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Abstract

In a murine model of moderate childhood malnutrition we found that polynutrient deficiency led to a 4-5-fold increase in
early visceralization of L. donovani (3 days post-infection) following cutaneous infection and a 16-fold decrease in lymph
node barrier function (p<<0.04 for all). To begin to understand the mechanistic basis for this malnutrition-related parasite
dissemination we analyzed the cellularity, architecture, and function of the skin-draining lymph node. There was no
difference in the localization of multiple cell populations in the lymph node of polynutrient deficient (PND) mice, but there
was reduced cellularity with fewer CD11c"dendritic cells (DCs), fibroblastic reticular cells (FRCs), MOMA-2* macrophages,
and CD169* subcapsular sinus macrophage (p<0.05 for all) compared to the well-nourished (WN) mice. The parasites were
equally co-localized with DCs associated with the lymph node conduit network in the WN and PND mice, and were found in
the high endothelial venule into which the conduits drain. When a fluorescent low molecular weight (10 kD) dextran was
delivered in the skin, there was greater efflux of the marker from the lymph node conduit system to the spleens of PND
mice (p<<0.04), indicating that flow through the conduit system was altered. There was no evidence of disruption of the
conduit or subcapsular sinus architecture, indicating that the movement of parasites into the subcortical conduit region was
due to an active process and not from passive movement through a leaking barrier. These results indicate that the impaired
capacity of the lymph node to act as a barrier to dissemination of L. donovani infection is associated with a reduced number
of lymph node phagocytes, which most likely leads to reduced capture of parasites as they transit through the sinuses and
conduit system.
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Introduction

Protein-energy malnutrition (PEM) is thought to be the most
frequent cause of human immunodeficiency [1], and greatly
predisposes individuals to infectious diseases in resource-poor
regions of the world [2]. In its synergy with infection, under-
nutrition contributes to approximately 50% of childhood deaths
worldwide [3]. Apart from PEM, deficiencies in single nutrients,
such as vitamins, fatty acids, amino acids and trace elements also
alter immune function and increase the risk of infection [2].

Both innate and adaptive immunity may be impaired in the
malnourished host [4], leading to increased susceptibility to
infectious diseases [5]. Malnutrition also impairs the development
of a normal immune system during the critical periods of
pregnancy, neonatal maturation, and weaning [6,7]. Inadequate
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intake of dietary energy and protein leads to atrophy and
alteration in the architecture of lymphoid organs, such as the
thymus and spleen. Severe thymic atrophy results from massive
thymocyte apoptosis (particularly —affecting the immature
CD4"CD8" cell subset) and decreased cell proliferation. In the
spleen, there is loss of lymphoid cells around the small blood
vessels [8-10]. However, the influence of malnutrition on the
lymph node architecture and function has not been studied.

One of the infections whose risk is increased by malnutrition is
visceral leishmaniasis (VL), caused by the intracellular protozoan
parasites of the Leishmania donovani complex (L. infantum (L. chagasi)
and L. donovani). VL is a significant health problem in resource-
poor regions of the world, particularly in India, Sudan, Bang-
ladesh, and Brazil [11,12]. Following inoculation of the parasite in
the dermis by the bite of an infected sand fly the parasite
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Author Summary

The impact of malnutrition in the world is staggering.
Malnutrition is thought to directly or indirectly contribute
to more than half of all childhood deaths, most of them
related to heightened susceptibility to infection. Visceral
leishmaniasis (VL), caused by the intracellular protozoan
Leishmania donovani, is a progressive, potentially fatal
infection found in many resource-poor regions of the
world. Most people who get infected with this parasite
have only an asymptomatic latent infection, however,
people who are malnourished have a greatly increased risk
of developing severe VL. We initiated these studies of an
experimental model that mimics human childhood mal-
nutrition to better understand how malnutrition increases
the susceptibility to VL at the molecular and cellular level.
In this model we found that malnutrition led to failure of
the skin-draining lymph node to act as a barrier to
dissemination. This loss of lymph node barrier function
was associated with a significant reduction in the numbers
of dendritic cells and macrophages, phagocytic cells that
capture and kill invading pathogens, and alteration of the
flow of lymph through the lymph node.

disseminates to infect phagocytic cells of spleen, liver and bone
marrow. The majority of individuals who are infected with L.
donovani or L. infantum are able to control the infection and develop
a sub-clinical asymptomatic infection; a minority (usually <10%)
of infected individuals develops severe hepatosplenomegaly, fever,
pancytopenia, and cachexia which ultimately progresses to death
unless the patient is treated [13-16].

The factors that influence susceptibility to leishmaniasis and its
progression are incompletely understood, but several lines of
evidences suggest that malnutrition is a primary risk factor that
contributes to the development of VL in children. Epidemiologic
studies have documented an increased risk for VL in the mal-
nourished host [2,17-20] and children with moderate to severe
PEM were found to have about a nine-fold increased risk of
developing VL [18]. Malnutrition was identified as a risk factor
for severe disease [18] and death from VL in both children
(WFH<60%; OR 5.0) and adults (BMI<13; OR 11.0) [21].
Malnutrition-related VL is particularly evident in displaced and
impoverished populations [22].

The mechanistic relationship between malnutrition and the
course of VL at the molecular and cellular level is poorly
understood. A better understanding of those mechanisms might
offer new opportunities for prevention or therapeutic dietary
intervention. Moreover, understanding the interplay of nutrients
and immune function is of additional interest because of the
malnutrition- related risk of infection with other pathogens. In
previous experimental studies in a murine model of malnutrition
that mimicked the growth characteristics of human weanling
malnutrition [23], we observed that malnutrition caused a failure
of lymph node (LN) barrier function that led to a profound
increase in the early (3 days post-infection) dissemination of L.
donovani to the visceral organs (liver and spleen). The function of
the lymph node as a barrier to delay or reduce pathogen
dissemination is a function of the capture of the pathogen by
phagocytes (largely macrophages and dendritic cells) and
restriction of its transit through the node via the size-exclusion
properties of the node architecture [24,25]. This barrier function
then enables development of innate and adaptive immune
responses that effect killing of the pathogen. The concept of LN
barrier function has been widely discussed in the prevention of
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tumor metastases [26], but is less studied in the field of infectious
diseases.

In the work presented here, using the murine model that we
established previously [23], we further investigated the mecha-
nisms by which polynutrient (protein, iron and zinc) deficiency
(PND) impaired the capacity of the LN to act as a barrier
to dissemination of L. donovan: infection. We found that PND
reduced the mass and cellularity of the LN, particularly affecting
fibroblastic reticular cells and myeloid phagocytic cells, without
disrupting the overall LN architecture. The function of the LN
reticular conduit system was also altered and parasites were found
to be associated with the conduit in the LN subcortical region and
within the high endothelial venule, into which the conduits drain.
The reduced number of LN phagocytes, which would affect the
overall phagocytic capacity of the organ, and the altered function
of the LN conduit system, therefore are likely contributors to the
reduced retention and increased escape of parasites or parasitized
host cells from the LN to the visceral organs.

Materials and Methods

Ethics statement

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 Institutes of Health. The
protocol was approved by the Institutional Animal Care and Use
Committee of the South Texas Veterans Health Care System
where all animal experimentation was conducted.

Experimental animals

Weanling (3-week-old) female BALB/c mice were obtained
from Charles River Laboratories, Inc. (Wilmington, MA). Mice
were maintained in specific pathogen-free conditions at the
Veterinary Medical Unit of the Department of Veterans Affairs
Medical Center, South Texas Veterans Health Care System
(STVHCS), San Antonio, TX.

Diets and feeding

Mice were initially weight-matched and housed as four mice per
cage in standard polycarbonate shoebox cages with low trace
element bedding (Alpha-Dri; Shepard Specialty Papers, Kalama-
zoo, Mich.). The mice had free access to water and were
acclimatized to standard laboratory mouse chow (Teklad LM-485;
Harlan Teklad, Madison, WI) for three days prior to initiation of
the two experimental diets. The well-nourished (WN) control
group of mice received a diet of normal mouse chow with 17%
protein, 100 ppm iron, 30 ppm zinc (T'eklad), which was provided
ad libitum. The PND mice received a diet of mouse chow identical
to the normal control diet except for low protein (3%), iron
(10 ppm), and zinc (1 ppm) (Teklad), as previously described [23].
The PND mice received 90% of the weight of food consumed per
day by the mice in the WN group to ensure that they did not
increase their consumption in response to the nutrient deficiencies,
which resulted in approximately a 10% reduction in caloric intake.
Mice were fed the experimental diets until the completion of the
experiment (28-31 days). The body weights of the mice were
measured once per week, and food intake was recorded on a twice-
weekly basis in order to calculate the amount of chow to provide to
the PND group on subsequent days.

