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Malnutrition is thought to contribute to more than one-third of all childhood deaths via increased susceptibility to infection.
Malnutrition is a significant risk factor for the development of visceral leishmaniasis, which results from skin inoculation of the
intracellular protozoan Leishmania donovani. We previously established a murine model of childhood malnutrition and found
that malnutrition decreased the lymph node barrier function and increased the early dissemination of L. donovani. In the pres-
ent study, we found reduced numbers of resident dendritic cells (conventional and monocyte derived) but not migratory dermal
dendritic cells in the skin-draining lymph nodes of L. donovani-infected malnourished mice. Expression of chemokines and
their receptors involved in trafficking of dendritic cells and their progenitors to the lymph nodes was dysregulated. C-C chemo-
kine receptor type 2 (CCR2) and its ligands (CCL2 and CCL7) were reduced in the lymph nodes of infected malnourished mice,
as were CCR2-bearing monocytes/macrophages and monocyte-derived dendritic cells. However, CCR7 and its ligands (CCL19
and CCL21) were increased in the lymph node and CCR7 was increased in lymph node macrophages and dendritic cells. CCR2-
deficient mice recapitulated the profound reduction in the number of resident (but not migratory dermal) dendritic cells in the
lymph node but showed no alteration in the expression of CCL19 and CCL21. Collectively, these results suggest that the malnu-
trition-related reduction in the lymph node barrier to dissemination of L. donovani is related to insufficient numbers of lymph
node-resident but not migratory dermal dendritic cells. This is likely driven by the altered activity of the CCR2 and CCR7 che-
moattractant pathways.

Malnutrition contributes to 3.7 million deaths per year among
children �5 years of age (1). It is thought to underlie as

many as a third of childhood deaths worldwide (2). Protein energy
malnutrition and micronutrient deficiencies, which often coexist,
increase the susceptibility to and the severity of infectious diseases.
Most of the children die from infection, including diarrheal and
respiratory infections, measles, tuberculosis, and a number of par-
asitic diseases (3).

Visceral leishmaniasis (VL), caused by the intracellular proto-
zoan parasites of the Leishmania donovani complex (L. infantum
[L. chagasi] and L. donovani), is an important but neglected trop-
ical disease, with approximately 0.5 million cases and 50,000
deaths occurring per year (4). Following inoculation of the para-
site by the sand fly vector, these visceralizing Leishmania organ-
isms disseminate from the skin to reside in macrophages in the
spleen, liver, and bone marrow (5). Most of those infected with L.
donovani and L. infantum develop only subclinical disease or
chronic latent infection without any clinical manifestation. How-
ever, approximately 10% of infected people develop fever, severe
hepatosplenomegaly, pancytopenia, and cachexia, which ulti-
mately progresses to death if left untreated (6–9). Clinical (10–13)
and experimental (14–18) studies have documented that malnu-
trition is a strong predisposing factor for the progression of L.
donovani or L. infantum infection to active VL and increased mor-
tality. A child with moderate or severe malnutrition (based on

weight for age or height for age) has a 9-fold greater risk of devel-
oping VL than a child of normal nutritional status or mild malnu-
trition (11–13).

We developed a murine model of polynutrient deficiency that
mimics a moderate degree of childhood malnutrition (15). A
combination of protein, energy, iron, and zinc deficiency was cho-
sen because deficiencies of these nutrients are common and fre-
quently coexist (19–21). In this model, we observed that malnu-
trition impaired the lymph node (LN) barrier function and led to
a marked increase in the dissemination of L. donovani to the
spleen and liver. The overall lymph node architecture of the mal-
nourished mice remained intact, but there was a profound reduc-
tion in the lymph node mass and cellularity. In particular, the
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number of fibroblastic reticular cells and myeloid phagocytic cells
(macrophages, neutrophils, and dendritic cells [DCs]) was mark-
edly reduced (18). The reduction in the numbers of myeloid cells
of the conduit system with altered function suggested that the
overall phagocytic capacity of the lymph node was impaired (18).
Lymph node composition or function has not been studied in
human malnutrition. However, altered DC function was previ-
ously demonstrated in cells isolated from the peripheral blood of a
malnourished patient (22). In the present study, we investigated
the influence of malnutrition on the expression of lymph node
inflammatory mediators that govern DC trafficking and retention
in the lymph node. We found that polynutrient deficiency dys-
regulated the main chemotactic mechanisms involved in the mi-
gration and accumulation of DCs in the lymph nodes following an
inflammatory stimulus.

MATERIALS AND METHODS
Experimental animals. This study was carried out in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Research Council (23). The protocol was ap-
proved by the Institutional Animal Care and Use Committee of the South
Texas Veterans Health Care System and the University of Texas Medical
Branch at Galveston, Galveston, TX. Wild-type BALB/c mice were ob-
tained from Charles River Laboratories, Inc. (Wilmington, MA). Female
and male C-C chemokine receptor type 2 (CCR2)-deficient (CCR2�/�)
BALB/c mice (12 to 16 weeks old) were obtained from a breeding colony
at the VA Ann Arbor Healthcare System, Ann Arbor, MI. Wild-type con-
trols for the experiments involving CCR2-deficient mice were age and
gender matched. The mice were maintained under specific-pathogen-free
conditions at the Veterinary Medical Unit of the Audie L. Murphy Me-
morial Veterans Affairs Hospital, South Texas Veterans Health Care Sys-
tem, San Antonio, TX.

Diets and feeding of well-nourished and malnourished mice. Re-
cently weaned female BALB/c mice (3 to 4 weeks old) were matched for
age and initial weight and distributed to either the control or polynutri-
ent-deficient (PND) diet. Mice were housed in standard polycarbonate
shoebox cages with bedding low in trace element content (Alpha-Dri;
Shepard Specialty Papers, Kalamazoo, MI) and with free access to water.
The mice were acclimatized to standard laboratory mouse chow (Teklad
LM-485; Harlan Teklad, Madison, WI) for 3 days and then fed the exper-
imental diets for 4 weeks. Mice in the well-nourished control group were
placed on the control diet (17% protein, 100 ppm iron, 30 ppm zinc), and
a group of mice was placed on a polynutrient-deficient diet (3% protein,
10 ppm iron, 1 ppm zinc), as previously described (18). The malnourished
mice received 90% of the weight of food consumed per day by the mice in
the control group. The body weights of the mice were measured weekly,
and food intake was recorded on a twice-weekly basis in order to calculate
the amount of chow to provide to the malnourished group on subsequent
days.

Experimental infection. Leishmania donovani (MHOM/SD/001S-
2D) promastigotes were cultured in complete M199 medium for 6 days,
and the metacyclic forms were purified following lectin agglutination as
described previously (24). Metacyclic promastigotes (1 � 106) in 20 �l
Dulbecco’s modified Eagle medium (DMEM) were inoculated intrader-
mally into the skin over each hind footpad. In some experiments, PKH26
red fluorescent cell linker (Sigma-Aldrich, St. Louis, MO) labeling of L.
donovani was performed as described previously (25).

