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Abstract
Leishmaniasis is a vector-borne parasitic disease caused by protozoa of the genus Leishmania. Twenty different species are known
to cause disease in humans with varying degrees of pathology. These diseases are transmitted throughout the geographic range of
phlebotomine sandflies, found between the latitudes 50°N and 40°S. This study explores antibody dependent enhancement (ADE)
as the cause of disease exacerbation in heterologous exposure of L. major primed mice to L. infantum challenge. BALB/c mice
received serum from L. major infected or naive mice. All mice were challenged with L. infantum and tissue parasite burdens were
recorded. Animals that received anti-L. major serum exhibited significantly higher parasite burdens. Surprisingly, these parasite
burdens were higher than those of mice infected with L. major and challenged with L. infantum. In vitro phagocytosis assays were
carried out to measure parasite uptake in the presence of naive vs. anti-L. major serum. J774A.1 murine monocytes were cultured
with either L. major or L. infantum in the presence of anti-L. major serum, naive serum, or no serum. Significantly higher rates of
L. major uptake by J774A.1 cells occurred in the presence of anti-L. major serum, but no measurable increase of L. infantum
phagocytosis was seen. Our results suggest that increased disease severity observed in vivo in mice previously exposed to L. major
and challenged with L infantum is not a result of extrinsic ADE. We speculate that intrinsic ADE, due to biased memory T cell
responses caused by Fcγ signaling, could account for disease exacerbation seen in the animal model.
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Introduction

The leishmaniases are a group of vector-borne diseases caused
by protozoan parasites of the genus Leishmania. This genus is
comprised of 53 species, 20 of which are known to infect

humans (Akhoundi et al. 2016). It is estimated that there are
up to 3 million new cases of leishmaniases each year leading to
as many as 50,000 fatalities annually (Lozano et al. 2012;
Mathers et al. 2007). The parasite is transmitted by biting
phlebotomine sandflies which are found throughout the tropics
and sub-tropics as well as in some temperate regions (Pigott
et al. 2014). There are two dominant presentations of
Leishmania infection, cutaneous leishmaniasis (CL) and viscer-
al leishmaniasis (VL). CL is the most common form of infec-
tion and is characterized by open, weeping sores. Generally, CL
will self-heal in weeks or months (Nadim et al. 1997; Markle
and Makhoul 2004). VL causes a more diffuse infection that
attacks the internal organs, particularly the spleen and liver. VL
is characterized by fever, abdominal swelling, and a dark ashen
coloration of the skin. This clinical form of leishmaniasis can be
fatal when left untreated (Alvar et al. 2012).

Multiple studies have explored the potential for cross-
protection between Leishmania species. One study showed
that mice immunized with L. amazonensis have increased
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susceptibility to L. braziliensis (Silva et al. 2011). In this
study, Silva and colleagues noted that disease exacerbation
was associated with high titers of L. amazonensis antibody.
These same researchers replicated and further elucidated these
results in a subsequent publication (Silva et al. 2015). A num-
ber of studies have examined whether previous exposure to
L. donovani or its constituent antigens can lend protective
effects against L. major (Mitchell and Handman 1987;
Rachamim and Jaffe 1993; Gicheru et al. 1997). These authors
all noted heterologous protection against L. major. Other stud-
ies have endeavored to find potential cross-protection con-
ferred by L. donovani against L. mexicana, L. amazonensis,
L. tropica, and L. chagasi (Dey et al. 2014; Nico et al. 2014;
Manson-Bahr 1961; Aguilar-Be et al. 2005). While cross-
reactive immune responses are notable, it could be argued
they are not reflective of real-world conditions. Parasites
known to cause CL are more geographically widespread than
their VL-inducing relatives, and CL is considerably more
prevalent on a global scale (Pigott et al. 2014; Alvar et al.
2012). This suggests that individuals in endemic areas are
more likely to have been exposed to/recovered from CL than
VL. Furthermore, because CL is clinically mild whereas VL is
virulent, cross protection generated by CL with heterologous
leishmanial exposures could be advantageous from a public
health perspective