Measurement of albumin, iron and zinc levels

Blood was collected from the mice by terminal cardiac
puncture. After clotting and centrifugation the serum was collected
and stored at —80°C until use. Liver tissue was collected following
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exsanguination of mice and stored at —80°C until use. Serum
albumin levels and liver iron and zinc levels were determined by
automated photometry at the Texas Veterinary Medical Diag-
nostic Laboratory, College Station, Texas.

Parasites and experimental infection

Leishmania donovani (1S strainy MHOMY/SD/00/S-2D) promas-
tigotes were grown in complete M199 medium for 6 days and the
metacyclic forms were isolated as described previously [27]. The
virulence of the parasites was maintained by regular isolation from
spleen tissue from infected mice or hamsters. Mice that had
received the experimental diet for 28 days were inoculated with
10° metacyclic promastigotes in 20 ul Dulbecco’s Modified Eagle
Medium (DMEM) in the skin over each hind foot-pad. In some
experiments mice were infected with 2x10° parasites that had
been labeled with the membrane fluorescent dye PKH26 (Sigma-
Aldrich, St. Louis, MO) as described previously [28].

Quantification of parasite burdens

At 3-days post-infection, the infected mice were euthanized
and the popliteal lymph nodes, spleen, and liver were harvested
and weighed. Real-time quantitative PCR (qPCR) targeting
kinetoplast DNA was used to quantify L. donovani amastigotes in
the homogenized tissues as described previously [29]. Briefly, LN,
spleen and liver tissues were homogenized in phosphate-buftered
saline (PBS) at 1 mg/10 pl and 100 pl of the homogenate was
used for DNA extraction (Qiagen DNA extraction kit). Forty ng of
the extracted DNA was amplified with the Abi Prism 7900 using
real-time PCR master mix kit (Applied Biosystems), 400 nM of the
13A and 13B primers [29], and 100 nM of the internal probe (5'-
(6-FAM)-TTGAACGGGATTTCTGCACCCA-TAMRA)-3").
To quantify the number of parasites, a standard curve was
generated by amplification of 10-fold dilutions of L. donovani
amastigotes isolated from the same tissue in a separate reaction.
The parasite concentration was calculated per milligram of tissue,
and the total organ parasite burden was calculated by multiplying
this concentration by the whole-organ weight [23].

Flow cytometry

Lymph nodes were collected in RPMI media supplemented with
2% fetal bovine serum (FBS; Gibco). Lymph node cell suspensions
were prepared by cutting the tissue into small pieces and digesting it
for 30 min at 37°C with collagenase D (Roche) at 2 mg/ml in buffer
containing (150 mM NaCl, 5 mM KCI, 1 mM MgCly, 1.8 mM
CaCly,10 mM Hepes pH 7.4). The tissue was further minced and
strained through 100-pm cell strainers (Becton Dickinson [BD], San
Jose, CA), and washed once in a solution of PBS with 2% FBS and
0.1% sodium azide. The cells were resuspended in 500 uL of RPMI
with 2% FBS. The cells were counted and adjusted at a
concentration from 100,000 to 500,000 cells per 50 ul, incubated
for 15 min with 0.8 pg FC block at room temperature, followed by
the relevant antibodies for 30 minutes at room temperature in the
dark, washed again in PBS with FBS and azide and finally fixed in
250 ul of FACS lysing solution (BD, Biosciences). Cell surface
analysis was performed using a combination of a panel of surface
markers: FITC-conjugated rat anti-mouse Ly-6G, clone 1A8, PE-
conjugated hamster anti-mouse CD1lc, clone HL3, PE-conjugated
rat anti-mouse Ly-6G and Ly-6C, FITC-conjugated rat anti-mouse
CD11b, mouse T lymphocyte subset antibody cocktail (PE-
conjugated rat anti-mouse CD4, PE-Cy7 conjugated rat anti-mouse
CD3e, and FITC conjugated rat anti-mouse CDS8), FITC
conjugated rat anti-mouse CD45R/B220, clone RA3-6B2 (BD
PharMingen, San Diego, CA), rat anti-mouse CDI169, clone
3D6.112 (Abcam), FITC conjugated rat antimouse CD169, clone
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3D6.112, FITC conjugated rat anti-mouse CD31, and Alexa-Fluor
488 and 647 conjugated hamster anti-mouse CD1lc, clone N418
(AbD Serotec, Raleigh, NC). For intracellular MOMA-2 analysis,
cell preparations were fixed and permeabilized with fixation/
permeabilization buffers (AbD Serotec) and stained with Alexa
Fluor 488-conjugated rat antimouse macrophage/monocytes (AbD
Serotec). For intracellular ER-TR7 analysis, cell preparations were
fixed and permeabilized with a mixture of ethanol/acetone (7:3) and
stained with PE, FITC-conjugated rat antimouse ER-TR7 (Santa
Cruz Biotechnology, Santa Cruz, CA), or unlabeled rat antimouse
ER-TR7 (Abcam). Appropriate rat or hamster IgG isotype
antibodies were used as controls. The secondary antibody APC-
conjugated goat anti-rat IgG (Santa Cruz Biotechnology, inc) was
used in the indirect staining. All flow cytometric analyses were
performed on a FACSAria flow cytometer (Becton Dickinson, San

Jose, CA, USA).

Histopathology

The dissected popliteal lymph nodes were fixed in 10% neutral
buffered formalin and processed routinely into paraffin. The fixed
paraffin-embedded tissues were sectioned at 3—4 pm and stained
with hematoxylin and eosin (H&E). Some paraffin embedded
sections were used for reticulin stain using the method of Gomori

[30].

Electron microscopy

Popliteal lymph nodes were fixed in 4% paraformaldehyde plus
1% glutaraldehyde and processed for plastic embedment using
conventional methods. Thin sections (60 to 70 nm) were stained
with lead citrate and uranyl acetate. The lymph node conduit
network was examined and photographed using a Jeol-JEM-1230
transmission electron microscope (Tokyo, Japan).

Immunohistochemistry

Popliteal lymph nodes were removed from mice, immediately
embedded in Tissue Tek Optimum Cutting Temperature com-
pound (Sakura FineTek, Torrance, CA), and snap frozen and
stored at —80°C until used. Sections (6 um in thickness) were cut
in a cryostat and placed on positively charged microscope slides
(Superfrost/Plus, Fisher Scientific). Sections were air-dried over-
night and fixed for 10 minute in ice-cold acetone. Sections were
blocked with 10% serum and stained with antibodies diluted in 2%
serum, which was from the same species in which the secondary
antibodies were raised. Primary and secondary antibodies were
applied for 60 min at room temperature in a humidified chamber.
Slides were washed between and after antibody applications 5
times with PBS/0.02% BSA for 5 min each. Slides were cover-
slipped with Gold Prolong anti-fade mounting media (Molecular
Probes, Eugene, OR). The antibodies used, and their source and
specifications are summarized in Table 1. Stained lymph
node sections were examined using an Olympus Provis AX 70
fluorescent microscope. The image-proplus software (Media
Cybernetics, Inc., Bethesda, MD) was used to count the intensity
of the fluorescence as a proportion of tissue area.

Evaluation of lymph node conduit function

For evaluation of conduit function, the skin over each footpad
was injected with 20 ul low molecular weight (10 kD) or high
molecular weight (500 or 2000 kD) lysine fixable Texas Red- or
FITC-labeled dextran (6 mg/ml, Invitrogen, Grand Island, NY).
Mice were euthanized 3 minutes after injection by COy asphyx-
1ation and the draining popliteal lymph nodes were harvested. The
lymph nodes were immediately placed in freshly prepared 4%
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paraformaldehyde (pH 7.4; room temperature for 1-2 h, then 4°C
for 2 h), washed twice in PBS and saturated overnight at 4°C: in
30% sucrose before being embedded in Tissue-Tek optimum
cutting temperature compound. The sections (6 um) were fixed in
acetone for one minute and stained and visualized by fluorescence
microscopy as described above.

Statistical analysis

Data are expressed as the mean = SEM and were analyzed
using Prism software (GraphPad, La Jolla, CA). The parametric
unpaired t test, or the non-parametric Mann-Whitney U test were
used for the analysis depending on the normalcy of distribution of
the data. Data were considered statistically significant if p=0.05.

Results

Polynutrient deficient diet results in a moderate
reduction in weight-for-age and decreased

concentrations of biochemical nutritional parameters
WN mice received a normal diet (17% protein, 100 ppm Fe,
and 30 ppm Zn) ad libitum and consumed approximately 2.1 g of
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Table 1. Summary of antibodies used for immunohistochemistry.

