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Protein Energy Malnutrition during Vaccination Has Limited
Influence on Vaccine Efficacy but Abolishes Immunity if Administered
during Mycobacterium tuberculosis Infection

Truc Hoang,? Else Marie Agger,® Joseph P. Cassidy,” Jan P. Christensen,® Peter Andersen?

Department of Infectious Disease Immunology, Statens Serum Institut, Copenhagen, Denmark?®; Veterinary Sciences Centre, School of Veterinary Medicine, University
College Dublin, Belfield, Dublin, Ireland®; International Health, Immunology and Microbiology, The Panum Institute, Copenhagen, Denmark®

Protein energy malnutrition (PEM) increases susceptibility to infectious diseases, including tuberculosis (TB), but it is not clear
how PEM influences vaccine-promoted immunity to TB. We demonstrate that PEM during low-level steady-state TB infection in
amouse model results in rapid relapse of Mycobacterium tuberculosis, as well as increased pathology, in both Mycobacterium
bovis BCG-vaccinated and unvaccinated animals. PEM did not change the overall numbers of CD4 T cells in BCG-vaccinated
animals but resulted in an almost complete loss of antigen-specific cytokine production. Furthermore, there was a change in cy-
tokine expression characterized by a gradual loss of multifunctional antigen-specific CD4 T cells and an increased proportion of
effector cells expressing gamma interferon and tumor necrosis factor alpha (IFN-y* TNF-a™ and IFN-y™ cells). PEM during M.

tuberculosis infection completely blocked the protection afforded by the H56-CAF01 subunit vaccine, and this was associated
with a very substantial loss of the interleukin-2-positive memory CD4 T cells promoted by this vaccine. Similarly, PEM during
the vaccination phase markedly reduced the H56-CAF01 vaccine response, influencing all cytokine-producing CD4 T cell sub-
sets, with the exception of CD4 T cells positive for TNF-a only. Importantly, this impairment was reversible and resupplementa-
tion of protein during infection rescued both the vaccine-promoted T cell response and the protective effect of the vaccine

against M. tuberculosis infection.

In 2013, an estimated 9 million people developed clinical tuber-
culosis (TB), 1.5 million of whom died (1). Healthy, immuno-
competent individuals are usually successful at containing the in-
fection following exposure to Mycobacterium tuberculosis, the
causative agent of TB, resulting in latent, asymptomatic infection.
Opver a lifetime, the risk of reactivation of latent TB is estimated to
be 10% but can be drastically increased in individuals who are
immunocompromised because of HIV infection, immunosup-
pressive treatments, or malnutrition (2). Hence, with approxi-
mately two billion people already infected with M. tuberculosis,
there is a vast potential for future transmission, disease, and
deaths.

Historically, malnutrition, and in particular, protein energy
malnutrition (PEM), has been associated with increased suscepti-
bility to TB, although very few studies have addressed this in clin-
ical settings. For ethical reasons, randomized controlled trials
connecting PEM to TB disease and/or reactivation of latent TB in
humans have not been possible and environmental and socioeco-
nomic risk factors such as crowding, poor housing, and limited
access to health care in many developing countries have been con-
founding factors in observational studies (reviewed in reference
3). However, even given these limitations, there are several classi-
cal observational clinical studies that provide compelling evidence
of the contribution of PEM to TB risk in regions of both high and
low endemicity (reviewed in reference 4). Studies conducted with
experimental animals under controlled conditions have con-
firmed the epidemiological data and provided a link between PEM
and the development of more progressive TB infection (4-6).
Studies that used animal models have also demonstrated a nega-
tive influence of PEM on Mycobacterium bovis BCG-induced im-
munity in the very susceptible guinea pig model (7, 8).

There are currently extensive international efforts to develop
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novel and more efficient TB vaccines to either replace or boost
BCG (9-13). As immunity to TB is mediated by protective T cells,
these vaccines employ a range of adjuvants or live-delivery sys-
tems to promote protective T cells (reviewed in references 13 and
14). However, the cellular part of the immune system has, in early
studies, been reported to be sensitive to the effects of PEM (15, 16),
resulting in reduced production of the T helper type 1 (Th1) cy-
tokines gamma interferon (IFN-vy) and interleukin-2 (IL-2) (17—
20). The cellular and molecular background of this reduced re-
sponse is not fully understood and has been the subject of some
debate (21-25).

In this study, we examined the effect of PEM on disease pro-
gression in alow-dose TB murine infection model and on vaccine-
promoted immunity. We demonstrate that PEM perturbs the bal-
ance between host and pathogen but that the T cell impairment
following PEM is not intrinsic to the vaccine-promoted T cell
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response and can be rescued by nutrient supplementation during
infection.

MATERIALS AND METHODS

Ethics statement. The experiments described here were conducted in
agreement with the regulations set forward by the Danish Ministry of
Justice under the animal protection committees by Danish Animal Exper-
iments Inspectorate Permits 2004-561-868 and 2009/561-1655, with a
specific extension for the protein malnutrition experiments. This is com-
pliant with European Community directive 2010/63/EU for the care and
use of laboratory animals. The Statens Serum Institut Animal Ethics
Board approved these experiments.

