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Abstract: The immune system is complex: it involves many cell types and numerous chemical me-
diators. An immature immune response increases susceptibility to infection, whilst imbalances
amongst immune components leading to loss of tolerance can result in immune-mediated diseases
including food allergies. Babies are born with an immature immune response. The immune system
develops in early life and breast feeding promotes immune maturation and protects against infec-
tions and may prtotect against allergies. The long-chain polyunsaturated fatty acids (LCPUFAs) ar-
achidonic acid (AA) and docosahexaenoic acid (DHA) are considered to be important components
of breast milk. AA, eicosapentaenoic acid (EPA) and DHA are also present in the membranes of cells
of the immune system and act through multiple interacting mechanisms to influence immune func-
tion. The effects of AA and of mediators derived from AA are often different from the effects of the
n-3 LCPUFAs (i.e. EPA and DHA) and of mediators derived from them. Studies of supplemental n-
3 LCPUFAs in pregnant women show some effects on cord blood immune cells and their responses.
These studies also demonstrate reduced sensitisation of infants to egg, reduced risk and severity of
atopic dermatitis in the first year of life, and reduced persistent wheeze and asthma at ages 3 to 5
years, especially in children of mothers with low habitual intake of n-3 LCPUFAs. Immune markers
in preterm and term infants fed formula with AA and DHA were similar to those in infants fed
human milk, whereas those in infants fed formula without LCPUFAs were not. Infants who re-
ceived formula plus LCPUFAs (both AA and DHA) showed a reduced risk of allergic disease and
respiratory illness than infants who received standard formula. Studies in which infants received n-
3 LCPUFAs report immune differences from controls that suggest better immune maturation and
they had lower risk of allergic disease and respiratory illness over the first years of life. Taken to-
gether, these findings suggest that LCPUFAs play a role in immune development that is of clinical
significance, particularly with regard to allergic sensitization and allergic manifestations including
wheeze and asthma.

Keywords: immunity; infection; allergy; asthma; inflammation; polyunsaturated fatty acid; fish oil;
pregnancy; lactation; infant

1. Introduction

The role of the immune system is to provide protection against pathogenic organisms
including bacteria, viruses, fungi and parasites. In order to deal with the potential wide
array of threatening organisms, the human immune system has evolved to include many
different cell types, many communicating molecules and multiple functional responses.
The immune system has four general actions. Firstly, it acts as a barrier keeping microbes
from entering the body. Examples of barriers include the skin; the mucosal lining of the
gastrointestinal (GI), respiratory and genitourinary tracts; the acid pH of the stomach
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which kills many bacteria; and anti-microbial proteins in secretions such as tears and sa-
liva. Secondly, the immune system acts to recognise microbes and to identify whether
they are harmful or not. Recognition can be of general structural features of microbes or
of specific and unique microbial antigens. Thirdly, the immune system acts to eliminate
those microbes identified as being harmful; this involves the destructive actions of various
types of immune cell. Fourthly and finally, the immune response generates immunologi-
cal memory. This involves long-term maintenance of memory T lymphocytes (T cells) and
B lymphocytes (B cells) so that if there is re-exposure to the harmful microbe, the immune
response is more rapid and stronger than it was for the original response. The generation
of immunological memory is the basis of vaccination. These complex and sophisticated
actions can be achieved because the human immune system is comprised of many cell
types, each with their own individual functional capabilities. These different cell types
interact with one another as part of the immune response to assure effective protection of
the host from pathogens. The immune system may be classified in different ways, most
commonly into innate (or natural) and acquired (or adaptive) immunity (Table 1).

Table 1. Overview of the components of the immune system and their classification.

into innate and acquired immunity

teins in secretions

Innate (natural) immunity Acquired (adaptive) immunity
Barriers Cellular components | Cell-mediated immunity | Humoral immunity
Skin Granulocytes T lymphocytes B lymphocytes
Mucosal surfaces | (Neutrophils, Basophils, (Helper, Cytotoxic, Antibodies
Mucus Eosinophils, Mast cells) Regulatory, Others)
Antimicrobial pro- Phagocytes Cytokines

Acid pH of stomach Dendritic cells)

(Neutrophils, Macrophages,

Inflammatory response
Natural killer cells
Other innate cells

(includes Innate lymphoid

cells, Mucosal
associated invariant T cells)

Memory response

Innate immunity includes the barrier functions, the inflammatory response, the cells
involved in recognition of general structural features of microbes and their subsequent
destruction. Acquired immunity includes antigen recognition and antigen-specific effec-
tor functions such as the proliferation of T cells, the killing of virally infected cells by cy-
totoxic T cells, and the production of antibodies by B cells. Acquired immunity can be
further sub-classified into cell-mediated immunity involving T cells and humoral immun-
ity involving B cells and antibody production. Innate and acquired immunity are linked.
Phagocytic cells such as macrophages and dendritic cells, which are part of innate immun-
ity, act as antigen-presenting cells, whereby they process and present antigens derived
from engulfed microbes to antigen-specific T cells so eliciting acquired immunity. Con-
versely, cytokines produced by activated T cells regulate the activity of innate immune
cells. Thus, there is bidirectional communication between innate and acquired immunity
and this can involve both cell-to-cell contact and production of, and responses to, chemical
mediators.

Itis obvious that effective defense against pathogenic organisms requires a well-func-
tioning immune system. Consequently, individuals with weakened immune systems are
at increased risk of becoming infected and of infections being more serious. The immune
system also plays a role in assuring immunologic tolerance of non-threating exposures
including harmless microbes (e.g. commensal bacteria in the GI tract) and food compo-
nents. A breakdown in tolerance to such normally harmless exposures is linked to various
diseases including inflammatory bowel diseases (suggested to involve loss of tolerance to
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commensal gut microbes [1]) and food allergies (loss of tolerance to food components [2]). 85
These diseases involve an adverse inflammatory response that includes actions of both 86
innate and acquired immunity. The immune system develops early in life (see Section 2) 87
and optimal development would generate an immune system that provides robust host 88
defence against harmful microbes and assures tolerance to harmless microbes, to foods 89
and to other environmental exposures. Poor or skewed immune development could gen- 90
erate an immune system that does not provide adequate host defence and/or does not 91
provide adequate tolerance; both these situations could result in disease. Cells of the im- 92
mune system have a high content of long-chain polyunsaturated fatty acids (LCPUFAs) 93
in their membranes (see Section 4). These LCPUFAs have different biological roles in 94
membranes that influence immune cell function and inflammatory processes, and modi- 95
fication of the LCPUFA content of immune cell membranes can impact on immune func- 9%
tion (see Section 4). Therefore, acquisition of different amounts of LCPUFAs by immune 97
cells as they are developing could influence immune maturation and function and this 98
could have a lasting effect on immune competence and risk of diseases involving immune 99
dysfunction. This narrative review will provide an overview of immune development in 100
humans and the importance of factors in breast milk, the role of LCPUFAs and their bio- 101
active metabolites in immunity and inflammation, and human studies investigating the 102
influence of early life exposure to LCPUFAs on immunity, allergic disease and infections. 103

2. Immune development in humans 104

All cells of the human immune system develop in the bone marrow. Most immune 105
cells also mature in the bone marrow, but T cells mature in the thymus. Immune cells 106
circulate in the bloodstream and in the lymph and are found organised in discrete second- 107
ary lymphoid organs such as the spleen and lymph nodes where they interact with one 108
another. Mucosal barriers (e.g. the GI tract, the respiratory tract) also contain organised 109
aggregations of immune cells. It is estimated that in humans 70% of immune cells are 110
associated with the GI tract, mainly in discrete structures such as lamina propria and 111
Peyer’s patches [3]. The reason for such a large congregation of immune cells at mucosal 112
barriers is that these are sites of high exposure to pathogens. 113

The human immune system begins to develop before birth with generation of a vari- 114
ety of immune cells and the population of the spleen and lymph nodes (Figure 1). Never- 115
theless, fetal immune cells are immature with limited functionality [4]. Importantly there- 116
fore, the pregnant mother provides passive immunity to the fetus through placental trans- 117
fer of antibodies [5]. Pregnancy is associated with immune changes in the mother witha 118
dampening of T-helper 1 (Thl)-type responses in favour of T-helper 2 (Th2)-type re- 119
sponses [6,7]; this is to assure maternal tolerance of the fetus. This Th2-skewing is also 120
seen in the developing fetal immune system. Since Thl-type responses are involved in 121
anti-bacterial and anti-viral immunity, pregnant women are at increased risk of bacterial 122
and viral infections, as are newborn infants. After giving birth, the maternal immune sys- 123
tem must reverse the pregnancy-associated Th2 skewing, while the newborn infant’s im- 124
mune system must develop its Thl competence. The newborn infant has an immature 125
immune system, and maternal transfer of antibodies and other protective molecules in 126
breast milk is important in reducing risk of infection [8]. The newborn’s immune system 127
develops over the course of months to a few years with acquisition of T cell and B cell 128
function and antibody production and the establishment of balances between Thl and 129
Th2 cells and between these effector T cells and regulatory T cells [9]. Breast milk-derived 130
factors play important roles in this early life immune development (see Section 3) but ex- 131
posure to antigens (e.g. from microbes and from foods) is also important, as is the acqui- 132
sition of the infant gut microbiota. In turn, this is affected by the birthing process, by con- 133
tact with maternal skin, by breast milk factors, and by environmental exposures [10-12]. 134
Ultimately, if an appropriate combination of immune maturation factors has been present, 135
the infant develops an effective and balanced immune system that affords both protection 136
against pathogens and tolerance of harmless environmental exposures (Figure 2). Con- 137
versely, impaired immune development leading to poor cellular responses or on-going 138
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immune imbalances (e.g. between the Th1 and Th2 systems) can result in enhanced infant 139
susceptibility to infections or in development of immune-mediated diseases such as food 140
allergies (Figure 2). 141
142
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Figure 1. Schematic depiction of the early development of the human immune 145
system. 146
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Figure 2. Schematic depiction of immune maturation and the possible outcomes 151
Th1, T helper 1; Th2, T helper 2; Treg, regulatory T cell 152
3. Importance of breast milk factors to immune development 153