Targeted mouse marker Species Clone Conjugate Vendor

CD31 Rat GC-51 Purified Invitrogen
ER-TR7 Rat ER-TR7 Purified Abcam

CD3e Armenian hamster 145-2C11 Biotin BD Pharmingen
MOMA-2 Rat MOMA-2 Biotin LifeSpan BioSciences
CD11c Armenian hamster N418 Biotin Biolegend
CD11c Armenian hamster N418 Purified GeneTex
CD45R/B220 Rat RA3-6B2 FITC BD Pharmingen
CD205 Rat NLDC-145 Purified Abd Serotec
CD169 Rat 3D6.112 Purified Abcam
Collagen 11l Goat Polyclonal Biotin SouthernBiotech
Laminin Rabbit Polyclonal Purified Abcam
Collagen IV Rabbit Polyclonal Purified Chemicon
Actin, a-smooth muscle Mouse 1A4 Cy3 Sigma

Collagen type | Rabbit Polyclonal Purified Chemicon
Fibronectin Rabbit Polyclonal Purified Chemicon
Heparan sulfate proteoglycan Rat A7L6 Purified Abcam

Desmin Rabbit Polyclonal Purified Abcam

Rat 1gG Goat Polyclonal FITC Chemicon

Rat I1gG Goat Polyclonal Cy3 Chemicon
Hamster IgG Goat Polyclonal AMCA Jackson ImmunoResearch
Rabbit IgG Goat Polyclonal FITC Chemicon
Rabbit IgG Goat Polyclonal Cy3 Chemicon
1gG2b Rat Isotype Control Biotin Abd Serotec
lgG2a Rat Isotype Control Purified Invitrogen
lgG2a, k Rat Isotype Control FITC BD Pharmingen
19G Rabbit Polyclonal Purified Abcam

[e]€] Armenian hamster Isotype Control Biotin Biolegend

19G Armenian hamster Isotype Control Purified Abcam
Streptavidin conjugate Cy3 Invitrogen
Streptavidin conjugate FITC BD Pharmingen
doi:10.1371/journal.pntd.0002329.t001

food per day. PND mice received a diet deficient in protein (3%),
Fe (10 ppm), and Zn (1 ppm) and received 90% of the quantity of
food consumed by the WN mice (approximately 1.9 g per day).
After 4 weeks of feeding the experimental diets, the PND mice
showed a slightly slumping growth curve with a 15.3% average
reduction from baseline weight after 28 days (Fig. 1A), which was
consistent with the previous report that showed it was comparable
to moderate human weanling malnutrition [23]. To evaluate the
nutritional status of the mice, the concentrations of serum albumin
and hepatic zinc and iron were determined in PND mice 28
days after initiating the experimental diet. We observed a
significant reduction in the serum albumin concentration
(Fig. 1B; p=0.006) and zinc and iron concentration in the liver
of PND compared to WN mice (Fig. 1C, 1D; p=0.02 and
p=0.01, respectively).

Polynutrient deficiency leads to loss of lymph node
barrier and increased early visceralization following
L.donovani infection

To investigate the effect of malnutrition on the early visceraliza-
tion of L. donovani, PND and WIN mice were inoculated in the skin

August 2013 | Volume 7 | Issue 8 | e2329



201
- WN
= PND
18+
3
E 164
@ 0.0001
] p=<0.
=
5 141
=]
m
121
10 . . . : .
0 7 14 21 28

Days on experimental diet

B C D

Malnutrition and Visceralization of Leishmania

4- - 30+ 200+

1 *
— *

-y —_

3 3 - — 150

E E 50 _E

< g g

£ 2- e S 1004

< N p

£ ¢ 10 £

2 14 — g gp4

[iF]

w

o : 0- : 0- —

WN PND WN  PND WN  PND

Figure 1. Growth curve and nutritional markers of weanling mice fed the control and the polynutrient dificient diets for 4 wks. Age-
matched female weanling BALB/c mice were fed a control diet that included 17% protein, was zinc and iron sufficient, and was provided ad libitum
(well-nourished; WN), or a polynutrient deficient diet (PND) that included 3% protein, was zinc and iron deficient, and had approximately a 10%
caloric deficient. (A) The body weight of WN and PND mice fed with the experimental diet for four weeks. The mean and standard error of the mean
(SEM; error bars) of the animal weights is shown from a single experiment (n =8 per group) that is representative of 8 independent experiments. The
significance of the difference in weights on day 28 between the WN and PND mice is shown. (B-D) Mean and SEM (error bars) of serum albumin (B),
and hepatic zinc (C) and hepatic iron (D) concentrations in WN and PND mice after 28 days on the experimental diet. Data are from a single

experiment (n=6 per group for B and n=4 per group for C and D). (¥, P<0.05; **, P<<0.01).

doi:10.1371/journal.pntd.0002329.g001

over the hind footpad with 10° L. donovani metacyclic promastigotes,
and the parasite burdens in liver, spleen and draining (popliteal)
lymph node were determined at 3 days post-infection. Consistent
with our previous observations, in four different experiments using a
lower parasite inoculum and shorter period of dietary deficiency
than what we had described previously [23], the parasite burden in
the lymph node (calculated as either the number of parasites per mg
tissue or as the total organ parasite burden) was lower in the PND
mice than in the WN group (Fig. 2A, 2B). Notably, the PND mice
showed greater L. donovani dissemination to spleen (Fig. 2C, 2D) and
liver (Fig. 2E, 2F) compared with the WN group. In 3 independent
experiments the total measured extradermal parasite burdens
(parasite burdens in LN+spleentliver) showed no difference
between the two groups of mice (for the experiment shown in
Fig. 2 the total number of parasites for the WN and PND mice was
98,403+31,253 and 93,656%16,127, respectively, p =0.9), which
indicated that there was no difference in the parasite survival
between the WN and the PND mice at this early stage of infection.
However, the total visceral parasite burden was higher in the PND
group than the WN group and the total lymph node parasite burden
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was higher in the WN group than the PND group, which together
led to a 16-fold reduction in the calculated percent lymph node
barrier function [23] in the PND infected mice (Fig. 2G). It is
generally accepted that Leishmania traffic from the skin to the
draining LN through the afferent lymphatics [31]. However,
malnutrition could alter that route of transit by facilitating increased
entry of the parasites directly into the bloodstream from the skin,
thereby bypassing the LN. To address this possibility we quantified
parasites in the skin, draining LN and visceral organs at a
much earlier time point (16 hrs post-infection). We found no
difference in the number of parasites in the skin or LN (Fig. S1),
suggesting that malnutrition did not lead to increased visceralization
by the parasite bypassing of the draining LN early in the infection
process. Otherwise the parasite burden would have been reduced in
both the skin and LN in the PND compared to WN mice.
Collectively, these data support our previous work [23] that
suggested that malnutrition produced increased
visceralization after cutaneous L. domovan: infection due to the
failure of the draining lymph node to act as a barrier to
dissemination.
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Figure 2. Malnutrition leads to impaired lymph node barrier function and increased early visceralization of L.donovani. Age-matched
female weanling BALB/c mice were fed the control (well-nourished; WN) or polynutrient deficient diet (PND) for 28 days and infected with 10° L.
donovani promastigotes in the skin over each footpad. Panels A through G: At 3 days post-infection the lymph node, spleen and liver were harvested
for determination of parasite burden by gPCR of parasite DNA with conversion to number of parasites by use of a standard curve. (A) Parasite burden
per mg lymph node, (B) Total lymph node parasite burden, (C) Parasite burden per mg spleen, (D) Total spleen parasite burden, (E) Parasite burden
per mg liver, and (F) Total liver parasite burden. (G) Calculated percent lymph node barrier function (the percentage of measured extradermal
parasites retained in the lymph node)=100—((parasite burden (PB) in liver+PB in spleen)/(PB liver+PB spleen+PB LN)) for the PND and WN mice
infected with L. donovani for 3 days. The data shown are the mean and SEM (error bars) from a single experiment (n =8 per group) representative of 3

independent experiments for lymph node and 6 independent experiments for liver and spleen. (*, P<0.05; **, P<0.01).

doi:10.1371/journal.pntd.0002329.9g002

Polynutrient deficiency causes reduced lymph node size
and cellularity

It was reported that lymphoid organs such as the thymus
and spleen showed significant atrophy in patients with PEM or
zinc deficiency [32,33], but the effect on the LN had not been
investigated. To determine the effect of polynutrient deficiency on
LN mass and cellular composition, the popliteal LNs from groups
of WN and PND mice were harvested before or 3 days after L.
donovan: infection. The lymph node weights were significantly less
in the PND groups, whether they were infected or uninfected,
compared to their WN counterparts (Fig. 3A). When corrected for
body weight (LN weight index = LN weight/body weight), there
was no difference in the relative weights of the LNs from the
uninfected WN and PND mice, however, the LN weight index was
significantly lower in the infected PND compared to infected WIN
mice (Fig. 3B). Consistent with the reduced LN mass we found a
decrease in total LN cell number in PND compared to WN mice,
regardless of whether or not they had been challenged with L.
donovani (Fig. 3C). In both the WN and PND mice there was
approximately a 6-fold increase in LN cell number at 3 days after
L. donovan: infection (Fig. 3C). Histological examination of the LN
of the PND mice similarly revealed a marked decrease in the size
of the LN, however, there was no obvious difference in the gross
histopathology observed in hematoxylin and eosin (H&E) stained
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LNs of PND group compared with the WN groups (data
not shown). Thus, although malnutrition caused a generalized
reduction in LN mass and cellularity, it did not appear to alter the
gross structure of the LN.