Animals. Six- to eight-week-old inbred female BALB/c X C57BL/6
(CB6F1) mice were obtained from Harlan Scandinavia (Allerod, Den-
mark). Mice were kept at the experimental animal facilities at the Statens
Serum Institut. In addition, infected mice were housed in cages contained
within laminar-flow safety enclosures (Scantainer; Scanbur) in a biosafety
level 3 facility and provided with irradiated food (Harlan Teklad) and
filtered drinking water. All animals were allowed a minimum of 1 week of
acclimatization prior to commencement of experimental procedures.

Bacteria. M. tuberculosis Erdman was grown at 37°C suspended in
Sauton medium (BD Pharmingen) enriched with 0.5% sodium pyruvate,
0.5% glucose, and 0.2% Tween 80. BCG Danish strain 1331 was grown at
37°C in Middlebrook 7H9 medium (BD Pharmingen). All bacteria were
grown to log phase and then stored at —80°C in growth medium at ~5 X
108 CFU/ml. Bacteria were thawed, placed in an ultrasound bath for 5
min, and forced through a syringe to disperse bacterial clumps, washed,
and diluted in phosphate-buffered saline (PBS) prior to infection.

Synthetic peptides. Synthetic overlapping peptides (15- or 18-mers)
covering the complete primary structure of ESAT-6 and TB10.4 were
synthesized by standard solid-phase methods on a SyRo peptide synthe-
sizer (MultiSynTech; New England) at JPT Peptide Technologies (Berlin,
Germany) or GenScript. Peptides were lyophilized and stored dry at
—20°C until reconstitution in PBS and dimethyl sulfoxide (1:1 ratio).

Experimental vaccine. The vaccine antigen construct H56 (Ag85B-
ESAT-6-Rv2660c) (11, 26) was formulated with the adjuvant CAF01 (27).
The doses used were 5 g of H56 and 100 pl of CAF01, corresponding to
250 pg of dimethyldioctadecylammonium and 50 pg of a,a’-trehalose
6,6'-dibehenate.

Histopathological, histomorphometric, and immunohistochemical
analyses. The right lung lobe of each mouse was fixed by immersion in
10% neutral buffered formalin and processed for histological examina-
tion. Cut sections were stained with hematoxylin and eosin and by Ziehl-
Neelsen techniques and evaluated without prior knowledge of the stage of
infection or the treatment group. Lesions were quantitated by computer-
aided histomorphometry (Palmrobo software, version 1.2.3; Palm Micro-
laser Technologies AG Ltd., Bernried, Germany). Granuloma morphom-
etry was carried out with the public-domain, Java-based image processing
program Image]J (imagej.nih.gov/ij/). The cross-sectional areas of 10 ran-
domly selected granulomas from 2% protein (2%P)- and 16% protein
(16%P)-fed mice were measured, as were areas within granulomas occu-
pied by lymphocytes (at week 3) and affected by necrosis (at week 9).
Percentages of granuloma area infiltrated by lymphocytes and those af-
fected by necrosis were then calculated for each treatment group at weeks
3 and 9, respectively. Immunolabeling of inducible nitric oxide synthase
(iNOS), an indicator of macrophage activation status within lesions, was
carried out following dewaxing and rehydration of sections and an
epitope retrieval step where tissue slides were microwaved for 20 min in a
trisodium citrate solution (pH 6.0). Subsequently, treatment of sections
with normal goat serum blocking solution (Vectastain ABC kit; Vector
Laboratories, CA) was performed to block endogenous peroxidase. The
primary antibody (rabbit polyclonal anti-mouse iNOS/NOSII; Upstate,
NY) ata 1/1,000 dilution was then applied for 1 h; this was followed by the
sequential application of biotinylated goat anti-rabbit IgG (Vector Labo-
ratories) and ABC solution for 30 min, respectively, at room temperature
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(Vectastain ABC kit; Vector Laboratories). Visualization of target cells
followed the application of a diaminobenzidine-tetrahydrochloride solu-
tion (Sigma-Aldrich, Germany) and a hematoxylin counterstain.

Experimental infections, PEM, and vaccination. (i) Relapse model.
Mice were vaccinated subcutaneously (s.c.) with BCG at 5 X 107 CFU/ml
in 100 pl or the equivalent volume of saline as a control. After 6 weeks,
virulent M. tuberculosis Erdman was delivered via the respiratory route at
approximately 50 CFU per mouse (see Fig. 1A for the experimental out-
line) with an inhalation exposure system (GlasCol) or Biaera exposure
system controlled via AeroMP software. Fifteen weeks after the aerosol
challenge, groups of mice were fed either the standard 16%P diet (Harlan
Teklad) or an isocaloric 2%P diet (Harlan Teklad) and the animals re-
mained on their respective diet for the duration of the experiment. Lungs
were harvested from mice sacrificed at various time points following
PEM. Immune responses were determined at weeks 0, 3, and 9 after PEM
as described below. The numbers of bacteria in the lung from weeks 6, 15,
18, 20, and 24 were determined by plating serial 3-fold dilutions of indi-
vidual organ homogenates in duplicate on 7H11 medium supplemented
with PANTA (Becton Dickinson, San Diego, CA) and 2 pg/ml of 2-thio-
phene-carboxylic acid hydrazide (TCH). The latter supplement selec-
tively inhibits residual BCG bacterial growth. Colonies were counted after
2 to 3 weeks of incubation at 37°C. The detection limit for bacterial enu-
meration was 0.3 log,, CFU, and in animals where no bacteria were de-
tected, the CFU counts were arbitrarily set at the detection limit. Bacterial
numbers are expressed as log,, CFU counts. Mice were routinely weighed
to track changes in weight following initiation of PEM.