Several inquiries have examined exposure to L. major as a
foundation to study immunological cross-reactivity toward VL.
However, the results are ambiguous. One publication examin-
ing the effects of heterologous immunization used L. major as
an inoculum to confer future protection against L. chagasi
(infantum) in susceptible BALB/c mice. The authors found
no effect and observed similar parasite burden between naïve
animals and those that had been primed with L. major (Streit
et al. 2001). Another study also used an initial inoculation of
L. major followed by challenge with L. infantum in the BALB/
c mice. However, in this instance, the authors reported an in-
crease in tissue parasite burden as well as a non-healing cyto-
kine profile among the L. major-primed group when compared
to the naive control group, indicating disease exacerbation
(Nation et al. 2012). In a similar study but using Leishmania-
resistant C57BL/6 mice, the authors noted lower L. infantum
parasite burden in L. major recovered animals compared to the
naïve control group, suggesting a protective effect (Romano
et al. 2015). These contradictory findings speak to the complex-
ity of the mechanisms at play and call for further investigation.

The findings of Nation et al. (2012) and those of Silva et al.
(2015) suggest the possibility of antibody dependent enhance-
ment (ADE), a potentiality in pathogens that utilize macro-
phages as a primary host cell. ADE is a phenomenon in which
the binding of a pathogen to pre-existing antibodies enhances
its entry into host cells, followed by its replication. ADE has
been implicated in the pathogenesis of other diseases known
to attack phagocytes, such as Dengue virus, yellow fever, Zika

virus, and Chikungunya virus (Katzelnick et al. 2017; Gould
and Buckley 1989; Bardina et al. 2017; Lum et al. 2018).
Given Leishmania’s proclivity for macrophages, it is quite
possible that the presence of cross-reactive antibodies from
previous exposure could augment rates of infection.

Our present study investigates whether ADE plays a role in
disease exacerbation of L. infantum infection after previous
exposure to L. major as we reported earlier (Nation et al.
2012). Herein, we observed increased parasite burden in
BALB/c mice infected with L. infantum after recovery from
L. major infection or passive L. major-serum transfer. We
further examined the role of L. major-recovered serum as it
pertains to parasite uptake by macrophages in vitro. While
increased parasite uptake was seen with L. major
promastigotes, no corresponding increase was seen with
L. infantum promastigotes. These results lead us to conclude
that disease exacerbation is not caused by increased parasite
uptake or opsonization alone. Taken as a whole, our current
results exclude the possibility that extrinsic ADE leads to in-
creased parasite entry of host cells. However, intrinsic ADE
mediated by Fcγ signaling and associated IL-10 production
may still be the cause of increased disease severity in
L. major–L. infantum heterologous infections observed by
our group and others.

Materials and methods

Animals

BALB/c mice were originally procured from Simonsen
Laboratories (Gilroy, CA) and bred in the Central
Washington University vivarium. They were housed under
controlled light and temperature conditions with food and wa-
ter provided ad libitum. All animal procedures were carried
out in compliance with Central Washington University
Institutional Animal Care and Use Committee (CWU-
IACUC). The use of mice in our study was approved by
CWU-IACUC under the protocol numbers A011704 and
A101203.

Cells

J774A.1 murine macrophage line (ATCC TIB-67™) were
used in phagocytosis assays and are known to be active in
antibody dependent phagocytosis (Macura et al. 2007). Cells
were cultured in high glucose DMEM with sodium pyruvate
(GE Healthcare Bio-Sciences, USA) fortified with 6 mM L-
glutamine and 10% heat-inactivated fetal calf serum or FCS
(GeminiBio, USA). Cells were incubated at 37°C in a humid-
ified atmosphere with 5% CO2.
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Parasites

Leishmania parasites were cultured in Schneider’s complete
insect medium (Sigma-Aldrich, USA) with 15% heat-
inactivated fetal calf serum (FCS) and incubated at 24°C.
Prior to culture, parasites were kept in liquid nitrogen and
virulence was maintained by passage through BALB/c mice.
Both L. major, strain MHOM/IL/79/LRC-L251 and
L. infantum, MHOM/ES/92/LLM-320 were originally provid-
ed by Dr. Diane McMahon-Pratt (Yale School of Medicine,
New Haven, CT).