Human breast milk contains immune cells (neutrophils, macrophages, and T and B 154
cells) and numerous immune-active molecules and immune maturation factors [8,13,14]. 155
These include immunoglobulins (Igs) such as IgG, IgM and secretory IgA; anti-bacterial 156
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proteins like lactoferrin, lysozyme and complement C3; anti-viral mucins; many cyto- 157
kines, chemokines and growth factors; and nucleotides, gangliosides and oligosaccha- 158
rides. Some of these factors are also involved in promoting a healthy gut microbiota and 159
the co-development of a healthy gut microbiota and a well-functioning immune system 160
seems likely to be promoted through the dual action of breast milk derived factors 161
[11,12,15,16]. The concentrations of immune factors in human breast milk change with 162
duration of the period of lactation; for example, the concentrrations of IgG, IgM and IgA 163
are much higher in the first few days of lactation than later [14]. Simularly the total num- 164
ber of immune cells in human breast milk is highest in colostrum and early milk [14]. 165
Human breast milk also contains LCPUFAs which have roles in the immune system. 166
Breast feeding protects against childhood infections [17] and may protect against child- 167
hood allergies and asthma [18], and part of this protection seems likely to be due to opti- 168

mised immune development in breast-fed infants. 169
4. Long-chain polyunsaturated fatty acids, lipid mediators, immunity and inflamma- 170
tion 171

LCPUFAs are considered to be the 20 and 22 carbon chain PUFAs. These are mem- 172
bers of the omega-6 (n-6) and omega-3 (n-3) fatty acid families. The main n-6 LCPUFA is 173
arachidonic acid (AA) while the main n-3 LCPUFAs are eicosapentaenoic acid (EPA) and 174
docosahexaenoic acid (DHA). These LCPUFAs are synthesised from precursor essential 175
fatty acids (linoleic acid and o-linolenic acid, respectively) by the pathway depicted in 176
Figure 3. The essential fatty acids are consumed in the diet from many seeds, nuts, vege- 177
table oils and vegetable oil-based spreads. AA is consumed from meat and eggs, while 178
EPA and DHA are consumed from seafood, especially fatty (or “oily”) fish, and from sup- 179
plements (“fish o0ils”). AA and DHA are the main LCPUFAs in human breast milk [19] 180
and have been identified to have important roles in development of the infant visual and 181
cognitive systems [20]. 182
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Figure 3. Pathway of LCPUFA biosynthesis from essential fatty acid precursors 185

186

Immune cell membranes contain AA, EPA and DHA. AA is the most abundant of 187
these LCPUFAs, while DHA is usually the most abundant n-3 LCPUFA. In adults, AA 188
typically comprises 15 to 20% of total fatty acids in blood mononuclear cells (a mixture of 189
lymphocytes and monocytes) while EPA and DHA typically comprise 0.5 to 1% and 2 to 190
3%, respectively [21,22]. In umbilical cord blood mononuclear cells from 40 births in 191
Southampton, UK the mean percentages of AA, EPA and DHA were 17.5, 0.3 and 3.8%, 192
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respectively (authors unpublished data). Because of their highly unsaturated nature, 193
LCPUFAs influence the physical nature of cell membranes (sometimes called membrane 194
fluidity) and the function of membrane proteins, including their ability to move within 195
membranes to form signaling platforms termed “lipid rafts” [23] (Figure 4). Hence, 196
LCPUFAs modulate intracellular signaling within immune cells ultimately affecting tran- 197

scription factor activation and gene expression [23] (Figure 4). 198
199
lCPU FAS OUTSIDE CELL
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Figure 4. Mechanisms by which LCPUFAs can affect immune cell function 201
SPM, specialised pro-resolving mediator 202
203

As a result of these effects, LCPUFAs have been reported to regulate the function of 204
many immune cell types including neutrophils, monocytes, macrophages, dendritic cells, 205
T cells and B cells [24]. Perhaps the best described function of LCPUFAs with regard to 206
immune function, including the inflammatory component, is their role as substrates for 207
the generation of bioactive lipid mediators [25,26] (Figure 5). 208
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Figure 5. Overview of bioactive lipid mediator synthesis from LCPUFAs 212
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AA, EPA and DHA are located within various phospholipids in cell membranes, usu- 214
ally at the sn-2 position. They can be released upon cell stimulation, typically as a result 215
of the activity of phospholipase Az. Once released, LCPUFAs can enter the cyclooxygenase 216
(COX), lipoxygenase (LOX) or cytochrome P450 pathways [25,26]. The COX pathway 217
gives rise to 2-series prostaglandins (PGs) and thromboxanes from AA, and the 5-LOX 218
pathway gives rise to 4-series leukotrienes (LTs). Several of these AA-derived mediators 219
influence immunity. For example, PGEz, which is produced by many immune cell types, 220
has effects on acquired immunity [27-30], inhibiting dendritic cell interactions with Thl 221
cells, cytotoxic T cells and natural killer cells. With regard to effects on T cells, PGE2is 222
generally regarded as immunosuppressive, since it decreases T cell proliferation, the pro- 223
duction of important cytokines such as interleukin (IL)-2 and interferon (IFN)-y, the dif- 224
ferentiation of naive T cells to Thl cells and cytotoxic T cells, and the killing functions of =~ 225
cytotoxic T cells [29,30]. PGE2 also inhibits natural killer cell activity [29,30]. Many of these =~ 226
inhibitory effects of PGE2 may involve the induction of regulatory T cells [29] which in- 227
hibit Th1 and cytotoxic T cell activity. Since dendritic cells, Th1 cells, cytotoxic T cellsand 228
natural killer cells are central to host defence against pathogens, especially bacteria and 229
viruses, these effects of PGE2 may be considered to be deleterious. The Thl cell response 230
is balanced with the Th2 type response that involves IL-4, -5 and -13 and is part of defence 231
against extracellular parasites like helminthic worms. PGE2 promotes the Th2 type im- 232
mune response [28-30]. The balance of Th1 and Th2 cells affects B cell function and anti- 233
body production. Both through its effects on Th2 cells and through direct effects on B cells, 234
PGE: promotes Ig class switching to favour production of IgE [31] which is involved in 235
allergic responses. PGE: induces differentiation of pro-inflammatory T-helper 17 cells [32]. 236
PGE: is also directly involved in inflammation where it has pro-inflammatory roles such 237
as inducing fever and pain and enhancing vascular permeability, which allows neutro- 238
phils and macrophages to enter sites of infection or inflammation [27,28]. PGE: also po- 239
tentiates the pain response induced by other mediators such as bradykinin and histamine 240
[27]. Because of these actions, many anti-inflammatory pharmaceuticals have been devel- 241
oped to target the COX pathway with the aim of decreasing PGE: production [26]. 242

Although many of the actions of PGEz are clearly pro-inflammatory and pro-allergic, 243
it suppresses 5-LOX, inhibiting synthesis of LTs (which are generally pro-inflammatory: 244
see below) and induces 15-LOX to promote the synthesis of pro-resolution lipoxins [33,34]. 245
In this regard PGE2 acts to trigger resolution of inflammation. This may explain paradox- 246
ical observations related to PGE: such as the phenomernon of asprin-sensitive (or asprin- 247
exacerbated) respiratory disease, where the condition is made worse by blocking PGE2 248
production [35]. Since PGE: normally prevents excess production of LTs, inhibition of 249
PGE: production by asprin and other non-sterouidal anti-inflammatory drugs permits 250
over-production of the LTs involved in respiratory inflammation [36]. A recent study 251
demonstated that patients with anaphylaxis had low serum concetrations of PGE2 com- 252
pared to healthy subjects and that PGE2 concentrations correlated inversely with anaphy- 253
laxis severity [37]. In parallel studies in mice, stabilization of PGE2 concentrations pro- 254
tected against anaphylaxis [37]. Given these observations, it is perhaps more appropriate 255
to consider PGE: as both a mediator and a regulator of inflammation and immunity than 256
simply as immunosuppressive, pro-inflammatory and pro-allergic. 257

PGD: is a pro-allergic and pro-inflammatory mediator released from mast cells 258
[28,38]. It has a significant pro-inflammatory effect that is prominent in allergic airways 259
disease (asthma), where it up-regulates some of the distinct characteristics including eo- 260
sinophilia, airway hyperreactivity, production of mucus, and production of Th2-type cy- 261
tokines [39]. PGD: also has pro-inflammatory effects in the skin where it promotes ery- 262
thema, oedema, induration, and leukocyte infiltration [40]. As a vasodilator, PGD2 con- 263
tributes to inflammation by increasing local blood flow. PGD: also has effects within ac- 264
quired immunity but these are not well described, although, like PGE, it has been re- 265
ported to suppress the Thl-mediated response [30]. 266

The metabolites of AA produced by LOX enzymes are also important in inflamma- 267
tion and immunity [28,41-45]. LTBs, produced by the 5-LOX pathway, is generated by 268
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many different cell types particularly neutrophils and macrophages and also by epithelial 269
cells. LTB4 is a bronchoconstrictor, increases vascular permeability and acts as a strong 270
chemoattractant, acting to recruit leukocytes (especially neutrophils and macrophages) to 271
sites of inflammatory or immune activity [28,41,42,46]. LTBs also enhances the adhesion 272
of leukocytes to the endothelium and induces various target cells, particularly neutro- 273
phils, to produce of reactive oxygen species and proteolytic enzymes. LTBs also induces 274
production of pro-inflammatory cytokines by neutrophils and macrophages. Thus, the ef- 275
fects of LTB4 are pro-inflammatory. LTB4 also influences the function of T cells (increased 276
proliferation and IL-2 and IFN-y production, suggesting enhanced Thl cell function), B 277
cells (differentiation and IgE production) and natural killer cells (enhanced cytotoxicity) 278
[46]. Hence, LTB4 seems to promote some components of immune defence. 279
The 5-LOX pathay also generates cysteinyl-LTs (LTCs, Ds and Es) from AA primarily 280

