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Leishmania major-induced alteration of
host cellular and systemic copper
homeostasis drives the fate of infection

M| Check for updates

Rupam Paul®'

, Adrija Chakrabarty', Suman Samanta', Swastika Dey', Raviranjan Pandey ®",

Saptarshi Maji®, Aidan T. Pezacki ®2, Christopher J. Chang ® 2, Rupak Datta' & Arnab Gupta®'

Copper plays a key role in host-pathogen interaction. We find that during Leishmania major infection,
the parasite-harboring macrophage regulates its copper homeostasis pathway in a way to facilitate
copper-mediated neutralization of the pathogen. Copper-ATPase ATP7A transports copper to
amastigote-harboring phagolysosomes to induce stress on parasites. Leishmania in order to evade
the copper stress, utilizes a variety of manipulative measures to lower the host-induced copper stress.
It induces deglycosylation and degradation of host-ATP7A and downregulation of copper importer,
CTR1 by cysteine oxidation. Additionally, Leishmania induces CTR1 endocytosis that arrests copper
uptake. In mouse model of infection, we report an increase in systemic bioavailable copper in infected
animals. Heart acts as the major organ for diverting its copper reserves to systemic circulation to fight-
off infection by downregulating its CTR1. Our study explores reciprocal mechanism of manipulation of
host copper homeostasis pathway by macrophage and Leishmania to gain respective advantages in

host-pathogen interaction.

Copper (Cu), an essential micronutrient, is vital for any biological system. It
is necessary for the functioning of several important enzymes playing critical
roles in physiology, e.g., cytochrome ¢ oxidase, dopamine p-hydroxylase,
tyrosinase, ceruloplasmin. The copper-dependent enzymes use the capacity
of copper to switch between two redox states Cu (II) and Cu (I), to catalyse
metabolic processes. Due to its two redox states, the transition between them
can lead to a Fenton-like reaction that generates reactive species, resulting in
oxidative damage to the cell'. Organisms have developed mechanisms
whereby certain dedicated proteins are employed to strictly manage the
bioavailability of copper. They are equipped with copper transporters,
chaperones, and other regulatory proteins that concertedly maintain copper
homeostasis™.

A cell primarily acquires copper through the high-affinity copper
transporter CTR1, which also participates in reducing Cu (II) to Cu (I) to
make it bioavailable™”. The copper is then sequestered by several cellular
copper chaperones and transported to designated areas of the cell via several
different pathways. ATOX1 is a major cytosolic copper chaperone which
transports copper to the two Cu-ATPases located on the Golgi membrane,
known as ATP7A (present in all cells except liver) and ATP7B (primarily in
liver)®. Under normal condition, ATP7A and ATP7B transport copper in
the Golgi lumen to the cuproproteins as they mature. However, when
copper levels increase in the cell, the Cu-ATPases vesicularize from the Golgi

and remove excess copper from the cell via lysosomal exocytosis’. Apart
from this secretory pathway, copper ion can also bind to the copper cha-
perone Cox17, which transports it to the mitochondrial cytochrome c
oxidase. Additionally, CCS protein transfers Cu to Cu/Zn SOD°.

Besides its biosynthetic role, the redox property of copper has been
exploited by many mammalian hosts to fight-off a variety of pathogenic
infection. We have previously reported that the parasitic kinetoplast,
Leishmania is subjected to copper stress by its host macrophage in order to
neutralize it".

Leishmania is a digenetic protozoan that causes a wide spectrum of
neglected tropical diseases collectively known as leishmaniasis. According to
WHO, about 700,000 to 1 million new cases occur annually. These numbers
occurring across about 100 endemic countries put immaculate pressure on
the global healthcare system. Disease symptoms vary from disfiguring skin
lesions to life-threatening enlargement of visceral organs, depending on
species type’'. Leishmania alternates between the female sandfly and
mammalian hosts as flagellated promastigotes and intracellular amastigote
respectively. Leishmania enters mammalian host via sand fly bite and are
rapidly phagocytosed by macrophages'’. Phagocytosis is followed by pro-
mastigote to non-flagellated amastigote transformation in the phagolyso-
somal compartments. Amastigotes keep on proliferating within the acidic
phagolysosomes until the parasite load causes the cell to burst, thereby,
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spreading infection'*"". Leishmania is known to survive and proliferate
inside this compartment by withstanding hostile factors like lysosomal
hydrolases, free radicals and low pH". They not only alter their own gene
expression but also manipulate the host machinery for their survival'*"*.
The dearth of vaccine and growing resistance to the existing drugs makes it
necessary to study and understand the molecular machinery and physiology
of Leishmania'>*.

Previous research have demonstrated that Cu exerts copper toxicity,
which plays a significant role in host-pathogen interaction and the removal
of pathogens. Free copper can produce ROS and NO, which can then
chemically react with different elements and acids in the cell to magnify the
toxic effects of these species”. Additionally, it has been observed that Cu-
deficient hosts are more vulnerable to both eukaryotic pathogens like
Candida albicans and Trypanosoma lewisi and prokaryotic pathogens like
Pasteurella hemolytica and Salmonella typhimurium™ . Copper deficiency
also impairs the ability of neutrophils and macrophages to neutralize
bacteria’*”” Studies reveal that Mycobacterium avium and Escherichia coli
infection of macrophages results in copper accumulation in the phagosomal
compartment, indicating that hosts are likely to use copper to protect against
intracellular pathogens™”. Pathogens, on the other hand, carry out copper
export to reduce toxicity. Mutations in the copper exporter, CuATPase in E.
coli increase the vulnerability of the pathogen to Cu-mediated death inside
macrophage, highlighting the significance of copper in host-pathogen
interactions™.

P-type Cu-ATPases can sense increased copper levels and remove
them from the cell, making them crucial for maintaining copper
homeostasis. The ATPases, CopA and CopB carry out this copper
export in bacteria®’'. Naegleria fowleri, Plasmodium falciparum and
Candida albicans were also shown to use their copper transporter or
Cu-ATPase to detoxify copper and maintain homeostasis” . In
Saccharomyces cerevisiae, a single Cu-ATPase known as Ccc2p exists
while ATP7 is the sole Cu-ATPase found in Drosophila®. ATP7A and
ATP7B branched out from ATP7 with increasing tissue complexity in
higher eukaryotes™.

Our group has previously characterized the CuATPase in Leishmania
major and named it LmATP7 and further identified how it contributes to
Leishmania’s survival in host. It is first full-length CuATPase to be func-
tionally characterized in the Trypanosomatid group. The pathogen’s ability
to infect and survive in host decreased when LmATP7 was knocked down. It
was further demonstrated that at 24h post-infection, host CuATPase,
ATP7A partly traffics out of the Golgi, where it normally resides, and
localizes to the Leishmania-positive compartments. This phenomenon
occurs possibly to exert Cu stress on the pathogen®.

Building on it, in our present study, we dissected the role in the host
copper homeostasis pathway upon L. major infection. We observed an
overall parasite-induced perturbation in the host copper secretory pathway.
ATP7A and primary copper importer CTR1 protein levels were lowered by
Leishmania at early time-points via distinct mechanisms in an effort to
reduce host-induced copper toxicity. At later stages, ATP7A recovered and
trafficked to pathogen-harboring compartments leading to copper accu-
mulation in them. Knock-down experiments confirmed the importance of
these proteins in restricting infection. Finally, by using mouse model, we
confirmed that copper bioavailability and its proper channelization from
various organs to the site of infection are crucial factors to limit Leishmania
infection.

Results

Leishmania major infection triggers trafficking of

macrophage ATP7A

ATP7A is the primary copper transporting ATPase in macrophages. Under
normal physiological conditions, it transports copper to copper-requiring
enzymes like lysyl oxidase, dopamine-B-hydroxylase, cytochrome C oxi-
dase, and tyrosinase’’. When faced with excess intracellular copper,
ATP7A vesicularizes out of Golgi to export copper from the cell
(Figs. S1A and S1B). Previously, studies from our group have shown that a

macrophage ATP7A partially traffics out of Golgi 24 h post-Leishmania
major infection®.

In this study, we began by investigating the copper distribution inside
Leishmania-infected macrophages by using the copper sensor dye, CF4. CF4
binds to Cu and emits at 585 nm. The intensity and distribution of fluor-
escence is directly proportional to the intracellular copper content and
localization respectively. Ctrl-CF4-S2 is the control dye has a modified
isosteric receptor and it does not react to copper despite using the same dye
scaffold as CF4”. In post-12 h infected cells, we observed strong, clustered
CF4 signal (magenta) around intracellular amastigote compartments
compared to the widely distributed signal in uninfected macrophages
(Fig. 1A, B). The control dye did not colocalise with Leishmania-positive
compartments. This indicated that copper was accumulating in the Leish-
mania-positive compartments in infected macrophages. Although, upon
measuring intracellular copper content, we did not observe significant
change in whole cell copper in Leishmania infected cells suggesting that
copper uptake has not increased at the given time-point (Fig. 1C).