Analysis of antibody responses by ELISA

Soluble Leishmania antigens (SLA) were generated from
L. major or L. infantum promastigotes grown at 24°C, then
collected by centrifugation at 912.5×g for 10 min at 4°C and
washed 3× in phosphate-buffered saline (PBS). The suspen-
sion was then frozen overnight at −18°C to lyse cells. The
solution was thawed and sonicated with a Microson
Ultrasonic Cell disruptor XL (Misonix, Newtown, CT) at
11 W on ice for 3–15-s intervals. Protein concentration was
determined using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA) with bovine serum albumin
as the standard. SLA was adjusted to a concentration of 1
mg/ml and 100 μl per well was added to a 96-well plate and
incubated overnight at 4°C. Plates were washed five times
with PBS+0.05% Tween20 (PBS-T). Blocking buffer (PBS-
T+1% dried non-fat milk) was added to each well (200 ul) and
set for two hours at room temperature. The plates were again
washed and 100 ul of serum samples were added to each well
and allowed to set overnight at 4°C. Serum from three control
animals and three infected animals were diluted 1:50 and
1:100 in blocking buffer and each dilution was assayed in
duplicate. The plates were then washed and 100 μl secondary
antibody solution was added. Goat anti-mouse IgGHRP (Bio-
rad, Hercules, CA) diluted to 1:3000 in blocking buffer was

added and incubated for two hours at room temperature. Plates
were washed again and 100 μl HRP substrate solution
(Thermo-Fisher, Rockfield, IL) was added. Absorbance at
405 nm was then measured using a BioTek plate reader
(Winooski, VT). A two-tailed Student’s T test assuming un-
equal variances was used to compare serum affinity for
L. major and L. infantum SLA.

In vivo experiments

Serum used for passive immunization was obtained from in-
fected BALB/cmice that were given a sub-clinical, self-curing
dose of 104 L. major metacyclic promastigotes in the left rear
footpad. Blood serumwas collected at 12 weeks post infection
through cardiac puncture under isoflurane anesthesia. Control
serum was obtained from age-matched animals. Serum was
pooled within the control and L. major infected groups
(Table 1).

There were three test groups consisting of 6 mice each. The
first group, passively immunized with control serum, were
treated with 200 μl fresh serum from uninfected age-matched
mice via intraperitoneal (IP) injection. The second group, pas-
sively immunized with anti-L. major serum, were administered
200 μl fresh serum by IP injection. Serum donors and recipi-
ents were of the same cohort. The third group consisted of
L. major recovered animals previously infected with 104 para-
sites 12 weeks prior to challenge. No serum was administered
to the L. major recovered group. Following a 48-h incubation
after passive immunization, all three groups were challenged
with 107 L. infantummetacyclic promastigotes in 10 μl of PBS
via intradermal injection to the right ear as previously described
(Ahmed et al. 2003; Dondji et al. 2005). L. infantum-infected
mice were euthanized four-weeks post infection. Draining
lymph nodes (DLNs) and spleens were harvested. Our timeline
of in vivo experiments is found on Table 1.

The parasite burden in infected mice was determined using
a limiting dilution method as previously described (Titus et al.

Table 1 Infection and passive transfer schedule

Groups age matched
BALB/c

0 Weeks 48 hrs pre-infection 12 weeks 16 weeks

L. major→
L. infantum

Infect 6 BALB/c with 104 L. major
metacyclic promastigotes

------ Infect same 6 mice w/ 107

L. infantum
Extract spleen and

draining lymph node

Control serum →
L. infantum

6 BALB/c 200 μl serum from control
mice

Infect mice w/ 107

L. infantum
Extract spleen and

draining lymph node

6 BALB/c
for serum

L. major serum →
L. infantum

6 BALB/c 200 μl serum from
L. major-infected mice

Infect mice w/ 107

L. infantum
Extract spleen and

draining lymph node

Infect 6 BALB/c with 104 L. major for
serum
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1985; Soong et al. 1995; Ahmed et al. 2003; Dondji et al.
2008). Spleens and DLNs were homogenized under aseptic
conditions, washed in PBS, and re-suspended in Schneider’s
complete medium. The neat solution was diluted at 1:125
using Schneider’s complete. For the spleens, this first 1:125
dilution was then serially diluted three more times, yielding a
final dilution of 1:15625. The DLNs were diluted four more
times yielding a final dilution of 1:78125. Each dilution was
plated 48 times on a 96-well plate. The plates were incubated
at 24°C to allow promastigotes to emerge. Plates were exam-
ined under the microscope and the ratio of promastigote-
positive and negative wells was recorded. Using these data,
a mathematical curve was generated from which tissue para-
site burden could be extrapolated as previously described
(Dondji et al. 2005, 2008). The results are expressed with an
averaged value ± standard errors of the parasite burdens for
each group. An ANOVA test coupled with Tukey’s compar-
ison was used to determine statistical significance.

