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To determine the effect of feeding formula containing long-chain PUFA (LCP) on immune function, healthy term infants were randomised at age

2 weeks to either a standard term formula (Formula; n 14) or the same formula supplemented with the LCP 20 : 4n-6 and 22 : 6n-3 (Formula þ

LCP; n 16). Peripheral blood was collected at 2 and 6 weeks to measure immune cell response (the rate of [3H]thymidine uptake and cytokine

production after stimulation with phytohaemagglutinin (PHA)). Compared with cells from infants receiving only human milk (HM), the rate of

[3H]thymidine uptake in response to PHA, but not IL-2 production, was lower for Formula þ LCP infants (P,0·05). Compared with HM-fed

infants, Formula-fed infants (but not Formula þ LCP infants) produced more TNF-a (unstimulated) and had a fewer CD3þCD44þ cells before

stimulation and fewer CD11cþ cells post-stimulation (P,0·05). However, compared with Formula-fed infants, the Formula þ LCP infants had

an immune cell distribution (higher percentage CD3þCD44þ and CD4þCD28þ cells) and cytokine profile (lower production of TNF-a post-stimu-

lation) that did not differ from HM infants. Additionally, it was found that feeding infants formula during the first 10 d of life influenced immune

function. These infants had a higher percentage of CD3þ, CD4þCD28þ, and lower percentage of CD14þ cells and produced more TNF-a and

interferon-g after PHA stimulation than HM-fed infants (P,0·05). These results demonstrate that early diet influences both the presence of specific

cell types and function of infant blood immune cells. Since many diseases have a strong immunological component, these immune changes may be

of physiological importance to the developing infant.

Immunity: Cytokines: Lymphocytes: Mitogens: Development

Many changes in the composition and function of immune
cells in both the acquired and innate immune system during
the first year of life contribute to the many differences in
immunity reported between infants and adults1 – 3. Imbalances
in effector cell responses may also have an impact on child-
hood diseases such as atopy and autoimmune disorders4.
The exact timing of these changes and the factors that
influence them have not been established. Neonatal immune
development is influenced throughout gestation by maternal
immunity5, as well as after birth through consumption of
breast milk6. Human milk contains numerous components,
including cytokines and chemokines, that protect the infant
against infections. Human milk also contains a number of
immune active ingredients that can promote immune matu-
ration6. A better understanding of the effect of diet on
immune events during early infancy is necessary in order to
ensure that the infants not fed breast milk develop healthy
immune systems.

Human milk contains biologically important quantities of
long-chain PUFA (LCP), arachidonic acid (AA) and DHA

as well as their precursors, 18 : 2n-6 and 18 : 3n-3. Animal
studies have clearly demonstrated that the content of LCP,
and/or the n-6 : n-3 fatty acids ratio, in the diet modulate T
cell functions such as the ability to proliferate and produce
cytokines in response to mitogen or antigen stimulation7 – 12.
In the preterm infant we have demonstrated that adding AA
and DHA to infant formula results in a T cell maturation
state and cytokine response that is closer to the breast-fed
infant13. The importance of consuming AA and DHA on
immune function in the full-term infant has not been estab-
lished. Most information on maturation of the immune
system relies on immunophenotyping of blood lymphocytes
where significant phenotypic differences between T cells of
neonates, children and adults suggest a gradual development
of cell-mediated immunological defence mechanisms1 – 3.
T cells and their secreted products play a central role in
orchestrating the immune response. T-helper (Th) cells are
divided into two major subsets termed Th1 and Th2, based
on the pattern of cytokines they produce. Th1 cells produce
high levels of IL-2 and interferon (IFN)-g but no IL-4 or
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IL-5 (Th1 cytokine pattern) and predominantly promote cell-
mediating immune responses. In contrast, the Th2 cells
produce IL-4 and IL-5 but not IFN-g (Th2 cytokine pattern)
and induce humoral immune responses. Although considerable
evidence indicates that cytokine responses are involved in
immunological responses and disease pathogenesis, few
studies have examined normal cytokine production profiles
after an immune challenge during the neonatal period.

The present study was conducted to assess the influence of
feeding infant formula containing LCP on the ability of
peripheral blood lymphocytes from healthy term infants to
proliferate and produce cytokines in response to a T cell poly-
clonal mitogen. The response was compared with immune
cells from a similar group of infants fed the same formula
but without LCP and with immune cells from a group of
infants exclusively fed human milk.

