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Fish oil feeding enhances lymphocyte proliferation but impairs virus-specific
T lymphocyte cytotoxicity in mice following challenge with influenza virus
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SUMMARY

The effect of a fish oil diet on virus-specific cytotoxicity and lymphocyte proliferation was investigated.
Mice were fed fish oil (17 g fish oil and 3 g sunflower/100 g) or beef tallow (17 g tallow and 3 g
sunflower/100 g) diets for 14 days before intranasal challenge with influenza virus. At day 5 after
infection, lung virus-specific T lymphocyte, but not macrophage or natural killer (NK) cell, cytotoxicity
was significantly lower in mice fed fish oil, while bronchial lymph node cell proliferation to virus was
significantly higher. In mice fed fish oil, spleen cell proliferation to virus was also significantly higher
following immunization. The results showed that, despite improved lymphocyte proliferation, fish oil
impairs primary virus-specific T lymphocyte cytotoxicity. This impairment may explain the delayed
virus clearance that we have previously reported in infected mice fed the fish oil diet.
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INTRODUCTION

Dietary long chain (n-3) polyunsaturated fatty acids derived from
fish oil have been shown to have beneficial effects on inflammatory
and autoimmune disorders [1-4], and cancer [5], suggesting that
fish oil has anti-inflammatory and immunomodulatory activities.
For instance, fish oil has been reported to reduce the production of
mediators such as eicosanoids and cytokines which contribute to
inflammation and pathological changes in atherosclerosis, auto-
immunity and infectious disease [6,7]. Because dietary fish oil has
anti-inflammatory activities and the capacity to increase severity of
infectious disease [8], concern exists that fish oil supplementation
may have potentially adverse effects in individuals with greater
susceptibility to infection, such as infants, the elderly and the
immunocompromised.

In animal models of infection, fish oil diets reduce clearance of
bacteria and decrease survival during infection [9—11]. We have
previously reported higher virus loads and delayed clearance
following influenza virus infection in naive mice fed a diet rich
in fish oil [12]. The delayed virus clearance was associated with
impaired lung immunoglobulin IgA antibody and interferon-
gamma (IFN-y) responses. IFN-y has been implicated in the
clearance of viral infection by modulating cytotoxicity and pro-
liferation [13]. Several studies have shown that fish oil reduces
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spleen T cell and peritoneal macrophage cytotoxicity against virus-
infected tumour target cells [14,15] and tumour cells [16], respec-
tively. Natural killer (NK) cell cytotoxicity is also reduced in mice
fed fish oil [17]. In the present study, the effect of dietary fish oil on
cellular immunity to influenza virus infection in mice was exam-
ined in terms of bronchial lymph node cell proliferation to virus
and lung cell-mediated cytotoxicity against virus-infected target
cells. Our results showed that despite increased T cell proliferation,
fish oil impaired primary virus-specific T cell cytotoxicity but had
no effect on macrophage or NK cell cytotoxicity.

MATERIALS AND METHODS

Diets and animals

Specific pathogen-free male six-week-old BALB/c mice were
randomly assigned to diets containing fish oil (17 g fish oil and
3 g sunflower/100 g) or beef tallow blend (17 g tallow and 3 g
sunflower/100 g). The beef tallow diet contained 0-355g/kg
all-rac-a-tocopherol, while the fish oil diet contained 0-534 g/kg
[12]. The fatty acid composition of the diets has been previously
reported [12]. The mice were housed individually and fed 5 g food/
day. Animal weights and food consumption were recorded at
weekly intervals and immediately prior to killing.

Influenza virus infection

Mice on experimental diets for 14 days were infected with log;5
plaque-forming units (PFU) of A/Queensland/6/72 (H3N2) influ-
enza virus [12]. Lung macrophage, NK cell and virus-specific T
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cell cytotoxicity was determined at day 5 after infection. Bronchial
lymph node cells were isolated for T cell proliferation assay at day
5 and day 12. The effect of the diets on lung pathology was
determined at days 2, 5 and 7.