by basophils, eosinophils, mast cells and macrophages. This is in response to a range of 281
stimuli, including allergens. Thus the cysteinyl-LTs are strongly linked to the allergic re- 282
sponse. Cysteinyl-LTs enhance vascular permeability, promote eosinophil recruitment to 283
the airways and are potent inducers of smooth muscle contraction, including in the air- 284
ways (bronchoconstriction) where they have a role in asthma [28,41,42,44,47]. They also 285
induce mucus production by goblet cells and oedema and activate various pro-inflamma- 286
tory responses of mast cells, macrophages and neutrophils, including production of reac- 287
tive oxygen species, cytokines and proteases. Cysteinyl-LTs promote the Th2 response, 288
with LTEs being the most active. 289
N-3 LCPUFAs (EPA and DHA) decrease the production and concentrations of eico- 290
sanoids derived from AA [22,48-51]. This occurs partly as a result of reduced substrate 291
(AA) availability because the n-3 LCPUFAs partially replace AA in cell membranes 292
[21,22]. EPA is also metabolized in the COX and LOX pathways [26]. Via the COX path- 293
way EPA is used to produce 3-series PGs and thromboxanes and via the 5-LOX pathway 294
it produces 5-series LTs [26,52] (Figure 5). In contrast to the eicosanoids formed from AA, 295
those formed from EPA frequently have weak actions. For example, whereas PGE: wasa 296
potent inhibitor of T cell proliferation in vitro, PGEs had little effect [53]. Similarly, LTBsis 297
10- to 100-fold more potent as a leukocyte chemoattractant than LTBs is [54,55]. 298
One of the most significant developments in the understanding of the actions of n-3 299
LCPUFAs has been the discovery that new families of lipid mediators are produced from 300
both EPA and DHA by the COX and LOX pathways. These mediators are collectively 301
termed “specialised pro-resolving mediators” (SPMs) since they resolve (“turn off”) on- 302
going inflammation [56-58]. Several SPMs also promote aspects of innate immunity in- 303
cluding phagocytosis of bacteria and of cellular debris [59]. SPMs include resolvins, pro- 304
tectins (also known as neuroprotectins) and maresins. EPA and DHA give rise to the E- 305
and D-series resolvins, respectively, while both the protectins and maresins are produced 306
from DHA [56-59] (Figure 5). Many immune cell types produce SPMs [56-59]. SPMs have 307
been measured in human plasma including from pregnant women [60], umbilical cord 308
[60-62], infants [61] and children [61,62]. Human breast milk has been reported to contain 309
SPMs [63-65]. Increased intake of EPA and DHA leads to increased amounts of EPA and 310
DHA in immune cells [21,22,66,67], to increased production of SPMs and to higher con- 311
centrations of a number of SPMs in the bloodstream (reviewed recently in [68]), although 312
this has not yet been clearly demonstrated in pregnancy or infancy. 313
When the biological actions of the different lipid mediators formed from the n-6 314
LCPUFA AA and from the n-3 LCPUFAs EPA and DHA are considered it would seem 315
that a balanced supply of precursors would be important in order to achieve “optimal” 316
immune cell membrane contents of the various LCPUFAs (although what exactly consti- 317
tutes “optimal” is currently unclear) and that this would contribute to an immune system 318
that helped in protection against pathogens whilst avoiding the adverse effects of exag- 319
gerated inflammation. 320
321

322
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4. LCPUFAs, immune development, allergic disease and infection 323
4.1. Trials of n-3 LCPUFAs in pregnant and lactating women 324

Several studies of maternal n-3 LCPUFA supplementation during pregnancy have 325
investigated early biomarkers of immunity and/or allergic and respiratory outcomes in 326
the offspring [69-88]; these studies are summarised in Table 2. Studies started the n-3 327
LCPUFA intervention as early as 12 weeks of pregnancy [80] or as late as 30 weeks of 328
pregnancy [81,82], although most started between weeks 18 and 25 (Table 2). Most studies 329
continued n-3 LCPUFA supplementation until the women gave birth (Table 2), although 330
two studies extended the supplementation period to 15 or 16 weeks of lactation [74,75,80]. 331
Most studies used combinations of EPA + DHA (Table 2), although two studies used DHA 332
alone [80,87,88]. Studies using the combination of EPA + DHA used suppements where 333
EPA predominated [74,75,81,82,86] or where DHA predominated [69,70-73,83-85]. One 334
study compared an EPA-rich with a DHA-rich formulation which both contained EPA 335
and DHA [76-79]; however the doses of EPA and DHA were not perfectly matched be- 336
tween the two formulations. All studies, except one [69], which incorporated the n-3 337
LCPUFAs into a milk-based supplement, used capsules. Across all the studies the total 338
dose of EPA, DHA and EPA + DHA used varied from 0 to 1.6 g/day, 0.27 to 2.07 g/day 339
and 0.4 to 3.09 g/day, respectivrely (Table 2). All studies listed in Table 2 involved a control ~ 340
group and in all except one [80] the control group consumed some form of placebo, usu- 341
ally a vegetable oil supplement. Other aspects, not shown in Table 2, such as sample size 342
and the precise health characteristics of the women being studied also differend among 343
the studies. Hence, there is considerable heterogeneity in the study characteristics. Fur- 344
thermore, there is heterogeneity in the immune markers and health outcomes assessed 345
and the time point at which these assesments were made (Table 2). 346

Three of the studies reported that increasing maternal intake of n-3 LCPUFAs modi- 347
fies immune markers in umbilical cord blood [69-73, 76-78], with effects generally con- 348
sistent with a dampening of Th2-type responses, a rebalancing of Th1l- and Th2-type re- 349
sponses and promotion of immune maturation (Table 2). However, not all immune pa- 350
rameters that have been measured are affected by increased maternal n-3 LCPUFA intake. 351
Heterogeneity in these outcomes may relate to the dose and exact composition of n-3 352
LCPUFAs used, which vary greatly across the studies, although the explanation is likely 353
more complex than this. For example, some immune parameters may simply be less sen- 354
sitive to n-3 LCPUFAs than others. One study reported that maternal DHA supplementa- 355
tion (0.4 g/day) from week 12 of pregnancy until 4 months post-partum alters some im- 356
mune markers in the infants’ blood at age 4 months [80]. The effects of maternal n-3 357
LCPUFAs observed in some studies may relate to epigenetic differences, as reported for 358
cord blood immune cells in some studies [89] though not in others [90]. One study inves- 359
tigated whether maternal n-3 LCPUFA supplementation (1.5 g EPA + DHA per day incor- 360
porated into muesli bars) solely during the first 4 months of lactation affected immune 361
outcomes in the offspring at age 2.5 years [91]. Cultures of whole blood from the children 362
of mothers who received n-3 LCPUFAs during lactation produced higher amounts of [IFN- 363
v and had a higher ratio of IFN-y to IL-10 after stimulation with bacterial lipopolysaccha- 364
ride [91]. The authors interpreted this to indicate faster maturation of the immune system 365
in the children whose mothers consumed n-3 LCPUFAs. 366

The effects of early exposaure to n-3 LCPUFAs on the immune system reported in 367
some studies (Table 2) might influence allergic sensitization and the risk of allergic (and 368
also infectious) diseases later in life. In support of this notion, less severe atopic dermatitis 369
and lower risk of sensitisation to egg were seen in one year old infants whose mothers 370
had consumed n-3 LCPUFA supplements providing 1.02 g EPA +2.07 g DHA daily from 371
week 20 of pregnancy [71]. Some other clinical outcomes were numerically lower in the 372
infants whose mothers had received n-3 LCPUFAs, but the differences were not statisti- 373
cally significant, perhaps because sample size was too small. N-3 LCPUFA supplementa- 374
tion (1.6 g EPA + 1.1 g DHA daily) during both pregnancy and lactation resulted in lower 375
PGE: production by stimulated maternal blood collected within one week of birth [92]. 376
This might influence Th2 polarization in the fetus. In this study, infants whose mothers 377
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had received n-3 LCPUFAs had less risk of becoming sensitised to egg, less IgE-associated 378
eczema (atopic dermatitis) and less food allergy during the first year of life [74]. Over the 379
first two years of life there was a less risk of developing any IgE-mediated disease or IgE- 380
associated eczema or being sensitised to egg or to any allergen that was tested in the n-3 381
LCPUFA group [75]. Receiving n-3 LCPUFAs in late pregnancy (1.28 g EPA +0.92 g DHA 382
daily) was associated with reduced asthma-related diagnoses in the offspring at age 16 383
years [81]. This suggests a long term effect of any immunologic changes that occurred in 384
pregnancy and early life. In fact, some of these effects were still apparent at age 24 years 385
[82]. 386

Twelve month old infants of mothers who consumed a DHA-rich 0il (0.1 g EPA+0.8 387
g DHA daily) during pregnancy showed less sensitisation to hens’ egg than the control 388
group [83]. There was also a strong trend to less IgE-associated eczema, but there wasno 389
difference in “any IgE-mediated disease” [83]. These infants were followed up at age 3 390
years: there was no effect of the DHA-rich oil on any clinical outcome including asthma 391
[84]. However, at age 6 years sensitization to one species of house dust mite was lowerin 392
the DHA group than in the control group [85]. Significantly lower incidence of persistent 393
wheeze or asthma at ages 3 to 5 years was seen in children whose mothers took n-3 394
LCPUFAs (1.32 g EPA + 0.88 g DHA daily) from week 24 of pregnancy [86]. There was 395
also lower risk of respiratory tract infections over the first 5 years of life in the offspring 39
of mothers in the n-3 LCPUFA group [86]. The beneficial effect of maternal n-3 LCPUFAs 397
on offspring persistent wheeze or asthma was seen mainly in the subset of children whose 398
mothers had the lowest EPA + DHA status at study entry, and was less apparent in the 399
subset of children whose mothers had the highest EPA + DHA status at study entry [86]. 400
This suggests that n-3 LCPUFAs will be of most benefit to those with the lowest status 401
and may be less effective in those who already have a high status. Further to this, the effect 402
of materal n-3 LCPUFAs on offspring persistent wheeze or asthma was seen mainly in the 403
subset of children whose mothers had a specific polymorphism (G allele at rs1535) in the 404
fatty acid desaturase 2 gene that is associated with low blood levels of EPA and DHA [86]. 405
Thus, the genetic predicposition to low maternal blood level of n-3 LCPUFAs may result 406
in greater benefit being obtained from supplemental EPA + DHA. A large study evaluated 407
the effect of 0.4 g DHA daily in pregnant women from 18 to 22 weeks gestation until giv- 408
ing birth: infants whose mothers were in the DHA group showed reduced cold symptoms 409
at age one month, less illness time to age 3 months and reduced illness at age 6 months 410
[87]. In that study, infants of atopic mothers who received DHA showed lower likelihood 411
of respiratory illness up to age 18 months [88]. 412

In contrast the favourable effects of n-3 LCPUFAs seen in many of these studies (Ta- 413
ble 2), one study found significantly increased atopic dermatitis in three year old children 414
whose mothers had received either one of two doses of n-3 LCPUFAs during pregnancy 415
[79]. This study did demonstrate effects of n-3 LCPUFAs on immune markers in both the 416
mothers and in cord blood that would be consistent with a reduced Th2 phenotype and a 417
reduced predisposition to allergic responses [76-78]. Therefore, the reasons for the clinical 418

findings are unclear, but highlight that more needs to understood about this area. 419
420
4.2 Trials of LCPUFAs in infants 421