Experimental methods

Subject inclusion criteria

Mothers (from the Regional Program for Newborn Services,
Edmonton, Alberta, Canada) who had chosen to exclusively
feed their infants with commercial formula before age 14 d
were approached to enter the study. If they consented (n 30),
they were randomised to receive either a standard term
infant formula (Formula; n 14) or the same formula sup-
plemented with the long-chain fatty acids AA (20 : 4n-6) and
DHA (22 : 6n-3) (Formula þ LCP; n 16). The mothers and
the investigators were blinded to what formula they received.
A group of infants (n 16) who were exclusively fed human
milk (HM; n 16) from birth were included for comparison.
Laboratory staff that performed the immune analysis were
blinded to all three groups. Inclusion criteria for all infants sti-
pulated that by age 14 d infants were receiving 100 % of their
intake by mouth from human milk or commercial infant for-
mula and that infants were healthy with birth weight, length
and head circumference between the 10th and 90th percentile
for gestational age, according to the National Center for
Health Statistics growth charts14. Infants with major congeni-
tal malformations, documented systemic or congenital
infection, significant neonatal morbidity, diagnosed maternal
autoimmune disorders, acute illness precluding oral feedings,
or conditions requiring infant feedings other than standard
formula or human milk were excluded from the study. None
of the infants had received corticosteroids, erythrocyte or
plasma transfusions, or intravenous lipid emulsions before
entering the study. Infants were enrolled into the study
between age 7 and 14 d. The first blood sample was collected
before infants were consuming the experimental formula
(7–14 d) and was designated as age 2 weeks. The average
age of entry into the study (2-week blood sample collected)
was 11·8 ^ 2·2 d for the HM, 10·2 ^ 3·0 d for the Formula
and 9·7 ^ 2·8 d for the Formula þ LCP groups. The formula-
fed infants had been fed one of several commercially available
infant formulas (none of which contained LCP) before
randomisation to their assigned study formula.

Diet treatments

The commercial formula fed was S-26w and S-26 Goldw

(Wyeth Nutrition, Philadelphia, PA, USA), which differs

from S-26 only by the addition of AA (0·34 %, w/w) and
DHA (0·2 %, w/w) from single-cell TAG (Martek Biosciences
Corp., Baltimore, MD, USA). The fat was present in both
formula as TAG and the fatty acid composition of the two
formulas is presented Table 1.

Ethical considerations

The present study was approved by the Research Ethics Com-
mittee of the Faculty of Medicine, University of Alberta, and
the Special Services and Research Committee of the Capital
Health Authority. Informed written consent was obtained
from one parent of each infant participating in the study.

Study population, anthropometric and blood measures

Infant weight (g), length (cm) and head circumference (cm)
were measured at study entry (designated as 2 weeks) and
after 4 weeks in the study (designated as age 6 weeks).
A 2 ml blood sample was drawn by venepuncture from
each infant at study entry and after 4 weeks of feeding
(age 42 ^ 4 d). Standard blood chemistry and haematological
measures were obtained, including packed cell volume, Hb,
leucocyte count and differential, and mean corpuscular
volume. Plasma phospholipid PUFA concentration was
determined as previously described in detail15.

Immune measures

Peripheral mononuclear cells were isolated and purified on a
Ficoll density gradient of Histopaque 1077 (Sigma Chemical
Co., St Louis, MO, USA) as previously described13. Lympho-
cytes were re-suspended in RPMI 1640 (defined later) sup-
plemented with 40 g/l (5 %, v/v) heat-inactivated human
serum (Gibco Life Technologies, Burlington, ON, Canada).
Cells were counted using a haemocytometer. Cell viability,
determined using trypan blue exclusion (in media without
added protein), was greater than 98 % for all groups. Due to
the number of samples and the amount of blood required,
not all assays could always be performed on every infant’s

Table 1. Fatty acid composition of infant formulas (% (w/w)
total fatty acids)*

Fatty acid Formula (unsupplemented) Formula þ LCP

8 : 0 1·9 2·0
10 : 0 1·6 1·7
12 : 0 11·9 12·5
14 : 0 5·9 6·3
16 : 0 13·8 14·1
16 : 1 1·5 1·2
18 : 0 7·9 8·5
18 : 1 33·5 33·5
18 : 2n-6 16·2 16·2
18 : 3n-3 2·3 1·9
20 : 4n-6 0 0·34
22 : 6n-3 0 0·20

LCP, long-chain PUFA.
* Fatty acids that comprised less than 1 % of total fat (with the exception
of 20 : 4n-6 and 22 : 6n-3) have not been show but make up the remain-
ing proportion of fatty acids.
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blood sample. The number of infants used is indicated with
each mean presented in the results section.

Phenotyping of peripheral blood mononuclear lymphocytes.
Immune cell subsets were identified by flow cytometry in
whole blood with labelled monoclonal antibodies (mAb), as
previously described13. The anti-human mouse mAb, pur-
chased from Sigma Chemical Co. (St Louis, MO, USA) or
BD Pharmingen (Mississauga, ON, Canada), labelled with
fluorescein isothiocyanate (FITC), R-phycoerythrin (PE),
biotin or quantum red were used: CD3-biotin (pan T cells),
CD4-FITC (Th/inducer cells), CD8-PE (T cytotoxic/suppres-
sor cells), CD45RO-FITC (antigen-exposed T cells, B cells,
granulocytes and monocytes), CD45RA-quantum-red (anti-
gen-naive T cells, natural killer cells, B cells), CD14-FITC
(monocytes), CD20-FITC (all B cells except plasma cells),
CD16-PE (natural killer cells and macrophages), CD28-
FITC (co-stimulatory molecule for T cell activation) and
CD44-PE (H-CAM on leucocytes, erythrocytes, platelets).
Antibodies labelled with biotin were incubated an additional
30 min with strep-avidin quantum red as the colour conjugate.
Once labelled, cells were washed and fixed in paraformalde-
hyde (10 g/l in PBS with sodium azide as a preservative)
and all samples were acquired (within 3 d) on the same flow
cytometer (FACScane; Becton Dickinson, Sunnyvale, CA,
USA). Flow cytometry analysis (10 000 cells per mAb com-
bination) was performed on the gated mononuclear cell
population which was set to exclude any remaining erythro-
cytes. Appropriate isotype controls (Sigma Chemical Co.)
were used for each labelled mAb and were corrected for
background fluorescence (,1 %). Using combinations of
two colour (two antibody) dot plots the proportion of single-
and double-labelled cells for each antibody combination was
determined by setting gates (vertical and horizontal) to
separate the cells that stained positive or negative for the
antibodies.

