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Immune system; assess whether or not seasonal immune modulation occurs in humans.

Seasons Materials and methods: We reviewed studies assessing immune status at different times of the

year, restricting our review to studies assessing any of the following three biomarkers: anti-
body responses following vaccination, delayed-type hypersensitivity responses following skin
testing, and clinical responses following experimental infection.

Results: After systematic review and critical appraisal of the literature, six separate studies
were available for final discussion. These results indicate that human immunity does vary
by season. In the tropical setting of West Africa, both cell mediated and humoral immune
responses appear to be reduced in children during the rainy season. In the tropical setting
of Bangladesh, cell mediated immune responses also appear to be reduced in children during
the rainy season. In the temperate setting of Russia, resistance to influenza infection appears
to be reduced in young adults during winter.

Conclusions: Seasonal variation in immunity appears to occur in humans, and it is plausible
that this variation may contribute to the seasonality of respiratory infections. Further research
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to assess the extent of seasonal immune modulation is required. We outline a number of rec-
ommendations to minimise bias in future studies.
© 2014 The British Infection Association. Published by Elsevier Ltd. All rights reserved.

Introduction to studies using the following in vivo biomarkers of im-

The seasonal patterns of infectious diseases have been
observed for millennia. Seasonality is observed in almost all
infectious diseases, from respiratory infections such as
influenza and respiratory syncytial virus,”? to diarrhoeal
diseases such as cholera,® and vector borne diseases such
as malaria.” Despite numerous epidemiological studies
investigating infectious disease seasonality, the underlying
drivers of this seasonality remain unclear for many infec-
tions, and for respiratory infections in particular. Proposed
environmental drivers of respiratory infection seasonality
include seasonal variations in host contact rates, and sea-
sonal variations in the environmental survival of patho-
gens.” Another proposed driver is seasonal variation in
host immunity. Seasonal variations in host resistance to
infection have been documented in a number of non-
human vertebrates,® and there are a number of biologically
plausible mechanisms that could result in similar seasonal
immune modulation in humans. Seasonal variation in sun-
shine levels may play a role: it has been proposed that sea-
sonal variations in vitamin D levels could drive respiratory
infection incidence,” and seasonal variations in photope-
riod have also been proposed as a driver of seasonal
immune modulation.® Exposure to environmental immuno-
toxins may also vary by season: for example aflatoxin levels
are often increased in grain and groundnuts stored in non-
harvest seasons.’ Seasonal variations in nutrition also occur
in many settings, and the link between malnutrition and
reduced host resistance to infection is well established in
children.® Infectious diseases and host immunity are linked
in a cyclic manner: while depressed immunity increases the
risk of clinical infection in those exposed to pathogens,
infection itself can debilitate the host, resulting in reduced
immune defences. Thus some infectious diseases, driven by
external seasonal forces such as climate, may seasonally
debilitate human hosts and in turn predispose to secondary
infection, resulting in seasonality in this secondary infec-
tion. A particularly well documented example is that of di-
arrhoeal illness in children predisposing them to subsequent
pneumonia.'"'? Whether reduced host immunity is caused
directly by environmental factors such as reduced sunshine,
immunotoxin exposure or malnutrition, or is secondary to
other infectious diseases, studies to directly assess whether
seasonal immune modulation actually occurs in humans are
a clear starting point to assess all of these hypotheses.

A number of studies have assessed immune status in
humans during different seasons of the year. The methods
used in these studies differ, and can be classified in two
ways: studies can be either in vivo or ex vivo studies, and
can be either challenge studies (where the immune
response to an antigen challenge is assessed) or basal
studies (where the background levels of immune markers
are assessed). In this paper we have restricted our review

mune function, which all assess responses to an immune
challenge: antibody responses to vaccination, delayed
type hypersensitivity (DTH) responses to skin test anti-
gens, and clinical responses following experimental infec-
tion. These immune biomarkers are considered to have the
best combination of clinical relevance, biological sensi-
tivity and practicality.’®'* We have critically reviewed
these studies to assess whether seasonal immune modula-
tion occurs in human populations. We also discuss whether
the observed variations in immunity can be plausibly
linked to respiratory infection seasonality in the study set-
tings. We conclude by recommending a systematic strat-
egy for future studies.

Materials and methods

We searched Medline (search date 18 April 2014) for studies
measuring the above biomarkers during different seasons. A
keyword search was performed using the following terms:

AB (“immune response*” OR "vaccine response*” OR
immunogen* OR “antibody response*” OR “delayed type
hypersensitivity” OR anergy) AND AB (summer OR winter OR
spring OR autumn OR “wet season” OR “rainy season” OR
“dry season”)

A MESH term search was performed using the following
terms:

((MH “Immunity, Cellular”) OR (MH “Immunity, Humoral”)
OR (MH “Adaptive Immunity”)) AND (MH *“Seasons™)

Search results were restricted to those published in
English. We performed citation searches of the retrieved
articles, and also searched articles citing the retrieved
articles using Google Scholar.

Results

Studies examining vaccine antibody responses

Vaccination elicits antibody production via humoral immu-
nity. For most vaccines, antigen presenting cells are
activated by vaccine antigens, and then present these
antigens to 1) B-lymphocytes, which then differentiate
into antibody producing plasma cells, and 2) T-lympho-
cytes, which facilitate this process (unconjugated poly-
saccharide vaccines elicit a T-lymphocyte independent
response, where the polysaccharide antigen directly binds
to B-lymphoctes, stimulating their differentiation into
antibody producing plasma cells). Thus measuring antibody
levels following vaccination provides an in vivo measure of
an integrated, clinically relevant immune response. We
found 17 studies examining antibody responses according
to the season of vaccination. These studies are summarised
in Table 1, and discussed below.



Table 1 Summary of studies assessing seasonal variation in vaccine responses.
Immune challenge Setting Study  Age at challenge  Season with strongest  Antigen Age and sex controlled  Challenge-test  Equal challenge-
size immune response circulating in for or distributed interval test interval in
environment?  equally? all subjects?