There are relatively few trials of LCPUFA intervention in infants with immune sys- 422
tem follow-up. Field et al. [93] compared human milk with standard formula or standard 423
formula with added AA (0.49% of fatty acids) and DHA (0.35% of fatty acids) in 44 pre- 424
term infants. The duration of intervention was 42 days. An age-related increase in T- 425
helper cells and in B cells was seen in the human milk and the formula + LCPUFA groups 426
but not in the standard formula group. Likewise, in the human milk and formula + 427
LCPUFA groups more T cells were antigen mature at day 42 and fewer were antigen na- 428
ive. Production of IL-10, a regulatory cytokine, was not different in the human milk and 429
formula + LCPUFA groups but was low in the standard formula group. Conversely, pro- 430
duction of the pro-inflammatory cytokine tumour necrosis factor was not different in the 431
human milk and formula + LCPUFA groups but was lower than in the standard formula 432
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Table 2. Summary of randomised controlled trials of n-3 LCPUFAs in pregnant or lactating women reporting
on immune and related illness outcomes in the offspring

Refer- Period of intervention | Intervention (g/day) Control Effect of n-3 LCPUFAs on infant Effect of n-3 LCPUFAs on in-
ence(s) immune outcomes fant/child clinical outcomes
[69] From week 22 of preg- EPA 0.15 Milk-based supple- Cord blood: -
nancy until birth plus DHA 0.5 in milk-|  ment without n-3 Lower CCR4, IL-4 and IL-13
based supplement LCPUFA mRNA;
Higher TGF-p mRNA;
No effect on CRTH2, CXCR3, IL-1
or IFN-y mRNA
[70-73] From week 20 of preg-| EPA 1.02 plus DHA Olive oil capsules Cord blood: At one year of age:
nancy until birth 2.07 in capsules Lower IL-13; Less likelihood of severe atopic
No effect on numbers of T, helper dermatitis;
T, cytotoxic T, B or natural killer Trends for less likelihood of SPT
cells; positivity to egg and less likeli-
Lower LTB4 production by neutro- hood of asthma;
phils; No effect on likelihood of food al-
Higher percentage of CD34* pro- | lergy, atopic dermatitis, wheeze,
genitor cells (but no effect on cyto- | any SPT positivity and SPT posi-
kine or chemokine receptor expres- | tivity to allergens other than egg
sion on these cells);
Lower IL-10 production by mono-
nuclear cells stimulated with cat al-
lergen or house dust mite allergen
(trend with egg allergen);
Trends to lower IL-5, IL-13 and
IFN-y production by mononuclear
cells stimulated with cat, egg or
housedust mite allergen
[74,75] From week 25 of preg-| EPA 1.6 plus DHA 1.1| Soybean oil capsules - At one year of age:

nancy until week 15 of
lactation

in capsules

Less likelihood of SPT positivity,
SPT positivity to egg, having IgE-
associated atopic dermatitis and
having food allergy

At two years of age:
Less likelihood of SPT positivity,
SPT positivity to egg or to food,

433
434
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having IgE-mediated food allergy,
IgE-associated atopic dermatitis
or IgE-associated disease

[76-79] From week 12 to 20 un-
til week 34 to 36 of

pregnancy

EPA 1.06 plus DHA
0.274
or
EPA 0.18 plus DHA
0.9 in capsules

Soybean oil capsules

Cord blood:
Lower ratios of Th2 to Th1l chemo-
kines (CCL22:CXCL10 and
CCL17:CXCL10) in both n-3
LCPUFA groups;
No effect on multiple cytokines;
Higher 17-hydroxyDHA in both n-
3 LCPUFA groups

At three years of age:
Greater likelihood of atopic der-
matitis in both n-3 LCPUFA
groups

[80] From week 12 of preg-
nancy until week 16 of
lactation

DHA 0.4 from cap-
sules

None

Blood at 4 months:

No effect on IgA, IgM or IgG;
No effect on lymphocyte or T
helper, memory T helper or natural
killer cell numbers;

Lower percentage of cytotoxic T
cells;

Higher percentage of naive T
helper and memory cytotoxic T
cells;

Lower percentage of IFN-y and IL-
4 producing T helper and cytotoxic
T cells in response to phorbol ester
and ionomycin stimulation

[81,82] From week 30 of preg-

nancy until birth

EPA 1.28 plus DHA
0.92 from capsules

Olive oil capsules

At 16 years of age:

Less likelihood of asthma; allergic
asthma; asthma, atopic dermatitis
or allergic rhinitis; and allergic
asthma, atopic dermatitis or aller-
gic rhinitis

At 24 years of age:

Less likelihood of allergic asthma,
diagnosed asthma, and requiring
medication of asthma;
Trend to less likelihood of requir-
ing medication of allergic rhinitis;

2 of 22
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[83-85]

From week 21 of preg-| EPA 0.1 plus DHA 0.8
nancy until birth

No effect on allergic sensitisation
Blended vegetable oil
from capsules

(allergen-specific IgE)

- At one year of age:
capsules Trend to less likelihood of IgE-as-
sociated allergic disease;
Less likelihood of atopic dermati-
tis and sensitisation to egg;
No effect on food allergy or res-
piratory infections

In the first three years of life:
Trend to less likelihood of IgE-as-
sociated allergic disease and to
less likelihood of atopic dermati-
tis;
No effect on food allergy or any

sensitisation

At three years of age:
No effects on any outcome related
to allergic disease

At six years of age:
No effects on any outcome related
to allergic disease or on sensitisa-
tion to most allergens;

Decreased likelihood to be sensi-
tised to one species of house dust

mite
Olive oil capsules

[86] From week 24 of preg-

EPA 1.32 plus DHA
nancy until birth 0.88 from capsules

In the first five years of life:
Less likelihood of persistent

wheeze or asthma;
Less likelihood of respiratory tract

infections
No effect on atopic dermatitis

Blended vegetable oil - At one month of age:
capsules

[87,88] From weeks 18 to 22 of

pregnancy until birth

DHA 0.4 from cap-
sules
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Shorter duration of cough,
phlegm or wheezing

At three months of age:
Shorter duration of nasal conges-
tion and all illnesses

At six months of age:
Shorter duration of fever, nasal
secretion, difficulty breathing,
rash and “other” illnesses

Over the first 18 months of age:
Less likelihood of some respira-
tory symptoms

[91] First 4 months of lacta-
tion

EPA plus DHA 1.5 in-
corporated into muesli
bars

Olive oil incorporated
into muesli bars

Blood at 2.5 years of age:

No effect on plasma IgE or IL-10
production by whole blood in re-
sponse to lipopolysaccharide;
Higher IFN-y production by whole
blood in response to lipopolysac-
charide and a higher ratio of IFN-y
to IL-10

At 2.5 years of age:
No effect on atopic dermatitis,
wheezing or food allergy

Abbreviations used: CCL, CC chemokine ligand; CCR, CC chemokine ligand receptor; CRTH, prostaglandin D2 receptor; CXC, CXC chemokine ligand;
CXCR, CXC chemokine ligand receptor ; IFN, interferon; Ig, immunoglobulin; IL, interleukin; LT, leukotriene; SPT, skin prock test; TGF, transforming

growth factor
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group. These findings suggest that inclusion of AA and DHA in formula results in an im- 438
mune profile that is consistent with that seen with human milk, suggesting that some of 439
the immune effects of breast milk are due to its component LCPUFAs. This same group of 440
researchers enrolled 30 term infants into a trial of formula compared with formula + AA 441
(0.34% of fatty acids) and DHA (0.20% of fatty acids) [94]. The infants were aged 2 weeks 442
and the duration of the trial was 4 weeks. There was also a breast-fed comparator group. 443
Compared to formula-fed infants, infants fed formula + LCPUFAs had a blood immune 444
cell distribution and a blood cytokine profile that was not different from those of breast- 445
fed infants. These two studies indicate that LCPUFAs result in an improved immune re- 446
sponse in very young infants, although it is not clear if both n-6 and n-3 LCPUFAs need to 447
be present to achieve this effect. These studies did not investigate response to vaccination, 448
infections or immune-mediated illnesses or the persistence of the immune effects reported 449
beyond the end of the intervention period. 450
Some trials have investigated clinical outcomes in infants who received LCPUFAsin 451
infant formula [95-98]. Birch et al. [95] followed up term infants who had received stand- 452
ard formula or formula + LCPUFAs (AA 0.64-0.72% of fatty acids and DHA 0.32-0.36% of ~ 453
fatty acids) in two different studies. Infants had received the formulas from age <6 days 454
to 12 months and they were followed up to the age of 3 years. In the group of infants who 455
had received LCPUFAs there was a lower risk of wheezing/asthma, wheezing/asthma 456
plus atopic dermatitis, any allergy and upper respiratory tract infection. In another study 457
[96], term infants received standard formula or formula + LCPUFAs (AA 0.64% of fatty 458
acids and DHA 0.32% of fatty acids) from age ~ 1 month until one year. Infants who were 459
receiving LCPUFAs were less likely to develop bronchitis or bronchiolitis at 5, 7 and 9 460
months. A third study used the same comparison [97] and identified that infants who 461
were receiving LCPUFAs were less likely to develop bronchitis or bronchiolitis, croup, 462
nasal congestion, cough or diarrhea requiring medical attention over the first year of life. ~ 463
Foiles et al. [98] followed-up a subset of infants who had been involved in a trial of differ- 464
ent infant formulas for the first 12 months of their life. They were term infants and had 465
received a control formula without LCPUFAs or one of three formulas containing a fixed 466
amount of AA (0.64% of fatty acids) and one of three different amounts of DHA (0.32, 0.64 467
or 0.96% of fatty acids). Infants receiving LCPUFAs has less allergic illness and less skin 468
allergic illness in the first year compared to infants in the the control group and these 469
outcomes remained lower at age 4 years. LCPUFAs also delayed time to first allergicill- 470
ness and first skin allergic illness and tended to decrease wheeze/asthma. LCPUFAs re- 471
duced wheeze/asthma in infants of allergic mothers [98]. 472
The effect of n-3 LCPUFAs (0.11 g EPA + 0.28 g DHA daily) given from birth until 6 473
months of age to infants at high risk of developing allergy on immune outcomes [99] and 474
allergic disease [100] was investigated. Mononuclear cells (a mix of T cells, B cells and 475
monocytes) from infants who had received n-3 LCPUFAs produced less of the Th2 cyto- 476
kine IL-13 when stimulated ex vivo with housedust mite [99]. These cells also produced 477
more of the Th1 cytokines IFN-y and tumour necrosis factor when stimulated with phyto- 478
haemagglutinin. These observations are consistent with a favourable shift in the Thl ver- 479
sus Th2 balance after n-3 LCPUFA supplementation that would result in less predisposi- 480
tion to allergy and a better abilty to deal with bacteria and viruses. Eczema at age 12 481
months was predicted by both low plasma DHA and low red blood cell EPA [99]. Never- 482
theless, clinical outcomes (any allergic disease, total or any specific sensitization, eczema, 483
food allergy, wheeze) at age 12 months were not different between the n-3 LCPUFA and 484
control groups of infants [100]. However, at age 12 months infants who had been most 485
compliant to the intervention had a lower risk of eczema. Also, infants with a higher red 486
blood cell EPA, a higher red blood cell ratio of EPA to AA or a higher plasma DHA at age 487
6 month were less likely to develop eczema by age 12 months [100]. Furthermore, infants 488
with higher plasma DHA or higher plasma EPA + docosapentaenoic acid + DHA at age 6 489
months were less likely to develop recurrent wheeze by age 12 months [100]. 490
In another study, researchers randomised 64 term infants to cows milk or infant for- 491
mula each without or with added n-3 LCPUFAs (~0.57 g EPA + 0.38 g DHA daily) from 492
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age 9 to 12 months [101]. There was no difference between groups in plasma IgE, C-reac- 493
tive protein, soluble IL-2 receptor or fecal IgA. However, n-3 LCPUFAs resulted in en- 494
hanced IFN-y production in cultures of whole blood that were stimulated with Lactobacil- 495
lus paracasei. The authors concluded that their results indicated better immune maturation 496
in infants given additional n-3 LCPUFAs. 497