Intraperitoneal immunization

Mice were fed fish oil or beef tallow diets for 14 days (n = 10/diet
group). At day 7 the mice were intraperitoneally immunized with
live influenza virus vaccine (log;(5-82 PFU of A/Queensland virus
in sterile PBS, 200 ul). At day 14, virus-specific serum IgG and
virus-induced splenocyte proliferation were determined.

Lung T cell cytotoxicity

Lungs were finely minced with a scalpel and digested with
collagenase type I (0-2mg/ml; Worthington Biochemical Corp.,
Freehold, NJ) in AIM V medium (Life Technologies, Grand Island,
NY) at 37°C for 30 min. The digested tissue was pressed through a
wire mesh filter with a plastic syringe plunger and then passed
through a 10-ml syringe packed with glass wool. After centrifuga-
tion, erythrocytes in the cell pellet were lysed in a solution
containing NH,Cl 8:3g, NaCO; 1g and EDTA 0-037g/l in
deionized water, pH7-35. Cell viability was 98% by trypan blue
dye exclusion test. Mouse plasmacytoma P815 target cells (Amer-
ican Type Culture Collection (ATCC), Rockville, MD) were
labelled with Na,”'CrO, (3-7MBq/2x 10° cells; Amersham Int.,
Aylesbury, UK) for 1h at 37°C in a 5% CO, atmosphere. After
washing and centrifugation the cells were infected with influenza
virus (240 haemagglutinin units (HA) of A/Queensland/1 x 10°
cells) by incubating for 1 h. Virus-infected cells were recovered by
centrifugation and washed twice in PBS before use.

Lung cells at 10 x 10° cells/ml in complete RPMI 1640 medium
were incubated with virus-infected target cells at effector:target
(E:T) ratios of 100:1 and 50:1. After incubation for 6h at 37°C in a
5% CO, atmosphere, Cr release was measured in the supernatant
using a LKB 1282 Compugamma CS gamma counter (LKB
Wallac, Turku, Finland). Spontaneous °'Cr release was determined
by incubating labelled P815 target cells without lung cells. The
maximum (total) ct/min was determined after water lysis of target
cells. The mean percentage of influenza virus-infected target cells
killed by cytotoxic T cells was calculated using the formula: (mean
ct/min (test) — mean spontaneous ct/min)/(mean maximum ct/min
— mean spontaneous ct/min) X 100.

Lung macrophage virus-specific cytotoxicity assay

One hundred microlitre aliquots of lung cells at 5x 10° cells/ml in
complete RPMI 1640 medium were added in triplicate to wells of a
96-well flat-bottomed microtitre plate and then incubated for 2 h at
37°C in a 5% CO, atmosphere [18]. After removal of non-adherent
cells by washing three times in RPMI medium, the adherent cells
were incubated with virus-infected P815 target cells at lung cell to
target ratios of 100:1 and 40:1. Non-infected P815 cells were added
to additional wells to determine non-specific macrophage cyto-
toxicity. After incubation and gamma counting the mean percen-
tage of target cells killed by macrophages was calculated using the
above formula.

Lung NK cell cytotoxicity assay

One hundred microlitre aliquots of lung cells at 5x 10° cells/ml in
complete RPMI 1640 medium were added in triplicate to V-
bottomed microtitre wells loaded with Cr-labelled NK-sensitive
mouse lymphoma YAC-1 target cells (ATCC) at 50:1 and 25:1

(E:T) ratios [19]. Spontaneous >'Cr release was determined by
incubating target cells without lymphocytes. NK cytotoxicity was
determined after incubation and gamma counting as described
above.

T cell proliferation

Lymph node cells and spleen cells were isolated as previously
described [12]. Cells (5 10%ml) were suspended in RPMI 1640
medium supplemented with fetal calf serum (FCS; 100 ml/l),
HEPES buffer 0-02m, NaHCO; 1-5g/l, penicillin/streptomycin
50mg/l, 2-mercaptoethanol (2-ME; 5x107>m) and L-glutamine
1 mg/! (Trace Biosciences, Sydney, Australia). Cultures in triplicate
were stimulated with inactivated influenza virus (1 HA/ml for spleen
cells, 5 or 10 HA/ml for lymph node cells) or 10 pg/ml concanavalin
A (Con A; Boehringer Mannheim, Mannheim, Germany) for spleen
cells in flat-bottomed microtitre wells (5x 10° cells/well) for 96 h or
48 h, respectively, at 37°C in a humid atmosphere of 5% CO, and
95% air. Virus used in proliferation assays was inactivated by
exposure to v irradiation (**Co, 1.2x10* Gy). The cultures were
pulsed with *H-thymidine for the final 6h before harvesting and
counting using a TopCount scintillation counter (Canberra-Packard,
Five Dock, Australia). Results were reported as the stimulation index
(SI). An aliquot of the lymphocyte suspension in Hanks’ balanced
salt solution (HBSS) was stored at —20°C for fatty acid analysis.

