids Trp®” and His®8,
which are essential for cleaving the O-O bond of its substrate H,0, (33), failed to restore
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FIG 2 APX is essential for the survival of L. amazonensis promastigotes. (A) Effect of H,0, on the survival
of wild type (WT), APX single-knockout (APX/AAPX) or APX-overexpressing (APX/APX+APX-HA) promas-
tigotes. Parasites were cultured in presence of increasing concentrations of H,0O, for 24 h followed by
microscopic estimation of viable cell numbers after FDA staining. The data are expressed as percentage
of the number of viable cells in cultures without H,O,, represent the mean = SD of triplicate determi-
nations, and are representative of three independent experiments. One-way ANOVA followed by
Dunnett’s post hoc test was performed to compare survival data between cell lines for each H,0,
concentration, using WT intracellular parasite counts as control (*, P = 0.05). (B) Western blot (10 ug
protein/lane) using anti-APX rabbit polyclonal antibodies show relative levels of APX in whole-cell
extracts of WT, APX/APX+APX-HA or APX/AAPX promastigotes from log-phase cultures. Expression of APX
protein with C-terminus HA tags was confirmed in APX/APX+APX-HA cell extracts using anti-HA mono-
clonal antibodies. The arrow indicates the episomally expressed HA-tagged APX protein, the asterisk
indicates a possible APX-processing intermediate. (C) Total intracellular ROS levels in WT, APX/
APX+APX-HA or APX/AAPX promastigotes from mid-log or stationary-phase cultures were measured by
determining H,DCFDA fluorescence levels. The data represent the mean = SD of triplicate determina-
tions of three independent experiments. One-way ANOVA followed by Dunnett's post hoc test was
performed to compare data, using WT as control (*, P < 0.05). (D) Western blot analysis showing APX
levels in whole-cell lysates of wild-type (WT), APX single-knockout (APX/AAPX), APX single-allelic-knockout
complemented (APX/AAPX+APX-HA) or APX double-allelic-knockout cells episomally expressing HA-
tagged APX (AAPX/AAPX+APX-HA). The arrow indicates the episomally expressed HA-tagged APX
protein. (E) Western blot analysis showing APX in whole-cell lysates of overexpression (APX/APX+APX-HA)
and complemented APX double-allelic-knockout (AAPX/AAPX+APX-HA) promastigotes cultured for 4 and
10 weeks, respectively, with (+) or without (—) the selective drug (SAT) in the culture media. Western blot
analysis shows APX levels in whole-cell lysates of APX/APX+APX after 4 weeks of culture and AAPX/
AAPX+APX after 10 weeks of culture. Panels spliced from the same blot for detection with antibodies
against tubulin and APX are marked by thin black lines. The arrows indicate the episomally expressed
HA-tagged APX protein, asterisks indicate an APX-processing intermediate.
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FIG 3 APX depletion results in slower promastigote growth rate and increases sensitivity to H,O,
exposure. (A) Growth curves for wild-type (WT), APX single-knockout (APX/AAPX), APX overexpression
(APX/APX+APX-HA), APX single-knockout complemented (APX/AAPX+APX-HA), or APX single-knockout
cells expressing mutated APX-HA (APX/AAPX+mutAPX-HA) in regular promastigote growth medium were
determined. The data represent the mean = SD of triplicate determinations and are representative of
three independent experiments. A one-way ANOVA with Dunnett’s post hoc test was performed with
7-day WT as control (*, P < 0.05). (B) Effect of H,O, on the survival of wild-type (WT), APX single-knockout
complemented (APX/AAPX+APX-HA) or APX single-knockout cells expressing mutated APX-HA protein
(APX/AAPX+mutAPX-HA). Parasites from the mid-log growth phase were cultured in presence of increas-
ing concentrations of H,0, for 24 h, followed by microscopic estimation of viable cell numbers after FDA
staining. The data are expressed as the percentage of the number of viable cells in control cultures
(without H,0, treatment), represent the mean =+ SD of triplicate determinations, and are representative
of three independent experiments. One-way ANOVA followed by Dunnett’s post hoc test was performed
to compare survival data between cell lines for every H,0, concentration, using WT intracellular parasite
counts as control (*, P < 0.05).

the defects and caused further decline in growth rates (Fig. 3A) and increased sensi-
tivity to H,0, (IC5, = 37 = 1.7 uM) (Fig. 3B). This suggests that the mutated APX-HA
protein in APX/AAPX +mutAPX-HA cells has a dominant-negative effect.

