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Effector/memory T cells of the weanling mouse exhibit Type 2 cytokine polarization in
vitro and in vivo in the advanced stages of acute energy deficit
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Abstract

Our objective was to determine whether the polarizing cytokine profile of the effector/memory T-cell compartment reflects the profound decline of cell-
mediated inflammatory competence that characterizes acute prepubescent malnutrition. Weanling C57BL/6J mice were permitted free access to a complete
purified diet, free access to an isocaloric low-protein diet or restricted intake of the complete diet for 14 days. First, interleukin (IL)-4 and interferon (IFN)-γ
concentrations generated in vitro by splenic and nodal effector/memory T cells were assessed following exposure to plate-bound anti-CD3. Second, net systemic
production of IFN-γ and IL-4 by the effector/memory T-cell compartment was assessed by the in vivo cytokine capture assay following anti-CD3 stimulation. In
vitro stimulation generated less IFN-γ (P=.002) but more IL-4 (P=.05) by T cells from the restricted-intake group relative to the age-matched control group.
Similarly, in vivo stimulation generated low serum levels of antibody-captured IFN-γ in the restricted-intake group vis-à-vis the age-matched control group
(P=.01), while the IL-4 response was sustained (P=.39). By contrast, the 14-day low-protein model exhibited no change in T-cell cytokine signature either in
vitro or in vivo. However, following extended consumption of the low-protein diet (26 days), carcass energy losses exceeded those of the 14-day protocol and
serum levels of in vivo antibody-captured IFN-γwere low after anti-CD3 challenge relative to the age-matched control group (P=.02), while levels of captured IL-
4 remained unaffected (P=.07). Acute weanling malnutrition elicits a Type 2 polarizing cytokine character on the part of the effector/memory T-cell
compartment, but only in the most advanced stages of energy decrement.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Acute (i.e., wasting) prepubescent deficits of protein and/or
energy in their most severe forms — marasmus and kwashiorkor —

are associated with up to 2 million largely infection-related deaths
annually among children under the age of 5 years, and this toll is
undoubtedly exceeded by the additional burden of infection-related
morbidity [1]. Depressed immune competence is widely accepted as
the link between malnutrition and susceptibility to opportunistic
infection [2], and repairing inflammatory immune competence has
been identified authoritatively as one of three preferred complemen-
tary approaches to reducing the burden of malnutrition-associated
infection [3]. Rational, targeted immunological interventions, how-
ever, must await substantive improvement in mechanistic under-
standing of the cellular basis underlying malnutrition-associated
immune depression [2].
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It is firmly established that acute prepubescent malnutrition
produces a profound depression in adaptive inflammatory cell-
mediated immune competence, whereas humoral immune compe-
tence is less predictably affected [2]. This phenomenonmay find some
basis in the capacity to produce cytokines within the categories
designated as Type 1 and Type 2 [4,5] that regulate adaptive immune
competence. Broadly, Type 1 cytokines promote cell-mediated
immune responses and the production of opsonizing and comple-
ment-fixing subclasses of immunoglobulin G (IgG) antibody that
support this type of response [6], which is designed for defense
against intracellular pathogens [5,7]. By contrast, Type 2 cytokines
promote the production of antibodies whose main function is to
provide protection in the extracellular space [5,7].

Interferon (IFN)-γ is a signature Type 1 cytokine and serves to
polarize acquired immune responses in a cell-mediated direction
[5,7]. Type 2 cytokines include interleukin (IL)-4, IL-5, IL-6, IL-10 and
IL-13; IL-4 is regarded as the primary polarizing cytokine of this group
[5,7]. Both IFN-γ and IL-4 arise from a variety of cellular sources,
including T cells [4,7]. To acquire the capacity to produce cytokines
that reflect the end-stage polarity of an adaptive immune response,
such as IFN-γ and IL-4, T cells must achieve effector/memory status
[8]. Naive T cells require 24–48 h of stimulation to commit to effector
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polarization in vitro [8,9] and can commit to effector differentiation
only if subjected to simultaneous stimuli through the T-cell receptor
and CD28 [10]. By contrast, effector/memory T cells respond with
cytokine production after only a few hours of stimulation in vitro [9]
and stimulation through the T-cell receptor alone is sufficient to elicit
a response [10]. Effector/memory T cells exhibit mutually exclusive
Type 1 and Type 2 polarities reflective of the microenvironment
within which their activation beyond naivety took place [7]. The
cytokine profile of the effector/memory T-cell compartment therefore
provides a physiological index of the systemic balance between Type 1
and Type 2 immunological polarities. In turn, this index provides a
tool with which to probe the proposition [11,12] that a form of
immune competence regulated toward Type 2 cytokine polarity
underlies the particular sensitivity of cell-mediated immunity to
acute malnutrition.

Depressed IFN-γ production in response to polyclonal T-cell
mitogen stimulation is reported on the part of splenic mononuclear
cells from acutely malnourished adolescent rats [13]. The same
finding is reported in a study of spleen cells from young adult mice
under conditions, in vitro, in which IL-4 production was unaffected
[14]. Although clear-cut, the cited investigations were not designed to
identify the influence of acute malnutrition pathologies specifically on
the cytokine polarity of the effector/memory T-cell compartment. This
is substantially because in vitro response times exceeding 24 h, such
as those used in the cited studies, permit activation of naive T cells [9].
Moreover, the cited studies are not directly relevant to the
prepubescent stage of life. Therefore, the first objective of this
investigation was to determine the influence of metabolically distinct
forms of acute prepubescent malnutrition, mimicking marasmus and
incipient kwashiorkor, on the polarity of the effector/memory T-cell
compartment as indicated by the production of IFN-γ and IL-4 in
short-term culture.