(ii) Vaccination and PEM during infection. Mice were vaccinated
with 5 g of H56 formulated in CAF01 (27) in a total volume of 200 wl per
mouse. Immunizations were given s.c. at the base of the tail three times
with 3-week intervals between immunizations. Negative-control mice
were given three equivalent doses of saline. Six weeks after the final vac-
cination, mice were infected by the aerosol route with approximately 100
CFU/mouse as described above. Simultaneously, half the mice were fed
the low-protein 2%P diet whereas the other half continued on the control
16%P diet. At weeks 6 and 18 postinfection (p.i.), lungs were harvested
from sacrificed mice and used to assess the immune response, as described
below, and the protective efficacy of the vaccine. Enumeration of bacteria
in the lungs was done as described above, but the lung homogenates were
cultured on 7H11 medium supplemented with PANTA (Becton Dickin-
son, San Diego, CA) (without TCH supplementation).

(iii) Vaccination and PEM during vaccination. Following 1 week of
acclimatization, mice were fed the 2%P diet or 16%P diet. After 2 weeks,
mice were vaccinated with 5 pug of H56 formulated in CAFOI in a total
volume of 200 pl per mouse, as described above, and control animals
received an equivalent volume of saline. Two weeks after the final vacci-
nation, all mice were fed the 16%P diet. Mice were bled 6 weeks after the
final vaccination to assess vaccine-induced immune responses as de-
scribed below. At that time, mice were infected by the aerosol route with
approximately 100 CFU as described above. Protection conferred by H56
vaccination under normal (16%P) or protein-deficient (2%P) conditions
was determined at weeks 6 and 18 p.i. by culturing lung homogenate as
described above.

For the initial studies of PEM’s influence on primary TB infection (see
Fig. S1 in the supplemental material), groups of mice were fed a 2%P or
16%P diet 2 weeks prior to infection and throughout the experiment.

Cell preparation, ELISA, and flow cytometric analyses. Lymphocytes
from perfused lungs and peripheral blood mononuclear cells (PBMCs)
were isolated, cultured, and used to assess immune responses (28-30).
PBMC:s were purified on Lympholyte cell separation medium (Cedarlane
Laboratories Inc.) according to the manufacturer’s protocol, followed by
two RPMI washing procedures. Lung lymphocytes were obtained by pas-
sage of lungs through a 100-pwm nylon cell strainer (BD Pharmingen),
followed by two washing procedures with RPMI. Cells were cultured in
sterile microtiter wells (96-well plates; Nunc) containing 2 X 10 cells/well
for enzyme-linked immunosorbent assay (ELISA) or 1 X 10°to 2 X 10°
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FIG 1 PEM induces disease relapse in steady-state TB infections in both saline-treated and BCG-vaccinated mice. Mice were vaccinated with BCG or given saline
6 weeks prior to M. tuberculosis infection by the aerosol route. PEM was initiated at week 15 p.i. Lungs were harvested at various time points p.i. and after PEM
for assessment of immune responses (IR) and bacterial numbers (CFU). (A) Schematic drawing of the experimental setup (see Materials and Methods for more
details). For determination of bacterial loads, lungs were harvested, homogenized, and cultured for 2 to 3 weeks at 37°C before enumeration of bacteria. (B) CFU
counts in TB-infected control animals with a normal diet (16%) and PEM (2%). Data are displayed as the mean * the standard error of the mean (n = 5 or 6 mice
per time point). (C) CFU counts of BCG-vaccinated animals were determined as described above. Data are displayed as the mean * the standard error of the
mean (n = 9 to 19 individual mice per time point) and are from two independent experiments. Statistical analysis was done by two-way ANOVA and a Bonferroni
posttest. ****, P < 0.0001. (D to H) Photomicrographs of lung tissue from TB-infected, BCG-vaccinated mice on a normal diet (16%P, top) and PEM (2%P,
bottom) groups. These were stained with hematoxylin and eosin (D to F), by the Ziehl-Neelsen method (G), and by immunohistochemistry for iNOS (H). The

images shown are representative of lesions observed in four mice in each group. Scale bars, 50 pm.

