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ABSTRACT Macrophages are mononuclear phagocytes that constitute a first line of defense against pathogens. While lethal to
many microbes, they are the primary host cells of Leishmania spp. parasites, the obligate intracellular pathogens that cause leish-
maniasis. We conducted transcriptomic profiling of two Leishmania species and the human macrophage over the course of in-
tracellular infection by using high-throughput RNA sequencing to characterize the global gene expression changes and repro-
gramming events that underlie the interactions between the pathogen and its host. A systematic exclusion of the generic effects
of large-particle phagocytosis revealed a vigorous, parasite-specific response of the human macrophage early in the infection that
was greatly tempered at later time points. An analogous temporal expression pattern was observed with the parasite, suggesting
that much of the reprogramming that occurs as parasites transform into intracellular forms generally stabilizes shortly after en-
try. Following that, the parasite establishes an intracellular niche within macrophages, with minimal communication between
the parasite and the host cell later during the infection. No significant difference was observed between parasite species tran-
scriptomes or in the transcriptional response of macrophages infected with each species. Our comparative analysis of gene ex-
pression changes that occur as mouse and human macrophages are infected by Leishmania spp. points toward a general signa-
ture of the Leishmania-macrophage infectome.

IMPORTANCE Little is known about the transcriptional changes that occur within mammalian cells harboring intracellular
pathogens. This study characterizes the gene expression signatures of Leishmania spp. parasites and the coordinated response of
infected human macrophages as the pathogen enters and persists within them. After accounting for the generic effects of large-
particle phagocytosis, we observed a parasite-specific response of the human macrophages early in infection that was reduced at
later time points. A similar expression pattern was observed in the parasites. Our analyses provide specific insights into the in-
terplay between human macrophages and Leishmania parasites and constitute an important general resource for the study of
how pathogens evade host defenses and modulate the functions of the cell to survive intracellularly.
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Leishmaniasis is a vector-borne disease caused by a digenetic
protozoan parasite from the Leishmania genus. The yearly in-

cidence is currently estimated to be about 1.8 million cases in
regions where leishmaniasasis is endemic (1). The parasites repli-
cate as extracellular promastigotes inside the midgut of their sand
fly vector and differentiate into infective, nondividing, metacyclic
promastigotes, which are regurgitated when the sand fly takes a
blood meal (2). Once inside the mammalian host, metacyclic pro-
mastigotes are taken up by professional phagocytes and subse-
quently differentiate and replicate intracellularly as amastigotes
within the phagolysosomes (3).

A wide range of clinical outcomes result from infection with
Leishmania spp., with some species causing cutaneous, mucocu-
taneous, or diffuse cutaneous leishmaniasis, where symptoms re-
main localized to the skin or mucosal surfaces. Other Leishmania

species cause visceral leishmaniasis after migration to internal or-
gans, such as the liver, spleen, and bone marrow. The propensities
for rapid self-cure, dissemination, persistence, latency, and reac-
tivation are influenced by factors related to the species of the par-
asite and also to the host’s acquired and innate immunities (4, 5).
Despite the striking variability in pathogenicity and tissue tropism
of different Leishmania species, their genomes are remarkably
similar and display a high degree of conservation in gene content
and synteny (6–9).

Macrophages are widely regarded as primary host cells of Leish-
mania parasites, although recent studies have demonstrated that neu-
trophils (10, 11) and dendritic cells (12–14) can also be infected.
Nonetheless, the most documented evidence for parasite replication
and long-term survival lies within the mononuclear phagocytes,
which are a hostile environment that is lethal to other microbes (15).
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A limited number of studies have been performed to determine
transcriptional changes that occur within macrophages har-
boring different pathogens, including Mycobacterium tubercu-
losis, Mycobacterium bovis, Mycobacterium avium, Yersinia
enterocolitica, Escherichia coli, Legionella pneumophila, and
Leptospira interrogans (16–24). An inflammatory response oc-
curs with all of these pathogens; however, the availability of
only partial lists of differentially expressed (DE) genes hinders
comparisons of global profiles and the identification of specific
responses to the pathogens.

Early studies reported that Leishmania-infected macrophages
were impaired in their response to gamma interferon (IFN-�),
and those studies attributed chronic infections to macrophage
deactivation (25–30). Overall results from recent transcriptome
analyses of human or murine macrophages infected by different
species of Leishmania and generated mostly using microarray
platforms have indicated that infected cells downmodulate the
expression of many proinflammatory genes and upregulate the
expression of several genes implicated in anti-inflammatory
responses (31–38). Whether a general suppression of gene expres-
sion in infected human macrophages occurs is yet to be eluci-
dated, and the current reports remain contradictory (31–33, 37–
40). Since data collected to date represent a miscellany of
experiments carried out in different macrophage types, host back-
grounds, and parasite species, these data have been collected at
different postinfection time points, and because the interpreta-

tions of most results have been focused on a limited set of markers,
it is not possible to integrate these findings to comprehensively
describe the state of Leishmania-infected macrophages.

The characterization of the global gene expression profiles and
the transcriptomic reprogramming events in an intracellular
pathogen and its host cell is a fundamental step toward better
comprehending the complexity of the host-pathogen interplay.
High-throughput RNA sequencing (RNA-seq) has been used as a
novel tool for the global identification of changes in RNA levels in
infected cells, yet few studies have applied the technology to inter-
rogate changes in the transcriptomes of the two biological systems
simultaneously to identify host-pathogen interactions within the
same biological samples (41–45).

Here, we used RNA-seq to simultaneously and comprehen-
sively interrogate the transcriptome profiles of both human mac-
rophages and Leishmania parasites in the context of a dual biolog-
ical system. We utilized a well-defined time course to measure the
effects over time, collected multiple biological replicates, em-
ployed careful statistical analyses to account for batch effects, and
discerned pathogen-specific responses from large-particle phago-
cytosis effects. Finally, we compared the profiles of infection by
two Leishmania species that cause cutaneous leishmaniasis with
potentially different clinical manifestations: L. major (cutaneous
self-healing leishmaniasis) and L. amazonensis (cutaneous self-
healing/cutaneous diffuse leishmaniasis).