It is desirable to determine whether results derived in vitro reflect
the reality of the intact organism. In this connection, one study of
acutely protein-deficient young adult mice recorded depressed
production of IFN-γ mRNA in vivo in response to experimental
tuberculosis [15]. However, the design of that investigation did not
permit identification of the cellular source of the cytokine. Moreover,
no report pertaining to the influence of acute malnutrition on the
balance between Type 1 and Type 2 cytokines, regardless of cellular
source, appears available based on assessments of cytokine produc-
tion in vivo.

The in vivo cytokine capture assay was originally designated as the
Cincinnati cytokine capture assay and is, in effect, a competitive
binding procedure permitting assessment of net rate of cytokine
production on a systemic level [16,17]. No other technique is available
for this purpose. The method centers on a monoclonal biotin-
conjugated anti-cytokine antibody of IgG class that is used to trap a
small fraction of cytokine within the blood compartment. The
accumulation of the resulting immune complex during a period of a
few hours is subsequently quantified. The assay has been validated in
the mouse for several cytokines, including IFN-γ, IL-2, IL-4, IL-6 and
IL-10 [17], and permits simultaneous assessment of more than one
cytokine, as has been demonstrated for IFN-γ and IL-4 in the mouse
[16]. To date, the assay has provided valuable insights into the
immunobiology of cytokines, including their roles in infectious and
other inflammatory conditions [17]. In relation to the purpose of the
present investigation, systemic cytokine production specifically by the
effector/memory T-cell compartment is readily quantified by means
of stimulation with anti-CD3 [16,17]. The second objective, and
ultimately the main goal, of this investigation was to use the in vivo
cytokine capture assay to assess the influence of diverse forms of
acute weanling malnutrition on the net systemic production of IFN-γ
and IL-4 by the effector/memory T-cell compartment in response to
polyclonal stimulation imposed in vivo.
2. Materials and methods

2.1. Animals and facilities

Male and female C57BL/6J mice were used from an in-house breeding colony
derived from animals of the Jackson Laboratory (Bar Harbor, ME, USA). Caging and
housing conditions were exactly as described previously [18–23], and the investigation
was approved by the University of Guelph Animal Care Committee in accordance with
the Canadian Council on Animal Care.

2.2. Diets, feeding protocols and experimental design

Mice were weaned at 18 days of age and acclimated for 1 day with free access to a
complete purified diet described elsewhere [24]. A typical proximate analysis for this
diet is 92.3% dry matter, 18.8% crude protein, 8.1% ether extract, 2.6% ash, 3.1% crude
fiber and 17.0 kJ/g of gross energy [25]. At 19 days of age, each mouse was randomly
allocated to one of four experimental groups, namely an age-matched control group
that consumed the complete diet ad libitum, a group that consumed the complete diet
in restricted daily quantities, a group given free access to an isocaloric low-protein
purified diet and a zero-time control group that was examined at 19 days of age to
permit discrimination between diet- and ontogeny-related phenomena. The quantity
of diet given the mice in the restricted-intake group was calculated daily as described
previously by this laboratory [26] with a view to achieving a daily loss of 1.5–2% of
initial body weight throughout the 14-day experimental period. As described
elsewhere [23,25], the purified low-protein diet contained 0.6% crude protein (as
fed) andwas prepared by replacement of most of the eggwhite (80% crude protein; U.S.
Biochemical, Cleveland, OH, USA) of the complete diet with an equal weight of
cornstarch (ICN Biomedicals, Aurora, OH, USA). During the acclimation and experi-
mental periods, animals were housed individually. In addition, all animals had free
access to clean tap water, and coprophagy was permitted.

Two experiments in which all groups except the zero-time control group were
maintained on their respective regimens for 14 days (i.e., from 19 through 33 days of
age) were performed. Animals included in the first experiment provided cells from the
spleen and the mesenteric and inguinal lymph nodes for study in vitro, whereas the
second experiment centered on cytokine production in vivo; the outcomewas assessed
by means of a blood sample taken at the end of the 14-day experimental period. In the
first experiment, a sample size of 10 was achieved for each of the four groups except the
restricted-intake group, for which n=8, and comparable numbers of males and females
were included in each of the experimental groups. Pooled samples were required for
mice subjected to the low-protein and restricted-intake groups in order to obtain
sufficient numbers of cells. Each pooled sample (2–4 mice for the low-protein group
and 2–8 mice for the restricted-intake group) included comparable numbers of males
and females and constituted a single degree of freedom for the purpose of statistical
analysis. The second experiment was conducted according to a 2×2 design in which
diet and in vivo polyclonal T-cell stimulation (using anti-mouse CD3) were the main
effects. Eight mice (4 males and 4 females) were included within each of the resulting
eight groups of animals, and pooling was unnecessary. At the end of the 14-day
experimental period, or at 19 days of age in the case of the zero-time controls, tissue
was taken from each mouse [i.e., mononuclear cells from secondary lymphoid organs
(Experiment 1) or blood (Experiment 2)] and the carcasses were stored at −20°C to
await analysis.

A small supplementary experiment in which 19-day-old C57BL/6J mice were given
free access to either the complete diet or the low-protein diet for 26 days was
performed. Six mice (three males and three females) were assigned to each dietary
group, and the experiment centered on IFN-γ and IL-4 production in vivo in response to
stimulation with anti-CD3. The outcome of the experiment was therefore assessed by
means of a blood sample taken at the end of the 26-day experimental period. Animal
carcasses were stored at −20°C to await analysis.

