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INTRODUCTION
Vaccination has been one of the most effective measures to reduce mortality [1, 
2]. It has led to the eradication of naturally occurring smallpox and the control of 
diphtheria, tetanus, pertussis, yellow fever, Haemophilus influenzae b, poliomye-
litis, measles, mumps, rubella, typhoid and rabies [2]. The aim of vaccination is to 
prevent or mitigate diseases by artificially inducing immunity. Active vaccination 
triggers the immune system to provide (protective) humoral and cell-mediated 
immune responses against the vaccine-preventable disease, while passive vac-
cination refers to the administration of exogenously produced antibodies for pro-
tection.

History of vaccination

In 430 BC the Greek already knew that survivors of the plague were resistant to 
the plague when a new epidemic occurred [3, 4]. In the 10th century the Chinese 
transferred dried material from smallpox pustules to susceptible individuals in 
order to prevent them from contracting smallpox. This was done by putting a 
cotton with the dried material from a pustule in the nostrils. In India non-immune 
children were wrapped in pox-laden blankets from children suffering from small-
pox during a mild smallpox epidemic, in order to transmit a less virulent smallpox 
virus to the non-immune children. Also subcutaneous instillation of fresh matter 
from a ripe smallpox pustule in an incision made in a non-immune person’s fo-
rearm, referred to as inoculation or variolation, was performed. The latter term 
was derived from the Latin word varius (meaning “stained”) or varus (meaning 
“mark on the skin”) [2, 4, 5].

After being practiced in China, India and Africa, in the 17th century variolation 
was introduced in the Turkish Ottoman Empire, possibly by Circassian traders 
or Circassian women, who were in great demand in the Sultan’s harem for their 
extreme beauty [5].

In the beginning of the 18th century variolation was introduced in Europe. Lady 
Mary Worthley Montagu, the wife of the British ambassador of “The Sublime Por-
te” (the Ottoman government in Constantinople) Lord Worthley Montagu, noti-
ced during her stay in Turkey in 1717 that the smallpox was much less of a threat 
than in the UK and attributed this to variolation, or “engrafting”. She had great 
respect for the disease as her brother had died of it at the age of 20, while she 
herself survived the illness, but at the cost of permanent scars on her face. To her 
friend she wrote: ‘the smallpox, so fatal, and so general amongst us, is here enti-
rely harmless, by the intervention of engrafting, which is the term they give it…’. 
Although several years earlier two Ottoman inoculators of Greek origin, Emma-
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nouel Timonius and Jacobus Pylorinos, send papers on variolation to the Royal 
Society in 1713 and 1716, respectively, it was Lady Montagu who popularized vari-
olation in Europe. After variolation of her daughter by Charles Maitland, who also 
variolated her sons some years earlier in Turkey, and of several others, many 
members of the upper class had themselves variolated. Although skepticism 
remained among British doctors, variolation received official approval from the 
Royal College of Physicians. In 1757, at the age of 8 years, a boy called Edward Jen-
ner was inoculated in Gloucester [5].

The same Edward Jenner, a country doctor, was elected a Fellow of the Royal 
Society in 1789 for his work on cuckoos: he demonstrated that the newly-hatched 
cuckoo ejected the eggs and nestlings of its foster-parents. In 1796 Jenner started 
his experiments on inoculating persons with cowpox in order to prevent them 
from smallpox. Cowpox was removed from the hand of the dairymaid Sarah 
Nelmes and Jenner inserted this in two superficial incisions in the arm of a boy 
named James Phipps. Six weeks later the boy was variolated with freshly remo-
ved smallpox: no disease ensued, even when the challenge was repeated after 
several months [3]. Jenner published his findings at his own costs, since the Presi-
dent of the Royal Society rejected his manuscript with the addition that he should 
be concerned for his reputation and his colleague’s esteem [6]. Hereafter his me-
thods of vaccination were adopted in most European countries and subsequently 
in the USA. Although Jenner deserves credits for carrying out the experiments 
to test the hypothesis that vaccination with cowpox protects for smallpox, he 
was neither the first who noticed the protective effect of cowpox infection, nor 
the first to vaccinate with cowpox. The protective effect of cowpox was already 
known to farmers from North Dorset, England, who observed that dairymaids 
did not contract smallpox after contracting cowpox from handling cows’ udders. 
Knowing this, the cattle breeder Benjamin Jesty deliberately infected his wife 
and two children with cowpox using his wife’s  knitting needle in order to protect 
them for smallpox, and he proved his right when even after several exposures to 
smallpox his boys did not acquire the disease. This was 22 years before Jenner 
performed his experiments. These were the first recorded vaccinations. In 1829 
John Fosbroke, surgeon, wrote that if Jenner did not have had fortune, fame and 
high alliance, his merit would have been crushed or faintly supported [7, 8]. Jen-
ner was awarded grants by the House of Commons in 1802 of 10.000 pounds and 
of 20.000 pounds in 1807 for his discovery of vaccination for smallpox. However, 
during the committee’s deliberations, it was pointed out that inoculation had been 
practiced previous to Edward Jenner’s experiments. Therefore, the Original Vac-
cine Pock Institution invited Benjamin Jesty in 1805. He was cross-examined and 
presented with a long testimonial and pair of gold mounted lancets. The verbal 
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evidence of their examination was published in the Edinburgh Medical and Surgi-
cal Journal [2, 4, 7].