Estimation of lymphocyte proliferation. Lymphocytes
(1 £ 106 cells/ml) were cultured for 48 h in ninety-six-well
micro-titre plates with or without L-phytohaemagglutinin
(PHA; 5mg/ml; Sigma Chemical Co.) as previously
described16. Preliminary studies confirmed that optimum
proliferative activity was achieved by 48 h (data not shown).
Each well was pulsed with 0·037 MBq of [3H]thymidine
(Amersham/Pharmacia Biotech, Montreal, PQ, Canada) 18 h
before harvesting the cells. All assays were performed in
triplicate and stimulation indices were calculated for each con-
dition as: amount of [3H]thymidine (disintegrations per min)
incorporated by cells in the presence of PHA/amount of
[3H]thymidine (disintegrations per min) incorporated by cells
in the absence of PHA.

Cytokine production by isolated peripheral blood cells

Isolated lymphocytes (1 £ 106 cells/ml each) were cultured in
duplicate in 1 ml complete culture medium and incubated
for 48 h with or without PHA (5mg/ml)13. Complete culture
medium consisted of RPMI 1640 supplemented with
(final concentration of each of the ingredients in parentheses)
L-glutamine (300 mg/l; Gibco Life Technologies, Burlington,
ON, Canada), human serum type AB (4 %, v/v; Sigma Chemi-
cal Co.), N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic
acid (HEPES) buffer (25 mM; Gibco Life Technologies),

2-mercaptoethanol (2·5mmol/ml) and antibiotic–antimycotic
saline solution (100mg/ml) containing penicillin G sulfate
(10 000 U/ml), streptomycin sulfate (10 000mg/ml) and
amphotericin B (25mg/ml) (all from Gibco Life Technol-
ogies). After incubation, tubes were centrifuged at 200 g at
48C for 10 min to pellet cells (used for phenotyping). The
supernatant fraction was collected and stored at 2708C for
subsequent cytokine analysis. The concentrations of IL-2,
IL-4, IL-6, IL-10, IL-12, IFN-g, TNF-a and transforming
growth factor-b were determined using ELISA kits (OptEIA
set; BD Pharmingen, Mississauga, ON, Canada) following
the manufacturer’s instructions. All kits were standardised,
optimised and tested for sample range (using fetal calf
serum (10 %, v/v) in PBS as an assay diluent) and parallelism
(pooled sample serial dilutions slope of curve r . 0·980) in
order to ensure a sample reproducibility or inter-assay varia-
bility of ,15 %. All samples were performed in duplicate
(intra-assay variability ,10 %) and when necessary were
diluted with assay diluent to fall within the linear detection
range of the standard curve (7·8–500 pg/ml) for all cytokines
with the exception of IL-6 (where we used a standard range of
19–600 pg/ml and results corrected to ng/ml). Tetramethyl-
benzidine (BD Pharmingen) was used as the ELISA substrate
and the reaction stopped by adding 2 M-H2SO4. Absorbance
was read at 450 nm on a Spectra Max 190w plate reader
(Molecular Devices, Sunnyvale, CA, USA).

Post-culture and stimulation phenotyping

After removal of the supernatant fraction, the cells in the
remaining pellet were phenotyped and analysed as described
earlier for whole blood. The following additional mAb
(purchased from Sigma Chemical Company or BD Pharmin-
gen) were used in the post-culture analysis: CD20-FITC
(B cells), CD54-PE (ICAM-1), CD80-biotin (B cell subset
co-stimulatory signal to T cells), CD16-FITC (natural killer
cells and macrophages), CD11c-PE (b2 leucocyte integrins
found on monocytes, granulocytes and macrophages),
CD11b-biotin (granulocytes, monocytes, natural killer cells
and macrophages), CD14-FITC (monocytes), CD8-PE
(T cytotoxic/suppressor cells) and CD4-biotin (Th/inducer
cells). Analysis (1000–10 000 cells per mAb combination)
was performed on the gated lymphocyte population as
described for whole blood earlier. Appropriate isotype
controls (Sigma) were used for each labelled mAb and
resultant percentages were corrected for each subject’s
background fluorescence (,1 %).