Rabies vaccine' Gambia 472 6 to 9 years Dry season No Yes 14 days Yes

Rabies vaccine'® Pakistan 257 25 to 35 years Summer No Yes 7 days Yes

HBV vaccine'” Netherlands 522 17 to 20 years None Minimal ND Various No

HBV vaccine'® Gambia 138 0 to 16 weeks® Unclear Yes Yes 36 weeks Yes

HBV vaccine'® Austria 1874 6 to 80 years Unclear Minimal ND 4 weeks to No

5 years

Rubella vaccine' Israel 203 12 months® Winter Minimal ND 3 to 4 years No

Rubella vaccine'” Netherlands 718 14 months® None Minimal ND 1 to 6 years No

ppV'>:16 Gambia 472  6to 9 years Unclear Yes Yes 4 weeks Yes

pPcv?*! Gambia 212 6 to 18 weeks? Rainy season Yes ND 4 weeks Yes
Diphtheria/tetanus ~ Gambia 138 8 and 12 weeks None Yes Yes 4 weeks Yes

vaccine'®

Typhoid vaccine'® Pakistan 257 25 to 35 years None Yes Yes 14 days Yes
Influenza vaccine”®  Russia 584 16 to 18 years Winter Yes Yes 20 to 25 days No
Influenza vaccine?®  Russia 588 16 to 18 years Winter Yes ND 21 days Yes

oPV?/ Israel 121 2 to 6 months? Winter Yes ND 2 months Yes

oPV# India 50 3 to 9 months Winter Yes ND 2 weeks Yes

OoPV# Gambia 679 1 to 5 months? Dry season Yes ND >4 weeks No

oPV?? Brazil 730 0 to 3 months® None Yes ND 4 weeks Yes

HBV: hepatitis B virus/PPV: pneumococcal polysaccharide vaccine/PCV: pneumococcal conjugate vaccine/OPV: oral polio vaccine/ND: not documented.
@ Potential for birth cohort effect
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Rabies vaccine

Responses to rabies vaccine are a potentially useful
biomarker for seasonal analysis because rabies antigen
does not circulate widely in the environment. A study in
472 Gambian children aged between 6 and 9 years found a
statistically significant seasonal variation in antibody levels
following first rabies vaccination, with the strongest anti-
body responses to rabies vaccine if given in May (late dry
season).'® A study in 257 adults in Pakistan found that anti-
body levels following rabies vaccination (two doses given
seven days apart) showed a statistically significant monthly
variation, with highest responses in August, during the peak
of summer.'® However because the study only included the
months from April to September, it cannot fully address the
question of seasonality.

Hepatitis B virus (HBV) vaccine

A study in 522 young adults in the Netherlands found little
variation in antibody levels according to the season of first
HBV vaccination (given at 0, 1 and 6 months)."” A study in
138 infants in The Gambia found the highest responses to
HBV vaccine (given at 0, 8 and 16 weeks of age) in infants
vaccinated in October and November, however this was
not statistically significant."® A study in 1874 older children
and adults in Austria found significantly higher antibody
levels following a course of HBV vaccine (given at 0, 1
and 6—12 months) if the third vaccination was performed
in winter compared to summer.'® Interpretation of this
latter finding is difficult due to the multiple doses of vac-
cine given across different seasons, as well as the variable
period between first and third vaccination. In addition,
antibody responses were measured between 4 weeks and
5 years after finishing the HBV vaccine course.

Rubella and measles vaccines

A study in 203 children in Israel found that children
receiving a single dose of measles, mumps and rubella
(MMR) vaccine in the summer had significantly lower rubella
antibody levels than children vaccinated in the winter."”
Children received MMR at age 12 months (+10 days), and
antibody levels were measured when the children were
4-5 years old. Due to high vaccine coverage rates, rubella
incidence has been very low in Israel since the late 1990s,
suggesting that environmental exposure to rubella antigens
is unlikely to have been driving the seasonal variation.?® A
study in 718 children in the Netherlands found no differ-
ences in antibody levels against measles or rubella accord-
ing to season of receiving MMR vaccination."”” These
children received MMR at age 14 months, and antibody
levels were measured at 2—7 years of age.

Pneumococcal vaccines

Antibody levels following a single dose of pneumococcal
polysaccharide vaccine in 472 children aged 6—9 yearsin The
Gambia showed complex variation according to the month of
vaccination, with different seasonal patterns for different
serotypes'>'® As part of a Gambian vaccine trial, antibody
responses following three doses of pneumococcal conjugate
vaccine (given at 6, 10 and 14 weeks of age) were assessed
according to the season of vaccination in 212 children. Chil-
dren who received all three doses of vaccine in the rainy sea-
son had higher antibody levels than those who received

doses across both the dry and rainy seasons.' Pneumococcal
antigens circulate cyclically in the environment,?? and expo-
sure to pneumococcal antigens is known to interfere with the
immunogenicity of pneumococcal vaccines.?*?* Thus exam-
ining the immunogenicity of pneumococcal vaccines accord-
ing to the season of vaccination is particularly vulnerable to
confounding from environmental antigens, which may
explain the inconsistent results from these studies.

Diphtheria and tetanus vaccines

A study in 138 infants in The Gambia found little variation in
antibody responses to diphtheria or tetanus according to
the month of vaccination.'® Infants were vaccinated with
combined diphtheria, tetanus and pertussis vaccine at 8,
12 and 16 weeks of age, and antibody levels were measured
at 16 weeks of age.

Typhoid vaccine

A study in 257 adults in Pakistan showed little variation in
antibody response according to month of vaccination with
typhoid vaccine (As noted above however, this study only
included the months from April to September).'®

Live influenza vaccines

Two studies in the former USSR found the highest antibody
responses to live intranasal influenza vaccines occurred in
individuals vaccinated in the winter. In the first study 584
males aged 16—18 years were vaccinated either in June or
January. Seroconversion (defined as a fourfold or greater
increase in antibody levels compared to before vaccination)
was assessed 20—25 days after vaccination, and occurred in
38% of those vaccinated in June and 51% of those vacci-
nated in January.?’ The second study included 588 subjects
aged 16—18 years. Those vaccinated in the summer had a
lower seroconversion rate (defined as above) 21 days after
vaccination compared to those vaccinated in winter (16% in
summer, compared to 23% in winter).%®

Oral polio vaccine (OPV)

A study in 121 infants in Israel found higher seroconversion
rates in infants vaccinated with OPV in winter compared to
summer.?’” A study in 50 infants in India also found higher
seroconversion rates in those infants vaccinated in the
winter months.”® In The Gambia, a study in 679 infants found
those infants receiving more OPV vaccinations in the rainy
season had a lower seroconversion rate.?” In contrast to
these three studies, a study in 730 infants in Brazil did not
find any significant variation in OPV immunogenicity accord-
ing to the season of vaccination.?’ A major driver of the
observed seasonal variations in OPV antibody responses ap-
pears to be the seasonal variation in the prevalence of
non-polio enteroviruses: infants vaccinated when non-polio
enterovirus circulation was at its peak had poorer antibody
responses to OPV.?”-?%:2:30 This strong environmental deter-
minant of OPV immunogenicity reduces the usefulness of
OPV for assessing seasonal immune modulation.