Reduced APX expression promotes generation of metacyclic promastigotes
capable of infecting macrophages, but this is followed by a failure to replicate
intracellularly. Our earlier studies suggested that peroxide signaling is involved in two
consecutive steps of virulence development: first, during maturation of infective me-
tacyclic forms during the stationary promastigote growth phase, and second, during
differentiation into intracellular amastigotes. To assess the role of APX in metacyclo-
genesis we performed selective agglutination of stationary-phase parasite lines ex-
pressing different levels of APX, using the monoclonal antibody m3A.1 (42). This
antibody is specific for an L. amazonensis surface epitope only expressed in log-phase
promastigotes, allowing quantification of the number of metacyclic promastigotes that
do not agglutinate. The APX/AAPX or APX/AAPX +mutAPX-HA transgenic lines express-
ing lower levels of active APX yielded 1.5- to 2-fold higher numbers of metacyclic
promastigotes compared to the wild-type or complemented lines (APX/AAPX +APX-
HA). In contrast, the number of metacyclic promastigotes isolated from stationary
cultures of the APX overexpression line (APX/APX +APX-HA) was significantly reduced
(Fig. 4A). Even though we were not successful in directly quantifying differences in
mitochondrial H,0, concentrations between these parasite lines, our results suggest a
role for mitochondrial H,O, in promoting metacyclogenesis, consistent with the ex-
pected increase in H,0, accumulation in low-APX-expressing cells and the expected
lower levels of H,0, in APX overexpressors.

December 2019 Volume 87 Issue 12 e00193-19

Infection and Immunity

iaiasm.org 7


https://iai.asm.org

Xiang et al.

A B 5 *k
30 * 4007 @ wr metacyclic 1:5 *
* w
[
R ‘ S 350 @ APX/AAPX
% * s B APX/APX+APX-HA
£ 2 + g 3001 @ APX/AAPX+APX-HA
2 € 250{ B APX/AAPX+mut APX-HA
© *
£ 15 8 200
g Ny
o £ 150+
£ 10 g
o 2 100
£5 3
= g 50 4
0 0
\*/‘v\;z*@“ R 3h 24h 48h 72h
+\ & \v
VR v* &
‘\*\ *\V Q‘\‘X
gz

FIG 4 APX depletion promotes metacyclogenesis and increases virulence during early stages of
infection of BMM. (A) Infective metacyclic forms were isolated from stationary (day 7) cultures of wild
type (WT), APX single-knockout (APX/AAPX), APX overexpression (APX/APX+APX-HA), APX single-
knockout complemented (APX/AAPX+APX-HA), or APX single-knockout cells expressing mutated
APX-HA (APX/AAPX+mutAPX-HA), after agglutinating promastigotes with the m3A.1 monoclonal
antibody. The data represent the mean = SD of the percentage of metacyclic promastigotes in
quadruplet determinations and represent data obtained from four independent experiments. One-
way ANOVA followed by Dunnett's post hoc test was performed to compare data, using the
percentage of metacyclic promastigotes in the WT as control (*, P =0.05). (B) The ability of
metacyclic promastigotes purified from wild-type (WT), APX single-knockout (APX/AAPX), APX over-
expression (APX/APX+APX-HA), APX single-knockout complemented (APX/AAPX+APX-HA), or APX
single-knockout cells expressing mutated APX-HA (APX/AAPX+mutAPX-HA) stationary-phase cultures
to infect BMMs were compared. BMMs isolated from C57BL/6 mice were infected with metacyclics
for 3 h (MOl = 1:5) and either fixed immediately (3 h) or further incubated for 24, 48, or 72 h, and
the number of intracellular parasites was determined microscopically. The data represent the
mean * SD of triplicate determinations and are representative of more than five independent
experiments. One-way ANOVA followed by Dunnett’s post hoc test was performed to compare data
at every time point using WT intracellular parasite counts as control (¥, P = 0.05; **, P = 0.005).