Malnutrition alters lymph node cell populations in

uninfected and L. donovani infected mice

To further evaluate the effect of malnutrition on the cellular
composition of the lymph node, we examined cell populations in
the draining lymph node of L. donovani-infected and uninfected
WN and PND mice. We focused on the cell populations that
might be involved in transporting the parasite from the site of
cutaneous infection to the draining lymph node (generally ascribed
to dendritic cells), as well as neutrophils, macrophages, and
fibroblastic reticular cells (FRC), which may play a role in inter-
nalization of Leishmania in the lymph node [31,34]. In uninfected
mice, by flow cytometry we found that there was no difference in
the percentage of dendritic cells (CD11c") in the PND and WN
groups (Fig. 4A, left panel), but the PND mice had a reduced total
number of CD11c* cells compared to WN controls (p =0.0002)
(Fig. 4A, right panel). This was confirmed by immunofluorescence
staining of tissue sections from uninfected mice (Fig. 4G). Although
we did not detect any difference in the percentage of macrophages
(MOMA-2" or CD11lc” CDI11b"), FRCs (ER-TR7"), subcapsular
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sinus (SCS) macrophages (CD169% cells that line the floor of
the LN subcapsular space and medulla [35]), or neutrophils
(GR1"Ly6G™) between uninfected PND and WN mice (Figs. 4B
4F, left panels), the total number of CD11c” CD11b* cells, ER-
TR7" cells, and CD169" cells were significantly reduced in
the uninfected PND compared to the uninfected WN group
(Figs. 4C, 4D, 4E, right panels; p=0.008, p = 0.008 and p = 0.004,
respectively). A similar reduction in macrophages and DCs
was also evident in the spleens of uninfected PND compared to
WN mice (Fig. S2; p<<0.001) indicating that malnutrition also
had an effect on myeloid cells in organs other than the LN.
No statistical difference in the total number of MOMA-2*
macrophages or neutrophils (Grl*Ly6") was found between the
uninfected PND and WN groups (Figs. 4B, 4F, right panels)
and immunofluorescence revealed no difference in endothelial
cells (CD31%, B cells (B220") and T cells (CD3") (Fig. 4G).
When draining LNs from mice challenged with L. donovani
were examined, greater quantitative differences in the LN cell
populations became evident. Independent of nutritional status, L.
donovan: infection dramatically expanded the populations of all
cell types in the LN (447 fold-increase for WN mice and 2-75
fold-increase for PND mice; Figs. 4A—4F). In the popliteal LNs of
infected PND mice compared to infected WN mice we found a
reduced total number (p<<0.0001) but not percentage of CD11c*
cells (Fig. 4A, right panel), but macrophages (MOMA-2* or
CDl11c” CD11b") were reduced in both percentage (p=0.03 and
p=0.01, respectively) and total number (p=0.0002 and
p=0.0003, respectively) in the PND infected mice (Figs. 4B and
4C). There was no difference in the percentage of FRC (ER-TR7%)
in the infected WN and PND groups, but a significantly reduced
total number of FRC was found in the PND mice (Fig. 4D;
p=0.01). CD169" SCS macrophages also showed a reduced
percentage and total number (Fig. 4E; p=0.04 and p=0.003,
respectively) in the PND infected mice, and this was corroborated
by immunofluorescence (Fig. 4H). The total number, but not
percentage, of neutrophils (Grl*Ly6"), was also reduced in the
infected PND compared to WN mice (Fig. 4F, right panel;
p=0.02).
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Malnutrition does not alter the localization of key cell

populations in the LN

Next we investigated whether malnutrition altered the localiza-
tion of different cell populations in the lymph nodes before or after
L. donovan: infection, since this would influence cell and parasite
trafficking to and within the LN. Staining of serial lymph node
sections for B cells, T cells, endothelial cells, macrophages/
monocytes, DCs and FRC did not reveal any difference in the
distribution of these cells in the LNs of PND compared to WN
mice (Fig. 5A-D). In order to define the location of DCs, LN
sections were co-stained for the DC marker, CD11¢, and the FRC
marker, ER-TR7. CD11c¢" DCs were distributed similarly in the
paracortex of all the different groups of mice. CD11c¢" DCs
associated with conduit structures were probably LN resident DC
while the DCs located free in the paracortex were likely DCs that
had migrated from either the dermis or conduit system (Fig. 5B).
The CDllc marker does not distinguish between these cell
populations. Similarly, LN sections stained for MOMA-2 and ER-
TR7 showed a comparable staining pattern for macrophages/
monocytes between PND and WN mice (Fig. 5C). In addition, the
number of B cell follicles was comparable between the two groups
(Fig. 5D) and this was consistent with the result of H&E staining
(data not shown). To distinguish between LN resident DCs or
dermal DCs and Langerhans cells that had migrated in response to
L. donovani infection, we stained LN sections with antibody against
CD205 [36,37]. Consistent with the result of CD11c staining, we
could not detect any difference in the distribution of CD205 in
the lymph nodes of WN and PND infected mice (Fig. 5E). The
staining pattern of CD169" cells was comparable between the
PND and WN mice in the sub-capsular sinus region; however,
there were more CD169" cells in the cortical region of the WN
infected mice (Fig. 5F). Collectively, these data indicate that while
malnutrition selectively reduced the number or percentage of
FRCs and several myeloid cell populations in the LN (resident
and/or migratory DCs, MOMAZ2" and CD169" macrophages), it
did not alter the localization of the FRCs or different phagocyte
populations in the LN with the exception of reduced numbers of
CD169" macrophages in the sub-cortical region.
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Figure 4. Malnutrition reduces lymph node cellularity in uninfected and L. donovani infected mice. Flow cytometry was used to
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CD11b*/CD11c™, respectively), (D) FRC (ER-TR7), (E) subcapsular sinus macrophages (CD169), and (F) neutrophils (GR1/LY6G). The different lymph
node cell populations described above, as well as B cells (B220), T cells (CD3) and endothelial cells (CD31), were also quantified by
immunofluorescence staining of frozen sections relative to the area of lymph node of WN and PND uninfected (G), and L. donovani infected mice (H).
The data shown for each individual cell population in the WN and PND mice are the mean and SEM (error bars) from same experiment (n=6 per
group), which was representative of at least two independent experiments. As such, the figure includes data derived from multiple experiments since
the small size of the LN in the malnourished mice precluded the quantification of multiple populations within the same LN. (*, p<<0.05; **, p<<0.01;

®% p<0.001; *** p<0.0001).
doi:10.1371/journal.pntd.0002329.g004

Malnutrition alters the accumulation of small molecules

within the lymph node conduit system

The stromal network has multiple functional roles in controlling
the immune response in lymphoid organs by influencing cell
recruitment, migration, activation, and survival. The master
player in this system is the FRC, which forms a network of
conduits that allows the transport of small antigens from the
subcapsular sinus directly to the subcortical T cell region and the
delivery of cytokines and chemokines to the port of entry of
lymphocytes from the circulation, the high endothelial venule
(HEV) [25,38]. Apart from its participation in transporting the
small molecules and antigens, the role of the conduit system in
pathogen containment or dissemination had not been investigated.
We hypothesized that malnutrition could alter the stromal
architecture and conduit system to enable Leishmania-infected cells
that have traversed the floor of the SCS to escape the LN and
enter the blood stream through the HEV. To examine the
influence of malnutrition on the integrity and the function of
conduit system, WN and PND L. donovani-infected mice were
mjected subcutaneously with either high or low molecular weight
(MW) fluorescently labeled dextran (Fig. 6A). Under normal
circumstances high MW dextran is not able to traverse the floor of
the SCS, whereas low MW dextran was shown to readily cross the
SCS and accumulate in the LN conduit network within a few
minutes after cutaneous injection [39]. In infected WN mice,
Texas Red-labeled low MW dextran was clearly observed to be
co-localized with the lymph node conduits 3 minutes after
mjection. In the PND infected mice, a reduced quantity of low
MW tracer was found co-localized with the LN conduit system
(Figs. 6B, 6C, 6F), but concomitantly a two-fold increase in low
MW dextran accumulation was observed in the spleen (Fig. 6D,
6F), suggesting that there was impaired retention of the low MW
tracer in the lymph node conduit system of the PND mice. To
further assess the function and integrity of the SCS/conduit
network, we injected the L. donovani-infected PND and WN mice
with high molecular weight dextran (500 and 2000 kD). Contrary
to the findings with low MW dextran, the distribution of the high
molecular weight dextran was limited to the subcapsular sinus
(Fig. 6E, 2000 kD shown) and medullary sinuses with little
accumulation in the cortex and without co-localization with the
conduit network. The distribution and quantity of the high MW
dextran in the LN were comparable between the PND and WN L.
donovani-infected mice (Fig. 6E, 6G) indicating that there was no
difference in transit of the fluorescent antigen from the skin to
draining LN. Collectively, these data indicate that the SCS-
conduit interface was intact in PND infected mice (the high MW
dextran did not gain an access to the conduit system), the integrity
of the conduit was maintained without lateral leakage into the
subcortical region, but the reduced retention of the small MW
tracer led to greater accumulation in the spleens of PND mice.