Studies examining DTH responses

DTH testing involves the intradermal injection of one or
more antigens. If the antigen has been encountered
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previously by the individual, this will elicit a cell mediated
immune response: antigen presenting cells are activated by
the intradermal antigens, and then present these antigens
to memory T-cells, which in turn release cytokines resulting
in an infiltration of various inflammatory cells. Thus DTH
testing provides an in vivo measure of an integrated, clini-
cally relevant immune response. The width of the skin indu-
ration due to the inflammatory response is measured 48 h
after injection of the antigen. Induration less than a spe-
cific cut off (usually 2 mm) is indicative of anergy to that
antigen. We found 5 studies examining DTH responses ac-
cording to the season of testing. These studies are summar-
ised in Table 2, and discussed below.

Several studies have examined DTH responses to the
seven skin test antigens included in the multitest kit (pro-
teus, trichophyton, candida, tetanus, diphtheria, strepto-
coccus, and tuberculin). In The Gambia, 472 children aged
between 6 and 9 years underwent DTH skin testing with these
seven antigens, with a single administration of the multitest
at different times of the year in different children. Consis-
tent with the results from the rabies vaccination study in this
same population, the average number of positive responses
to the seven antigens was highest in April/May (late dry
season). "> A study in southern Bangladesh followed a cohort
of 705 children aged between zero and five years over the
course of a year, administering the seven multitest antigens
at three month intervals. A potential weakness of this study
was the use of repeated DTH testing in the same children,
because repeated DTH testing may lead to boosting of the
later responses. This may not have biased the results sub-
stantially however, as a larger proportion of children were
anergic to all seven antigens upon testing during the rainy
season (August, the second DTH test) compared to during
the hot dry season (May, the first DTH test) despite any boost-
ing that may have resulted from the first DTH test: Anergy to
all seven antigens occurred in 20.6% of children tested in the
rainy season compared to 11.8% tested in the hot, dry season
(RR 1.74 [95%CI 1.07 to 2.90]).>" In a study in northwest
Kenya, 57 children aged between 6 months and 10 years
were tested with five of the seven multitest antigens (the
tetanus and diphtheria antigens were removed). The chil-
dren were tested first during the rainy season, and again dur-
ing the dry season, and showed little seasonal variation in
DTH responses to the five antigens: 58% of children showed
anergy to all five antigens during the rainy season, compared
to 53% in the dry season.>” It is possible that boosting due to
the repeat testing in this study may have obscured any dif-
ference between seasons. A study in Guinea-Bissau adminis-
tered the seven multitest antigens to 884 children at seven to
nine months of age. Children were tested once between
October 1996 and September 1997. The study only reported
results for 3 antigens, finding that during the rainy season,
anergy to tuberculin on DTH skin testing was more common
(OR 1.76 [95%CI 1.33 to 2.33]) as was anergy to diptheria
and tetanus antigens (OR 1.31 [95%Cl 0.99 to 1.72]). In
another study from Guinea-Bissau, anergy to all seven mul-
titest antigens upon DTH testing in children aged 3—13 years
was more common if the children were tested in the rainy
season compared to the dry season (OR 4.8 [95%Cl 2.2 to
10.3]) however the study only examined 5 months of the
year, and only one of these months (May) was during the
dry season.>*

Summary of studies assessing seasonal variation in DTH responses.

Table 2
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Experimental infection: clinical outcomes following
the administration of live vaccines

Experimental infection provides the most clinically relevant
assessment of immune defences against infection. Innate,
cellular, and humoral immune responses will all be elicited
to varying degrees to reduce the intensity of infection.
Measured outcomes may be symptomatology of infection,
or microbiological outcomes such as ongoing pathogen
isolation. We found two studies examining clinical re-
sponses according to the season of experimental infection.
These studies are summarised in Table 3, and discussed
below.

As discussed above, two studies in the former USSR
examined human challenge with live influenza vaccine in
non-immune volunteers. The first of these reported a
higher risk of fever in 360 individuals vaccinated during
the winter compared to 197 vaccinated in summer.?
Although influenza and other viruses causing febrile illness
are more common in the winter in the study setting, it ap-
pears the increased risk of fever in those individuals vacci-
nated in the winter was a direct result of the influenza
vaccination, as the placebo group did not show any signs
of fever during the winter vaccine challenge. The other
study from the former USSR reported similar results, with
a significantly higher risk of fever following influenza vacci-
nation in the winter compared to in the summer, and a
significantly higher amount of nasal secretion of vaccine vi-
rus two and three days following vaccination in winter
compared to summer.”® Taken together these studies sug-
gest that in winter, vaccinated individuals are more likely
to become infected with the vaccine viruses, with subse-
quent viral replication and fever.

Discussion

Sources of bias in the retrieved studies

During our critical appraisal of the studies retrieved by our
literature search, we identified a number of sources of bias
specific to studies comparing immune status at different
time of the year. These sources of bias are discussed below,
and in Tables 1—3 we also indicate which studies are at risk
of these biases.

Circulating antigens

If a test antigen circulates seasonally in the environment
(as is the case for many antigens including pneumococcal,
enteroviral and tuberculin antigens) any seasonal variation
observed in immune responses following challenge with

Table 3

these antigens may be due to variations in the level of
circulating antigen rather than variations in immune
competence.?>>> For this reason, when assessing seasonal
immune modulation using vaccines it is advisable to use re-
sponses to vaccine antigens that are not circulating in the
environment. Because DTH testing examines the immune
response to previously encountered antigens, environ-
mental antigens are required as the test antigens. Thus to
minimise confounding when using DTH testing it is advisable
to use a combination of antigens with different seasonal
patterns of circulation, such as when assessing the propor-
tion of children with anergy to all seven of the antigens in
the DTH multitest. Anergy to all seven multitest antigens
is a more reliable measure of reduced immune competence
than a negative result to a single antigen."’