cells/well for flow analysis. ELISA and flow cell cultures were in 200 pl of
RPMI 1640 supplemented with 5 X 10> M 2-mercaptoethnaol, 1% py-
ruvate, 1% HEPES, 1% (vol/vol) premixed penicillin-streptomycin solu-
tion (Invitrogen Life Technologies), 1 mM glutamine, and 10% (vol/vol)
fetal calf serum (FCS) and were restimulated with antigen at 2 pg/ml
(peptide pools for ESAT-6 and TB10.4 and recombinant protein for H56).
IEN-v, tumor necrosis factor alpha (TNF-a), or IL-2 secretion was mea-
sured in supernatants after 72 h of incubation at 37°C in 5% CO,. Deter-
mination of IFN-vy secretion alone was done by ELISA as previously
described (30). For determination of multiple cytokines, a multiplex cy-
tokine release assay (Meso Scale Discovery [MSD]) was applied in accor-
dance with the manufacturer’s protocol. For intracellular staining of cy-
tokines (ICS), cells from the blood or lungs of mice were stimulated for 1
h with 2 pg/ml antigen and subsequently incubated for 5 h at 37°C with 10
pg/ml brefeldin A (Sigma-Aldrich). Cells were washed in fluorescence-
activated cell sorter (FACS) buffer (PBS containing 0.1% sodium azide
and 1% FCS) before staining with a combination of the following rat
anti-mouse antibodies: peridinin chlorophyll protein-Cy5.5—anti-CD8«
(53-6.7, RM4-5) and allophycocyanin (APC)-Cy7-anti-CD4 (GKI.5).
Cells were washed with FACS buffer before fixation and permeabilization
with the BD Cytofix/Cytoperm kit (BD, San Diego, CA) according to the
manufacturer’s protocol before staining for intracellular cytokines with
phycoerythrin (PE)-Cy7—anti-IFN-y (XMG1.2), PE-anti-TNF-a, and
APC-anti-IL-2 (JES6-5H4). After washing, cells were suspended in a 4%
(wt/vol) formaldehyde solution (Bie & Berntsen), pH 7.0, for 30 min
before resuspension in FACS buffer. Samples were analyzed on a six-color
BD FACSCanto flow cytometer (BD Biosciences). Responses were ana-
lyzed with FlowJo Software (TreeStar, Ashland, OR) by Boolean gating of
IFN-v-, TNF-a-, and IL-2-positive CD4 T cells (gating sequence: singlets,
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cells, lymphocytes, CD4 versus forward scatter (FSC), cytokine versus
CD4). The cytokine-responsive cell populations divided according to
their cytokine profile were displayed with the representation of each indi-
vidual subpopulation (bar graphs). The background levels of cytokine
production measured in medium-stimulated cells were deducted (back-
ground, <0.5%).

Statistics. Results based on individual mice were subjected to the sta-
tistical analyses indicated with Prism 6 (GraphPad Software). Briefly, dif-
ferences between 2%P- and 16%P-fed mice measured over time were
analyzed by two-way analysis of variance (ANOVA), followed by Bonfer-
roni’s posttest. Differences between the cytokine profiles of 2%P- and
16%P-fed mice were analyzed with a f test comparing the mean values of
each T cell subpopulation. For all tests, P values of <0.05 were considered
statistically significant.

RESULTS

Protein deficiency leads to relapse of steady-state TB infection.
The purpose of our studies was to establish a model for addressing
the effect of PEM on protective vaccination. We investigated the
influence of a 2%P diet instead of the standard 16%P diet. This
diet had a significant influence on the bacterial load during a pri-
mary aerosol TB infection in the mouse model (see Fig. S1 in the
supplemental material), in agreement with earlier studies of PEM
(5, 17). We started by examining if a 2%P diet could induce re-
lapse of disease when introduced to mice with an established M.
tuberculosis infection. Furthermore, we wanted to address if prior
BCG vaccination influenced the progression of the infection fol-
lowing PEM. Groups of mice (BCG-vaccinated mice or saline-

May 2015 Volume 83 Number 5


http://iai.asm.org

>

Vaccine-Induced Immunity after Protein Malnutrition

IFN-y ng/ml IL-2 ng/ml TNF-a ng/ml
701-@ 16%P 2.5 0.25- 05 "
0 2%P + o
= es] 9 2.0- 0.207 0.4
5) e ©
= = Q—— = 15¢ 0.154 03
< 0<) L/
() J A J
S ss 0 10 e 010 02
#¥ 50- 05T / 0057 \@—® o4
—_—-0
45 —r———— 0.0 =0, 0.0 ol
0 2 4 6 8 10
weeks post PEM 4- 0.3- ik Ol S
%k %k k L [}
34 0.6-
< 0.24
A *%
g 25 .\i 0.4-
o *kk 017 .
11 \. o.gx.
0 o——"9 4 OO0, oo o "
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
weeks post PEM