Statistical analysis

Based on an earlier feeding study of preterm infants13, the
sample size for each group was calculated to be sufficient to
establish statistical differences in IL-2 production after PHA
stimulation. As the 2-week (baseline) value was collected
before the infants being randomised to the two formula
groups, we anticipated that there would be no statistical differ-
ences in baseline measures among the formula-fed infants.
However, despite randomisation, differences occurred in
some of the initial phenotypes between formula groups.
Differences between diet and age (including changes
between 2 and 6 weeks) were identified using a mixed-model
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repeated-measures ANOVA17 and significant differences
between groups identified by least-square means. Unless a
difference (P,0·05) was found between the infant randomised
to each formula, the value at 2 weeks (baseline) for the two
formula groups was combined to determine differences
between infants that had been fed exclusively human milk
to those that had been exposed to formula at 2 weeks. For
the measures (production of IL-4, IL-6 and IL-12 after PHA
stimulation) that were not normally distributed, data were
log transformed (and normal distribution confirmed) before
statistical analysis. All data are expressed as mean values
and standard deviations. All statistical analysis was
performed using SAS (version 8; SAS Institute Inc., Cary,
NC, USA).

Results

Anthropometric measures, recorded adverse events, blood
chemistry and plasma polyunsaturated fatty acid
concentration

There was no significant difference among diet groups in
weight, length or head circumference at either age 2 or 6
weeks (Table 2). All infants tolerated the diets and there
was no difference among groups in the incidence of minor
adverse effects (gas, spit-ups, cramps, vomiting and mucus
or blood in stools) that were reported and defined by the
mothers. Blood chemistry results indicated that all values
were within normal ranges for healthy term infants at both 2
and 6 weeks of age and did not differ among diet groups
(data not shown). At age 6 weeks the HM infants had a signifi-
cantly lower concentration of 18 : 2n-6 than either the Formula
or the Formula þ LCP group (Table 2). The Formula þ LCP
group had a higher (P,0·001) plasma concentration of
22 : 6n-3 than the Formula group but similar to the HM
infants (Table 3).

Total and differential leucocyte counts

At study entry (age #2 weeks) there was a lower proportion
of blood eosinophils in formula-fed infants compared with
HM-fed infants (3·4 (SD 1·9) % (n 28) v. 6·0 (SD 2·3) %
(n 15); P,0·05). This was the only difference in the differen-
tial leucocyte count between the groups and this difference
disappeared at age 6 weeks. At 6 weeks, the percentage
lymphocytes in peripheral blood was lower (70 (SD 4) %
(n 15) v. 74 (SD 7) % (n 15); P,0·05) and percentage neutro-
phils higher (17 (SD 3) % (n 15) v. 14 (SD 6) % (n 15);
P,0·05) for the Formula þ LCP infants compared with the
HM-fed infants. There was no difference in these two
measures between formula groups. For all infants (n 46),
there was a significant decrease (P,0·05) in the mean total
leucocyte (12·7 (SD 2·7) £ 109/l v. 9·5 (SD 2·3) £ 109/l), neu-
trophil (3·2 (SD 1·2) £ 109/l v. 1·4 (SD 0·6) £ 109/l), monocyte
(1·3 (SD 0·6) £ 109/l v. 0·7 (SD 0·3) £ 109/l) and lymphocyte
(7·4 (SD 2·0) £ 109/l v. 6·9 (SD 1·8) £ 109/l) concentrations
in peripheral blood at 6 weeks compared with age 2 weeks.

Mononuclear cell phenotypes pre-culture

Diet effects at age 2 weeks and the effect of age on periph-
eral blood phenotypes. At age 2 weeks, there were small
but significant differences in the proportion of cell types
between formula-fed and HM-fed infants. Compared with
HM-fed infants, formula-fed infants had a higher proportion
of CD3þ cells, CD4þ cells that expressed CD28, and a
lower proportion of CD14þ cells (P,0·05; Table 4). Despite
the randomisation process, at age 2 weeks, babies randomised
to the Formula þ LCP group, compared with the Formula
group and the HM group, had a significantly higher pro-
portion of CD8þ cells, CD8þ cells expressing CD28þ and
CD8þ cells that were CD45RAþ. The proportion of all
these cell types decreased at 6 weeks; however, all but the

Table 2. Body weight and length of infants at birth, age 2 weeks and age 6 weeks

(Mean values and standard deviations)

Dietary group. . . HM (n 16) Formula (n 14) Formula þ LCP (n 16)

Variable Mean SD Mean SD Mean SD

Males (n) 6 3 7
Females (n) 10 11 9
Gestational age at birth (weeks) 39 1 39 2 40 1
Weight (g)
Birth 3690 536 3508 696 3638 595
2 weeks 3814 464 3628 598 3774 570
6 weeks 5045* 516 4901* 590 5076* 646
Weight gain (g)
2–6 weeks 1231 321 1273 344 1302 362
Length (cm)
Birth 52 3 51 3 51 2
2 weeks 53a 2 51b 2 52a,b 2
6 weeks 58* 3 56* 2 56* 2
Head circumference (cm)
Birth 35·0 1·6 34·8 1·9 35·2 1·3
2 weeks 36·6 1·1 35·9 1·4 36·1 1·0
6 weeks 38·9* 1·2 38·6* 1·1 38·4* 1·4

