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Vaccines dramatically reduce infection-related morbidity and mortality. Determining factors that modulate the host
response is key to rational vaccine design and demands unsupervised analysis. To longitudinally resolve influenza-
specific humoral immune response dynamics we constructed vaccine response profiles of influenza A- and B-specific
IgM and IgG levels from 42 healthy and 31 HIV infected influenza-vaccinated individuals. Pre-vaccination antibody
levels and levels at 3 predefined time points after vaccination were included in each profile. We performed hierarchical
clustering on these profiles to study the extent to which HIV infection associated immune dysfunction, adaptive
immune factors (pre-existing influenza-specific antibodies, T cell responses), an innate immune factor (Mannose
Binding Lectin, MBL), demographic characteristics (gender, age), or the vaccine preparation (split vs. virosomal)
impacted the immune response to influenza vaccination. Hierarchical clustering associated vaccine preparation and
pre-existing IgG levels with the profiles of healthy individuals. In contrast to previous in vitro and animal data, MBL
levels had no impact on the adaptive vaccine response. Importantly, while HIV infected subjects with low CD4 T cell
counts showed a reduced magnitude of their vaccine response, their response profiles were indistinguishable from
those of healthy controls, suggesting quantitative but not qualitative deficits. Unsupervised profile-based analysis ranks
factors impacting the vaccine-response by relative importance, with substantial implications for comparing, designing
and improving vaccine preparations and strategies. Profile similarity between HIV infected and HIV negative individuals
suggests merely quantitative differences in the vaccine response in these individuals, offering a rationale for boosting
strategies in the HIV infected population.

Each year, influenza virus infection affects 5 to 20% of the
world’s population.1 Annual influenza vaccination greatly con-
tributes to reduce influenza-related morbidity and mortality.2

However, vaccine efficacy varies between 40-90%, depending on
the patient group, the vaccine preparation, and the match of vac-
cine and circulating epidemic virus strain.1,3,4 Especially immu-
nocompromised populations, including HIV infected
individuals, often fail to mount protective vaccine responses.5,6

Therefore, understanding how immunological and non-immu-
nological factors impact the vaccine response in humans is crucial
both for the design of enhanced vaccines and improved vaccina-
tion schemes.

Pathogen-specific peak antibody levels are routinely used as sur-
rogates of vaccine efficacy. However, a protective immune
response relies on robust immune memory formation, which may

not be fully captured by peak antibody titers alone, but rather by
time-resolved longitudinal titer measurements, which would reflect
more closely the dynamics and memory of long-term immunolog-
ical protection in vivo. Moreover, conventional comparison of
cross-sectional antibody peak titers is affected by confounding fac-
tors such as the sampling time-point and presence of pre-existing
immunity (antigen-specific memory B cells), and thus may not
accurately reflect the true immunological properties of vaccine
responses.7 Recent efforts have, therefore, shifted to characteriza-
tion of the vaccine response based on longitudinal data, coupled
with unsupervised analyses – in order to unambiguously identify
factors that impact vaccine response-dynamics.8-11

In this study, we used time-resolved measurements of the
influenza-specific antibody response to generate immunological
profiles – hereafter termed ‘vaccine response profiles’ – across a
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cohort of HIV negative and HIV infected individuals following
influenza vaccination. These profiles allowed an unsupervised
analysis of the association of individual vaccine responses with
various factors, namely immune dysfunction associated with
HIV infection, adaptive immune factors (pre-existing influenza-
specific antibodies, T cell responses), an innate immune factor
(Mannose Binding Lectin, MBL), demographic characteristics
(gender, age), or the vaccine preparation (split vs. virosomal).
The effect of MBL, a pattern recognition molecule involved in
the containment of infections, was investigated since it has been
previously shown to have anti-influenza effects in vitro12 and has
been suggested to affect murine vaccine responses in vivo.13 The
impact of MBL on the adaptive immune response to influenza
vaccination in humans has, to our knowledge, not been investi-
gated yet.