Malnutrition does not alter the architecture and

molecular composition of lymph node conduit network
We investigated whether the reduced accumulation/retention of
the low MW antigen in the conduit system of L. donovani-infected

PLOS Neglected Tropical Diseases | www.plosntds.org

PND mice was accompanied by alteration of the architecture
and the molecular components of conduit network. Staining of
serial frozen sections of popliteal LNs of PND and WN infected
mice with antibodies against reticular fiber components (laminin,
collagen IV, heparan sulfate proteoglycan, collagen I, collagen III,
fibronectin, desmin and alpha smooth muscle actin), with or
without co-staining of FRC (ER-TR7 antibody), revealed no
differences in the quantity or localization of any of these
components in the lymph node of WN compared to PND infected
mice (Fig. 7A, 7D). To further assess the structure of the LN
conduit system, we measured the length and the width of the
reticular fibers in LN paraffin-embedded sections following
reticulin stain. Consistent with the immunohistochemistry data,
we did not find any significant difference in either the length or
width of the reticular fibers from the two groups of mice (Fig. 7B
and 7E). Furthermore, investigation of the ultrastructure of the LN
conduit system of PND and WN mice by transmission electron
microscopy showed no differences in the structure of the conduit
system basement membranes surrounding the collagen strands and
other extracellular matrix components (Fig. 7C). Together these
data suggest that the alteration of the conduit system function in
PND infected mice, which allowed small molecules to escape from
lymph node conduit system to the spleen, was not the result of
alteration of the gross structural framework of the stroma and
conduit system. By inference, and together with the finding of
reduced LN phagocytic cells, the escape of the low molecular
weight dextran from the conduit is likely due to the reduced
phagocytic capacity (fewer DCs and macrophages) associated with
the conduits.

L. donovani localizes to phagocytes associated with the
lymph node conduit system

To investigate whether there is a difference in the parasite
localization within the lymph nodes of PND and WN mice, we
infected mice with fluorescent-labeled L. donovani and examined its
localization relative to FRCs (ER-TR7), macrophages (MOMA-2),
DCs (CDl1lc), and Langerhans cells (CD205 and CD207) at 3
days post-infection and CD169" cells at 2 hours post-infection.
The pattern of cellular infection appeared to be similar between
the PND and the WN infected mice. In both groups of mice, L.
donovani could be observed in close association with the conduit
system, but without complete co-localization with the FRCs
(Fig. 8A). There was, however, a high degree of co-localization of
L. donovani with lymph node resident DCs, and to a lesser degree
with macrophages, in the vicinity of the conduit system in both
PND and WN mice (Fig. 8B, E). The finding of the parasite in
both groups of animals inside the high endothelial venule (HEV)
(Fig. 8A) suggests that the parasite is able to transit through the
conduit system, and it is likely that the reduced number of conduit-
associated DCs in the PND mice enhance this transit to the
systemic circulation. There was no obvious co-localization of the
parasite with CD205" cells (Fig. 8C) or CD207 (data not shown)
Langerhans cells. There was co-localization of L. donovani with
CD169" cells in both PND and WN mice (Fig. 8D). The co-
localization of the parasite with lymph node resident DC together
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Figure 5. Malnutrition does not alter the cellular distribution within the lymph node. Immunofluorescence microscopy for cellular markers
in popliteal lymph node cyrosections from well-nourished (WN) and polynutrient deficient (PND) mice that were uninfected or infected with
L.donovani for 3 days using mAb against (A) endothelial cells (CD31); (B) DC (CD11c) and FRC (ER-TR7); (C) Macrophages (MOMA-2) and FRC (ER-TR7);
(D) B cell (B220) and T cell (CD3); (E) Migratory Langerhans cells (CD205); and (F) Subcapsular sinus macrophage (CD169"). Magnification: 4x (A
(infected group), D (infected group), E, F); 10x (A (uninfected group), D (uninfected group)); 20 x (C); 40x (B). Images are from a single LN section
from a single experiment (n=6 per group) representative of 4 independent experiments for the infected group and one experiment for the
uninfected group.

doi:10.1371/journal.pntd.0002329.9005
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Figure 6. Altered LN conduit function in malnourished L. donovaniinfected mice. (A) Schematic of approach to determine LN conduit
function. Well-nourished (WN) and polynutrient deficient (PND) mice were infected with L.donovani for 3 days and then injected subcutaneously
(both feet) with fluorescently labeled dextran. Lymph nodes were removed after 3 minutes and immediately fixed. (B) Localization of 10 kD Texas
Red dextran within the lymph node. (Magnification: 20 x). (C) Co-localization of 10 kD Texas Red tracer with the conduit network (FRC stained with
ER-TR7). (Magnification: 40 x). (D) 10 kD Texas Red dextran accumulation in the spleen. (Magnification: 20 x). (E) Distribution of 2000 kD FITC dextran
within the lymph node (upper panels; 4x magnification) and relative to the conduit system (lower panels; 20 x magnification). (F) Quantification
(mean+SEM) of 10 kD Texas Red dextran pixels as a proportion of lymph node and spleen area. (G) Quantification (mean+SEM) of 2000 kD FITC
dextran pixels as a proportion of lymph node area. Data are from a single experiment with six mice per group, examining multiple sections of 2
lymph nodes per mouse, which was representative of two independent experiments. (¥, p<<0.05; **, p<<0.01).
doi:10.1371/journal.pntd.0002329.g006

with the parasite association with FRC indicates that the parasite function with resulting early dissemination of the parasite was
might go through the conduit system despite of the size exclusion accompanied by reduced overall LN mass and cellularity, in
properties of the collagen III core component of the conduit particular reduced numbers of mononuclear phagocytes in the LN
network, but this did not appear to be amplified in the PND host. subcortical region (many of which are associated with the conduit
We used flow cytometry to further quantify the level of infection of system) and lining the floor of the subcapsular sinus. Furthermore,
LN cell populations and did not observe any difference in the there were reduced numbers of FRC, which form the network of
degree of infection of macrophages or FRC between the PND and conduits that transport small molecules and antigens to the
the control mice (Fig. 8H). However, there were fewer (reduced subcortical T cell regions, and there was evidence of altered
total number but not percentage) infected CD169" macrophages conduit function. These data identify previously unrecognized

and infected DCs in the PND mice (p=0.04 and p=0.02, effects of malnutrition on the LN and provide a foundation for
respectively) (Fig. 8F and 8G), which probably can be attributed to understanding the early immunological events that lead to

the reduced total number of these cells in the PND mice (see increased dissemination of L. donovani and perhaps other pathogens
Fig. 4D). in the malnourished host.
To investigate the mechanisms of early parasite dissemination
Discussion in the polynutrient deficient mice, we used intradermal inoculation
of metacyclic promastigotes to mimic the natural initiation of
Dysfunction of the immune system is the critical link in the infection by delivery of infective stage of the parasites into the skin.
vicious cycle of malnutrition and infection [40,41]. Our earlier Distinct from our previous work, we used an earlier parasite
work demonstrated that polynutrient (protein, energy, zinc and challenge (one month after the initiation of the polynutrient
iron) deficiency led to increased dissemination of L. donovani from deficient diet) and lower inoculum size (for more relevance to
the skin to the spleen and liVCI‘, which was due to impaired barrier natural transmission) Couplcd with a more sensitive assay to
function and reduced parasite containment in the draining LN quantify the parasite burden. This approach has a limitation in
[23]. These studies utilized a murine model of malnutrition that that the inoculum lacked the sand fly salivary components
mimicked the complex features of moderate childhood malnutri- that would be included with a natural inoculation and which
tion found in resource-limited regions of the world, which typically have been shown to promote Leishmania infection [44] and could
involves deficiencies of protein and energy with superimposed enhance the dissemination of parasites from skin to the viscera.
deficits of other nutrients such as zinc [42] and iron [43]. In the Nevertheless, we found about a 16-fold reduction in the percent of
work presented here, the malnutrition-related loss of LN barrier lymph node barrier function, and conclude that the early parasite
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Figure 7. The structural framework of the conduit system is grossly intact in L. donovaniinfected polynutrient deficient mice.
Characterization of the conduit network by immunohistochemistry, reticulin stain and transmission EM in lymph nodes of well-nourished (WN) and
polynutrient deficient (PND) mice 3 days after L. donovani infection. (A) Immunofluorescence microscopy for various components of the extracellular
matrix and reticular fibers on consecutive popliteal lymph node cryosections. 20 x magnification for ER-TR7 (FRC) and alpha smooth muscle and 10 x
magnification for all the other images. (B) Light microscopic analysis of reticular fibers visualized with the reticulin stain of paraffin embedded
popliteal lymph node sections. 40x magnification. (C) Transmission electron micrographs of LN conduits in the subcortical region (upper panels;
scale bar is 100 nm), arrows point to the basement membranes surrounding the conduit system, and LN conduits near the subcapsular region (lower
panels; scale bar is 100 nm), arrows point to the collagen strands. (D) Quantification (mean+SEM) of pixels of each component of conduit network as
a proportion of lymph node area. (E) Quantification (mean+SEM) of the length and width of the reticular fibers measured in paraffin embedded lymph
node sections stained with reticulin stain. Data are from one experiment with 5 mice per group (A, D) and 4 mice per group (B, C, E). There were no
statistically significant differences between WN and PND groups in panels D and E.