FIG 1 Simultaneous interrogation of the parasite and host transcriptomes. The figure illustrates the study design, donors, and time points. Monocyte-derived
human macrophages were infected with the metacyclic promastigote form of L. major (dark blue) or L. amazonensis (light blue) parasites. Following phagocy-
tosis, metacyclic promastigotes transform into the amastigote form (3 to 10 hpi) and reside in membrane-bound compartments called phagosomes. As
amastigotes divide, starting at ~24 hpi, each phagosome matures into a membrane-bound singular (L. major) or communal (L. amazonensis) vacuole inside a
macrophage. Samples were collected from infected macrophages, macrophages that were allowed to phagocytose latex beads (red), and uninfected controls over
4 time points spanning from 4 to 72 hpi, as pictured. Total RNA was isolated from each sample and analyzed by RNA-seq. A total of 4 biological replicates were
collected from 4 different human donors (H2 to H5; represented in different shades of green). A second collection from two of the donors was used as a technical
replicate within the L. major/uninfected data set (H2= and H3=) and for an L. amazonensis and latex bead experiment that constituted a later addition to the study
design. The experimental design is further detailed in Data Set S1 in the supplemental material.
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RESULTS AND DISCUSSION
Study design. In order to capture the global transcriptional re-
sponse during the initiation and maintenance of intramacrophage
infection by 2 different species of Leishmania, the transcriptomes
of the parasite and the infected human macrophage were simul-
taneously profiled using RNA-seq at 4, 24, 48, and 72 h postinfec-
tion (hpi). CD14� monocytes were obtained from 4 donors and
allowed to differentiate into macrophages after an 8-day incuba-
tion period in macrophage colony-stimulating factor (M-CSF)
(Fig. 1). In accordance with the recently proposed standards for
macrophage activation nomenclature (46), we consider these cells
to be M-CSF monocyte-derived macrophages, and we refer to
them simply as macrophages throughout the manuscript. These
macrophages were neither polarized nor activated with additional
cytokine stimulation and were chosen due to their potential for a
broad range of responses.

Macrophages from each donor were infected with purified me-
tacyclic promastigotes from Leishmania major or Leishmania
amazonensis in the presence of human serum. In parallel, macro-
phages were allowed to phagocytose latex beads to evaluate the
effect of inert particle phagocytosis on global gene expression
(here referred to as the phagocytosis effect). Uninfected macro-
phages were used as controls. The dynamics of the infection were
monitored at each time point by determining the number of par-
asites per 100 macrophages and the percentage of infected cells
(Fig. 2; see also Data Set S1 in the supplemental material). The two
Leishmania species infected macrophages at similar percentages
(~90% for L. major and ~80% for L. amazonensis) (Fig. 2). The
overall parasite loads (number of parasites per infected cell) were
slightly higher for L. major-infected macrophages (ranging from
6.3 to 18) than for L. amazonensis-infected cells (6.1 to 8). The
intracellular growth rate of each species was evaluated by deter-
mining the number of parasites per 100 cells. L. major showed a
significant increase in growth between 4 hpi and the remaining
time points, and L. amazonensis growth remained somewhat con-
stant.

Global transcriptome profiles of Leishmania and its human
macrophage host cell. The global transcriptome profiles of the
parasites and host cells were characterized using RNA-seq.
Poly(A)-enriched cDNA libraries were generated for each macro-
phage sample (uninfected, infected with L. major or L. amazonen-
sis, or those that ingested latex beads) at all time points as well as
promastigotes from both species that were used for the infection.
Paired-end sequence reads of 100 nucleotides were generated for a
total of 74 samples, representing an average of 4 independent bi-
ological replicates for each condition and yielding a total of 6.3
billion high-quality reads (see Data Set S1 in the supplemental
material for details). Each sample from infected cells consisted of
a pool of mixed RNAs from the Leishmania species and human
macrophages. To resolve these mixed RNAs, the RNA-seq reads
generated from these samples were mapped against the corre-
sponding reference genomes. The fraction of reads mapping to the
parasite versus human reference genomes yielded an estimate of
the proportion of RNA molecules from each source. While the
proportion of L. major reads in parasite-infected macrophages did
not vary significantly across time points, the number of intracel-
lular parasites increased over the course of infection (Fig. 2A).
This may reflect an increase in global transcriptional activity in the
human macrophages or a similar decrease in the parasites. The

proportion of parasite-attributable reads also remained constant
during L. amazonensis infection, consistent with the attenuated
growth rate for the species.

To investigate general trends in the data, principal component
analyses (PCA) were carried out both prior to and after account-
ing for batch effects (Fig. 3; see also Fig. S1 and S2 in the supple-
mental material). A high degree of similarity between biological
replicates was evident in the PCA plots for both of the Leishmania
species and for macrophages; similar samples clustered together
by infection status per time point. We noted that the spread of
samples along the first principal component (PC1; x axis) seemed
to reflect the global transcriptional changes in the cells over time
(Fig. 3A). Uninfected control macrophages showed notable vari-
ance, denoting a drift in the transcriptome as the cells were main-
tained in culture, thus validating the use of a matched control for
each time point. Interestingly, cells that had ingested latex beads
clustered tightly with uninfected cells at the 4-h time point, reveal-
ing that macrophages are equipped with the cellular components

FIG 2 Dynamics and characteristics of M-CSF-induced human macrophage
(M�) infection with Leishmania parasites. M-CSF-induced human macro-
phages were infected with either L. major (A) or L. amazonensis (B) for 4 h,
washed, and further incubated until 24 hpi, 48 hpi, or 72 hpi. Samples collected
at 4, 24, 48, and 72 hpi were subjected to transcriptional profiling by RNA-seq.
The number of internalized parasites and percentage of infected cells were
determined microscopically. Bars indicate the percentages of trimmed RNA-
seq reads that mapped to the respective parasite reference genome. Red lines
indicate the number of parasites per 100 macrophages, and cyan lines indicate
the percent infected macrophages. The graphs incorporate data from all ex-
periments, � standard deviations. *, P � 0.05 (Student’s t test to compare each
time point to 4-hpi results).
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necessary for phagocytosis and experience no marked perturba-
tion in their steady-state transcriptome upon ingestion of parti-
cles. Thus, phagocytosis per se is not a trigger for changes in gene
expression in macrophages.

These findings with uninfected macrophages or those that had
ingested latex beads contrast with those for macrophages infected
with either L. major or L. amazonensis; the infected macrophages
clustered together and distinctly away from other samples, sug-
gesting an apparently unique Leishmania-specific human macro-
phage response early in the infection (4 hpi). As the infection
progressed, the separation between Leishmania-infected and
bead-containing macrophages became less prominent, and by
24 hpi, macrophages with persisting parasites resembled those
harboring inert particles. In addition, both populations displayed
a clear trend toward uninfected macrophages at the later time
points (48 and 72 hpi). The global transcriptional patterns for
intracellular Leishmania parasites of both species were similar
among 4-hpi samples, as they were partitioned away from those
observed at later time points (Fig. 3B and C). This was consistent
with the pronounced and distinct host response to the parasite,
which also displayed a clear separation between responses at early
and later times postinfection.