Using an unsupervised analysis of vaccine response profiles
allowed us to rank the impact of the various factors on the evolu-
tion of the humoral vaccine-response, which may help guide
future efforts to improve vaccines.

Influenza vaccine responses from previously published local
vaccination cohorts were analyzed.6,14 Study participants were
recruited at the University Hospital Basel, Switzerland, and vacci-
nated with either a trivalent virosomal vaccine (Inflexal V�,
Berna Biotech) (season 2007/2008, n D 24 healthy and 31 HIV
infected individuals), or an inactivated influenza virus split-vac-
cine (Mutagrip�, Sanofi Pasteur) (season 2008/2009, n D
18).6,14 The study was approved by the local ethics committee
and all participants gave informed consent. Cohort characteris-
tics, vaccine composition and type are summarized in Table 1.
Influenza-specific IgM and IgG serum levels were available
immediately prior to vaccination, and at days 7, 14 and 21 post-
vaccination (Fig. S1). These have been quantified using commer-
cially available ELISA Kits (Genzyme Virotech), as previously
described.6,14 Antibody levels �10 Virotech Units (VE)/mL
were considered protective. Influenza-specific T cells were mea-
sured using standard interferon-g (IFN-g) enzyme-linked immu-
nosorbent spot (ELISpot) assays.15 Influenza antigen (Inflexal
V�, Berna Biotech) was added at a final concentration of 14 mg/
mL to 200.000 peripheral blood mononuclear cells (PBMC) and
incubated for 16 hours. Plates were developed using an alkaline
phosphatase coupled detection antibody (7-B6-1-ALP, Mabtech)

and the HistoMark RED phosphatase system (KPL, Gaithers-
burg, Maryland, USA). Spots were counted with the ELISpot
Reader System (CSR01, AID GmbH, Strassberg, Germany).
Results were expressed as spot-forming cells/million PBMC
(SFC/M PBMC) with a cutoff for a positive response of 50 SFC/
M PBMC. All measurements were performed in duplicates and
PBMC stimulated with Phytohemagglutinin (PHA) (1.8 mg/
mL; REMEL, Oxoid AG, Basel, Switzerland) served as a positive
control. For this study, MBL levels, which tightly correlate with
MBL function, were assessed in serum of the healthy vaccinated
individuals using the commercially available MBL Oligomer
ELISA Kit according to the manufacturers instructions (KIT
029, BioPorto, Denmark).

Against this background, we sought to investigate the extent
to which predefined demographic, adaptive and innate immune
factors influence the influenza-specific vaccine response in
healthy individuals. In order to recapitulate vaccine-specific
immunological characteristics on the individual level in a time-
resolved fashion, we built vaccine response profiles consisting of
each individual’s anti-influenza A and B IgM or IgG levels mea-
sured at the 4 indicated time points (Fig. S1) in order to cap-
ture the humoral immune response at a higher dimensionality
compared to traditional baseline-peak comparisons.16 These
profiles were tested for similarity and clustered accordingly,
without prior knowledge (i.e., unsupervised) of information on
a vaccinated individual’s relevant characteristics.16-18 Hierarchi-
cal clustering of vaccine response profiles was performed using
the “average” clustering algorithm from the R function hclust.
Employing Pearson correlation as distance metric allowed us to
cluster profiles independently of baseline IgM or IgG levels,
which enabled us to compare the dynamics of the humoral
immune response in vivo regardless of individual variances in
baseline IgM and IgG levels – as opposed to traditional base-
line-peak comparisons. The significance of clusters was assessed
using the pvclust R package.19 The association of vaccine
response profile clustering with the following factors was
assessed in healthy subjects: vaccine preparation (trivalent viro-
somal vs. inactivated split), demographic (age, gender), adap-
tive immunity (pre-existing influenza-specific IgG levels,
influenza-specific T cell response), and innate immunity (circu-
lating levels of Mannose Binding Lectin (MBL)).