doi:10.1371/journal.pntd.0002329.g007
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Figure 8. Localization of L. donovani in the lymph nodes of well-nourished and polynutrient deficient mice. Well-nourished (WN) and
polynutrient deficient (PND) mice were infected with PKH26-labeled L.donovani for 3 days and the parasite localization was determined by
immunofluorescence microscopy on consecutive popliteal lymph node cryosections using mAb against FRC, macrophages, and DC. (A) Parasite (red)
localization with FRC labeled with ER-TR7 (green) (20 x magnification). Inset shows parasites (red) inside lumen of HEV with surrounding FRC. (B)
Parasite (red) co-localization with CD11c* DCs (blue), with FRC labeled with ER-TR7 (green) (20x (upper panels) and 80x (lower panels)
magnification). (C) Lack of parasite (red) co-localization with CD205* Langerhans cells (40 x magnification). (D) Parasites (red; top panel) and CD169"
subcapsular sinus macrophages (green; middle panel) with co-localization shown by merged images (yellow; bottom panel). (20 x magnification). (E)
Parasites (red; top panel) and MOMA-2" macrophages (green; middle panel) with co-localization shown by merged images (yellow; bottom panel).
(40x magnification). Note that these tissue sections were selected to show the localization of the parasite, and should not be used to infer relative
quantity of the parasites. (F-H) Quantification of the level of cellular infection by flow cytometry. (F) Proportion of infected cell population relative to
the total lymph node cells in PND and WN infected mice. (G) Total number of the infected cell population relative to the total lymph node cells in
PND and WN infected mice. (H) Rate (percent) of infection of the individual cell population (proportion of the infected cell population to the total
number of the same cell population). The micrographs in panels A-E are representative sections from single experiment (5 mice per group)
representative of three independent experiments, and data shown in panels F-H are the mean and SEM (error bars) from a single experiment (n=6
per group) representative of two independent experiments. (¥, p<<0.05).

doi:10.1371/journal.pntd.0002329.g008
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dissemination is the result of the impaired capacity of the
lymph node to contain the parasite locally. Since the total
extradermal parasite burdens (local draining lymph nodes, spleen,
and liver) were comparable between the two groups, it appears
unlikely that early increase in the parasite visceralization was due
to defective local parasite killing in the lymph node (although this
is likely to be an issue later in the course of infection in the
malnourished host [45]) or a difference in the rate of the
parasite multiplication. Furthermore, hematogenous dissemination
of L. donovani from the site of skin infection is not likely to
contribute significantly to the malnutrition-related parasite
visceralization because the parasite burdens in the skin and
draining LN were no different in the WN and PND mice at an
early time point.

While the effect of malnutrition on the LN has not been
described previously, a number of malnutrition-related changes in
the composition and structure of other lymphoid tissues have been
reported, including (1) atrophy of thymus and spleen [8,32,46],
(2) reduced thymic cellularity attributed to enhanced thymocyte
apoptosis and decreased intrathymic cell proliferation [47,48], (3)
alteration in the thymic microenvironment [49,50], (4) reduced in
vivo and in vitro bone marrow cell proliferation [51,52], (5) loss of
splenic lymphoid cells around the small blood vessels [8], and (6)
reduced number of splenic T lymphocyte subsets [53]. We did not
find any remarkable difference in the gross structure or cellular
distribution within the lymph nodes, however, consistent with the
previous observations in the thymus and spleen we did observe a
significant reduction in the weight and cellularity of the LN of the
PND mice, whether they were uninfected or infected with
L. donovani, when compared with their WN controls. Myeloid
populations within the lymph node were most significantly affected
by PND. Uninfected PND mice had fewer LN dendritic cells
compared with the WN controls, but following infectious challenge
reduction in LN dendritic cells, macrophages and neutrophils was
evident. These findings, along with the 2-fold reduction in the
number of the parasitized LN DCs, in the infected PND mice
suggest that malnutrition contributes to parasite dissemination
through several possible mechanisms. First, the reduced numbers
of resident DCs and macrophages in the LN may lead to
overwhelming of the phagocytic capacity of the organ with escape
of parasites to the systemic circulation and visceral organs. The
lower retention of the low molecular weight tracer within the
lymph node conduit system and increased trafficking to the spleen
in the PND infected, probably the result of reduced phagocytic
capture, mice supports this possibility of increased dissemination of
the parasite through the conduit system. Second, malnutrition may
lead to altered migration and/or LN retention of parasitized DCs
leading to increased parasite dissemination. In support of the later,
it is commonly held that dendritic cells are the primary means by
which Leishmania is transported from the site of skin infection to the
lymph node [54], and some studies have also implicated
macrophage in this process [31]. We could not detect any co-
localization of the parasite with CD205" or CD207" cells, which
indicates that Langerhans cells do not play a role in moving the
parasite to the draining lymph node. This is consistent with recent
observations in another Leishmania infection model [54]. Altered
DC migration and maturation, cytokine production, and adhesion
molecule expression was demonstrated previously in human
malnutrition [55]. This impaired DC function may be related to
reduced leptin levels [56,57], and/or increased levels of prosta-
glandin Ey [58], both of which were found in earlier work to be
abnormal in our model ([23,59], and GM Anstead, unpublished
data), and therefore could play a role in altered migration of
Leishmania-infected DCs in the PND host. The route through
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which infected DCs might disseminate is currently under
investigation.

Subcapsular sinus (CD169%) macrophages, which line the floor
of the subcapsular sinus and medulla of the lymph node and play a
key role in the lymph filtration and the translocation of the large or
particulate antigens across the sub capsular sinus lining to the
cortex [60], were reduced in the infected PND mice. A recent
study showed that depletion of CD169" cells led to dissemination
of vesicular stomatitis virus through the lymphatics after subcu-
taneous inoculation of mice with the virus [35]. The reduced
numbers of CD169" macrophages in the infected PND mice may
lead to impaired transmigration of the parasite to the LN cortical
region and thus favor transit of parasites from the subcapsular
sinus directly to the efferent lymph and dissemination to the
bloodstream.

The LN reticular network plays crucial functional and structural
roles in the defense against pathogens by promoting interaction
between T cells and antigen-presenting cells, enabling rapid
transport of free antigens through the conduit system for uptake
and presentation by resident DCs to T cells [25,61], and helping in
the recruitment, retention and proper localization of immune cells.
FRCs establish the reticular network by secreting extracellular
components to produce reticular fibers which are interweaved to
form the conduit system [62,63]. It was reported that the FRC is a
target cell during infection by multiple pathogens, particularly
those that persist chronically, including L. major infection [34]. Our
data showed that L. donovani was associated with the conduit, and
was found co-localized with the resident DCs surrounding it, in
both WN and PND mice. We did not identify infected FRC but
found the numbers of FRCs were decreased significantly in the L.
donovant infected PND mice. Since FRCs produce DC chemoat-
tractants such as CCL19 and CCL21 [64], the decreased number
of FRCs may significantly alter chemoattraction and retention
signals, possibly resulting in increased escape of parasite-loaded
phagocytes from the lymph node to the visceral organs.

Lymph flows from the afferent lymphatics into the lymph node
subcapsular sinus, then to the conduit system and out through HEV
into the bloodstream [39]. The presence of the parasite in
assoclation with the conduit system and in the HEV suggests that
they may traverse the conduit system into the HEV to disseminate
through the blood stream. Furthermore, the presence of the parasite
in the lymph node very early in the infection suggests that the
parasite may be carried through the lymph and enter subcortical
region via the conduit network independent of migratory DCs.
Evidence supporting this idea comes from the previous work that
demonstrated activation of lymph node resident DCs surrounding
the conduit system within a few hours of L. mgjor inoculation, while
migration of skin derived DCs to the LN was not evident until
approximately 14 hours after infection [37,61]. Additionally, L.
chagast was found in the draining lymph node of infected hamster
two hours after infection [65]. Since the LN conduit network allows
only small molecules (<70 kD) to pass along the reticular fibers
[25,39,66,67], we suspected that there might be a breach in the
integrity of the floor of the SCS allowing entry of the much larger
parasites into the conduit system. However, we found the high
molecular weight dextran was retained in the subcapsular sinus
without association with the FRC network indicating that a
functional barrier was intact. This suggests that parasite trafficking
through the LN is an active process, perhaps mediated by
transmigrating subcapsular sinus macrophages or migratory DCis,
but it remains to be determined how the parasite escapes the size
exclusion property of the reticular fiber to gain an access to the
conduit system. The presence of comparable quantities of the high
molecular weight dextran in the LNs of PND and WN mice

August 2013 | Volume 7 | Issue 8 | e2329



indicates that the influx of the tracer from the skin to the LN was not
altered in the PND mice and that the reduced amount of the low
molecular weight dextran in the conduit system of PND mice was
likely to be due altered transmigration and/or retention.

