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It has been well recognized that exposure to ultraviolet B (UVB), as in
sunlight, can modulate the immune system in animals and humans. Animal
infection models have demonstrated that exposure to UVB suppresses the
resistance to several infectious agents, i.e. bacteria, parasites, viruses and
fungi, and increases the morbidity and mortality. Importantly, the effects of
UV exposure are not restricted to skin-associated infections, but also concern
non-skin-associated, i.e. systemic infections1-14.

Risk analysis, by extrapolating animal data obtained from infection models
to the human situation, indicated that exposure to UV at doses relevant for
outdoor exposure impairs the human immune system sufficiently to induce
reduced resistance to infections15-17. Since extrapolation relies on many
assumptions, experimental studies with human volunteers needed to be
performed. For ethical reasons it is obvious that infection studies cannot be
performed in humans. Epidemiological studies have provided some
information on effects of sun exposure on infections, but are far from
conclusive18-20.

Vaccination, which relies on the principle of development of an immune
response to agents derived from infectious organisms, can be performed and
effects of UV can thus be studied. Induction of antibody responses requires
the involvement of major components of the immune system, and alteration
of antibody levels by exogenous factors such as UV radiation may thereby
reflect an altered immune system21,22.

The aim of this study was to investigate the effects of UVB exposure on
the development of immune responses after vaccination against hepatitis B to
improve the risk estimation of the immunosuppressive effects of UVB
exposure and as a consequence altered resistance to infections in humans.

Hepatitis B vaccination models
First, effects of UVB exposure on hepatitis B vaccination responses were
established in a mouse model (chapter 2). Therefore two different mouse
strains, BALB/c and C57Bl/6, were exposed to different doses of UVB, after
which they were vaccinated intramuscularly with a commercial available
hepatitis B vaccine, Engerix-B, that contains a recombinant surface antigen.
This vaccine contains aluminium hydroxide as an adjuvant, which can shift T
cell responses in a Th2 direction23. Hence, the mice developed Th1 responses
(DTH and IgG2a) as well as Th2 responses (IgG1), providing a good system
for studying effects of UVB exposure on both arms of the immune system.

UVB preexposure suppressed mainly the cellular immune response
although the IgG2a antibody titers were impaired also. The extent of this
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UVB-induced immunosuppression depends on the immune response induced
after this vaccination, which depends a.o. on the H2-histocompatibility
complex24. In addition, the susceptibility to UVB-induced immunosuppression
differs between different mouse strains25. These findings implicated a
possible effect of UVB exposure on hepatitis B vaccination responses in
humans.

However, the human volunteer study, described in chapter 3, revealed
that exposure to UVB for 5 consecutive days with one personally determined
minimal erythema dose per day prior to hepatitis B vaccination, did not
significantly alter the cellular and humoral immune responses against hepatitis
B surface antigen. Remarkably, natural killer cell activity (non-specific
immunity) and contact hypersensitivity responses against
diphenylcyclopropenone (specific immunity) were suppressed in these same
volunteers indicating that the UVB exposure protocol was sufficient to induce
immunosuppression.

Cytokine polymorphisms and their role in immune responses and UVB-
induced immunomodulation in the hepatitis B vaccination model in man
Effects of UV exposure on immune responses in different strains of mice
revealed that mice differ in their immune response evoked upon the
vaccination, and differ in their susceptibility to UVB-induced
immunosuppression (chapter 2). Differences in immune responses have in
part been ascribed to differences in cytokine levels due to inheritable single
nucleotide polymorphisms (SNPs) present within regulatory elements of
cytokine genes26-30. It was hypothesized that cytokine polymorphisms could
reveal interindividual differences in hepatitis B vaccination responses as well
as differences in susceptibility to UVB-induced immunomodulation of these
vaccination responses in humans. In chapter 4 it was demonstrated that both
the humoral and cellular immune response to hepatitis B surface antigen
(HBsAg) were significantly increased in individuals possessing the minor
allelic variant of IL-1β (+3953). As described in chapter 5, possession of this
minor allelic variant of IL-1β resulted in significantly suppressed antibody
responses to hepatitis B after exposure to UVB. Increased minimal erythema
dose values, which resulted in higher absolute UVB exposures, were
observed in these same individuals. In other words, the cytokine
polymorphism IL-1β plays a significant role in the susceptibility to UVB-
induced acute skin effects as well as in immunomodulation in humans. It is
known that individuals homozygous for the IL-1β (+3953) allele produce
approximately four-fold and heterozygous cells produce approximately two-
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fold more IL-1β compared to individuals homozygous for the wildtype allele26.
The increase in antibody titers and lymphocyte proliferation against hepatitis
B in individuals with the IL-1β polymorphism can be explained by the
immunostimulatory properties of IL-1β. IL-1β is able to stimulate B cell
growth and differentiation31 and to increase primary antibody responses31-33.
In addition, IL-1β upregulates Th1 cytokines, including IL-234, resulting in
enhanced T cell proliferation35. If IL-1β is immunostimulatory, how can the
suppressed antibody titers of individuals with the IL-β polymorphism after
exposure to UVB then be explained? Probably, another mechanism will be
initiated by exposure to UVB, and ultimately result in immunosuppression.
UVB radiation is known to increase IL-1 by keratinocytes36, and increased
IL-1 levels have been found in serum of human volunteers after total body
UVB irradiation37. PGE2 that promotes a Th2 immune response, by
suppression of IL-12 production and stimulating the production of IL-1038, is
induced after UVB radiation by keratinocyte-derived IL-139. It has been
suggested that UVB radiation activates a cytokine cascade, involving PGE2,
IL-4 and IL-1040, which will ultimately result in immunosuppression41. It might
be hypothesized that individuals that produce more IL-β, ultimately show
more immunosuppression after exposure to UVB. The reason why
upregulated IL-1β after UVB radiation initiates immunosuppression remains to
be investigated.