Table 1. Cohort characteristics

Season 2007/2008 2007/2008 2007/2008 2008/2009

Cohort Healthy (2007/2008) HIVC CD4>350/ml HIVC CD4�350/ml Healthy (2008/2009)
n Vaccine recipients 24 22 9 18
Age median (range) 40.8 (22–76) 46 (21–52) 46 (30–65) 36.8 (19–46)
% Female 45.8% 36.4% 37.5% 31.3%
Median CD4 cells/ml (range) n.d. 545 (364–941) 200 (40–326) n.d.
HIV Viral Load (copies/mL) n.d. <400 <400 n.d.
Vaccine name Inflexal V� (Berna) Inflexal V� (Berna) Inflexal V� (Berna) Mutagrip� (Sanofi Pasteur)
Vaccine type Virosomal Virosomal Virosomal Inactivated split
Strains A/Solomon Islands/

3/2007 (H1N1)
A/Wisconsin/67/2005 (H3N2)

B/Malaysia/2506/2004

A/Solomon Islands/
3/2007 (H1N1)

A/Wisconsin/67/2005 (H3N2)
B/Malaysia/2506/2004

A/Solomon Islands/
3/2007 (H1N1)

A/Wisconsin/67/2005 (H3N2)
B/Malaysia/2506/2004

A/Brisbane /59/2007 (H1N1)
A/Brisbane/10/2007 (H3N2)

B/Florida/4/2006
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As previously published,6,14 vaccination of healthy individuals
induced a significant influenza-specific cellular and humoral
immune response, peaking at day 14 post-vaccination in most
individuals (Fig. S1). Based on the predefined cut-off for protec-
tive antibody levels, 17/42 healthy individuals (40%) had pre-
existing IgG against influenza A and 25/42 (60%) against influ-
enza B. In contrast, only 2/42 (5%) had elevated IgM levels
against influenza A or B. While both vaccine regimens were found
to generate robust cellular and humoral immune responses, IgM
responses, in contrast to IgG, were more pronounced for the
2008/2009 cohort (Fig. S1). MBL levels ranged from 17 to
6900 ng/mL, including 6 individuals with MBL deficiency (MBL
level <500 ng/mL).20 Vaccination had no impact on MBL levels
as assessed 7 days post-vaccination (data not shown).

Applying our unsupervised vaccine response profile-clustering
analyses, we found that IgM (Fig. 1A), but not IgG (Fig. 1B),
vaccine response profiles significantly cluster by cohort –presum-
ably relating to vaccine preparation (Fig. 1) – but not by any of
the other predefined factors, including gender, age, MBL level,

pre-existing IgG and pre-existing T cell responses (Fig. 1). When
vaccine response profiles targeting influenza A or B were, how-
ever, analyzed separately, preexisting IgG levels to the same anti-
gen were identified as predictors of the IgG response profile
(Figs. 1G, I). This was further supported by the strong negative
correlation between the pre-existing IgG and the IgG response to
the same antigen (Figs. 1H, J). Importantly, we found no associ-
ation between MBL levels and vaccine response profiles.

Given the difference in both the influenza vaccine response
dynamics (profiles) (Fig. 1) and the magnitude of the influenza A-
and B-specific immune response between the 2 vaccine cohorts
(Fig. S1), we next analyzed whether the cohort effect might derive
from preferential targeting of either influenza subtype. For each
individual the difference in peak values of anti-influenza A and B
levels for both IgM (A) and IgG (B) was calculated. Interestingly,
we found that peak IgM levels showed extraordinary cohort-spe-
cific consistency: for IgM, almost all differences of the 2008/2009
(inactivated split-vaccine, Mutagrip�) cohort were negative, indi-
cating preferential targeting of influenza A, whereas all differences