Serum IgG antibody
Virus-specific IgG antibody in serum was determined by ELISA as
previously described [12].

Lung pathology

Whole lungs were removed from mice killed at day 2 (n = 3/diet
group), day 5 (n =4) and day 7 (n = 3) after infection and fixed in
neutral buffered 4% formalin solution (Sigma-Aldrich Pty Ltd,
Castle Hill, Australia). Paraffin sections were stained with haema-
toxylin and eosin. Lung sections assigned random numbers were
examined under X400 magnification and the number of macro-
phages per field was counted with the aid of a graticule. Macro-
phages were identified on the basis of morphology. The
macrophage count for each mouse was derived from the mean of
counts in three separate fields.

Analysis of serum a-tocopherol

Mouse serum was analysed to determine «-tocopherol concentra-
tion as described previously [20]. Briefly, serum was mixed with
methanol containing 0-12 mg/ml a-tocopherol acetate as an inter-
nal standard. After addition of hexane, the samples were centri-
fuged (1700 g, 5 min) and the hexane phase transferred to a glass
tube and evaporated. The dried samples were reconstituted with
methanol (100 ul) and analysed on a GBC high pressure liquid
chromatograph (GBC Scientific Equipment Pty Ltd, Dandenong,
Australia) fitted with a Waters 4-um Novapak C18 column
(100x 8 mm; Waters Australia Pty Ltd, Rydalmere, Australia).
Samples were injected, eluted with a mobile phase of 99-75/
0-25% methanol/water at 1-5ml/min and «-tocopherol was
detected using a UV/visible detector at a wavelength of 290 nm
for 15 min. The a-tocopherol concentration in each sample was
calculated by reference to the relative responses of an authentic o-
tocopherol standard and the internal standard.

Bronchial lymph node cell fatty acid composition
Aliquots of bronchial lymph node cells (1 ml) were freeze-dried

© 2000 Blackwell Science Ltd, Clinical and Experimental Immunology, 119:287-292



Fish oil impairs T cell cytotoxicity 289

Table 1. Food consumption and body weight before and after challenge
with influenza virus in mice fed beef tallow or fish oil*

Diet

Beef tallow Fish oil
Pre-infection (day 14)
Weight (g) 26-2 + 0-4%° 24.9+0-2
Food consumption (g/day) 4.4 +02° 4.0 = 02°
Post-infection (day 5)
Weight (g) 25.8 = 0-5%° 23.9 +0.2°
Food consumption (g/day) 3.6 £ 0-2% 3.0+02°
Pre-infection (day 14)
Weight (g) 22.6 %05 224+ 08
Food consumption (g/day) 4.3 £03" 3.8 +0-3"
Post-infection (day 12)
Weight (g) 232 09" 225+ 1.0°
Food consumption (g/day) 3.3 +0-5" 4.6 £ 0-4*

Data are mean * s.e.m. Day 5 (post-infection), n =20/diet group; day
12 (post-infection), n = 5/diet group).

*P <0-05 compared with values across the row.

aPSignificant differences in weight or food consumption from pre- to
post-infection.

prior to the addition of methanol and toluene (4:1 v/v, 2ml) [21].
The samples, suspended in methanol and toluene, were directly
transesterified by the addition of acetyl chloride (200 ul) while
vortex mixing and then heated for 1h at 100°C. The fatty acid
composition was then determined by gas chromatography as
previously described [12].