HM, human milk; Formula, unsupplemented infant formula; Formula þ LCP, formula supplemented with long-chain PUFA.
a,b Mean values within a row with unlike superscript letters are significantly different (P,0·05).
* Mean value, within a group, is significantly different from that at 2 weeks of age (P,0·001).
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proportion of CD8þCD45RAþ cells remained significantly
higher than that of HM-fed infants at 6 weeks (Table 4).
Compared with the Formula group at age 6 weeks, the
Formula þ LCP group had a higher proportion of CD3þ

cells, CD3þ cells expressing CD44, and CD4þ cells and
CD8þ cells expressing CD28 and proportionately fewer
CD20þ cells (P,0·05; Table 4). The proportion of B cells
increased for all groups with age (P,0·05). For both the For-
mula and Formula þ LCP group, but not the HM group,
there was a significant increase in the relative proportion of

CD3þ cells (P,0·05). For the Formula but not the HM or
Formula þ LCP groups there was a significant decrease in
the relative percentage of CD3þCD44þ cells in blood
(P,0·05).
Effect of diet at age 6 weeks on peripheral blood

phenotypes. Compared with the Formula group the pro-
portion of CD3þ (total, CD28þ and CD44þ) cells were signifi-
cantly higher and the proportion of B cells significantly lower
in infants fed Formula þ LCP but these did not different from
HM-fed infants (Table 4).

Table 3. Plasma phospholipid fatty acid concentration

(Mean values and standard deviations)

Dietary group. . . HM (n 16) Formula (n 14) Formula þ LCP (n 15)

Fatty acid (mg/ml) Mean SD Mean SD Mean SD

18 : 2n-6 125a 43 169b 38 160b 44
18 : 3n-3 1·5 0·5 1·6 0·8 1·5 0·5
20 : 4n-6 58 24 40 15 56 27
20 : 5n-3 1·4 0·6 3·8 7·0 1·6 0·8
22 : 6n-3 15a,b 8 11b 6 21a 12

HM, human milk; Formula, unsupplemented infant formula; Formula þ LCP, formula supplemented with long-chain PUFA.
a,b Mean values within a row with unlike superscript letters are significantly different (P,0.05).

Table 4. Peripheral blood cell phenotypes at 2 and 6 weeks of age (percentage of total cells)

(Mean values and standard deviations)

Dietary group. . . HM Formula Formula þ LCP

Immune cell phenotype Age (weeks) n Mean SD n Mean SD n Mean SD Statistical analysis of diet: P†

Significant effect of diet
CD3þT cells 2 15 80a 6 30 84b‡ 5

6 16 79a,b 6 11 75b* 6 15 81a* 5 0·013
CD3þCD44þ 2 15 78 6 30 81 7

6 15 81a 8 11 66b* 10 14 80a 6 ,0·0001
CD4þCD28þ 2 16 55a 11 28 61b 9

6 15 55a,b 9 11 52b 8 15 59a 7 0·032
CD8þT suppressor cells 2 16 20a 4 14 21a 3 16 26b 5

6 16 19a 3 11 20a,b 6 16 22b* 4 0·004
CD8þCD28þ 2 15 14a 2 13 14a 4 16 19b 6

6 15 13a 3 10 13a 3 16 16b* 4 0·002
CD8þCD45RAþ 2 16 20a 6 13 21a 3 15 25b 5

6 16 18 4 11 19 5 16 21* 4 0·027
CD20þB cells 2 16 9 5 30 7 4

6 16 18a,b* 8 10 23b* 5 15 15a* 5 0·043
CD14þ 2 3 2·8a 4·2 22 0·4b 0·3

6 5 5·3a 11 12 1·3b 1·6 12 0·4b 0·4 0·022
No effect of age or diet
CD4þT-helper cells 2 15 59 9 29 61 7

6 16 58 11 11 56 6 16 60 7 0·297
CD4þCD45RAþ 2 7 53 7 24 55 8

6 7 50 6 11 50 9 12 50 13 0·915
CD4þCD45ROþ 2 16 1·0 0·8 25 1·7 1·4

6 16 1·4 1·0 11 1·5 0·8 12 2·1 2·6 0·075
CD8þCD45ROþ 2 16 0·4 0·3 28 0·3 0·3

6 16 0·7 0·8 11 0·4 0·5 16 0·3 0·3 0·164
CD16þ cells 2 16 17 7 29 13 7

6 16 12* 6 11 13 10 16 12 9 0·773

HM, human milk; Formula, unsupplemented infant formula; Formula þ LCP, formula supplemented with long-chain PUFA.
a,b Mean values within a row with unlike superscript letters are significantly different (P,0·05).
* Mean value, within a group, is significantly different from that at 2 weeks of age (P,0·05).
† Differences between diet and age were identified using a mixed-model repeated-measures ANOVA. The P value presented represents the effect of diet.
‡ Unless indicated, at 2 weeks (baseline) there were no significant differences between the infants allocated to the formula groups; therefore values for all formula-fed infants

were combined and are presented as one mean.
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Lymphocyte response to in vitro stimulation with
L-phytohaemagglutinin