Age and sex

Immune responses vary with age, and age specific responses
to immune challenge (whether the challenge is vaccine,
DTH test, or infection) are well documented in many
studies.”™ %3¢ For DTH testing there is an additional
complication: as previous exposure to the test antigen is
required for a positive DTH reaction, this means negative
DTH reactions are more common in younger children, who
have had less chance for previous exposure.>' These factors
clearly implicate age as a potential confounder in any study
assessing seasonal immune modulation. A second factor
that needs to be considered is the potential for confounding
by birth cohort effects. If all children are the same age at
antigen challenge (particularly if they are infants) then dis-
entangling the effect of the season of birth from the effect
of the season of antigen challenge will be difficult. For
example if all children are six months old at antigen chal-
lenge, and those children challenged in March have reduced
responses, is would be difficult to assess whether this was
due to an environmental insult in March, or sometime dur-
ing their gestation (January to September the previous
year). Examples of birth cohort effects would include sea-
sonal variations in maternal antibody levels,?**”*® which
can affect responses to antigen challenge in infants,>*
as well as maternal exposures during gestation, which could
potentially result in altered responses to a wide variety of
antigens in children according to season of birth.*' In order
to properly control for both age and birth cohort effects in
multivariate analysis, the antigen challenge should be
administered to children of different ages (to avoid birth
cohort effects) and the analysis of seasonal variation in im-
mune response should be adjusted for any age difference
between the comparison groups. Responses to immune
challenge also often vary according to sex, and this should
also be controlled for in multivariate analysis.

Summary of studies assessing seasonal variation in clinical responses to experimental infection.

Immune challenge  Setting Study Age at

size challenge

Season with Antigen
least clinical circulating in controlled for birth cohort test interval in

Age and sex Potential for Equal challenge-

infections environment? or distributed effect? all subjects?
equally?
Influenza infection?® Russia 557 16 to 18 years Summer Yes® Yes No Yes
Influenza infection’® Russia 471 16 to 18 years Summer Yes ND No Yes

2 However study was placebo controlled.
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Follow-up time following challenge

The strength of an immune response also varies with time
following challenge. For DTH testing, skin tests are
routinely read 48 h after challenge. For vaccinations the
follow-up time is less consistent. Follow-up times must be
equal following challenges in different seasons to avoid
confounding, and it would be prudent to test antibody
responses within one to two months following vaccination
(some of the reviewed studies measured antibody levels
several years following vaccination, allowing the potential
for other environmental factors to influence the immune
response in the interim). Follow-up times should also be
equal for studies using experimental infection, as symp-
toms will vary with time following infection, according to
the incubation period.

Repeated immune challenges

Repeat immune challenges with the same antigen may lead
to boosting of later responses. For DTH testing the available
evidence suggests such boosting is probably maximal if DTH
tests are repeated within two months, however some
boosting may occur if DTH tests are repeated up to a year
later.*>~* The boosting effect of repeated vaccination is
well known. The simplest way to avoid bias due to boosting
is to assess immune responses to antigen challenge in
different subjects at different times of the year.

Antigen storage

The immunogenicity of antigens depends on adequate
storage, in particular the maintenance of the cold chain
during transport and storage. In many settings maintaining
the cold chain may be more difficult at different times of
the year. High temperatures in summer, and difficulties in
transport during the rainy season, are two seasonal factors
that may be detrimental to proper vaccine storage. Most of

the reviewed papers have documented the efforts taken to
maintain the cold chain during the studies. No papers
reported any observed problems with cold chain
maintenance.

Possible drivers of seasonal immune modulation

Table 4 lists the studies least likely to be affected by the
sources of bias discussed above, and include studies using
rabies vaccine (1 study), multitest DTH responses (3
studies), and experimental infection (2 studies). Possible
drivers of the observed seasonal variation in immunity in
these six studies are discussed below.

In The Gambia, immune responses in children following
both rabies vaccine and DTH multitest were strongest late
in the dry season (April/May). Similarly, in nearby Guinea-
Bissau, anergy to the DTH multitest in children was less
common in May than during the rainy season. In this part of
West Africa the rainy season is often a time of poor
nutrition known as the hungry season,*®*” and this malnu-
trition is exacerbated by an increased incidence of diar-
rhoeal illness during the rainy season.*“® A number of
studies have demonstrated a direct link between poor
nutritional status, reduced cell mediated immune re-
sponses, and an increased risk of infection in child-
ren.>"*=>" |n contrast, vaccine responses appear less
affected by malnutrition.’? Malaria infection is also at its
peak during the rainy season, driven by increased mosquito
numbers. Malaria infection appears to affect host immu-
nity: malaria parasitaemia reduces the antibody response
to some vaccines and malaria parasitaemia also appears
to affect DTH responses to some antigens.’>>> In The Gam-
bian study, children with malaria parasitaemia had reduced
responses to the rabies vaccine, but parasitaemia did not
affect DTH testing. Whatever the cause of the apparent

Table 4 Summary of studies included in final discussion.
Setting Challenge Study  Age at challenge  Comparison Results
size
Gambia'’ Rabies vaccine 472 6 to 9 years Months from April  The strongest antibody response
to February was in children vaccinated in May
(end of dry season)
Gambia'® Multitest DTH 472 6 to 9 years Months from April  The number of positive responses
to February (out of seven antigens) was highest
in April and May (end of dry season)
Bangladesh®’ Multitest DTH 705 0 to 5 years May v August Anergy to all seven antigens was
more common in August (mid rainy
season) than May (end of dry season)
Guinea-Bissau®*  Multitest DTH 391 3 to 13 years Months from May Anergy to all seven antigens was
to September least common in May (end of dry
season)
Russia”® Influenza 557 16 to 18 years June v January Higher risk of fever in those infected
infection during January (winter) compared to
those infected in June (summer)
Russia?® Influenza 471 16 to 18 years June v February Higher risk of fever, and increased
infection nasal secretion of virus, in those

infected during February (winter)
compared to those infected in
June (summer)




S. Paynter et al.

reduction in both cell mediated and humoral immunity dur-
ing the rainy season in this setting, it appears plausible that
this seasonal reduction in immunity may drive further infec-
tions. Respiratory infections in children are generally at
their peak late in the rainy season in The Gambia.’® The
timing of this peak is consistent with respiratory infection
seasonality being at least partly driven by the observed sea-
sonal reduction in cellular and/or humoral immunity.