The long-term effect of n-3 LCPUFA supplementation of infants on allergic disease 498
was studied [102-106]. Infants in the n-3 LCPUFA group received 0.5 g of DHA-rich tuna 499
oil per day (this would provide ~0.25 g DHA per day) added to their formula if they were 500
not being breast fed; if they were being breast fed they did not receive additional n-3 501
LCPUFAs. The control group received vegetable oil to add to formula if they were not 502
being breast fed. Almost 70% of infants in both groups had some breast feeding; thus a 503
number of infants in the n-3 LCPUFA group would not have received the n-3 LCPUFA 504
supplement for part of the intervention period and conversely both groups of infants 505
would have been receiving n-3 LCPUFAs from breast milk. Neverthelss, at 18 months of 506
age there was decreased prevalence of wheeze in the n-3 LCPUFA group and higher 507
plasma n-3 PUFA levels were associated with lower bronchodilator use [103,104]. At fol- 508
low-up at 3 years of age, there was reduced cough, but not wheeze, in the n-3 LCPUFA 509
group but there was no difference between the groups for other outcomes such as eczema, 510
serum IgE concentration or doctor diagnosis of asthma [104]. At later follow up when the 511
children were aged 5 years, there was no difference between groups for any clinical out- 512
come related to lung function [105], allergy [105], or asthma [106]. There are a number of 513
reasons why the early benefits of n-3 LCPUFAs did not persist: these include less than 514
optimal adherence to the intervention (50% and 56% compliance in the intervention and 515
control group, respectively), loss to follow-up, lack of power, the low dose of n-3 516
LCPUFAs used, and the fact that other, later, exposures may nullify any early effects of n- 517
3 LCPUFAs. 518

Data from a birth cohort study in Iceland identified that 2.5 year old children who 519
had received n-3 LCPUFA supplements in infancy were less likely to have been diagnosed 520
with food sensitisation [107]. They also had a lower incidence of challenge-confirmed food 521
allergy, although that failed to reach statistical significance [107]. Those children who be- 522
gan n-3 LCPUFA supplementation in the first 6 months of life were better protected than 523
those who began later (significant for both sensitisation and allergy) [107]. N-3 LCPUFAs 524
also decreased severity of allergy [107]. 525

Taken together, the findings of these studies suggest that immune effects of early life 526
exposure to n-3 LCPUFAs (e.g. promoting an enhanced balance between Thl and Th2 527
responses) have benefits in protecting against respiratory disorders (and diarrhea) beyond 528
the period of n-3 LCPUFA exposure. However the long-term persistence of such effectsis 529
uncertain. 530

5. Summary, discussion and conclusions 531

The immune system is complex, involving many cell types and numerous chemical 532
mediators and immune balances are vital to health. An immature immune response in- 533
creases susceptibility to infection, whilst imbalances amongst immune components lead- 534
ing to loss of tolerance can result in immune-mediated diseases including food allergies. 535
Human babies are born with an immature immune response. The immune system devel- 536
ops in early life and breast feeding promotes immune maturation and protects against 537
infections and possibly also against allergies. The LCPUFAs AA and DHA are presentin 538
breast milk, with EPA also being present in very low amounts. AA, EPA and DHA are 539
also present in the membranes of cells of the immune system and act through multiple 540
interacting mechanisms to influence immune function. The effects of AA and of mediators 541
derived from AA are often different from the effects of the n-3 LCPUFAs and of mediators =~ 542
derived from them. There has been much interest in the role of LCPUFAs in general, and 543
of n-3 LCPUFAs in particular, in early immune development especially in the context of 544
risk of allergies and asthma. Several studies of n-3 LCPUFAs in pregnant and/or lactating 545
women have been conducted; these have most often used some form of fish oil providing 546



Nutrients 2020, 12, x FOR PEER REVIEW 3 of 22

both EPA and DHA. Doses of n-3 LCPUFAs used in these studies have been variable and 547
studies also differ in other characteristics. Effects of n-3 LCPUFAs during pregnancy on 548
cord blood immune cells and their responses have been reported, but it is not known if 549
these effects on the immune system persist. These studies also report that increased intake 550
of n-3 LCPUFAs during pregnancy can reduce sensitisation to common food allergens 551
and decreases the risk and severity of atopic dermatitis in the first year of an infant’s life, 552
with one study indicating a persistence until adolescence and early adulthood. One study 553
has reported that n-3 LCPUFAs in pregnancy decrease the risk of persistent wheeze and 554
asthma in the offspring at ages 3 to 5 years, especially in children of mothers with low 555
status of n-3 LCPUFAs and with a particular polymorphism in the fatty acid desaturase2 556
gene. There have also been studies of n-3 LCPUFAs in infants and children, mostly look- 557
ing at respiratory illness, but the outcomes from these are not clear. Inmune markers in 558
preterm and term infants fed formula with AA and DHA were similar to those in infants 559
fed human milk, whereas those in infants fed formula without LCPUFAs were not. Infants 560
who received formula plus LCPUFAs (both AA and DHA) had a lower risk of allergic 561
disease and respiratory illness than those who received standard formula. Studies in 562
which infants received n-3 LCPUFAs report immune differences from controls that sug- 563
gest better immune maturation and they had lower risk of allergic disease and respiratory 564
illness over the first years of life. Taken together these observations indicate that 565
LCPUFAs play a role in immune development that is of clinical significance, particularly 566
with regard to allergic sensitization and allergic manifestations including wheeze and 567
asthma. Studies in pregnancy, lactation and infancy suggest that n-3 LCPUFAs, usually 568
the combination of EPA and DHA, have immune benefits, although the duration of the 569
persistence of the effects is not clear from the current literature because most studies have 570
a limited duration of follow-up. Studies of formulas providing both AA and DHA donot 571
allow for any separate effects of AA compared with n-3 LCPUFAs to be identified, and it 572
is not clear whether AA contributes to the beneficial effects of these formulas on immune- 573
related outcomes. LCPUFAs may contribute to the immune benefits of human breast milk 574
but the extent of this contribution is also unclear. Indeed, whether the effects of LCPUFAs 575
delivered in breast milk, which contains many other immune active components, are the 576
same as LCPUFAs delivered in formula, which lacks many of those components is not 577
known. 578

It is important to note that the doses of n-3 LCPUFAs used in many of the studies 579
conducted to date are high compared to minimum recommended intakes. For example, 580
the Food and Agricultural Organisation of the United Nations recommends a mimimum 581
intake of 0.3 g of EPA + DHA per day, of which at least 0.2 g should be DHA, for pregnant 582
or lactating women [108], while the European Food Safety Authority states an adequate 583
intake of 0.25 g of EPA + DHA per day for adults with an additional 0.1 to 0.2 g DHA per 584
day for pregnant women [109]. The UK recommendation, which is based upon intake of 585
fish, is a minimum intake of 0.45 g EPA + DHA per day [110]. As mentioned previously, 586
the studies in pregnant and/or lactating women described in Table 2 used doses of 0.4 to 587
3.09 g EPA + DHA per day including 0.27 to 2.07 g DHA per day. It would be difficult to 588
achieve most of these intakes from supplements because a standard “fish oil” supplement 589
provides ~ 0.3 g EPA + DHA (see Table 2 of [111]). Higher intakes of n-3 LCPUFAs canbe 590
achieved by regular consumption of fatty fish, but at least one portion of fatty fish would 591
need to be consumed most days to achieve a daily intake of EPA + DHA of 1.5 g (see Table 592
1 of [116]) as used in some studies. Thus, the very highest intakes used in the studies de- 593
scribed in Table 2 seem unlikely to be achieved from either supplements or from the diet. 594

This narrative review has focused on studies that used supplemental n-3 LCPUFAs 595
in pregnant and/or lactating wonen or in infants. It has not considered studies of fish be- 596
cause fish provides nutrients of relevance to immunity, inflammation and allergic disease 597
risk other than n-3 LCPUFAs including vitamin D, selenium and zinc. 598

In conclusion it appears that increased intake of n-3 LCPUFAs in pregnancy may be 599
a useful approach to modulate the infant immune system in order to prevent infant and 600
childhood allergic disease, although in general high intakes of EPA and DHA have been 601
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used in studies conducted to date and how these can translate to real-world settings is
uncertain. Additional research of the impct of increased provision of n-3 LCPUFAs during
pregnancy, lactation, and infancy is needed in oder to better identify the immunologic
and clinical effects in infants and children and how long these persist.
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AA: arachidonic acid

COX, cyclooxygenase

DHA, docosahexaenoic acid

EPA, eicosapentaenoic acid
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IFN, interferon
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IL, interleukin

LCPUFA, long-chain polyunsaturated fatty acid
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PG, prostaglandin

PUFA, polyunsaturated fatty acid
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SPT, skin prick test

Th1, T-helper 1
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References

1.  Caminero, A.; Pinto-Sanchez, M.I. Host immune interactions in chronic inflammatory gastrointestinal conditions. Curr. Opin.
Gastroenterol. 2020, 36, 479-484.