Response in the absence of mitogens. Although there was no
difference in the rate of [3H]thymidine uptake by isolated lym-
phocytes in the absence of mitogen, the rate significantly
decreased (P,0·005) with age in all diet groups (Fig. 1
(A)). At 2 weeks, both formula groups produced more
(P,0·05) TNF-a than HM-fed infants but by 6 weeks the
amount produced by Formula þ LCP-fed infants was not
significantly different from HM-fed infants (Table 5).
A lower rate of production of IL-6 was observed in all
groups with age (P,0·05; Table 5). There was no detectable
production of IL-2, IFN-g, IL-4, IL-10, IL-12 or transforming
growth factor-b in the culture media of the unstimulated cells
after 48 h in culture at either 2 or 6 weeks.
Estimation of proliferation. The response to PHA (stimu-

lation index) was not different among groups at 2 weeks and
increased (P,0·05) with age for all groups (Fig. 1 (A) and

Fig. 1 (B)). However, the response at 6 weeks was signifi-
cantly lower for the Formula þ LCP group, compared with
HM-fed infants (Fig. 1 (B)).

Production of cytokines in response to stimulation. At age
2 weeks, the production of TNF-a and IFN-g was higher in
PHA-stimulated supernatant fractions from formula-fed
infants than HM-fed infants (Table 5). As the infants in the
Formula group produced more TNF-a in the absence of mito-
gens at 2 weeks, a corrected production was also determined
that accounted for the amount produced in the absence of
mitogens (data not shown). Even after correcting for unstimu-
lated production, cells from the infants in the two formula
groups produced more TNF-a at 2 weeks when stimulated
with PHA than HM-fed infants. At 6 weeks, both formula
groups produced more IFN-g than the HM group. Infants
fed the Formula produced more TNF-a than the Formula þ

LCP group, which did not differ from the amount produced
by HM-fed infants (Table 5).

Phenotypes of cells remaining in culture after stimulation.
Compared with HM-fed infants, at 2 weeks there was a
higher proportion of CD4þ and a lower proportion of
CD11cþ cells and at 6 weeks there was a higher proportion
of CD4þ cells and a lower proportion of CD16þCD11cþ

cells after PHA stimulation for infants fed either formula
(P,0·05; Table 6).

Discussion

The present study demonstrates that diet during the first 6
weeks of life influences both the presence of specific cell
types in peripheral blood and their ability to produce cytokines
in response to a polyclonal T cell mitogen. More specifically,
feeding a formula containing LCP between 2 and 6 weeks of
age significantly influenced functional indices of peripheral
immune cells at age 6 weeks as summarised in Fig. 2 (B).
Cells from infants fed the Formula þ LCP incorporated less
[3H]thymidine (assessed by a stimulation index) after stimu-
lation than the HM-fed infants. Plant lectins such as PHA
are commonly used to mimic microbial superantigens, and
are measured using a number of parameters, including the
rate of [3H]thymidine uptake, production of cytokines and
expression of activation markers. One possible contribution
to the lower response by the LCP-fed infants might have
been the higher proportion of CD8þ (CD8þCD28þ) suppres-
sor/cytotoxic cells in peripheral blood at 2 weeks in the infants
randomised to the LCP group. Although this possibility can
not be completely eliminated, it is probably not the sole expla-
nation for the lower proliferative response by cells from this
group. Our findings are consistent with the adult human and
animal literature where feeding DHA (although at higher
levels than used in the present study) are reported to reduce
the rate of mitogen-stimulated [3H]thymidine incorpor-
ation7,18,19. Although the absence of this response in vitro is
associated with significant immunosuppression (anergy) in
vivo20, there is limited information on what a lower response
might mean in vivo. In young mice, a lower in vitro pro-
liferative response after feeding DHA or EPA was not found
to significantly compromise in vivo immune potential21. In
support of this, the production of IL-2 after PHA stimulation
did not differ among groups, suggesting cellular function was
not compromised. Additionally, the [3H]thymidine uptake

Fig. 1. Responses of peripheral blood lymphocytes from infants fed human

milk (HM; B), unsupplemented infant formula (Formula; A) or infant formula

supplemented with long-chain PUFA (Formula þ LCP; ) to phytohaemag-

glutinin (PHA) stimulation. (A) Amount of [3H]thymidine (disintegrations per

min; dpm) incorporated during the last 18 h of a 48 h culture without mitogen.

(B) Stimulation index calculated during the last 18 h of a 48 h culture with

PHA (amount of [3H]thymidine (dpm) incorporated by cells in the presence of

PHA/amount of [3H]thymidine (dpm) incorporated by cells in the absence of

PHA). Values are means for fifteen HM-fed infants, thirteen Formula-fed

infants and fifteen Formula þ LCP infants, with standard errors represented

by vertical bars. a,b At a given age, mean values with unlike letters are signifi-

cantly different (P,0·05). * For each diet group, mean value was significantly

different from that at 2 weeks (P,0·05).
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response was not significantly different between the two
formula groups.