In Bangladesh, anergy to all seven DTH multitest antigens
was more common upon testing in the rainy season compared
to the hot dry season. As with the West African examples, in
Bangladesh the rainy season is often a time of poor nutrition,
with reduced household food security and decreased
maternal and child growth.>”>® Malaria is not endemic in
the district the DTH study was performed in. It is plausible
that the observed seasonal reduction in cellular immunity
may play a role in driving the seasonality of respiratory infec-
tions in this setting. Respiratory infections in children gener-
ally occur at two times of the year in Bangladesh: during the
winter, and late in the rainy season.’®° The timing of the
second peak is consistent with respiratory infection inci-
dence being at least partly driven by the observed seasonal
reduction in cell mediated immunity.

In young adults in the temperate climate of the former
USSR, fever and viral secretion were less frequent following
nasal inoculation with live influenza vaccine in the summer.
Possible underlying causes for seasonal immune modulation
in temperate winters are reduced nutrition and reduced
vitamin D levels. It is possible that micronutrient intake
may fluctuate with season due to the availability of
seasonal produce: this appears to be the case in Russia,
where micronutrient deficiencies are generally more severe
in winter and spring.®’ Vitamin D levels are consistently
lower during the winter and spring months in temperate
settings, and vitamin D deficiency appears to increase the
risk of respiratory infection in children.®?~%* The most spe-
cific effect of vitamin D deficiency on immunity is a reduc-
tion in the antimicrobial peptide cathelicidin, part of the
innate immune system, and expressed in leukocytes and
bronchial epithelial cells.®>®® In this temperate setting,
respiratory infections are most common in late winter/
early spring.®”-®® While improved viral survival due to the
low winter temperatures in temperate settings is one plau-
sible driver of this seasonal variation in respiratory infec-
tions, reduced immune competence during the winter

may also play a role in driving the observed seasonality of
respiratory infections.

Conclusions

The studies reviewed here suggest seasonal immune mod-
ulation occurs in humans, and that seasonal immune mod-
ulation in humans is a plausible driver of the observed
seasonal patterns of respiratory infections in the reviewed
settings. Other driving factors undoubtedly are also influ-
encing transmission and seasonality of infectious diseases:
variations in climate are likely to affect pathogen survival
in the environment, while host mixing behaviour is also
likely to vary throughout the year. Further research is
required to assess the relative importance of these
different driving mechanisms. The dominant factors driving
infectious disease seasonality are likely to vary according to
the infection, and according to the setting.

It remains to be seen whether or not the observed seasonal
patterns of immune modulation may be amenable to interven-
tion. For example, immune modulation resulting from seasonal
variation in day length may prove difficult to address, while
immune modulation due to malnutrition or vitamin D defi-
ciency is more amenable to intervention. Improved under-
standing of the mechanisms underlying the seasonality of
immune modulation may enable more effective use of in-
terventions. The fact that seasonal immune modulation is
apparent at the population level suggests that interventions for
population groups at risk of reduced immune competence may
have "herd” level benefits as well as individual level benefits.

Our review has also demonstrated the lack of studies
examining seasonal changes in clinical measures of human
immunity. We have focused our review on studies examining
three clinical measures of immune status (vaccine immuno-
genicity, DTH responses, and infectious challenge) because
of the high relevance of these measures to clinical out-
comes. This strategy has reduced the number of studies
available for our review, and our critical appraisal of the
retrieved articles has further reduced the number of articles
available for interpretation. More research is required to
better understand the dynamics of host immune modulation.
To this end we have made several recommendations for
reducing bias in future studies using the clinical measures
reviewed in this article (Box 1).

Box 1. Recommendations for reducing bias when assessing seasonal immune modulation

e To assess consistency from year to year, ideally studies should continue for several years.

e To better assess causality, regular measurements of immune status (ideally monthly) are preferable.

e For vaccines, use antigens that do not circulate in the environment.

e For DTH testing, assess anergy to a number of test antigens administered at the same time.

e To avoid confounding, maintain similar age and sex distributions of children in the comparison groups (or control

for any differences in analysis).

e Administer the antigen challenge to children over a range of ages in order to control for birth cohort effects.

e For vaccines, testing the antibody response after a single dose will give clearer results.

e Avoid repeated challenges in the same subjects as this can cause boosting of responses.

e The delay between the immune challenge and measurement of the immune response should be the same in the
comparison groups (and it would be prudent to test antibody levels within two months of vaccination).

e Ensure cold chain maintenance is the same during different seasons.



Seasonal immune modulation in humans

9

References

10.

1.

12.

13.

14.

15.

16.

17.

18.

. Bloom-Feshbach K, Alonso WJ,

. Weber MW, Mulholland EK, Greenwood BM. Respiratory syncy-

tial virus infection in tropical and developing countries. Trop
Med Int Health 1998 Apr;3(4):268—80.

Charu V, Tamerius J,
Simonsen L, Miller MA, et al. Latitudinal variations in seasonal
activity of influenza and respiratory syncytial virus (RSV): a
global comparative review. PLoS One 2013;8(2):e54445.

. Ruiz-Moreno D, Pascual M, Bouma M, Dobson A, Cash B.

Cholera seasonality in Madras (1901—1940): dual role for rain-
fall in endemic and epidemic regions. EcoHealth 2007;4(1):
52—62.

. Brewster D, Greenwood B. Seasonal variation of paediatric

diseases in The Gambia, West Africa. Ann Trop Paediatr
1992;13(2):133—46.

. Grassly N, Fraser C. Seasonal infectious disease epidemiology.

Proc R Soc B 2006;273:2541—50.

. Nelson RJ, Demas GE, Klein SL, Kriegsfeld LJ, Bronson F. Sea-

sonal patterns of stress, immune function, and disease. New
York: Cambridge University Press; 2002.

. Cannell J, Vieth R, Umhau J, Holick M, Grant W, Madronich S,

et al. Epidemic influenza and vitamin D. Epidemiol Infect
2006;134(06):1129—40.

. Dowell SF. Seasonal variation in host susceptibility and cycles

of certain infectious diseases. Emerg Infect Dis 2001;7(3):369.