After vaccination for smallpox, several other vaccines were developed. It took 
until the forties of the 20th century until an influenza vaccine was available. An 
influenza vaccine was most welcome, since the influenza pandemic occurring in 
1918, the so-called “Spanish Flu”, led to an estimated 40 million deaths worldwide.  
Also, many soldiers fighting in World War I became victim of the influenza pande-
mic and therefore the US army supported the development of a vaccine.

However, to be able to develop an influenza vaccine, researchers had to deter-
mine the causative micro-organism of influenza, which was initially thought to be 
bacterial. In 1892 Pfeiffer discovered a new organism from the secretions of flu 
patients, named by Pfeiffer Bacillus influenzae (later Haemophilus influenzae), by 
others Pfeiffer’s bacillus. Since this organism could only be isolated from a mi-
nority of flu patients during the 1918 pandemic, the causal relation with influenza 
was rejected. The same held true for many other bacteria, among which Dialister 
pneumosintes that was isolated in 1918 from nasal secretions of influenza patients, 
but which turned out to be related with periodontal disease, and played no role in 
influenza [9]. 

It was Richard Shope who in 1931 was the first to isolate influenza virus from swine 
during epizootic periods of hog flu [10]. Shortly thereafter, Thomas Francis, an 
American virologist, isolated influenza type A in 1934 from humans for the first 
time, and he was also the first to grow influenza type B, in 1940 [11, 12]. Thomas 
Francis and Jonas Salk, a protégé of Francis and best remembered for his con-
tributions to the development of polio vaccine, worked on an influenza vaccine 
in Ann Arbor for the US army. They developed a vaccine from an influenza type 
A strain that had led to an outbreak of atypical pneumonia in 1943 and tested the 
vaccine in the winter of 1943-1944 on male residents of a mental institution. The 
vaccine turned out to induce resistance to challenge with active virus. Later on, a 
large randomized, double-blind, placebo-controlled trial, including 6.236 vaccina-
ted men and 6.211 controls who received placebo, was performed in the fall of 1943 
and demonstrated an attack rate of influenza of 2.22% in the vaccinated group, 
while this was 7.11% in the unvaccinated group [13]. Since then, nothing much chan-
ged with regard to influenza vaccines currently used, except for purification of 
the vaccine, which resulted in split and subunit influenza vaccines. These are as 
immunogenic as the whole inactivated virus (WIV) vaccines that Salk and Francis 
developed, but are less reactogenic and therefore cause less adverse events. Un-
til very recently these vaccines were also still grown on the chorio-allantoic mem-
branes of developing chick-embryos [14]. The in 1941 developed hemagglutination 
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inhibition assay, which uses the capacity of influenza-specific antibodies in the 
human serum to inhibit agglutination of chicken, turkey and guinea pig erythrocy-
tes by hemagglutinin, is still the gold standard for determination of the humoral 
response following influenza vaccination, in particular to determine seroprotec-
tion [15].

