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Assessment of immune responses in healthy adults following dietary or lifestyle inter-
ventions is challenging due to significant inter-individual variability. Thus, gaining a better
understanding of host factors that contribute to the heterogeneity in immunity is necessary.
To address this question, healthy adults [n=36, 18–40 years old, body mass index (BMI)
20–35 kg/m2] were recruited. Dietary intake was obtained via 3-day dietary recall records,
physical activity level was evaluated using the International Physical Activity Questionnaire,
and peripheral blood mononuclear cells were isolated from peripheral blood. Expression
of activation markers on unstimulated immune subsets was assessed by flow cytome-
try. T-cell proliferation and cytokine secretion was assessed following in vitro stimulation
with anti-CD3 or lipopolysaccharide. Furthermore, the incidence and severity of cold or
flu symptoms were obtained from self-reported upper respiratory tract infection (URTI)
questionnaires.The relationship between activation marker expression onT cells andT-cell
effector functions; and in vitro cytokine secretion and URTI was determined by linear or
logistic regression. CD69 and CD25 expression on unstimulated T cells was significantly
associated with T-cell proliferation and interleukin-2 secretion. Incidence and severity of
cold or flu symptoms was significantly associated with in vitro interleukin-6 and interferon-
gamma secretion, respectively. Furthermore, host factors (e.g., age, BMI, physical activity,
and diet) contributed significantly to the relationship between activation marker expression
and T-cell effector function, and cytokine secretion and cold and flu status. In conclusion,
these results suggest that lifestyle and dietary factors are important variables that con-
tribute to immune responses and should be included in human clinical trials that assess
immune endpoints.
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INTRODUCTION
Host immune function is influenced by endogenous factors (e.g.,
age, gender, genetics), as well as various exogenous factors (e.g.,
diet, physical activity, alcohol consumption) (1–6). Thus, hetero-
geneity in both innate and adaptive immune responses exists even
among healthy adults. This inter-subject variability makes it chal-
lenging to evaluate the effect of dietary or lifestyle interventions on
immune function as many of these interventions have moderate

Abbreviations: BMI, body mass index; Con A, concanavalin A; DCs, dendritic cells;
HDL, high-density lipoprotein; hs-CRP, high-sensitivity C-reactive protein; IFN-
γ, interferon-gamma; IL-2, interleukin-2; IL-6, interleukin-6; IPAQ, International
Physical Activity Questionnaires; LDL, low-density lipoprotein; LPS, lipopolysac-
charide; MET, metabolic equivalent of task; MFI, mean fluorescence intensity; n-3
PUFA, n-3 polyunsaturated fatty acids; OR, odds ratio; PBMC, peripheral blood
mononuclear cells; PHA, phytohemagglutinin; PMA, phorbol myristate acetate;
SEB, staphylococcal enterotoxin; SI, stimulation index; TC, total cholesterol; TG,
triglycerides; TNF-α, tumor necrosis factor-alpha; TT, tetanus toxoid; URTI, upper
respiratory tract infection.

effects as compared to pharmacological intervention trials (5, 7).
Additionally, cost and feasibility often limit the sample size in clin-
ical trials. Thus, gaining a better understanding of host-related
factors that may contribute to the variability in innate and adap-
tive immune responses in healthy adults is necessary to adequately
control for the contribution of these influences in clinical trials
that assess immunity.

The assessment of innate and adaptive immune function often
involves complex assay methodologies; thus large clinical trials fre-
quently are not designed to quantify these types of immunologic
outcomes. Many human clinical trials measure serum makers (e.g.,
antibody titers, cytokine levels) as indicators of immune func-
tion because of ease of collection, assessment, and storage (5).
However, these endpoints alone may not adequately capture the
immune response. Thus, additional studies are needed to assess
functional immune outcomes (e.g., T-cell proliferation, in vitro
cytokine secretion) concurrently with the phenotypic characteri-
zation of immune cell populations via flow cytometry to determine
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if cell surface marker expression on immune cells can serve as a
biomarker for effector function (e.g., proliferation and cytokine
secretion).

Numerous human clinical trials have evaluated the effect of
lifestyle interventions on the incidence and severity of cold or flu
symptoms captured in self-reported upper respiratory tract infec-
tion (URTI) questionnaire data. The immune response of the host
is known to be an important component of the pathogenesis of
cold or flu infection (8). However, very few studies have quanti-
fied immune function (inflammatory cytokine responses or T-cell
function) concurrently with the self-reported URTI questionnaire
data to determine if any immune outcomes are correlated with
cold or flu symptomology. Two studies have reported an increase
in salivary IgA concentration in subjects who had a lower inci-
dence and severity of URTI symptoms (9, 10). In a third study, the
risk of URTI in athletes was associated with antigen-stimulated
interleukin (IL)-10 production and salivary IgA secretion (11).
All three studies demonstrate that changes in immune function
can be correlated with reduced symptoms of URTI. However, the
goal of these studies was to determine if exercise reduced URTI,
so the relationship between URTI symptomology, salivary IgA,
and IL-10 may be confounded by the exercise intervention. To
date, no studies have examined inflammatory cytokine response
or T-cell effector function in subjects who completed self-reported
URTI questionnaire data to determine if T-cell effector function or
inflammatory cytokine production was related to URTI incidence
or severity.

Therefore, the goals of the current study were (1) to determine
which endogenous and exogenous host factors contribute to the
heterogeneity in innate and adaptive immune responses among
healthy subjects; (2) to determine if activation marker expression
on freshly isolated T cells, macrophages, or dendritic cells (DCs) is
associated with functional outcomes, i.e., anti-CD3-induced T-cell
proliferation and cytokine [IL-2 and interferon-gamma (IFN-
γ)] secretion or lipopolysaccharides (LPS)-stimulated cytokine
[tumor necrosis factor-alpha (TNF-α) and IL-6] secretion from
peripheral blood mononuclear cells (PBMCs), respectively; and
(3) to determine if T-cell proliferation and/or in vitro inflamma-
tory cytokine production is associated with self-reported incidence
and severity of cold or flu symptoms collected using a validated
URTI questionnaire.

MATERIALS AND METHODS
PARTICIPANTS
Healthy subjects (n= 36, 25 women and 11 men) 18–40 years of
age were recruited for the study. Exclusion criteria included: body
mass index (BMI) greater than 40 kg/m2, smoking and/or use
of other tobacco products, blood pressure ≥140/90 mm Hg, use
of blood pressure- or cholesterol-lowering medications, history
of myocardial infarction, stroke, diabetes mellitus, liver disease,
kidney disease and thyroid disease (unless controlled by med-
ication and blood results within the previous 6 months were
provided), lactation, pregnancy or desire to become pregnant
during the study, clinical diagnosis of inflammatory bowel dis-
ease (e.g., Crohn’s disease or ulcerative colitis), excessive alco-
hol consumption (>14 standard drinks/week), chronic use of
anti-inflammatory medications (unless able to discontinue), and

refusal to agree to give blood or plasma for the length of the
study. A complete blood count and standard biochemistry panel
was obtained at screening to rule out the presence of illness
(autoimmune disease, cancer, and immunodeficiency). Blood
pressure was measured according to the Joint National Committee
7 Guidelines (12).

RECRUITMENT AND SCREENING
Participants were recruited through advertisements in the local
newspaper and university e-mail lists. Potential participants who
called or emailed to indicate interest in participating in the study
were given information about the study, and if still interested,
were contacted and screened using a series of medical and lifestyle
questions. Qualified participants were scheduled for clinic screen-
ing at the Penn State Clinical Research Center (CRC). After written
informed consent was provided, participants’ height, weight, waist
circumference, and blood pressure were measured, followed by a
fasting blood draw for a complete blood count and metabolic
and immunologic endpoints. BMI was calculated according to
body weight and height measured. From the participants who
were screened, 36 were eligible to participant in the study. All
the experiments in this study were performed with approval
of the Institutional Review Board of the Pennsylvania State
University-University Park campus (University Park, PA, USA).

DIET ASSESSMENT
Dietary intake of the participants was obtained via 24 h dietary
recalls for three continuous days. Briefly, participants were asked
to recall their intake of food and beverages during breakfast,
lunch, dinner, and snacks in the three continuous days accord-
ing to detailed instructions provided by trained staff. Portion size
of each food item was also provided. Daily intake of total calo-
ries, macronutrients, vitamins, minerals, caffeine, and alcohol was
analyzed based on the recorded food intake of participants using
Food Processor SQL software (ESHA Research, Salem, OR, USA).

PHYSICAL ACTIVITY ASSESSMENT
Physical activity level of participants was evaluated using the
International Physical Activity Questionnaires (IPAQ) as previ-
ously reported (13). Briefly, the participants recorded the activities
they performed during each 15-min interval for 3 days, includ-
ing one weekend day. The activities were categorized from one to
nine depending on their intensity as previously described (13).
Daily intensity of physical activity was calculated by averaging
the approximate metabolic equivalent of tasks (METs) of physical
activities (categories three to nine) performed over a 24-h period
(96 periods of 15 min).

UPPER RESPIRATORY TRACT INFECTION QUESTIONNAIRE
Participants (n= 34) completed a self-administered URTI ques-
tionnaire, which was developed from established, frequently used
instruments on the incidence (whether or not have experienced
colds or flu episodes, with symptoms including a sore throat, runny
or stuffy nose, coughing sneezing, fever, headache, general aches
and pains, fatigue, and discomfort) and severity (total number of
days with cold or flu symptoms) of cold or flu symptoms over the
past month. Participants were instructed to recall the occurrence
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of cold or flu in the last month, and advised on questionnaire
completion. Two participants did not provide any information in
their URTI questionnaires for unknown reasons.

BLOOD SAMPLE COLLECTION AND IMMUNOLOGICAL ASSAYS
Blood (50 ml) was collected in sterile EDTA (K2)-coated blood
tubes (BD Biosciences, San Jose, CA, USA) after a 12-h fast by
trained staff in CRC of Pennsylvania State University.