Figure 1. Vaccine response profiles of healthy vaccinees cluster by vaccine preparation and pre-existing adaptive immunity. The hierarchical clustering of
IgM (A, B, C) and IgG (D, E, F) profiles is shown. IgM and IgG profiles incorporate influenza-A and B-specific Ig levels. The heatmap depicts the pairwise
Pearson correlation coefficients of all profiles determined. Factors were color-coded: Cohort (2007/2008: red, 2008/2009: blue), MBL (darkgreen: �
median, purple: >median), age (light blue: � median, brown: >median), pre-existing IgG levels (green: � median, yellow: >median), pre-existing T cells
(dark gray: � median, light gray: >median) and gender (black: female, yellow: male). Influenza A profiles clustered dependent on the pre-existing IgG
against influenza A (G, green: � median, yellow: >median), which was confirmed by a strong inverse correlation between these markers (H). The same
was true for pre-existing IgG against influenza B (I, J). There was no clustering based on MBL levels (darkgreen: � median, purple: >median) (G, H).
Spearman Ranks correlation analysis was performed in Figures H and J. The clustering by pre-existing IgG was determined to be significant
(P < 0.05).
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of the 2007/2008 (virosomal vaccine, Inflexal�) cohort were posi-
tive, indicating preferential targeting of influenza B (Fig. 2A).
Such a trend was also apparent for IgG (Fig. 2B). Moreover, we
found that influenza A- and influenza B-specific IgM (Fig. 2C)—
and to a lesser extent IgG (Fig. 2D)—peak levels were directly cor-
related within any given individual in either cohort. Neither MBL
levels nor preexisting IgG had an effect on the preferential target-
ing of influenza A or B (Figs. 2A-D). The latter was also the case,
when anti-Influenza A or B preexisting IgG levels were used rather
than mean preexisting IgG levels (Fig. S2). Taken together, these
findings indicate that the type of the administered vaccine dictates
not only the magnitude and response dynamics of the vaccine
response, but also reveals vaccine-specific preferential targeting of
influenza A or B.

Based on the insight gained from the vaccine response profile-
analyses of influenza vaccine responses in healthy individuals, we
proceeded to test whether HIV infection influences the relative
dynamics of influenza vaccine-specific antibody levels – suggest-
ing a qualitative difference in the response– or merely impacts
the magnitude of the response, hinting at quantitative differen-
ces. HIV infected individuals with low CD4 T cell counts dem-
onstrated influenza vaccine responses of lower magnitude than

those with preserved CD4 T cell counts or uninfected controls,
all vaccinated with the same vaccine (Fig. 3A).6 Using our unsu-
pervised profile analysis approach, we therefore aimed to test
whether HIV infection impacts vaccine response profiles. Nota-
bly, IgM and IgG profiles of healthy individuals and HIV
infected individuals analyzed by antigen specificity (Fig. 3B), or
profiles including all specificities (influenza A and B) combined
(data not shown) were indistinguishable from one another. Thus,
influenza-specific peak antibody levels, but not vaccine response
profiles, differentiate HIV infected individuals from healthy con-
trols, indicating that the magnitude, but not the relative influenza
vaccine response dynamics, are impaired during HIV infection.

A deeper understanding of the factors that modulate vaccine
responses is key to both rational vaccine design and improving
vaccination strategies. Here we applied a novel, unsupervised
comparative time-resolved systems analysis to assess the impact
of relevant host- and vaccine-specific factors on the influenza vac-
cine-induced immune response (‘vaccine response profiles’). We
show that the vaccine-type (split vs. virosomal) significantly
impacted both relative dynamics of the vaccine humoral immune
response and antigen targeting (influenza A vs. B), suggesting
that influenza vaccine preparation and design may substantially

Figure 2. Preferential targeting of influenza A or B depending on vaccination. For each individual the difference in peak values of anti-influenza A and B levels
for both IgM (A) and IgG (B) was calculated. The 2008/2009 (inactivated split-vaccine, Mutagrip�) cohort is depicted in blue and the 2007/2008 (virosomal vac-
cine, Inflexal�) cohort in red. IgM (A) and IgG (B) profiles are shown. (C) Correlation analysis of influenza A- and influenza B-specific IgM (C) and IgG levels (D)
is shown (red D 2007/2008 cohort; blue D 2008/2009 cohort). The effects of both low (closed circles: �median) and high MBL levels (triangles: >median) as
well as low (closed squares: �median) and high (crosses: >median) pre-existing IgG levels are displayed. Pearson correlation coefficients for IgM in the 2007/
2008 and 2008/2009 cohort were r D 0.94 and r D 0.95; for IgG r D 0.57 and r D 0.85, respectively. All correlations were found to be significant (p < 0.001).
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influence major traits of the vaccine response. Owing to the study
design, our data does not exclude the possibility that the observed
cohort-specific profile differences may in part be due to the dif-
ferent vaccine viral antigen composition between cohorts. How-
ever, the study design allowed probing factors impacting the
vaccine response profile in 2 consecutive, independent cohorts
exposed to distinct vaccine preparations. Overall, consistency of
the effects within the 2 cohorts supports that the vaccine prepara-
tion, rather than individual factors such as genetic predispositions