Flow cytometric analysis. Flow cytometry was performed as de-
scribed previously (18). The popliteal lymph nodes were harvested in
RPMI medium supplemented with 2% heat-inactivated fetal bovine se-
rum (FBS; Gibco, Grand Island, NY), and a single-cell suspension was
obtained after digestion at 37°C for 30 min with collagenase D (2 mg/ml;
Roche Diagnostics, Indianapolis, IN) in 150 mM NaCl, 5 mM KCl, 1 mM
MgCl2, 1.8 mM CaCl2, 10 mM HEPES, pH 7.4, and pushing of the lymph

nodes through 100-�m-pore-size cell strainers (BD, San Jose, CA). The
cells were adjusted to a concentration of 0.5 � 106 to 1 � 106 cells per 50
�l in RPMI with 2% FBS, incubated for 15 min with 1 �g Fc Block reagent
at room temperature, incubated with the relevant antibodies for 30 min at
room temperature in the dark, washed in phosphate-buffered saline
(PBS) with 2% FBS and 1 mM sodium azide, fixed with 1-step Fix/Lyse
solution (eBioscience, San Diego, CA), and analyzed by flow cytometry
(BD, San Jose, CA). For CCR7 staining, cells were first incubated with
anti-CCR7 antibody (37°C, 30 min), washed, and then labeled with the
other fluorochrome-conjugated antibodies. The antibodies used for cell
surface markers were hamster anti-mouse CD11c (clone N418; AbD Se-
rotec, Raleigh, NC), rat anti-mouse CCR2 (clone 475301; R&D Systems,
Minneapolis, MN), rat anti-mouse CD11b (clone M1/70; eBioscience),
rat anti-mouse CCR7 (clone 4B12; R&D Systems or eBioscience), rat anti-
mouse CD169 (clone 3D6.112; Abcam), and rabbit anti-mouse CCR2
(Abcam). For flow cytometry analysis, rat anti-mouse CD19 (clone
eBio1D3), rat anti-mouse CD3 (clone 17A2; eBioscience), rat anti-mouse
CD49 (clone DX5; eBioscience), and Live/Dead fluorescent reactive dye
(Life Technologies, Grandview, NY) were used to exclude B cells, T cells
NK cells, and dead cells. Compensation controls were established using
the tested antibody mixed with 1 drop of OneComp eBeads (eBioscience).
For intracellular monocyte/macrophage marker antibody (MOMA-2)
analysis, cell preparations were fixed and permeabilized with fixation/
permeabilization buffers (AbD Serotec) and stained with Alexa Fluor 647-
conjugated rat anti-mouse monocyte/macrophage (AbD Serotec). For in-
tracellular ER-TR7 antibody analysis, cell preparations were fixed and
permeabilized with a mixture of ethanol-acetone (7:3) and stained with
rat anti-mouse ER-TR7 (Abcam). The secondary antibodies used in the
indirect staining were allophycocyanin-conjugated goat anti-rat IgG and
peridinin chlorophyll protein-Cy5.5-conjugated goat anti-rabbit IgG
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The relevant isotype
antibodies (rat or hamster IgG isotype) were used as controls.

In vivo labeling of dermal DCs. Skin painting was performed using
freshly prepared 5-chloromethylfluorescein (CMFDA) or 5-(6)-{[(4-
chloromethyl)benzoyl]amino}tetramethylrhodamine (CMTMR) (Cell-
Tracker; Molecular Probes, Eugene, OR), as described previously (26, 27).
The use of the different cell trackers was determined by which other fluo-
rophores were used in the flow cytometry. In brief, 2 � 106 PKH26-
labeled L donovani metacyclic promastigotes were inoculated into the skin
over each footpad, and the skin at the inoculation site was painted imme-
diately after infection with 50 �l of tracker (final concentration, 0.5 mM)
dissolved in 1:1 (vol/vol) acetone-dibutyl phthalate. The efficiency of la-
beling of migratory dermal cells was determined in control and malnour-
ished mice using an ex vivo dermal explant culture as described previously
(28). The footpad skin was painted with CMTMR and 3 days after infec-
tion was harvested, disinfected, and placed dermal side down in Dispase II
solution (Millipore, Billerica, MA) at 4°C overnight. Tissue and released
cells were then transferred to complete medium (RPMI, 10% FBS, 1,000
units/ml of penicillin, 1,000 �g/ml of streptomycin), and after 72 h, the
cells that had exited the skin were harvested by centrifugation. Samples of
3 to 4 animals were pooled, and the percentage of CD11c� cells that were
CMTMR positive was determined by flow cytometry.

RNA isolation and cDNA synthesis. The popliteal lymph nodes and
spleens were collected in RNA preservation buffer (RNAlater; Ambion,
Carlsbad, CA) and frozen at �80°C until use. Total RNA was extracted
from 15 to 20 mg of tissue using an RNeasy kit (Qiagen, Valencia, CA). All
RNA samples were quantified using a Thermo Scientific NanoDrop spec-
trophotometer and kept at �80°C until assayed. One hundred nanograms
of RNA was treated with DNase (SABiosciences, Valencia, CA) to elimi-
nate contaminating genomic DNA, and following heat inactivation of the
DNase, cDNA synthesis was accomplished using an RT2 first-strand kit
(SABiosciences). The RNA samples were incubated for 15 min at 42°C
(reverse transcription [RT] reaction), followed by 5 min at 95°C (to ter-
minate the reaction). The cDNA was stored at �20°C until subsequent
steps were performed.
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Real-time PCR. For real-time PCR assay, 1 �l of the synthesized
cDNA was combined with 1 �l of gene-specific 10 �M PCR primer pair
stock, and that combination was mixed with RT2 SYBR green– carboxy-
X-rhodamine (ROX) quantitative PCR (qPCR) master mix (SABiosci-
ences) in a total reaction volume of 10 �l. The PCR samples were initially
incubated for 10 min at 95°C (AmpliTaq Gold preactivation) and then
underwent 40 cycles at 95°C for 15 s and 60°C for 1 min in a 7900 HT Fast
real-time PCR system (Applied Biosystems, Carlsbad, CA). Mouse �-ac-
tin was used in a separate reaction to normalize the differences in the
amount of input cDNA in each assay. Relative gene expression was deter-
mined by the 2���CT threshold cycle (CT) method, and results were ex-
pressed as the fold change in expression compared to the mean level of
expression for the well-nourished group. Primers specific for mouse
gamma interferon (IFN-	), CCL19, CCL2, CCL8, CCL21, CCL7, CCR2,
CCR7, CCL11, CXCL10, Cola3, lymphotoxin beta receptor (LTBR), and
�-actin were purchased from SABiosciences.

PCR array analysis. Five hundred nanograms of total purified RNA,
pooled from 4 lymph nodes, was synthesized to cDNA using an RT2 PCR
array first-strand kit (SABiosciences). PCR array analysis was performed
using 90 �l of the synthesized cDNA mixed with RT2 SYBR green-ROX
qPCR master mix (SABiosciences), and 25 �l of the final mix was applied
to each well in the 96-well plate. Two different PCR arrays were used: the
mouse inflammatory cytokine and receptor RT2 Profiler PCR array and
the mouse extracellular matrix and adhesion molecule RT2 Profiler PCR
array (SABiosciences). The PCR array was run using the 7900 HT Fast
real-time PCR system (Applied Biosystems).

ELISA. Single-cell suspensions (6 � 106 cells) prepared from the
lymph node or spleen tissues were cultured in 600 �l of DMEM supple-
mented with 10% FBS without exogenous stimulus. After 24 to 36 h,
supernatants were harvested and enzyme-linked immunosorbent assay
(ELISA) kits were used to determine the levels of CCL2 (eBioscience) and
of CCL21 and CCL19 (RayBiotech, Norcross, GA) released into the cul-
ture medium. In additional experiments, protein tissue lysates were pre-
pared directly from the spleen and lymph node tissue, as described previ-
ously (25), or from the single-cell suspensions. The range of detection by
ELISA was 31.25 to 2,000 pg/ml for CCL2, 31.25 to 1,000 pg/ml for
CCL21, and 4.1 to 1,000 pg/ml for CCL19. To calculate the concentration
of the chemokine per mg protein, the total protein concentrations were
measured with the Bradford reagent (Sigma-Aldrich, St. Louis, MO), us-
ing the manufacturer’s instructions.