Serum markers
Total cholesterol (TC) and triglycerides (TG) were measured by
enzymatic procedures (Quest Diagnostics, Pittsburgh, PA, USA;
coefficient of variation CV<2% for both). High-density lipopro-
tein (HDL) cholesterol was estimated according to the modi-
fied heparin–manganese procedure (CV <2%). The Friedewald
equation was used to calculate low-density lipoprotein (LDL)
cholesterol=TC− (HDL cholesterol+TG/5) (14). Insulin was
measured by radioimmunoassay (Quest Diagnostics). Glucose was
determined by an immobilized enzyme biosensor using the YSI
2300 STAT Plus Glucose and Lactate Analyzer (Yellow Springs
Instruments). Serum high-sensitivity C-reactive protein (hs-CRP)
was measured by latex-enhanced immunonephelometry (Quest
Diagnostics; assay CV<8%).

Isolation of immune cells
Human blood was diluted 1:2 with phosphate buffer saline (PBS;
Mediatech, Manassas, VA, USA), gently layered on top of lympho-
cyte separation media (LSM; Corning, Manassas, VA, USA), and
centrifuged at 1600 rpm with low speed and no brake for 30 min
at room temperature. PBMCs were collected at the plasma/LSM
interface; washed twice with complete media RPMI 1640 (Mediat-
ech) containing 10 mM HEPES (Mediatech), 10% heat-inactivated
fetal bovine serum (Gemini, West Sacramento, CA, USA), 2 mM
L-glutamine (Mediatech), 0.1 mM non-essential amino acids
(Mediatech), 1 mM sodium pyruvate (Mediatech), 100 U/ml peni-
cillin/streptomycin (Mediatech), and 55 µM 2-mercaptoethanol
(Life Technologies, Grand Island, NY, USA) at room temperature;
and counted for use in functional and phenotypic analyses.

Lymphocyte proliferation assay
Peripheral blood mononuclear cells (2× 106/ml) were incubated
with 0 or 1 µg/ml plate-bound purified mouse anti-human CD3
antibody (Life Technologies) in flat-bottomed 96-well plates.
After 54 h in culture, the cells were pulsed with [3H] thymidine
(1 µCi/well; Perkin-Elmer, Waltham, MA, USA) and harvested
18 h later. Following incubation, cells were harvested onto glass
fiber filter mats (Perkin-Elmer) via a MicroBeta FilterMate-96
Harvester (Perkin-Elmer). Incorporated radioactivity was mea-
sured by liquid scintillation counting on a 2450 MicroBeta plate
counter (Perkin-Elmer). Each assay was performed in triplicate.
The proliferative response was expressed as a stimulation index
(SI) calculated by dividing the mean counts per minute (cpm)
of anti-CD3-stimulated T cells by the mean cpm of unstimulated
(media only) cells.

Cytokine secretion assays
Peripheral blood mononuclear cells (2× 106/ml) were stimu-
lated with 1 µg/ml plate-bound purified mouse anti-human CD3

antibody (Life Technologies), or 10 µg/ml LPS (Sigma-Aldrich) in
flat-bottomed 96-well plates. Supernatants from LPS plates were
harvested and frozen after a 4-h incubation, and supernatants from
anti-CD3 plates were harvested and frozen after 48 h. IFN-γ and
IL-2 secretion from anti-CD3-stimulated PBMCs, and TNF-α and
IL-6 secretion from LPS-stimulated PBMCs were measured using
the Human ELISA MAX™ Deluxe (BioLegend, San Diego, CA,
USA) as per manufacturer instructions. Each assay was performed
in triplicate.

Flow cytometric analyses
Peripheral blood mononuclear cells were washed twice in PBS at
4°C. Fc receptors on PBMCs were blocked by incubation with 1 µg
purified mouse anti-human CD16 (BioLegend)/1× 106 cells for
15 min at 4°C. PBMCs were stained with fluorescence-labeled anti-
bodies (1 µg/1× 106 cells) to the following cell surface markers:
CD3e, CD4, CD8a, CD69, CD25, CD11c, CD14, HLA-DR. Anti-
body isotype controls included: mouse IgG2a and mouse IgM.
All antibodies except CD16 were purchased from BD Biosciences.
Following incubation with the conjugated antibodies for 30 min at
4°C, cells were washed twice in PBS and then fixed in cytofix (BD
Biosciences) for flow cytometric analyses. Lymphoid and myeloid
cells were gated on forward vs. side scatter and a total of 25,000
events were analyzed on a FC500 Benchtop Cytometer (Beckman
Coulter, Pasadena, CA, USA). Flow cytometric analyses were plot-
ted and analyzed using FlowJo 7.6 (Tree Star, Ashland, OR, USA).

STATISTICAL ANALYSES
Spearman’s rank correlation was used to determine the rela-
tionship between IL-2 and IFN-γ secretion from T cells and
T-cell proliferation. Differences in IFN-γ secretion from anti-
CD3-stimulated T cells between participants with and without
self-reported cold or flu episodes in the past month were deter-
mined using unpaired t -test. Differences in IL-6 secretion from
LPS-stimulated PBMCs between participants with and without
self-reported cold or flu episodes in the past month were deter-
mined using Wilcoxon–Mann–Whitney test. Correlations between
LPS-induced IL-6 secretion and anti-CD3-induced IFN-γ secre-
tion and total number of days with cold or flu symptoms was
determined via Spearman’s rank correlation.

For all linear, logistic, and Poisson regression models, potential
confounders (listed in Tables 3 and 4) were selected based on pre-
vious published reports demonstrating a relationship between the
variable of interest (e.g., BMI, vitamin D, zinc, etc.) and immune
outcomes (2, 3, 6, 15–31). Confounding variables varied in dif-
ferent models, and were selected in each model based on their
ability to change the slope of the regression line for the predic-
tor. Briefly, a full model was fitted with either effector function or
incidence and severity of cold or flu infection as the dependent
variable and activation marker expression and all potential con-
founding factors mentioned above as the independent variables
(predictors). Then, the potential confounding factor showing the
smallest contribution to the model was removed, and the percent
change of β for predictor in the current model relative to β in the
full model was calculated. If the change was within ±10%, this
potential confounding factor was deleted from the model. The
potential confounding factors were removed from the model one
by one based on the 10% change criteria until all the variables
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remaining in the model were significant at p≤ 0.05 level or the
percent change of β was beyond ±10% range. Automated back-
ward and stepwise elimination were also performed to determine
which variables remained in the final model. Similar findings were
obtained using all three model-building techniques.

Statistical significance was accepted at the p≤ 0.05 level. All
data were analyzed using Statistical Analysis System (SAS, Version
9.4, Cary, NC, USA). Graphs were plotted using GraphPad Prism
5 (La Jolla, CA, USA).

RESULTS
PARTICIPANT CHARACTERISTICS
Anthropometric measurements, blood pressure, biochemical
characteristics, physical activity, and dietary intake of partici-
pants are presented in Table 1. All 36 participants (25 females
and 11 males) completed the study. The participants were healthy,
young adults (mean age of 28.3± 1.0 years). The average BMI was
24.0± 0.4 kg/m2; 26 (72.2%) participants were normal weight, 9
(25.0%) were overweight, and 1 (2.8%) was obese. Their blood
pressure was normal and waist circumference, fasting blood glu-
cose, insulin, lipids and lipoproteins, and CRP levels were within
the normal range (Table 1). Dietary intake and physical activ-
ity was assessed from self-reported 3-day dietary recall records
and IPAQ responses, respectively. The median daily physical activ-
ity intensity (based on self-reported responses) was estimated
to be 3.1 METs (range 2.4–5.2 METs). The average daily total
calorie intake of participants calculated from 3-day dietary recall
records was estimated to be 2281.0± 130.8 kcal. The daily intake of
macronutrients, vitamins, minerals and n-3 polyunsaturated fatty
acids (n-3 PUFA), caffeine, and alcohol are reported in Table 1.

T-CELL PROLIFERATION AND CYTOKINE SECRETION
T-cell proliferation (Figure 1A), IL-2 (Figure 1B), and IFN-γ
(Figure 1C) secretion in response to 1 µg/ml anti-CD3 antibody
stimulation were measured to determine the effector function of
T cells from participants. The mean T-cell proliferation (reported
as SI) in response to anti-CD3 antibody was 149.40± 19.52
(range 15.04–511.80). The mean IL-2 and IFN-γ production from
anti-CD3-stimulated T cells was 0.37± 0.08 ng/ml (range 0.00–
1.45 ng/ml) and 102.70± 8.09 ng/ml (range 1.35–169.40 ng/ml),
respectively. We observed a large variation in all T-cell effec-
tor functions (proliferation and cytokine secretion). Therefore,
the relationship between T-cell proliferation and cytokine secre-
tion was examined to determine if subjects with greater T-cell
proliferation were those with high IL-2 and IFN-γ production.
T-cell proliferation was significantly correlated with IL-2 secre-
tion (Figure 1D; Spearman r = 0.3751, p= 0.0264), but not with
IFN-γ secretion (Figure 1E; Spearman r = 0.0689, p= 0.6941).

ACTIVATION MARKER EXPRESSION ON UNSTIMULATED T CELLS
The percentage of CD3+CD69+ (Figure 2A) and CD3+CD25+

(Figure 2B) cells, and the mean fluorescence intensity (MFI) of
CD69 and CD25 on double positive cells (Figures 2C,D, respec-
tively) were quantified to determine the activation status of freshly
isolated T cells. Bivariate plots of CD3 vs. CD69 expression are
shown from one representative subject in Figures 2A,B inset
graphs, respectively. The mean percentage of CD3+CD69+ T cells

Table 1 | Demographic characteristics of participantsa.