Discriminating between parasite- and phagocytosis-driven
changes in human macrophages. We examined the differential
expression of individual human macrophage genes following
Leishmania infection. In macrophages infected with L. major, the
largest host response was observed at 4 hpi, with 5,713 DE genes
between uninfected and infected macrophages at an adjusted
P value cutoff of �0.05. Later time points showed decreasing
numbers of DE genes: 4,846, 4,188, and 2,142 genes at 24, 48, and
72 hpi, respectively (Fig. 4A, top). A similar trend was observed in
the L. amazonensis infection group (Fig. 4B, top), with smaller
numbers of DE genes detected, which was reflected in a slightly
reduced statistical power associated with the fewer biological rep-
licates. Most of the genes that were DE during L. amazonensis
infection were also contained within the L. major-infected macro-
phage data sets (see Data Set S2 in the supplemental material and
the comparative DE analyses below). Among the DE genes in mac-
rophages infected with either parasite species, the average propor-
tions of up- and downregulated genes were ~40% and 60% at
4 hpi, respectively, and ~50% and 50% at the remaining time
points. While this points to a slightly higher fraction of downregu-
lated genes, we did not observe the general suppression of gene
expression in murine macrophages reported in earlier studies (33,

FIG 3 Global expression profiles of human macrophages and Leishmania parasites during infection. A comprehensive PCA was conducted to evaluate the
relationships between samples across time points and to visualize sample-sample distances for human macrophages (uninfected controls, Leishmania-infected
cells, and bead-containing cells) (A) and the intracellular forms of Leishmania (B and C). Each sphere represents an experimental sample, with increasing size
indicating the progression of time points from 4 to 72 hpi. Sphere colors indicate sample type (shown in color key). In panel A, the clouds highlight the separation
of the Leishmania-infected cluster (blue) from the uninfected/bead-containing cluster (orange). All analyses were performed after filtering out nonexpressed or
lowly expressed genes, performing quantile normalization, and including experimental batch as a covariate in the statistical model. PCA plots showing the effects
of batch adjustment in macrophage and parasite samples are shown in Fig. S1 and Fig. S2 in the supplemental material.
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39). Rather, our results are consistent with studies that have re-
ported similar numbers of genes up- and downregulated upon
Leishmania infection (31, 32, 37, 38, 40) and challenge the notion
that phagocytosis of Leishmania by macrophages induces an over-
all state of dormancy after uptake.

In order to evaluate the extent of the phagocytosis effect, dif-
ferential expression analysis was carried out to compare unin-
fected macrophages to bead-containing macrophages at each time
point. This analysis revealed no DE genes at 4 hpi, consistent with
the apparent lack of transcriptional response observed at 4 hpi
following phagocytosis of beads (Fig. 3A). A well-pronounced
phagocytosis effect was observed at later time points, with 3,787,
6,045, and 2,659 DE genes at 24, 48, and 72 hpi, respectively (see
Data Set S2 in the supplemental material). In a previous study of
the response of murine bone marrow-derived macrophages to
L. major and L. donovani, assessed using microarrays, Gregory et
al. (33) found that macrophages that had ingested beads were

nearly identical to control macrophages at the one time point used
in the study (24 hpi), and therefore they did not use bead-
containing samples to further account for the effects of phagocy-
tosis. This finding more closely matches our results at 4 hpi and
may indicate a time offset in their murine system relative to our
human system. Additionally, the observed differences may be re-
flective of differences in macrophage type and/or incubation con-
ditions.

Subsequent analyses were aimed at distinguishing between
changes that constitute a specific response to infection and those
attributable to the macrophage response to phagocytosis. Pairwise
analyses were conducted at each time point (4, 24, 48, and 72 hpi)
for macrophages infected with either L. major or L. amazonensis,
evaluated against both matched uninfected macrophages and
macrophages that had ingested latex beads. Using a novel ap-
proach based on a dual statistical test to identify genes that were
differentially regulated not only in infected macrophages relative

FIG 4 Differentially expressed genes in macrophages infected with Leishmania species and between parasite developmental stages. (A and B) The numbers of
DE genes in L. major-infected macrophages (A) and L. amazonensis-infected macrophages (B) relative to uninfected controls both before and after accounting
for the phagocytosis effect (top panels and bottom panels, respectively), depicted as horizontal bar plots for 4, 24, 48, and 72 hpi. (C and D) The numbers of
parasite genes that were DE between stages/time points were also determined for macrophages infected with L. major (C) or L. amazonensis (D). The box width
depicts the number of DE genes downregulated (left; purple) and upregulated (right; blue) at an adjusted P value of �0.05, with the total number of down- and
upregulated genes shown. The color shading indicates the proportion of genes with �4-fold differential expression (dark), between 2- and 4-fold differential
expression (medium), or 2-fold differential expression (light). The complete lists of DE genes are provided in Data Sets S2 and S5 in the supplemental material.
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to uninfected cells but also relative to macrophages that had in-
gested inert particles, we were able to filter out genes that were
differentially regulated due to the phagocytosis effect; thus, we
could select genes that were specific to the response of the macro-
phages to Leishmania infection (see Data Set S2 in the supplemen-
tal material). This resulted in significantly reduced numbers of DE
genes for each time point (Fig. 4A and B, bottom panels). Remark-
ably, the parasite-specific response was most pronounced in mac-
rophages at 4 hpi (3,273 and 2,161 DE genes in L. major- and
L. amazonensis-infected macrophages, respectively) and greatly
attenuated at later time points due to the fact that most of the
response was attributable to phagocytosis. These data are consis-
tent with the idea that Leishmania spp. establish a unique niche
within macrophages shortly after phagocytosis, with minimal
communication between the parasite and the host cell later during
infection.

Leishmania-induced remodeling of gene expression in hu-
man macrophages. In examining the DE genes after accounting
for the phagocytosis effect, we detected previously identified ele-
ments of the macrophage response to Leishmania at 4 hpi. Most
recognizable was the upregulation of genes encoding inflam-
matory cytokines, including interleukin-1� (IL-1�), tumor ne-
crosis factor (TNF), TNF superfamily members, and IL-6, as well
as a number of immunomodulators, such as prostaglandin-
endoperoxide synthase 2 (PTGS2), colony-stimulating factors 1
and 2 (CSF1 and CSF2), and superoxide dismutase 2 (SOD2
[L. major only]). Some of these gene products have been previ-
ously implicated during infection by Leishmania major (31) or
other species of Leishmania in both human and murine macro-
phage systems (32, 37, 38, 40).

Also among the top upregulated genes (up to 136-fold increase
with L. major infection and 196-fold increase with L. amazonensis
infection) at 4 hpi were multiple metallothionein 1 family mem-
bers (G, M, H, E, and A). Metallothioneins are known to have an
immunomodulatory role (47) and to be induced by a wide range
of conditions, including exposure to reactive oxygen species (48),
and were recently shown to affect the host response to Listeria spp.
infection (49). Although metallothioneins have previously been
shown to be highly upregulated in macrophages infected with
Leishmania (31, 32), their potential role in the establishment of
infection is poorly understood.

L. major and L. amazonensis show different behavioral charac-
teristics, most notably varied clinical outcomes and distinct orga-
nization of intracellular amastigotes within macrophages (one
vacuole per parasite for L. major, and communal spacious vacu-
oles that house multiple parasites for L. amazonensis) (3, 50). We
explored whether the two species elicited significantly different
responses by macrophages across various time points postinfec-
tion by using a direct statistical comparison of the gene-level mac-
rophage response to each parasite. This revealed that they did not
trigger a significantly different response in human macrophages,
with only 4 genes surfacing as differentially expressed at 4 hpi and
none at any of the subsequent time points (see Data Set S3 in the
supplemental material). Thus, despite differences in clinical pre-
sentations and host immune responses to the two parasite species,
macrophages do not appear to discriminate between L. major and
L. amazonensis.