Immunohistochemistry. Lymph nodes and spleens were harvested,
immediately embedded in Tissue-Tek optimum-cutting-temperature
compound (Sakura FineTek, Torrance, CA), and frozen at �80°C. Cryo-
stat sections of 6 �m were placed on positively charged microscope slides
(Superfrost/Plus; Fisher Scientific, Waltham, MA), and the sections were
air dried, fixed in ice-cold acetone for 10 min, blocked in 10% donkey or
goat serum, and incubated with unlabeled primary antibodies diluted in
2% serum for 1 h at room temperature. The slides were then washed 5
times in PBS with 0.02% bovine serum albumin (BSA) for 5 min each
time, incubated with fluorescence-labeled secondary antibodies for 1 h,
and washed 5 times in PBS with 0.02% BSA for 5 min each time, and a
coverslip was applied with Gold Prolong antifade mounting medium
(Molecular Probes, Eugene, OR). Lymph node sections were examined
using an Olympus Provis AX 70 fluorescence microscope, and the inten-
sity of the fluorescence was measured as a proportion of the tissue area by
Image-Pro Plus software (Media Cybernetics, Inc., Bethesda, MD). The
primary antibodies used in immunohistochemistry staining were poly-
clonal goat anti-mouse CCL21, polyclonal goat anti-mouse CCL19 (R&D
Systems), monoclonal rat anti-mouse ER-TR7, rat anti-mouse CD169
(clone 3D6.112; Abcam), biotin rat anti-mouse MOMA-2 (LifeSpan Bio-
Sciences, Seattle, WA), Armenian hamster anti-mouse CD11c (clone
N418; GeneTex, Irvine, CA), and fluorescein isothiocyanate (FITC)-conju-
gated rat anti-mouse CD11b (BD Pharmingen, Franklin Lakes, NJ). The sec-
ondary antibodies used in the staining process were Cy3-conjugated donkey
anti-goat IgG, FITC-conjugated donkey anti-goat IgG, FITC-conjugated

donkey anti-rat IgG, FITC-conjugated goat anti-rat IgG, Cy3-conjugated
goat anti-rat IgG (Chemicon, Temecula, CA), aminomethylcoumarin acetate
(AMCA)-conjugated goat anti-hamster IgG (Jackson ImmunoResearch,
West Grove, PA), and FITC-conjugated streptavidin conjugate (BD Phar-
mingen). The relevant isotype controls were used as negative controls.

Statistical analysis. Prism software (GraphPad, La Jolla, CA) was used
to analyze the data, and either the parametric unpaired t test or the non-
parametric Mann-Whitney U test was used for the analysis, depending on
the normalcy of the distribution of the data. Statistical significance was
considered if P was �0.05. The data in the graphs are expressed as the
mean and standard error of the mean (error bars).

RESULTS
Malnutrition leads to a dramatic reduction in the total number
of lymph node-resident DCs but does not alter the migration of
dermal DCs to the lymph node. In our previous studies, we found
increased early visceralization following inoculation of L. don-
ovani in the skin of malnourished mice. The increased numbers of
visceral parasites in the malnourished group was not the result of
impaired parasite killing but was due to parasites escaping the
barrier function of the skin-draining lymph node (15, 18). We also
demonstrated a reduced number of macrophages, neutrophils,
and DCs in the lymph nodes of malnourished mice (18). This
suggested that the increased dissemination of L. donovani might
be due to the reduced number of phagocytes and/or the ineffective
capture of parasites as they transited to and through the lymph
nodes. Confirming our previous observation (18), we found that
the total DC population (Fig. 1A) and the conventional DC
(CD11c� CD11b�) (Fig. 1B) and monocyte-derived DC
(CD11c� CD11b�) (Fig. 1C) subpopulations were reduced in the
lymph nodes of infected malnourished mice. Similarly, the total
number of parasite-loaded DCs was decreased (Fig. 1D), but there
was no difference in the proportion of DCs that were parasitized
between the two groups (Fig. 1E). To evaluate DC trafficking from
the skin to the LN, we infected well-nourished and malnourished
mice with L. donovani and, immediately after the parasite inocu-
lation, painted the skin site with a fluorescent marker (CMFDA or
CMTMR) so that labeled dermal DCs that had migrated to the
draining LN could be distinguished from DCs already resident in
the LN (27, 29, 30). Control experiments demonstrated highly
efficient and equivalent labeling of migratory skin DCs in the well-
nourished and malnourished mice (Fig. 1F). We identified fewer
lymph node-resident conventional DCs (CMTMR negative
[CMTMR�] CD11c� CD11b�) and resident monocyte-derived
DCs (CMTMR� CD11c� CD11b�) in the infected malnourished
mice but no difference in these subpopulations of migratory der-
mal (CMTMR-positive [CMTMR�]) DCs (Fig. 1G). These data
indicate that the reduction in the total number of DCs in the LN of
malnourished mice was due to a reduction in the population of
DCs that were present in the lymph node prior to the inflamma-
tory stimulus (probably conventional DCs) or that were acutely
recruited by the inflammatory stimulus to the lymph node
through the blood (high endothelial venule) and not the skin. The
fewer numbers of conventional DCs seemed to make the greatest
contribution to the malnutrition-related reduction in resident
DCs. The proportion of infected lymph node-resident DCs (par-
asite positive, CMFDA negative [CMFDA�], CD11c�) or migra-
tory dermal DCs (parasite positive, CMFDA positive [CMFDA�],
CD11c�) relative to the total number of lymph node cells (Fig.
1H) and their rate of infection (number of parasitized resident
DCs/total number of resident DCs and number of parasitized der-
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mal DCs/total number of dermal DCs) (Fig. 1I) were similar in the
two groups. Thus, there was no inherent defect in phagocytosis in
the DCs from malnourished mice. Although migratory dermal
DCs made up a relatively small proportion of the total number of
DCs in the lymph node (Fig. 1G and H), the majority of these cells
that arrived from the skin were infected (Fig. 1I). These data indi-
cate that while malnutrition led to a reduction in the overall num-
ber of resident DCs, it did not reduce the trafficking of dermal DCs
from the skin to the draining lymph node.

Malnutrition does not lead to reduced numbers of myeloid
precursors in bone marrow. Monocytes, macrophages, and DCs
in the lymph nodes originate from precursors in the bone marrow
(31). DC precursors and conventional DCs typically migrate from
the bone marrow to peripheral tissue and then to the draining
lymph nodes via the afferent lymphatics, which empty into the
subcapsular sinus that surrounds the lymph node cortex (32). We
reasoned that the reduced numbers of myeloid cells in the lymph
nodes could be the result of reduced numbers of bone marrow
precursors, especially since there is apoptosis-induced thymocyte
depletion in children with severe malnutrition (33, 34). We found
that there was no difference in the total number (Fig. 2A) or pro-
portion (Fig. 2B) of CD11c� DCs (which would also include im-
mediate precursors) or in the number of CD11b� Ly6C� CCR2�

inflammatory monocytes, which could differentiate into resident
DCs following bloodstream migration to the lymph nodes.