2.3. Procedure to obtain mononuclear cell suspensions combined from spleen and
lymph nodes

After measurement of body weight, mice were anesthetized with CO2 and killed by
cervical dislocation. The spleen as well as mesenteric and inguinal lymph nodes were
removed aseptically, diced together and forced through a sterile stainless steel wire
screen (100 mesh) into RPMI 1640 medium (Flow Laboratories, Mississauga, Ontario,
Canada) containing 10% heat-inactivated fetal bovine serum (Sigma Chemical, St. Louis,
MO, USA), 1 mmol/L Hepes (ICN Biomedicals), 105 U/L of penicillin and 100 mg/L of
streptomycin. A single-cell suspension was produced by discontinuous gradient
centrifugation as described previously [23]. Cell numbers were determined using a
hemocytometer, and viability assessed by eosin Y exclusion always exceeded 95%.

2.4. Stimulation of T cells to elicit cytokine production in vitro

Falcon plates (#3072; Becton-Dickinson Labware, Franklin Lakes, NJ, USA) were
coated overnight at 4°C with 200 μl of 0.01 M phosphate-buffered saline (PBS; pH 7.3)
containing 5 μg/ml of anti-CD3 (clone 145-2C11; Cedarlane Laboratories, Hornby,
Ontario, Canada). After coating, plates were washed twice with PBS and each well
received 2×105 viable mononuclear cells in 190 μl of complete medium. Subsequently,



Table 1
Performance outcomes, including critical composition characteristics, of weanlingmice
at 19 days of age or after 14-day experimental protocols initiated at 19 days of age

Index Dietary group1 S.E.M.

B C LP R

Experiment 1: Cytokine production in vitro
Initial body weight (g/mouse) 8.3 8.3 8.6 8.1 0.25
Final body weight (g/mouse)2 – 16.1A 6.4B 6.3B 0.03
Food intake (g/mouse×14 days)2 – 46.4A 18.6B 11.7C 0.03
Food intake (g/g body weight×days)2 – 0.27A 0.18B 0.12C 0.04
Carcass dry matter (g/100 g of wet weight) 29.7AB 31.2A 27.7BC 26.4C 0.57
Carcass lipid (g/100 g of wet weight)3 8.6A 8.5A 4.8B 2.2C –

Percentage of CD3+ mononuclear cells
in spleen and nodes4

18.9C 29.9BC 44.7A 39.0AB 3.36

Experiment 2: Cytokine production in vivo
Initial body weight (g/mouse)5 8.3 8.6 8.8 8.6 2.97
Final body weight (g/mouse)2 – 17.9A 6.7B 6.4B 0.02
Food intake (g/mouse×14 days)2 — 65.1A 21.2B 11.5C 0.03
Food intake (g/g body weight×days)2 – 0.26A 0.13B 0.07C 0.03
Carcass dry matter (g/100 g of wet weight)6 28.1B 32.1A 26.5C 26.3C –

Carcass lipid (g/100 g of wet weight)2 8.0A 9.2A 4.8B 2.7C 0.05

Mean values are shown. Within a row, values not sharing a superscript letter differ
(P≤.05) according to the TukeyTs Studentized Range test or the Kruskal–Wallis
procedure followed by Wilcoxon two-sample comparisons.

1 B=zero-time control, 19 days old; C=group that consumed complete diet ad
libitum; LP=group that consumed low-protein diet ad libitum; R=group that
consumed complete diet in restricted daily quantities.

2 From ANOVA of natural log-transformed data. Mean values are antilogs of log
means.

3 Kruskal–Wallis test of Wilcoxon rank sums, which were as follows: B=247.0;
C=243.0; LP=160.5; and R=90.5.

4 Percentage of cells expressing CD3ɛ in the total mononuclear cell population
identified by forward-angle light scatter in the flow cytometer.

5 From ANOVA of square-transformed data. Mean values are square roots of
squared means.

6 Kruskal–Wallis test of Wilcoxon rank sums, which were as follows: C=880.0;
B=535.5; LP=379.5; and R=285.0.
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10 μl of PBS was added to half of the culture wells, while the remaining test cultures
received 10 μl of PBS containing anti-CD28 to achieve a final concentration of 20 μg/ml
(clone 37.51.1; Cedarlane Laboratories). Negative control cultures were produced using
wells not coated with anti-CD3, and the cells were cultured in fluids comprising 190 μl
of complete medium together with 10 μl of PBS. All cultures were incubated at 37°C for
24 h. After incubation, plates were centrifuged for 1 min at 200g, and supernatants
fromwells containing cultures of the same treatment group and stimulus were pooled
and subdivided into aliquots. This permitted cytokine analyses without repeated
freezing and thawing of samples, which were stored at −80°C.

2.5. Assay of cytokine concentrations generated in vitro

Sandwich ELISA kits for assay of IL-4 and IFN-γ (BD Biosciences, Mississauga,
Ontario, Canada) were applied to samples as described by the manufacturer. Outcomes
were quantified by optical density using a VMax kinetic plate reader (Molecular
Devices, Menlo Park, CA, USA) set for absorbance at 450 nmwith wavelength correction
based on absorbance at 570 nm. Only the linear portions of standard curves were used,
and the reliability (intra-assay coefficient of variation) and detection limit of each assay
were estimated as described elsewhere [27].