Two of the genes that were DE between L. major-infected and
L. amazonensis-infected macrophages encode synaptotagmin
family members 2 and 8 (SYT2 and SYT8). Synaptotagmins are

membrane proteins that regulate vesicle docking and fusion in
processes such as exocytosis (51, 52) and phagocytosis (51, 53, 54).
While some synaptotagmin family members (SYT5 and SYT11)
have been implicated in Leishmania infection (55–57), the in-
volvement of SYT2 and SYT8 has not yet been investigated. Given
the general role of synaptotagmins as regulators of membrane
trafficking and fusion, it is possible that the higher levels of SYT2
and SYT8 observed during L. major infection compared to L. ama-
zonensis infection may be linked to differences in parasitophorous
vacuole maintenance throughout the infection—L. major divides
in membrane-bound compartments, with each parasite division
maintaining singular parasites in a vacuole; conversely, L. ama-
zonensis may possibly require fewer fission events to maintain its
communal vacuoles. Additionally, synaptotagmins are also
known to play a role in SNARE activity regulation by mediating
membrane fusion in a Ca2�-dependent manner (58–60). Since
Leishmania have been shown to target SNARES (VAMP8 in par-
ticular) in order to modulate antigen cross-presentation (61), it is
possible that transcriptional upregulation of synaptotagmins
upon infection by Leishmania may be related to their role in the
regulation of SNAREs. CMIP, which encodes c-Maf-inducing
protein, and GABRE, which encodes the gamma-aminobutyric
acid (GABA) A receptor epsilon, were also expressed at higher
levels in L. major-infected macrophages, though the mechanism
by which these genes may differentially interact with or be influ-
enced by each parasite species is unclear.

Toward defining the signature of mammalian macrophage
infection by Leishmania. An important aim of this study was to
characterize the human macrophage response to infection by
Leishmania parasites, with the fundamental goal of defining
shared features regarding how intracellular pathogens modulate
their host environments. We integrated our findings with data we
collected from the same time points in a previous study in L. ma-
jor-infected murine macrophages (40) as an initial step toward
uncovering a common signature in mammalian macrophages in-
fected with Leishmania. Since the differential expression data set
collected from murine macrophages did not account for the
phagocytosis effect, we sought to restrict this analysis to ortholo-
gous genes that were DE in both human and murine macrophages
as the result of infection and not phagocytosis. Thus, we identified
the mouse orthologs of the human genes that constituted the
L. major-specific response and then compared the expression pro-
files for these genes to corresponding DE gene profiles generated
for murine macrophages from the earlier report of Dillon et al.
(40). We identified mouse orthologs for 3,017 of the 3,273 genes
that were DE in L. major-infected human macrophages at 4 hpi,
after accounting for the phagocytosis effect. The relationship be-
tween genes in each host system was best visualized using a scat-
terplot that showed the magnitude and direction of differential
expression for each gene and its ortholog (Fig. 5). Of the 1,735
genes that were DE in both host systems (see Data Set S4 in the
supplemental material), 1,340 were differentially expressed in the
same direction in both systems and thus constitute a unique sig-
nature of L. major infection of mammalian macrophages. Those
genes localize in quadrants I (567 genes upregulated in both sys-
tems) and III (773 genes downregulated in both systems) and
contain the most highly differentially expressed genes.

In order to identify known cellular processes within this signa-
ture, we used a KEGG pathway enrichment analysis of genes com-
monly up- or downregulated in both host systems (Table 1; see
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also Data Set S4 in the supplemental material). Many of the KEGG
pathways that were most enriched in the upregulated set of genes
are related to immune activation and signaling. Signaling path-
ways related to the recognition of pathogen-associated molecular
patterns (PAMPs; e.g., NOD-like receptor, RIG-I-like receptor,
and Toll-like receptor signaling) were implicated, as were many
other immune system signaling pathways (cytokine-cytokine re-
ceptor interaction, Fc epsilon RI, T cell receptor, Jak-STAT,
mitogen-activated protein kinase [MAPK], NF-�B, TNF, vascular
endothelial growth factor [VEGF], hypoxia-inducible factor 1
[HIF-1], ErbB, FoxO, phosphatidylinositol 3-kinase–Akt [PI3K-
Akt], and transforming growth factor beta [TGF-beta] signaling).
Given the effects of many of these pathways on cell growth and
metabolism, it is not surprising that many have been previously
implicated in cancer and that a number of cancer-related path-
ways appear in the enriched KEGG pathway lists. KEGG pathways
enriched among genes that were downregulated in both the hu-
man and murine systems are associated with energy metabolism
(amino acid and glycan degradation), lysosome structure and pro-
cesses, and apoptosis. Interestingly, the FoxO signaling pathway,

which is involved in the regulation of cell growth, gluconeogene-
sis, and adipogenesis, was enriched among both up- and down-
regulated genes, with 12 members of the pathway upregulated and
14 others downregulated.

It is important to note that there is a significant amount of
redundancy within the gene candidates that drive the enrichment
of known pathways. An analysis of the overlap between the DE
genes contained in different pathways revealed that the KEGG
enrichment results can be solely attributed to 142 upregulated and
85 downregulated genes. This is explained by the nature of KEGG
pathways (and similar databases), which reflect finite groupings
that largely represent areas of research emphasis. Genes driving
the KEGG results among the 39 upregulated pathways include
TNF (22 pathways), PIK3CB (22 pathways), IL-6 (21 pathways),
MAPK8 (20 pathways), NFKBIA (19 pathways), MAPK11 (18
pathways), IL-1B (17 pathways), MAP2K1 (17 pathways), MYC
(12 pathways), IL-1A (10 pathways), TRAF2 (10 pathways),
CDKN1A (10 pathways), NFKB1B (8 pathways), TlCAM1 (8 path-
ways), and VEGFA (7 pathways), while those driving results
among the 17 downregulated pathways include AKT1 (9 path-
ways), PIK3CG (9 pathways), PIK3R2 (9 pathways), MAPK14 (5
pathways), GNAI1 (4 pathways), HADHA (4 pathways), HEXA (4
pathways), HEXB (4 pathways), PRKACA (4 pathways), PRKACB
(4 pathways), TGFBR1 (4 pathways), and TFGBR2 (4 pathways).

Disease-specific KEGG pathways appeared prominently in the
enrichment analysis lists (including those for Chagas disease,
Epstein-Barr virus infection, hepatitis, herpes simplex infection,
human T cell leukemia virus 1 [HTLV-1] infection, influenza,
legionellosis, measles, pertussis, salmonella infection, and shigel-
losis). These enrichments were largely driven by redundant gene
entries within those pathways, as described above, and KEGG
pathways for individual diseases appeared to represent a compre-
hensive assemblage of observations from multiple studies of indi-
vidual genes (rather than a consensus) from different experi-
ments, hosts, cell types, and time points.