It might be postulated that SNPs reveal interindividual differences in UV-
induced modulation of immune responses and that these need to be taken
into account. For use of vaccination responses as indicators of
immunomodulating effects by exogenous factors, such genetic variations in
cytokine genes are important for a proper evaluation.

UVB-induced mediators
Effects of UVB exposure on the immune system are initiated by the
absorption of UV photons by certain photoreceptors in the skin, such as
urocanic acid (UCA)42 and DNA43. As a consequence, different cytokines,
chemokines, prostaglandins and neuropeptides are produced that are involved
in UV-induced immunomodulation44-48. UV converts UCA, present in the skin
as the trans-isomer, to the cis-isomer49. In animal models, cis-UCA has been
demonstrated to be an important mediator of UVB-induced immuno-
suppression50. Chapter 6 describes that cis-UCA levels were significantly
increased in human Finn chamber skin samples, sampled in the context of the
earlier described human volunteer study, after exposure to UVB. The cis-UCA
increment depended on the dose of UVB received. Correlations with the
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hepatitis B vaccination responses showed that individuals with high cis-UCA
levels revealed low lymphocyte proliferation responses against hepatitis B.
This indicated that cis-UCA might be an important mediator of UVB-induced
immunosuppression in humans also. In addition, significant effects of UVB
exposure on hepatitis B vaccination responses in the human volunteer study
were not observed when the total studied population was taken into account.
However, when individuals with high cis-UCA levels were taken into account
than deleterious effects of UVB on vaccination responses could be observed.
This indicates that individuals differ in their susceptibility to UVB-induced
immunomodulation. Thus, differences in susceptibility to UVB might be
determined by differences in immune responses due to SNPs (chapter 5), and
also due to differences in UVB-induced UCA isomerisation and its
immunological consequences (chapter 6).

Another mediator in the mechanism of UVB-induced immunomodulation,
which has recently gained a lot of attention, is calcitonin gene-related
peptide. In animal models it has been demonstrated that CGRP plays a role in
UVB-induced immunosuppression48,51,52. In chapter 7, it was demonstrated
that CGRP levels can be measured in human Finn chamber skin samples, and
are dose-dependently increased after exposure to UVB. Differences in CGRP
levels could also reveal interindividual differences regarding susceptibility to
UVB-induced immunomodulation and need therefore to be further
investigated.