FIG 2 PEM reduces antigen-specific cytokine responses. Groups of mice were vaccinated with BCG, infected with M. tuberculosis, and subsequently fed a 16%P
or 2%P diet. Mice were terminated at weeks 0, 3, and 9 after PEM. (A) Lymphocytes from perfused lungs were stained for CD4 and analyzed by flow cytometry.
The numbers of CD4 T cells were calculated by multiplying the percentage of CD4 cells (of the total cells in a forward scatter-side scatter plot) by the cell count
from the single-cell suspensions for 2%P-fed (open circles) and 16%P-fed (closed circles) mice. Data are expressed as the mean * the standard error of the mean
(n = 4to 6 mice per group per time point). (B) Lung lymphocytes were harvested from perfused lungs and stimulated with TB10.4 or ESAT-6 in cell culture plates
for 72 h at 37°C. The production of IFN-y, TNF-a, and IL-2 was assessed with an MSD multiplex cytokine kit. Each data point represents a pool of four mice,
assessed in technical duplicates or triplicates and represents the mean = the standard error of the mean. The results shown are representative of two independent
experiments. Statistical analysis was done by two-way ANOVA and Bonferroni’s multiple-comparison posttest. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <

0.0001.

treated controls) were infected with M. tuberculosis and allowed to
develop a steady-state infection (week 15) before PEM was initi-
ated (Fig. 1A, experimental outline). In both control and BCG-
vaccinated mice, malnutrition resulted in very significant weight
loss (see Fig. S2 in the supplemental material), in accordance with
previous publications (31). The growth of M. tuberculosis in non-
immunized control mice plateaued at around 4.5 log;, CFU (Fig.
1B), whereas the bacterial levels in the BCG-vaccinated mice sta-
bilized at approximately 3 log,, CFU (Fig. 1C). For both saline-
treated and BCG-vaccinated mice, there was no effect of PEM on
the bacterial load immediately following initiation of the 2%P diet
(Fig. 1B and C). In fact, the CFU counts of the two groups were
similar until week 5 postinitiation of PEM. However, after 9 weeks
of PEM, we detected a highly significant 100-fold increase in bac-
terial numbers in the malnourished animals in both groups (sa-
line, P = 0.0008; BCG, P < 0.0001).

The influence of PEM on the histopathological appearance of
the lungs of BCG-vaccinated animals was investigated. Although
there were no statistically significant differences between the
groups in the number (week 18: 2%P, 9.3 = 3.9; 16%P, 5.3 + 1.7
[P = 0.1070]) or size of lesions (week 18: 2%P, 0.89 *+ 0.71 pm?
16%P, 0.51 + 0.37 wm? [P = 0.3914]), PEM had a qualitative
influence on the composition of the pulmonary granulomas (Fig.
1D to G). Pulmonary granulomas consisted of closely apposed
macrophages with interposed dense clusters/wedges of lympho-
cytes, but at 3 weeks after PEM, the cellular infiltrates were less
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compact, with significantly lower percentages of infiltrating lym-
phocytes in the 2%P-fed mice (18.4% = 5.8%) than in the 16%P-
fed mice (34.8% = 3.6%; P = 0.0265) (Fig. 1D, bottom). Six weeks
later (9 weeks after PEM), the difference between the two groups
had developed further, with more abundant foci of necrosis (2%P,
7.2% * 1.1%; 16%P, 0.8% = 0.5% [P < 0.0001]), more extensive
neutrophil accumulation (Fig. 1E and F), and numerous acid-fast
mycobacteria in the PEM group (Fig. 1G). More intense labeling
of macrophages for cytoplasmic iNOS (a measure of their activa-
tion status) was noted in 2%P-fed mouse lesions at both time
points (Fig. 1H, shown only for 9 weeks after PEM).

PEM severely impairs the T cell immune response. We con-
tinued by investigating if the antigen-specific CD4 T cell response
is influenced by PEM. Lymphocytes isolated from perfused lungs
at different time points after PEM were used for assessment of
CD4 T cell responses known to be promoted by BCG. There was
no significant impact of PEM on the overall CD4 T cell numbers
(Fig. 2A). In contrast, there was a pronounced effect on the anti-
gen-specific cytokine response, where the levels were significantly
reduced in 2%P-fed mice. Cytokine secretion was assessed in lung
lymphocytes by stimulation with peptide pools covering the entire
sequence of the antigens ESAT-6 and TB10.4, both of which are
immunodominant during M. tuberculosis infection (Fig. 2B). Se-
cretion of the Th1 cytokines IFN-v, IL-2, and TNF-a was deter-
mined in culture supernatants with a multiplex cytokine assay kit.
Overall, we observed clearly diminished levels of cytokine secre-
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FIG 3 PEM is associated with a reduced proportion of multifunctional CD4 T cells. Groups of mice were vaccinated with BCG, infected with M. tuberculosis, and
subsequently fed a 16%P (n = 4 to 7 per time point) or a 2%P (n = 3 to 6 per time point) diet. Mice were sacrificed at weeks 3 (prelapse) and 9 (postlapse) after
PEM. Single-cell suspensions obtained from perfused lungs were stimulated in vitro with no antigen, TB10.4, or ESAT-6 for 5 h prior to staining for CD4, TNF-a,
IFN-v, and IL-2 for multicolor ICS flow cytometric analysis. (A) Gating sequence for flow analysis. Lymphocytes were gated from the side scatter (SSC)-forward
scatter (FSC) plot, followed by gating of IFN-v-, TNF-a-, and IL-2-positive cells from the CD4-positive population. With FlowJo for Boolean gating analysis, the
antigen-specific CD4 T cells were subdivided into seven distinct subsets based on their cytokine profiles. (B) The ICS data were analyzed as described in Materials
and Methods, and the frequency of each CD4 subset is depicted as the mean * the standard error of the mean for 16%P (black bars) and 2%P (white bars) mice.
The results shown are from one experiment and are representative of two individual experiments. All of the background from medium-stimulated cells (<0.5%)
has been subtracted. Statistical analysis was done by ¢ test. *, P < 0.05; **, P < 0.01.