Next, we checked the ability of purified metacyclic promastigotes to infect mouse
bone marrow-derived macrophages (BMMs) in culture. Intracellular parasite counts 3 h
after infection were similar between all tested parasite lines (Fig. 4B). As expected, the
numbers of wild-type intracellular parasites started increasing after a 24-h lag period,
during which the infective metacyclic promastigotes differentiate into amastigotes. In
contrast, APX/AAPX parasites did not show the characteristic delay in initiating replica-
tion, showing a significantly increased number of intracellular parasites relative to the
wild type at 24 h after infection. However, quantifications done at later time points
indicated that APX/AAPX parasites were impaired in their ability to sustain intracellular
replication, as no further growth was observed at subsequent time points. APX single
knockouts expressing mutated APX-HA (APX/AAPX+mutAPX-HA) also failed to replicate
inside macrophages, but their growth ability was restored in complemented lines
expressing the functional APX protein (APX/AAPX+APX-HA). In contrast, metacyclic
promastigotes from the APX overexpression line (APX/APX+APX-HA), even though
declining in numbers after 24 h, rebounded strongly to levels comparable to wild type
after 72 h.

APX deficiency drastically inhibits infectivity for mice. To understand how
variations in APX expression affect the ability of L. amazonensis to infect mammalian
hosts, we injected purified L. amazonensis metacyclic promastigotes into the footpads
of C57BL/6 mice and monitored cutaneous lesion development (Fig. 5A). By the eighth
week, large lesions with signs of ulceration were observed in wild-type infections,
which prompted us terminate the experiment in accordance with IACUC guidelines. In
contrast, very little or no lesion development was noted during this period in mice
infected with the APX-deficient APX/AAPX and APX/AAPX+mutAPX-HA lines. Both APX-
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FIG 5 APX depletion drastically reduces the ability of L. amazonensis metacyclics to produce footpad
lesions in mice. (A) C57BL/6 female mice were inoculated with 1 X 106 wild type (WT), APX single-
knockout (APX/AAPX), APX overexpression (APX/APX+APX-HA), APX single-knockout complemented (APX/
AAPX+APX-HA), or APX single-knockout cells expressing mutated APX-HA (APX/AAPX+mutAPX-HA) pu-
rified metacyclic promastigotes in the left hind footpad, and lesion development was measured weekly
for 8 weeks. The data represent the mean =+ SD of 5 mice. One-way ANOVA followed by Dunnett’s post
hoc tests were performed using WT lesion size as control. **, P = 0.005. (B) Graphical representation of
estimated parasite load log,, in footpad tissues, 8 weeks after infection. The numbers shown are relative
to that assessed for APX single-knockout (APX/AAPX) cells (n = 5). One-way ANOVA with Dunnett’s post
hoc test was performed with WT as control. **, P < 0.005; ***, P =< 0.0005. Relative levels of APX protein
was determined in Western blots using 10 ug of whole-cell extracts prepared from all five parasite lines
recovered from tissue lesions. Panels spliced from the same blot for detection with antibodies against
tubulin and APX are marked by boxes.

overexpressing (APX/APX+APX-HA) and complemented (APX/AAPX+APX-HA) lines were
able to induce lesions, which were not statistically distinguishable from the wild type.
The larger variation in lesion size observed within these two groups of infected mice
was probably due to different levels of episomal APX expression.

Parasite load estimation in mouse footpad tissues at 8 weeks after infection showed
significantly lower values for the single-allele APX knockout (APX/AAPX) or the single-
APX allele line expressing mutated APX (APX/AAPX+mutAPX-HA), than what was ob-
served with wild type, overexpressing, or complemented lines (Fig. 5B). Western blot
analysis of whole-cell lysates of parasites recovered from lesions confirmed episomal
APX expression in all transgenic lines, with slightly elevated levels (~1.5-fold higher) of
APX-HA expression observed in the complemented line (APX/AAPX+APX-HA) compared
to the overexpression line (APX/APX+APX-HA) or single-knockout-expressing mutated
APX (APX/AAPX+mutAPX-HA) line (Fig. 5B, top). The reduced expression of episomal
APX-HA observed in the APX/APX+APX-HA and APX/AAPX-mutAPX cells is most likely
due to plasmid loss due to absence of any drug selection in vivo. On the other hand,
the higher APX-HA protein expression observed in the complemented APX/
APX+APX-HA cells may reflect an increased demand for APX activity during intracellular
growth. This in vivo experiment further validates the results of the BMM infection assays
and confirms that APX levels are tightly regulated. These results also suggest that APX
expression above a certain critical level is required for the survival and successful
intracellular replication of L. amazonensis.