Phagocytosis assays

Prior toin vitro experimentation, serum used to treat cells was
produced and harvested as described below. Parasites were
cultured until determined by visual inspection under the mi-
croscope that metacyclic promastigotes predominated the me-
dium. Parasites were removed from the medium via centrifu-
gation at 1000 rpm, 4°C for ten minutes. Metacyclic
promastigotes were then isolated using a Percoll (Sigma-
Aldrich, St. Louis, MO, USA) density gradient as previously
described (Ahmed et al. 2003). Promastigotes were then
suspended in sterile PBS to a concentration of 106 cells/ml.
A 10 μl dose, delivering 104 promastigotes of L. major was
injected into the left rear paw of BALB/c mice. The infection
was allowed to progress for up to twelve months prior to
serum collection. Control serum was collected from age/sex
matched animals.

The J774A.1 cell line henceforth called J774 was used as a
macrophage source. J774 cells and Leishmaniawere cultured,
harvested and enumerated using a hemocytometer. Serum
treatments were administered to Leishmania using 1μl serum
to 1ml promastigote culture. Serum was added directly to
culture medium and allowed to incubate for 30 min.
Concentration of J774 macrophages was adjusted to 1.25 ×
105/ml and reacted with Leishmania at a 1:10 ratio in culture.
Reacting cells were incubated at 37°C in a humidified atmo-
sphere with 5% CO2. Samples were collected in triplicate at 0,
12, 18, and 24 h. Once collected, samples were incrementally
fixed to minimize clumping, first with 35% ethanol and then
in 70% ethanol.

Prior to analysis, samples were re-suspended in PBS and
adjusted to a concentration of 5 × 105 cells per milliliter. Cells
were stained using propidium iodide (PI), 1 μg/ml. Flow cy-
tometry was carried out using an S3 cell sorter (Bio-Rad,

Hercules, CA). A multiparametric protocol was devised to
quantify unbound parasites via forward scatter, side scatter,
and PI fluorescence. Data on 3 × 104 events were collected
from each sample. Data were then analyzed using FlowJo
software (FlowJo, Ashland, OR). Statistical significance was
determined using ANOVA test coupled with Tukey’s
comparison.

Fluorescent microscopy

To demonstrate progressive infection of cells, fluorescent
staining was used for photomicroscopy. Cells were harvested,
enumerated, reacted, fixed, and stained as described for flow
cytometry. In addition to PI being used to stain nuclei and
kinetoplasts, membranes were counter stained using fluores-
cein isothiocyanate (FITC)-conjugated wheat germ agglutinin
(WGA), 1 μg/ml (Vector Labs, Burlingame, CA, USA).
Samples were incubated for 30 min in darkness and at room
temperature. Photos were taken using a Leica DMRB micro-
scope (Wetzlar, Germany) and Leica Application Suite
software.

Results

Cross reactivity of L. major antibodies against L. infantum
antigens was measured by ELISA. Wells were coated with
either L. major SLA or L. infantum SLA. Serum from
L. major exposed mice recognized both L. major and
L. infantum antigen significantly above controls at both 50:1
and 100:1 serum dilution (Fig. 1). Control-unexposed mouse
serum had no measurable binding, similar to no-serum con-
trols. Serum from L. major-infected mice reacted strongly
with L. infantum SLA despite never having been exposed to
L. infantum. Results indicate substantial cross reactivity be-
tween the two parasites.

At four weeks post-challenge infection with L. infantum,
mice were sacrificed (Table 1) and both the spleen and cervi-
cal LNs harvested for the evaluation of the total number of
parasites in these tissues. The parasite burdens in the draining
lymph nodes (Fig. 2) of L. major recovered mice had an av-
erage mean parasite burden of 1.08 ± 0.09 × 104, a significant
difference over the naïve serum passive transfer group with
the average mean at 0.21 ± 0.06 × 104 (p < 0.05). The group
that underwent passive transfer of anti-L. major serum showed
the highest parasite burden with a mean parasitemia of 1.83 ±
0.06 × 104. The parasite burden was significantly higher in the
anti-L. major serum group relative to the L. major primed
group in the draining lymph nodes (p < 0.05).