Cytokine production and the expression of activation
markers on cells have been suggested as an alternative, and

perhaps more physiologically relevant, assessment of the abil-
ity of cells to respond to stimulation. At 6 weeks both cytokine
production (TNF-a) and the type of cells post-PHA stimu-
lation in infants fed Formula þ LCP were more similar to

Table 6. Post-culture peripheral blood cell phenotypes at 2 and 6 weeks of age by dietary group after 48 h stimulation with phytohaemagglutinin (PHA)
(percentage of live cells remaining in culture)†

(Mean values and standard deviations)

Dietary group. . . HM Formula Formula þ LCP

Immune cell phenotype‡ Age (weeks) n Mean SD n Mean SD n Mean SD Statistical analysis of diet: P§

Significant effect of diet at 6 weeks
CD4þ T-helper cells 2 13 15a 8 21 23b 10

6 12 16a 11 13 25b 13 10 30b 16 0·005
CD8þ T-suppressor cells 2 12 30a 10 9 32a 12 14 44b 10

6 13 27a,b 10 12 25a 12 10 34b* 14 0·003
CD11cþ 2 14 54a 14 24 36b 14

6 14 41a* 12 14 25b 17 12 32a,b 16 0·0001
CD16þCD11cþ 2 14 28 13 22 24 12

6 13 24a 11 13 14b 10 12 14b* 12 0·008
Significant effect of age
CD20þ 2 11 6 3 24 8 6

6 11 11* 6 12 16* 11 14 14* 11 0·340
CD20þCD54þ 2 11 4 3 18 4 5

6 11 8 5 10 16* 12 14 12* 11 0·406

Formula, unsupplemented infant formula; Formula þ LCP, infant formula supplemented with long-chain PUFA; HM, human milk.
a,b Mean values within a row with unlike superscript letters are significantly different (P,0·05).
* Mean value, within a group, is significantly different from that at 2 weeks of age (P,0·05).
† Values are means of total gated cells (unless otherwise indicated) collected after 48 h of stimulation in the presence of PHA.
‡ The following cell phenotypes are not illustrated as there were no differences with age or amongst diet groups. The mean percentages of gated cells at 6 weeks were:

CD14þ, 1 (SD 1) % (n 42); CD 16þ, 4 (SD 2) % (n 43); CD16þCD11Bþ, 1 (SD 2) % (n 42); CD11Bþ, 14 (SD 21) % (n 42); CD54þ, 80 (SD 16) % (n 42); CD20þ, 11 (SD 6) %
(n 42); CD20þCD80þ, 2 (SD 2) % (n 42).

§ Differences between diet and age were identified using a mixed-model repeated-measures ANOVA. The P value presented represents the effect of diet.

Table 5. Cytokine production after 48 h with or without phytohaemagglutinin (PHA)

(Mean values and standard deviations)

Dietary group. . . HM Formula Formula þ LCP

Cytokine Age (weeks) n Mean SD n Mean SD n Mean SD Statistical analysis of diet: P†

Without PHA
TNF-a (pg/ml) 2 14 739a§ 233 27 1308b‡ 479

6 14 491a 231 14 836b* 564 13 765a,b* 498 0·0001
IL-6 (ng/ml) 2 11 32 24 23 48 31

6 12 11* 8 10 21* 19 10 14* 12 0·184
With PHA
TNF-a (pg/ml) 2 14 2759a 1119 29 4880b 1921

6 14 3086a,b 1468 14 4048a* 2124 13 2782b* 654 0·0002
IFN-g (pg/ml) 2 15 542a 684 29 1313b 1035

6 13 397a 324 14 1010b 910 14 992b 905 0·016
IL-10 (pg/ml) 2 14 666 333 29 613 322

6 14 469 284 14 509 201 16 527 304 0·623
IL-4 (pg/ml) 2 13 8·9 11 29 11 13

6 11 18* 15 14 18 19 14 8·5 10 0·654
IL-6 (ng/ml) 2 13 54 28 28 64 23

6 11 30* 10 14 34* 12 14 35* 12 0·414
IL-2 (pg/ml) 2 14 2237 1031 28 3316 2294

6 13 2734 1355 14 3425 2710 15 2357 1848 0·150
IL-12 (pg/ml) 2 13 0·2 0·3 29 3·9 6·9