To further extend the interpretation of our L. major and
L. amazonensis infection data sets, we attempted to identify some
of the common elements in the human macrophage response to
infection by comparing the data sets reported here and those of
previous reports on the infection of human macrophages infected
with Leptospira interrogans (24), Legionella pneumophila (22), and
Mycobacterium avium (17). Although we were unable to conduct a
comprehensive comparison, since expression values were re-
ported only for subsets of genes in the published data sets, we were
able to make some useful observations. A number of cytokines,
chemokines, and inflammatory mediators upregulated in the
L. major and L. amazonensis infections were also upregulated in
these other systems and therefore constitute a shared response to
infection. Specifically, IL-6 and TNF were upregulated in infec-
tions by the other 3 pathogens, IL-1B was also upregulated in
M. avium and L. interrogans infections, TNFSF9 was also upregu-
lated in M. avium and L. pneumophila infections, CCL20 and
CXCL3 were also upregulated in L. pneumophila and L. interrogans
infections, CXCL1 and CXCL5 were also upregulated during L. in-
terrogans infection, and PTGS2 was also upregulated during
M. avium infection. All of these genes except CCL20 and CXCL5
were also upregulated in the L. major-infected murine macro-
phage data set (40) examined above. Most of these proteins are
proinflammatory in nature (IL-6 has both pro- and anti-
inflammatory properties) and play a role in the recruitment and

FIG 5 Responses of human and murine macrophages to L. major infection at
4 hpi after accounting for the phagocytosis effect. The differential expression
profile of L. major-infected human macrophages was compared to that of
L. major-infected murine macrophages collected at the same time point (40).
Orthology mapping to mouse was done for the 3,273 human genes identified
as differentially expressed at 4 hpi, after accounting for the phagocytosis effect,
and the results were compared to the murine expression data set. A scatterplot
showing the relationship between fold changes (log2 transformed) in mice
(x axis) and humans (y axis) is shown, with each human-mouse gene pair
represented by a single point. Some genes duplicates were introduced by the
orthology mapping process. Points in gray represent genes in the human data
set with an ortholog that was not significantly DE in the murine data set. Points
in shades of red represent genes that were significantly DE in both data sets,
with those showing �2-fold difference (log2 fold change, �1) in either/both
host system(s) shown in pink and those with �2-fold difference (log2 fold
change, �1) in both host systems shown in red. The numbers of unique genes
represented by the red and pink points are indicated for each quadrant. The
complete list of genes that were DE in both systems is provided in Data Set S4
in the supplemental material.
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TABLE 1 KEGG pathways enriched in DE genes common to human and murine macrophages infected with L. major at 4 hpia

Direction of regulation
and KEGG pathway

No. of
DE genes

Pathway
size P value

Upregulated KEGG pathways
TNF signaling pathway 24 109 2.07e�13
NF-�B signaling pathway 14 88 1.62e�06
Nod-like receptor signaling pathway 11 57 3.07e�06
Epstein-Barr virus infection 21 198 4.43e�06
Hematopoietic cell lineage 12 82 2.17e�05
Shigellosis 10 61 3.88e�05
Chagas disease (American trypanosomiasis) 13 103 4.98e�05
Proteoglycans in cancer 19 198 5.17e�05
Ribosome biogenesis in eukaryotes 11 81 9.64e�05
ErbB signaling pathway 11 85 1.50e�04
HIF-1 signaling pathway 12 104 2.30e�04
Toll-like receptor signaling pathway 12 105 2.52e�04
Osteoclast differentiation 13 121 2.61e�04
Legionellosis 8 54 4.75e�04
Cytokine-cytokine receptor interaction 19 248 9.33e�04
Pertussis 9 75 1.04e�03
VEGF signaling pathway 8 61 1.09e�03
PI3K-Akt signaling pathway 23 335 1.27e�03
Herpes simplex infection 15 179 1.30e�03
FoxO signaling pathway 12 127 1.41e�03
Mineral absorption 7 50 1.51e�03
Hepatitis C 12 129 1.61e�03
Influenza A virus 14 169 2.08e�03
Small cell lung cancer 9 84 2.32e�03
MAPK signaling pathway 18 249 2.41e�03
Rheumatoid arthritis 9 87 2.95e�03
Hepatitis B 12 143 3.82e�03
Jak-STAT signaling pathway 12 147 4.77e�03
Measles 11 130 5.17e�03
TGF-beta signaling pathway 8 79 5.66e�03
Pathways in cancer 23 381 6.36e�03
HTLV-1 infection 17 254 6.79e�03
Central carbon metabolism in cancer 7 66 7.35e�03
Prion diseases 5 36 7.36e�03
Tight junction 11 137 7.62e�03
T cell receptor signaling pathway 9 101 7.91e�03
Fc epsilon RI signaling pathway 7 68 8.63e�03
Salmonella infection 8 85 8.74e�03
RIG-I-like receptor signaling pathway 7 69 9.33e�03

Downregulated KEGG pathways
Valine, leucine, and isoleucine degradation 10 46 2.52e�05
Lysine degradation 9 51 3.46e�04
Progesterone-mediated oocyte maturation 12 89 5.19e�04
Other glycan degradation 5 18 8.77e�04
Osteoclast differentiation 14 121 8.88e�04
FoxO signaling pathway 14 127 1.43e�03
Lysosome 13 120 2.44e�03
Glycosphingolipid biosynthesis (globo series) 4 14 2.65e�03
Fatty acid elongation 5 23 2.87e�03
Apoptosis 10 81 2.91e�03
Chronic myeloid leukemia 9 72 4.27e�03
Platelet activation 13 128 4.29e�03
Chagas disease (American trypanosomiasis) 11 103 5.70e�03
Fc gamma R-mediated phagocytosis 10 90 6.24e�03
Propanoate metabolism 5 28 6.99e�03
Glycosaminoglycan degradation 4 18 7.04e�03
Estrogen signaling pathway 10 95 9.07e�03

a KEGG pathway analysis was carried out to identify signaling and metabolic pathways overrepresented in genes that constitute the mammalian response to L. major infection at
4 hpi. Genes that were commonly regulated in both the human and mouse systems were used as input, with up- and downregulated genes considered separately. A P value cutoff of
0.01 was used to define enriched pathways. For each enriched KEGG pathway, the number of DE genes assigned to that pathway, the total number of genes in the pathway, and the
P value for the enrichment are reported. The differentially expressed genes corresponding to each enriched KEGG pathway are provided in Data Set S4 in the supplemental
material.
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stimulation of various immune cells. The involvement of this
broad repertoire of gene products reflects the complex and at
times opposing immune responses that occur as intracellular
pathogens attempt to establish an infection and survive intracel-
lularly.