2. Yokanovich, L.T.; Newberry, R.D.; Knoop, K.A. Regulation of oral antigen delivery early in life: Implications for oral tolerance
and food allergy. Clin. Exp. Allergy 2021, in press.

3.  Mowat, A.M. Anatomical basis of tolerance and immunity to intestinal antigens. Nat. Rev. Immunol. 2003, 3, 331-341.

4. Goenka, A.; Kollmann, T.R. Development of immunity in early life. J. Infect. 2015, 71 Suppl 1, S112-5120.

5. Kane, S.V.; Acquah, L.A. Placental transport of immunoglobulins: a clinical review for gastroenterologists who prescribe ther-
apeutic monoclonal antibodies to women during conception and pregnancy. Am. ]. Gastroenterol. 2009, 104, 228-233.

6.  Sykes, L.; MacIntyre, D.A; Yap, X.J.; Teoh, T.G.; Bennett, P.R. The Th1:Th2 dichotomy of pregnancy and preterm labour. Medi-
ator. Inflamm. 2012, 2012, 96762.

7. Wang, W.; Sung, N.; Gilman-Sachs, A.; Kwak-Kim, J. T helper (Th) cell profiles in pregnancy and recurrent pregnancy losses:
Th1/Th2/Th9/Th17/Th22/Tth cells. Front. Immunol. 2020, 11, 2025.

8.  Lewis, E.D.; Richard, C.; Larsen, B.M.; Fielkd, C.J. The importance of human milk for immunity in preterm infants. Clin. Perina-
tol. 2017, 44, 23-47.

9.  Simon, A K,; Hollander, G.A.; McMichael, A. Evolution of the immune system in humans from infancy to old age. Proc. Biol.
Sci. 2015, 282, 20143085.

10. Ximenez, C.; Torres, J. Development of microbiota in infants and its role in maturation of gut mucosa and immune system.
Arch. Med. Res. 2017, 48, 666-680.

11.  Gopalakrishna, K.P.; Hand, T.W. Influence of maternal milk on the neonatal intestinal microbiome. Nutrients 2020, 12, 823.

12.  Goldsmith, F.; O'Sullivan, A.; Smilowitz, ].T.; Freeman, S.L. Lactation and intestinal microbiota: how early diet shapes the infant
gut. |. Mammary Gland Biol. Neoplasia 2015, 20, 149-158.

13.  Andreas, N.J.; Kampmann, B.; Mehring Le-Doare, K. Human breast milk: A review on its composition and bioactivity. Early
Hum. Dev. 2015, 91, 629-635.

14. Ogra, P.L. Immunology of human milk and lactation: historical overview. Nestle Nutr. Inst. Workshop Ser. 2020, 94, 11-26.

602
603
604
605

606
607
608

609
610
611

612
613

614

615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631

632

633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656



Nutrients 2020, 12, x FOR PEER REVIEW 5 of 22

15.

16.

17.

18.

19.
20.

21.

22.
23.
24.

25.
26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.
46.

Westrom, B.; Arévalo Sureda, E.; Pierzynowska, K.; Pierzynowski, S.G.; Pérez-Cano, F.J. The immature gut barrier and its im-
portance in establishing immunity in newborn mammals. Front. Immunol. 2020, 11, 1153.

Rogier, EW.; Frantz, A.L.; Bruno, M.E.; Wedlund, L.; Cohen, D.A.; Stromberg, A.].; Kaetzel, C.S. Lessons from mother: Long-
term impact of antibodies in breast milk on the gut microbiota and intestinal immune system of breastfed offspring. Gut Microbes
2014, 5, 663-668.

Sankar, M.]; Sinha, B.; Chowdhury, R.; Bhandari, N.; Taneja, S.; Martines, J.; Bahl, R. Optimal breastfeeding practices and infant
and child mortality: a systematic review and meta-analysis. Acta Paediatr. 2015, 104, 3-13.

Oddy, W.H. Breastfeeding, childhood asthma, and allergic disease. Ann. Nutr. Metab. 2017, 70 Suppl 2, 26-36. Brenna, ].T.; Var-
amini, B.; Jensen, R.G.; Diersen-Schade, D.A.; Boettcher, J.A.; Arterburn, L.M. Docosahexaenoic and arachidonic acid concen-
trations in human breast milk worldwide. Am. J. Clin. Nutr. 2007, 85, 1457-1464.

Demmelmair, H.; Koletzko, B. Importance of fatty acids in the perinatal period. World Rev. Nutr. Dietet. 2015, 112, 31-47.
Yaqoob, P.; Pala, H.S.; Cortina-Borja, M.; Newsholme, E.A.; Calder, P.C. Encapsulated fish oil enriched in a-tocopherol alters
plasma phospholipid and mononuclear cell fatty acid compositions but not mononuclear cell functions. Eur. . Clin. Invest. 2000,
30, 260-274.

Rees, D.; Miles, E.A.; Banerjee, T.; Wells, S.J.; Roynette, C.E.; Wahle, KW.J.W.; Calder, P.C. Dose-related effects of eicosapentae-
noic acid on innate immune function in healthy humans: a comparison of young and older men. Am. J. Clin. Nutr. 2006, 83,
331-342.

Calder, P.C. Functional roles of fatty acids and their effects on human health. J. Parent. Ent. Nutr. 2015, 39(1 Suppl), 185-32S.
Calder, P.C,, Dietary lipids and the immune system. Nutr. Rev. 1998, 56, S70-S83.

Christie, W.W.; Harwood, J.L. Oxidation of polyunsaturated fatty acids to produce lipid mediators. Essays Biochem. 2020, 64,
401-421.

Calder, P.C. Eicosanoids. Essays Biochem. 2020, 64, 423-441.

Tilley, S.L.; Cofman, T.M.; Koller, B.H. Mixed messages: modulation of inflammation and immune responses by prostaglandins
and thromboxanes. . Clin. Invest. 2001, 108, 15-23.

Samuchiwal, S.K.; Boyce, J.A. Role of lipid mediators and control of lymphocyte responses in type 2 immunopathology. J. Al-
lergy Clin. Immunol. 2018, 141, 1182-1190.

Kalinski, P. Regulation of immune responses by prostaglandin E2. ]. Immunol. 2012, 188, 21-28.

Brundvik, K.W.; Tasken, K. Modulation of T cell immune functions by the prostaglandin E2 — cAMP pathway in chronic inflam-
matory states. Brit. |. Pharmacol. 2012, 166, 411-419.

Gao, Y.; Zhao, C.; Wang, W; Jin, R.; Li, Q.; Ge, Q.; Guan, Y.; Zhang, Y. Prostaglandins E2 signal mediated by receptor subtype
EP2 promotes IgE production in vivo and contributes to asthma development. Sci. Rep. 2016, 6, 20505.

Tsuge, K.; Inazumi, T.; Shimamoto, A.; Sugimoto, Y. Molecular mechanisms underlying prostaglandin E2-exacerbated inflam-
mation and immune diseases. Int. Immunol. 2019, 31, 597-606.

Levy, B.D,; Clish, C.B.; Schmidt, B.; Gronert, K.; Serhan, C.N. Lipid mediator class switching during acute inflammation: signals
in resolution. Nat. Immunol. 2001, 2, 612-619.

Vachier, I.; Chanez, P.; Bonnans, C.; Godard, P.; Bousquet, J.; Chavis, C. Endogenous anti-inflammatory mediators from ara-
chidonate in human neutrophils. Biochem. Biophys. Res. Commun. 2002, 290, 219-224.

Taniguchi, M.; Mitsui, C.; Hayashi, H.; Ono, E.; Kajiwara, K.; Mita, H.; Watai, K.; Kamide, Y.; Fukutomi, Y.; Sekiya, K.; Higashi,
N. Aspirin-exacerbated respiratory disease (AERD): Current understanding of AERD. Allergol. Int. 2019, 68, 289-295.

Rusznak, M.; Peebles, R.S. Jr. Prostaglandin E2 in NSAID-exacerbated respiratory disease: protection against cysteinyl leuko-
trienes and group 2 innate lymphoid cells. Curr. Opin. Allergy Clin. Immunol. 2019, 19, 38-45.

Rastogi, S.; Willmes, D.M.; Nassiri, M.; Babina, M.; Worm, M. PGE 2 deficiency predisposes to anaphylaxis by causing mast cell
hyperresponsiveness. J. Allergy Clin. Immunol. 2020, 146, 1387-1396.

Joo, M.; Sasikot, R.T. PGD synthase and PGD2 in immune response. Mediat. Inflamm. 2012, 2012, 503128

Domoingo, C.; Palomares, O.; Sandham, D.A_; Erpenbeck, V.J.; Altman, P. The prostaglandin D2 receptor pathway in asthma:
a key player in airway inflammation. Respir. Res. 2018, 19, 189.

Honda, T.; Kabashima, K. Prostanoids and leukotrienes in pathophysiology of atopic dermatitis and psoriasis. Int. Immunol.
2019, 31, 589-595.

Radmark, O.; Werz, O,; Steinhilber, D.; Samuelsson, B. 5-Lipoxygenase, a key enzyme for leukotriene biosynthesis in health and
disease. Biochim. Biophys. Acta 2015, 1851, 331-339.

Haeggstrom, J.Z.; Funk, C.D. Lipoxygenase and leukotriene pathways: biochemistry, biology, and roles in disease. Chem. Rev.
2011, 111, 5866-5898.

Brandt, S.L.; Serezani, C.H. Too much of a good thing: how modulating LTB4 actions restore host defense in homeostasis or
disease. Semin. Immunol. 2017, 33, 37-43.

Theron, A.].; Steel, H.C.; Tintinger, G.R.; Gravett, C.M.; Anderson, R.; Feldman, C. Cysteinyl leukotriene receptor-1 antagonists
as modulators of innate immune cell function. J. Immunol. Res. 2014, 2014, 608930.