The parasite burdens in the spleens four weeks post-
challenge infection with L. infantum were evaluated (Fig. 3).
L. major recovered mice had a higher average mean
parasitemia at 1.13 ± 0.27 × 104 relative to the naïve serum
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passive transfer group (0.17 ± 0.04 × 104) (p < 0.05). The
group receiving passive transfer of anti-L. major serum-while
having higher parasitemia than the L. major-recovered group
(0.85 ±0 .03 × 104), the value was not statistically greater in
the spleens (p > 0.05).

In vitro analysis using the BALB/c phagocytic cell line
J774A.1 was carried out to determine whether L. major anti-
serum increased rates of parasite uptake. J774 cells were com-
bined with L. major promastigotes in the presence of anti-
L. major serum, control naive serum, or no serum. Samples
were analyzed via flow cytometry at 0, 12, 18, and 24 h post
co-culturing of macrophages and parasites. The percent of
unbound/uninternalized parasites was measured using flow
cytometry. Progression of infection and development of
amastigotes was verified using fluorescent microscopy from
0 h to 24 h (Fig. 4). Fig 4a through d shows a visual change in
size of the monocytes as they get infected with parasites.
Although no measurements were made, it is obvious from

these images that monocyte sizes changed from in 24 h after
exposure to parasites. Figs. 5a–d are samples flow cytometry
data that were used to plot Fig. 5e and f. For example, Fig. 5a
is a scatter plot from a sample of J774 cells and L. major
promastigotes incubated in the presence of control (non-
immune) serum for 24 hours. The cells were run on the flow
cytometer to count the number of events and analyzed for
complexity and fluorescence (propidium iodide). FlowJoTM

was used to set standard gates around the promastigotes and
the J774 cells to give the percentage of events within each
gate. These same gates were applied to all the samples. The
gates provided the number of events i.e. number of J774 cells
and promastigotes incubated for 24 h in the presence of con-
trol serum (Fig. 5a) or L. major serum (Fig. 5b). Figure panels
C and D are histogram data showing the corresponding peaks
from the gates in the scatter graph above, dark grey for the free
promastigotes gate and light grey for the J774 gated cells.
J774 cells that had phagocytosed promastigotes could not be
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experimental group. Serum
dilutions of 1:50 and 1:100 were
used. NS, no serum control; CS,
control serum; Lm, L. major; Li,
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Fig. 2 Parasite burden in the draining lymph node four weeks post
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serum: p < .001
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distinguished from the uninfected cells, but the number of free
promastigotes could be easily detected by flow cytometry and
was used as the main parameter to assess phagocytosis in the
presence of sera tested. The percentage of events correspond-
ing to free parasites was significantly lower at 24 h in the
presence of L. major serum with 18.73 ± 0.869, when com-
pared to control serum or no serum at 30.43 ± 0.584 and 26.8
± 0.493 respectively (Fig. 5e). This difference between per-
centages of free in the presence of L. major serum and other

sera was statistically significant (No serum vs. L major serum:
p < .01, Control serum vs. Lmajor serum: p < .01)An identical
experiment was carried out using L. infantum in the presence
L. major antiserum to simulate heterologous re-exposure.
Under these same conditions, no significant increased
L. infantum uptake was observed in the presence of L. major
antiserum with 50.73% ± 0.869 of events corresponding to
unbound parasite versus 52.63% ± 0.584 with control serum
and 46.43% ± 0.493 with no serum (Fig. 5f).
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Fig. 3 Parasite burden in the spleen four weeks post L. infantum
infection. Tissue parasite burden of mice (n = 6/treatment) challenged
with 107 L. infantum after recovery from L. major infection (Lm
recovered); passive transfer of naive serum 48 h pre-infection (Naive

serum); Passive transfer of L. major antiserum 48 h pre-infection (Lm
serum). ANOVA < .05 Tukey’s comparison: Lm recovered vs. Naïve
serum: p < .05, Lm recovered vs. Lm serum: p > .05, Lm serum vs.
Naïve serum: p < .001

Fig. 4 Progression of L. major
infection of J774A.1 cells. Cells
where harvested from select flow
cytometry experimental
timepoints. Photos depict- a. an
uninfected cell at 0 hr, b. recently
infected cell at 12 hr, c. heavily
infected cells at 18 hr, d. and a
heavily infected cells at 24 hr.
Nuclei and kinetoplasts were
stained red with propidium io-
dide. Membranes stained green
with FITC-conjugated wheat
germ agglutinin
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Discussion