Statistical analysis

Statistical significance was evaluated using Student’s #, the Mann—
Whitney and Kruskal-Wallis tests. All calculations were per-
formed using a statistical software program (Abacus Concepts,
Berkley, CA; StatView Version 4.5). Differences were considered
significant at P <0-05. Data are presented as mean * s.e.m.

RESULTS

Weight and food consumption

Two groups of mice were fed fish oil (n=10) or beef tallow
(n=10) for 14 days before infection with influenza virus. The
body weight and food consumption were measured before and after
challenge at days 5 and 12. Mice fed fish oil prior to infection with
influenza virus had lower body weight prior to challenge (P <0-05)
and were consuming, but not significantly so, less than those fed
beef tallow (Table 1). At day 5 after infection the mice fed fish oil
had lower body weights and food consumption (P <0-05). By day
12 after infection, there were no significant differences in body
weight, although the mice fed fish oil were eating more food
(P<0:05). In mice immunized intraperitoneally with influenza
virus, there was no significant difference in body weight or food
consumption before or after immunization (data not shown).

Cell cytotoxicity
Five days after infection, lung virus-specific cytotoxic T cell
activity against infected target cells was significantly higher in
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Fig. 1. Influenza virus-specific lung cytotoxic T cell activity in mice. The
mice were fed diets containing fish oil ((J) or beef tallow (H) (20 g/100 g)
for 14 days before intranasal challenge with A/Queensland influenza virus.
Cytotoxic T cell activity was determined at 50:1 and 100:1 E:T ratios with
influenza virus-infected P815 target cells. Values are mean specific lysis
activity * s.e.m. (n = 5/diet group) at day 5. *Significantly higher cytotoxic
activity (P <0-05).

mice fed beef tallow than in those fed fish oil (P < 0-05) (Fig. 1). No
cytotoxicity was detected against uninfected target cells in either
diet group. There were no significant differences between diet
groups in virus-specific lung macrophage cytotoxicity or lung NK
cell cytotoxicity irrespective of (E:T) ratios (Table 2). The lower
macrophage cytotoxicity against virus-infected target cells at high
E:T ratios (100:1) may reflect the interference of lung macro-
phages in adhering to the plastic microwells, due to greater
numbers of contaminating adherent lung epithelial and fibroblast
cells at high concentrations of lung cells.

T cell proliferation

At day 5 after influenza infection, the highest bronchial lymph
node cell proliferative response to virus was in the fish oil-fed
group (P<0-01) (Fig. 2). At day 12, there were no significant
differences between diet groups in infected and non-infected mice.
Within the fish oil group there were no significant differences over

Table 2. Lung macrophage and natural killer (NK) cell cytotoxicity 5 days
after challenge with influenza virus in mice fed beef tallow or fish oil*

Virus-specific

macrophage

cytotoxicity® NK cell cytotoxicity®
E:T ratios 100:1 40:1 50:1 25:1
Diet % lysis % lysis % lysis % lysis
Beef tallow 33.1*+8:1 732+173 35-4+34 22:8+2.7
Fish oil 490+ 33 64-1 =68 40-8 55 3165

Data are the mean * s.e.m.
440:1 n=20/group, 100:1 n = 5/group.
°50:1 n= 9/group, 25:1 n= 6/group.
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Fig. 2. Proliferative response to influenza virus in mice infected or immunized
with influenza. Mice were fed diets containing fish oil or beef tallow. Mice
were killed at day 5 or day 12 after challenge with A/Queensland influenza
virus. Mice immunized intraperitoneally were killed at day 14. Values are
mean stimulation index (SI) £ s.e.m. (n =20/group at day 5, n = 5/group at
day 12). Bars not sharing common superscript letters are significantly different
(P<0-05). SI is calculated from (ct/min stimulated cells)/(ct/min control
cells). Top panel, BLN stimulated with 10 haemagglutinin units (HA)
influenza virus/ml (A) or 5HA influenza virus/ml (B). Bottom panel, spleen
cells stimulated with virus (10 HA/ml) or concanavalin A (Con A; 5 pg/ml).
Data are mean * s.e.m. (n = 10/diet group). *P <0-05 compared with values
from beef tallow diet group.