Leishmania is phagocytosed by macrophages, subsequent to which it
traverses through the endo-lysosomal compartments. To test whether
macrophage ATP7A trafficking as observed previously®, was a response to
the general phagocytosis event or was specific to Leishmania infection, we
used fluorescence beads that underwent phagocytosis. ATP7A did not traffic
in response to phagocytosis of fluorescence beads (Fig. 1D). Macrophage
J774A.1 were infected with L. major for 12 h. Additionally, it was followed by
100 uM copper or 25uM TTM treatment for 2 h. Respective uninfected
controls were also used in the experiment. ATP7A vesicularization (in green)
was observed from Golgi in infected macrophages that mostly colocalised
with the bonafide lysosomal marker, the Lysosomal-associated membrane
protein 1 (Lampl) at 12 h post infection (Fig. 1E, F). Lampl is used to mark
late endosome and lysosomal compartments. Previously, we have probed
endo-lysosomal compartments harboring intracellular Leishmania major
where it colocalised mostly with Lamp1°. Interestingly, upon copper treat-
ment, Leishmania-associated ATP7A localization did not alter appreciably
as there was no significant change in the colocalisation of ATP7A with
Lamp1 and Leishmania-positive compartments (Fig. 1F, G). Rather, copper
treatment lead to significant increase in ATP7A trafficking from the Golgi
irrespective of infection (Fig. 1H). We observed that upon infection, ATP7A
partly trafficked out from the Golgi and resided mostly in Lampl com-
partments. The remaining Golgi resident ATP7A trafficked out in response
to copper (Fig. 1E, H). Similarly, 25 uM TTM (intracellular copper chelator)
treatment for 2 h post-infection did not cause amastigote-associated ATP7A
to return to Golgi (Fig. 1F, H). Copper and TTM treatments without
infection resulted in ATP7A trafficking from and to Golgi, respectively
(Fig. S1A and S1B). The established role of ATP7A to vesicularize from the
Golgi upon excess intracellular copper and recycle back to Golgi upon
copper removal was different from infection-induced phenotype. Intracel-
lular copper levels were estimated for these conditions by ICP-MS. Inter-
estingly, copper level shot-up by 2.5 folds in case of post-infection copper
treatment as compared to uninfected copper treatment group (Fig. 11I).

Leishmania major infection triggers degradation of
macrophage ATP7A

The host macrophage accumulates copper in the compartments harboring
Leishmania amastigotes as a host response towards infection. We hypothe-
sized that a reciprocal response should be surmounted by the pathogen to
circumvent host-induced copper stress to establish a successful infection.
Previously, it has been shown that ATP7A protein expression increases on
treating macrophages with pro-inflammatory agents known to be induced
upon infection”. At the outset, we decided to investigate the possibilities of
macrophage ATP7A modulation in infection. J774A.1 macrophages were
infected with L. major and at different time points starting from 3 h to 24 h,
the protein levels of ATP7A were determined by immunoblotting. We
observed remarkable reduction of ATP7A protein during early-mid time
points hours of infection (3-15 h) that reinstated back to ~70% of the normal
level at late infection time-points (24h) (Fig. 2A). We checked the
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corresponding transcript levels which remarkably were not downregulated
suggesting inhibition of transcriptional machinery or RNA degradation were
not contributing to low ATP7A protein levels (Fig. 2B). Intracellular patho-
gen load heightened around 12-15 h stage followed by reduction as evident
from KDNA-based PCR method (Fig. S2A). Similarly, intracellular copper
level elevates around late stage of infection (15-18 h) which corroborated
with ATP7A recovery and reduced pathogen load at late stage (Fig. S2B).
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To determine the degradation pathway(s) of macrophage ATP7A that
is triggered by Leishmania infection, ATP7A levels were checked by
immunoblot following 3 h infection with or without the addition of pro-
teasome inhibitor MG132 or lysosomal inhibitor Bafilomycin Al. When
compared to the uninfected control, the level of the ATP7A protein
decreased after infection. Treatment with MG132 and bafilomycin Al
prevented ATP7A from degrading due to infection (Fig. 2C). Therefore,
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Fig. 1 | Leishmania infection triggers host ATP7A trafficking and copper accu-
mulation. A Representative immunofluorescence image of CF4 dye or Ctrl-S2-CF4
dye (magenta) in J774A.1 macrophages with (INF) and without (BASAL) L.major
infection (12 h). Both macrophage and Leishmania nuclei were stained with DAPI
(blue). The merged images represent colocalization of the dyes with Leishmania
nuclei. White arrows indicate intracellular parasites in infected cells (smaller nuclei).
The scale bar represents 5 um. The magnified inset corresponds to the region of the
merged image marked by arrows indicating the association of CF4 with Leishmania-
positive endosomes. B Fraction of dye colocalized with Leishmania nuclei from the
above mentioned conditions demonstrated by a box plot with jitter points. The box
represents the 25th to 75th percentiles, and the median in the middle. The whiskers
show the data points within the range of 1.5x interquartile range from the first and
third quartiles. Asterisks indicate values that are significantly different between CF4
and Ctrl-S2-CF4 treated sample. Sample size of macrophage (n): 12, ***"p < 0.0001
(Wilcoxon rank-sum test). C Measurement of intracellular copper level in J774A.1
macrophages with (Inf 12 h) or without (Uninf) L.major infection using ICP-MS.
Error bars represent mean + SD of values calculated from three independent
experiments. ns; (Student’s t test). D Immunofluorescence image of ATP7A (green)
in J774A.1 macrophage with FluoSpheres™ Carboxylate-modified Microsphere
beads (magenta) confirming absence ATP7A trafficking to those beads due to
general phagoscytosis. Macrophage nuclei is stained with DAPI (blue).

E Representative immunofluorescence image of ATP7A (green), co-stained with
endo-lysosomal marker Lamp1 (magenta), in J774A.1 macrophages with and
without L.major infection (12 h) followed by basal, high copper (100 uM Cu) and
copper chelated conditions (25 uM TTM) treatment for 2 h. The merged images

represent colocalization of ATP7A with Lamp1. Both macrophage and Leishmania
nuclei were stained with DAPI (blue). White arrows indicate intracellular parasites
in infected cells (smaller nuclei). White arrowheads indicate vesicularised ATP7A.
The scale bar represents 5 um. The magnified inset corresponds to the region of the
merged image marked by arrows indicating the association of ATP7A and Lampl
with Leishmania-positive endosomes. F Fraction of ATP7A colocalization with
Lampl from the above mentioned conditions demonstrated by a box plot with jitter
points. The box represents the 25th to 75th percentiles, and the median in the
middle. The whiskers show the data points within the range of 1.5x interquartile
range from the first and third quartiles. Asterisks indicate values that are significantly
different from Uninf samples. Sample size of macrophage (n): 15. ***p < 0.0001, ns;
(Wilcoxon rank-sum test). G Fraction of ATP7A colocalization with L.major
compartments from the above mentioned conditions demonstrated by a box plot
with jitter points. The box represents the 25th to 75th percentiles, and the median in
the middle. The whiskers show the data points within the range of 1.5x interquartile
range from the first and third quartiles. ns indicates values that are not significantly
different from Inf samples. Sample size of macrophage (n): 15. ns non significant;
(Wilcoxon rank-sum test). H Number of ATP7A vesicles from the above mentioned
conditions are plotted. Asterisks indicate values that are significantly different from
Uninf samples. I Comparison of copper levels (in ppb/million cells) in Leishmania
infective uninfected cells under different treatments. Error bars represent mean +
SD of values calculated from three independent experiments. Asterisks indicate
values that are significantly different from Uninf samples. *p <0.01, **p <0.001,
“*p <0.0001, ns; (Student’s ¢ test).
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Fig. 2 | L. major infection causes degradation of host ATP7A by modulating
regulatory proteins upstream of it. A Immunoblot of ATP7A at indicated time
points after infecting J774A.1 macrophages with L.major promastigotes. The fold
changes of ATP7A abundance normalized against housekeeping control GAPDH
have been mentioned. B qRT-PCR shows ATP7A transcript level at indicated time
points after infection, normalized against uninfected control and housekeeping
control GAPDH mRNA levels. Error bars represent mean + SD of values calculated
from three independent experiments. Asterisks indicate values that are significantly
different from Uninf samples*p < 0.05, ns; (Student’s ¢ test). C Immunoblot of
ATP7A from infected and uninfected J774A.1 macrophages for 3 h with or without
co-treatment with MG132 or Bafilomycin Al. The fold changes of ATP7A abun-
dance normalized against housekeeping control GAPDH have been mentioned.

D qRT-PCR shows COMMDI1 transcript level at 3 h and 12 h time points after
infection, normalized against uninfected control and housekeeping control GAPDH
mRNA levels. Error bars represent mean + SD of values calculated from three
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from Uninf samples. ****p < 0.0001, ns; (Student’s t test). E QRT-PCR shows Clus-
terin transcript level at 3 h and 12 h time points after infection, normalized against
uninfected control and housekeeping control GAPDH mRNA levels. Error bars
represent mean + SD of values calculated from three independent experiments.
Asterisks indicate values that are significantly different from Uninf samples.

p <0.0001, ns; (Student’s ¢ test). F Immunoblot of COMMDI1 after 3 h infection.
The fold changes of Clusterin abundance normalized against housekeeping control
GAPDH have been mentioned. G Immunoblot of Clusterin from infected and
uninfected cells with or without pretreatment with MG132 or BafilomycinAl. P
denoted Clusterin precursor and a denoted Clusterin alpha chain. The fold changes
of Clusterin precursor abundance normalized against housekeeping control
GAPDH have been mentioned. The same GAPDH loading control was used for the
infected samples in Fig. 2G, F.
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when lysosomal or proteasomal degradation was inhibited, the degradation
phenotype was reversed.