Using ELISA, we demonstrated substantial cross reactivity of
serum from L. major infected mice against L. infantum SLA
(Fig. 1). This was to be expected as previous works have
demonstrated not only significant cross reactivity between
Leishmania species, but even between other species of
Trypanosoma genus (Malchiodi et al. 1994; Vexenat et al.
1996; Vale et al. 2009). Having established the basic premise
of the experiment, we examined if immune serum conferred
any immune enhancement or exacerbation in vivo. Our results
were consistent with those of Nation et al. (2012), in that sig-
nificantly higher parasite burden was observed in the L. major-
recovered group. Interestingly, even higher parasitemia was
observed in the group passively transferred with L. major se-
rum (Figs. 2 and 3). In the draining lymph nodes collected from
the L. major-serum group, there was significantly higher
parasitemia than the L. major recovered group (Fig. 3). This
observation supports the idea that antibody dependent enhance-
ment (ADE) may be playing a role.

ADE is known to occur by two distinct mechanisms, extrin-
sic vs. intrinsic. Extrinsic ADE is generally defined as increas-
ing rates of infection through opsonization. Antibody binding
of the pathogen leads to increased uptake by phagocytes
through Fc mediated internalization. Intrinsic ADE is charac-
terized by host cells becoming more receptive and less hostile
toward potential attackers. It is often mediated by changes in-
duced by cell signaling, especially increased IL-10 produced as
a result of Fcγ-FcγR signaling (Katzelnick et al. 2017).

Leishmania infection has been shown to induce production
of detrimental cytokines and exacerbate disease to establish
persistent infections (Kima 2007). This immune subversion
can, in part, be attributed to alterations in cytokine expression
of macrophages as a result of Fcγ signaling. Anderson et al.
(2002) demonstrated that the presence of antibody-opsonized
antigen can induce secretion of IL-4 and IL-10 by macro-
phages while reducing IFN-γ and IL-12 production, a
disease-healing cytokine profile. They further showed that
the altered cytokine profiles could then push CD4 T-cells
toward a non-healing Th2 phenotype. Studies specific to
Leishmania have produced results that support these findings.
One such study using L. major showed that IgG knockout
mice were far more resistant to infection than their wild-type
counterparts (Miles et al. 2005). In this same study, adminis-
tration of exogenous IgG abrogated this resistance. Miles et al.
(2005) also noted that IgG-induced susceptibility correlated
with increased IL-10 expression and blockage of IL-10R re-
stored resistance to infection. Similar effects have been docu-
mented by Buxbaum (2008) with infection by L. mexicana. It
was noted that production of IL-10 was observed to corre-
spond with production of IgG. Furthermore, opsonized
amastigotes caused increased secretion of IL-10 and sup-
pressed IL-12 production (Buxbaum 2008). This effect is
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LmS, L. major serum. e. Free (non-phagocytosed) L. major in the pres-
ence of L. major serum, control serum, and no serum. * ANOVA: p =
.0002, F = 51.68. Tukey’s comparison: NS vs. CS: p > .05, NS vs. LmS: p
< .01, CS vs. LmS: p < .01 f. Free (non-phagocytosed) L. infantum
promastigotes in the presence of L. major serum, control serum, and no
serum. ANOVA: p = .1362, F = 2.831 CS, control serum; LmS, L. major
serum
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not necessarily specific to IgG. Increased levels of IL-10 and
susceptibility to L. infantum infection have also been associ-
ated with presence of IgM (Deak et al. 2010).

Previous research in our lab noted that mice which had been
exposed to a low, self-healing dose of L. major, then challenged
with L. infantum, developed higher parasitemia than control non-
primed mice (Nation et al. 2012). When the cytokine profile was
examined post infection there was a trend toward increased Th2
cytokines, however only IL-4 was significantly increased. There
was no significant change in Th1 or Th17 cytokines. The lack of
a robust cytokine shift leads us to ask if ADEmight be playing a
role in the disease exacerbation.