Other factors involved in modulation of vaccination responses and the
possible consequences for extrapolation from mice to humans
The vaccine used in the murine and the human hepatitis B vaccination model,
Engerix-B, contains aluminium hydroxide, which is known to skew the type
of immune response to Th223. UVB exposure, primarily affects Th1 immune
responses53-55, although effects of UVB on Th2 immune responses have been
described also1,6,56,57. In the murine model significant decreased vaccination
responses were found, although only the Th1-associated immunity was
affected. The human volunteer study did not reveal any significant effect,
although susceptible individuals (i.e. with the Il-1β polymorphism or with high
cis-UCA levels) showed lower vaccination responses. In chapter 8, it was
investigated using the mouse model whether different adjuvants, which
induce different type of immune responses, are differentially affected by UVB
exposure. It was concluded that different adjuvants indeed induce different
immune responses; yet UVB exposure affects the development of immunity
against hepatitis B regardless the type of adjuvant used.
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The differences between the murine and the human hepatitis B
vaccination models can be ascribed to i) interspecies differences ii) difference
in sensitivity to UVB exposure and possibly to iii) difference in history of
sunlight exposure. Mice have never seen sunlight during their lifetime, and
humans have been exposed to sunlight from an early age onwards. In
addition, mice are nocturnal animals. Whether �adaptation� to UVB offers an
explanation of the difference between the mouse and the human hepatitis B
vaccination model, was investigated by chronic UVB exposure of BALB/c
mice, after which they received an immunosuppressive protocol with UVB
(chapter 9). Effects of this chronic exposure protocol were established on
hepatitis B vaccination responses, and on contact hypersensitivity (CHS)
responses. It was demonstrated that the �adaptation protocol� could prevent
the UVB-induced immunosuppression of hepatitis B vaccination responses,
but not the UVB-induced suppression of CHS responses. This might explain
why no significant effects on the hepatitis B vaccination responses in the
human volunteer study were found, but significant suppression of the contact
type hypersensitivity responses was demonstrated. However, individuals with
the IL-1β polymorphism or high cis-UCA levels showed suppressed
responses. Are these individuals then not or less adapted to the deleterious
effects of UVB? This needs to be further investigated before we can ascribe
the differences between the two hepatitis B vaccination models to
�immunological adaptation� to UVB.

Concluding remarks and future research
The objective of this study was to further improve the risk assessment of the
immunosuppressive effects of UVB exposure and as a consequence altered
resistance to infections in humans. In this study the response to a hepatitis B
vaccine was used as a model for responses to infectious agents. It was
demonstrated that the human immune system can be affected by UVB
exposure, which suggests that resistance to infections might be altered by
UVB exposure also.

It can be concluded, that vaccination responses can be a readout
parameter for immunomodulating effects of UV exposure. Hence, when
vaccination studies are used as a model to determine the effects of
exogenous factors on the human immune system, the dose of the vaccine
and the adjuvant should be considered. It is known that not all individuals
react equally to the hepatitis B vaccine. The response to the hepatitis B
vaccine is correlated to the type of HLA-DR58,59. The dose of the vaccine is
chosen in such a way, that all individuals develop a sufficient immune
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response. The level of UVB-induced immunosuppression depends on the dose
of the antigen60, so it might be that vaccination with lower doses of vaccine
might reveal significant effects of UV exposure in the overall population. This
should be further investigated since vaccination with lower doses of vaccine
is suggested to reduce the cost of vaccination against hepatitis B61,62. This
vaccination with a lower dose of vaccine also occurs via the skin, which
increases the risk that vaccination responses are suppressed after UV
exposure. As described in chapter 8, vaccination against hepatitis B in the
mouse model was significantly suppressed after exposure to UVB regardless
the type of adjuvant used. Yet, whether different adjuvants influence the
susceptibility to UVB-induced immunosuppression in humans remains to be
established. In addition, regarding the lower vaccination responses in the
human subpopulations, the effect of UVB exposure on the level of protection
after vaccination remains to be established. It is not likely that protection is
severely, if at all, affected. Yet, this needs to be further elucidated. An
infection model, in which UVB-irradiated vaccinated mice are infected with
the infectious agent, would be a good model to investigate the level of
protection. However, mice cannot be infected by the hepatitis B virus since
they are not the natural host63, so another vaccine and infectious agent has
to be used.

To improve the risk assessment of the effects of UV on the resistance to
infectious diseases in humans by extrapolating data obtained in the murine
hepatitis B vaccination model to the human situation is difficult to establish.
Interspecies (between mouse and humans) and interindividual differences (in
the human population) in types of immune response and in susceptibility to
UVB-induced immunomodulation are factors that make the risk assessment
more difficult. Interindividual differences in humans might be revealed by
cytokine polymorphism determination or determination of UV-induced
�immunosuppressive� mediators. However, recently many cytokine
polymorphisms have been discovered, and it should be further investigated
which polymorphisms designate the susceptibility to UVB-induced
immunomodulation. The same is true for UV-induced �immunosuppressive�
mediators, which might serve as a biomarker. The question remains, at what
level does an �immunosuppressive� mediator indicate that UVB-induced
immunosuppression is severe enough to have health consequences regarding
decreased resistance to infections?

In addition, adaptation to UV should be considered also. Further
investigation should be performed to determine the effects of chronic
irradiation and adaptation to UV on the immune system. Adaptation of the
skin has been described extensively64,65, but whether the effects described in
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chapter 9 are due to adaptation of the immune system to the deleterious
effects of UV, remains to be further investigated.
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