. Turner PC, Moore SE, Hall AJ, Prentice AM, Wild CP. Modification

of immune function through exposure to dietary aflatoxin in
Gambian children. Environ Health Perspect 2003;111(2):217.
Caulfield LE, de Onis M, Blossner M, Black RE. Undernutrition
as an underlying cause of child deaths associated with diar-
rhea, pneumonia, malaria, and measles. Am J Clin Nutr
2004 Jul;80(1):193-8.

Ashraf S, Huque MH, Kenah E, Agboatwalla M, Luby SP. Effect
of recent diarrhoeal episodes on risk of pneumonia in children
under the age of 5 years in Karachi, Pakistan. Int J Epidemiol
2013;42(1):194—200.

Schmidt W-P, Cairncross S, Barreto ML, Clasen T, Genser B.
Recent diarrhoeal illness and risk of lower respiratory infec-
tions in children under the age of 5 years. Int J Epidemiol
2009;38(3):766—72.

Albers R, Antoine JM, Bourdet-Sicard R, Calder PC, Gleeson M,
Lesourd B, et al. Markers to measure immunomodulation in
human nutrition intervention studies. Br J Nutr 2005;94(03):
452—-81.

Van Loveren H, Van Amsterdam J, Vandebriel RJ, Kimman TG,
Rumke HC, Steerenberg PS, et al. Vaccine-induced antibody
responses as parameters of the influence of endogenous and
environmental factors. Environ Health Perspect 2001;
109(8):757.

Moore SE, Collinson AC, Prentice AM. Immune function in rural
Gambian children is not related to season of birth, birth size,
or maternal supplementation status. Am J Clin Nutr 2001;
74(6):840—7.

Moore SE, Collinson AC, Fulford AJC, Jalil F, Siegrist CA,
Goldblatt D, et al. Effect of month of vaccine administration
on antibody responses in The Gambia and Pakistan. Trop Med
Int Health 2006 Oct;11(10):1529—41.

Termorshuizen F, Sleijffers A, van den Hof S, de Malker H,
Garssen J, Boland GJ, et al. Vaccine induced antibody re-
sponses in relation to season. Bilthoven, The Netherlands.
RIVM report 640300004. 2001.

Rendi-Wagner P, Kundi M, Stemberger H, Wiedermann G,
Holzmann H, Hofer M, et al. Antibody-response to three re-
combinant hepatitis B vaccines: comparative evaluation of
multicenter travel-clinic based experience. Vaccine 2001;
19(15):2055—60.

19.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

Linder N, AbudiY, AbdallaW, Badir M, AmiatiY, Samuels J, et al.
Effect of season of inoculation on immune response to rubella
vaccine in children. J Trop Paediatr 2011;57(4):299—302.

. Anis E, Grotto |, Moerman L, Kaliner E, Warshavsky B,

Slater PE, et al. Rubella in Israel after the MMR vaccine: elim-
ination or containment? J Public Health Policy 2013;34(2):
288—301.

Saaka M, Okoko B, Kohberger R, Jaffar S, Enwere G, Biney E,
et al. Immunogenicity and serotype-specific efficacy of a 9-
valent pneumococcal conjugate vaccine (PCV-9) determined
during an efficacy trial in The Gambia. Vaccine 2008;26(29):
3719-26.

Darboe MK, Fulford AJ, Secka O, Prentice AM. The dynamics of
nasopharyngeal streptococcus pneumoniae carriage among
rural Gambian mother-infant pairs. BMC Infect Dis 2010;
10(1):195.

Dagan R, Givon-Lavi N, Greenberg D, Fritzell B, Siegrist CA.
Nasopharyngeal carriage of streptococcus pneumoniae shortly
before vaccination with a pneumococcal conjugate vaccine
causes serotype-specific hyporesponsiveness in early infancy.
J Infect Dis 2010;201(10):1570—-9.

Vakevainen M, Soininen A, Lucero M, Nohynek H, Auranen K,
Makela PH, et al. Serotype-specific hyporesponsiveness to
pneumococcal conjugate vaccine in infants carrying pneumo-
coccus at the time of vaccination. J Pediatr 2010 Nov;157(5).
778—U114.

Shadrin AS, Marinich IG, Taros LY. Experimental and epidemi-
ological estimation of seasonal and climato-geographical fea-
tures of nonspecific resistance of organism to influenza. J Hyg
Epidemiol Microbiol Immunol 1977;21(2):155—61.

Zykov MP, Sosunov AV. Vaccination activity of live influenza
vaccine in different seasons of the year. J Hyg Epidemiol Mi-
crobiol Immunol 1987;31:453—9.

Swartz T, Skalska P, Gerichter C, Cockburn W. Routine admin-
istration of oral polio vaccine in a subtropical area. Factors
possibly influencing sero-conversion rates. J Hyg 1972;
70(04):719-26.

Pangi N, Master J, Dave K. Efficacy of oral poliovaccine in in-
fancy. Indian Pediatr 1977;14(7).

Cirne M, Duarte M, Nobrega D, Desouza E, Monteiro D,
Oliveira M, et al. Factors affecting the immunogenicity of
oral poliovirus vaccine — a prospective evaluation in Brazil
and The Gambia. J Infect Dis 1995;171(5):1097—106.

Triki H, Abdallah M, Ould M, Aissa RB, Bouratbine A, Ali
Kacem MB, et al. Influence of host related factors on the anti-
body response to trivalent oral polio vaccine in Tunisian in-
fants. Vaccine 1997;15(10):1123—9.

Baqui AH, Black RE, Sack RB, Chowdhury HR, Yunus M,
Siddique AK. Malnutrition, cell-mediated immune deficiency,
and diarrhea: a community-based longitudinal study in rural
Bangladeshi children. Am J Epidemiol 1993;137(3):355—65.
Shell-Duncan B. Cell-mediated immunocompetence among
nomadic Turkana children. Am J Hum Biol 1993;5(2):225—35.
Garly M-L, Balé C, Martins CL, Baldé MA, Hedegaard KL,
Whittle HC, et al. BCG vaccination among West African infants
is associated with less anergy to tuberculin and diphther-
ia—tetanus antigens. Vaccine 2001;20(3):468—74.