It has been reported that copper stress or intracellular pathogens may
induce oxidative stress'>*'. We tested if ATP7A degradation was a result of
oxidative stress that might arise due to Leishmania infection or copper
accumulation in amastigote harboring compartments. Macrophages were
exposed to 200 uM or 500 uM of H,O, for 2 h to simulate oxidative stress.
Similarly, 100 uM of copper for 2 h and 10 uM of copper for 36 h were used
to simulate high and prolonged copper levels, or 50 uyM of TTM (an
intracellular copper chelator) for 2 h and 10 uM of TTM for 36 h to simulate
low copper levels. Immunoblot analysis revealed no noticeable ATP7A
degradation that rules out oxidative stress, copper toxicity, or copper
deprivation as potential causes for the observed phenotype (Fig. S2C). These
results suggest that the degradation phenotype of ATP7A protein is unique
to infection and may be mediated via both lysosomal and proteasomal
degradation pathways.

L. major infection acts upstream of ATP7A in the copper home-
ostasis pathway

In an effort to pinpoint the source of the protein degradation, we explored
the upstream regulators of ATP7A. We focused on COMMDI and Clus-
terin to identify the cause of proteasomal and/or lysosomal degradation of
ATP7A. COMMDI largely mediates ATP7A degradation via the protea-
somal pathway, whereas Clusterin facilitates ATP7A degradation via the
lysosomal pathway** ™",

The transcript levels of both COMMDI and Clusterin were deter-
mined after infecting J774A.1 macrophages with L. major promastigotes. By
using the quantitative PCR, the transcript levels of COMMDI] and Clusterin
were determined at 3 h and 12 h post-infection. Interestingly, after 3 h of
infection compared to the uninfected macrophage, the transcript levels of
both of them were significantly higher (Fig. 2D, E). This could enhance
ATP7A degradation as a pathogen-mediated regulation through both the
proteasomal and lysosomal routes*. Alternately, it could be the host
upregulating the transcript levels in an effort to stabilize ATP7A™.

We examined whether the changes at the transcript are reflected in the
protein levels of COMMDI1 and Clusterin upon infection to further define
the role of these regulators in the degradation of ATP7A. In case of
COMMDI, no difference in protein levels was observed between the
infected (3 h) and control groups (Fig. 2F). For Clusterin, however, there was
noticeable lowering in protein levels upon infection which could be reverted
by Bafilomycin Al treatment (Fig. 2G). Since Clusterin acts a chaperone for
ATP7A and is undergoing degradation, potentially through lysosomal
pathway, we argue that its degradation is a pathogen-mediated regulation.
Host-specific antibodies were checked to ensure there is no cross-reactivity
with Leishmania (Fig. S3).

L. major infection induces deglycosylation of ATP7A

In addition to the degradation, infected macrophages displayed two bands
of ATP7A protein in the immunoblot (Fig. 2C). It has been reported that
ATP7A undergoes glycosylation that stabilizes the protein. The mutant
G1019D exhibits incomplete or defective glycosylation that results in a
similar band profile of ATP7A in immunoblots”. We confirmed that the
observed double bands comprise of a ATP7A glycosylated band of higher
molecular weight and a non-glycosylated ATP7A band of slightly lower
molecular weight as confirmed by tunicamycin treatment experiment
(Fig. 3A). Treatment with H,O,, Cu, or TTM as described in the previous
results section, did not show similar phenotype (Figure S2C), again ruling
out oxidative stress, copper toxicity, or copper shortage as the explanations
for the loss or inhibition of glycosylation of ATP7A.

There are two potential explanations for the appearance of this non-
glycosylated band. The newly synthesized ATP7A is either not being gly-
cosylated or the glycan chain is being removed by a pathogen-initiated
process, which results in the deglycosylation of ATP7A.

To understand mechanism of loss of glycosylation, J774A.1 macro-
phages were treated with tunicamycin for 3 h and 12 h to determine if the

non-glycosylated band was caused by the inhibition of glycosylation.
Tunicamycin serves as an inhibitor of N-linked glycosylation for newly
synthesized proteins and inhibits the reverse processes in the initial step of
the manufacture of N-linked oligosaccharides in cells. From the immu-
noblot, a very faint non-glycosylated band for ATP7A started to develop
about 3 h after tunicamycin treatment. A non-glycosylated band resembling
the intensity of the one seen in infection did not appear until 12 h post-
treatment (Fig. 3A, B). But remarkably, in infection, the non-glycosylated
band can start to appear as early as 3 h. So, it is evident that newly syn-
thesized protein whose glycosylation has been inhibited requires a longer
time period for the accumulation of non-glycosylated protein. Therefore, to
explain the fast appearance of this non-glycosylated band, we hypothesized
that infection is actually causing deglycosylation, or the removal of N-linked
glycan chain from mature ATP7A. Infected J774A.1 macrophage cell lysates
were treated with PNGaseF for 1 h. PNGaseF is an amidase that removes
nearly all N-linked oligosaccharides from glycoproteins by cleaving oligo-
saccharides between their innermost GIcNAc and asparagine residues. The
ATP7A lower band appeared within an hour of treatment (Fig. 3C). This
demonstrates that deglycosylation operates more quickly than glycosylation
inhibition, which may be the cause of the emergence of the non-glycosylated
ATP7A upon infection.

Knock down of ATP7A and primary copper importer CTR1
increases Leishmania infectivity

Upon infection, host ATP7A is manipulated by the pathogen at multiple
regulatory levels (Fig. 3D). In mammalian copper uptake and utilization
pathway, ATP7A receives copper from the high-affinity copper uptake
protein 1, CTR1, facilitated by the antioxidant 1 copper chaperone,
ATOXI1 (Fig. 4A). To further ascertain the importance of host ATP7A in
resisting Leishmania infection, ATP7A was depleted using siRNA-
mediated knock-down and subsequently protein levels were confirmed
by immunoblotting. Macrophage treated with scrambled siRNA was
used as an experimental control for infection studies (Fig. S4). At 12h
post-infection, amastigote burden estimation was performed by amas-
tigote nuclei count and kDNA-based PCR method. Corroborating with
our hypothesis, DAPI-stained nuclei counting revealed amastigote per
macrophage was about 1.3 folds higher in ATP7A knock-down macro-
phages compared to the control set (Fig. 4B). The Ct value of KDNA was
significantly lower for ATP7A depleted infected macrophages than the
control indicating higher parasite load in macrophages with down-
regulated ATP7A, hence conforming with our previous inference
(Fig. 4C). Both findings indicate that host ATP7A knockdown benefits
Leishmania, resulting in higher infectivity.

Copper Transporter-1 (CTR1) or SLC31Al is the primary copper
importer in the host cell, whereas ATOXI1 chaperones the copper from
CTR1 to ATP7A (Fig. 4A). Hence, we probed the entire copper acquisition
and delivery pathway that is pre-requisite to ATP7A functioning. siRNA-
based knock-down of both CTR1 and ATOX1 in macrophage followed by
infection studies were performed to ascertain the role of these key copper
regulators in resisting Leishmania infectivity. siRNA knock-downs were
confirmed by immunoblotting (Fig. S4). CTR1-depleted cells had low
KkDNA Ct value and high amastigote per macrophage count compared to
control (scrambled siRNA-treated macrophage) (Fig. 4B, C). Similar to
ATP7A, CTRI1 seemed to have a resistant role to Leishmania infection.
Interestingly, no such alteration in infection levels was found in ATOX1
knock-down infected macrophages.

CTR1 and ATP7A are key candidates in maintaining cellular copper
homeostasis. CTR1 knock-down resulted in altered copper uptake which
compromised its delivery and availability to ATP7A. When both CTR1 and
ATP7A were depleted together in the host macrophage, infection increased
further by 1.39 folds, as evident from amastigote nuclei count (Fig. 4B). The
ability of CTR1 to control the copper intake and accumulation, in addition
to the directionality of copper deployment provided by ATP7A towards
amastigote-harboring compartments, could be key factors in Leishmania
infection and survivability.
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Fig. 3 | L. major infection triggers deglycosylation of host ATP7A. A Immunoblot
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J774A.1 macrophages. GAPDH is used as a housekeeping control. B Immunoblot of
ATP7A after infecting J774A.1 macrophages with L. major promastigotes for 3 h
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control. C Immunoblot of ATP7A after treatment with PNGase for 1 h. GAPDH is
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To study if Leishmania manipulates host copper uptake and dis-
tribution to evade host response, we probed the protein levels of ATOX1
and CTRI upon infection. We did not observe an alteration in ATOX1
protein amount (Fig. 4D). In immunoblots, CTR1 is found in three bands
possibly representing the three distinct oligomeric forms of the protein,
(a) mature functional trimer (~100kDa), (b) an intermediate form
(~65 kDa) possibly representing a dimeric form that arises from a loose-
trimeric state and (c) a glycosylated monomer (~34 kDa). An unglyco-
sylated monomeric form of CTR1 (25 kDa) is also observed. Interestingly
for CTR1, we observed an overall lowering in the protein amount upon
initial hours of Leishmania infection (3-12 h). Similar to ATP7A, CTR1
protein amount restores back at late stages of infection (18-24h)
(Fig. 4E). Using RT-PCR, we determined that this reduced amount in
protein levels were a direct effect of decreased CTRI1 transcript upon
infection (Fig. 4F).