Malnutrition dysregulates the mRNA expression of DC che-
moattractants in the lymph node and spleen in response to L.
donovani infection. In light of the reduced numbers of myeloid
cells in the lymph nodes but normal numbers in the bone marrow,
we reasoned that there might be impaired migration of these cell

FIG 1 Malnutrition reduces the number of lymph node-resident dendritic cells in L. donovani-infected mice. Well-nourished (WN) and malnourished
(polynutrient-deficient [PND]) mice (n 
 6 per group) were inoculated in the skin over the footpad with L. donovani, and immediately thereafter the skin at the
same site was painted with either CMTMR or CMFDA. Draining popliteal lymph nodes were removed after 3 days, and flow cytometry was used to evaluate
infected or uninfected DC populations. The gating protocol included exclusion of NK, T, and B cells, as shown in Fig. 5A. In some experiments, PKH26-labeled
parasites were used to enable gating on infected cells, and in those experiments, NK, T, and B cells were not excluded. (A) Percentage of CD11c� DCs in
malnourished and well-nourished infected mice relative to the number of all lymph node cells; (B) percentage of conventional DCs (CD11c� CD11b�) in
malnourished and well-nourished infected mice relative to the number of all lymph node cells; (C) percentage of monocyte-derived DCs (MoDCs; CD11c�

CD11b�) in malnourished and well-nourished infected mice relative to the number of all lymph node cells; (D, E) total number (D) and percentage (E) of
parasitized CD11c� DCs in malnourished and well-nourished infected mice; (F) percentage of dermal migratory CD11c� DCs that were CMTMR� in an ex vivo
skin explant culture; (G) percentage of conventional (Conv; CMTMR� CD11c� CD11b�) and monocyte-derived (CMTMR� CD11c� CD11b�) lymph
node-resident dendritic cells (LNDC) and conventional and monocyte-derived (CMTMR� CD11c� CD11b�) migratory dermal conventional DCs (DDCs;
CMTMR� CD11c� CD11b�) relative to the number of all LN cells in malnourished and well-nourished infected mice; (H) percentage of infected lymph
node-resident dendritic cells (labeled L. donovani parasites [Ld�], CMFDA�, CD11c�) and infected migratory dermal dendritic cells (labeled L. donovani
parasites, CMFDA�, CD11c�) relative to the number of all LN cells in malnourished and well-nourished infected mice; (I) percentage of infected lymph
node-resident CD11c� dendritic cells and migratory dermal dendritic cells relative to the total CD11c� population. *, P � 0.05; **, P � 0.01; ***, P � 0.01.

FIG 2 Malnutrition does not alter the total number of inflammatory mono-
cytes or DC precursors in the bone marrow (BM) of L. donovani-infected mice.
Flow cytometry was used to determine the total number (A) and percentage
(B) of bone marrow cells in well-nourished (WN) and malnourished (polynu-
trient-deficient [PND]) mice (n 
 7 per group) infected with L. donovani for 3
days using markers for DC cells (CD11c) and inflammatory monocytes
(CD11b Ly6C CCR2). There were no significant differences between the well-
nourished and malnourished groups.
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populations to the lymph nodes in malnutrition. Therefore, we
investigated the influence of malnutrition on the lymph node in-
flammatory mediators that were likely to play a role in the recruit-
ment and retention of DCs. PCR arrays were used to analyze gene
expression in pools of skin-draining popliteal lymph nodes. Over-
all, there was little difference in the transcriptional profile between
the control and malnourished mice (see Table S1 in the supple-
mental material for the full data set). However, we observed the
downregulation of several transcripts (CCL2, CCL7, CCL11,
CXCL1, CXCL10, CCR2, CCR9, Spp1, Tnfrsf1b, CXCL11, CCL8,
LAMA1, MMP7, MMP9, VCAM1, Col3a1, and IFN-	) and the
upregulation of some transcripts (CCL19, IL6ST, IL1R2, Syt1,
Lamb2, and Itga3) in the draining nodes of infected malnourished
mice compared to their regulation in the control mice. A subset of
the differentially expressed genes identified in the PCR array
showed significant differential expression when groups of mice
(n 
 6) were studied by quantitative RT-PCR (qRT-PCR) (Fig. 3).
Congruent with the findings obtained with the PCR array, the
effect of malnutrition on gene expression was most evident fol-
lowing L. donovani infection. DCs are thought to be the primary
cells responsible for transporting L. donovani from the site of cu-
taneous infection to the draining LN (35). Therefore, it was par-
ticularly interesting to find the altered expression of DC chemoat-
tractants and their receptors. The expression of CCR7 and its
ligands CCL19 and CCL21 was increased in the lymph nodes of

infected malnourished mice. In contrast, the expression of CCR2
and its ligands CCL7 and CCL2 was decreased (Fig. 3A). In unin-
fected mice, the expression of CCR2 and CCR7 and their ligands
was comparable in the lymph nodes of malnourished and well-
nourished mice (Fig. 3B). Thus, the local inflammatory stimulus
(L. donovani infection) accentuated the chemokine dysregulation
in malnourished mice. To exclude the possibility that the lower
level of expression of CCL2 and CCL7 was merely a consequence
of the lower parasite load in the lymph nodes, we examined the
expression of CCR2 and its ligands in the spleen, where the mal-
nourished mice had a higher parasite burden. CCR2 expression in
the infected spleen was increased (in contrast to decreased expres-
sion in the LN), but the expression of CCL7 was reduced. The
expression of CCL2 was no different in the malnourished infected
spleen than in the control spleen (Fig. 3C). However, there was
significant upregulation of CCR7, CCL21, and CCL19 in the
spleens of infected malnourished mice (Fig. 3C). The spleens of
the malnourished uninfected mice also showed significantly in-
creased expression of CCL21, whereas the expression of CCR2,
CCR7, CCL19, CCL7, and CCL2 mRNAs was no different (Fig.
3D). Collectively, these data indicate that malnutrition modulates
the DC chemoattractant signals in the spleen and lymph node.
These differences were most evident following L. donovani infec-
tion, but the level of expression of these chemokines and their
receptors was not determined solely by the parasite load.

FIG 3 Malnutrition dysregulates the mRNA expression of lymph node and spleen inflammatory mediators in L. donovani-infected mice. Real-time RT-PCR was
used to quantify the mRNA expression of multiple inflammatory mediators in the draining popliteal lymph nodes and spleens of well-nourished (WN) and
malnourished (polynutrient-deficient [PND]) mice that were uninfected or infected for 3 days (n 
 8 per group). (A) Lymph nodes from L. donovani-infected
mice; (B) lymph nodes from uninfected mice; (C) spleens of infected mice; (D) spleens of uninfected mice. The data were normalized to the expression of �-actin
and are shown as the fold change in expression relative to the mean of uninfected well-nourished mice. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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Malnutrition leads to increased CCL19 and CCL21 produc-
tion but decreased CCL2 production in the lymph node and
spleen of L. donovani-infected mice. We measured the levels of
secreted CCL2, CCL19, and CCL21 in the supernatant of spleen
and lymph node cells cultured ex vivo for 24 h without exogenous
stimulation. As was noted with the qRT-PCR data, the concentra-
tion of secreted CCL2 from the lymph node cells of infected mal-
nourished mice was dramatically lower (Fig. 4A; P 
 0.004),
whereas the CCL2 concentration in the spleen and serum was
comparable (Fig. 4A). Also consistent with the qRT-PCR data, the
concentration of secreted CCL21 from both lymph node and
spleen cells was significantly higher in the infected malnourished
mice that the well-nourished infected mice (Fig. 4B; P 
 0.04 and
P 
 0.006, respectively). The level of CCL19 in the supernatants of
the cultured spleen and lymph node cells was below the limit of
detection of the ELISA, so we determined the total amount of the
CCL19 protein in tissue homogenates. We observed a higher
CCL19 protein level in the lymph node tissue lysate of malnour-
ished-infected mice (Fig. 4C and D; P 
 0.001 and P 
 0.02,
respectively). The level of CCL19 in the spleen was comparable
between the two infected groups (Fig. 4C and D). Since CCL19
and CCL21 in the lymph nodes are produced mainly by fibroblas-
tic reticular and endothelial cells (36), we characterized the quan-
tity and localization of CCL21 and CCL19 in cryosections by
costaining for the chemokines and the fibroblastic reticular cell
marker ER-TR7. The findings of increased CCL19 and CCL21 in
the lymph node were confirmed by immunohistochemistry (Fig.
4E; P 
 0.03 and P 
 0.04 for the differences in CCL19 and
CCL21, respectively). CCL21 was dramatically increased in the

lumen of the high endothelial venule (which is surrounded by
endothelial and fibroblastic reticular cells) in the infected mal-
nourished mice, whereas CCL19 showed a comparable distribu-
tion (Fig. 4F and G). In the spleens of well-nourished infected
mice, CCL21 was distributed in both the white and red pulp,
whereas in the spleens of the malnourished mice, CCL21 was
noted only in the white pulp (Fig. 4H).