APX deficiency promotes promastigote to amastigote differentiation in axenic
culture, but these amastigotes are impaired in their ability to replicate. To assess
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FIG 6 APX depletion facilitates rapid pH/temperature-induced axenic differentiation of promastigotes to
amastigotes, but resulting amastigotes are replication-impaired. Log-phase promastigotes were washed,
resuspended in pH 4.5 at 2 X 105 parasites/ml, and cultured at 32°C. (A) Numbers of FDA-stained viable
wild-type (WT), APX single-knockout (APX/AAPX), APX overexpression (APX/APX+APX-HA), APX single-
knockout complemented (APX/AAPX+APX-HA), or APX single-knockout cells expressing mutated APX-HA
(APX/AAPX+mutAPX-HA) parasites were estimated at indicated times following shift to amastigote
medium. The data represent the mean =+ SD of triplicate determinations and are representative of three
independent experiments. One-way ANOVA with Dunnett’s post hoc tests were performed to determine
significance of growth differences between cell lines at the 120-h time point using WT cell counts as a
control. *, P=0.05. (B) Percentage of viable rounded forms with nondiscernible flagellum in WT,
APX/AAPX, APX/APX+APX-HA, APX/AAPX+APX-HA, or APX/AAPX+mutAPX-HA parasites cultured for 24 h
in amastigote growth conditions. At least 200 FDA-stained parasites were counted in each sample. The
data represent the mean = SD of triplicate determinations and are representative of three independent
experiments. One-way ANOVA with Dunnett’s post hoc tests were performed using the WT percentage
of nonflagellate cell count as a control. *, P = 0.05. (C) Viable amastigotes obtained by temperature/
pH-induced axenic differentiation of WT, APX/AAPX, APX/APX+APX-HA, APX/AAPX+APX-HA, or APX/
AAPX+mutAPX-HA cultures were tested for their ability to infect BMMs. BMMs were infected (MOI of 1:1)
and either fixed immediately (1 h) or after further incubation for 24, 48, or 72 h, and the number of
intracellular parasites was determined microscopically. The data represent the mean = SD of triplicate
determinations and are representative of five independent experiments. One-way ANOVA followed by
Dunnett’s post hoc test performed to compare data at every time point using WT intracellular parasite
counts as control (*, P = 0.05; **, P = 0.005).

how APX ablation affects promastigote to amastigote differentiation and to quantify
the ability of APX-depleted cells to replicate in axenic culture, we transferred log-phase
wild-type or transgenic L. amazonensis promastigotes expressing various levels of APX
from promastigote culture conditions (pH of the medium, 7.4; 26°C) to amastigote
culture conditions (pH of the medium, 4.5; 32°C) (Fig. 6A). While the wild type (WT), APX
overexpression (APX/APX+APX-HA), and complemented APX single-knockout cells
(APX/DAPX+APX-HA) started replicating after 48 h, growth of APX single-knockout
(APX/MAPX) cells or cells expressing mutated APX (APX/AAPX+mutAPX-HA) was signif-
icantly delayed (Fig. 6A).

This low-pH, high-temperature shift efficiently induces wild-type L. amazonensis to
differentiate axenically from promastigotes to amastigotes, with >98% of the flagel-
lated promastigotes losing visible flagella within 48 h and assuming a rounded
amastigote-like morphology (16, 36). Since >98% of the population for all lines tested
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showed absence of a visible flagellar structure at 48 h (data not shown), we quantified
the appearance of nonflagellated/rounded morphology at an earlier time point. At 24
h after the combined pH-temperature shift, ~75% of the APX-deficient line populations
(APX/DAPX and APX/AAPX+mutAPX-HA) became nonflagellated, which was almost 1.5-
and 2-fold higher than the wild-type and APX overexpression (APX/APX+APX-HA) lines,
respectively (Fig. 6B). This suggests that a rapid H,O, accumulation in low-APX-
expressing cells induces promastigote to amastigote differentiation more efficiently, a
conclusion that is further corroborated by the lower number of nonflagellated parasites
observed in the overexpression line (APX/APX+APX-HA) at the same time point.

Parasites with >98% nonflagellated forms, obtained from all five cultures 48 h after
shifting to amastigote growth conditions, were assayed for their ability to infect and
replicate inside BMMs (Fig. 6C). The number of intracellular parasites determined 1 h
after infection showed no significant variation, suggesting that all tested lines were
equally capable of invading BMMs. However, similar to the mouse infection results,
APX/DAPX and APX/AAPX+mutAPX-HA parasites failed to replicate inside macrophages,
as evident from the unchanged intracellular parasite counts between 24 and 72 h.
Wild-type (WT), APX overexpression (APX/APX+APX-HA), and APX complemented (APX/
AAPX+APX-HA) lines, on the other hand, grew normally. Together, our data suggest
that even though H,0, accumulation facilitated by low APX levels promotes promas-
tigote to amastigote differentiation, expression of APX above a certain critical level is
required for the subsequent replication of intracellular amastigotes.