. Shaheen SO, Aaby P, Hall AJ, Barker DJP, Heyes CB, Shiell AW,

et al. Cell mediated immunity after measles in Guinea-Bissau:
historical cohort study. Br Med J 1996 Oct;313(7063):969—74.
Farhat M, Greenaway C, Pai M, Menzies D. False-positive tu-
berculin skin tests: what is the absolute effect of BCG and
non-tuberculous mycobacteria? [Review Article]. Int J Tuberc
Lung Dis 2006;10(11):1192—204.

Siegrist C-A, Aspinall R. B-cell responses to vaccination at the
extremes of age. Nat Rev Immunol 2009;9(3):185—94.
Stensballe LG, Ravn H, Kristensen K, Meakins T, Aaby P,
Simoes EAF. Seasonal variation of maternally derived


http://refhub.elsevier.com/S0163-4453(14)00285-0/sref1
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref1
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref1
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref1
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref2
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref2
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref2
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref2
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref3
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref3
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref3
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref3
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref3
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref3
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref4
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref4
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref4
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref4
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref5
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref5
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref5
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref6
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref6
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref6
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref7
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref7
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref7
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref7
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref8
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref8
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref9
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref9
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref9
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref10
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref10
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref10
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref10
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref10
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref11
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref11
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref11
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref11
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref11
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref12
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref12
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref12
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref12
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref12
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref13
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref13
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref13
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref13
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref13
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref14
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref14
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref14
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref14
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref14
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref14
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref15
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref15
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref15
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref15
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref15
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref16
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref16
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref16
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref16
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref16
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref17
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref17
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref17
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref17
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref18
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref18
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref18
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref18
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref18
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref18
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref19
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref19
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref19
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref19
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref20
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref20
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref20
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref20
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref20
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref21
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref21
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref21
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref21
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref21
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref21
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref22
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref22
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref22
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref22
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref23
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref23
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref23
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref23
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref23
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref23
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref24
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref24
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref24
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref24
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref24
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref24
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref25
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref25
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref25
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref25
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref25
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref26
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref26
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref26
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref26
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref27
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref27
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref27
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref27
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref27
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref28
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref28
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref29
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref29
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref29
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref29
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref29
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref29
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref30
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref30
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref30
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref30
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref30
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref31
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref31
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref31
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref31
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref31
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref32
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref32
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref32
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref33
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref33
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref33
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref33
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref33
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref33
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref34
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref34
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref34
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref34
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref35
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref35
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref35
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref35
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref35
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref36
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref36
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref36
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref37
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref37

10

S. Paynter et al.

38.

39.

40.

M.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

respiratory syncytial virus antibodies and association with in-
fant hospitalizations for respiratory syncytial virus. J Pediatr
2009;154(2). 296—8. ef.

Bray R, Anderson M. Falciparum malaria and pregnancy. Trans
R Soc Trop Med Hyg 1979;73(4):427—31.

Siegrist CA. Mechanisms by which maternal antibodies influ-
ence infant vaccine responses: review of hypotheses and defi-
nition of main determinants. Vaccine 2003 Jul;21(24):
3406—12.

Glezen WP. Effect of maternal antibodies on the infant im-
mune response. Vaccine 2003;21(24):3389—-92.

Palmer AC. Nutritionally mediated programming of the devel-
oping immune system. Adv Nutr Int Rev J 2011;2(5):377—95.
Keystone E, Demerieux P, Gladman D, Poplonski L, Piper S,
Buchanan R. Enhanced delayed hypersensitivity skin test
reactivity with serial testing in healthy volunteers. Clin Exp
Immunol 1980;40(1):202.

Hogan TF, Borden EC, Freeberg BL, Vieau J, Hsieh F-Y,
Crowley J. Enhancement in recall antigen responses by
frequent, repetitive skin testing with Candida, mumps, and
streptokinase-streptodornase in 38 normal adults. Cancer Im-
munol Immunother 1980;10(1):27—31.

. Menzies D. Interpretation of repeated tuberculin tests: boost-

ing, conversion, and reversion. Am J Respir Crit care Med
1999;159(1):15—21.

Roth A, Sodemann M, Jensen H, Poulsen A, Gustafson P,
Gomes J, et al. Vaccination technique, PPD reaction and
BCG scarring in a cohort of children born in Guinea-Bissau
2000—2002. Vaccine 2005;23(30):3991-8.

Ulijaszek SJ, Strickland SS. Seasonality and human ecology.
Cambridge University Press; 1993.

Rayco-Solon P, Fulford AJ, Prentice AM. Differential effects of
seasonality on preterm birth and intrauterine growth restric-
tion in rural Africans. Am J Clin Nutr 2005;81(1):134—9.
Malbak K, Jensen H, Aaby P. Risk factors for diarrheal disease
incidence in early childhood: a community cohort study from
Guinea-Bissau. Am J Epidemiol 1997;146(3):273—82.
Shell-Duncan B, Wood JW. The evaluation of delayed-type hy-
persensitivity responsiveness and nutritional status as predic-
tors of gastro-intestinal and acute respiratory infection: a
prospective field study among traditional nomadic Kenyan
children. J Trop Pediatr 1997;43(1):25—32.

Zaman K, Baqui A, Yunus M, Sack R, Bateman O, Chowdhury H,
et al. Association between nutritional status, cell-mediated
immune status and acute lower respiratory infections in Ban-
gladeshi children. Eur J Clin Nutr 1996;50(5):309.

Zaman K, Baqui A, Yunus M, Sack R, Chowdhury H, Black R.
Malnutrition, cell-mediated immune deficiency and acute up-
per respiratory infections in rural Bangladeshi children. Acta
Paediatr 1997;86(9):923—7.

Savy M, Edmond K, Fine PEM, Hall A, Hennig BJ, Moore SE,
et al. Landscape analysis of Interactions between nutrition
and vaccine responses in children. J Nutr 2009 Nov;139(11):
21545—-218S.