Malnutrition alters the expression of CCR2 and CCR7 on
macrophages and DCs from infected mice. In prior studies,
Leishmania-infected DCs expressed the CCR7 receptor and mi-
grated in response to its ligand CCL21 (37, 38), but DCs from
CCR2�/� mice failed to enter the lymph node and accumulated in
the subcapsular sinus following cutaneous L. major infection (39).
We therefore investigated whether the dysregulated CCR2 and
CCR7 mRNA expression in the lymph nodes of the infected mal-
nourished mice was accompanied by altered receptor expression
on macrophages and DCs (see the flow cytometry gating protocol
in Fig. 5A). We found that infected malnourished mice had sig-
nificantly reduced numbers of CCR2-bearing nonmyeloid (NK,
T, and B) cells (Fig. 5B) and CCR2-bearing CD11b� CD11c�

monocytes/macrophages (Fig. 5C). The frequency of CCR2� cells
within the monocyte/macrophage population in infected mal-
nourished mice was also reduced (Fig. 5D). The population of
CCR2-bearing monocyte-derived or inflammatory (CD11c�

CD11b�) DCs was also reduced relative to the number of all
lymph node cells (Fig. 5E), but there was no difference in the
frequency of CCR2� cells within the monocyte-derived DC pop-
ulation (Fig. 5F). In contrast, the CCR2-bearing conventional DC
(CCR2� CD11c� CD11b�) population was not decreased with

FIG 4 Malnutrition dysregulates CCL2, CCL19, and CCL21 production in the lymph node and spleen of L. donovani-infected mice. Chemokine production in
the draining popliteal lymph nodes and spleens of well-nourished (WN) and malnourished (polynutrient-deficient [PND]) mice infected for 3 days (n 
 6 per
group) was examined. (A) The level of CCL2 produced by ex vivo culture of lymph node and spleen cells without an exogenous stimulus or in unmanipulated
serum was determined by ELISA; (B) the level of CCL21 produced by ex vivo culture of lymph node and spleen cells without an exogenous stimulus was
determined by ELISA; (C, D) the levels of CCL19 in the lymph node and spleen tissue lysates were determined by ELISA and calculated relative to the total protein
content (C) or the organ weight (D); (E) immunofluorescence analysis was performed for quantification of CCL19 and CCL21 in the lymph node relative to the
lymph node area; (F, G) CCL21 and CCL19 localization on consecutive popliteal lymph node cyrosections from infected mice was determined by immunoflu-
orescence microscopy using monoclonal antibody against fibroblastic reticular cells (ER-TR7 antibody positive; green), polyclonal antibody against CCL21 (red)
(F), and polyclonal antibody against CCL19 (red) (G); (H) distribution of CCL21 (green) in the spleens of well-nourished and malnourished infected mice.
Magnifications, �10 (G) and �20 (H). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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FIG 5 Malnutrition alters the expression of CCR2 on lymph node macrophages and DCs in L. donovani-infected mice. Flow cytometry was used to determine
CCR2 surface expression on nonmyeloid cells, CD11b� CD11c� monocytes/macrophages, and CD11c� DCs isolated from the draining popliteal LNs from
well-nourished (WN) and malnourished (polynutrient-deficient [PND]) mice (n 
 6 per group) infected in the skin with L. donovani for 3 days. (A) Gating
strategy. After excluding doublets and gating out B cells, T cells, and NK cells, the myeloid cells were subgated to identify 3 populations: CD11b� CD11c� cells
(monocytes/macrophages [MoM�]), CD11c� CD11b� cells (conventional DCs [cDCs]), and CD11c� CD11b� cells (inflammatory monocyte-derived DCs
[MoDCs]). Each population was subgated to determine the frequency of CCR2-positive cells in each subgate. SSC, side scatter; FSC, forward scatter. (B)
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malnutrition (Fig. 5G), and the frequency of CCR2� cells within
that subpopulation was actually increased (Fig. 5H). When gating
on infected cells from mice infected with fluorescence-labeled L.
donovani, we found that the infected lymph node CD11c� DC
population had similar levels of CCR2� expression in the two
groups of mice (83.8% � 3.4% and 89.5% � 6.8% in the mal-
nourished and well-nourished mice, respectively; P 
 0.49). Thus,
the decreased lymph node CCR2 mRNA expression (Fig. 3A) was

paralleled by a decrease in CCR2-bearing macrophages and DCs
and a decreased frequency of surface expression within the mac-
rophage (but not DC) population. The same strategy was used to
investigate the expression of CCR7 on macrophages and DCs.
Infected malnourished mice showed no change in the percentage
of CCR7-bearing CD11b� CD11c� macrophages relative to the
number of all lymph node cells (Fig. 6A); however, the frequency
of CCR7� cells within the macrophage population itself was sig-

Percentage of CCR2-bearing nonmyeloid cells (pooled NK, B, and T cells) relative to the number of all lymph node cells. (C) Percentage of CCR2-bearing
monocytes/macrophages relative to the number of all lymph node cells. (D) Percentage of the monocyte/macrophage (CD11b� CD11c�) population that
expressed CCR2. (E) Percentage of CCR2-bearing monocyte-derived DCs (CCR2� CD11c� CD11b�) relative to the number of all lymph node cells. (F)
Percentage of the monocyte-derived DC (CD11c� CD11b�) population that expressed CCR2. (G) Percentage of CCR2-bearing conventional DCs (CCR2�

CD11c� CD11b�) relative to the number of all lymph node cells. (H) Percentage of the conventional DC (CD11c� CD11b�) population that expressed CCR2.
***, P � 0.001.

FIG 6 Malnutrition alters the expression of CCR7 on lymph node macrophages and DCs in L. donovani-infected mice. Flow cytometry was used to determine
CCR7 surface expression on nonmyeloid cells, CD11b� CD11c� monocytes/macrophages, and CD11c� DCs isolated from the draining popliteal LNs from
well-nourished (WN) and malnourished (polynutrient-deficient [PND]) mice (n 
 6 per group) infected in the skin with L. donovani for 3 days. The gating
strategy was the same as that described in the legend to Fig. 5, except that CCR7 expression was evaluated in place of CCR2. (A) Percentage of CCR7-bearing
monocytes/macrophages (CCR7� CD11b� CD11c�) relative to the number of all lymph node cells; (B) percentage of the monocyte/macrophage (CD11b�

CD11c�) population that expressed CCR7; (C) percentage of CCR7-bearing monocyte-derived DCs (CCR7� CD11c� CD11b�) relative to the number of all
lymph node cells; (D) percentage of the monocyte-derived DC (CD11c� CD11b�) population that expressed CCR7; (E) percentage of CCR7-bearing conven-
tional DCs (CCR7� CD11c� CD11b�) relative to the number of all lymph node cells; (F) percentage of the conventional DC (CD11c� CD11b�) population that
expressed CCR7. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

Lymph Node Defense against Leishmania in Malnutrition

August 2014 Volume 82 Number 8 iai.asm.org 3105

http://iai.asm.org


nificantly increased (Fig. 6B). The population of CCR7-bearing
monocyte-derived CD11c� CD11b� DCs was insignificantly in-
creased (Fig. 6C; P 
 0.13), but there was a significant increase in the
frequency of CCR7� cells within the monocyte-derived DC popula-
tion (Fig. 6D). Similarly, there was a trend toward an increased per-
centage of CCR7-bearing conventional CD11c� CD11b� DCs (Fig.
6E; P 
 0.057) and a significant increase in the frequency of CCR7�

cells within the conventional DC population (Fig. 6F). The malnour-
ished and well-nourished mice infected with fluorescence-labeled L.
donovani showed a similar percentage of CCR7� expression on
infected CD11c� DCs (82.5% � 1.7% and 97.4% � 11.1%, re-
spectively; P 
 0.26). Thus, in contrast to the findings of decreased
CCR2 expression, CCR7 expression was increased on macro-
phages and DCs in the infected malnourished mice. This paral-
leled the increased amount of lymph node CCR7 mRNA (Fig. 3A).