To further investigate if extrinsic ADE was inducing the in-
creased parasitemia seen in vivo, we carried out phagocytosis
assays to measure uptake of parasites by J774A.1 monocytes
in vitro. While wewere unable to definitively differentiate infect-
ed from uninfected monocytes, we could easily measure the
number of unbound/uninternalized promastigotes using flow cy-
tometry. Uptake of L. major promastigotes in the presence of
L. major antiserum was enhanced, showing lower numbers of
free parasites compared to those treated with naïve serum and no
serum (Fig. 5A). This technique was repeated to measure the
number of free L. infantum promastigotes exposed to J774
monocytes under the same conditions. There was no measurable
decrease in the number of free L. infantum promastigotes ex-
posed to L. major antiserum relative to controls (Fig. 5B). This
experiment was repeated multiple times. L. major serum de-
creased the number of free L. major promastigotes, but not the
number of free L. infantum promastigotes relative to control se-
rum or no serum in each experiment. This result would suggest
that the heterologous disease exacerbation observed in vivo can-
not be attributed to extrinsic ADE (increased infection of phago-
cytes due to opsonization).

We were unable to demonstrate extrinsic ADE using J774
monocytes which are known to be competent in antibody
dependent phagocytosis (Ralph and Nakoinz 1975. The het-
erologous disease exacerbation observed in this study as well
as that of Nation et al. (2012) has two possible explanations).
The first would be intrinsic ADE. In short, the circulating
antibody opsonized the parasites, attracting macrophages
which bound the antibody, inducing IL-10 production through
Fcγ signaling (Anderson et al. 2002). IL-10 potentially in turn
down-regulated the microbicidal response of macrophages
allowing for easier entry and more hospitable conditions for
L. infantum (Kane and Mosser 2001). A second possibility
would be a lack of concomitant antigen-specific CD4 T cells
to reinforce effector cytokine functions.

The assumption that intrinsic ADE is at play fails to address
the findings of Romano et al. (2015), who observed protective
effects against L. infantum after immunization with live
L. major. These authors opted to use the C57BL6 model,
known for its predisposition for the Th1 adaptive response
and relative resistance to Old World CL (Scott et al. 1988;

Scott 1989; Heinzel et al. 1991). Knowing this, it may come
as no surprise that C57BL6s are able to quell leishmaniasis,
given their propensity toward the typically protective cytokines
IFN-γ and TNFα (Heinzel et al. 1989; Wilhelm et al. 2001).
However, in consideration of our current results and the obser-
vations of others, we hypothesize that biased memory T cell
responses can account for these seemingly conflicting observa-
tions. It has been shown that macrophages are capable of acti-
vating CD4 cells and influencing whether they will be directed
toward the Th1 or Th2 phenotype (Anderson et al. 2002).
Resistant and vulnerable mouse strains have correspondingly
biased macrophages (Buchmüller-Rouiller and Mauël 1986).
These biased macrophages are classified as M1 and M2 and
have cytokine profiles analogous to those of Th1 and Th2 CD4
cells respectively (Mills et al. 2000). Romano et al. (2017)
demonstrated that in immune C57/BL6 mice secondary infec-
tion resulted in parasite killing by dermal monocytes in an
IFN-γ dependent manner. The intra-phagosomal pathogen
Leishmania must contend with the robust inflammatory re-
sponse initiated by previous infection. Inflammatory mono-
cytes are recruited to the site of infection, which reduced the
parasite burden via nitric oxide and reactive oxygen species
induced by skin-resident memory CD4+ T cells (Glennie
et al. 2017). Mandell and Beverley (2017) have shown the
importance of persistent parasites in protective immunity. The
parasites reside in macrophages and DCs, the majority of which
are iNOS+. Infected macrophages both maintain the infection
and likely also provides a reservoir of antigens for immune
stimulation and the maintenance of protective immunity. The
concomitant immunity that is generated against the same
species of Leishmania, may not be strong enough to provide
cross protection in the BALB/c mouse. In addition, Anderson
et al. (2002) have shown that CD4 cells will retain the bias of
the macrophages which originally activated them. Furthermore,
CD4 cells will react to repeated exposures by presented antigen
in the same manner they did during first exposure, even in the
absence of biasing conditions, and even when activated by
different types of APC (Anderson et al. 2002). In light of this
information, we postulate that the heavily biased adaptive re-
sponses of the BALB/c and C57BL6 models will give rise to
correspondingly biased T cell populations after first exposure to
L. major. These T cells will then retain their biases, whether
protective or detrimental, and react in the same manner upon
subsequent exposure to similar antigens. In short, the systems
are biased to begin with, and these biases are only reinforced
with subsequent exposures. Further inquiry using in vitro stud-
ies with CD4 involvement are needed to further elucidate these
phenomena.
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