Identification of differentially expressed genes in Leishma-
nia parasites. In addition to allowing the characterization of the
gene expression patterns of human macrophages as they re-
sponded to infection by Leishmania parasites, this study provided
an opportunity to simultaneously elucidate changes in the para-
sites’ gene expression programs as intracellular infections were
established and progressed. Differential expression analyses were
carried out for parasite genes to determine how Leishmania spe-
cies modify the expression of their individual genes during the
transition from metacyclic promastigotes to intracellular amasti-
gotes and over the course of an intracellular infection. The largest
numbers of DE genes were observed as metacyclic promastigotes
that had infected human macrophages, with 3,224 L. major genes
and 3,896 L. amazonensis genes implicated at an adjusted P value
cutoff of �0.05 (Fig. 4C; see also Data Set S5 in the supplemental
material). Significantly fewer changes in expression were observed
in intracellular parasites across time, with 356 DE genes and 577
DE genes in L. major and L. amazonensis, respectively, during the
4- to 24-hpi transition. Only 3 DE genes were observed for each
species during the 24- to 48-hpi transition, and 0 genes were DE
during the 48- to 72-hpi transition. This pattern of expression
(large numbers of DE genes during the metacyclic-to-early amas-
tigote transition and decreasing numbers of DE genes over time)
suggests that the large gene expression reprogramming that occurs
as extracellular promastigote parasites transform into intracellu-
lar amastigote parasites generally stabilizes by around 24 hpi. This
mirrors the changes in host transcriptomes, where large changes
were observed during early infection and many fewer changes
were observed at later time points, once the phagocytosis effect
was considered (see above and Fig. 4A and B, lower panels). The
parallel expression patterns between parasite and host suggest that
host-pathogen interactions are extensive upon Leishmania enter-
ing and establishing infection within the cells but are virtually
nonexistent by around 24 h after infection.

In an attempt to directly compare gene expression programs
between the two Leishmania species as they transition from the
metacyclic form into intracellular forms, we focused our analysis
on a set of L. major/L. amazonensis (L. mexicana) orthologous
gene clusters that were precomputed in EuPathDB and include
~98% of L. major genes. The DE profiles for each L. major/L. ama-
zonensis gene and its ortholog(s) are available in Data Set S6 in the
supplemental material, and a graphical representation of the re-
sults is shown in Fig. 6A and B (dots correspond to the differential
expression levels for orthologous genes). The orthology mapping
between the two species included several one-versus-many rela-
tionships because of paralogous gene families, and this is mani-
fested in the scatterplot as rows and columns of perfectly aligned
dots representing the amastin and SHERP gene products, among a
few others. We observed a set of 1,558 unique gene pairs (737
upregulated and 811 downregulated) that were significantly dif-
ferentially expressed in the same direction in both species during
the metacyclic promastigote-to-intracellular transition at 4 hpi.
These represent gene products that underlie a response common
to both species as they adapt to the human macrophage environ-
ment (Fig. 6A). Two other subsets included transcripts that ap-

peared significantly DE in one species but not in the other. Those
included 3,947 unique transcripts in total, with only a small pro-
portion (10%) that were differentially expressed more than 2-fold
in one species or the other. A closer inspection revealed that many
genes that make up these subsets are members of multigene fam-
ilies in the common expression set (e.g., genes for amastin, gp63,
kinesin, flagellar attachment zone protein, AAT family members,
dynein, cysteine peptidase B), and/or were DE in the other Leish-
mania species during the 4- to 24-hpi transition, indicating a time
offset in what can be considered a common response (e.g., cathep-
sin L-like protease, ATG8). A similar phenomenon was apparent
during the 4- to 24-hpi intracellular transition (Fig. 6B). While
there were only 60 unique gene pairs that were commonly ex-
pressed in the same direction, most of the transcripts that ap-
peared to be distinctly DE in one of the species were members of
multigene families that were part of the common response, or
simply displayed a time-shifted expression pattern.

The general picture that emerged from the comparison of the
two species of Leishmania is that their orthologous gene sets dis-
play minimal differences at the transcriptional level when infect-
ing human macrophages. This finding closely aligns with the lack
of observed differences in the host response to infection by the two
Leishmania species (described above). One gene in particular,
which was among those not included in this analysis because they
lacked orthologs in the EuPathDB database, was both highly dif-
ferentially expressed and has supporting evidence of its species
specificity. This gene, the virulence factor A2, is present in L. ama-
zonensis but exists only as a pseudogene in L. major (62). It was
among the most upregulated genes in L. amazonensis during the
metacyclic-to-4-hpi transition and was further upregulated
through 24 hpi. A2 is required for visceral infection by L. donovani
(63) and has been implicated in the parasite’s resistance to heat
shock (64). While L. amazonensis generally causes cutaneous dis-
ease, it has also been associated with visceral infections (65). The
strong upregulation of the A2 gene during early infection detected
here is consistent with that observation.

Toward defining the signatures of Leishmania differentia-
tion and intracellular survival. In order to characterize the over-
all signature of L. major differentiation from the metacyclic pro-
mastigote developmental stage to intracellular amastigotes and
during intracellular infection, we compared the patterns of L. ma-
jor gene expression identified in human macrophages (this study)
to those observed for the same time points in L. major-infected
murine macrophages (40). In both host systems, large numbers of
DE genes were detected in the parasite during the metacyclic-to-
early amastigote transition, and decreasing numbers of DE genes
were noted between intracellular time points.

When individual genes were compared between the human
and mouse analyses, a composite picture emerged (Fig. 6C and D;
see also Data Set S7 in the supplemental material). Among the
4,708 genes that were DE in L. major during the metacyclic
promastigote-to-4-hpi intracellular form transition in at least one
of the hosts, 28% (1,336) represent a common parasite expression
pattern in both human and mouse infections. A gene ontology
(GO) enrichment analysis was done to glean insights into the
functional overlaps in L. major genes that were differentially ex-
pressed as metacyclic promastigote-infected mammalian macro-
phages over the first 4 h. Two enriched GO categories emerged—
peroxiredoxin activity and antioxidant activity—among the 598
L. major genes that were commonly upregulated during both hu-
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FIG 6 Comparison of Leishmania spp. transcriptomes upon infection of human or murine macrophages. Scatterplots show the relationship between fold
changes (log2 transformed) for L. amazonensis (x axis) and L. major (y axis) orthologs for the metacyclic promastigote to 4-hpi intracellular transition (A) and
the 4- to 24-hpi intracellular transition (B) within human macrophages. The lists of orthologs and their corresponding fold changes are provided in Data Set S6
in the supplemental material Scatterplots were also used to show a comparison of L. major parasite expression patterns in human macrophages with similar data
sets produced using a murine system (40). The relationship between parasite gene fold changes (log2) in the mouse system (x axis) and the human system (y axis)
are shown for (C) the metacyclic promastigote to 4-hpi intracellular transition (C) and the 4- to 24-hpi intracellular transition (D). The lists of genes in the
comparisons are provided in Data Set S7. Points in gray represent genes that were not significantly DE by L. major in either host system; points shown in shades
of purple represent genes that were DE in the same direction in both systems; points shown in shades of green represent genes that were DE in different directions
between the systems; points shown in shades of orange or blue represent genes significant in only one system. The numbers of DE genes corresponding to each
color are included in parentheses below the graphs. NS, not significantly DE.
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man and mouse infections (see Table S1 in the supplemental ma-
terial). Tellingly, only 7 genes, peroxidoxin and 6 tryparedoxin
peroxidase family members, drove these results (see Data Set S7 in
the supplemental material). A greater number and range of GO
categories were enriched among the 738 L. major genes downregu-
lated in both host systems. These 13 GO categories were largely
related to signaling, microtubule dynamics, and fatty acid biosyn-
thesis. Many of the genes driving the GO results for the genes
consistently regulated in both systems have been previously im-
plicated in Leishmania virulence (i.e., tryparedoxin peroxidase
family members [66], casein kinase [67], and adenylate cyclase
[68]) or regulation of flagellar dynamics (i.e., calmodulin [69],
dynein heavy chain [70], kinesin [71, 72], paraflagellar rod protein
[73], and multiple MAP and NIMA kinases [74–77]).