Remarkably, the mechanism of lowering CTR1 protein level was dis-
tinct from the copper regulatory protein ATP7A. Apart from the tran-
scriptional downregulation, we observe the disappearance of the
intermediate CTR1 band (65kDa) in the immunoblot of the infected
macrophages. It would be interesting to find the cause and ramifications of
such changes in copper importer CTRI.

CTR1 endocytose upon Leishmania infection

CTR1 is the primary copper importer in the cell. Under basal copper levels,
CTR1 localizes at the plasma membrane where it carries out its copper
import function. In excess copper inside the cell, as a self-regulatory
mechanism to limit copper uptake, it endocytoses from the plasma mem-
brane via Clathrin-mediated endocytosis. When copper levels return back to
normal, CTRI recycles back to the plasma membrane”.

Plasma membrane (PM) localization of CTR1 was confirmed by its
colocalization with the bonafide PM marker, the Sodium Potassium ATPase
pump (Na/K-ATPase). Interestingly, macrophage CTR1 endocytosed upon
Leishmania infection (Fig. 5A) as determined by its loss of colocalization
with Na/K-ATPase (Fig. 5B). We ruled-out the possibility that a general
trigger of phagocytosis does not induce CTR1 endocytosis by using fluor-
escent beads (Fig. S5). The phenotype of CTR1 endocytosis upon Leish-
mania infection is similar to when macrophages are treated with copper.
Similar to ATP7A trafficking studies, we subjected Leishmania-infected
macrophages to 2 h of 100 uM copper and 25 uM TTM treatment sepa-
rately. For the copper treated one, further CTR1 endocytosis was observed.
For the TTM treated cells, we observe a slight reduction in CTRI endocy-
tosis (Fig. 5B). However, there was a significant amount of endocytosed
CTR1 in TTM treated infected macrophages, suggesting that CTR1 were
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Fig. 4 | Knocking down of host ATP7A and CTR1 enhances the infectivity of the
Leishmania pathogen. A Illustration depicting the mammalian copper uptake and
utilization pathway. Copper secretory pathway is highlighted. Illustration is pre-
pared in Inkscape 1.2.2. B J774A.1 macrophages, after treatment with scrambled,
ATP7A, CTR1 and ATOX1 siRNA, were infected with L. major. After 12 h, amas-
tigote counts inside the macrophage are plotted. At least 100 macrophages were
counted from triplicate experiments. Error bars represent mean + SD of values from
three independent experiments. Asterisks indicate values that are significantly dif-
ferent from Scrambled samples. “p < 0.05, ***p < 0.0001; (Student’s ¢ test). CJ774A.1
macrophages, after treatment with scrambled, ATP7A, CTR1 and ATOXI1 siRNA,
were infected with L. major. After 12 h, C, values of L. major kDNA are plotted. Error
bars represent mean + SD of values from three independent experiments. Asterisks
indicate values that are significantly different from Scrambled samples.

“p <0.0001, ns; (Student’s ¢ test). D Immunoblot of ATOX1 at 3 h time point after

Intection

infecting J774A.1 macrophages with L. major promastigotes. The fold change of
ATOXI1 abundance normalized against housekeeping control GAPDH has been
mentioned. E Immunoblot of CTR1 at indicated time points after infecting J774A.1
macrophages with L. major promastigotes. T denotes CTRI trimer, I denotes
Intermediate band, GM denotes glycosylated monomer, UM denotes unglycosylated
monomer. The fold changes of CTR1 glycosylated monomer abundance normalized
against housekeeping control GAPDH have been mentioned. GAPDH loading
control is same for Figs. 2A and 4E where same conditions were used to check the
protein levels of ATP7A and CTRI. F qRT-PCR shows CTR1 transcript level at
indicated time points after infection, normalized against uninfected control and
housekeeping control GAPDH mRNA levels. Error bars represent mean + SD of
values calculated from three independent experiments. Asterisks indicate values that
are significantly different from Uninf samples.”p < 0.05, *p < 0.01, *"p < 0.001, ns;
(Student’s ¢ test).

not responding to copper levels; rather the observed phenotype is infection-
specific. Although endocytosed, association of CTR1 with Leishmania
compartment was limited and remained unchanged upon copper and TTM
treatments (Fig. 5C). Further, immunoblot of CTR1 from macrophages
under copper treatment or copper chelation was not devoid of intermediate
band unlike the case during infection (Fig. 5D). This supports a copper-
independent endocytosis CTR1 upon L .major infection. Copper-
independent CTRI endocytosis involving its Cys residue as been pre-
viously reported”’.

Leishmania infection alters the redox status of CTR1 cysteines
We tried to understand the mechanism by which Leishmania manipulates
host CTRI via the loss of its intermediate band. Blocking the proteasomal
and lysosomal degradation pathway by MG132 and Bafilomycin Al
respectively during infection were not effective to bring up the CTR1 levels
and make the intermediate band reappear (Fig. 5E). This further reconfirms
that transcription downregulation contributed to lowering of CTR1 levels
(shown in Fig. 4F).

CTR1 undergoes N-linked and O-linked glycosylation***. Since gly-
cosylation status of host ATP7A seems to have been compromised during
Leishmania infection, it is possible that intermediate CTR1 band might be
susceptible to such actions. To check this, infected macrophage lysates were
treated with deglycosylating agents. PNGase was used to remove N-glycans
and O-Glycosidase and Neuraminidase bundle to remove O-glycans from
CTRI1. These lysates were then observed for CTR1 on immunoblot where no
apparent difference or distribution in the band pattern was seen between
them and uninfected macrophage CTR1 (Fig. 5F). The intermediate band
persisted upon inducing deglycosylation.

It has been reported that pathogenic invasion induces oxidative stress
in macrophages*'. CTR1 endocytosis mediated by its Cysteine (Cys) oxi-
dation has been reported upon VEGF stimulation but not copper
treatment”. To test whether Cys residue form Cys-sulphenic acid during
infection that is an intermediate while forming the -S-S- (oxidised) form, we
labeled Cys of macrophage by DCP-Biol (Merck). DCP-Biol detects
Cysteinsulphenic acid and because of biotin associated with it, it can pull-
down all modified cysteines by streptavidin beads. From immunoblot, we
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compared CTRI from lysates of infected vs uninfected cells and observed
increased pulldown of cysteine oxidised CTR1 in infected macrophages
(Fig. 5G). Cysteines of CTR1 have been shown to assist in dimer
formation**** and alteration in their redox state upon infection manifest into
disappearance of the band. Moreover, CTR1 endocytosis during infection
may prevent or delay enhanced copper uptake inside macrophages.

Copper bioavailability in host is critical to fight-off Leishmania
infection in vivo

Macrophage deploys the intracellular copper store as a mechanism to
neutralize Leishmania infection. Reciprocally, to evade host response,
Leishmania infection alters two key candidates of the copper secretory
pathway, CTR1 and ATP7A. Similar modifications were observed in
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Fig. 5 | Leishmania manipulates host CTR1 in multiple ways to reduce copper
import. A Representative immunofluorescence image of CTR1 (green), co-stained
with plasma membrane marker Na/K-ATPase (magenta), in J774A.1 macrophages
with and without L. major infection (12 h) followed by basal, high copper (100 uM
Cu) and copper chelated conditions (25 uM TTM) treatment for 2 h. The merged
images represent colocalization of CTR1 with Na/K-ATPase. Both macrophage and
Leishmania nuclei were stained with DAPI (blue). White arrows indicate intracel-
lular parasites in infected cells (smaller nuclei). White arrowheads indicate endo-
cystosed CTRI. The scale bar represents 5 um. B Fraction of CTR1 colocalization
with Na/K-ATPase from the above mentioned conditions demonstrated by a box
plot with jitter points. The box represents the 25th to 75th percentiles, and the
median in the middle. The whiskers show the data points within the range of 1.5x
interquartile range from the first and third quartiles. Asterisks indicate values that
are significantly different from Uninf samples. Sample size of macrophage (n): 14,
“p <0.001,""*p < 0.0001, ns; (Wilcoxon rank-sum test). C Fraction of CTR1
colocalization with L.major compartments from the above mentioned conditions
demonstrated by a box plot with jitter points. The box represents the 25th to 75th

percentiles, and the median in the middle. The whiskers show the data points within
the range of 1.5x interquartile range from the first and third quartiles. ns indicates
values that are not significantly different from Inf samples. Sample size of macro-
phage (n): 14. ns non significant; (Wilcoxon rank-sum test). D Immunoblot of CTR1
of J774A.1 macrophages with or without infection (12 h) followed by indicated
copper conditions. GAPDH is used as housekeeping control. E Immunoblot of
CTRI from infected and uninfected J774A.1 macrophages for 3 h with or without
co-treatment with MG132 or Bafilomycin Al. The fold changes of CTRI glycosy-
lated monomer abundance normalized against housekeeping control GAPDH have
been mentioned. F Immunoblot of CTR1 of J774A.1 macrophages after
N-Glycosidase (PNGase 1 h) or O-glycosidase (O-Glycosidase & Neuraminidase
Bundle 1 h) treatment. GAPDH is used as loading control. G Immunoblot of CTR1
from elute of biotin-streptavidin based pulldown of modified cysteine containing
proteins from J774A.1 macrophages; and whole cell lystaes, with or without infec-
tion for 3 h. Fold changes of CTR1 in infected samples of the elute of the biotin
pulldown normalized against uninfected control have been mentioned. GAPDH is
used as housekeeping control for whole cell lysate.

peritoneal macrophages derived from BALB/c mice (Fig. S6A). The goal of
this manipulation is to lessen the amount of copper that the intracellular
pathogen encounters inside the macrophage.