Cunnington AJ, Riley EM. Suppression of vaccine responses by
malaria: insignificant or overlooked? Expert Rev Vaccines
2010;9(4):409—-29.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Greenwood BM, Bradley-Moore AM, Palit A, Bryceson ADM. Im-
munosupression in children with malaria. Lancet 1972;
299(7743):169—72.

Akinwolere O, Williams A, Akinkugbe F, Laditan A. Immunity
in malaria: depression of delayed hypersensitivity reaction
in acute Plasmodium falciparum infection. Afr J Med Med
Sci 1988;17(1):47.

Weber MW, Milligan P, Sanneh M, Awemoyi A, Dakour R,
Schneider G, et al. An epidemiological study of RSV infection
in The Gambia. Bull World Health Organ 2002;80(7):562—8.
Chen LC, Chowdhury AA, Huffman SL. Seasonal dimensions of
energy protein malnutrition in rural Bangladesh: the role of
agriculture, dietary practices, and infection. Ecol Food Nutr
1979;8(3):175—-87.

Hillbruner C, Egan R. Seasonality, household food security,
and nutritional status in Dinajpur, Bangladesh. Food & Nutr
Bull 2008;29(3):221—-31.

Zaman K, Baqui A, Sack R, Bateman O, Chowdhury H, Black R.
Acute respiratory infections in children: a community-based
longitudinal study in rural Bangladesh. J Trop Pediatr 1997;
43(3):133-7.

Haque F, Husain MM, Ameen KMH, Rahima R, Hossain MJ,
Alamgir A, et al. Bronchiolitis outbreak caused by respiratory
syncytial virus in southwest Bangladesh, 2010. Int J Infect Dis
2012;16(12):e866—71.

Sedik DJ, Sotnikov S, Wiesmann D. Food security in the
Russian Federation: Food & Agriculture Organization. Report
No.: 9251050414. 2003.

Camargo CA, Ingham T, Wickens K, Thadhani R, Silvers KM,
Epton MJ, et al. Cord-blood 25-hydroxyvitamin D levels and
risk of respiratory infection, wheezing, and asthma. Pediat-
rics 2011;127(1):e180—7.

Belderbos ME, Houben ML, Wilbrink B, Lentjes E, Bloemen EM,
Kimpen JLL, et al. Cord blood vitamin D deficiency is associ-
ated with respiratory syncytial virus bronchiolitis. Pediatrics
2011;127(6):e1513—-20.

Camargo CA, Ganmaa D, Frazier AL, Kirchberg FF, Stuart JJ,
Kleinman K, et al. Randomized trial of vitamin D supplemen-
tation and risk of acute respiratory infection in Mongolia. Pe-
diatrics 2012;130(3):e561—7.

Baeke F, Takiishi T, Korf H, Gysemans C, Mathieu C. Vitamin D:
modulator of the immune system. Curr Opin Pharmacol 2010;
10(4):482.

Ginde AA, Mansbach JM, Camargo CA. Vitamin D, respiratory
infections, and asthma. Curr Allergy Asthma Reports 2009;
9(1):81-7.

Tatochenko V, Uchaikin V, Gorelov A, Gudkov K, Campbell A,
Schulz G, et al. Epidemiology of respiratory syncytial virus in
children< 2 years of age hospitalized with lower respiratory
tract infections in the Russian Federation: a prospective,
multicenter study. Clin Epidemiol 2010;2:221.

Turti TV, Baibarina EN, Degtiareva EA, Keshishyan ES,
Lobzin YV, Namazova-Baranova LS, et al. A prospective,
open-label, non-comparative study of palivizumab prophy-
laxis in children at high risk of serious respiratory syncytial vi-
rus disease in the Russian Federation. BMC Res Notes 2012;
5(1):484.


http://refhub.elsevier.com/S0163-4453(14)00285-0/sref37
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref37
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref37
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref37
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref38
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref38
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref38
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref39
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref39
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref39
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref39
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref39
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref40
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref40
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref40
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref41
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref41
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref41
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref42
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref42
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref42
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref42
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref43
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref43
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref43
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref43
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref43
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref43
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref44
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref44
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref44
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref44
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref45
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref45
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref45
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref45
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref45
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref45
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref46
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref46
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref47
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref47
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref47
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref47
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref48
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref48
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref48
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref48
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref49
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref49
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref49
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref49
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref49
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref49
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref50
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref50
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref50
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref50
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref51
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref51
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref51
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref51
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref51
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref52
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref52
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref52
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref52
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref52
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref53
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref53
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref53
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref53
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref54
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref54
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref54
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref54
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref55
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref55
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref55
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref55
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref56
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref56
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref56
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref56
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref57
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref57
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref57
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref57
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref57
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref58
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref58
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref58
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref58
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref59
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref59
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref59
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref59
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref59
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref60
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref60
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref60
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref60
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref60
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref61
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref61
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref61
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref62
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref62
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref62
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref62
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref62
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref63
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref63
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref63
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref63
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref63
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref64
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref64
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref64
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref64
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref64
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref65
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref65
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref65
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref66
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref66
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref66
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref66
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref67
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref67
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref67
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref67
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref67
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref67
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref68
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref68
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref68
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref68
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref68
http://refhub.elsevier.com/S0163-4453(14)00285-0/sref68

	Seasonal immune modulation in humans: Observed patterns and potential environmental drivers
	Introduction
	Materials and methods
	Results
	Studies examining vaccine antibody responses
	Rabies vaccine
	Rabies vaccine
	Hepatitis B virus (HBV) vaccine
	Rubella and measles vaccines
	Pneumococcal vaccines
	Diphtheria and tetanus vaccines
	Typhoid vaccine
	Live influenza vaccines
	Oral polio vaccine (OPV)

	Studies examining DTH responses
	Experimental infection: clinical outcomes following the administration of live vaccines
	Experimental infection: clinical outcomes following the administration of live vaccines

	Discussion
	Sources of bias in the retrieved studies
	Circulating antigens
	Age and sex
	Follow-up time following challenge
	Repeated immune challenges
	Antigen storage

	Possible drivers of seasonal immune modulation

	Conclusions
	References