DISCUSSION

In this study, we characterized the role of APX in Leishmania amazonensis. Protection
against oxidative stress by APX overexpression was previously demonstrated in multi-
ple Leishmania strains (43-45), and a role for APX activity in promoting cell differenti-
ation and virulence was reported in L. major (34). However, the L. major studies revealed
that APX function is dispensable for the promastigote stage of that species, as APX-null
mutant promastigotes cultured in vitro showed little or no growth defects. In contrast,
we were only able to generate L. amazonensis APX-null mutants in the presence of an
episome driving APX expression, indicating that APX is an essential gene for the survival
of L. amazonensis promastigotes. This species-specific variation in APX dependence
adds to the evidence that these two cutaneous disease-associated Leishmania species
differ in their mechanisms for development of infectivity and pathogenesis (6). While L.
amazonensis promastigotes can be reproducibly differentiated into amastigotes by
shifting cultures to low-pH/high-temperature conditions or by direct exposure to ROS
(14-16, 36), axenic differentiation of L. major is still extremely challenging.

Previously we showed that H,O0,-mediated signals act in two distinct steps to
promote L. amazonensis infectivity (15). Initially it promotes development of infective
metacyclic promastigotes, and subsequently it also triggers differentiation of promas-
tigotes into amastigotes capable of replicating within PVs of host macrophages. Our
focus in this study was to understand the role of APX in regulating these two important
virulence development steps. To overcome our inability to study APX function in a null
genetic background, we generated multiple recombinant L. amazonensis lines express-
ing different levels of the protein and were able to establish a correlation between
levels of APX expression and the ability of the parasites to differentiate into infective
forms. We were unable to directly quantify mitochondrial H,O, content in these cell
lines, primarily due to the lack of reliable commercially available reagents. Even though
Amplex-Red is highly specific for H,0,, it is poorly permeable for membranes, so is
mainly used to detect extracellular H,0O,. Using the membrane-permeant fluorescent
probe 2’,7’'-dichlorodihydrofluorescein ester, we could show the predicted increase in
total ROS in APX single-knockout lines, but since this probe reacts with multiple ROS
(46), it is not suitable for specifically detecting mitochondrion-generated H,0,.

APX expression varied during different stages of the parasite’s life cycle, with the
highest protein expression observed in the infective forms, metacyclic promastigotes
and axenic amastigotes. While lower APX levels facilitated maturation of metacyclic
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promastigotes and provided an early advantage during macrophage infections, similar
to what was reported for L. major (34), we found that inability to upregulate APX
expression above a critical level negatively impacts the parasite’s ability to survive
intracellularly in host macrophages. Further evidence for such a stringent APX require-
ment in L. amazonensis amastigotes was obtained from pH/temperature shift axenic
differentiation experiments, where promastigotes expressing low levels of APX (the
APX/DAAPX and APX/AAPX +mutAPX-HA cell lines) efficiently differentiated into amasti-
gotes but failed to establish productive infections in BMMs and were unable to cause
lesions when injected into mice. Thus, the lack of virulence observed in APX-deficient
L. amazonensis is in stark contrast with what was reported for L. major, where purified
APX-null metacyclic promastigotes showed increased infectivity for cultured BMMs and
in BALB/c mice (34). The increased overall susceptibility of BALB/c mice to Leishmania
infections (47) does not allow direct comparisons with the lesion sizes we observed in
C57BL/6 mice, but the more than 2-fold larger lesion size produced by L. major APX-null
cells compared to the wild-type or complemented lines after 8 weeks of infection
indicates increased virulence resulting from loss of APX. While findings in L. major
APX-null cells suggested that other antioxidants may partially compensate for elimina-
tion of the peroxide-scavenging gene APX in this species (34), we found that APX is
absolutely required for the survival of all L. amazonensis life cycle stages and for
infection of mammalian hosts. Our results are consistent with earlier observations that
H,0,-mediated signaling promotes L. amazonensis infectivity (14-16) and indicate that
APX-mediated H,O, breakdown is particularly critical for the intracellular stages of L.
amazonensis, highlighting a novel functional role for this antioxidant enzyme in regu-
lating amastigote differentiation and replication.