We checked the effect of copper availability upon Leishmania infection
using BALB/c mice as hosts. BALB/c were categorized in three groups; first
group was control (fed with regular diet and water), second group was fed
with copper (20 mg/L in drinking water) and third group was gavaged daily
with the copper chelator, TTM (5 mg/kg). After 4 weeks, serum copper was
measured from each group. Copper treated group were having significantly
high serum copper as compared to TTM treated and control groups
(Fig. S6B). To assess the efficacy of TTM as a copper chelator, we checked
bioavailable serum copper level by performing serum ceruloplasmin
assay”"””. Copper treated serum samples had higher ceruloplasmin activity
than controls owing to high bioavailable copper. The control group had high
bioavailable copper than TTM treated group indicating that TTM was
indeed chelating systemic copper (Fig. S6C). Copper deficiency has been
reported to cause anaemia™ which makes it important to use low but
optimal amount of TTM. Haemoglobin estimation from each group
revealed no such significant changes in its level suggesting that treatment
condition is optimal and could be continued and infection could be intro-
duced in these groups (Fig. S6D). These groups were further divided into
two categories, uninfected and infected.

Infection was performed by subcutaneous injection to the left hind
footpad of BALB/c mice with 10° Leishmania major promastigotes. The
onset and progression of lesion development in these groups of mice was
monitored up to week 15 post-infection®. Serum total copper (including
bioavailable copper) was estimated after 4 weeks of infection from each of
the six groups (Uninfected, Infected, Copper, Copper Infected, TTM, TTM
Infected). At four weeks post-infection, although there was no onset of
lesion in the infected groups, whole serum copper and bioavailable copper
levels increased for all cases of infection (Fig. 6A, B). It was an early indi-
cation that in response to the footpad-resident L. major, the systemic copper
level has increased. TTM Infected group were the first one to develop visible
lesion at week 6 post-infection. In the following week, there was onset of
lesion in only ‘Infected group’. Interestingly, Copper Infected group showed
no noticeable lesion by then, and it took week 12 to develop lesion. The trend
of lesion development in all three groups was observed till week 15 that
exhibited heightened lesion development in TTM Infected group
(Fig. 6C, D). Further, Copper Infected group had low parasite load in their
footpad as evident from limiting dilution assay and KDNA C, value (Fig. 6E,
F). Serum copper and its bioavailable form was again measured at the end of
the experiment at week 15. We found similar increase in bioavailable copper
in all cases of infection (Fig. 6G, H). Naturally in Copper Infected group,
overall serum copper increased that was further reflected in increased
bioavailable copper which dampened the infection. It is interesting to note
that even though copper levels remained high in the systemic circulation of
this group, infection triggered a further increase in copper indicating

possible release of copper from storage organs (Fig. 6G, H). We also com-
pared the copper levels from the left footpads between infected vs unin-
fected mice in basal, copper fed or copper chelated conditions. The footpads
from infected mice had significantly higher copper than the uninfected
control footpads in all three sets (Fig. 6I). Interestingly, copper uptake
protein, CTR1, and the copper ATPase, ATP7A levels went up in infected
footpads (Fig. 6]).

Inhibition of cardiac copper uptake elevates systemic copper to
combat infection

To identify the organ(s) that might be responsible to release copper into
systemic circulation to combat infection, we compared the copper status in
different organs from uninfected and infected groups. Reduced copper levels
were observed in heart and liver in case of Infected group (Fig. 6K). As a host
response, this lowering of copper is possibly leading to enhanced systemic
copper that is now channelized towards fighting-off the infection. Pre-
viously, it has been reported that copper status of the heart could signal
copper mobilization from other organs like liver and intestine™. We spec-
ulate that upon infection, a similar signal is generated which demands
increased systemic copper.

To understand the mechanism of channelizing heart copper towards
systemic circulation, we measured the abundance of proteins responsible for
copper uptake (CTR1) and efflux (ATP7A) in the heart. Interestingly, we
observed that heart CTR1 protein level decreased in Infected groups which
could account for low cardiac copper level (Fig. 6L). As reported earlier, this
would result in increased systemic copper as observed in this case. Inter-
estingly, liver copper level also reduces which adds to the systemic copper.
However, we do not observe any upregulation of its ATP7A which is
involved in copper mobilization (Fig. 6L). ATP7A and CTRI protein levels
remained unaltered in intestine, brain, spleen and kidney with respect to L.
major infection (Fig. S6E).

Discussion

Copper is indispensable for the survival of all eukaryotic life forms.
However, excess copper is toxic in nature and requires tight reg-
ulation in our body. Toxic nature of copper has been utilized as an
antimicrobial agent since times immemorial. Copper has been found
to play a pivotal role in host-pathogen interaction®***. As hosts
evolve to develop resistance against pathogens, pathogens too evolve
along with the host to combat host defense response. One of the most
important defense cells of the innate immune system are macrophage
cells, which mediate the initial response to a variety of pathogens, in
an attempt to eliminate infection.

Leishmania parasites however, not only infect macrophages specifi-
cally, but are able to survive and thrive as intracellular amastigote form.
Previously, our group has shown host copper transporting ATPase ATP7A
localizes to the Leishmania containing phagolysosomal compartments
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upon infection and possibly pumps copper into these compartments to exert
copper toxicity. Pathogen combats this toxicity by upregulating the
expression of their own copper exporter LmATP?7. In the present study, we
identified a novel parasite-induced trafficking phenomenon of the host
ATP7A which is independent of copper cues. We speculated that ATP7A
might have an important role in host defense against Leishmania

Intestine Kidney Spleen  Brain

pathogenesis. Data from Fig. 11 corroborates with the study that shows that
macrophage utilizes exogenous copper for more efficient intracellular
pathogen killing”. We speculate that such response may be at play upon
exogenous copper treatment on L. major infected macrophages.
Macrophage cells also express copper transporters and copper reg-
ulating and interacting proteins, which can play an important role in host
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Fig. 6 | Increased bioavailable copper dampens Leishmania infection in vivo.

A Measurement of whole serum copper in serum samples of mice from indicated
treatment conditions using ICP-MS and (B) Ceruloplasmin (Cp) level from the same
samples and normalized to that of the untreated mice at 4 weeks post-infection.
Error bars represent mean + SD of values. Asterisks indicate values that are sig-
nificantly different from Untreated mice. Sample size (n): 6 for each condition.
“p<0.05,"p <0.01, "*p < 0.0001, ns; (Student’s ¢ test). C Represenattive images of
lesion development in left footpad of infected and uninfected BALb/c mice at dif-
ferent copper treatments at 15 weeks post-infection. The scale bar represents 0.5 cm.
D Line graph with markers representing progression of lesion development and size
in footpad of BALB/c mice infected with L. major at different copper treatments.
Lesion development was determined by weekly measuring the swelling with a
caliper. The data correspond to the mean + SD of values obtained from three indi-
vidual mice in each group. Asterisks indicate values that are significantly different
from Infection mice. Sample size (n): 6 for each condition. “p < 0.05, *p < 0.01,
“p <0.001,""*p < 0.0001, ns; (Student’s ¢ test). E Parasite load in the infected
footpad was determined at week 15 post-infection by limiting dilution assay.
Asterisks indicate values that are significantly different from Infection mice. Sample
size (n): 6 for each condition from each group, ****p < 0.0001, *“p < 0.01, (Student’s ¢
test). F Leishmania load in the infected footpad was determined by Ct values of L.
major KDNA of infected mice 15 weeks post- infection at different copper condi-
tions. Asterisks indicate values that are significantly different from Infection mice.

Sample size (n): 6 for each condition. “p < 0.05, “p < 0.01 (Student’s ¢ test).