2.6. Assessment of the percentage of CD3+ cells in mononuclear cell suspensions from
spleen and lymph nodes

Analyses were performed using a Becton-Dickinson FACSCalibur flow cytometer
equipped with BD CellQuest software (2001). Generic aspects of staining procedures in
this laboratory, including Fc receptor blockade, are described elsewhere [21,23].
Viability before staining was determined by eosin Y exclusion and always exceeded
95%. Each analysis was based on at least 104 events after dead cells and residual
erythrocytes were eliminated by gating on the basis of forward-angle light scatter.

Mononuclear cells were subjected to single-color analysis by means of phycoer-
ythrin-conjugated anti-mouse CD3ɛ (145-2C11, hamster IgG; eBiosciences, San Diego,
CA, USA) at a concentration of 0.2 μg per 250×103 viable cells. Negative control samples
were stained with biotin-conjugated hamster IgG (Cedarlane Laboratories) followed by
phycoerythrin-conjugated streptavidin (Cedarlane Laboratories) at concentrations of
0.2 and 0.15 μg, respectively, per 250×103 viable cells. Cells were incubated with
staining reagents in the dark on ice for 40 min and fixed in paraformaldehyde (20g/L),
after which samples were analyzed within 7 days.

2.7. In vivo cytokine capture assays for IL-4 and IFN-γ

The assays were conducted basically as described before [16,17]. Briefly, each
mouse received, by intraperitoneal injection, 10 μg of biotin-conjugated anti-mouse IL-
4 (BVD6-24G2, rat IgG1; eBiosciences) together with 10 μg of biotin-conjugated anti-
mouse IFN-γ (R4-6A2, rat IgG1; eBiosciences). The antibodies were delivered in 125 μl
of endotoxin-free physiological saline (henceforth, “saline”) and given to the animals at
the end of the 14-day experimental period; in the case of the zero-time control group,
they were given at 19 days of age immediately following the 24-h acclimation period.
Half of the mice received 10 μg of anti-mouse CD3 (145-2C11, Armenian hamster IgG;
BD Biosciences, San Diego, CA, USA) together with the biotin-conjugated anti-cytokine
probe. After 4 h, blood samples were taken to permit analysis of the concentration of
molecular complexes that had accumulated in the serum between the biotin-
conjugated probes and their respective cytokines. The analyses were performed
using ELISA kits specific for mouse IL-4 and IFN-γ (BD Biosciences, San Diego, CA, USA).
Finally, isotype control animals (n=2 per group) were included, and each animal
received 10 μg of biotin-conjugated rat IgG1 (KLH/G1-2-2; Cedarlane Laboratories) by
intraperitoneal injection in 125-μl saline. Controls for mice stimulated with anti-CD3
(n=2 per group) received 10 μg of Armenian hamster IgG (G235-2356; BD Biosciences,
San Diego, CA, USA) in the same saline-based injection.

2.8. Blood collection

After measurement of body weight, mice were anesthetized with CO2 and blood
was taken from the orbital plexus of each animal as described previously [12,28]. The
animals were then killed by cervical dislocation without recovering consciousness, and
the blood was allowed to clot at room temperature for 30–45 min. The resulting serum
was stored at −80°C.

2.9. Carcass analysis

Carcasses were stored at −20°C to await analysis. Dry matter and lipid contents
were determined as described elsewhere [18,21–23].

2.10. Statistical analysis

The predetermined upper limit of probability for statistical significance throughout
this investigation was P≤.05, and analyses were performed using the SAS System for
Windows (version 8.2). Data from the two experiments involvingmultiple groupswere
subjected to either a one-way analysis of variance (ANOVA) or a two-way ANOVA; in
the latter case, diet and T-cell stimulus served as main effects. If justified by the
resulting probability value (i.e., P≤.05), multiple-group analyses were extended by
application of the TukeyTs Studentized Range test. This was done within main effects in
the case of a two-way ANOVA. Moreover, if a statistically significant interaction term
emerged from a two-way ANOVA, the permissible preplanned comparisons (i.e., equal
in number to the treatment degrees of freedom) were made using the least-squares
means procedure. Data from the supplementary two-group experiment were subjected
to two-tailed Student's t test. Throughout this investigation, data sets that failed to
conform to a normal distribution according to each of the four tests applied by the SAS
System were transformed so as to comply with this underlying assumption of
parametric testing. Where transformation attempts failed, data from experiments
involving multiple groups were subjected to the Kruskal–Wallis test (χ2 approxima-
tion), followed, if justified by the statistical probability outcome (P≤.05), by Wilcoxon
two-sample testing. Nonparametric testing of data sets involving only two groups was
accomplished by means of Wilcoxon two-sample comparisons.

3. Results

3.1. The 14-day malnutrition protocols elicited distinct
weight-loss pathologies

Growth indices, shown in Table 1, reflect similar outcomes in the
separate studies. Initial body weights did not differ among groups,
and the food intakes and gains in fat and lean tissue exhibited by the
age-matched control group were comparable with previous results
pertaining to C57BL/6J weanlings given free access to the same
complete purified diet [12,19–21,25,29,30]. In addition, the malnutri-
tion pathologies produced in this investigationwere comparable with
the pathologies reported in previous studies demonstrating a Type 2
cytokine-polarized serum immunoglobulin profile [12] and depres-
sion in adaptive cell-mediated inflammatory competence [18,21,25] in
the same experimental systems. Thus, weight loss did not differ
between the two malnourished groups that exhibited deficits in both
lean and fat tissue. However, the restricted-intake protocol induced a
greater loss of carcass lipid (and hence a greater decrement in carcass