tion in the 2%P-fed group for both the antigens and the mitogen
control (Fig. 2B, data shown only for the antigens). The difference
between the 2%P- and 16%P-fed groups was most pronounced in
the TB10.4-specific response, with a 10-fold reduction in the over-
all cytokine response in the 2%P-fed mice. Furthermore, there
were marked differences in the cytokine profiles of the M. tuber-
culosis-specific CD4 T cells following PEM measured by ICS (Fig.
3). The various CD4 T cell subsets were enumerated on the basis of
IFN-v-, TNF-a-, and IL-2-expressing CD4 T cells and with
FlowJo to perform a Boolean gating analysis (Fig. 3A, gating se-
quence). For both antigens, there was a significantly lower pro-
portion of polyfunctional T cells coproducing IFN-vy, TNF-a, and
IL-2 in malnourished mice, which was most pronounced at week
3 after PEM (TB10.4, P = 0.0132; ESAT6, P = 0.0082) (Fig. 3B).
This was followed by increased numbers of the effector subsets
producing IFN-y or IFN-y and TNF-a (TB10.4, P = 0.0205;
ESAT6, P = 0.06649), evident after relapse at week 9 after PEM.
Nutritional status during the effector phase and not the
priming phase is critical for vaccine performance. Thus far, we
observed that PEM is associated with an impairment of the T cell
response and disease relapse, i.e., loss of infection control and/or
impairment of protection conferred by BCG. We continued by
investigating the influence of PEM on the efficacy of an adju-
vanted subunit vaccine, H56, with a demonstrated protective ef-
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fectin a range of experimental animal models (11, 26, 32). Groups
of mice were vaccinated with H56 formulated in CAFO01 or given
saline as a control (Fig. 4A, experimental outline). PEM was initi-
ated at the time point of M. tuberculosis challenge, and the subse-
quent effect of PEM during infection was assessed. In normal an-
imals (16%P), H56-CAF01 was protective early during infection
(0.8 log,, at week 6 p.i.) and, as previously reported (11), the
vaccine was more efficacious at later time points of infection (1.2
log,, at week 18 p.i.). H56 vaccination also gave significant pro-
tection against M. tuberculosis to the malnourished animals, but
the effect was less than that in mice receiving normal levels of
protein (0.6 log at week 6 p.i.). The vaccine protection was, fur-
thermore, only transient, with no CFU count difference noted
between vaccinated and control animals at week 18 (Fig. 4B, bot-
tom). At that time point, the CD4 T cell response in 2%P-fed
mice was dominated by IFN-y- and TNF-a-cosecreting cells,
whereas the IL-2-producing populations (IFN-y" TNF-a™ IL-
2%, TNF-a* IL-2%, and IL-2%) that dominated the response in
normal mice were significantly reduced to very low levels in mal-
nourished mice (IFN-y* TNF-a™ IL-2*, P = 0.0006; TNF-a*
IL-2%, P = 0.0008; IL-2", P = 0.0003) (Fig. 4C).

We then went on to examine if PEM during the vaccination
phase has a similar detrimental effect on vaccine-conferred im-
munity. Groups of mice fed either the 2%P or the 16%P diet
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FIG 4 PEM during infection results in loss of vaccine-mediated protection. (A) Experimental outline. Groups of mice were vaccinated with H56 formulated in
CAFO01 or saline as a control. At the onset of an M. tuberculosis challenge, mice were divided into two groups fed a 2%P or 16%P diet until the end of the
experiment. (B) Mice from the 2%P- and 16%P-fed groups were sacrificed at weeks 6 and 18 p.i. Assessment of H56-induced protection was done by culturing
lung homogenates at 37°C and enumerating the bacteria; results are expressed as log,, CFU counts. Data are depicted as the mean * the standard error of the
mean of 8 to 16 individual mice. Statistical analysis was done by two-way ANOVA with a Bonferroni posttest for multiple comparisons. ns, not significant; ***,
P < 0.001; *¥**, P < 0.0001. (C) At week 18 p.i., lymphocytes from perfused lungs were stimulated with H56 for 5 h before staining with fluorescently labeled
anti-CD4, -TNF-a, -IFN-v, and -IL-2 antibodies for ICS analysis and Boolean gating as described above. The cytokine-producing CD4 T cells were subdivided
into seven distinct subsets dependent on the cytokine profile for both 2%P (white bars) and 16%P (black bars). Data are depicted as the mean * the standard
error of the mean of four individual mice. All background values from medium-stimulated cells (<<0.5%) have been subtracted. Statistical analysis was done by

t test. ns, not significant; ***, P < 0.001; ****, P < 0.0001.