In summary, to our knowledge this study is the first to describe
the architecture and cellular composition of the lymph node in the
malnourished host. Based on our findings, four possible scenarios
could explain how malnutrition leads to the loss of lymph node
barrier function and early dissemination of L. donovani. First, the
reduced total number of DCs and macrophages (in both the
subcapsular sinus and subcortical regions), with the resulting
decrease in numbers of parasitized cells in the lymph node of the
PND mice, would translate to a reduction in overall phagocytic
capacity of the lymph node as an organ and allow the escape of
parasites. Second, the reduced number of CD169* macrophages
may lead to impaired parasite capture and transmigration of the
infected phagocyte into the lymph node cortical region allowing the
parasite to escape the lymph node through the efferent lymphatic to
the bloodstream and the visceral organs. Third, the reduced
number of LN DCs may also alter trafficking and/or reduced
retention of parasitized DCs in the LN. Lastly, the altered function
of the LN conduit system, which may be related to a deficiency in
resident macrophages and DCs along the conduit system resulting
in reduced capture of parasites as they transit through the conduit,
could lead to increased dissemination through the HEV to the
systemic circulation. While there is support for each of these
scenarios from the data presented here, and they are not mutually
exclusive, further work is warranted to clearly define the route and
mechanisms of visceralization in the malnourished host.

Supporting Information

Figure S1 Trafficking of L. donovani from the skin to
the lymph node early after infection. Age-matched female
weanling BALB/c mice were fed the control (well-nourished; WN)

References

1. Revillard JP, Cozon G (1991) [Secondary deficiencies of humoral immunity].
Rev Prat 41: 795-798.

2. Malafaia G (2009) Protein-energy malnutrition as a risk factor for visceral
leishmaniasis: a review. Parasite Immunol 31: 587-596.

3. Grover Z, Ee LC (2009) Protein energy malnutrition. Pediatr Clin North Am 56:
1055-1068.

4. Cunningham-Rundles S, McNeeley DF, Moon A (2005) Mechanisms of nutrient
modulation of the immune response. J Allergy Clin Immunol 115: 1119-1128;
quiz 1129.

. Rice AL, Sacco L, Hyder A, Black RE (2000) Malnutrition as an underlying
cause of childhood deaths associated with infectious diseases in developing
countries. Bull World Health Organ 78: 1207-1221.

6. Keusch GT (2003) The history of nutrition: malnutrition, infection and
immunity. J Nutr 133: 336S-340S.

7. McDade TW, Beck MA, Kuzawa CW, Adair LS (2001) Prenatal undernutrition
and postnatal growth are associated with adolescent thymic function. J Nutr 131:
1225-1231.

8. Chandra RK (1997) Nutrition and the immune system: an introduction.
Am J Clin Nutr 66: 460S-463S.

9. Savino W (2002) The thymus gland is a target in malnutrition. Eur J Clin Nutr
56 Suppl 3: S46-49.

10. Prentice AM (1999) The thymus: a barometer of malnutrition. Br J Nutr 81:
345-347.

11. Stanley AC, Engwerda CR (2007) Balancing immunity and pathology in visceral
leishmaniasis. Immunol Cell Biol 85: 138-147.

12. Garg R, Dube A (2006) Animal models for vaccine studies for visceral
leishmaniasis. Indian ] Med Res 123: 439-454.

13. Pearson RD, Cox G, Jeronimo SM, Castracane J, Drew JS, et al. (1992) Visceral
leishmaniasis: a model for infection-induced cachexia. Am J Trop Med Hyg 47:
8-15.

14. Ostyn B, Gidwani K, Khanal B, Picado A, Chappuis F, et al. (2011) Incidence of
symptomatic and asymptomatic Leishmania donovani infections in high-
endemic foci in India and Nepal: a prospective study. PLoS Negl Trop Dis 5:
c1284.

wr

PLOS Neglected Tropical Diseases | www.plosntds.org

Malnutrition and Visceralization of Leishmania

or polynutrient deficient diet (PND) for 28 days and infected with
10° L. donovani promastigotes in the skin over each footpad. At
16 hours post-infection the lymph node, spleen, liver and footpad
tissue were harvested for determination of parasite burden by
qPCR of parasite DNA with conversion to number of parasites by
use of a standard curve. (A) Total parasite burdens in lymph node,
spleen, and liver. (B) Parasite burden per mg lymph node, spleen,
and liver. (C) Parasite burdens calculated per mg footpad tissue
and total footpad parasite burden. The data shown are the mean
and SEM (error bars) from a single experiment (n =8 per group).
(** p<<0.01).

(TIFF)

Figure S2 Malnutrition reduces the numbers of macro-
phages and dendritic cells in the uninfected spleen. Flow
cytometry was used to determine the percentage (A) and total
number (B) of macrophages (CDI11b*/CDl1lc™) and DCs
(CD11c"), in well-nourished (WN) and polynutrient deficient
(PND) uninfected mice. The data shown are the mean and
SEM (error bars) from a single experiment (n=7 per group).
(**, p<<0.01; *¥** p<<0.001; **** p<<0.0001).

(TIF)

Acknowledgments

The authors thank the generous scientific discussion and insight of Drs.
Sunil Ahuja, Robert Clark, Keith Krolick, David Hilmers, Robin
Stephens, and Guangming Zhong, and the excellent care provided to
the experimental animals by the staff at the Veterinary Medical Unit of the
South Texas Veterans Health Care System.

Author Contributions

Conceived and designed the experiments: MKI JLB SSA PCM. Performed
the experiments: MKI JLB F] BLT AGP EYO. Analyzed the data: MKI
JLB GMA FJ BLT EYO SSA PCM. Wrote the paper: MKI JLB GMA
BLT SSA PCM.

15. Hailu A, Gramiccia M, Kager PA (2009) Visceral leishmaniasis in Aba-Roba,
south-western Ethiopia: prevalence and incidence of active and subclinical
infections. Ann Trop Med Parasitol 103: 659-670.

16. Silveira FT, Lainson R, Crescente JA, de Souza AA, Campos MB, et al. (2010) A
prospective study on the dynamics of the clinical and immunological evolution of
human Leishmania (L.) infantum chagasi infection in the Brazilian Amazon
region. Trans R Soc Trop Med Hyg 104: 529-535.

17. Badaro R, Carvalho EM, Rocha H, Queiroz AC, Jones TC (1986) Leishmania
donovani: an opportunistic microbe associated with progressive disease in three
immunocompromised patients. Lancet 1: 647-649.

18. Cerf BJ, Jones TC, Badaro R, Sampaio D, Teixeira R, et al. (1987) Malnutrition
as a risk factor for severe visceral leishmaniasis. J Infect Dis 156: 1030-1033.

19. Ashford RW, Rioux JA, Jalouk L, Khiami A, Dye C (1993) Evidence for a long-
term increase in the incidence of Leishmania tropica in Aleppo, Syria.
Trans R Soc Trop Med Hyg 87: 247-249.

20. Harrison LH, Naidu TG, Drew JS, de Alencar JE, Pearson RD (1986)
Reciprocal relationships between undernutrition and the parasitic disease
visceral leishmaniasis. Rev Infect Dis 8: 447-453.

21. Collin S, Davidson R, Ritmeijer K, Keus K, Melaku Y, et al. (2004) Conflict and
kala-azar: determinants of adverse outcomes of kala-azar among patients in
southern Sudan. Clin Infect Dis 38: 612-619.

22. Kolaczinski JH, Hope A, Ruiz JA, Rumunu J, Richer M, et al. (2008) Kala-azar
epidemiology and control, southern Sudan. Emerg Infect Dis 14: 664-666.

23. Anstead GM, Chandrasekar B, Zhao W, Yang J, Perez LE, et al. (2001)
Malnutrition alters the innate immune response and increases early
visceralization following Leishmania donovani infection. Infect Immun 69:
4709-4718.

24. Gray EE, Cyster JG (2012) Lymph node macrophages. J Innate Immun 4: 424
436.

25. Roozendaal R, Mebius RE, Kraal G (2008) The conduit system of the lymph
node. Int Immunol 20: 1483-1487.

26. Engzell U, Rubio C, Tjernberg B, and Zajicek J (1968) The lymph node barrier
against Vx2 cancer cells before, during and after lymphography. A preliminary
report of experiments on rabbits. Eur J Cancer 4: 8.

August 2013 | Volume 7 | Issue 8 | €2329



27.

29.