Fig. 1. Concentrations of IFN-γ and IL-4 found in cultures of mononuclear cells from
the spleen and lymph nodes after 24 h in vitro. Each culture included 2×105 viable
cells, and polyclonal stimulation was achieved with plate-bound anti-CD3 (145-2C11,
5 μg/ml) and, in some cultures, soluble anti-CD28 (37.51.1, 20 μg/ml). Malnourished
mice were given free access to a purified low-protein diet (group LP, n=10) or were
fed a complete purified diet in restricted daily quantities (group R, n=8) to lose, in
either case, 1.5–2% of initial body weight daily during a 14-day experimental period.
Age-matched controls (group C, n=10) were permitted free access to the purified
complete diet for the same length of time, and 19-day-old zero-time controls (group
B, n=10) were included. Male and female C57BL/6J mice were used in equal numbers
in each of the four experimental groups. Each sample of malnourished animals was
made by pooling 2–4 mice (group LP) or 2–8 mice (group R), and each pooled sample
was assigned a single degree of freedom for the purpose of statistical analysis. Bars
represent means, and S.E.M. values are shown. Within each cytokine, data from
stimulated cultures were corrected by subtraction of the cytokine level found in
unstimulated cultures of the same dietary group and were normalized on a per 105 T
cell basis. These data sets were subjected to two-way ANOVA (main effects: diet and
type of stimulus; i.e., anti-CD3±anti-CD28). Means are antilogs of log-transformed
means, and diet main effect P values were .002 and .05 for IFN-γ and IL-4,
respectively. Bars not sharing an upper case letter differ (P≤.05) according to the
TukeyTs Studentized Range test, and pooled S.E.M. valueswere 0.336 and 0.195 for IFN-γ
and IL-4, respectively. The diet effect was independent of stimulus (interaction P=.95
and .65 for IFN-γ and IL-4, respectively). The stimulus main effect (not shown) was
statistically significant for both cytokines (Pb .0001), but anti-CD28 stimulation elicited
no further production of either IFN-γ or IL-4 beyond the response to anti-CD3 alone
(PN.05, the TukeyTs Studentized Range test).

Fig. 2. Concentrations of IFN-γ and IL-4 complexed with their respective biotin-
conjugated anti-cytokine antibody (R4-6A2 and BVD6-24G2) in the serum of C57BL/6J
mice 4 h after intraperitoneal injection of the biotin-tagged probes together with 10 μg/
mouse of anti-CD3 (145-2C11). Malnourished mice were given free access to a purified
low-protein diet (group LP) or were fed a complete purified diet in restricted daily
quantities (group R) to lose, in either case, 1.5–2% of initial body weight daily during a
14-day experimental period. Age-matched controls (group C) were permitted free
access to the purified complete diet for the same length of time, and 19-day-old zero-
time controls (group B) were included. Eight mice (four males and four females) were
included in each of the four experimental groups within each cytokine. Each point in
the dot plot represents one animal, but, occasionally, overlapping data points obscure
the sample size of eight in a group. Each data point was corrected by subtraction of the
mean value of the isotype control, and the mean of each group is depicted as a
horizontal bar inserted within the column of points. Within each cytokine, groups not
sharing an upper case letter differ (P≤.05) according to Wilcoxon two-sample
comparisons. Kruskal–Wallis rank sums were 191, 131, 139 and 67 (groups B, C, LP
and R, respectively; P=.01) for the data pertaining to the serum IFN-γ complex and
were 110, 135, 190 and 93 (groups B, C, LP and R, respectively; P=.05) for the data
pertaining to the serum IL-4 complex.
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energy) than the low-protein protocol. Moreover, the food intakes of
the malnourished groups (low relative to the intake of the age-
matched control group) differed from one another in a manner
consistent with their differing carcass energy deficits. As discussed
previously [29], the low-protein protocol elicited a wasting deficit of
both protein and energy, whereas the restricted-intake protocol
produced mainly a deficit of energy.

3.2. Anti-CD3 stimulation in vitro elicited a Type 2 polarized cytokine
response by mononuclear cells from lymph nodes and spleen of weanling
mice in acute energy deficit but not in combined deficit of protein and
energy: 14-day weight-loss protocols

Mean IFN-γ concentrations in the mononuclear cell suspensions,
independent of dietary group, were below the minimum detection
limit (unstimulated groups), 307 pg/ml (anti-CD3 stimulus only) and
556 pg/ml (combined anti-CD3 and anti-CD28 stimulation). Mean IL-
4 concentrations in the same cell suspensions and for the same
stimulus groups, likewise independent of diet, were 5.1, 39.2 and 42.3
pg/ml. Thus, independently of dietary group, plate-bound anti-CD3
increased the concentrations of IL-4 and IFN-γ detected in culture
fluids of the mononuclear cell suspensions relative to the cytokine
levels supported by cultures not exposed to stimulation in vitro
(Pb.0001 for both cytokines according to the Wilcoxon two-sample
test). By contrast, inclusion of soluble anti-CD28 in the cultures
exerted no statistically significant influence on the impact of anti-CD3
stimulation (P=.10 and .64 for IFN-γ and IL-4, respectively, according
to theWilcoxon two-sample test). The concentrations of IL-4 and IFN-
γ did not differ among dietary groups in culture fluids of mononuclear
cells that were not subjected to polyclonal stimulation (results not
shown; P=.21 and .60, respectively).