Characteristics Values (n = 36)

Age (year) 28.3±1.0

Male, n (%) 11 (30.6%)

Body mass index (kg/m2) 24.0±0.4

≤24.9 26 (72.2%)

25.0–29.9 9 (25.0%)

≥30 1 (2.78%)

Waist circumference (cm) 85.2±1.3

Blood pressure (mm Hg)

Systolic 106.3±1.6

Diastolic 72.6±1.1

Glucose (mg/dl) 87.4±1.2

Insulin (mg/dl) 5.2±0.7

CRP (mg/l) 2.5±0.9

Lipids and lipoproteins (mg/dl)

Total cholesterol (TC) 164.7±4.8

LDL cholesterol 92.6±4.3

HDL cholesterol 54.9±1.9

Triglyceride (TG) 85.8±4.8

Physical activity intensity (METs/d)b 3.1 (2.4–5.2)

Dietary intakeb of

Total calories (kcal/day) 2281.0±130.8

Carbohydrate (g/day) 281.1±17.7

Protein (g/day) 88.4±6.1

Fat (g/day) 90.2±6.0

Vitamin C (mg/day) 69.5±10.7

Vitamin D (IU/day) 106.1±29.3

Vitamin E (mg/day) 3.1±0.5

Iron (mg/day) 14.3±1.2

Selenium (µg/day) 40.2±4.4

Zinc (mg/day) 6.0±0.6

n-3 PUFA (g/day) 0.6±0.1

Caffeine (mg/day) 71.3±14.6

Alcohol consumption (g/day) 2.2±0.9

aValues are presented as mean±SEM, or median (range) or n (%) depending on

the variable.
bPhysical activity and dietary intake were assessed from self-reported responses

to IPAQ and 3-day dietary recall records, respectively.

in PBMCs was 9.74± 1.87% (range 0.03–41.92%, Figure 2A),
and the mean percentage of CD3+CD25+ T cells in PBMCs
was 8.97± 1.24% (range 0.92–36.39%, Figure 2B). The MFI of
CD69 on CD3+CD69+ T cells was 13,119± 1878 (range 2546–
39,050), and the average MFI of CD25 on CD3+CD25+ T cells
was 15,791± 2267 (range 4504–60,450). Representative flow his-
tograms of CD69 expression on CD3+CD69+ cells and CD25
expression on CD3+CD25+ cells are shown in Figures 2C,D inset
graphs, respectively.

ACTIVATION MARKER EXPRESSION ON UNSTIMULATED T CELLS WAS
ASSOCIATED WITH T-CELL PROLIFERATION AND CYTOKINE SECRETION
To determine if activation marker expression (CD69 and CD25
expression) on freshly isolated, unstimulated T cells and T-cell
subsets, and other host factors (e.g., age, BMI, physical activity,
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FIGURE 1 | Effector function ofT cells. Proliferation of T cells (A) in
response to anti-CD3 antibody was assessed by tritiated thymidine
[3H] incorporation. Stimulation index (SI) was calculated by dividing
the mean cpm of stimulated T cells (in response to 1 µg/ml
anti-CD3) by the mean cpm of unstimulated cells (in media alone).

Anti-CD3-stimulated IL-2 (B) and IFN-γ (C) secretion from T cells was
measured by ELISA. Data are presented as mean±SEM. T-cell
proliferation was significantly correlated with IL-2 secretion
[(D); Spearman r =0.3751, p= 0.0264], but not with IFN-γ secretion
[(E); Spearman r =0.0689, p=0.6941].

and dietary factors) contribute to the variation in effector func-
tion (e.g., T-cell proliferation and IL-2 and IFN-γ secretion), linear
regression analysis was used. Most of the variables in Table 1
contributed less than 10% to any of the immune outcomes (T-
cell proliferation and IL-2 and IFN-γ secretion) when included
in the model alone (without activation marker expression), with
the exception of age, HDL, and vitamin D which contributed
10.3, 11.0, and 11.3% of the variability in IL-2 secretion (Table 2;
R2
= 10.25; 10.98; and 11.27%, respectively). Also, hs-CRP and vit-

amin D contributed to 11.6 and 12.1% of the variability in IFN-γ
secretion (Table 2; R2

= 11.55 and 12.13%, respectively). How-
ever, the MFI of CD69 on CD3+CD69+ T cells alone accounted
for 29% of the variability in T-cell proliferation (Table 3, model 1,
β= 0.0058, R2

= 29.17%, p= 0.0008). When BMI and the MFI of
CD69 on unstimulated CD3+CD69+ T cells were included in the
model, 45% of the variability in T-cell proliferation was explained
(Table 3, model 2, β= 0.0063, R2

= 44.95%, p< 0.0001). The MFI
of CD25 on unstimulated CD3+CD25+ T cells was also signifi-
cantly associated with T-cell proliferation. The MFI of CD25 on
CD3+CD25+ T cells alone accounted for 16% of the variability in
T-cell proliferation (Table 3, model 1, β= 0.0035, R2

= 15.78%,
p= 0.0181). However, the predicted value of CD25 MFI on
unstimulated CD3+CD25+ T cells was no longer significant when
physical activity, daily intake of vitamin D, selenium, and n-3
PUFA were included in the model (Table 3, model 2, β= 0.0021,
R2
= 36.29%, p= 0.1490). Similar analyses were conducted to

explore the relationship between the MFI of CD69 and CD25
on unstimulated T-cell subsets and T-cell proliferation. Data are
presented in Tables S1 and S2 in Supplementary Material. The R2

of the predictor (activation marker expression) plus the individual
confounding variables included in the models described in Table 3
were examined to compare the relative contribution of each con-
founding variable when the predictor was in the model. BMI
accounted for 16% of the variability in T-cell proliferation when
CD69 MFI on CD3+CD69+ T cells were included in the model
(Table S3 in Supplementary Material; R2

= 15.79%). Dietary sele-
nium intake accounted for 10% of the variability in T-cell prolif-
eration when CD25 MFI on CD3+CD25+ T cells was included in
the model (Table S3 in Supplementary Material; R2

= 10.30%).
The MFI of CD69 on unstimulated CD3+CD69+ T cells was

also significantly associated with IL-2 secretion from anti-CD3-
stimulated T cells. The MFI of CD69 on CD3+CD69+ T cells
accounted for 29% of the variability in IL-2 secretion (Table 3,
model 1, β= 0.0242, R2

= 29.02%, p= 0.0010). When age, phys-
ical activity, daily total calories, vitamin D, and iron intake were
included in the model as confounding factors, 64% of the variabil-
ity in IL-2 secretion was explained (Table 3, model 2, β= 0.0205,
R2
= 64.19%, p= 0.0002). The MFI of CD25 on unstimulated

CD3+CD25+ T cells was also significantly associated with IL-
2 secretion. The MFI of CD25 on freshly isolated, unstimulated
CD3+CD25+ T cells alone accounted for 55% of the variabil-
ity in IL-2 secretion (Table 3, model 1, β= 0.0276, R2

= 55.29%,
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FIGURE 2 | Activation marker expression onT cells. Percentage of
CD3+CD69+ T cells (A) and CD3+CD25+ T cells (B) in total PBMCs, and
the MFI of CD69 on CD3+CD69+ T cells (C) and the MFI of CD25 on
CD3+CD25+ T cells (D) was assessed by flow cytometry. Data are
presented as mean±SEM. Bivariate plots of CD3 vs. CD69 expression

[(A) inset] or CD25 expression [(B) inset] from one representative subject
are shown. Insets of (C,D) show flow histograms of CD69 MFI on
CD3+CD69+ T cells and CD25 MFI on CD3+CD25+ cells from one
representative subject. Dashed lines represent isotype controls and solid
lines represent experimental samples.

p< 0.0001). After controlling for age, daily total calories, vita-
min D, and iron intake as confounding factors, the MFI of CD25
on unstimulated CD3+CD25+ T cells and confounding factors
accounted for 74% of the variability in IL-2 secretion (Table 3,
model 2, β= 0.0209, R2

= 74.00%, p< 0.0001). Similar analyses
were done to explore the relationship between the MFI of CD69
and CD25 on unstimulated T-cell subsets and IL-2 secretion from
anti-CD3-stimulated T cells. Data are presented in Tables S1 and
S2 in Supplementary Material. The R2 of the predictor (activa-
tion marker expression) plus the individual confounding variables
included in the models described in Table 2 were examined to com-
pare the relative contribution of each confounding variable when
the predictor was in the model. None of the individual dietary or
lifestyle variables contributed more than 10% to variability in IL-2
secretion (Table S3 in Supplementary Material).

Unlike the relationship between T-cell activation marker
expression and IL-2 secretion, only the MFI of CD25 on unstim-
ulated CD3+CD25+ cells was associated with IFN-γ secretion
from anti-CD3-stimulated T cells. CD25 MFI on unstimulated
CD3+CD25+ cells alone accounted for 13% of the variability
in IFN-γ secretion (Table 3, model 1, β= 1.2020, R2

= 12.91%,
p= 0.0369). However, the value of CD25 MFI on unstimulated
CD3+CD25+ cells was no longer significant when daily intake of
vitamin C, vitamin D, selenium, and n-3 PUFA were included in
the model as confounding variables (Table 3, model 2, β= 0.9655,
R2
= 31.97%, p= 0.0958). CD69 MFI on CD3+CD69+ T cells

was not associated with IFN-γ secretion before (Table 3, model 1,
β= 0.9298, R2

= 5.28, p= 0.1911) and after adjusting for con-
founding variables (Table 3, model 2, β= 0.7203, R2

= 30.93,
p= 0.4823). Similar analyses were done to explore the relationship
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Table 2 | Contributions of individual variables to immune function and cold or flu incidence and severitya,b,c.