Jo-Watanabe, A.; Okuna, T.; Yokomizo, T. The role of leukotrienes as potential targets in allergic disease. Int. . Mol. Sci. 2019,
20, 3580.

Gelfrand, E.W. Importance of the leukotriene B4-BLT1 and LTB4-BLT2 pathways in asthma. Semin. Immunol. 2017, 33, 44-51.
Laidlaw, T.M.; Boyce, J.A. Cysteinyl leukotriene receptors, old and new; implications for asthma. Clin. Exp. Allergy 2012, 42,
1313-1320.

657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717



Nutrients 2020, 12, x FOR PEER REVIEW 6 of 22

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Lee, T.H.; Hoover, R.L.; Williams, ].D.; Sperling, R.L; Ravalese, IIL, J.; Spur, B.W.; et al. Effects of dietary enrichment with eicosa-
pentaenoic acid and docosahexaenoic acid on in vitro neutrophil and monocyte leukotriene generation and neutrophil function.
N. Engl. J. Med. 1985, 312, 1217-1224.

Endres, S.; Ghorbani, R.; Kelley, V.E.; Georgilis, K.; Lonnemann, G.; van der Meer, LM.W_; et al. The effect of dietary supple-
mentation with n-3 polyunsaturated fatty acids on the synthesis of interleukin-1 and tumor necrosis factor by mononuclear
cells. N. Engl. ]. Med. 1989, 320, 265-271.

Sperling, R.I.; Benincaso, A.L; Knoell, C.T.; Larkin, J.K.; Austen, K.F.; Robinson, D.R. Dietary w-3 polyunsaturated fatty acids
inhibit phosphoinositide formation and chemotaxis in neutrophils. J. Clin. Invest. 1993, 91, 651-660.

Goodnight, Jr, S.H.; Harris, W.S.; Connor, W.E. The effects of dietary omega 3 fatty acids on platelet composition and function
in man: a prospective, controlled study. Blood 1981, 58, 880-885.

Calder, P.C. Marine omega-3 fatty acids and inflammatory processes: Effects, mechanisms and clinical relevance. Biochim. Bio-
phys. Acta 2015, 1851, 469-484.

Calder, P.C; Bevan, S.J.; Newsholme, E.A. The inhibition of T-lymphocyte proliferation by fatty acids is via an eicosanoid-
independent mechanism. Immunology 1992, 75, 108-115.

Goldman, D.W.; Pickett, W.C.; Goetzl, E.J]. Human neutrophil chemotactic and degranulating activities of leukotriene B5 (LTB5)
derived from eicosapentaenoic acid. Biochem. Biophys. Res. Commun. 1983, 117, 282-288.

Lee, T.H.; Mencia-Huerta, ].M.; Shih, C.; Corey, E.J.; Lewis, R.A.; Austen, K.F. Characterization and biologic properties of 5,12-
dihydroxy derivatives of eicosapentaenoic acid, including leukotriene-B5 and the double lipoxygenase product. J. Biol. Chem.
1984, 259, 2383-2389.

Serhan, C.N.; Chiang, N. Resolution phase lipid mediators of inflammation: agonists of resolution. Curr. Opin. Pharmacol. 2013,
13, 632-640.

Serhan, C.N.; Chiang, N.; Dallj, J. The resolution code of acute inflammation: Novel pro-resolving lipid mediators in resolution.
Semin. Immunol. 2015, 27, 200-215.

Serhan, C.N. Discovery of specialized pro-resolving mediators marks the dawn of resolution physiology and pharmacology.
Mol. Aspects Med. 2017, 58, 1-11.

Serhan, C.N.; Chiang, N.; Dalli, ]. New pro-resolving n-3 mediators bridge resolution of infectious inflammation to tissue re-
generation. Mol. Aspects Med. 2018, 64, 1-17.

Nordgren, T.M.; Anderson Berry, A.; Van Ormer, M.; Zoucha, S.; Elliott, E.; Johnson, R.; et al. Omega-3 fatty acid supplementa-
tion, pro-resolving mediators, and clinical outcomes in maternal-infant pairs. Nutrients 2019, 11, 98.

See, V.H.L.; Mas, E.; Prescott, S.L.; Beilin, L.J.; Burrows, S.; Barden, A.E.; Huang, R.C.; Mori T.A. Effects of postnatal omega-3
fatty acid supplementation on offspring pro-resolving mediators of inflammation at 6 months and 5 years of age: A double
blind, randomized controlled clinical trial. Prostagland. Leukot. Essent. Fatty Acids 2017, 126, 126-132.

See, V.H.L.; Mas, E.; Prescott, S.L.; Beilin, L.J.; Burrows, S.; Barden, A.E.; Huang, R.C.; Mori, T.A. Effects of prenatal n-3 fatty
acid supplementation on offspring resolvins at birth and 12 years of age: a double-blind, randomised controlled clinical trial.
Brit. ]. Nutr. 2017, 118, 971-980.

Winkler, ] W.; Orr, S.K,; Dalli, J.; Cheng, C.Y.; Sanger, ].M.; Chiang, N.; Petasis, N.A.; Serhan, C.N. Resolvin D4 stereoassignment
and its novel actions in host protection and bacterial clearance. Sci. Rep. 2016, 6, 18972.

Weiss, G.A.; Troxler, H.; Klinke, G.; Rogler, D.; Braegger, C.; Hersberger, M. High levels of anti-inflammatory and pro-resolving
lipid mediators lipoxins and resolvins and declining docosahexaenoic acid levels in human milk during the first month of
lactation. Lipids Health Dis. 2013, 12, 89.

Arnardottir, H.; Orr, S.K,; Dalli, J.; Serhan, C.N. Human milk proresolving mediators stimulate resolution of acute inflamma-
tion. Mucosal Immunol. 2016, 9, 757-766.

Healy, D.A.; Wallace, F.A.; Miles, E.A.; Calder, P.C.; Newsholme, P. Effect of low-to-moderate amounts of dietary fish oil on
neutrophil lipid composition and function. Lipids 2000, 35, 763-768.

Browning, L.M.; Walker, C.G.; Mander, A.P.; West, A.L.; Madden, J.; Gambell, ].M.; Young, S.; Wang, L.; Jebb, S.A.; Calder, P.C.
Incorporation of eicosapentaenoic and docosahexaenoic acids into lipid pools when given as supplements providing doses
equivalent to typical intakes of oily fish. Am. J. Clin. Nutr. 2012, 96, 748-758.

Calder, P.C. Eicosapentaenoic and docosahexaenoic acid derived specialised pro-resolving mediators: Concentrations in hu-
mans and the effects of age, sex, disease and increased omega-3 fatty acid intake. Biochimie 2020, 178, 105-123.
Krauss-Etschmann, S.; Hartl, D.; Rzehak, P.; Heinrich, J.; Shadid, R.; del Carmen Ramirez-Tortosa, M.; Campoy, C.; Pardillo, S.;
Schendel, D.J.; Decsi, T.; et al. Nutraceuticals for Healthier Life Study Group. Decreased cord blood IL-4, IL-13, and CCR4 and
increased TGF-beta levels after fish oil supplementation of pregnant women. J. Allergy Clin. Immunol. 2008, 121, 464-470.
Dunstan, J.A.; Mori, T.A.; Barden, A.; Beilin, L.].; Taylor, A.L.; Holt, P.G.; Prescott, S.L. Maternal fish oil supplementation in
pregnancy reduces interleukin-13 levels in cord blood of infants at high risk of atopy. Clin. Exp. Allergy 2003, 33, 442-448.
Dunstan, J.A.; Mori, T.A.; Barden, A.; Beilin, L.].; Taylor, A.L.; Holt, P.G.; Prescott, S.L. Fish oil supplementation in pregnancy
modifies neonatal allergen-specific immune responses and clinical outcomes in infants at high risk of atopy: A randomized,
controlled trial. J. Allergy Clin. Immunol. 2003, 112, 1178-1184.

Prescott, S.L.; Barden, A.E.; Mori, T.A.; Dunstan, J.A. Maternal fish oil supplementation in pregnancy modifies neonatal leuko-
triene production by cord-blood-derived neutrophils. Clin. Sci. 2006, 113, 409-416.

Denburg, J.A.; Hatfield, H.M.; Cyr, M.M.; Hayes, L.; Holt, P.G.; Sehmi, R.; Dunstan, J.A.; Prescott, S.L. Fish oil supplementation
in pregnancy modifies neonatal progenitors at birth in infants at risk of atopy. Pediatr. Res. 2005, 57, 276-281.

718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778



Nutrients 2020, 12, x FOR PEER REVIEW 7 of 22

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Furuhjelm, C.; Warstedt, K.; Larsson, J.; Fredriksson, M.; Bottcher, MLF.; Falth-Magnusson, K.; Duchén, K. Fish oil supplemen-
tation in pregnancy and lactation may decrease the risk of infant allergy. Acta Paediatr. 2009, 98, 1461-1467.

Furuhjelm, C.; Warstedt, K.; Fageras, M.; Fédlth-Magnusson, K.; Larsson, J.; Fredriksson, M.; Duchén, K. Allergic disease in in-
fants up to 2 years of age in relation to plasma omega-3 fatty acids and maternal fish oil supplementation in pregnancy and
lactation. Pediatr. Allergy Immunol. 2011, 22, 505-514.

Mozurkewich, E.L.; Berman, D.R.; Vahratian, A.; Clinton, C.M.; Romero, V.C.; Chilimigras, ].L.; Vazquez, D.; Qualls, C.; Djuric,
Z. Effect of prenatal EPA and DHA on maternal and umbilical cord blood cytokines. BMC Pregnancy Childbirth 2018, 18, 261.
Mozurkewich, E.L.; Greenwood, M.; Clinton, C.; Berman, D.; Romero, V.; Djuric, Z.; Qualls, C.; Gronert, K. Pathway markers
for pro-resolving lipid mediators in maternal and umbilical cord blood: a secondary analysis of the Mothers, Omega-3, and
Mental Health Study. Front. Pharmacol. 2016, 7, 274.

Romero, V.C.; Somers, E.C.; Stolberg, V.; Clinton, C.; Chensue, S.; Djuric, Z.; Berman, D.R.; Treadwell, M.C.; Vahratian, A.M.;
Mozurkewich, E. Developmental programming for allergy: a secondary analysis of the Mothers, Omega-3, and Mental Health
Study. Am. J. Obstet. Gynecol. 2013, 208, 316.