Patterns of parasite gene expression that were unique to either
humans or mice were also clearly detectable and likely reflect the
biological differences inherent to each host. A total of 1,887 L. ma-
jor genes were uniquely regulated in human macrophages (1,133
up and 754 down), and 1,626 responded specifically to the infec-
tion of murine macrophages (862 up and 764 down). Among the
genes that stood out as the most divergent in their behavior in the
two host systems were META1, GP63, and surface antigen protein
2, all of which were downregulated in humans and upregulated in
mice; conversely, RNA binding protein 5 and cathepsin L-like
proteases were upregulated in humans and downregulated in
mice. GP63 and META1 are known to play roles in virulence.
GP63 is a zinc-dependent metalloprotease found on the surface of
the parasite that cleaves C3b to iC3b, thus helping the parasite
avoid complement-mediated lysis and promoting parasite entry
into the cell via complement receptor 3 (78–80). Entry via this
receptor has been found to contribute to parasite survival (81, 82).
Additionally, GP63 hydrolyzes host kinase substrates (80, 83) and
may thus alter the signaling processes of the host cell. META1 is
known to localize to the flagellar pocket of the procyclic form of
the parasite, has been implicated in secretory processes, and is
upregulated during the procyclic-to-metacyclic promastigote
transition (84–86). Cathepsin-L-like proteins have been shown to
be key modulators of the host immune response (87, 88) and are
regarded as possible molecular targets against leishmaniasis (89,
90). The differential expression of these proteins upon infection of
human and mouse macrophages may reflect differences in the
intricacies of host-parasite immune response/adaptation and/or
the complex signaling pathways triggered by the parasite in the
context of each host system.

A GO analysis yielded some additional insights into different
parasite behaviors in the two hosts. Several categories related to
proton transport were enriched among genes that Leishmania up-
regulated in the human system but not in the mouse, reflecting an
upregulation of the expression of multiple vacuolar ATP synthase
genes. This difference in the parasite response to the host system
could be indicative of the relative acidity of the phagosomes in the
two hosts. A number of categories related to ribosomes and trans-
lation were also enriched among genes that parasites upregulated
in humans but downregulated in mice. The reason for this differ-
ence is unclear. Complete lists of enriched GO categories and the
genes associated with each are provided in Table S1 and Data
Set S7 in the supplemental material.

As highlighted earlier, the 4- to 24-hpi intracellular transition
of the parasite was characterized by considerably smaller numbers
of genes that were DE and by lower changes of magnitude. Of the

625 L. major genes that were DE during that transition in at least
one of the hosts, only 28 represented a common parasite expres-
sion pattern in both human and mouse infections, while 328 and
273 genes were unique to the human and mouse systems, respec-
tively. Despite the large number of differences, almost all were less
than 2-fold DE and therefore represented relatively small changes
in the context of the host system.

Even though our interpretations of the analyses above focused
on previously characterized gene products, it is worth noting that
significant proportions of the DE genes across parasite time points
postinfeciton encode hypothetical/unspecified proteins: 60% and
67% of genes in the metacyclic to 4-hpi transition and 39% and
55% of genes in the 4- to 24-hpi transition for L. major and L. ama-
zonensis, respectively. While significant numbers of Leishmania
hypothetical genes remain uncharacterized to date, they play an
integral role in the parasite’s strategy for survival and modulation
of functional pathways within the host.

Conclusions. Leishmania-macrophage interactions have been
well studied at the cellular as well as the molecular levels. Most
studies thus far have aimed to define the response of either the
parasite or the host cell at limited time points and in different host
systems and macrophage types. This study was prompted by the
lack of a comprehensive picture of transcriptome reprogramming
events during infection of human macrophages with Leishmania.
We designed our experiments to collect global and simultaneous
transcriptome profiles from host and pathogen over a well-
defined time course, combined with a careful effort to systemati-
cally exclude the effect of large particle phagocytosis from the
human response to infection with different Leishmania species.

Perhaps the most intriguing observation is the vigorous,
parasite-specific response of the human macrophage (which in-
cludes an inflammatory burst) early in the infection. Such a clear
picture could only emerge from our systematic exclusion
of the “generic” effects of large-particle phagocytosis. The
Leishmania-specific response of the macrophage was greatly tem-
pered at later time points, and the transient nature of this response
from the host macrophage was rather unexpected and apparently
unique to Leishmania, since other pathogens that reside within the
macrophage are believed to trigger a prolonged and sustained in-
flammatory response. Our findings indicate that in the case of
Leishmania-infected macrophages, the response at later time
points (24 h, 48 h, and 72 h) is mostly indistinguishable from the
response to inert particles. While much of this response may be
attributable to generic postingestion processes in the macrophage,
there may still be underlying components within that response
that are relevant to the parasite’s survival. The temporal changes in
the global transcriptome of the parasite were similar to the pattern
observed in its host cell, suggesting that much of the reprogram-
ming that occurs as the parasites transform into intracellular
forms generally stabilizes by around 24 hpi. The analogous expres-
sion patterns suggest that the host-pathogen interactions that are
active shortly after Leishmania entry into the cell are greatly re-
duced once the infection is established.

We have collected data from multiple human donors, used
time-matched uninfected macrophages as controls, and per-
formed careful statistical analyses to account for batch effects
and to discern the phagocytic effect from the pathogen-host
modulation effect. This allowed us to detect the reprogram-
ming profiles of the parasite and the host over the course of the
infection with high confidence and sensitivity and to establish a
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robust data set not only for the study of parasite-macrophage
interactions but also for the examination of host-pathogen in-
teractions in general. Moreover, the comprehensive data set
generated in this study serves as a reference not only to the
communities that study host-pathogen interactions but to a
broader audience interested in investigating inert particle
phagocytosis. It will also serve as a reference for future studies
using additional Leishmania strains (or even different patho-
gens altogether) to examine infection of macrophages from
multiple sources and in various states of activation, polariza-
tion, or rest. A clearer picture of the signature of intracellular
infection will emerge as this data set is examined in light of
similar data sets that will be produced for other pathogens,
providing additional insights into how pathogens are able to
evade host defenses and modulate the biological functions of
the cell in order to survive in the mammalian environment.

MATERIALS AND METHODS
Parasites. Leishmania major (clone VI, MHOM/IL/80/Friedlin) and
L. amazonensis (IFLA/BR/67/PH8) promastigotes were cultivated at 26°C
in medium 199 (Gibco, Invitrogen) supplemented with 5% penicillin-
streptomycin, 0.1% hemin (25 mg/ml in 50% triethanolamine), 20%
heat-inactivated fetal bovine serum (FBS), 10 mM adenine (pH 7.5), and
5 mM L-glutamine. Metacyclic forms of L. major were purified by agglu-
tination of stationary-phase promastigote cultures by using peanut agglu-
tinin (Sigma) (91), while enrichment for L. amazonensis metacyclic pro-
mastigotes was performed by Ficoll density gradient centrifugation (92).