R2 (%) Odds ratio (95% CI) 95% CI

SI IL-2

secretion

IFN-γ

secretion

TNF-α

secretion

IL-6

secretion

Cold or flu incidence Number of days

with cold or flu

Age 1.38 10.25 2.69 0.01 0.35 1.085 (0.867, 1.359) (−0.105, 0.120)

BMI 0.72 0.39 2.70 2.81 0.16 1.085 (0.619, 1.901) (−0.258, 0.240)

Insulin 1.77 3.40 3.24 2.27 0.47 0.789 (0.546, 1.139) (−0.040, 0.191)

CRP 0.31 3.45 11.55 3.19 1.25 0.908 (0.683, 1.208) (−0.021, 0.098)

Serum total cholesterol 6.08 0.07 2.80 0.08 0.17 1.042 (0.989, 1.098) (−0.038, 0.002)

Serum HDL 0.00 10.98 0.15 1.36 1.55 0.950 (0.839, 1.076) (−0.042, 0.052)

PA 7.28 8.71 0.15 0.13 5.55 1.169 (0.141, 9.669) (−1.362, 1.275)

Dietary intake of

Total calories 0.00 3.33 0.02 16.68 9.89 0.998 (0.994, 1.002) (−0.001, 0.001)

Vitamin C 2.97 2.39 1.99 15.48 5.31 1.006 (0.982, 1.031) (−0.009, 0.014)

Vitamin D 1.98 11.27 12.13 8.05 4.67 1.002 (0.992, 1.012) (−0.321, 0.095)

Vitamin E 9.84 0.03 3.13 0.31 1.19 1.440 (0.894, 2.320) (−0.044, 0.013)

Iron 5.53 4.15 4.53 7.63 12.18 1.246 (0.726, 2.141) (−0.171, 0.103)

Selenium 2.49 5.07 3.23 0.28 2.93 1.047 (0.964, 1.137) (−0.044, 0.013)

Zinc 3.19 2.78 3.35 2.60 4.77 0.809 (0.364, 1.799) (−0.361, 0.214)

n-3 PUFA 1.81 0.41 1.44 0.47 5.80 0.013 (0.001, 5.176) (0.029, 2.920)

Caffeine 0.04 0.28 0.17 0.02 1.26 1.015 (0.992, 1.038) (−0.024, 0.005)

Alcohol consumption 0.55 0.01 1.16 1.87 2.73 1.039 (0.824, 1.311) (−0.085, 0.115)

aWaist circumference, glucose, SBP, and DBP were not included because they were collinear with BMI.
bSerum LDL and TG were not included because they were collinear with serum total cholesterol.
cDietary intake of carbohydrates, proteins, and fat were not included because they were collinear with total calorie intake.

Table 3 | Activation marker expression on unstimulated T cells as predictors of T-cell effector function.

CD69 MFI on CD3+CD69+ T cells CD25 MFI on CD3+CD25+ T cells

β R2 (%) Variables in the model p value β R2 (%) Variables in the model p value

Anti-CD3-induced T-cell proliferationa

Model 1 0.0058 29.17 CD69 MFI on CD3+CD69+ T cells 0.0008 0.0035 15.78 CD25 MFI on CD3+CD25+ T cells 0.0181

Model 2 0.0063 44.95 Model 1+BMI <0.0001 0.0021 36.29 Model 1+PA, vitamin D, selenium,

n-3 PUFA

0.1490

Anti-CD3-induced IL-2 secretion from T cells

Model 1 0.0242 29.02 CD69 MFI on CD3+CD69+ T cells 0.0010 0.0276 55.29 CD25 MFI on CD3+CD25+ T cells <0.0001

Model 2 0.0205 64.19 Model 1+ age, PA, total calories, vitamin

D, iron

0.0002 0.0209 74.00 Model 1+ age, PA, total calories,

vitamin D, iron

<0.0001

Anti-CD3-induced IFN-γ secretion from T cells

Model 1 0.9298 5.28 CD69 MFI on CD3+CD69+ T cells 0.1911 1.2020 12.91 CD25 MFI on CD3+CD25+ T cells 0.0369

Model 2 0.7203 30.93 Model 1+ age, BMI, PA, total calories,

vitamin C, D, selenium, zinc, alcohol

0.4823 0.9655 31.97 Model 1+ vitamin C, D, selenium,

n-3 PUFA

0.0958

aT-cell proliferation was evaluated by quantifying tritiated thymidine incorporation following stimulation with anti-CD3 antibodies, and results are reported as a stimulation

index. Stimulation index was calculated by dividing the cpm of the anti-CD3-induced T-cell proliferation by unstimulated T cells.

between the MFI of CD69 and CD25 on unstimulated T-cell sub-
sets and IFN-γ secretion from anti-CD3-stimulated T cells. Data
are presented in Tables S1 and S2 in Supplementary Material. Since
the MFI of CD69 and CD25 alone on T cells was not associ-
ated with IFN-γ secretion, we further examined the relationship
between IFN-γ secretion and other potential immunomodulatory

factors, including age, BMI, physical activity level, daily intake of
total calories, vitamin C, vitamin D, vitamin E, selenium, iron, zinc,
n-3 PUFA, caffeine, and alcohol consumption to determine which
variables significantly impacted IFN-γ secretion. Daily intake of
vitamin D was the only variable that was significantly associated
inversely with IFN-γ secretion. Vitamin D intake contributed to
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FIGURE 3 | LPS-stimulated IL-6 secretion from PBMCs,
anti-CD3-stimulated IFN-γ secretion fromT cells, and self-reported
cold or flu status in human subjects. IL-6 secretion from LPS-stimulated
PBMCs was significantly higher in subjects with self-reported cold or flu
symptoms compared to subjects without cold or flu symptoms
[(A); Mann–Whitney test, p= 0.0471]. IL-6 secretion was not correlated
with number of days with cold or flu symptoms [(C); Spearman r =0.2335,

p=0.2229]. IFN-γ secretion from anti-CD3-stimulated T cells in subjects
with cold or flu symptoms was significantly lower compared to subjects
without cold or flu symptoms [(B); unpaired t -test, p= 0.0376]. T-cell IFN-γ
secretion was inversely associated with total number of days with
self-reported cold or flu symptoms [(D); Spearman r =−0.4989,
p=0.0031]. Asterisk indicates a significant difference from no cold or flu
group (p< 0.05).

12% of the variability in IFN-γ secretion (Table 2, R2
= 12.13; data

not shown, β=−88.4027, p= 0.0470).

CYTOKINE SECRETION AND HLA-DR EXPRESSION ON DCs AND
MACROPHAGES
The percentage of DCs (CD123+CD11c+HLA-DR+) and
macrophages (CD14+HLA-DR+) in PBMCs, and HLA-DR
expression on unstimulated DCs and macrophages were both
quantified. The percentage of DCs in PBMCs was 4.86± 1.12%
(range 0.07–14.18%) and the average MFI of HLA-DR on DCs
was 94,446± 10,084 (range 23,500–255,000; data not shown). The
percentage of macrophages in PBMCs was 14.38± 1.00% (range
3.79–27.22%) and the average MFI of HLA-DR on macrophages
was 46,817± 3528 (range 16,100–111,000; data not shown). TNF-
α and IL-6 secretion from PBMCs in response to 10 µg/ml
LPS stimulation was also measured. The mean TNF-α and IL-6
production from LPS-stimulated PBMCs was 1.16± 0.10 ng/ml
(range 0.33–2.39 ng/ml) and 15.01± 1.15 ng/ml (range 5.55–
25.05 ng/ml), respectively. Of the variables shown in Table 1,
dietary iron contributed to 12.2% of the variability in IL-6
(Table 2; R2

= 12.18%) and total calories and vitamin C con-
tributed to 16.7 and 15.5% of the variability in TNF-α secretion
(Table 2; R2

= 16.68 and 15.48%, respectively). All other variables
contributed to less than 10% of the variability in IL-6 and TNF-α

secretion. HLA-DR expression on DCs and macrophages was not
associated with TNF-α and IL-6 production from LPS-stimulated
DCs and macrophages (data not shown).

CYTOKINE SECRETION WAS ASSOCIATED WITH THE INCIDENCE AND
SEVERITY OF COLD OR FLU SYMPTOMS
Participants (n= 34) completed a URTI questionnaire at their
clinical visit. According to their self-reported cold or flu inci-
dence, 17 participants had one or more cold or flu episodes in the
past month. The association between activation marker expression
(CD69 and CD25); T-cell proliferation; T-cell cytokine secre-
tion (IL-2 and IFN-γ); HLA-DR expression on antigen-presenting
cells; cytokine secretion (TNF-α and IL-6) from LPS-stimulated
PBMCs, and self-reported cold and flu incidence or severity was
examined by logistic and Poisson regression, respectively. No
association was observed between activation marker expression,
T-cell proliferation, HLA-DR expression on antigen-presenting
cells, and TNF-α secretion from LPS-stimulated PBMCs and cold
and flu incidence and severity (data not shown). However, IL-6
secretion from LPS-stimulated PBMCs was significantly higher
in participants with self-reported cold or flu symptoms com-
pared to participants without cold or flu symptoms in the past
month (Figure 3A, p= 0.0471). The average concentration of IL-
6 secretion from LPS-stimulated PBMCs of participants without
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Table 4 | Cytokine secretion as predictors of self-reported cold or flu incidence and severity.