G Measurement of whole serum copper in serum samples of mice from indicated
treatment conditions using ICP-MS and (H) Ceruloplasmin (Cp) level from the
same samples and normalized to that of the untreated mice at 15 weeks post-
infection. Error bars represent mean + SD of values. Asterisks indicate values that are
significantly different from Untreated mice. Sample size (n): 6 for each condition.
“p<0.05,"p<0.01, "p <0.001, "**p <0.0001, (Student’s ¢ test). I Measurement of
footpad tissue copper of mice from indicated treatment conditions using ICP-MS at
15 weeks post-infection. Error bars represent mean + SD of values. Asterisks indicate
values that are significantly different from Uninfected mice. Sample size (n): 6 for
each condition, **p < 0.01; (Student’s ¢ test). ] Immunoblot of ATP7A and CTR1
from left footpads of mice from indicated treatment conditions. The fold changes of
ATP7A and CTR1 glycosylated monomer abundance normalized against house-
keeping control a-tubulin have been mentioned. K Measurement of copper levels in
the liver, intestine, heart, kidney, spleen and brain from infected and uninfected
groups of mice using ICP-MS at 15 weeks post-infection. Error bars represent
mean * SD of values. Asterisks indicate values that are significantly different from
Uninf mice. Sample size (n): 6 for each condition. Sample size (n): 6 for each
condition, “p < 0.05, ”p < 0.01, ns non significant (Student’s ¢ test). L Immunoblot of
ATP7A and CTRI from liver and heart tissue of infected and uninfected mice. The
fold changes of ATP7A and CTRI glycosylated monomer abundance normalized
against housekeeping control a-tubulin have been mentioned.

defense to exert copper toxicity on the pathogen. It has been reported that
ATP7A protein expression increases on treating macrophages with pro-
inflammatory agents that are elevated in microbial infection™. However, we
observe that upon infection of macrophages with L. major promastigotes,
there is a remarkable degradation of ATP7A during early stages of infection.
We speculate that this modulation is a pathogen defense mechanism to
reduce Cu toxicity exerted by ATP7A, as ATP7A localizes on and pumps
copper into the pathogen-harboring phagolysosomal compartments. It
would be interesting to explore the proteome change in the host and the
parasite at different time points of infection to pinpoint possible soluble
factor(s) that might signal trafficking of ATP7A at early time points and its
degradation subsequently.

Degradation of ATP7A during microbial infection is a unique
phenomenon and has not been reported earlier. Interestingly, ATP7A
degrades via both the proteasomal and lysosomal degradation pathways.
COMMDI and Clusterin are two regulators of ATP7A. Under physio-
logical conditions, they act as chaperones and interact with ATP7A to
form a complex to help with proper folding of ATP7A and stabilize it.
However, when ATP7A is misfolded beyond repair, COMMDI and
Clusterin independently associate with ATP7A to target it towards
proteasomal and lysosomal degradation respectively"’. We observed that
the transcript levels of COMMDI and Clusterin were both elevated upon
infection. Clusterin was undergoing protein degradation indicating that
ATP7A stability may be compromised. For COMMDI, we did not
observe any change at the protein level.

Upon exploring the possible reasons of reduced stability of macrophage
ATP7A in Leishmania infection, we found that infection induces deglyco-
sylation of the protein as observed by appearance of both a glycosylated and a
non-glycosylated band in that experimental condition. This observation was
particularly interesting as previous studies show that loss of glycosylation
leads to reduced functional activity of a protein™ and also decreases stabi-
lization of ATP7A on membranes™. This suggests that the loss or inhibition
of glycosylation of ATP7A is facilitating the degradation of ATP7A by the
parasite. Our observation reveals deployment of a multi-modal manipula-
tion of the host copper homeostasis pathway by Leishmania.

Leishmania uses multiple strategies to modulate host ATP7A to make
it less potent. ATP7A receives copper from high-affinity copper uptake
protein 1, CTRI. In the plasma membrane, CTRI1 uptakes copper which is
taken up by the metallochaperone, ATOXI, and transferred to ATP7A.
siRNA-mediated knockdown study revealed ATP7A and CTR1 are crucial
players in restricting intracellular infection indicating both copper intake
and channelization are pivotal in the process of host-response.

Like ATP7A, CTR1 too was modulated by Leishmania. Interestingly,
the strategy employed here by the parasite is distinct from the one for
ATP7A. CTR1 was transcriptionally downregulated at early stages of
infection. We confirmed that unlike ATP7A, CTR1 was not subjected
deglycosylation or degradation. Interestingly, CTR1 from infected macro-
phages underwent Cys oxidation which could be one of the plausible reasons
for the disappearance of the intermediate bands. Previous reports suggest
involvement of Cys of CTR1 in dimer formation. It is evident that tran-
scriptional downregulation of CTRI is beneficial for pathogen as functional
CTR1 adds to the potency of ATP7A. It will be interesting to investigate how
the loss of intermediate CTR1 band effect its functionality and whether its
beneficial for the host or pathogen. We hypothesize that the appearance of
the CTR1 dimer in a reducing gel is reflective of the copper importing
capacity of the transporter. Disappearance of the same is possibly indicative
of compromised copper uptake by CTRI.

We extended our study to the well-established mouse model system
where we tweaked with copper bioavailability in mouse. Copper treated and
TTM treated groups having high and low bioavailable copper respectively
compared to untreated group were subjected to L. major infection. Copper
treated group had developed small lesions at a later time point of infection.
TTM group were the first one to develop lesion and maintained a heigh-
tened lesion size and parasite load till the end of the infection as compared to
the control and copper treated groups. Interestingly, serum copper level
including its bioavailable form increased in all the groups upon infection.
This indicates that introducing Leishmania on the mice footpad had
channelized copper into the systemic circulation and finally to the infection
site. We also hypothesize that increased protein levels ATP7A and CTRI in
the footpad (Fig. 6]) reflect a concomitant increased requirement of copper
in response to the pathogen. Particularly, for the TTM infected group, we
observe huge elevation in these protein levels, perhaps, owing to the less
available copper.

Upon investigating the source of elevated copper in systemic circula-
tion, we found that heart acts as the major copper donor by reducing its
copper uptake by downregulating CTRI. It has been demonstrated pre-
viously by Kim and coworkers that in mice with heart-specific knockout of
CTR1, accumulated less copper as compared to wild-type littermates.
Consequently, hepatic copper is decreased by approximately 20%, and
serum Cu is elevated by approximately 30%. These data corroborate with
our finding that heart copper is diverted towards systemic circulation upon
infection. Similarly, in the hepatic tissue we noticed a decrease in copper
levels indicative of hepatic copper being utilized as well in systemic circu-
lation. However, based on immunoblots, hepatic ATP7A is neither elevated
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nor CTRI1 is downregulated in infection condition. We hypothesize that
liver copper is channelized to systemic circulation possibly via other liver-
specific metal transporter that calls for further investigation. Similar to the
cell line data, regulation of systemic and organ copper levels is perturbed
upon Leishmania infection. Using the model of host-parasite interaction,
our study also helps to understand better the intricacies of the mammalian
copper metabolism pathway at a systemic level. We for the first time show an
interplay of the copper importers and exporters/ATPases at a tissue level
maintaining an optimum level of systemic copper at a given physiological or
pathophysiological situation.

To summarize we propose a model of host-Leishmania infection where
both partners employ various means to attune the copper homeostasis
pathway in a way that serves towards their respective advantage (Fig. 7). At
early time points of infection, the parasite establishes a successful infection
by downregulation the two key host copper transporters. However, at a later
stage of infection, the host responds by diverting its copper stores to the site
of infection to attenuate the parasite.

Microorganisms must carefully regulate the amounts of copper inside
their cells. Biocidal activity of copper has been attributed to multiple
mechanisms, including membrane lipid peroxidation, permeabilization of
the plasma membrane, modification of proteins and inhibition of their
biological assembly and activity’””. Under anaerobic conditions, copper
exists in the extremely reactive cuprous form (Cu'"), which makes it easy to
react with microbial proteins and disrupt protein structures by forming
thiolate bonds with iron-sulfur clusters™. Copper tolerance is usually
attributed to the pathogen’s export and sequestration mechanisms. Because
of the ability of copper to simultaneously harm numerous important
components in microorganisms, it becomes pivotal to employ additional
measures to keep the copper level at bay. Microbial infections can influence
the expression and localization of ATP7A/B and CTR1, thereby disrupting
host cellular copper balance. For instance, bacteria like S. enterica and M.
tuberculosis upregulate ATP7A expression in response to elevated copper
levels, while viruses like Influenza A virus disrupt the endocytic recycling
process, leading to disturbances in copper metabolism”***.

Manipulation of host copper homeostasis pathway by Leishmania
major warrants a deeper look into the pathogen molecules involved in
causing such effects. In in vivo experiment, exogenous copper treatment
restricts development of lesion. In untreated but infected mice, elevation of
copper levels in serum and infection sites (footpad) indicates its beneficial
role to the host. Copper plays a multifaceted role in host defense against
microbial infection. Apart from exerting its toxic effect, copper is also
known to be involved in wound healing. Both endogenous and exogenous

copper via ATOXI is particularly involved in inflammatory cell
recruitment”. So, redistribution of copper upon infection can be pivotal for
the host at multiple levels. It will be important to understand the function of
copper in other immune cell types. Recently, immune effects of cytosolic
copper have been shown to bolster host epithelial cells to combat extra-
cellular microbial bacteria via ALPK1-mediated immune signaling™. The
intricate interplay between host copper metabolism and microbial infection
presents a fascinating area of research with profound implications for
understanding disease pathogenesis and developing novel therapeutic
strategies. This will lead to valuable insights into host-pathogen interactions
and potential avenues for intervention.