CCR2 deficiency leads to a reduction in the total number of
lymph node-resident dendritic cells in L. donovani-infected
mice. In light of the reduced expression of CCR2 and its ligands in
the lymph node of malnourished mice, we evaluated the effect of
CCR2 deficiency on the cellular composition of the lymph node
early following L. donovani infection. Similar to what we found in
malnourished mice (Fig. 1) (18), infected CCR2�/� mice had a

reduced total number (Fig. 7A; P 
 0.04) and lower percentage
(Fig. 7B; P 
 0.001) of CD11c� DCs than the wild-type controls.
We did not detect any difference in the percentage or total number
of fibroblastic reticular cells (ER-TR7 positive [ER-TR7�]), mac-
rophages (MOMA-2 positive [MOMA-2�]), or subcapsular sinus
macrophages (CD11b� CD169�) between infected CCR2�/� and
wild-type mice (Fig. 7A and B). To further investigate the source
of the reduced DC population in the CCR2-deficient mice, we
examined the proportion and total number of resident lymph
node DCs (CMFDA� CD11c�) and migratory dermal DCs
(CMFDA� CD11c�) in infected CCR2�/� mice and wild-type
controls. No differences in the total number or proportion of der-
mal DC that had migrated from the skin were noted (Fig. 7C and
D). However, the total number and proportion of resident DCs
were significantly lower in the infected CCR2�/� mice (Fig. 7C
and D; P 
 0.02 and 0.0002, respectively). Collectively, these data
support the notion that although signaling through CCR2 was not
required for the migration of dermal DCs to the draining lymph
nodes under inflammatory conditions (L. donovani infection),
dysregulation of CCR2 signaling (via the reduction of CCR2 and
its ligands) in the infected malnourished mice might account for
the remarkable decrease in the amount of resident DCs.

FIG 7 CCR2 deficiency reduces the total number of lymph node-resident DCs in L. donovani-infected mice. Flow cytometry was used to quantify draining LN
cell populations in wild-type (WT) and CCR2-deficient (CCR2�/�) BALB/c mice (n 
 6 per group) 3 days after infection in the skin with L. donovani. (A) Total
number of macrophages (MOMA-2�), DCs (CD11c�), fibroblastic reticular cells (FRC; ER-TR7�), and subcapsular sinus macrophages (CD169� CD11b�) per
LN. (B) Proportion of specific LN cell populations relative to the total number of LN cells. (C, D) Wild-type and CCR2�/� mice were inoculated with L. donovani,
and the skin over the footpad was immediately painted with CMFDA. At 3 days postinfection, the lymph nodes were harvested for flow cytometry. (C) Total
number of lymph node-resident dendritic cells (LN DC; CMFDA� CD11c�) and dermal dendritic cells (DDC; CMFDA� CD11c�) per LN. (D) Proportion of
lymph node-resident dendritic cells and dermal dendritic cells relative to the total number of lymph node cells. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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CCR2 deficiency impairs the overall lymph node phagocytic
capacity in response to L. donovani infection. We used flow cy-
tometry to further quantify the level of infection of lymph node
cell populations in wild-type and CCR2�/� mice. We observed a
marked reduction in the total number and proportion of infected
myeloid cells (DCs, macrophages, and subcapsular sinus macro-
phages) in CCR2�/� mice compared to wild-type mice (Fig. 8A to
C). In contrast, there were no differences in the proportion of
fibroblastic reticular cells infected (Fig. 8A to C). There was also a
profound reduction in the total number, proportion relative to
the total number of lymph node cells, and rate of infection within
the resident lymph node DC population (CD11c� CMFDA�)
in the CCR2�/� mice (Fig. 8D to F). However, the total number,
proportion, and rate of infection of the infected migratory dermal
DCs (CD11c� CMFDA�) were equivalent in the CCR2�/� and
wild-type mice (Fig. 8D to F). Thus, CCR2 deficiency led to a de-
creased phagocytic capacity of the lymph node myeloid cell popula-
tion, through both the reduced number of phagocytes (resident DCs)
that populate the draining lymph node and the reduced efficiency of
the resident DCs in capturing L. donovani (Fig. 8F).

CCR2 deficiency does not alter the localization of key cell
populations in the LN following L. donovani infection. We in-

vestigated whether the impaired overall phagocytic capacity of the
major myeloid cell populations in the lymph node of CCR2�/�

mice was associated with altered leukocyte localization in the
lymph node after L. donovani infection. To define the location of
DCs and macrophages/monocytes, we costained lymph node sec-
tions for the DC marker CD11c and the monocyte/macrophage
marker MOMA-2 together with the fibroblastic reticular cell
marker ER-TR7. CD11c� DCs and MOMA-2-positive macro-
phages were distributed similarly in the subcortical regions of
both groups of mice (Fig. 9A and B). CD11c� DCs associated with
the conduit network (reticular fibers surrounded by fibroblastic
reticular cells) (40) were probably resident DCs, while the DCs
located in the paracortex were likely DCs that had migrated from
either the dermis or conduit system (Fig. 9A). The subcapsular
sinus macrophages (CD169� CD11b�) were distributed similarly
in the subcapsular sinus of CCR2�/� and control infected mice
but appeared to be fewer in number in CCR2�/� mice (Fig. 9C
and H).

Next, we investigated whether the lack of CCR2 expression had
an influence on the early trafficking of the parasite to the lymph
node. We infected mice with fluorescence-labeled L. donovani and
examined the parasite distribution in the lymph node compart-