or pre-vaccination anti-influenza immune status, are the main
drivers of our observations. Nonetheless, future studies should be
designed to control for participant history regarding previous
vaccination or natural infection, and include readouts that assess
functional (e.g. hemagglutinin inhibition assays) and strain spe-
cific immune responses.

Consistent with previous reports,10 we found that across the 2
healthy cohorts pre-existing IgG levels substantially impacted the
IgG profiles and correlated inversely with the peak responses.
While this negative correlation is intuitive and may indicate that
the vaccine is superfluous in subjects with high preexisting immu-
nity,21,22 preexisting IgG against one influenza vaccine antigen
could potentially also negatively impact immune responses
against the other antigens.23 Since for our study we have no data
on the strain specific immune response available, we cannot
exclude that preexisting strain specific IgG might have impacted
the vaccine response differentially.

When comparing HIV-infected and uninfected controls, IgG
vaccine response profiles were indistinguishable from one
another. Notably, this also applied for HIV infected individuals
with low CD4 T cell counts that mounted reduced peak IgG lev-
els. Thus, our data suggest a quantitative, but not a qualitative,
immune dysfunction in HIV infected individuals, which may be
overcome by optimizing the vaccination strategy. In support of
this hypothesis, 2 recent clinical studies on influenza and hepati-
tis B vaccination indeed showed substantially improved vaccine
responses in HIV infected individuals vaccinated more frequently
and with higher antigen doses.24,25

Our approach of hierarchical clustering of vaccine response pro-
files, while being relatively novel, has recently been used in a similar
setting.11 Whereas Bonduelle et al.merely used the fold-change for
clustering, we increased the sensitivity of vaccine profiling by inte-
grating several time points into one vaccine response profile. The
main advantage of this approach is that time-resolved measure-
ments capture the evolution of the humoral immune response better
than binary measures (i.e., baseline-peak comparisons). Moreover,
the approach is statistically robust, and by evocative heat map visu-
alization superior to simple fold-change based analysis.16-18

Indeed, while fold-change analyses represent the mean of the
humoral immune response, vaccine response profiles provide
improved resolution of the immune response, helping distinguish
responses that show a similar mean behavior. While in this study
the sample size was large enough to detect substantial differences
between factors impacting the vaccine response profile, we cannot
exclude that we were underpowered to detect minor effects of some
of the factors tested. Moreover, since our analysis focused on strain
specific antibody binding titers, we cannot exclude that other
parameters impact virus neutralization or hemagglutinin inhibition.

In summary, we show that vaccine response profiles—reflect-
ing the individual dynamics of immune responses—provide clin-
ically and immunologically valuable insight that may direct
future efforts toward improving vaccine-design and -strategy.
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Figure 3. Immunoglobulin profiles do not cluster by HIV status or level of
immunosuppression. (A) Peak IgM and IgG responses against influenza A
and B are shown as VE/mL. HDD healthy donor, CD4 highD HIV infected
individuals with CD4 counts>350/ml, CD4 lowD HIV infected individuals
with CD4 counts �350/ml. *P < 0.05, **P < 0.01. (B) The hierarchical clus-
tering of the IgM (influenza A or B) and IgG (influenza A or B) vaccine
response profiles indicated no difference between these 3 groups. The
heatmap depicts the pairwise Pearson correlation coefficients of all pro-
files determined.
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