APX is the only heme-containing peroxidase identified to date in Leishmania. It
shares 36% sequence identity with plant APX and is a unique hybrid of cytochrome ¢
and ascorbate peroxidase-like proteins. The enzyme contains a 22-amino-acid trans-
membrane domain at its N terminus and is extremely sensitive to H,O,-mediated
inactivation, when the availability of ascorbate as an electron donor is limited. Removal
of the N-terminal transmembrane domain enhanced solubility and resistance to H,0,,
suggesting that posttranslational processing might play a role in regulating APX activity
(33). Our observation of two distinct APX isoforms tagged with HA at the C terminus
suggests that N-terminal processing of APX may be involved in regulating enzymatic
activity in L. amazonensis, an interesting possibility to be addressed in future studies.

MATERIALS AND METHODS

Leishmania culture. In vitro cultures of L. amazonensis (IFLA/BR/67/PH8) promastigote forms were
maintained at 26°C in M199 medium (pH 7.4) supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 0.1% hemin (Frontier Scientific; 25 mg/ml in 50% triethanolamine), 10 mM adenine (pH 7.5),
5 mM L-glutamine, and 5% penicillin-streptomycin (36). Axenic differentiation into amastigote forms was
induced mixing promastigote cultures (~2 X 107 to 4 X 107/ml) with equal volumes of acidic amastigote
medium (M199 containing 0.25% glucose, 0.5% Trypticase, and 40 mM sodium succinate, pH 4.5) and
further incubating at 32°C. Differentiated amastigotes were maintained in amastigote medium at 32°C.
Parasite viability was determined by fluorescence microscopy after staining with fluorescein diacetate
(FDA; Sigma-Aldrich) a membrane-permeable molecule that develops green fluorescence after being
cleaved intracellularly in metabolically active cells (48). Viable cells were counted microscopically using
a 40X (0.75) objective in a Nikon Eclipse 200 microscope.

The parasite’s ability to differentiate was quantitated as the percentage of undifferentiated promas-
tigotes with long flagella versus differentiated parasites with short flagella and rounded shape via
phase-contrast microscopy. At least 200 viable cells were scored per sample.

Parasite viability estimation following ROS treatment. Sensitivity to ROS was determined by
seeding promastigotes in log-phase culture (~2 X 107/ml) at 4 X 10°/ml with or without increasing
concentrations of H,0, or menadione. Water and dimethyl sulfoxide (DMSO) were used to dilute H,0,
and menadione, respectively, and were as used as treatment controls. Following 24 h of incubation at
26°C, parasites were stained with FDA and cell viability was quantified with a hemocytometer.

Generation of L. amazonensis recombinant cell lines expressing different APX levels. The L.
amazonensis APX open reading frame (ORF) was targeted for homologous recombination mediated
replacement with constructs containing the hygromycin (HYG) or phleomycin (PHLEO) resistance gene
through homologous recombination as described earlier (16, 49). Upstream and downstream sequences
of the APX ORF were cloned using the following primers that contained sequences for the Sfil restriction
enzyme (underlined): LamAPX 5'Sfil-A:FD (GAGGCCACCTAGGCCGTGGGCGGTGG) and LamAPX 5'Sfil B:RV
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(GAGGCCACGCAGGCTGAACCCGAG) to amplify 5" UTR sequence and LamAPX 3'Sfil-C:FD (GAGGCCTCTG
TGGCCTCTTTGCGTGCC) and LamAPX 3'Sfil-D:RV (GAGGCCTGACTGGCCCTGCGCGATGC) for 3’ UTR. Four-
part ligation was performed using the PCR-amplified 5’ and 3’ flanking sequences, drug resistance
cassettes and the plasmid backbone and positive clones were identified by analyzing Sfil restriction
digests of plasmid DNA samples, and confirmed by sequencing with specific primers as described
previously (49). The APX gene-targeting fragment was released by Pacl digestion, gel purified and used
to transfect L. amazonensis promastigotes by electroporation. Clones with a single APX allele deletion
(APX/AAPX) were selected on agar plates containing hygromycin (100 wg/ml) or neomycin (50 wg/ml)
and analyzed by PCR to verify integration of the drug cassette in the desired location using primers
FD5"APX-INT (TCTCCCCGCCCCTTCTGAC) and RV5'APX-INT (AACGATTGAAGTACGCAAGCACG) for confirm-
ing 5’ end integration and FD3'APX-INT (AACAGAGCGACACTGCGGGC) and RV3’APX-INT (CTTTCAAGGC
TTCCCGAACGCACA) for 3’ end integration.