FIG 8 CCR2 deficiency reduces the level of lymph node cellular infection in L. donovani-infected mice. Wild-type (WT) and CCR2-deficient (CCR2�/�) female
BALB/c mice (n 
 6 per group) were infected with PKH26-labeled L. donovani in the skin over the footpad, and in some mice the skin at the same site was then
immediately painted with CMFDA. Popliteal lymph nodes were harvested after 3 days, and flow cytometry was used to quantify infected DCs (CD11c�),
fibroblastic reticular cells (ER-TR7�), subcapsular sinus macrophages (CD169� CD11b�), and macrophages (MOMA-2�). (A) Proportion of infected indi-
vidual cell populations relative to the total number of lymph node cells; (B) total number of the infected individual cell populations per lymph node; (C)
proportion of infected cells within an individual population relative to the total number of the same cell population; (D) proportion of infected lymph
node-resident dendritic cells (LN DC; labeled parasite positive, CMFDA�, CD11c�) and infected dermal dendritic cells (DDC; labeled parasite positive,
CMFDA�, CD11c�) relative to the total number of lymph node cells; (E) total number of infected lymph node-resident dendritic cells and dermal dendritic cells;
(F) proportion of infected lymph node-resident dendritic cells and dermal dendritic cells relative to the total number of the same cell population. *, P � 0.05; **,
P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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ments and the localization of the parasite relative to fibroblastic
reticular cells (ER-TR7�), macrophages (MOMA-2�), DCs
(CD11c�), and CD169� cells at 1 and 3 days postinfection. In
prior studies of L. major in CCR2�/� mice, infected cells were
localized to the subcapsular sinus of the draining lymph nodes
without traversing into the subcortical region (39). In contrast, we
found that L. donovani parasites were dispersed throughout the
lymph nodes of both CCR2�/� and control mice (Fig. 9D). There
was a similar pattern of distribution of parasitized cells in the
CCR2�/� and control mice. In both groups, L. donovani was ob-
served in close association with the conduit system, but without a
clear colocalization with the fibroblastic reticular cells (Fig. 9E).
There was a high degree of colocalization of L. donovani with

resident DCs and, to a lesser degree, with macrophages (Fig. 9F
and G). Consistent with the flow cytometry data (Fig. 8D and E),
the colocalization between DCs and the parasites appeared to be
less in the CCR2�/� mice (Fig. 9F). The subcapsular sinus macro-
phages infected with the labeled parasite were similarly localized
in the subcapsular region of both CCR2�/� and control mice (Fig.
9H). Together these data indicate that although CCR2 signaling
regulates the abundance of myeloid cell populations in the in-
fected lymph node, its absence does not appear to affect the dis-
tribution of these cells.

CCR2 deficiency is associated with reduced CCL19 and
CCL21 production in the lymph node and spleen. The levels of
CCL19 and CCL21 in the lymph node and spleen were higher in

FIG 9 CCR2 deficiency does not alter the cellular distribution and parasite localization within the lymph node. (A to C) Wild-type (WT) and CCR2-deficient
(CCR2�/�) female BALB/c mice (n 
 4 per group) were infected with 106 L. donovani promastigotes in the skin over each footpad for 3 days, and the cellular
distribution within the lymph node was detected by immunofluorescence microscopy on consecutive popliteal lymph node cryosections. (A) DCs (CD11c�;
blue) and fibroblastic reticular cells (ER-TR7�; green). (B) Macrophages (MOMA-2�; green) and fibroblastic reticular cells (ER-TR7�; blue). (C) Subcapsular
sinus macrophage (CD169�; blue) and all macrophages (CD11b�; green). (D to H) CCR2�/� and wild-type mice were infected with PKH26-labeled L. donovani
for 1 day, and the localization of the parasite in the lymph node was investigated by immunofluorescence microscopy on popliteal lymph node cryosections using
monoclonal antibody against fibroblastic reticular cells, DCs, macrophages, and subcapsular sinus macrophages. (D) Parasite (red) distribution in the lymph
node subcapsular and subcortical regions; (E) parasite (red) associated with fibroblastic reticular cells (ER-TR7�; blue); (F) parasite (red) colocalized with DCs
(CD11c�; blue) and fibroblastic reticular cells (ER-TR7�; green); (G) parasite (red) colocalized with macrophages (MOMA-2�; green); (H) parasite (red)
colocalized with subcapsular sinus macrophages (CD169�; blue) and all macrophages (CD11b�; green). Magnifications, �10 (A, B, and D), �20 (C, F, and G),
and �40 (E and H).
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the infected malnourished mice (which had lower CCR2 and
CCL2 levels) than the control mice. To examine whether reduced
CCR2 signaling contributed to the remarkably high CCL19 and
CCL21 levels, we cultured lymph node cells from both CCR2�/�

and control L. donovani-infected mice without an exogenous
stimulus and measured the levels of secreted CCL19 and CCL21.
Compared with wild-type mice, the levels of CCL19 and CCL21
secreted by the lymph node cells (Fig. 10A; P 
 0.01 for both) were
lower in L. donovani-infected CCR2�/� mice. No significant dif-
ferences in the levels of CCL19 and CCL21 in spleen homogenates
were noted (Fig. 10B). These data indicate that the relative CCR2
deficiency in the lymph nodes of infected malnourished mice does
not account for the high levels of CCL21 and CCL19 in their
lymph nodes and spleens.

DISCUSSION

The synergy between malnutrition and infection is thought to
underlie as many as a third of childhood deaths worldwide (2).
The immune mechanisms responsible for this are not fully under-
stood. The nutritional status of the host is also a key determinant
for the progression of L. donovani infection to active visceral leish-
maniasis (6, 11, 12, 41–43). In our previous work, we demon-
strated that polynutrient (protein, energy, zinc, and iron) defi-
ciency impaired the barrier function of the draining lymph node,
resulting in increased early dissemination of L. donovani to the
spleen and liver (15, 18). The loss of the lymph node barrier was
associated with reduced numbers of phagocytes (e.g., macro-
phages and DCs) in the subcortical region and subcapsular sinus.
Thus, dissemination might be the result of a reduced overall
lymph node phagocytic capacity. Here we show that the reduced
numbers of DCs in the lymph node of malnourished mice was due
to fewer resident DCs in the subcortical region rather than the
impaired migration of dermal DCs. The resident DC population
that was reduced included both conventional and monocyte-de-
rived DCs, indicating that malnutrition impacted the homeostatic
maintenance of cells in the lymph node prior to inflammation
and/or diminished blood-to-lymph node cellular recruitment in

response to the inflammatory stimulus. Dysregulation of expres-
sion of the chemokine receptors and ligands that are responsible
for recruitment of DCs and DC precursors to the lymph node
offers a plausible explanation for the altered macrophage and DC
populations. CCR2 and its ligands CCL2 and CCL7, which are
critical to the recruitment of inflammatory monocytes and resi-
dent monocyte-derived DCs, were reduced in the lymph node of
infected malnourished mice. This reduction in resident but not
migratory skin DCs was recapitulated in infected CCR2-deficient
mice. Conversely, CCR7 and its ligands CCL19 and CCL22, which
are primarily responsible for the migration of DCs from the skin
to the draining lymph node, were increased in the infected mal-
nourished lymph node.

The dynamics of DCs in draining lymph nodes are complex. At
steady state, DC progenitors reside in the bone marrow (44, 45)
and give rise to plasmacytoid DCs and precursor DCs (pre-DCs)
(46, 47). Pre-DCs leave the bone marrow and migrate through the
bloodstream to generate DCs in nonlymphoid tissues, such as the
skin. When activated, skin DCs upregulate CCR7 and migrate to
the draining lymph nodes via afferent lymphatics in response to
CCL19 and CCL21 (48, 49). DCs can also enter lymph nodes via
the blood and high endothelial venules as pre-DCs or as mono-
cytes to differentiate to resident monocyte-derived DCs (32, 46,
50, 51). The migration of monocytes and monocyte-derived DCs
to the lymph node is driven by CCR2 and its ligands. During
inflammation, there is increased mobilization of pre-DCs from
the bone marrow and recruitment of tissue-resident DCs to the
lymph nodes (51). Infected dermal DCs are thought to be the
primary means of transport of Leishmania parasites from the site
of skin infection to the lymph nodes (35). In the current work, we
did not observe any alteration in the migratory dermal DCs and
parasitized dermal DCs in the lymph nodes of the malnourished
mice. Thus, the skin-to-lymph node migration in response to an
inflammatory stimulus was intact. However, we found a marked
reduction in lymph node-resident DCs (both conventional and
monocyte-derived DCs) in the infected malnourished mice.