6 11 2·4* 2·9 14 5·0 6·7 14 3·9 4·7 0·250
TGF-b (pg/ml) 2 6 37 22 21 37 25

6 7 29 19 12 55 29 11 42 28 0·251

HM, human milk; Formula, unsupplemented infant formula; Formula þ LCP, formula supplemented with long-chain PUFA; IFN, interferon; TGF, transforming growth factor.
a,b Mean values within a row with unlike superscript letters are significantly different (P,0·05; least-square means).
* Mean value, within a group, is significantly different from that at 2 weeks of age (P,0·05).
† Differences between diet and age were identified using a mixed-model repeated-measures ANOVA. The P value presented represents the effect of diet.
‡ At 2 weeks (baseline) there were no significant differences between the infants allocated to the formula groups; therefore values for all formula-fed infants were combined

and are presented as one mean.
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that of HM-fed infants than these measures observed for the
unsupplemented Formula group. Although we did not measure
TNF-a in our earlier study in preterm infants, the general
observation of a more similar cytokine profile to HM-fed
infants in infants fed LCP-containing formula is consistent
with our conclusions in preterm infants fed LCP-containing
formula13. The clinical implications of a higher production
of TNF-a after stimulation by the Formula group compared
with the HM-fed group is not known.

At age 6 weeks, there were a number of differences in the
phenotypes of peripheral blood mononuclear cells between
infants fed the Formula and the Formula þ LCP that might
have contributed to these differences in cytokine production
(Fig. 2 (B)). Some caution should be used when interpreting
these differences due to the number of comparisons made.
The Formula group had significantly fewer peripheral blood
CD4þCD28þ and CD3þCD44þ cells than those fed
Formula þ LCP. The lower proportion of CD3 (total and
mature CD3þCD44þ and CD4þCD28þ) cells in the For-
mula-fed group compared with the Formula þ LCP group
suggests an effect of LCP on T cell maturation, which may
have contributed to the different response to PHA.

In all three groups, the rate of [3H]thymidine incorporation
by lymphocytes cultured without mitogen decreased, but
increased after mitogen stimulation between 2 and 6 weeks
of age. To our knowledge, a change in the apparent ‘in vivo

activation’ (response in the absence of mitogen) of peripheral
blood lymphocytes with age has not been previously reported.
During this same period there was a 2-fold increase in the pro-
portion of B cells (CD20þ) and a greater than 2-fold decrease
in the production of the inflammatory cytokine IL-6 in the
absence of mitogen. Although it has been long assumed that
neonatal cells are ‘immunosuppressed’, it was recently
reported that preterm infants have a higher percentage of
both IL-6- and IL-8-positive cells in blood, compared with
adults22. This is suggestive of a well-developed, perhaps
even enhanced, inflammatory response in preterm infants.
IL-6 has been shown to suppress the thymidine response to
PHA23,24, thus the lower production of IL-6 with age may
have contributed to the higher PHA response by cells in all
three diet groups at age 6 weeks.

Although not the main purpose of the present study, sig-
nificant differences were observed in immune cell types
and function between infants who had and those who had
not been fed commercial formula during the first 10 d of
life and are summarised in Fig. 2 (A). None of the infants
recruited consumed formula that contained DHA or AA.
Although the ability to proliferate (as estimated by the rate
of [3H]thymidine uptake and the production of IL-2) was
not different, cells from infants fed formula before the base-
line measure produced more TNF-a (2 times) in the absence
of mitogen and 1.8 times more TNF-a (even after correction

 

Fig. 2. Summary of the significant effects on immunity (A) in infants exposed to human milk (HM) during the first 2 weeks of life as compared with infants exclu-

sively fed HM and (B) in infants fed a formula containing long-chain PUFA (LCP) for 4 weeks compared with those fed an unsupplemented formula. *Unsupple-

mented formula group was significantly different from HM-fed infants. ** Response by infants fed the LCP-supplemented formula was significantly different from

HM-fed infants. † Response by infants did not differ between formula groups but was significantly different from infants fed HM in the direction of the arrow.
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for the unstimulated) and 2.5 times more IFN-g after incu-
bation with PHA. The greater proportion of T cells (total
and CD28þ) and fewer CD14þ cells in the formula-exposed
group may have contributed to this response. Cells from both
groups of formula-fed infants had a lower proportion of
monocytes (CD14þ cells) at both 2 and 6 weeks of age, com-
pared with HM-fed infants. Monocytes and macrophages play
a central role in both specific and non-specific immunity
against bacterial, viral and fungal infection. At 6 weeks,
after stimulation, both formula groups had a lower proportion
of CD16þCD11cþ cells. As the concentration of CD16þ cells
was not different between groups, before and after stimu-
lation, the lower expression of CD11c (an integrin) suggests
a lower monocyte and macrophage or natural-killer cell
response to stimulation. Natural killer cell activity was not
measured in the present study but was reported to be lower
at age 6 months in formula-fed infants compared with
those fed human milk25.

In conclusion, compared with cells from infants exclusively
fed HM, feeding a commercial formula with added DHA and
AA resulted in a lower rate of [3H]thymidine uptake in
response to PHA but resulted in an immune cell distribution
and cytokine profile that was more similar to that of the infants
fed HM than that observed in infants fed the unsupplemented
formula. Additionally, it was found that feeding formula by
age 2 weeks altered the types of cytokines produced in the
direction of a more pro-inflammatory response after PHA
stimulation. Differences in the ability and type of immune
response produced by minor changes in the lipid composition
of formula may be of physiological importance but require
further study.
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