The models of acute malnutrition used herein can increase the
percentage of T cells in themononuclear cell populations of secondary
lymphoid organs, although this phenomenon is seen only inconsis-
tently in the food intake restriction model [19,20]. Consequently, the
percentage of cells exhibiting a CD3ɛ+ surface phenotype was
assessed in the total population of mononuclear cells identified by
forward-angle light scatter in the flow cytometer, and the outcome of
this analysis is shown in Table 1. Relative to age-matched controls, the
percentage of CD3+ mononuclear cells was unaffected by the food
intake restriction protocol but was high in the mice fed the low-
protein diet. No ontogeny was apparent in this index (age-matched
control group compared with zero-time control group). In turn, the
surface marker data were used to normalize the cytokine concentra-
tions supported in vitro according to T-cell numbers, and the resulting
comparison among dietary groups is shown in Fig. 1. These results
have been calculated by subtraction of the concentrations of cytokine
found in cultures not subjected to polyclonal stimulation. On a per
CD3+ cell basis, the mononuclear cells recovered from the restricted-
intake group supported a higher concentration of IL-4 but a lower
concentration of IFN-γ than the age-matched control group in
response to polyclonal stimulation. By contrast, the group fed the
low-protein diet did not differ statistically from the age-matched
control group in the concentration of either IL-4 or IFN-γ found in
culture fluids. No ontogeny was apparent in this index for either
cytokine (age-matched control group compared with zero-time
control group). Moreover, in parallel with the findings expressed
independently of T-cell numbers, no effect of anti-CD28 stimulation
was apparent over and above the response to plate-bound anti-CD3
alone when the cytokine concentrations were expressed on a per T
cell basis (results not shown; PN.05 for each cytokine according to the
TukeyTs Studentized Range test).



Table 2
Performance outcomes, including critical composition characteristics, of weanlingmice
at 19 days of age or after the 26-day low-protein dietary protocol initiated at 19 days
of age

Index Dietary group1

C LP

Initial body weight (g/mouse)2 8.4 (8.0–9.0) 8.4 (8.1–9.1)
Final body weight (g/mouse) 20.7±1.84 6.1±0.43A

Food intake (g/mouse×26 days) 79.0±10.15 29.8±4.53A

Food intake (g/g body weight×days) 0.21±0.033 0.16±0.026A

Carcass dry matter (g/100 g of wet weight)3 34.1 (31.8–36.4) 26.8 (19.8–29.8)A

Carcass lipid (g/100 g of wet weight) 10.4±1.01 3.7±0.50A

Mean values (range or ±S.D.) are shown. Within a row, the superscript letter “A”
signifies statistical difference (P≤.05) from the age-matched control group (designated
as “C”) according to two-tailed Student's t test or to Wilcoxon two-sample comparison.

1 C=group that consumed complete diet ad libitum; LP=group that consumed
low-protein diet ad libitum.

2 Wilcoxon rank sums were 154.0 and 146.0 for groups C and LP, respectively.
3 Wilcoxon rank sums were 222.0 and 78.0 for groups C and LP, respectively.

Fig. 3. Concentrations of IFN-γ and IL-4 complexed with their respective biotin-
conjugated anti-cytokine antibody (R4-6A2 and BVD6-24G2) in the serum of C57BL/6J
mice 4 h after intraperitoneal injection of the biotin-tagged probes together with 10 μg/
mouse of anti-CD3 (145-2C11). Malnourished mice were given free access to a purified
low-protein diet (group LP) during a 26-day experimental period. Age-matched
controls (group C) were permitted free access to the purified complete diet for the
same length of time. Six mice (three males and three females) were included in each
experimental group. Bars represent mean values, and an S.E.M. value is shown for each
mean. Within each cytokine, data were corrected by subtraction of the mean value of
the isotype control. The letter “X” signifies statistically significant difference from group
C (P≤.05) according to two-tailed Student's t test.
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3.3. Anti-CD3 stimulation in vivo elicited a Type 2 polarized blood
cytokine profile inweanlingmice subjected to acute energy deficit but not
in combined deficit of protein and energy: 14-day weight-loss protocols

In the absence of polyclonal anti-CD3 stimulation, the in vivo
cytokine capture assay detected no difference related either to diet
(comparisons among age-matched control, low-protein and
restricted-intake groups) or to ontogeny (comparison between age-
matched control group and zero-time control group) in the blood
serum concentration of biotin-conjugated anti-cytokine complexes of
either IL-4 (P=.56) or IFN-γ (P=.12) that accumulated in the 4-h test
period. Mean values of the four groups of mice (not shown) ranged
from 0 to 4 pg/ml and from 0 to 47 pg/ml for IL-4 and IFN-γ,
respectively, when corrected for negative (isotype) control values that
averaged 86 pg/ml (IL-4) and 57 pg/ml (IFN-γ). Stimulationwith anti-
CD3 increased the 4-h accumulation of both cytokine complexes in
the blood serum independently of dietary group (Pb.0001, Kruskal–
Wallis test). The comparison among dietary groups following
stimulation with anti-CD3 is shown in Fig. 2. These results have
been calculated by subtraction of negative (isotype) control values
averaging 104 pg/ml (IL-4) and 73 pg/ml (IFN-γ). No ontogeny was
apparent in this index for either cytokine (zero-time control group
compared with age-matched control group). The restricted-intake
group exhibited a low level of IFN-γ accumulation in the serum
relative to both the age-matched control group and the zero-time
group but did not differ from these groups in terms of IL-4 complex
accumulation. The group given the low-protein diet did not differ
from the age-matched control group in terms of 4-h accumulation of
either cytokine complex in the blood serum but exhibited an elevated
serum concentration of IL-4 complex relative to the zero-time control
group. The restricted-intake group exhibited a low serum level of both
cytokine complexes relative to the group fed the low-protein diet.