LPS-induced IL-6 secretion from PBMCs Anti-CD3-induced IFN-γ secretion fromT cells

β Odds ratio (95% CI) Variables in the model p value β Odds ratio (95% CI) Variables in the model p value

Incidence of cold or flu episode in the past montha,b

Model 1 −0.1471 0.863 (0.749, 0.994) IL-6 secretion 0.0414 0.0141 1.014 (0.997, 1.032) IFN-γ secretion 0.1019

Model 2 −0.2392 0.787 (0.632, 0.980) Model 1+ total calories,

vitamin C, iron, zinc

0.0325 0.0556 1.057 (0.986, 1.133) Model 1+ age, BMI,

vitamin D, iron, zinc, n-3

PUFA, alcohol, caffeine

0.1158

β 95% CI Variables in the model p value β 95% CI Variables in the model p value

Total number of days with cold or flu symptoms in the past monthc

Model 1 0.0252 −0.042, 0.092 IL-6 secretion 0.4609 −0.0138 −0.022, −0.006 IFN-γ secretion 0.0005

Model 2 0.0801 −0.018, 0.178 Model 1+ total calories,

iron, zinc

0.1105 −0.0153 −0.021, −0.009 Model 1+ vitamin C, zinc,

alcohol, caffeine

<0.0001

aLogistic regression model is fitted to determine the relationship between IL-6 or IFN-γ secretion and incidence of cold or flu in the past month.
bNo cold or flu episode in the past month= 0, presence of a cold or flu episode in the past month=1. Probability modeled is no cold or flu episode in the past month.
cPoisson regression model is fitted to determine the relationship between IL-6 or IFN-γ secretion and total number of days with cold or flu symptoms in the past

month.

self-reported cold or flu episodes was 12.17± 1.34 ng/ml and the
concentration of IL-6 secretion from participants with cold or
flu episodes was 17.00± 1.64 ng/ml. IL-6 secretion was associated
with the incidence of cold or flu episodes before [Table 4, model
1, β=−0.1471, odds ratio (OR)= 0.863, 95% CI= (0.749, 0.994),
p= 0.0414] and after incorporating daily intake of total calories,
vitamin C, iron, and zinc as confounding variables in the model
[Table 4, model 2, β=−0.2392, OR= 0.787, 95% CI= (0.632,
0.980), p= 0.0325]. However, IL-6 secretion was not associated
with the total number of days with self-reported cold or flu
symptoms before [Figure 3C, Spearman r = 0.2335, p= 0.2229;
and Table 4, model 1, β= 0.0252, 95% CI= (−0.042, 0.092),
p= 0.4609] and after incorporating daily intake of total calo-
ries, vitamin D, iron, and zinc as confounding variables in the
model [Table 4, model 2, β= 0.0801, 95% CI= (−0.018, 0.178),
p= 0.1105].

In contrast to IL-6 secretion, IFN-γ secretion from anti-CD3-
stimulated T cells was significantly lower in participants with
self-reported cold or flu symptoms compared to participants with-
out these symptoms in the past month (Figure 3B, p= 0.0376).
The average concentration of IFN-γ secretion from anti-CD3-
stimulated T cells of participants without self-reported cold or
flu episodes was 119.30± 10.45 ng/ml and the concentration of
IFN-γ secretion from participants with cold or flu episodes was
84.19± 12.45 ng/ml. IFN-γ secretion was not associated with the
self-reported incidence of cold or flu episodes alone [Table 4,
model 1, β= 0.0141, OR= 1.014, 95% CI= (0.997, 1.032),
p= 0.1019], or after incorporating confounding variables (age,
BMI, daily intake of vitamin D, iron, zinc, n-3 PUFA, caffeine, and
alcohol consumption) in the model [Table 4, model 2, β= 0.0556,
OR= 1.057, 95% CI= (0.983, 1.133), p= 0.1158]. However, IFN-
γ secretion was inversely correlated with total number of days
with self-reported cold or flu symptoms (Figure 3D, Spear-
man r =−0.4989, p= 0.0031). IFN-γ secretion was significantly

associated with total number of days with cold or flu symptoms
[Table 4, model 1, β=−0.0138, 95% CI= (−0.022, −0.006),
p= 0.0005]. After incorporating daily intake of vitamin C, zinc,
caffeine, and alcohol consumption as confounding variables in
the model, IFN-γ secretion was also significantly associated with
total number of days with cold or flu symptoms [Table 4, model 2,
β=−0.0153, 95% CI= (−0.021,−0.009), p< 0.0001]. The con-
tributions of the predictor (cytokine secretion) and individual
confounding variables in the regression models with cold or flu
incidence and severity as dependent variables are included as Table
S4 in Supplementary Material. Individual variables contributed a
small amount to the model (e.g., prediction of cold or flu incidence
or total number of days with cold symptoms). However, cytokine
secretion better predicted the incidence or severity of cold of flu
when dietary factors were included in the models.

DISCUSSION
To our knowledge, this study provides the first documentation that
expression of activation markers on freshly isolated, unstimulated
T cells is associated with effector function of activated T cells from
healthy human subjects. Flow cytometric analysis of CD69 and
CD25 expression on unstimulated T cells and T-cell subsets was
significantly correlated with anti-CD3-stimulated T-cell prolifera-
tive response and IL-2 secretion. However, neither CD69 nor CD25
expression was associated with IFN-γ secretion. These data sug-
gest that CD69 and CD25 expression on unstimulated T cells may
be a useful predictor of T-cell effector function following stimu-
lation. Furthermore, host factors (e.g., age, BMI, physical activity,
total calories, and select dietary factors) contribute significantly
to the relationship between activation marker expression and T-
cell effector function. Our study is also the first to demonstrate
that LPS-stimulated IL-6 secretion from PBMCs and anti-CD3-
induced IFN-γ secretion from T cells were significantly associated
with self-reported incidence and severity of cold or flu in the past
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month, respectively. These findings demonstrate the incidence and
severity of cold or flu symptoms captured via the URTI question-
naire were accompanied by relevant immunological changes. This
relationship was also strengthened by the inclusion of host factors
in the model. Collectively, these data suggest lifestyle and dietary
factors are important variables that contribute to the immune
response and should be included in human clinical trials assessing
immune endpoints.

Few clinical studies have examined T-cell proliferation and IL-
2 and IFN-γ secretion in response to anti-CD3 stimulation in
young healthy adults. Results from our study demonstrate that
among this population, T-cell effector function varied greatly, with
some individuals demonstrating robust T-cell effector responses,
and others not. To determine if these individuals with high T-
cell proliferation also had high cytokine secretion, we examined
the correlation between T-cell proliferation and IL-2 and IFN-γ
secretion. T-cell proliferation was significantly correlated with IL-2
secretion but not IFN-γ secretion. These results are not surprising
given the essentiality of IL-2 for T-cell proliferation (32). Previous
reports have demonstrated a positive association between IFN-γ
secretion and T-cell proliferation (33), however, in our popula-
tion, this was not the case. This may be due to the fact that PBMCs
rather than purified T cells were used in the IFN-γ secretion assay.
Although T cells are the major sources of IFN-γ secretion, the
secretion of IFN-γ by other immune cells (e.g., B cells, nature killer
cells) may minimize the association between IFN-γ secretion and
T-cell proliferation (34). The limited sample size (n= 36) in our
study may also partly explain the inconsistency between our results
and previous studies.

In addition to the heterogeneity in T-cell effector responses,
we observed that activation marker expression on T cells also var-
ied greatly among subjects. Stimulation of T cells by antigens or
mitogens induces upregulation of CD69 within 4 h, and CD25
between 24 and 48 h following T-cell activation, which in turn
triggers downstream signaling pathways that initiates prolifera-
tion and differentiation of T cells (32, 35–38). Several previous
studies have reported that CD69 or CD25 expression on antigen-
or mitogen-stimulated T cells is up-regulated in parallel with
T-cell proliferation (determined by [3H] thymidine incorpora-
tion) (39–41). However, these results are not consistent across
all studies (39–41). Results vary based on the different types of
stimuli (antigen or mitogen) and the length of the assay (39–41).
Simms et al. reported that anti-CD3 or staphylococcal entero-
toxin (SEB)-induced T-cell proliferation 72 h post stimulation is
correlated with the percentage of CD69+ T cells 24 h following
stimulation (39). Similar results are observed by Maino and col-
leagues, who found that the percentage of CD3+CD69+T cells
4 h post activation was correlated with PBMC proliferation fol-
lowing stimulation with anti-CD2 receptor antibodies for 72 h
(40). However, there was no correlation between the percentage
of CD69+ or CD25+ T cells and T-cell proliferation induced by
various other stimuli [phytohemagglutinin (PHA), SEB, tetanus
toxoid, or influenza A virus] for longer time periods (72, 120, 168,
and 168 h, respectively) (41). Thus, the nature of mitogenic or
antigenic stimuli and the time course of activation influence the
relationship between activation marker expression on T cells and

proliferative response of T cells. These studies suggest that quan-
tification of CD69 and CD25 expression on stimulated T cells may
not be a consistent marker of T-cell proliferative capacity because
the variability in assay conditions confounds this relationship.

To determine if the activation marker expression on freshly iso-
lated, unstimulated T cells was predictive of T-cell proliferation,
we used linear regression analyses using the expression of CD69
or CD25 (MFI of CD69 on CD3+CD69+ or MFI of CD25 on
CD3+CD25+) on unstimulated T cells as the independent vari-
able (predictor) and anti-CD3-induced T-cell proliferation as the
dependent variable (outcome). The MFI of CD69 on unstim-
ulated CD3+CD69+ T-cell contributed significantly (29.2%) to
the variability in T-cell proliferation (Table 3). To further explain
the heterogeneity in T-cell proliferation, we included other host
variables in the model that have previously been reported to mod-
ulate T-cell proliferation such as age, BMI, total calories, and select
dietary factors (5, 19, 20). The final model included both the MFI
of CD69 on CD3+CD69+ T cells and BMI, and these two variables
explained 45% of the variability in T-cell proliferation. Our data
demonstrate that CD69 MFI on unstimulated CD3+CD69+ T
cells was predictive of T-cell proliferation in response to anti-CD3
stimulation in young healthy adults. Numerous studies report a co-
stimulatory role of CD69 in T-cell proliferation (32, 35–38, 42).
Crosslinking CD69 with antibodies enhances human T-cell pro-
liferation induced by phorbol myristate acetate (PMA), PHA, or
anti-CD3 antibody (35–38, 42). Thus, baseline differences in CD69
expression may contribute to differences in T-cell proliferation via
varying amounts of co-stimulation. Moreover, we found that the
BMI of subjects contributed to the heterogeneity of T-cell prolif-
eration, and confounds the association between CD69 expression
and T-cell proliferation. Therefore, BMI should be quantified and
controlled for in studies quantifying T-cell proliferation.