Table 3. Lung macrophage counts in mice fed beef tallow or fish oil diets
for 2 weeks prior to challenge with influenza virus*

Day after infection 2 5 7
Counts Counts Counts
Diet per field* per field per field
Beef tallow 2064 * 260" 1630 + 118* 1398 + 225°
Fish oil 1809 = 771* 1691 + 2427 1820 +401?

*Data are mean * s.e.m., day 2 and 7 (n = 3/diet group), day 5 (n=4/
diet group).

There were no significant differences between diet groups at any time
point. Values within a diet group not sharing a common superscript are
significantly different (P <0-05).

time. Within the beef tallow-fed group, T cell response from
infected mice stimulated with 10 HA/ml was significantly lower
at day 5 than at day 12 (P <0-05). At day 12, mice fed beef tallow
had a higher proliferative response than non-infected controls
(P <0-05).

In mice immunized by the i.p. route with influenza virus, spleen
T cell proliferation from the fish oil group to influenza virus was

Table 4. Effect of beef tallow or fish oil diets on
bronchial lymph node cell fatty acid composition in
mice infected with influenza virus

Diet

Fatty acid Beef tallow Fish oil

(/100 g total fatty acids)
14:0 1-6 £0-0 2:4+0-1%
16:0 18-4=*2.0 22.8 + (-8*
16:1 (n-7) 27%0-1 3.0+0-1
18:0 12503 13-0*+0-3
18:1 (n-9)
18:1 (n-7) 32+02 4.6 £ 0-2*
18:2 (n-6) 10-3+0-4 97+0-6
18:3 (n-3) 0-5*=0-1 09 £ 0-2*
20:0
20:1 (n-9) 0-9+0-0 0-8 £0-0
20:3 (n-6) 0-7+0-0 0-8 £0-0
20:4 (n-6)
20:5 (n-3) 0-2+0-0 2.5+0-2%
22:0 0-5+0-0 0-6 *+ 0-0*
22:5 (n-3) 0-8+0-0 2:4 +0-2%
22:6 (n-3) 2:5+0-1 6-9 +0.7*
24:0 0-4+0-0 0-6 £0-1*
24:1 (n-9) 0-7=0-1 1.0 = 0-0%*

Data are mean * s.e.m., n = 10/diet group. Mice
were fed diets containing fish oil or beef tallow for
14 days prior to infection and then killed at day 5
after infection.

*Significantly higher concentration of fatty acid
(P<0-05).

Dimethylacetals with 16 and 18 carbon mole-
cules were detected (data not shown). Fatty acids
present at <0-5 g/100 g not shown.
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significantly higher than the beef tallow group (P <0-02), while
there was no significant difference in the response to Con A
(P<0-07) (Fig. 2). No significant differences in influenza virus
IgG antibody were detected between dietary groups (data not
shown).

Lung pathology

The alveolar septa displayed marked thickening due to the infiltra-
tion of large numbers of macrophages in infected mice, particularly
those fed fish oil (not shown). Between diet groups, the differences
in macrophage number per field were not statistically significant
(Table 3). However, macrophage numbers were significantly lower
at day 7 relative to day 2 in mice fed beef tallow, but not in those
fed fish oil (P <0-05).

Serum a-tocopherol

The serum a-tocopherol concentration at day 5 after infection did
not differ significantly between diet groups (umol/l = s.e.m., beef
tallow 89 = 0.9, fish oil 8-2 = 1.5, n = 10/diet group).

Bronchial lymph node cell fatty acid composition

The incorporation of fatty acids into the bronchial lymph node cells
of the influenza-infected mice after 19 days on diet reflected the
dietary intake (Table 4). The fish oil-fed mice had significantly
more myristic (tetradecanoic), palmitic (hexadecanoic), vaccenic
(A11 octadecanoic), a-linolenic (A9, 12, 15 octadecatrienoic),
eicosapentaenoic, docosapentaenoic and docosahexaenoic acid,
while the beef tallow group had significantly more oleic (octade-
cenoic) and arachidonic (eicosatetraenoic) acid (P <0-05).