Vaccination immunology with a focus on influenza vaccination

Virus-neutralizing immune effector responses are antibody or immune cell me-
diated. Most vaccines confer protection by eliciting B-cell responses leading to 
the production of antibodies directed against infectious or toxic agents. This also 
holds true for influenza vaccines, which induce the production of influenza neu-
tralizing antibodies in order to prevent binding of the virus to epithelium of the 
respiratory tract. These are mainly IgG antibodies directed against influenza surf-
ace antigens. Mucosal influenza-specific IgA antibodies play an important role in 
the protection against infection with influenza. However, subunit influenza vac-
cine induces only production of IgG and/or IgM antibodies. Only the mucosal ap-
plied live-attenuated influenza vaccine leads to the synthesis of anti-influenza IgA 
antibodies.

Besides neutralizing antibodies, cytotoxic CD8+ T-lymphocytes (CTL) can serve 
as immune effectors following vaccination by recognizing and killing infected 
cells or by secreting antiviral cytokines. Influenza-specific CTL responses have 
been shown to mitigate the course of influenza infection [16] and influenza-spe-
cific CTL responses following influenza vaccination (as measured by granzyme B 
production, an effector mechanism of CTL) correlate with protection for labora-
tory confirmed influenza in elderly [17]. CTL responses are not induced by surface 
antigens, and therefore also not by subunit vaccines. In contrast, WIV influenza 
vaccine and live-attenuated influenza vaccine do elicit CTL responses, since they 
contain many other influenza antigens besides surface antigens.

To support the generation and maintenance of these B-cell and CTL responses 
CD4+ T-lymphocytes (T-helper cells) secrete growth factors and give signals.  
Moreover, T-cell help results in the induction of long term memory leading to a 
faster, larger and more specific immune response on a second encounter of the 
antigen [2].

The influenza vaccines used in the studies presented are trivalent subunit influ-
enza vaccines, containing mainly hemagglutinin, one of the two surface protein-
antigens of influenza, of the two influenza A-strains and the one B-strain for the 
particular season. To a smaller extent the vaccines contain neuraminidase (the 
other surface protein-antigen), and only very little internal antigens such as ma-
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trixprotein and nucleoprotein. Influenza is capable of changing composition and 
therefore also epitopes, as a form of immune evasion, referred to as “antigenic 
drift”. Therefore, every year the composition of influenza vaccine is evaluated 
and adjusted to the changes in hemagglutinin and neuraminidase, based on the 
most recent circulating influenza strains. Since the mutations that lead to the an-
tigenic drift can not be predicted, the efficacy of the vaccine may differ from 
year to year based on the similarity of the vaccine strains and the natural oc-
curring influenza strains. Nonetheless, antibody production following influenza 
vaccination generally correlates well with protection for influenza infection. An 
anti-influenza antibody titer of ≥40 as determined by hemagglutination inhibition 
assay is considered protective [15], although it should be noted that this has only 
been demonstrated in young healthy volunteers, and that for elderly and immuno-
compromised persons, for example, it remains unclear whether the same titer 
can be presumed to be protective.

Following intramuscular administration of influenza subunit vaccine the vaccine 
antigens will reach the draining lymph node as free proteins or associated with 
dendritic cells. The vaccine antigens can be recognized by naïve B-cells and bound 
to their IgM-receptor, leading to activation of the B-cells and migration of the B-
cells to the outer T-cell zone of the lymph node. Here the B-cell is exposed to and 
T-helper cells by activated dendritic cells , which provide help to differentiate into 
immunoglobulin secreting plasma cells. T-helper cells also drive immunoglobulin 
class switch from IgM towards IgG, but there is no hypermutation, so affinity of 
the immunoglobulins is low [2].

To produce more antibodies and antibodies with a better fit (higher affinity), and, 
thus, a higher capacity to neutralize the influenza virus, a so-called germinal cen-
ter reaction needs to be elicited. Antigen-specific B-cells and follicular T-cells are 
attracted by follicular denditric cells towards B-cell follicles in the germinal cen-
ter. Here follicular T-helper cells provide help to B-cells through costimulatory 
molecules. An optimal interplay between these cells results in clonal expansion 
of specific B-cells and antibody production, class switch from IgM to IgG and IgA, 
and affinity maturation of the antibodies by somatic hypermutation. Also diffe-
rentiation of germinal center B-cells towards specific antibody secreting plasma 
cells or memory B-cells takes place. It takes 10-14 days before the highly specific 
IgG antibodies enter the circulation and these will peak 4 to 6 weeks after vacci-
nation. However, after a re-exposure to the vaccine antigen, in case of infection 
with natural influenza for example, a faster, larger and more specific immune 
response will result (also referred to as a memory response) [2].