The MFI of CD25 on unstimulated CD3+CD25+ T-cell also
contributed significantly (16%) to the variability in T-cell pro-
liferation (Table 3). These results are consistent with previous
studies which demonstrate a co-stimulatory role of CD25 in T-
cell proliferation (32). However, in our study, the MFI of CD25
on CD3+CD25+ T cells was no longer associated with T-cell pro-
liferation after incorporating physical activity and daily intake of
selenium, vitamin D, and n-3 PUFA as confounding variables in
our model (3, 18, 21–25). These data suggest that CD25 MFI
may only be marginally predictive of T-cell proliferation, but
other lifestyle and dietary patterns may contribute significantly
to T-cell proliferative responses. Similar analyses using activation
marker expression on unstimulated CD4+ and CD8+ T-cell sub-
sets as predictors find consistent results, which confirm our current
observations (Tables S1 and S2 in Supplementary Material).

Similar linear regression analyses were performed to explore
the association between CD69 and CD25 expression on unstimu-
lated T cells and anti-CD3-induced IL-2 secretion from T cells.
The MFI of CD69 on unstimulated CD3+CD69+ T-cell con-
tributed significantly (29%) to the variability in IL-2 secretion
(Table 3). To further explain the heterogeneity in IL-2 secretion
from activated T cells, we included several confounding variables
in the model that have previously been reported to modulate IL-2
secretion (3, 16, 18, 19, 21, 22, 26–31). The final model included
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both the MFI of CD69 on CD3+CD69+ T cells and age, physi-
cal activity, and daily intake of total calories, vitamin D, and iron.
Combined, these variables explained 64% of the variability in IL-2
secretion. Our observations are consistent with previous studies,
which report that crosslinking CD69 with anti-CD69 antibodies
enhance human IL-2 secretion following T-cell activation induced
by PMA, PHA, or anti-CD3 antibody (35–38, 42). However, our
findings are novel because we demonstrate that individual lifestyle
and dietary variables contribute a small amount to IL-2 secretion.
However, these variables significantly improved the predictive rela-
tionship between CD69 expression and IL-2 secretion suggesting
that host factors are important variables to quantify in clinical
studies assessing T-cell function.

Similarly, the MFI of CD25 on unstimulated CD3+CD25+

T-cell contributed significantly (55%) to the variability in IL-2
secretion (Table 3). In our final model, we controlled for age,
physical activity, and daily intake of total calories, vitamin D, and
iron, and the MFI of CD25 on unstimulated CD3+CD25+ T cells
and together these variables contributed significantly (74%) to
the variability in IL-2 secretion. Our findings are not surpris-
ing given the autocrine loop formed between CD25 expression
and IL-2 secretion during T-cell activation (32). Similar analy-
ses using activation marker expression on unstimulated CD4+

and CD8+ T-cell subsets as predictors found consistent results,
which confirmed our current observations (Tables S1 and S2 in
Supplementary Material). Our data suggest that the MFI of CD25
on unstimulated CD3+CD25+ T cells could serve as predictor of
IL-2 secretion from T cells in response to anti-CD3 stimulation
in young healthy adults. In addition, we found that host factors
including age, physical activity, daily intake of total calories, vita-
min D, and iron of subjects contributed to the association between
the MFI of CD25 on unstimulated CD3+CD25+ T cells and IL-2
secretion.

Unlike IL-2 secretion, we did not observe an association
between anti-CD3-induced IFN-γ secretion from T cells and the
MFI of CD69 on unstimulated CD3+CD69+ T cells either alone,
or after controlling for host factors that have previously been
reported to modulate T-cell IFN-γ secretion (22–25, 30, 31). How-
ever, the MFI of CD25 on unstimulated CD3+CD25+ T cells
contributed significantly (13%) to the variability in IFN-γ secre-
tion (Table 3). Previous studies demonstrate that the interaction
of IL-2 with CD25 (α chain of the IL-2 receptor) induces T cells to
secrete IFN-γ (32, 33). These data support the association between
MFI of CD25 alone and IFN-γ secretion. However, in our study the
association between CD25 MFI on unstimulated CD3+CD25+ T
cells and IFN-γ secretion was no longer significant after controlling
for daily intake of selenium, vitamin C, vitamin D, and n-3 PUFA
suggesting that these dietary factors significantly influence IFN-γ
response in human T cells (22–25, 30, 31). In fact, of the afore-
mentioned dietary variables, vitamin D intake contributed to 12%
of the variability in IFN-γ secretion, and daily intake of vitamin
D was inversely associated with IFN-γ secretion. This finding is in
agreement with previous studies, which report that vitamin D (25-
hydroxyvitamin D) and 1,25 dihydroxyvitamin D3, the active form
of vitamin D, inhibit IFN-γ secretion from mitogen-stimulated T
cells in humans and mice (24). Results from our study suggest that
activation marker expression (either CD69 or CD25) on freshly

isolated, unstimulated T cells was not strongly predictive of IFN-
γ secretion from activated T cells. Moreover, dietary and lifestyle
factors (in particular vitamin D status) contributed significantly to
the variability in IFN-γ secretion. Thus, the relationship between
dietary and lifestyle factors and IFN-γ secretion needs to be exam-
ined in a larger study to confirm these findings and to determine
the magnitude of the relationship. Similar analyses using activa-
tion marker expression on unstimulated CD4+ and CD8+ T-cell
subsets as predictors found consistent results (Tables S1 and S2 in
Supplementary Material).

To determine if the incidence and severity of cold or flu symp-
toms captured via the self-reported URTI questionnaire is accom-
panied by relevant immunological changes, we used two analytical
strategies. First, we performed logistic regression analysis using
IL-6 secretion from LPS-stimulated PBMCs as the independent
variable (predictor) and incidence of cold or flu episodes as the
dependent variable (outcome). Next, we ran Poisson regression
analysis using IL-6 secretion from LPS-stimulated PBMCs as the
independent variable (predictor) and total number of days with
cold or flu symptoms as the dependent variable (outcome). From
these two approaches, we found that IL-6 secretion was higher
in participants with self-reported cold or flu episodes compared
to participants without cold or flu episodes, and was significantly
associated with cold or flu incidence in the past month (Figure 3;
Table 4). IL-6 secretion remained significantly associated with
incidence of cold or flu after incorporating total calories, vita-
min C, iron, and zinc in the model (Table 4). However, we did
not observe an association between total number of days with
cold or flu symptoms and IL-6 secretion alone and with the addi-
tion of confounding variables (daily intake of total calories, iron,
and zinc). Our findings suggest that IL-6 secretion from LPS-
stimulated PBMCs was associated with the incidence of cold or flu
episodes, but was not related to the severity of cold or flu symp-
toms captured via self-reported URTI questionnaire. In addition,
we found that when dietary factors (total calories, vitamin C, iron,
and zinc) were included in the model, the association between IL-
6 secretion and the incidence of cold or flu symptoms in young
healthy adults was strengthened.

Previous studies report elevated levels of IL-6 during cold or
flu infection as a result of ongoing inflammation (43–45). The
release of IL-6 during cold or flu is also critical in coordinating the
innate and adaptive immune responses for efficient clearance of
infection (45). The heterogeneity in IL-6 secretion from PBMCs
in response to LPS stimulation may be attributable to genetic and
environmental factors (46, 47). Previous studies demonstrate an
association between polymorphisms in the gene encoding IL-6
(G/C polymorphism was detected at position-174) and secreted
level of IL-6 following stimulation. In particular, homozygos-
ity of IL-6-174C allele is associated with reduced transcription
and secretion of IL-6 in human plasma (48) and with decreased
frequency of the common cold (46). Therefore, the heterogene-
ity in LPS-stimulated IL-6 secretion from PBMCs observed in
our study may be due to polymorphisms in the gene encoding
IL-6, as well as environmental factors (e.g., BMI, dietary intake,
and physical activity), which contribute to the difference in IL-
6 secretion between participants with and without self-reported
cold or flu.

www.frontiersin.org March 2015 | Volume 6 | Article 94 | 11

http://www.frontiersin.org
http://www.frontiersin.org/Nutritional_Immunology/archive


Meng et al. Cytokine production predicts cold/flu status

Similar logistic and Poisson regression analyses were also per-
formed to determine if the incidence and severity of cold or flu
symptoms captured via the self-reported URTI questionnaire is
accompanied by IFN-γ secretion from anti-CD3-stimulated T
cells. The incidence of cold or flu was not associated with IFN-
γ secretion alone or following inclusion of age, BMI, daily intake
of vitamin D, iron, zinc, n-3 PUFA, caffeine, and alcohol con-
sumption in the model (Table 4). However, IFN-γ secretion from
anti-CD3-stimulated T cells was significantly associated with total
number of days with cold or flu symptoms alone and with the
addition of daily intake of vitamin C, zinc, caffeine, and alco-
hol consumption (Table 4). Our results suggest that the severity
but not the incidence of cold or flu symptoms assessed via the
self-reported URTI questionnaire was accompanied by changes
in IFN-γ secretion from anti-CD3-stimulated T cells in healthy
young adults. We also observed that the association between IFN-γ
secretion and severity of cold or flu symptoms was confounded by
daily intake of vitamin C, zinc, caffeine, and alcohol consumption,
suggesting that these dietary components impact this relationship.