The rescue plasmid expressing the APX gene tagged with hemagglutinin (HA) at the C terminus was
generated as described before (16) with amplification carried out in two steps. Initially, the 912-bp APX
ORF was amplified with primers FD-APX HA (AACCCGGGACATATGTTCGGCACCTCG [Smal site underlined])
and RV-APX HA (CTGGGACGTCGTATGGGTAAAGCTTGCTCCCC), which removed the endogenous stop
codon and introduced an in-frame HA tag. The PCR product was reamplified in a second round using the
FD-SODA-HA as forward and RV:HA TAG2 (TTGGATCCTTAAGCGTAGTCTGGGACGTCGTATGG [BamHI site
underlined]) as reverse primers. The final amplified gene product was cloned into the BamHI and Smal
sites of Leishmania expression plasmid pXG-SAT (courtesy of S. Beverley, Washington University) to
generate the plasmid pXG-APX-SAT. APX-HA-expressing Leishmania clones were selected in plates
containing 50 wg/ml nourseothricin (Jena Biosciences) and identified via Western blot.

For episomal expression of catalytically dead APX protein, the critically conserved amino acid
residues Trp®” and His®® were converted to alanines according to the manufacturer’s protocol using the
QuikChange Il site-directed mutagenesis kit (Agilent) and mutation-specific primers Sense:LamAPXmut
(GAGCCGGCCTCGGCCGCTGCTAGGCGAATCAGCGAAGGT) and Antisense:LamAPXmut (ACCTTCGCTGATTC
GCCTAGCAGCGGCCGAGGCCGGCTC) designed using Agilent’s online design tool (https://www.genomics
.agilent.com/primerDesignProgram.jsp). Plasmids were sequenced to confirm intended mutations before
transfection into L. amazonensis.

Expression of recombinant APX protein and generation of antibodies. To produce recombinant
histidine (6 XHis)-tagged APX proteins, the APX-encoding gene was PCR amplified using L. amazonensis
genomic DNA as the template with primers FD:APXexp (CCACACATGTTCGGCACCTCGCGG) and RV:APXexp
(TTCAAAGCTTGCTCCCCGACGCGG). The forward primer contained a Pcil site (underlined) contiguous
with the start codon, and the reverse primer was engineered to include a Hindlll restriction site
(underlined) to remove the endogenous stop codon and allow for contiguous synthesis of a 6 X-His tag.
The amplified PCR product was cloned in the pET28b(+) expression plasmid (Novagen) using Ncol and
Hindlll restriction sites and used to transform Escherichia coli BL21(DE3)(pLysS) (Novagen). The 6 XHis-
tagged APX protein was expressed in soluble form following induction with 0.1 mM IPTG (isopropyl-B-
p-thiogalactopyranoside) (overnight at room temperature in medium supplemented with 2% ethanol)
and purified on a nickel column with His60 Ni Superflow resin (Clontech), according to the manufac-
turer’s protocol. Homogeneity of the purified proteins was confirmed by SDS-PAGE.

Polyclonal antibodies against APX was raised by periodic injection of rabbits with purified protein
samples (Pocono Rabbit Farm and Laboratory). Specificity of the antisera was assessed by Western blot.

Immunolocalization of APX. Localization of APX by immunofluorescence microscopy was per-
formed as described previously (16). To confirm the mitochondrial localization of APX, promastigotes
were first incubated with MitoTracker Red CMXRos (Invitrogen) followed by fixation with 4% parafor-
maldehyde (PFA) and attachment to poly-L-lysine-coated slides (multitest 8-well; MP Biomedicals). After
treatment with 50 mM NH,Cl, the cells were permeabilized with 0.1% Triton in phosphate-buffered saline
(PBS), blocked with PBS-5% horse serum and 1% bovine serum albumin (BSA) for 1 h at room
temperature and incubated with anti-APX rabbit polyclonal antibodies (1:10,000 dilution in PBS-1% BSA)
for 1 h followed by anti-rabbit IgG Alexa Fluor 488 (Thermo Fisher) 1:5,000 dilution in PBS-1% BSA for
1 h and staining with 2 uwg/ml DAPI (4',6-diamidino-2-phenylindole) for 1 h. Slides were mounted with
ProLong Gold antifade reagent (Thermo Fisher), images were acquired through a Deltavision Elite
deconvolution microscope (GE Healthcare) and processed using Volocity Suite (PerkinElmer). Colocal-
ization of APX staining (green channel) and MitoTracker Red (red channel) were analyzed for each cell by
performing Costes’ Pearson’s correlation calculations using the Volocity Suite.