3.4. Anti-CD3 stimulation in vivo elicited a Type 2 polarized blood
cytokine profile in weanling mice subjected to combined protein and
energy deficit: 26-day weight-loss protocol

It was unclear whether the difference in cytokine profile between
the 14-day low-protein and restricted-intake protocols reflected
their fundamental metabolic disparities or simply their differing
degrees of wasting as apparent in energy decrements. Hence, a
supplementary experiment in which the low-protein diet was fed to
weanling C57BL/6J mice, initially 19 days old, was performed with a
view to achieving an energy decrement similar to that routinely
observed in mice subjected to the 14-day restricted-intake protocol.
The experimental period was extended to 26 days, during which the
mice were given free access to either the complete purified diet or
the isocaloric low-protein formulation. Performance indices are
shown in Table 2. Initial body weights did not differ between the
two groups, and the low-protein diet exerted the anticipated
influence on the indices that were assessed. In particular, although
formal statistical comparison is precluded, the mean carcass fat
content of the 26-day low-protein group (Table 2) declined far
below the mean values shown in Table 1 for the weanling animals
subjected to the same low-protein diet for only 14 days. Unsurpris-
ingly, therefore, the 26-day low-protein protocol fulfilled its primary
purpose of imposing a carcass energy decrement exceeding that
achieved when the same nitrogen-deficient diet was fed for the
shorter 14-day experimental period. Under these circumstances, the
in vivo cytokine capture assay revealed low serum concentrations of
biotin-conjugated anti-IFN-γ complex in the malnourished group
relative to the age-matched control group 4 h after challenge with
anti-CD3 in vivo, whereas no statistically significant diet-related
effect was apparent on the serum concentration of anti-IL-4 complex
in the same animals (Fig. 3). The results shown in Fig. 3 were
calculated by subtracting negative (isotype) control values averaging
27 and 17 pg/ml for IL-4 and IFN-γ, respectively.

It was pointed out elsewhere [12,21,23,26,29,30] that the low-
protein model of dietary imbalance used herein mimics essential
features of incipient kwashiorkor, whereas the restricted-intake
protocol reproduces critical features of marasmus. As expected of a
model of incipient kwashiorkor [12,21,23,26,29,30], the carcass fat
decrement of the 26-day low-protein model did not reach the extent
of loss seen in the 14-day restricted-intake system, at least according
to inspection of the results shown in Tables 1 and 2. Nevertheless, the
key outcome is that, assessed in vivo, the polarizing cytokine profile of
the T-cell compartment in the low-protein pathology (Fig. 3) was
indistinguishable from that of the restricted-intake pathology (Fig. 2)
when a systemic energy loss of sufficient duration (26 days), hence
magnitude, was imposed.
4. Discussion

This investigation reveals a shift toward Type 2 cytokine polariza-
tion within the effector/memory T-cell compartment of metabolically
dissimilar murine models of acute (i.e., wasting) prepubescent
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malnutrition. As discussed elsewhere [12,21,23,26,29,30], the two
experimental systems used herein are relevant to the distinct and
well-defined human pediatric malnutrition pathologies of marasmus
and kwashiorkor. In particular, the low-protein protocol elicits the
hallmark features of kwashiorkor (i.e., fatty liver and edema), but only
if extended beyond 4 weeks [31]. Hence, the two low-protein models
used herein are best understood as models of incipient kwashiorkor.
By contrast, as confirmed in this investigation, the restricted-intake
model exhibits no edema or fatty liver but is marked, as would be
expected of a marasmic system, by extreme carcass lipid decrement
exceeding even that of the models of imminent kwashiorkor [23]. The
phenomenon that has emerged appears confined to the advanced
stages of these pathologies, is independent of sex and reflects
complementary findings in vitro and in vivo following application of
physiologically relevant polyclonal stimulation through the T-cell
receptor. Moreover, although Type 2 cytokine polarity is characteristic
of murine neonatal effector/memory T cells [32], inclusion of a zero-
time control group in the experimental design revealed that the
malnutrition-associated phenomenon represents more than a biolo-
gically trivial delay in ontogeny. The outcome of the present
investigation reveals a restructured cytokine polarity within the
effector/memory T-cell compartment in support of the non-inflam-
matory adaptive immune competence classically characteristic of
acute prepubescent deficits of protein and energy [2].

A cytokine response attributable to the effector/memory T-cell
compartment was isolated for study both in vitro and in vivo in this
investigation. This is apparent both on the basis of the time frames
within which responses were assessed and on the basis of the
stimulant that proved sufficient to elicit a response. First, to achieve
effector status, naive T cells require more than the short response
periods studied in the present investigation [8,9]. Second, naive T cells
cannot differentiate to effector status if stimulated only through the T-
cell receptor [10]. However, in the present investigation, the in vivo
response was elicited exclusively by stimulation through the CD3
molecule and, in vitro, co-stimulation through CD28 failed to increase
the production of end-stage cytokines. The resulting unambiguous
discernment of the cytokine polarity of the effector/memory T-cell
compartment was essential to the core objective of this investigation.