Berman, D.; Clinton, C.; Limb, R.; Somers, E.C.; Romero, V.; Mozurkewich, E. Prenatal omega-3 supplementation and eczema
risk among offspring at age 36 months. Insights Allergy Asthma Bronchitis 2016, 2, 1.

Granot, E.; Jakobovich, E.; Rabinowitz, R.; Levy, P.; Schlesinger, M. DHA supplementation during pregnancy and lactation
affects infants' cellular but not humoral immune response. Mediat. Inflamm. 2011, 2011, 493925.

Olsen, S.F.; Osterdal, M.L.; Salvig, ].D.; Mortensen, L.M.; Rytter, D.; Secher, N.].; Henriksen, T.B. Fish oil intake compared with
olive oil intake in late pregnancy and asthma in the offspring: 16 y of registry-based follow-up from a randomized controlled
trial. Am. J. Clin. Nutr. 2008, 88, 167-175.

Hansen, S.; Strem, M.; Maslova, E.; Dahl, R.; Hoffmann, H.J.; Rytter, D.; Bech, B.H.; Henriksen, T.B.; Granstrém, C.; Halldorsson,
T.I; et al. Fish oil supplementation during pregnancy and allergic respiratory disease in the adult offspring. J. Allergy Clin.
Immunol. 2017, 139, 104-111.

Palmer, D.J.; Sullivan, T.; Gold, M.S.; Prescott, S.L.; Heddle, R.; Gibson, R.A.; Makrides, M. Effect of n-3 long chain polyunsatu-
rated fatty acid supplementation in pregnancy on infants' allergies in first year of life: Randomised controlled trial. Brit. Med. |.
2012, 344, e184.

Palmer, D.J.; Sullivan, T.; Gold, M.S.; Prescott, S.L.; Heddle, R.; Gibson, R.A.; Makrides, M. Randomized controlled trial of fish
oil supplementation in pregnancy on childhood allergies. Allergy 2013, 68, 1370-1376.

Best, K.P.; Sullivan, T.; Palmer, D.; Gold, M.; Kennedy, D.J.; Martin, J.; Makrides, M. Prenatal fish oil supplementation and
allergy: 6-year follow-up of a randomized controlled trial. Pediatrics 2016, 137, e20154443.

Bisgaard, H.; Stokholm, J.; Chawes, B.L.; Vissing, N.H.; Bjarnadottir, E.; Schoos, A.M.; Wolsk, H.M.; Pedersen, T.M.; Vinding,
R.K.; Thorsteinsdottir, S.; et al. Fish oil-derived fatty acids in pregnancy and wheeze and asthma in offspring. N. Engl. ]. Med.
2016, 375, 2530-2539.

Imhoff-Kunsch, B.; Stein, A.D.; Martorell, R.; Parra-Cabrera, S.; Romieu, I.; Ramakrishnan, U. Prenatal docosahexaenoic acid
supplementation and infant morbidity: randomized controlled trial. Pediatrics 2011, 128, e505-512.

Escamilla-Nunez, M.C.; Barraza-Villarreal, A.; Herndndez-Cadena, L.; Navarro-Olivos, E.; Sly, P.D.; Romieu, I. Omega-3 fatty
acid supplementation during pregnancy and respiratory symptoms in children. Chest 2014, 146, 373-382.

Lee, H.S.; Barraza-Villarreal, A.; Hernandez-Vargas, H.; Sly, P.D.; Biessy, C.; Ramakrishnan, U.; Romieu, I.; Herceg, Z. Modula-
tion of DNA methylation states and infant immune system by dietary supplementation with w-3 PUFA during pregnancy in
an intervention study. Am. J. Clin. Nutr. 2013, 98, 480-487.

Amarasekera, M.; Noakes, P.; Strickland, D.; Saffery, R.; Martino, D.].; Prescott, S.L. Epigenome-wide analysis of neonatal CD4*
T-cell DNA methylation sites potentially affected by maternal fish oil supplementation. Epigenetics 2014, 9, 1570-1576.
Lauritzen, L.; Kjaer, T.M.R.; Fruekilde, M.B.; Michaelsen, K.F.; Frokiaer, H. Fish oil supplementation of lactating mothers affects
cytokine production in 2 1/2-year-old children. Lipids 2005, 40, 669-676.

Warstedt, K.; Furuhjelm, C.; Duchen, K.; Falth-Magnusson, K.; Fageras, M. The effects of omega-3 fatty acid supplementation
in pregnancy on maternal eicosanoid, cytokine, and chemokine secretion. Pediatr. Res. 2009, 66, 212-217.

Field, C.J.; Thomson, C.A.; Van Aerde, J.E,; Parrott, A.; Euler, A; Lien, E.; Clandinin, M.T. Lower proportion of CD45R0+ cells
and deficient interleukin-10 production by formula-fed infants, compared with human-fed, is corrected with supplementation
of long-chain polyunsaturated fatty acids. J. Pediatr. Gastroenterol. Nutr. 2000, 31, 291-299.

Field, C.J.; Van Aerde, J.E.; Robinson, L.E.; Clandinin, M.T. Effect of providing a formula supplemented with long-chain poly-
unsaturated fatty acids on immunity in full-term neonates. Brit. J. Nutr. 2008, 99, 91-99.

Birch, E.E.; Khoury, ].C.; Berseth, C.L.; Castafieda, Y.S.; Couch, ].M.; Bean, J.; Tamer, R.; Harris, C.L.; Mitmesser, S.H.; Scalabrin,
D.M. The impact of early nutrition on incidence of allergic manifestations and common respiratory illnesses in children. J.
Pediatr. 2010, 156, 902-906.

Pastor, N.; Soler, B.; Mitmesser, S.H.; Ferguson, P.; Lifschitz, C.. Infants fed docosahexaenoic acid- and arachidonic acid-sup-
plemen,te.d formula have decreased incidence of bronchiolitis/bronchitis the first year of life. Clin. Pediatr. 2006, 45, 850-855.
Lapillonne, A.; Pastor, N.; Zhuang, W.; Scalabrin, D.M.F. Infants fed formula with added long chain polyunsaturated fatty acids
have reduced incidence of respiratory illnesses and diarrhea during the first year of life. BMC Prediatr. 2014, 14, 168.

Foiles, A.M.; Kerling, E.H.; Wick, J.A.; Scalabrin, D.M.F.; Colombo, J.; Carlson, S.E. Formula with long-chain polyunsaturated
fatty acids reduces incidence of allergy in early childhood. Pediatr. Allergy Immunol. 2016, 27, 156-161.

779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838



Nutrients 2020, 12, x FOR PEER REVIEW 8 of 22

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

D’Vaz, N.; Meldrum, S.J.; Dunstan, J.A.; Lee-Pullen, T.F.; Metcalfe, J.; Holt, B.].; Serralha, M.; Tulic, M.K.; Mori, T.A.; Prescott,
S.L. Fish oil supplementation in early infancy modulates developing infant immune responses. Clin. Exp. Allergy 2012, 42, 1206-
1216.

D’Vaz, N.; Meldrum, S.J.; Dunstan, J.A.; Martino, D.; McCarthy, S.; Metcalfe, J.; Tulic, M.K,; Mori, T.A.; Prescott, S.A. Postnatal
fish oil supplementation in high-risk infants to prevent allergy: Randomized controlled trial. Pediatrics 2012, 130, 674-682.
Damsgaard, C.T.; Lauritzen, L.; Kjaer, T.M.; Holm, P.M.; Fruekilde, M.B.; Michaelsen, K.F.; Frekiaer, H. Fish oil supplementa-
tion modulates immune function in healthy infants. J. Nutr. 2007, 137, 1031-1036.

Mihrshahi, S.; Peat, ].K.; Marks, G.B.; Mellis, C.M.; Tovey, E.R.; Webb, K.; Britton, W.].; Leeder, S.R. Childhood Asthma Preven-
tion Study. Eighteen-month outcomes of house dust mite avoidance and dietary fatty acid modification in the Childhood
Asthma Prevention Study (CAPS). |. Allergy Clin. Immunol. 2003, 111, 162-168.

Mihrshahi, S.; Peat, ].K.; Webb, K.; Oddy, W.; Marks, G.B.; Mellis, C.M. Effect of omega-3 fatty acid concentrations in plasma
on symptoms of asthma at 18 months of age. Pediatr. Allergy. Immunol. 2004, 15, 517-522.

Peat, ].K.; Mihrshahi, S.; Kemp, A.S.; Marks, G.B.; Tovey, E.R.; Webb, K.; Mellis, C.M.; Leeder, S.R. Three-year outcomes of
dietary fatty acid modification and house dust mite reduction in the Childhood Asthma Prevention Study. J. Allergy Clin. Im-
munol. 2004, 114, 807-813.

Marks, G.B.; Mihrshahi, S.; Kemp, A.S.; Tovey, E.R.; Webb, K.; Almqvist, C.; Ampon, R.D.; Crisafulli, D.; Belousova, E.G.; Mellis,
C.M,; et al. Prevention of asthma during the first 5 years of life: A randomized controlled trial. J. Allergy Clin. Immunol. 2006,
118, 53-61.

Almgqpvist, C.; Garden, F.; Xuan, W.; Mihrshahi, S.; Leeder, S.R.; Oddy, W.; Webb, K.; Marks, G.B.; CAPS team. Omega-3 and
omega-6 fatty acid exposure from early life does not affect atopy and asthma at age 5 years. J. Allergy Clin. Immunol. 2007, 119,
1438-1444.

Clausen, M.; Jonasson, K.; Keil, T.; Beyer, K.; Sigurdardottir, S.T. Fish oil in infancy protects against food allergy in Iceland —
Results from a birth cohort study. Allergy 2018, 73, 1305-1312.

Food and Agricultural Organisation of the United Nations. Fat and fatty acids in human nutrition: report of an expert consul-
tation. Food and Agricultural Organisation of the United Nations, Rome, 2010.

European Food Safety Authority. Scientific opinion on dietary reference values for fats, including saturated fatty acids, poly-
unsaturated fatty acids, monounsaturated fatty acids, trans fatty acids and cholesterol. EFSA ]. 2010, 8, 1461.

Scientific Advisory Committee on Nutrition/Committee on Toxicity. Advice on fish consumption: benefits and risks. TSO, Lon-
don, 2004.

Calder, P.C. Very long-chain n-3 fatty acids and human health: fact, fiction and the future. Proc. Nutr. Soc. 2018, 77, 52-72.

839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868