Determination of total intracellular ROS content. The total ROS content of L. amazonensis
promastigotes was measured using a chloromethyl derivative of 2',7'-dichlorodihydrofluorescein diace-
tate (CM-H,DCFDA) (Thermo Fisher), a cell-permeable probe for ROS detection (50). Promastigotes
(5 X 107) were collected, washed once with PBS, resuspended in M199, and then incubated with 50 uM
CM-H,DCFDA for 15 min at 27°C in the dark. Fluorescence was determined using excitation and emission
wavelengths of 480 nm and 520 nm, respectively, and expressed as fluorescence intensity (arbitrary
units).

Quantification of Leishmania intracellular growth in macrophages. A total of 1 X 105 BMMs from
C57/BL6 mice (Charles River Laboratories) prepared as previously described were plated on glass
coverslips in 3-cm dishes 24 h prior to experiments. Infective metacyclic forms were purified from
stationary promastigote cultures (7 days old) using the m3A.1b monoclonal antibody as described earlier
(42). Attached BMMs were washed with fresh RPMI 1640 and infected at 1:5 multiplicity of infection (MOI)
with purified metacyclics, or at 1:1 MOI with axenically transformed amastigotes in RPMI supplemented
with 10% FBS. Following initial incubation to allow for invasion (1 h for amastigotes and 3 h for
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metacyclics) macrophages were washed three times in PBS and further incubated at 34°C for the
indicated times. Coverslips were fixed in 4% PFA after 1 or 3 h of incubation for baseline infection,
followed by 24, 48, and 72 h of incubation, permeabilized with 0.1% Triton X-100 for 10 min, and stained
with 10 pwg/ml DAPI for 1 h. Intracellular parasite numbers were quantified by scoring the total number
of macrophages and the total number of intracellular parasites per microscopic field (100X NA 1.3 oil
immersion objective; Nikon E200 epifluorescence microscope), and the results were expressed as
intracellular parasites per 100 macrophages. At least 300 host cells, in triplicate, were analyzed for each
time point.

In vivo virulence and parasite load estimation. Six-week-old female C57BL/6 mice (n =5 per

group) were inoculated in the left hind footpad with 1 X 106 purified metacyclics (36) from WT,
APX/AAPX, APX/APX+APX-HA, APX/DAPX+APX-HA, and APX/AAPX+mutAPX-HA parasites from stationary-
phase cultures in a volume of 50 ul PBS. Footpads were measured weekly with a caliper (Mitutoyo Corp.,
Japan), and lesion progression was expressed as the difference of measurements between the left and
right hind footpads. Parasite load was estimated in infected tissue collected from footpads of sacrificed
mice 8 weeks postinfection using a limiting dilution assay (51). The Institute of Animal Care and Use

Committee at the University of Maryland approved the animal study protocol.

Determination of gene expression by qPCR. A total of 5 X 107 cells per biological replicate were
used to extract total cellular RNA using the RNeasy kit (Qiagen) as per the manufacturer’s protocol. Equal
amounts of RNA from each biological set were used to synthesize cDNA (Bio-Rad iScript), The cDNA
samples were diluted to 1-ng/ul concentrations and amplified with gene-specific primers FD-PXN
(TTGCTCGTGACTATGGTGTG) and RV-PXN (CCGCCTTTGTGGTGTCCAG), FD-TRYP5 (GTGGGTCGTGCTCTTCT
TCTAC) and RV-TRYP5 (GCTCTTGGTCTTGTCGGCTA), and FD-nsGPX (TGGCATCCATCTTCACCT) and RV-ns-
GPX (ACCTCGTTCAGCATCTCG) using the SYBR green master mix as described earlier (gene expression
was normalized to ubiquitin hydrolase [14], which is known to be expressed constitutively).

Statistical analysis. Statistical analysis and IC;, determinations were performed using GraphPad

Prism 5 (GraphPad Software, Inc., San Diego, CA, USA). Data are presented as the mean =* of standard
deviation (SD) of determinations in biological replicates. Comparisons between two groups were made
using the Student’s t test. One-way analysis of variance (ANOVA) followed by Dunnett’s post hoc test were
performed to compare multiple experimental groups using one group as control. P < 0.05 was taken as
evidence of statistical significance.
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