No in vivo index of cytokine production can be independent of
physiological turnover, a potentially crippling confounder in relation
to blood cytokines because of their brief half-lives that are generally
measured in minutes [33–36]. The in vivo cytokine capture assay
traps newly synthesized cytokine in an antibody complex that
extends the half-life of the bound cytokine to hours or days in the
blood of the mouse [34,36–39]. Therefore, when performed with a
suitably short assessment period (e.g., 4 h), as in the present
investigation, the assay is not overwhelmed by the factor of turnover
and yields an index relating to net systemic cytokine production rate
in vivo. In fact, this assay strategy is simply an extension of the
physiological phenomenon whereby the clearance of cytokines from
the blood is retarded when these molecules form complexes with
soluble cytokine receptors [40] or anti-cytokine autoantibodies [41].
In the context of the present investigation, the cytokine capture index
may be regarded as the in vivo cytokine signature of the effector/
memory T-cell compartment. By contrast, the in vitro type of assay
used herein yields results that may relate more directly to T-cell
cytokine production, but because of the nonphysiological context of a
cell culture microenvironment, these results serve best in a
supplementary capacity to facilitate interpretation of the in vivo
capture assay. In this context, it should be noted that mononuclear
cells from both mucosal and deep-tissue lymphoid organs were
included in the in vitro assays because of their differing Type 1 and
Type 2 cytokine profiles [42]. However, it is unlikely that a sample
representative of proportions within the intact animal was obtained,
and it is therefore particularly important that the in vivo and in vitro
indices pursued in this investigation yielded complementary and
consistent immunological perspectives. Taken together, the indices of
function selected for this investigation have provided insight into the
influence of acute forms of prepubescent protein and/or energy
deficit on the Types 1 and 2 polarizing cytokine signature of the
effector/memory T-cell compartment in vivo.

A simple interpretation of the present investigation is that a Type 2
cytokine-polarized T-cell compartment develops in metabolically
dissimilar forms of acute prepubescent malnutrition, but, being
evident in the low-protein model only in its extended (26 days)
form, this immunological characteristic appears confined to the most
advanced stages of energy loss. This interpretation also accommo-
dates a previous report [14] in which acute combined protein and
energy deficit produced Type 2 cytokine polarization in the adult
mouse according to an in vitro assessment of splenic T cells in which
the effector/memory compartment was not isolated for study. Thus, in
the metabolic setting of acute malnutrition as revealed here and
elsewhere [14], Type 2 cytokine polarity appears to develop within
the T-cell compartment because the ability to produce IFN-γ declines,
while the capacity to produce IL-4 is preserved. Additional findings
consistent with this conclusion have been obtained recently regarding
the capacity of the effector/memory T-cell compartment, in the
experimental systems used herein, to produce the important anti-
inflammatory Type 2 cytokine, IL-10 (Monk & Woodward, unpub-
lished data). Furthermore, this shift in T-cell end-stage cytokine
polarity may be sustained in the face of concurrent infection.
Although blood lymphocytes cannot be taken as representative of
the systemic pool [43], blood mononuclear cells from acutely
malnourished children suffering various gastrointestinal and respira-
tory infections exhibited reduced expression of IFN-γ mRNA coupled
with an elevated expression of IL-4 message [44]. In the same clinical
setting, children with diverse mucosal infections and various degrees
and forms of acute malnutrition exhibited a reduced proportion of
blood Tcells expressing IFN-γ following stimulation in vitro, while the
proportion of cells expressing IL-4 remained unaffected [45]. A large
body of clinical and experimental evidence, summarized elsewhere
[2], emphasizes the immunological similarity among metabolically
diverse forms of acute malnutrition. This body of evidence continues
to grow [12,23,30], and the present investigation adds new substance
to it.

An interesting perspective emerges when the outcome of the
present investigation is considered together with findings pertaining
to stunting forms of prepubescent malnutrition. Unlike acute forms of
protein and energy deficit, stunting produced by means of nitrogen-
deficient diets usually depresses humoral competence in rodents,
while inflammatory cell-mediated immunity remains unaffected or
may even be enhanced [46]. Similarly, mice stunted through restricted
consumption of a complete diet exhibited reduced Type 2 cytokine-
dependent humoral protection against a nematode infection, while
the Type 1 cytokine-dependent cell-mediated response to the
infecting organism was preserved [47]. Preservation of inflammatory
cell-mediated competence is also common in stunted children [2].
Each of the differing murine models of prepubescent stunting,
whether based on nitrogen-deficient dietary imbalance [48,49] or
on restricted intake of a complete diet [47], elicits movement toward
Type 1 cytokine polarity, discerned in vitro, within the T-cell
compartment of secondary lymphoid organs. Thus, the polarizing
cytokine profile of the T-cell compartment appears to differ between
acute and chronic forms of prepubescent protein and energy deficit in
their advanced stages; however, this index reliably reflects the
balance between end-stage humoral and cell-mediated adaptive
immune competence in these diverse malnutrition pathologies.

It is worthwhile to consider the importance of a reconfigured
effector/memory T-cell compartment in relation to the classic
immunological characteristic of acute malnutrition [2] in which
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inflammatory cell-mediated competence is consistently depressed
but humoral responses are affected inconsistently and unpredictably.
Our 14-day model of incipient kwashiorkor exhibits precisely this
adaptive immune competence profile [18] at a stage of energy
decrement that, according to the present investigation, precedes the
emergence of a Type 2 polarized T-cell compartment. Therefore, an
altered balance in the polarizing cytokine profile of the T-cell system
undoubtedly supports and augments the non-inflammatory char-
acter of immune competence in advanced acute malnutrition but is
unlikely to be important in initiating the development of this
distinctive immunological trait. As a further point of perspective, the
outcome of the present investigation lends new support to the
proposition [2,11,12,30] that malnutrition-associated depression in
inflammatory adaptive immune competence is a regulated patho-
physiology incompatible with the widely accepted model of meta-
bolic disintegration.
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