Materials and methods

Ethics statement

The animal studies involving mice were approved by IISER Kolkata Animal
Ethics Review Board and experiments were conducted according to the
Committee for the Purpose of Control and Supervision of Experiments on
Animals guidelines (CPCSEA) and Institutional Animal Ethics Committee
(TAEC) approved protocol. BALB/c mice were obtained from the National
Institute of Nutrition (NIN), Hyderabad, and were housed in our institu-
tional animal facility. We have complied with all relevant ethical regulations
for animal use.

Parasite and mammalian cell culture

L. major promastigotes strain 5ASKH (a kind gift from Dr Subrata Adak,
Indian Institute of Chemical Biology) were grown in M199 medium (Gibco
#11150067) supplemented with 15% FBS (Gibco #10270106), 23.5 mM
HEPES, 0.2 mM adenine, 150 pg/ml folic acid, 10 pg/ml hemin, 120 U/ml
penicillin, 120 pg/ml streptomycin, and 60 pg/ml gentamicin at pH 7.2, and
the temperature was maintained at 26 °C. The murine macrophage cell line,
J774A.1 (obtained from the National Centre for Cell Science), was grown in
DMEM (Sigma #D6429) supplemented with 2 mM I-glutamine, 1X peni-
cillin-streptomycin, and 10% FBS at 37°C in a humidified atmosphere
containing 5% CO..

Macrophage infection with L. major and other treatments

J774A.1 macrophages were infected at a density of 1 x 10° cells with
late log-phase L. major promastigotes as described previously at a
parasite-to-macrophage ratio of 30:1°. Infected macrophages were
incubated for specific time-points following which the cells were
washed with twice 1X PBS to remove promastigotes from the med-
ium. They were either subjected to further treatments or harvested to

Macrophage BALB/c mice l“ ',
Heart copper‘ Liver copper ‘
Early stage Late stage CTR1‘ ?
ATP7A | ATP7A \
CTRY ‘ ]~Recovery
CTR1 :
_ Systemic circulation
’ copper] / copper |

Leishmania major

Fig. 7 | Proposed model depicting the alteration of copper homeostasis pathway
at cellular and systemic level upon Leishmania major infection. Macrophage
ATP7A and CTR1 face early reduction upon Leishmania infection but recover back
to exert copper stress on pathogen. In BALB/c mice, infection results in increased
systemic copper level, contributed by heart and liver, to fight the pathogen. Illus-
tration is prepared in Inkscape 1.2.2. Previously created elements are listed here
include Liver - 201405 liver icon by Database Center for Life Science or DBCLS is

licensed under CC BY 4.0 via Wikimedia Commons /modified, Heart - Heart-front
icon by Servier https://smart.servier.com/ is licensed under CC-BY 3.0/modified,
Promastigote - Leishmania promastigote form by CristofferSevilla is licensed under
CCBY 4.0 /modified, Amastigote - Leishmania amastigote form by CristofferSevilla
is licensed under CC BY 4.0 /modified, Mice- Vector diagram of laboratory mouse
(black and white) by Gwilz is licensed under CC BY-SA 4.0, via Wikimedia Com-
mons /modified.
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carry out various studies. J774A.1 macrophages were treated with
10 uM MG132 (Sigma) and 0.16 uM Bafilomycin Al (Sigma) for 3h
with or without infection following which the cells were harvested for
immunoblotting. Macrophages were harvested for immunoblotting
after treatment with 200 uM or 500 uM of H,O, (Sigma) for 2h,
100 uM and10 uM of copper (Sisco Research Laboratories) for 2h
and 36 h respectively, and 50 uM and 10 pM of TTM (an intracellular
copper chelator) (Sigma) for 2 h and for 36 h respectively.

Immunofluorescence and microscopy

J774A.1 macrophages were seeded at a density of 2 x 10° cells on glass
coverslips. After following different experimental set ups to required time
points, cells were fixed using chilled acetone:methanol (1:1) for 15 min by
keeping on ice. Cells were then washed with ice-cold 1X PBS and blocked
with 3% BSA in PBSS for 1 h at room temperature. Antibody solution was
made in 1% BSA in PBSS. Cells were incubated in primary antibody solution
(anti-ATP7A 1:300; anti-Lamp1 1:200; anti-CTR1 1:500; anti-Na-K ATPase
1:500) for 2 h at room temperature followed by three 1X PBS wash. Cells
were then reincubated for 1.5 h at room temperature with secondary anti-
body solution (goat anti-rabbit Alexa Fluor 488 at 1:1000 for ATP7A and
CTR1, goat anti-mouse Alexa Fluor 568 (1:1000) for Lampl and Na-K
ATPase). Following three 1X PBS washes, coverslips were mounted on glass
slides using 10 L of Fluoroshield with DAPI mountant (Sigma #F6057). All
images were captured with Leica SP8 confocal platform using oil immersion
63x objective and were deconvoluted using Leica Lightning software.
Antibody details are listed in Table S2.

Latex bead phagocytosis in macrophages

J774A.1 macrophages were incubated for 12h with 1 uM FluoSpheres™
Carboxylate-modified Microspheres, red fluorescent (580/605) (Molecular
Probes, Life Technologies) (Kind gift of Dr. Bidisha Sinha, IISER Kolkata).
Following incubation, cells where fixed and processed for immuno-
fluorescence studies as mentioned earlier.

Imaging of cellular labile copper with CF4 dye

J774A.1 macrophages with or without infection (12 h) were treated either
with 0.8 uM CF-4 or control CF-4 (Ctrl-S2-CF4) in DMEM without phenol
red (Gibco) and incubated for 10 min at 37 °C and 5% CO,. Following
incubation, cells are washed twice with DMEM without phenol red to
remove excess probe and were kept for an additional 20 min at 37 °C and 5%
CO,. Cells were fixed and processed for immunofluorescence studies as
mentioned earlier.

Immunoblotting

After respective treatments with infection, J774A.1 macrophage cells were
pelleted down. Cells were resuspended in RIPA lysis buffer (10 mM Tris-Cl
pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1.0% Triton X-100, 0.1% sodium
deoxycholate, 0.1% SDS, 140 mM NaCl, 1X protease inhibitor cocktail,
1 mM phenylmethylsulfonyl fluoride) and kept for 15min on ice. For
immunoblotting from tissue, tissue was collected from euthanized mice
following transcardial perfusion with PBS followed by flash-freezing in
liquid nitrogen. 100 mg tissue for liver, heart, intestine, kidney, spleen and
brain was lysed with 1 ml RIPA lysis buffer. The solution was then sonicated
with a probe sonicator (4 pulses, 5 s on, 20 s offand 100 mA). Protein sample
were quantified using Bradford reagent (Sigma) and 20 ug protein was
loaded in each well. 4X NuPAGE loading buffer (Invitrogen #NP0007) was
added to the sample to make a final concentration of 1X and ran on 8% SDS
PAGE till resolved to desired extent. After that semi-dry transfer of proteins
was performed to transfer the proteins from blot to nitrocellulose mem-
brane (Milipore #IPVH00010). Following transfer, the membrane was
blocked with 3% BSA in TBST for 2h at room temperature with mild
shaking. Membranes containing proteins were incubated with primary
antibody (anti-ATP7A 1:1000; anti-COMMDI1 1:2000; anti-Clusterin
1:1000; anti-CTR1 1:5000; anti-GAPDH 1:3000: anti-a-Tubulin 1:10000)
overnight at 4 °C with mild shaking and then washed with 1X TBST. HRP

conjugated respective secondary incubation was performed for 1.5h at
room temperature, further washed with TBST and TBS. Chemoluminicent
signal was developed by Clarity Max Western ECL Substrate (BioRad
#1705062) in ChemiDoc (BioRad). Densitometric analyses of the signals
were carried out using Image] software.

Inhibition of glycosylation and In-vitro deglycosylation

J774A.1 macrophages were treated with 1 pig/ml Tunicamycin (Sigma) for 3
or 12 h following which the cells were harvested for immunoblotting. For in-
vitro deglycosylation, 1 x 10° cells were lysed and protein concentration was
measured as described earlier. 20 ug protein was denatured following
manufacturer’s protocol followed by PNGase F and O-Glycosidase &
Neuraminidase Bundle (NEB) treatment at 37 °C for 1h. 4X NuPAGE
loading buffer was added to the reaction mixture followed by immuno-
blotting as mentioned earlier.

qRT-PCR of host Cu regulators

Total RNA was isolated from uninfected or L. major-infected macrophages
using TRIzol reagent (Invitrogen #15596026). Verso cDNA synthesis kit
(Thermo #AB1453A) was used for cDNA preparation from 1 pg of total
RNA. All the primer were obtained from Eurofins and the details are listed
in Table S1. Real-time PCR was performed with SYBR green fluorophore
(Bio-Rad) using the 7500 real-time PCR system of Applied Biosystems. The
relative transcript level of macrophage-specific genes was normalized using
control set as the reference sample and GAPDH gene as an endogenous
control. The experiments were performed as per minimum requirement of
quantitative real-time PCR guidelines.