during H56 vaccination were returned to a normal diet prior to an
M. tuberculosis challenge (Fig. 5A, experimental outline). The T
cell response to H56 in nutritionally normal mice was dominated
by multifunctional IFN-y" TNF-a™ IL-2* CD4 T cells, with a
proportion of TNF-a™ cells either singly or coexpressing IL-2 or
IFN-vy. PEM during vaccination resulted in severe impairment of
the vaccine-specific immune response (Fig. 5B) and an overall
reduction in all T cell subsets (with the exception of the TNF-a™
cells). However, nutritional replenishment during infection re-
sulted in an almost complete rescue of the antigen-specific re-
sponse and a distribution very similar to that in 16%P-fed mice, as
seen by intracellular multicolor flow cytometry (Fig. 5C). In
agreement with the reconstitution of normal T cell responses, the
mice that were malnourished during vaccination were efficiently
protected against an M. tuberculosis challenge (Fig. 5D).

Hence, despite impairment of the vaccine-induced CD4/H56
response following vaccination, reconstitution of a higher protein
content prior to infection was sufficient to rescue the response and
preserve H56-mediated protection. Overall, nutritional status
during vaccination therefore appears to be less critical for vaccine
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efficacy than does nutritional status during M. tuberculosis infec-
tion.

DISCUSSION

Historically, PEM has been associated with increased susceptibil-
ity to infectious diseases, including TB (reviewed in references
33-35). In the context of TB, this connection has been based on
human observational studies (4, 36, 37) supported by animal
model studies (4, 5, 17, 38). Our study demonstrates that vaccine-
induced T cell response impairment provoked by PEM during
vaccination is reversible following replenishment of dietary pro-
tein content, which resulted in the reestablishment of vaccine-
conferred immunity (Fig. 5). In contrast, PEM during M. tuber-
culosis infection led to diminished vaccine-mediated protection
(Fig. 1C and 4B) associated with an impaired T cell response (Fig.
2, 3, and 4C). PEM led to exacerbation of disease, as reflected in
increased pulmonary bacterial loads and increasing pathological
changes in the 2%P-fed mice, relative to those in the 16%P-fed
animals (Fig. 1D to F). This exacerbation occurred regardless of
when the nutritional deficiency was imposed, i.e., during the
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FIG 5 Impairment of vaccine-induced immune response by PEM is reversed by reconstitution of the diet during infection. (A) Experimental outline. Groups
of mice were fed a 2%P or 16%P diet during the vaccination period (three vaccinations given at 3-week intervals). Two weeks after the final vaccination, all mice
were fed the standard 16%P diet for the rest of the experiment. (B) Groups of mice were bled postvaccination, and PBMCs were stimulated with H56 for 6 h before
staining for CD4, TNF-a, IFN-v, and IL-2 for ICS analysis. Bar graphs denote frequencies of the CD4/H56 subsets for 16%P (black bars) and 2%P (white bars).
Data are displayed as the mean * the standard error of the mean of a pool of four mice per group. (C) Groups of mice were sacrificed at week 18 p.i., and
lymphocytes were obtained from perfused lungs, stimulated with H56, and stained for ICS as described above for 2%P (white bars) and 16%P (black bars, also
shown in Fig. 4C). Data are depicted as the mean * the standard error of the mean of three or four individual animals. All background values from medium-
stimulated cells (<0.5%) have been subtracted. (D) Lungs were harvested at weeks 6 and 18 p.i. from mice fed 2%P and 16%P (the 16%P data are also shown in
Fig. 4B) during vaccination. Bacterial numbers were assessed by culturing lung homogenates at 37°C, and results are expressed as log,, CFU counts. Data are
expressed as the mean = the standard error of the mean (n = 8 to 16 mice). Statistical analysis was done by two-way ANOVA with a Bonferroni posttest for

multiple comparisons. ***, P < 0.001; ****, P < 0.0001.

steady-state phase of an established infection or at the challenge
time point. Despite the reduced levels of IFN-y and TNF-a (Fig.
2B), there was no obvious impairment of iNOS expression (Fig.
1H), as has been previously reported following PEM (5). In fact,
immunohistochemical labeling indicated that intralesional iNOS
expression within macrophages was more pronounced in granu-
lomas of PEM mice. One interpretation of this finding is that
macrophages in these lesions remained at higher levels of activa-
tion in order to control putative larger numbers of organisms. In
the absence (low availability) of IFN-y and TNF-a, iNOS was
most likely maintained or induced by other proinflammatory cy-
tokines, such as IL-1 (39), triggered by the heightened bacterial
load (Fig. 1C) but obviously insufficient for the control of bacte-
rial growth.