To investigate the mechanisms behind the reduced numbers of
resident DCs, we compared the levels of expression of a variety of
inflammatory mediators. We found that malnutrition dysregu-
lated the two principal chemoattractant pathways (CCR7 with its
ligands CCL19 and CCL21 and CCR2 with its ligands CCL2 and
CCL7) involved in the recruitment of DCs (39, 49, 51, 52). CCR2,
in response to CCL2 and CCL7, also regulates the egress of mono-
cytes from the bone marrow to enter the circulation (53–56) and
peripheral lymph nodes via high endothelial venules (57–59). The
reduced production of CCL2 and CCL7 that we observed in
the lymph nodes of infected malnourished mice, coupled with the
reduced expression of CCR2, likely contributes to the reduced
numbers of lymph node DCs through the impaired migration of
either DC precursors or inflammatory monocytes that subse-
quently differentiate into DCs (32, 51, 60). Our finding of reduced
CCR2 expression in monocytes/macrophages and monocyte-de-
rived DCs suggests that malnutrition primarily affects this popu-
lation rather than conventional DCs that arise directly from DC
precursors. Monocyte-derived DCs may enter the lymph node
either via the blood and high endothelial venule or from the skin-
draining lymphatics. Since the migration of dermal DCs was not
reduced, the fewer number of resident DCs in the lymph node is
likely the result of reduced migration via the blood and high en-
dothelial venule. This is in keeping with previous findings that

FIG 10 CCR2 deficiency reduces the level of lymph node CCL19 and CCL21
in L. donovani-infected mice. Wild-type (WT) and CCR2-deficient
(CCR2�/�) female BALB/c mice (n 
 6 per group) were infected with 106 L.
donovani promastigotes in the skin over each footpad, and the draining pop-
liteal lymph nodes and spleens were collected at 3 days postinfection. (A)
Lymph node cells were cultured in DMEM supplemented with 10% serum for
36 h without an exogenous stimulus, and the levels of CCL19 and CCL21 in the
supernatants of lymph node cultured cells from CCR2�/� and wild-type in-
fected mice were measured by ELISA. (B) The levels of CCL19 and CCL21 in
the spleen tissue lysates were measured by ELISA and calculated relative to the
total protein content. *, P � 0.05.
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migration of inflammatory monocytes and inflammatory mono-
cyte-derived DCs to the lymph node is CCR2 dependent (59, 61)
and our finding of reduced resident macrophages and DCs, but
not migratory dermal DCs, in L. donovani-infected CCR2�/�

mice.
Migration of DCs from the skin to the lymph node is primarily

regulated by CCR7 and its ligands and not CCR2 (49, 62). There-
fore, the increased expression of CCR7 on lymph node DCs and
macrophages, coupled with the higher levels of CCL21 and CCL19
in the lymph nodes and the higher levels of CCL21 in the spleens of
malnourished mice, would be expected to promote skin-to-lymph
node migration and might act to traffic the CCR7� parasitized
dermal DCs through the lymph node to the visceral organs. Fur-
ther studies using CCR7-deficient leukocytes or antibodies to
neutralize the CCR7-binding chemokines are needed to define
their role in the altered lymph node accumulation of DCs (and
other myeloid cells) and parasite dissemination.

L. donovani-infected CCR2-deficient mice had significantly re-
duced amounts of lymph node-resident macrophages and DCs
but not migratory dermal DCs. This was strikingly similar to the
findings for malnourished mice. Thus, this supports the notion
that a relative deficit in CCR2-dependent cell recruitment/reten-
tion in the malnourished mice contributes to the altered lymph
node cellularity. In both the malnourished and CCR2�/� mice, we
found no change in the localization of uninfected or L. donovani-
infected myeloid cells within the lymph node (18). This contrasts
with the reduced migration of Langerhans cells to the lymph
nodes and retention of those cells in the subcapsular sinus in
CCR2�/� mice infected with L. major (39). Infected CCR2�/�

mice differed from the malnourished mice in several respects. The
lymph node myeloid cell populations in the CCR2�/� mice
showed a reduced capacity to capture parasites, but this appeared
to be normal in the malnourished mice (18). This suggests that
complete and global CCR2 deficiency indirectly alters the cell’s
phagocytic capacity. In contrast to CCR2�/� mice, the reduced
expression of CCR2 (and its ligands) in the malnourished mice
was localized to the lymph nodes (expression was normal in the
spleen). Therefore, localized (skin-lymph node) blockade of the
receptor or it ligands would mimic the malnutrition-related ef-
fects more closely than they were in the globally CCR2-deficient
mouse. Consistent with previous work (52), CCR2�/� mice had
lower levels of CCL19 and CCL21 in the lymph nodes and normal
levels in their spleens, but malnourished mice had elevated levels
of these chemokines in both lymph nodes and spleens. A number
of tools, including mice that express a fluorescent transgene in
specific myeloid populations or under the control of a chemokine
promoter and intravital microscopy, that will help to further de-
fine the mechanisms involved in altered cell migration and in-
creased parasite dissemination in this model are now available
(63–65).

Lymph flows from peripheral tissue through the afferent lym-
phatics into the lymph node subcapsular sinus and then to the
conduit system and out through the high endothelial venule into
the bloodstream (66). The reduced number of resident DCs along
the conduits and the consequent reduced phagocytic capacity
could explain our previous observation of the increased transit of
labeled antigen through the conduit system in malnourished mice
(18). This mechanism could also contribute to the malnutrition-
related dissemination of parasites (15, 18). We found that about
90% of the parasitized DCs were resident DCs and only 10% were

migratory dermal DCs. This finding, which had not been fully
appreciated from past studies, suggests that resident DCs play a
key role in the capture of parasites and the prevention of parasite
dissemination to the visceral organs. Similarly, in a model of cu-
taneous L. major infection, Iezzi et al. found that monocyte-de-
rived inflammatory DCs and not migratory dermal DCs were re-
sponsible for the early capture of Leishmania antigen in the lymph
node (27). Our work also corroborated their finding of a small
number of skin-derived DCs in the draining lymph node relative
to the number of resident DCs early after infection (27). Whether
malnutrition leads to a loss of barrier function and increased par-
asite dissemination through the reduced DC capture of free para-
sites (analogous to Leishmania antigen [27]) as they transit
through the lymph and/or through the reduced capture of para-
sites released from migrating dermal cells (67) remains to be de-
termined.

In summary, this study demonstrates that malnutrition pro-
foundly impacts the resident lymph node DC population. The
reduction in CCR2-bearing inflammatory monocytes and mono-
cyte-derived DCs, coupled with the substantially lower levels of
lymph node CCL2, indicates that the deficiency of resident DCs in
the infected malnourished mice is mediated in part through the
downregulation of the CCR2 chemoattractant pathway. The ob-
served reduction in the number of resident DCs in infected
CCR2�/� mice supports this conclusion. The deficiency in resi-
dent DCs in the malnourished mice has profound implications for
both host defense and vaccine-induced immunity. Fewer resident
DCs will lead to the reduced capture of Leishmania and other
pathogens as they transit through the lymph node, leading to in-
creased dissemination. Decreased numbers of resident DCs would
also reduce the capture of lymph-borne free antigens that traffic to
the lymph node and, consequently, impair the initiation of a
pathogen-specific adaptive immune response (17, 27). Further-
more, the reduced capture of vaccine antigens in the draining
lymph node will limit the induction of vaccine-induced immu-
nity, recognized to be a problem for some vaccines administered
to malnourished children (68). Additional studies are warranted
to define the mechanisms through which the CCR2 and CCR7
pathways and the migration of monocytes/macrophages and DCs
to peripheral lymphoid tissue are disrupted in the malnourished
host. Even more critical are investigations to inform rational in-
terventions that can reverse the vicious synergy between malnu-
trition and infection.
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