Knockdown of ATP7A, CTR1 and ATOX1 with siRNA
Predesigned DsiRNA specific to mouse ATP7A (mm.Ri.Atp7a.13.1.),
CTR1 (mm.Ri.Slc31al.13.1), ATOX1 (mm.Ri.Atox1.13.1.) and
Scrambled siRNA (Negative Control DsiRNA) from Integrated DNA
Technologies were used for knockdown experiments. J774 macro-
phages were seeded on glass coverslip for amastigote nuclei counting
and on 60 mm dishes for kDNA-based PCR method. Transfections
were performed at 10nM siRNA concentration using jetPRIME
(Polyplus) transfecting reagent as per the manufacturer’s protocol
and kept for 72 h in serum free DMEM medium at 37 °C in 5% CO,.
Following this, the cells were washed twice with serum free DMEM
medium and kept in DMEM with 10% FBS for another 12h.
Knockdown of the candidates were confirmed by immunoblotting.
Finally, they were infected L. major promastigotes for 12h and
parasite load was calculated.

Estimation of intracellular parasite burden

Infected macrophages were washed twice with 1X PBS and fixed with
acetone:methanol (1:1). Coverslips were mounted on glass slides using
10 pL of Fluoroshield with DAPI mountant to stain the nuclei of the fixed
infected macrophages. Intracellular parasite burden represented as amas-
tigotes/macrophage cell was quantified by counting the total number of
DAPI-stained nuclei of macrophages and L. major amastigotes in a field (at
least 100 macrophages were counted from triplicate experiments).

kDNA-based parasite load estimation

Genomic DNA was isolated from the respective cell and tissue samples®™.
qRT-PCR was performed as mentioned earlier using L. major specific
KkDNA primers.

Detection Cys-OH formed proteins by Cysteine Sulfenic

Acid Probe

J774A.1 macrophages with or without infection (3 h) were lysed in a specific
lysis buffer containing DCP-Biol (Merck # NS1226) according to the
manufacturer’s protocol. DCP-Biol-bound proteins were pulled down with
Streptavidin-coated magnetic beads (Genscript #.00936) overnight at 4 °C
following manufacturer’s protocol. Biotinylated proteins were eluted in 1.5x
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NuPAGE LDS Sample buffer (Invitrogen #NP0007) containing 20 mM
DDT (SRL #17315) and 2 mM biotin (SRL #18888) by heating at 95 °C for
10 min and were determined by immunoblotting with CTRI antibody.

Isolation of BALB/c mouse derived peritoneal macrophages
Peritoneal macrophages from euthanized six to eight week old female
BALB/c mice were harvested using a 20 G needle four days after intraper-
itoneal injection of 3% Brewer’s thioglycolate medium (Himedia). The
separated macrophages were cultivated at 37°C in a humidified environ-
ment with 5% CO2 in DMEM (pH 7.4) with 10% heat-inactivated FBS.
After eighteen hours, non-adherent cells were washed out.

Manoeuvring copper bioavailability in mice and haemoglobin
estimation

Six- to eight-week-old female BALB/c mice were divided into three groups.
First group was Untreated (fed with regular diet and water), second group
was fed with copper (20 mg/L in drinking water) and third group was
gavaged daily with the copper chelator, TTM (5 mg/kg). For haemoglobin
estimation, blood is withdrawn from retro-orbital plexus using capillary
after 4 weeks and collected in EDTA solution from all three groups®.
Hemocor-D (Coral Clinical systems) was used to measure the blood hae-
moglobin (Hb) level. According to the manufacturer’s protocol, 20 ul of
blood is added to 5ml of Hemocor-D solution and kept in room tem-
perature for 5 min followed by spectrophotometric reading at 540 nm.

Mice infection and determination of lesion size and parasite load
The three groups were further divided into two categories, uninfected and
infected. 1x 10° late log-phase L. major were suspended into PBS and
injected into left hind footpad of infected groups. The progression of footpad
lesion was monitored weekly post-infection by blindly measuring the left
hind footpad with respect to the uninfected right hind footpad with a digital
calliper’. At week 15 post-infection, mice were sacrificed, and parasite
burden in the footpads of infected mice was quantified by limiting dilution
analysis as previously reported® by kDN A-based PCR as mentioned earlier.

Determination of cellular and tissue Cu concentration by ICP-MS
An equal number of J774A.1 macrophages were seeded in 60 mm culture
dishes. After respective treatments, cells were washed with ice-cold PBS
several six times and were harvested in centrifuge tubes. Following that, cells
were counted, and an equal number of cells were digested in 100 pl of Nitric
acid (Merck #1.00441.1000) overnight at 95°C. Copper standards were
prepared from 23 Element standard (Reagecon #ICP23A20). Digested
samples were diluted in 5 ml Milli Q water (Millipore) to bring the final
concentration of nitric acid <2%, and analyzed using Quadrupole Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS). For organ copper
estimation, tissue was collected from euthanized mice following transcardial
perfusion with PBS followed by flash-freezing in liquid nitrogen. 10 mg
tissue for liver, heart, intestine, kidney, spleen, brain and footpad was
digested and prepared for ICP-MS as mentioned above. For copper esti-
mation from serum, 10 pl of serum was digested.

Ceruloplasmin estimation

Serum samples from each group were used to oxidise equal amount of
O-dianisidine for a fixed period of time followed by spectrophotometric
reading. Copper containing Holo-ceruloplasmin levels, calculated from its
enzymatic activity, was used as readout of bioavailable copper. 20 pl of the
serum sample was pipetted into two different wells of two 96-well plates,
each containing 80 pl of acetate buffer. For 5 min, water bath at 30 °C was
used to submerge both plates marked as 5 min and 15 min respectively.
O-dianisidine dihydrochloride reagent (Sisco Research Laboratories) was
preincubated at 30 °C and 25 pl was added into each well on the two plates
and kept back in the waterbath. After exactly 5min, the first plate was
removed, and 230 pl of the 9 mol/L sulphuric acid (Merck Millipore) was
added and mixed. The other plate was removed after exactly 15 min fol-
lowed by addition of sulphuric acid. After that, spectrophotometric reading

at 550 nm was taken to detect the amount of oxidized o-dianisidine
dihydrochloride.

Image analysis

Image], the image analysis software, (by Wayne Rasband) was used for
analyzing the images®. Regions of interests were drawn manually on the best
z-stack for each cell and the Colocalization_Finder plugin was used for
colocalization studies. Mander’s colocalization coefficient was measured
using macro codes for quantifying colocalization”. To determine colocali-
sation of the host proteins and dye with Leishmania major (blue), macro-
phage nuclei (blue) was omiited from analysis. For omitting macrophage
nuclei, ‘Analyze particle’ plugin was used. ‘Otsu’ thresholding was applied
on DAPI (blue) channel and nucleus was detected keeping the size cutoff of
>1000 pixel and circularity 0.04-1.00 and cleared subsequently. Images
containing only Leishmania nuclei are then used in colocalization with CF4,
ATP7A and CTRI. For detecting diffused ATP7A punctuates, size cutoff of
<20 pixel and circularity 0.00-1.00 was used in the ‘Analyze particle’ plugin.
The Image] macro codes for the analysis is available in https://github.com/
saps018/Leishmania-host-copper. Graphs were plotted using Graphpad
Prism (version 9.4).

Statistics and reproducibility

All the analyses were undertaken using GraphPad Prism (version 9.4).
Statistical significance was assumed when p < 0.05. Type of statistical test
applied, sample sizes and number of replicates to determine the p value of
the experiments can be found in the legends of the respective figure.

Preparation of lllustrations

Mlustrations for Figs. 3D, 4A and 7 were prepared in Inkscape 1.2.2.
Previously created elements are listed here. Liver - 201405 liver icon by
Database Center for Life Science or DBCLS is licensed under CC BY 4.0
via Wikimedia Commons /modified. Heart - Heart-front icon by Servier
https://smart.servier.com/ is licensed under CC-BY 3.0/modified. Pro-
teasome- Proteasome by CristofferSevilla is licensed under CC BY 4.0/
modified. Promastigote - Leishmania promastigote form by Cris-
tofferSevilla is licensed under CC BY 4.0 /modified. Amastigote -
Leishmania amastigote form by CristofferSevilla is licensed under CC BY
4.0 /modified. Mice- Vector diagram of laboratory mouse (black and
white) by Gwilz is licensed under CC BY-SA 4.0, via Wikimedia Com-
mons /modified.

Data availability

All relevant data can be found within the article and its Supplementary
Information and Data file. Uncropped western blots can be found as Fig-
ure S7 in the Supplementary Information file. The underlying source data
for the graphs in this study can be found in Supplementary Data file. ICP-
Mass Spectrometry data for copper measurement is available in https://doi.
org/10.5281/zenodo.12746696%,

Code availability

The Image] macro codes for image analysis is available in https://github.
com/saps018/Leishmania-host-copper and at https://doi.org/10.5281/
zenodo.12745323%.
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