Interferon-gamma production has been reported to play an
important role in the immune response against numerous viral
infections (47, 49). Thus, individuals who have lower IFN-γ pro-
duction may be more susceptible to infection with influenza virus
or rhinoviruses causing the common cold. The heterogeneity in
IFN-γ secretion following T-cell activation that we observed may
also be attributable to genetic and environmental factors (46, 47).
For example, a single nucleotide polymorphism (SNP) in IFN-γ
gene has been studied extensively and is presented as polymor-
phism +874 A/T. Results from a meta-analysis demonstrate that
the variant allele +874 A is correlated with lower levels of IFN-
γ production and increased risk of Mycobacterium tuberculosis
infection (50). It is plausible that individuals carrying the +874A
allele may be susceptible to other infections, including influenza
infection. Thus, IFN-γ gene polymorphisms may contribute to
the differences in IFN-γ secretion between individuals with and
without cold or flu episodes and the association between IFN-γ
secretion and incidence and severity of cold or flu symptoms in
our study. However, Becker et al. reported no association between
common cold frequency and CD2-induced IFN-γ secretion from
T cells in adults 45–65 years old (49). Previous studies demonstrate
an age-related reduction in the synthesis and secretion of IFN-γ
from PBMCs (26, 27). Thus, age may also impact the relationship
between cold and flu incidence and IFN-γ secretion.

In summary, we demonstrated that expression of CD69 and
CD25 expression on freshly isolated, unstimulated T cells was sig-
nificantly associated with anti-CD3-stimulated T-cell proliferation
and IL-2 secretion. We also found that IL-6 secretion from LPS-
stimulated PBMCs was associated with self-reported incidence of
cold or flu episodes, and IFN-γ secretion from T cells was asso-
ciated with self-reported severity of cold or flu symptoms in the
past month. Our data suggest that the incidence and severity of
cold or flu symptoms captured via the URTI questionnaire was
accompanied by relevant immunological changes. In addition, we
demonstrated that host-related factors, including age, BMI, phys-
ical activity, total calorie intake, and various dietary components
contributed to heterogeneity in T-cell function and incidence and
severity of cold or flu infection. These factors also confounded

the association between activation marker expression on T cells
and T-cell effector function, and the association between innate
and adaptive immune response and incidence and severity of
cold or flu symptoms. Therefore, quantification of dietary fac-
tors in human clinical trials measuring immune function may
be crucial to understanding the variability in immune responses
among subjects, and to determine the true relationship between
an intervention of interest and immune outcomes.

ACKNOWLEDGMENTS
Authors thank the participants for their engagement, and Drs. Ali-
son Gernand and Laura Murray-Kolb for their advice on statistical
methodology. This research was supported by a grant from The
Dairy Research Institute. Graduate Research Fellowships were pro-
vided through the Departments of Food Science and Nutritional
Sciences at The Pennsylvania State University.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at
http://www.frontiersin.org/Journal/10.3389/fimmu.2015.00094/
abstract

REFERENCES
1. Calder PC, Kew S. The immune system: a target for functional foods? Br J Nutr

(2002) 88(Suppl 2):S165–77. doi:10.1079/BJN2002682
2. Linton PJ, Dorshkind K. Age-related changes in lymphocyte development and

function. Nat Immunol (2004) 5(2):133–9. doi:10.1038/ni1033
3. Pedersen BK, Hoffman-Goetz L. Exercise and the immune system: regulation,

integration, and adaptation. Physiol Rev (2000) 80(3):1055–81.
4. Schuurs AH, Verheul HA. Effects of gender and sex steroids on the immune

response. J Steroid Biochem (1990) 35(2):157–72. doi:10.1016/0022-4731(90)
90270-3

5. Albers R, Antoine JM, Bourdet-Sicard R, Calder PC, Gleeson M, Lesourd B,
et al. Markers to measure immunomodulation in human nutrition intervention
studies. Br J Nutr (2005) 94(3):452–81. doi:10.1079/BJN20051469

6. MacGregor RR. Alcohol and immune defense. JAMA (1986) 256(11):1474–9.
doi:10.1001/jama.256.11.1474

7. Yaqoob P, Newsholme EA, Calder PC. Comparison of cytokine production in
cultures of whole human blood and purified mononuclear cells. Cytokine (1999)
11(8):600–5. doi:10.1006/cyto.1998.0471

8. Turner RB. Epidemiology, pathogenesis, and treatment of the common cold.
Ann Allergy Asthma Immunol (1997) 78(6):531–9. doi:10.1016/S1081-1206(10)
63213-9

9. Cieslak TJ, Frost G, Klentrou P. Effects of physical activity, body fat, and sali-
vary cortisol on mucosal immunity in children. J Appl Physiol (1985) (2003)
95(6):2315–20. doi:10.1152/japplphysiol.00400.2003

10. Klentrou P, Cieslak T, MacNeil M, Vintinner A, Plyley M. Effect of moderate
exercise on salivary immunoglobulin A and infection risk in humans. Eur J Appl
Physiol (2002) 87(2):153–8. doi:10.1007/s00421-002-0609-1

11. Gleeson M, Bishop N, Oliveira M, McCauley T, Tauler P, Muhamad AS. Respi-
ratory infection risk in athletes: association with antigen-stimulated IL-10 pro-
duction and salivary IgA secretion. Scand J Med Sci Sports (2012) 22(3):410–7.
doi:10.1111/j.1600-0838.2010.01272.x

12. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo JL Jr, et al.
The seventh report of the joint national committee on prevention, detection,
evaluation, and treatment of high blood pressure: the JNC 7 report. JAMA
(2003) 289(19):2560–72. doi:10.1001/jama.289.19.2560

13. Bouchard C, Tremblay A, Leblanc C, Lortie G, Savard R, Theriault G. A method
to assess energy expenditure in children and adults. Am J Clin Nutr (1983)
37(3):461–7.

14. Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration of
low-density lipoprotein cholesterol in plasma, without use of the preparative
ultracentrifuge. Clin Chem (1972) 18(6):499–502.

15. Calder PC, Jackson AA. Undernutrition, infection and immune function. Nutr
Res Rev (2000) 13(1):3–29. doi:10.1079/095442200108728981

Frontiers in Immunology | Nutritional Immunology March 2015 | Volume 6 | Article 94 | 12

http://www.frontiersin.org/Journal/10.3389/fimmu.2015.00094/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2015.00094/abstract
http://dx.doi.org/10.1079/BJN2002682
http://dx.doi.org/10.1038/ni1033
http://dx.doi.org/10.1016/0022-4731(90)90270-3
http://dx.doi.org/10.1016/0022-4731(90)90270-3
http://dx.doi.org/10.1079/BJN20051469
http://dx.doi.org/10.1001/jama.256.11.1474
http://dx.doi.org/10.1006/cyto.1998.0471
http://dx.doi.org/10.1016/S1081-1206(10)63213-9
http://dx.doi.org/10.1016/S1081-1206(10)63213-9
http://dx.doi.org/10.1152/japplphysiol.00400.2003
http://dx.doi.org/10.1007/s00421-002-0609-1
http://dx.doi.org/10.1111/j.1600-0838.2010.01272.x
http://dx.doi.org/10.1001/jama.289.19.2560
http://dx.doi.org/10.1079/095442200108728981
http://www.frontiersin.org/Nutritional_Immunology
http://www.frontiersin.org/Nutritional_Immunology/archive


Meng et al. Cytokine production predicts cold/flu status

16. Nieman DC. Exercise, upper respiratory tract infection, and the immune system.
Med Sci Sports Exerc (1994) 26(2):128–39. doi:10.1249/00005768-199402000-
00002

17. Cox AJ, Gleeson M, Pyne DB, Callister R, Hopkins WG, Fricker PA. Clinical
and laboratory evaluation of upper respiratory symptoms in elite athletes. Clin
J Sport Med (2008) 18(5):438–45. doi:10.1097/JSM.0b013e318181e501

18. Nieman DC, Nehlsen-Cannarella SL, Markoff PA, Balk-Lamberton AJ, Yang
H, Chritton DB, et al. The effects of moderate exercise training on natural
killer cells and acute upper respiratory tract infections. Int J Sports Med (1990)
11(6):467–73. doi:10.1055/s-2007-1024839

19. Scrimshaw NS, SanGiovanni JP. Synergism of nutrition, infection, and immu-
nity: an overview. Am J Clin Nutr (1997) 66(2):464S–77S.

20. Dandona P, Aljada A, Bandyopadhyay A. Inflammation: the link between
insulin resistance, obesity and diabetes. Trends Immunol (2004) 25(1):4–7.
doi:10.1016/j.it.2003.10.013

21. Chubak J, McTiernan A, Sorensen B, Wener MH, Yasui Y, Velasquez M,
et al. Moderate-intensity exercise reduces the incidence of colds among post-
menopausal women. Am J Med (2006) 119(11):937–42. doi:10.1016/j.amjmed.
2006.06.033

22. Maggini S, Wintergerst ES, Beveridge S, Hornig DH. Selected vitamins and trace
elements support immune function by strengthening epithelial barriers and cel-
lular and humoral immune responses. Br J Nutr (2007) 98(Suppl 1):S29–35.
doi:10.1017/S0007114507832971

23. Ferencik M, Ebringer L. Modulatory effects of selenium and zinc on the immune
system. Folia Microbiol (Praha) (2003) 48(3):417–26. doi:10.1007/BF02931378

24. Cantorna MT, Waddell A. The vitamin D receptor turns off chronically activated
T cells. Ann N Y Acad Sci (2014) 1317:70–5. doi:10.1111/nyas.12408

25. Calder PC. n-3 fatty acids, inflammation and immunity: new mechanisms
to explain old actions. Proc Nutr Soc (2013) 72(3):326–36. doi:10.1017/
S0029665113001031

26. Abb J, Abb H, Deinhardt F. Age-related decline of human interferon alpha and
interferon gamma production. Blut (1984) 48(5):285–9.

27. Kovaiou RD, Herndler-Brandstetter D, Grubeck-Loebenstein B. Age-related
changes in immunity: implications for vaccination in the elderly. Expert Rev
Mol Med (2007) 9(3):1–17. doi:10.1017/S1462399407000221

28. Hance KW, Rogers CJ, Hursting SD, Greiner JW. Combination of physical activ-
ity, nutrition, or other metabolic factors and vaccine response. Front Biosci
(2007) 12:4997–5029. doi:10.2741/2444

29. Rogers CJ, Berrigan D, Zaharoff DA, Hance KW, Patel AC, Perkins SN, et al.
Energy restriction and exercise differentially enhance components of systemic
and mucosal immunity in mice. J Nutr (2008) 138(1):115–22.