30.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

Howard MK, Sayers G, Miles MA (1987) Leishmania donovani metacyclic
promastigotes: transformation in vitro, lectin agglutination, complement
resistance, and infectivity. Exp Parasitol 64: 147-156.

. Quinones M, Ahuja SK, Melby PC, Pate L, Reddick RL, et al. (2000) Preformed

Membrane-associated Stores of Interleukin (IL)-12 Are a Previously Unrecog-
nized Source of Bioactive IL-12 That Is Mobilized within Minutes of Contact
with an Intracellular Parasite. ] Exp Med 192: 507-516.

Rodgers MR, Popper SJ, Wirth DI (1990) Amplification of kinetoplast DNA as
a tool in the detection and diagnosis of Leishmania. Exp Parasitol 71: 267-275.
Mallory FB (1961) Pathological technique; a practical manual for workers in
pathological histology including directions for the performance of autopsies and
for microphotography. New York,: Hafner Pub. Co. 434 p.

. Kaye P, Scott P (2011) Leishmaniasis: complexity at the host-pathogen interface.

Nat Rev Microbiol 9: 604—615.

. Chandra RK, Kumari S (1994) Nutrition and immunity: an overview. ] Nutr

124: 1433S-14358.

. Ortiz R, Cortes L, Cortes E, Medina H (2009) Malnutrition alters the rates of

apoptosis in splenocytes and thymocyte subpopulations of rats. Clin Exp
Immunol 155: 96-106.

. Bogdan C, Donhauser N, Doring R, Rollinghoff M, Diefenbach A, et al. (2000)

Fibroblasts as host cells in latent leishmaniosis. J Exp Med 191: 2121-2130.

. Junt T, Moseman EA, Iannacone M, Massberg S, Lang PA, et al. (2007)

Subcapsular sinus macrophages in lymph nodes clear lymph-borne viruses and
present them to antiviral B cells. Nature 450: 110-114.

Cavanagh LL, Weninger W (2008) Dendritic cell behaviour in vivo: lessons
learned from intravital two-photon microscopy. Immunol Cell Biol 86: 428-438.
Tezzi G, Frohlich A, Ernst B, Ampenberger F, Saeland S, et al. (2006) Lymph
node resident rather than skin-derived dendritic cells initiate specific T cell
responses after Leishmania major infection. J Immunol 177: 1250-1256.
Balogh P, Fisi V, Szakal AK (2008) Fibroblastic reticular cells of the peripheral
lymphoid organs: unique features of a ubiquitous cell type. Mol Immunol 46: 1
7.

Gretz JE, Norbury CC, Anderson AO, Proudfoot AE, Shaw S (2000) Lymph-
borne chemokines and other low molecular weight molecules reach high
endothelial venules via specialized conduits while a functional barrier limits
access to the lymphocyte microenvironments in lymph node cortex. J Exp Med
192: 1425-1440.

Scrimshaw NS, Taylor CE, Gordon JE (1959) Interactions of nutrition and
infection. Am J Med Sci 237: 367-403.

Scrimshaw NS, Taylor CE, Gordon JE (1969) Interactions of nutrition and
infection. WHO Chron 23: 369-374.

Filteau SM, Woodward B (1982) The effect of severe protein deficiency on
serum zinc concentration of mice fed a requirement level or a very high level of
dietary zinc. J Nutr 112: 1974-1977.

Sandstead HH (1994) Understanding zinc: recent observations and interpreta-
tions. J Lab Clin Med 124: 322-327.

Gomes R, Oliveira F (2012) The immune response to sand fly salivary proteins
and its influence on Leishmania immunity. Frontiers in Immunology 3: 110.
Serafim TD, Malafaia G, Silva ME, Pedrosa ML, Rezende SA (2010) Immune
response to Leishmania (Leishmania) chagasi infection is reduced in malnour-
ished BALB/c mice. Mem Inst Oswaldo Cruz 105: 811-817.

Schonland M (1972) Depression of immunity in protein-calorie malnutrition: a
post-mortem study. ] Trop Pediatr Environ Child Health 18: 217-224.
Chandra RK (1992) Protein-energy malnutrition and immunological responses.
J Nutr 122: 597-600.

Mitsumori K, Takegawa K, Shimo T, Onodera H, Yasuhara K, et al. (1996)
Morphometric and immunohistochemical studies on atrophic changes in
lympho-hematopoietic organs of rats treated with piperonyl butoxide or
subjected to dietary restriction. Arch Toxicol 70: 809-814.

PLOS Neglected Tropical Diseases | www.plosntds.org

16

49.

50.

51.

53.

54.

o
=

56.

58.

59.

60.

61.

62.

64.

66.

67.

Malnutrition and Visceralization of Leishmania

Mittal A, Woodward B (1985) Thymic epithelial cells of severely undernourished
mice: accumulation of cholesteryl esters and absence of cytoplasmic vacuoles.
Proc Soc Exp Biol Med 178: 385-391.

Mittal A, Woodward B, Chandra RK (1988) Involution of thymic epithelium
and low serum thymulin bioactivity in weanling mice subjected to severe food
intake restriction or severe protein deficiency. Exp Mol Pathol 48: 226-235.
Betancourt M, Ortiz R, Gonzalez C (1992) Proliferation index in bone marrow
cells from severely malnourished rats during lactation. Mutat Res 283: 173-177.
Gomez JL, Campos C, Rangel P, Ortiz R (1996) Cell cycle phase duration in
bone marrow cells from malnourished rats during suckling. Mutat Res 352: 57—
60.

Cortes-Barberena E, Gonzalez-Marquez H, Gomez-Olivares JL, Ortiz-Muniz R
(2008) Effects of moderate and severe malnutrition in rats on splenic T
lymphocyte subsets and activation assessed by flow cytometry. Clin Exp
Immunol 152: 585-592.

Ritter U, Meissner A, Scheidig C, Korner H (2004) CD8 alpha- and Langerin-
negative dendritic cells, but not Langerhans cells, act as principal antigen-
presenting cells in leishmaniasis. Eur J Immunol 34: 1542-1550.

. Hughes S, Kelly P (2006) Interactions of malnutrition and immune impairment,

with specific reference to immunity against parasites. Parasite Immunol 28: 577
588.

Lago R, Gomez R, Lago F, Gomez-Reino J, Gualillo O (2008) Leptin beyond
body weight regulation—current concepts concerning its role in immune function
and inflammation. Cell Immunol 252: 139-145.

. Matarese G (2000) Leptin and the immune system: how nutritional status

influences the immune response. Eur Cytokine Netw 11: 7-14.

Noguchi K, Iwasaki K, Shitashige M, Murato S, Ishikawa I (1999) Prostaglandin
E2 downregulates interferon-gamma-induced intercellular adhesion molecule-1
expression via EP2 receptors in human gingival fibroblasts. Inflammation 23:
481-493.

Anstead GM, Zhang Q, Melby PC (2009) Malnutrition promotes prostaglandin
over leukotriene production and dysregulates eicosanoid-cytokine crosstalk in
activated resident macrophages. Prostaglandins Leukot Essent Fatty Acids 81:
41-51.

Barral P, Polzella P, Bruckbauer A, van Rooijen N, Besra GS, et al. (2010)
CD169(+) macrophages present lipid antigens to mediate early activation of
iNKT cells in lymph nodes. Nat Immunol 11: 303-312.

Itano AA, McSorley SJ, Reinhardt RL, Ehst BD, Ingulli E, et al. (2003) Distinct
dendritic cell populations sequentially present antigen to CD4 T cells and
stimulate different aspects of cell-mediated immunity. Immunity 19: 47-57.
Gretz JE, Anderson AO, Shaw S (1997) Cords, channels, corridors and conduits:
critical architectural elements facilitating cell interactions in the lymph node
cortex. Immunol Rev 156: 11-24.

53. Hayakawa M, Kobayashi M, Hoshino T (1988) Direct contact between reticular

fibers and migratory cells in the paracortex of mouse lymph nodes: a
morphological and quantitative study. Arch Histol Cytol 51: 233-240.

Luther SA, Tang HL, Hyman PL, Farr AG, Cyster JG (2000) Coexpression of
the chemokines ELC and SLC by T zone stromal cells and deletion of the ELC
gene in the plt/plt mouse. Proc Natl Acad Sci U S A 97: 12694-12699.

5. Eduardo Pereira Corbett C, Dalastra Laurenti M (1998) Early detection of

Leishmania (Leishmania) chagasi in draining lymph node after subcutaneous
inoculation in hamster. Parasitology International 47: 307-310.

Gretz JE, Kaldjian EP, Anderson AO, Shaw S (1996) Sophisticated strategies
for information encounter in the lymph node: the reticular network as a
conduit of soluble information and a highway for cell traffic. J Immunol 157:
495-499.

Sainte-Marie G, Peng FS (1986) Diffusion of a lymph-carried antigen in the fiber
network of the lymph node of the rat. Cell Tissue Res 245: 481-486.

August 2013 | Volume 7 | Issue 8 | €2329