Human macrophages and infection. Human macrophages were de-
rived from purified monocytes and purchased fully differentiated from
HemaCare (Van Nuys, CA). Briefly, CD14� monocytes were positively
selected via use of immunomagnetic beads and were cultured in the pres-
ence of 1,000 IU/ml human recombinant human M-CSF for 10 days. The
cells were then harvested and transferred into HypoThermosol (BioLife
Solutions) and shipped in suspension. Upon arrival, approximately 2.5 �
106 macrophages were plated per well in a 6-well plate with X-VIVO-15
medium (Lonza) supplemented with 1,000 IU/ml M-CSF (Miltenyi Bio-
tech) and incubated for 24 h at 37°C, 5% CO2.

Macrophages were infected using a ratio of 10 parasites per macro-
phage for L. amazonensis and 5 parasites per macrophage for L. major for
4 h at 34°C. Infection was performed in X-VIVO-15 medium supple-
mented with 4% human AB serum (without prior heat inactivation).
Macrophages were allowed to ingest 4.35-�m polystyrene beads (Sphero-
tech) at a 1:10 ratio also in the presence of 4% human non-heat-
inactivated AB serum (beads were preincubated in AB serum for 30 min).
The cells were washed 3 times with phosphate-buffered saline (PBS) and
further incubated at 34°C until the 24-, 48-, and 72-h time points. Samples
intended for counting were fixed for 5 min at room temperature with
Bouin solution (71.4% saturated picric acid, 23.8% formaldehyde, and
4.8% acetic acid), stained with Giemsa, and sequentially dehydrated in
acetone, followed by a graded series of acetone-xylol (9:1, 7:3, and 3:7)
and, finally, xylol. The number of intracellular parasites was determined
by counting the total macrophages, and the total intracellular parasites per
microscopic field was determined using a Nikon E200 microscope with a
100� 1.3-numerical aperture oil immersion objective. Counts were per-
formed in triplicate for each period of infection.

RNA isolation and cDNA library preparation. Total RNA was iso-
lated from macrophages and the metacyclic material used for the L. major
and L. amazonensis infections by using a NucleoSpin RNA kit (Macherey-
Nagel) according to manufacturer’s protocol. RNA integrity was assessed
using an Agilent 2100 bioanalyzer. Poly(A)-enriched cDNA libraries were
generated using the Illumina TruSeq sample preparation kit (San Diego,
CA) and checked for quality and quantity using the bioanalyzer and quan-
titative PCR (KAPA Biosystems).

RNA-seq data generation, preprocessing, and quality trimming.
Paired-end reads (100 BP) were obtained using the Illumina HiSeq 1500
platform. Trimmomatic (93) was used to remove any remaining Illumina
adapter sequences from reads and to trim bases off the start or the end of
a read when the quality score fell below a threshold of 20. Sequence quality
metrics were assessed using FastQC (http://www.bioinformatics.babra-
ham.ac.uk/projects/fastqc/).

Mapping cDNA fragments to the reference genome, abundance es-
timation, and data normalization. TopHat (version 2.0.10) (94) was
used to align reads to the applicable genome(s), with each genome align-
ment performed independently. Reads from uninfected, L. major-
infected, L. amazonensis-infected, or bead-containing macrophage sam-
ples were aligned to the human genome (v. hg19/GRCh37). Reads from
L. major-infected or L. amazonensis-infected samples were additionally
aligned to the L. major (v. 6.0) or L. mexicana (v. 8.1) genomes, respec-
tively, as were reads from metacyclic promastigote samples. The L. mexi-
cana genome was used for alignment of L. amazonensis-containing sam-
ples, since it was the most closely related well-annotated genome that was
available. The human genome was obtained from the UCSC Genome
Browser (http://genome.ucsc.edu), and the parasite genomes were ob-
tained from the TriTrypDB database (http://www.tritrypdb.org). Two
mismatches per read were permitted (default), and reads were allowed to
map only to a single locus (-g 1 option in TopHat). The abundance of
reads mapping to each gene feature in the aligned genome was determined
using HTSeq (95). Each resulting count table was restricted to protein-
coding genes (20,956 genes for humans, 8,486 genes for L. major, and
8,336 genes for L. amazonensis/L. mexicana). Nonexpressed and weakly
expressed genes, defined as having less than 1 read per million in n sam-
ples, where n is the size of the smallest group of replicates (96) (here, n 	
3), were removed prior to subsequent analyses, resulting in count tables of
12,666, 8,480, and 8,310 genes for humans, L. major, and L. amazonensis/
L. mexicana, respectively.

Global data assessment, visualization, and differential expression
analysis. A quantile normalization scheme was applied to all samples (97),
and data were log2 transformed. Principal component analysis (PCA) was
used to evaluate replicates and to visualize the relationships between sam-
ples. The limma program was used to conduct differential expression
analyses following application of the voom module to transform the data
based on observational-level weights derived from the mean-variance re-
lationship (98). Experimental batch effects were adjusted for by including
experimental batch as a covariate in the statistical model (99). Pairwise
contrasts were performed within limma to identify DE genes across time
points in the parasites and within time points in human macrophages,
both before and after accounting for the effect of phagocytosis. Genes with
a Benjamini-Hochberg (BH) multiple-testing adjusted P value of �0.05
were defined as differentially expressed. For comparisons of uninfected
versus infected samples without accounting for the effects of phagocyto-
sis, P values for infected versus uninfected samples were used as input into
the BH multiple-testing adjustment. To determine differential expression
while accounting for phagocytosis, infected samples were evaluated rela-
tive to both bead-containing macrophages and uninfected control cells.
For each gene, the maximum P value from these two contrasts was se-
lected for input into the BH multiple-testing adjustment. Components of
the statistical pipeline, named cbcbSEQ, were done in R and can be ac-
cessed on GitHub (https://github.com/kokrah/cbcbSEQ/).

Ortholog mapping. Human-mouse orthologs were defined using the
bioMaRt package in R (100). Orthology gene tables from TriTrypDB (v.
8.1) (101) were used to identify orthologs between L. major and L. mexi-
cana.

KEGG pathway analysis. KEGG pathway analysis using Consensus-
PathDB-human (102) was done to identify signaling and metabolic path-
ways that were overrepresented in the human DE gene lists. For each
KEGG pathway, a P value was calculated using a hypergeometric test, and
a cutoff of 0.01 was applied to identify enriched KEGG pathways. For each
analysis, up- and downregulated genes were considered separately.
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Gene ontology analysis. GO categories enriched among L. major gene
sets were identified using the GOseq package in R (103). GOseq was de-
veloped specifically to account for transcript length bias in GO analyses
based on RNA-seq data. For each comparison, upregulated and down-
regulated gene sets (no fold change cutoff) were input separately into
GOseq. A P value cutoff of 0.05 was used.

Availability of supporting raw data. Raw sequence data are available
at the NCBI Short Read Archive (SRA) under records PRJNA290995,
PRJNA252769, and PRJNA292915.
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