Malnutrition has previously been reported to have an impact
on BCG-promoted immunity in the highly susceptible guinea pig
model (6-8, 38). However, to date, there have been very limited
studies of the influence of malnutrition on immunity to novel TB
subunit vaccines (40). In one study, impaired IFN-vy secretion and
complete abolition of antibody production were induced in un-
dernourished mice vaccinated with the pVAXhsp65 DNA vaccine,
but there was no report if this affected vaccine efficacy (40). Most
studies with experimental animals, with the exception of one (41),
have reported PEM-associated impairment of the cell-mediated
immune (CMI) response to BCG (7, 8, 38). Interestingly, as in the
present study, McMurray and Bartow (38) found that nutritional
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repletion following BCG vaccination was sufficient for animals to
regain some level of protection against an M. tuberculosis chal-
lenge, although protection was only measured by the bacterial
load in the spleen following aerosol infection. In addition, those
authors did not explore if this finding was due to reconstitution of
the CMI response. In another study, nutritional replenishment
did not reverse the effect of malnutrition during vaccination
against Leishmania chagasi (42). This discrepancy may relate to
the fact that a more severe malnutrition protocol was employed in
the study of Malafaia et al., which combined protein, zinc, and
iron deprivation, which together may have a more profound and
irreversible impact (reviewed in reference 34). The implications of
our findings are that PEM during vaccination, despite resulting in
an immediate T cell impairment (Fig. 5C), does not affect subse-
quent immunity to a challenge when protein is reconstituted dur-
ing infection (Fig. 5B). Similarly, a previous study found no indi-
cation for postponing BCG immunization in infants despite
malnutrition in utero and low birth weight and found no signifi-
cant difference in the BCG-primed immune response from that of
normal birth weight controls (43, 44). Conversely, H56 vaccina-
tion-promoted immunity was almost completely blocked if ani-
mals were malnourished during M. tuberculosis infection and this
was associated with a massive loss of the IL-2" subsets such as
IFN-y* TNF-a " IL-2", TNF-a* IL-2",and IL-2 " cells (Fig. 4C).
This selective loss of IL-2-producing T cell subsets expands on an
earlier observation in the guinea pig model where IL-2 activity was
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severely impaired in malnourished animals (45), as measured by
the proliferative response of an IL-2-dependent cell line to culture
supernatants harvested from blood and spleen. The IL-2-produc-
ing subsets have been reported to represent central memory T cells
capable of replenishing the T cells at the site of infection and there-
fore to be of crucial importance for the long-term containment of
TB infection (46, 47). Lack of homeostatic proliferation of these
memory T cells (48) could result in a gradual depletion of func-
tional T cells and ultimately contribute to the lack of protection at
the late time point, in malnourished H56 vaccinated mice (Fig.
4B). T cell activation and proliferation are both processes with
high energy demands and are dependent on both glucose and
amino acid availability. Leptin is a hormone whose primary role is
to regulate glucose uptake and fat deposition, and reduced levels
thereof have been reported in malnourished individuals (22). Re-
cent data suggest that leptin, in addition to its metabolic func-
tions, is essential for activation of effector T cells (21), and leptin
has even been suggested as a potential vaccine adjuvant (49). It
would be highly relevant in future TB PEM studies to monitor
leptin levels and the potential role of leptin supplementation. The
shortage of some amino acids may be of particular importance
during PEM. Glutamine is a critical amino acid for T cell activa-
tion, and supplementation has been reported to increase Thl cy-
tokine responses (50, 51). Arginine is a precursor of nitric oxide,
an important effector molecule in M. tuberculosis infection (52—
54), and limitation of this amino acid may result in impaired mac-
rophage control with M. tuberculosis growth and subsequent func-
tional exhaustion, i.e., loss of IL-2-producing T cells (55). Both
glutamine and arginine are therefore amino acids that may be of
particular relevance during PEM and where the potential impact
of selective supplementation would be highly relevant.

It has been difficult to delineate the effect of PEM on TB
through analytical epidemiology and dissect the temporal rela-
tionships, as malnutrition is a cause of TB disease but wasting is
also one of the consequences of TB (35). Very few studies provide
solid evidence of the effect of PEM, besides those conducted in
controlled experiments with animal models (5, 56), although
some of the studies described earlier do support a link between
PEM and TB disease (4, 37). Briefly, these studies associated PEM
with an increased TB incidence without the influence of other
socioeconomic factors, such as crowding, poor housing, and bad
hygiene. In our study, we did find a direct effect of PEM on disease
relapse of already infected mice (Fig. 1B and C), an experiment
that, for ethical reasons, would never be approved with humans.

In summary, the data show that protein is critical for the main-
tenance of a functional T cell response during ongoing TB infec-
tion. Our findings indicate that PEM does not cause intrinsic de-
fects in the T cell response promoted during vaccination, because
protein supplementation restored this response. On the other
hand, prolonged PEM abolished or severely impaired the vaccine
promoted CD4 response, with a negative impact on host protec-
tion. Given that one-third of the global population is already in-
fected with TB, our data provide a compelling argument for com-
bining nutritional supplementation with vaccination in regions of
high TB endemicity and poor nutritional status.
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