In contrast to B-cell and CD4+ T-cell responses, no or only limited CTL responses 
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are induced by influenza subunit vaccine, since the influenza surface protein from 
the vaccine is presented by antigen presenting cells in the context of a MHC class 
II molecule. This is recognized by CD4+ T-cells only, not by CD8+ T-cells. Some pre-
sentation of antigen in the context of MHC class I might occur through cross-pre-
sentation, leading to CTL responses, but this occurs only to a limited extent [18]. 

Influenza vaccination in immunocompromised persons 

As can be expected based on the former section, an adequately functioning immu-
ne system is required to respond with protective immunity following vaccination. 
Paradoxically, this also means that patients with a compromised immune system, 
who theoretically profit most from vaccination because they are at increased risk 
of contracting vaccine-preventable infections and to have a complicated course 
of these infections, may  not be able to elicit protective immune responses.

An immunocompromised state can result from a primary (or hereditary) immu-
nodeficiency or from a secondary (or acquired) immunodeficiency. With a preva-
lence of up till almost 1 in 200 in Caucasians selective IgA-deficiency is the most 
common primary immunodeficiency [19]. Most individuals with IgA-deficiency are 
asymptomatic. The primary immunodeficiency most frequently encountered in 
the clinic is common variable immunodeficiency (CVID). It is defined by reduced 
levels of total IgG, in combination with reduced levels of IgM and/or IgA and a 
poor or absent response on vaccination, despite the presence of normal levels of 
B-cells in the peripheral blood [20]. The onset of disease is usually in the second or 
third decade, and it is characterized by recurrent infections of the respiratory and 
gastrointestinal tracts, auto-immune manifestations, sarcoid-like granuloma for-
mation and an increased risk of developing malignancy [21, 22]. The pathogenesis 
is poorly understood, although many defects in humoral and cell-mediated immu-
nity have been described. Ten to 15% of the patients with CVID have a known gene 
defect causing the disease [23]. Other humoral primary immunodeficiencies are 
X-linked agammaglobulinemia, autosomal recessive agammaglobulinemia, IgG 
subclass deficiency and specific antibody response deficiency. In order to prevent 
infections in patients with humoral primary immunodeficiencies  intravenous im-
munoglobulins (IVIg) every 2 to 4 weeks or subcutaneous immunoglobulins every 
1 to 2 weeks, and prophylactic antibiotics can be administered. Influenza vaccina-
tion is recommended for patients with CVID, however, efficacy is unknown. Only 
a limited proportion of patients with CVID developed an adequate immune res-
ponse after vaccination with anti-peptide and anti-polysaccharide vaccines [24].

Secondary immunodeficiencies are acquired during life.  Most often the cause is 
iatrogenic, i.e. treatment with immunosuppressive agents, e.g. corticosteroids, 
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methotrexate or biologics that target specific parts of the immune system, usu-
ally in order to prevent the immune system from attacking self antigens or trans-
planted organs. In this thesis (combinations of) immunosuppressive agents are 
addressed that are used in the treatment of auto-immune inflammatory rheuma-
tic diseases such as systemic lupus erythematosus (SLE) and rheumatoid arthritis 
(RA).

SLE is a multisystem, auto-immune, connective-tissue disorder with a broad 
range of clinical presentations, predominantly occurring in young women, usually 
in their third or fourth decade. It mainly affects the skin, joints, kidneys, lungs, 
nervous system, serous membranes and hematopoietic system (but every organ 
can be affected), and is characterized by a relapsing and remitting disease course 
[25]. The prevalence in Europe ranges from 25 to 91 per 100.000 persons, but is 
higher in specific ethnic groups [26]. Treatment depends strongly on the speci-
fic organ involvement and might include non-steroidal anti-inflammatory drugs 
(NSAIDs), and immunosuppressive medication such as systemic corticosteroids, 
antimalarials, methotrexate, azathioprine, mycophenolate mophetil, cyclophos- 
phamide, and rituximab.