DISCUSSION

In the present study, we have demonstrated that mice fed fish oil
but not beef tallow have increased T cell proliferation and lower
virus-specific lung T cell cytotoxicity following influenza virus
infection. In addition, mice fed fish oil but not beef tallow have
significantly greater incorporation of long chain n-3 fatty acids into
bronchial lymph node cells. While weight loss and reduced food
consumption were observed in mice fed fish oil at day 5, it was not
evident at day 12 following influenza virus infection.

In our previous studies, we have shown that in mice fed fish or
beef tallow the virus was cleared from the lung by day 7. This
suggests that the weight loss and reduced food consumption at day
5 seen in the present study were probably due to the effects of an
acute inflammatory response to virus infection which would be
expected to be resolved by day 12. However, there is evidence to
suggest that the decreased growth rate in mice fed fish oil may be
due to the formation of lipid peroxides [22], although the diet
contained more a-tocopherol than beef tallow diet.

The present study showed that mice fed fish oil have contrast-
ing cell-mediated immunity to influenza virus infection. There was
no significant difference in the number of alveolar macrophages
between the diet groups, suggesting that fish oil had no effect on
the recruitment of macrophages to the lung following influenza
virus infection. While the numbers remained elevated in the fish oil
group, there was a stepwise decline in the number of macrophages
with time in the beef tallow group, suggesting that a sustained
accumulation of macrophages in the lung of mice fed fish oil may
be a response to delayed virus clearance [12]. Both macrophage
and NK cell cytotoxicity were not significantly influenced by the
diets, suggesting that that lung macrophage and NK cells are less

susceptible to modulation by fish oil than those reported in the
spleen.

The lower cytotoxic T cell response to influenza virus in mice
fed fish oil is consistent with the reported study of vaccinia virus
[14]. Whether this is due to a reduction in body weight or a direct
effect of fish oil on cytotoxic T cells is unclear. Reduction in
cytolytic activity is likely to be associated with impaired produc-
tion of lung IFN-y that occurs following influenza infection in
mice fed the fish oil diet [12]. Since IFN-vy is a mediator of T cell
cytotoxicity and is secreted by CD8™ cytotoxic T cells [13], down-
regulation of its production in the lungs of mice fed a fish oil diet
may lead to a defective T cell cytotoxic response to virus infection.

In contrast to the suppressive effect on lung cytotoxic T cell
activity, the fish oil diet was associated with increased virus-
induced lymphoproliferation of spleen and bronchial lymph node
cells, especially at day 5 following infection. While the effect is
consistent with the increased proliferative response of spleen cells
to mitogen that we [23] and others [24,25] have reported in mice
fed fish oil, the response to Con A stimulation was not statistically
significant. In the present study, exposure to virus by i.p. immu-
nization or intranasal challenge led to significantly higher eicosa-
pentaenoic acid concentrations in spleen and bronchial lymph node
cells from mice fed fish oil than those from mice fed beef tallow.
The incorporation of n-3 fatty acids into tissues is associated with
lower prostaglandin E, production [16,22]. Prostaglandin E, is
known to suppress lymphocyte proliferation and the production of
cytokines, including IL-2 and IFN-y [26,27]. It is possible that the
lower proliferative response of cells from mice fed beef tallow
results from higher prostaglandin E, levels.

Increased dietary vitamin E enhances the proliferative response
of mouse lymphocytes [28]. The fish oil diet contained more o-
tocopherol as a precaution against auto-oxidation. The difference
in dietary a-tocopherol did not translate into differences in the
serum, although lymphocyte a-tocopherol concentration was not
measured in the present study. The stronger lymphoproliferation of
spleen and bronchial lymph node cells from mice fed fish oil may
relate to a difference in lymphocyte a-tocopherol. Future studies
should consider the relationship between diet, lymphocyte and
serum «-tocopherol and proliferation in the mouse model of
influenza.

In conclusion, a diet containing fish oil resulted in a suppres-
sion of virus-specific lung T cell cytotoxicity and an increase in
virus-specific proliferative responses in mice infected with influ-
enza virus. Impaired T cell cytotoxicity may explain the delayed
virus clearance that we have previously reported in mice fed the
fish oil diet [12]. The present study has demonstrated that feeding a
high fat diet rich in n-3 fatty acids may lead to impairment of
acquired cellular immunity, but not innate immunity.
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