30. Weiss G. Iron and immunity: a double-edged sword. Eur J Clin Invest (2002)
32(Suppl 1):70–8. doi:10.1046/j.1365-2362.2002.0320s1070.x

31. Sun YY, Ma AG, Yang F, Zhang FZ, Luo YB, Jiang DC, et al. A combination
of iron and retinol supplementation benefits iron status, IL-2 level and lym-
phocyte proliferation in anemic pregnant women. Asia Pac J Clin Nutr (2010)
19(4):513–9.

32. Kuziel WA, Greene WC. Interleukin-2 and the IL-2 receptor: new insights
into structure and function. J Invest Dermatol (1990) 94(6 Suppl):27S–32S.
doi:10.1111/1523-1747.ep12875017

33. Kasahara T, Hooks JJ, Dougherty SF, Oppenheim JJ. Interleukin 2-mediated
immune interferon (IFN-gamma) production by human T cells and T cell sub-
sets. J Immunol (1983) 130(4):1784–9.

34. Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-gamma: an overview
of signals, mechanisms and functions. J Leukoc Biol (2004) 75(2):163–89.
doi:10.1189/jlb.0603252

35. Cebrian M, Yague E, Rincon M, Lopez-Botet M, de Landazuri MO, Sanchez-
Madrid F. Triggering of T cell proliferation through AIM, an activation inducer
molecule expressed on activated human lymphocytes. J Exp Med (1988)
168(5):1621–37. doi:10.1084/jem.168.5.1621

36. Nakamura S, Sung SS, Bjorndahl JM, Fu SM. Human T cell activation. IV. T
cell activation and proliferation via the early activation antigen EA 1. J Exp Med
(1989) 169(3):677–89. doi:10.1084/jem.169.3.677

37. Risso A, Cosulich ME, Rubartelli A, Mazza MR, Bargellesi A. MLR3 molecule is
an activation antigen shared by human B, T lymphocytes and T cell precursors.
Eur J Immunol (1989) 19(2):323–8. doi:10.1002/eji.1830190216

38. Testi R, Phillips JH, Lanier LL. T cell activation via Leu-23 (CD69). J Immunol
(1989) 143(4):1123–8.

39. Simms PE, Ellis TM. Utility of flow cytometric detection of CD69 expression as
a rapid method for determining poly- and oligoclonal lymphocyte activation.
Clin Diagn Lab Immunol (1996) 3(3):301–4.

40. Maino VC, Suni MA, Ruitenberg JJ. Rapid flow cytometric method for measur-
ing lymphocyte subset activation. Cytometry (1995) 20(2):127–33. doi:10.1002/
cyto.990200205

41. Caruso A, Licenziati S, Corulli M, Canaris AD, De Francesco MA, Fioren-
tini S, et al. Flow cytometric analysis of activation markers on stimulated
T cells and their correlation with cell proliferation. Cytometry (1997) 27(1):
71–6. doi:10.1002/(SICI)1097-0320(19970101)27:1<71::AID-CYTO9>3.0.
CO;2-O

42. Alari-Pahissa E, Notario L, Lorente E, Vega-Ramos J, Justel A, Lopez D, et al.
CD69 does not affect the extent of T cell priming. PLoS One (2012) 7(10):e48593.
doi:10.1371/journal.pone.0048593

43. Kishimoto T. IL-6: from its discovery to clinical applications. Int Immunol (2010)
22(5):347–52. doi:10.1093/intimm/dxq030

44. Scheller J, Chalaris A, Schmidt-Arras D, Rose-John S. The pro- and anti-
inflammatory properties of the cytokine interleukin-6. Biochim Biophys Acta
(2011) 1813(5):878–88. doi:10.1016/j.bbamcr.2011.01.034

45. Hussell T, Goulding J. Structured regulation of inflammation during respira-
tory viral infection. Lancet Infect Dis (2010) 10(5):360–6. doi:10.1016/S1473-
3099(10)70067-0

46. Nieters A, Brems S, Becker N. Cross-sectional study on cytokine polymor-
phisms, cytokine production after T-cell stimulation and clinical parameters
in a random sample of a German population. Hum Genet (2001) 108(3):241–8.
doi:10.1007/s004390100464

47. Ramshaw IA, Ramsay AJ, Karupiah G, Rolph MS, Mahalingam S, Ruby JC.
Cytokines and immunity to viral infections. Immunol Rev (1997) 159:119–35.
doi:10.1111/j.1600-065X.1997.tb01011.x

48. Fishman D, Faulds G, Jeffery R, Mohamed-Ali V, Yudkin JS, Humphries S,
et al. The effect of novel polymorphisms in the interleukin-6 (IL-6) gene on
IL-6 transcription and plasma IL-6 levels, and an association with systemic-
onset juvenile chronic arthritis. J Clin Invest (1998) 102(7):1369–76. doi:10.
1172/JCI2629

49. Becker N, Krause G, Rensch K, Meuer SC. Epidemiologic investigation of
serum levels of the soluble forms of CD25, CD54 and CD58, and T cell
responsiveness after stimulation via the CD2-dependent pathway in a ran-
dom sample of the general population. Immunobiology (1996) 195(1):47–60.
doi:10.1016/S0171-2985(96)80005-2

50. de Albuquerque AC, Rocha LQ, de Morais Batista AH, Teixeira AB, Dos Santos
DB, Nogueira NA. Association of polymorphism +874 A/T of interferon-gamma
and susceptibility to the development of tuberculosis: meta-analysis. Eur J Clin
Microbiol Infect Dis (2012) 31(11):2887–95. doi:10.1007/s10096-012-1660-4

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 05 January 2015; accepted: 18 February 2015; published online: 04 March
2015.
Citation: Meng H, Lee Y, Ba Z, Fleming JA, Furumoto EJ, Roberts RF, Kris-Etherton
PM and Rogers CJ (2015) In vitro production of IL-6 and IFN-γ is influenced by
dietary variables and predicts upper respiratory tract infection incidence and severity
respectively in young adults. Front. Immunol. 6:94. doi: 10.3389/fimmu.2015.00094
This article was submitted to Nutritional Immunology, a section of the journal Frontiers
in Immunology.
Copyright © 2015 Meng , Lee, Ba, Fleming , Furumoto, Roberts, Kris-Etherton and
Rogers. This is an open-access article distributed under the terms of the Creative Com-
mons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) or licensor are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

www.frontiersin.org March 2015 | Volume 6 | Article 94 | 13

http://dx.doi.org/10.1249/00005768-199402000-00002
http://dx.doi.org/10.1249/00005768-199402000-00002
http://dx.doi.org/10.1097/JSM.0b013e318181e501
http://dx.doi.org/10.1055/s-2007-1024839
http://dx.doi.org/10.1016/j.it.2003.10.013
http://dx.doi.org/10.1016/j.amjmed.2006.06.033
http://dx.doi.org/10.1016/j.amjmed.2006.06.033
http://dx.doi.org/10.1017/S0007114507832971
http://dx.doi.org/10.1007/BF02931378
http://dx.doi.org/10.1111/nyas.12408
http://dx.doi.org/10.1017/S0029665113001031
http://dx.doi.org/10.1017/S0029665113001031
http://dx.doi.org/10.1017/S1462399407000221
http://dx.doi.org/10.2741/2444
http://dx.doi.org/10.1046/j.1365-2362.2002.0320s1070.x
http://dx.doi.org/10.1111/1523-1747.ep12875017
http://dx.doi.org/10.1189/jlb.0603252
http://dx.doi.org/10.1084/jem.168.5.1621
http://dx.doi.org/10.1084/jem.169.3.677
http://dx.doi.org/10.1002/eji.1830190216
http://dx.doi.org/10.1002/cyto.990200205
http://dx.doi.org/10.1002/cyto.990200205
http://dx.doi.org/10.1002/(SICI)1097-0320(19970101)27:1<71::AID-CYTO9>3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1097-0320(19970101)27:1<71::AID-CYTO9>3.0.CO;2-O
http://dx.doi.org/10.1371/journal.pone.0048593
http://dx.doi.org/10.1093/intimm/dxq030
http://dx.doi.org/10.1016/j.bbamcr.2011.01.034
http://dx.doi.org/10.1016/S1473-3099(10)70067-0
http://dx.doi.org/10.1016/S1473-3099(10)70067-0
http://dx.doi.org/10.1007/s004390100464
http://dx.doi.org/10.1111/j.1600-065X.1997.tb01011.x
http://dx.doi.org/10.1172/JCI2629
http://dx.doi.org/10.1172/JCI2629
http://dx.doi.org/10.1016/S0171-2985(96)80005-2
http://dx.doi.org/10.1007/s10096-012-1660-4
http://dx.doi.org/10.3389/fimmu.2015.00094
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org
http://www.frontiersin.org/Nutritional_Immunology/archive

	In vitro production of IL-6 and IFN-γ is influenced by dietary variables and predicts upper respiratory tract infection incidence and severity respectively in young adults
	Introduction
	Materials and methods
	Participants
	Recruitment and screening
	Diet assessment
	Physical activity assessment
	Upper respiratory tract infection questionnaire
	Blood sample collection and immunological assays
	Serum markers
	Isolation of immune cells
	Lymphocyte proliferation assay
	Cytokine secretion assays
	Flow cytometric analyses

	Statistical analyses

	Results
	Participant characteristics
	T-cell proliferation and cytokine secretion
	Activation marker expression on unstimulated T cells
	Activation marker expression on unstimulated T cells was associated with T-cell proliferation and cytokine secretion
	Cytokine secretion and HLA-DR expression on DCs and macrophages
	Cytokine secretion was associated with the incidence and severity of cold or flu symptoms

	Discussion
	Acknowledgments
	Supplementary material
	References