RA is a chronic inflammatory arthropathy associated with articular damage, at-
tendant comorbidities, particularly in the cardiovascular system, and with incre-
asing disability and socioeconomic decline [27]. It is an auto-immune disease of 
unknown cause, and has a prevalence of 1 per 100 persons in Caucasians. The 
disease usually occurs between 30 and 55 years of age and women are affected 2 
to 3 times more often than men. The treatment aims to reduce disease activity to 
a minimum level as determined by the disease activity score, and start of therapy 
early in the disease course can prevent irreversible joint damage. Disease modi-
fying anti-rheumatic drugs (DMARDs) such as methotrexate, leflunomide, sulp-
hasalazine and hydroxychloroquine are the first line treatment, followed by anti-
TNFα agents. When anti-TNFα agents fail to induce remission, newer biologics 
are available: anakinra (IL1 receptor antagonist), abatacept (CTLA4-Ig construct), 
rituximab (anti-CD20 antibodies) and tocilizumab (anti-IL6 receptor antibodies).

Rituximab is different from other biologics in that it does not block cytokines 
or costimulatory molecules, but leads to a depletion of CD20+ B-cells in the 
peripheral blood that persists for 6 to 9 months [28]. It is highly effective in sup-
pressing the activity of RA, however, it does not seem to result in a large increase 
in infection risk, although theoretically one expects humoral immune responses 
to neo-antigens to be impaired during B-cell depletion [29, 30].

Apart from the immunosuppressive treatments, patients with auto-immune in-
flammatory rheumatic diseases might be immunocompromised by the disease 
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itself. SLE often is accompanied by lymphocytopenia. In RA patients, even if not 
treated with immunosuppressive medication, morbidity and mortality due to in-
fections are increased [31].

Immunocompromised patients are at increased risk of contracting potentially 
life-threatening vaccine-preventable infections, and therefore vaccination seems 
indicated as an elegant and effective measure to reduce this infection risk. Un-
fortunately, many controversies and uncertainties regarding vaccination in this 
population remain. First, the incidence of vaccine-preventable infections, among 
which influenza, in immunocompromised patients is largely unknown, since good 
studies addressing this are lacking. Second, investigations aiming to determine 
the efficacy of vaccination are based on surrogate parameters, mainly antibody 
responses, and not on clinical outcome. Also, for only a minority of the availa-
ble vaccines correlates of protection have been determined, and if so, in healthy 
volunteers, but not for immunocompromised populations. Finally, harms of vac-
cination are of utmost importance. Concerns regarding new onset or flares of 
auto-immune diseases triggered by vaccination have arisen after the publication 
of many case reports. In this context, the studies in this thesis have been designed 
and performed.

Aims and outline of the thesis 

In the studies presented in this thesis we aimed to address the following aspects 
of influenza vaccination in patients with primary or secondary immunodeficien-
cies:

• Efficacy, assessed by the investigation of humoral and cell-mediated immune 
responses following influenza vaccination

• Impact of immunosuppressive agents on efficacy
• Impact of the timing of influenza vaccination following the treatment with  

immunosuppressive agents on efficacy
• Impact of booster influenza vaccination on efficacy
• Safety
 
In part 1 of the thesis the investigations regarding humoral (chapter 2) and cell-
mediated (chapter 3) immune responses following influenza vaccination in pa-
tients with humoral primary immunodeficiencies, in particular CVID, are analyzed.

In part 2 we focus on secondary immunodeficiencies.  We performed studies on 
efficacy and safety of influenza vaccination in patients with auto-immune inflam-
matory rheumatic diseases, especially SLE and RA. In chapter 4 cell-mediated 
influenza-specific immune responses in SLE patients were investigated, while in 
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chapter 5 the value of a second, booster, influenza vaccination in patients with 
SLE was evaluated.

Next, studies addressing the influence of rituximab therapy on the efficacy of 
influenza vaccination in RA patients are described in chapter 6 and chapter 7: in 
the former with a focus on humoral responses and in the latter on cell-mediated 
immune responses.

European League Against Rheumatic Diseases (EULAR) recommendations on 
vaccination in patients with auto-immune inflammatory rheumatic diseases com-
plete this thesis (part 3; chapter 9), preceded by the systematic literature review 
(chapter 8) that summarizes the current evidence on vaccination in patients with 
auto-immune inflammatory rheumatic diseases, among which articles presented 
in this thesis, and that served as the basis for the EULAR recommendations.
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