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a b s t r a c t

Hepatitis-B vaccine (HBVv) can prevent HBV-infection and associated liver diseases. However, concerns
regarding its safety, particularly among patients with autoimmune diseases (i.e. SLE) were raised.
Moreover, the aluminum adjuvant in HBVv was related to immune mediated adverse events. Therefore,
we examined the effects of immunization with HBVv or alum on SLE-like disease in a murine model.

NZBWF1 mice were immunized with HBVv (Engerix), or aluminum hydroxide (alum) or phosphate
buffered saline (PBS) at 8 and 12 weeks of age. Mice were followed for weight, autoantibodies titers,
blood counts, proteinuria, kidney histology, neurocognitive functions (novel object recognition, staircase,
Y-maze and the forced swimming tests) and brain histology.

Immunization with HBVv induced acceleration of kidney disease manifested by high anti-dsDNA
antibodies (p < 0.01), early onset of proteinuria (p < 0.05), histological damage and deposition of HBs
antigen in the kidney. Mice immunized with HBVv and/or alum had decreased cells counts mainly of the
red cell lineage (p < 0.001), memory deficits (p < 0.01), and increased activated microglia in different
areas of the brain compare with mice immunized with PBS. Anxiety-like behavior was more pronounced
among mice immunized with alum.

In conclusion, herein we report that immunization with the HBVv aggravated kidney disease in an
animal model of SLE. Immunization with either HBVv or alum affected blood counts, neurocognitive
functions and brain gliosis. Our data support the concept that different component of vaccines may be
linked with immune and autoimmune mediated adverse events.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The development of vaccines and vaccination programs has
proven to be a tremendously successful and cost-effective asset to
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human health [1,2]. One example of this achievement is the hep-
atitis B virus vaccine (HBVv), which had proven to be beneficial in
preventing HBV-infection and associated liver diseases [3]. How-
ever, concerns regarding safety of HBVv were raised in recent years
addressing both the general population as well as different sectors
at high risk of adverse events such as patients with autoimmune
diseases [4,5]. Several clinical studies and numerous case-reports
documented the appearance of autoantibodies, autoimmunity,
and overt autoimmune diseases following vaccination, in a small
minority of subjects [1,6e11]. Hence, the dual sword of vaccination
remains a concern, especially in genetically susceptible patients or
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those with immune mediated diseases such as systemic lupus er-
ythematosus (SLE) [4]. In that particular case on the one hand viral
and bacterial infections may favor an exacerbation of SLE thus
supporting immunization while on the other aggravation of SLE or
SLE-like disease was documented post immunization in some pa-
tients [9,12e17]. Establishing a causal link between immunization
and autoimmunity in humans is difficult, as most post-vaccination
events are rare. Moreover, these events may not be ‘well defined’
and may appear long after immunization took place, as was
recently described and termed the Autoimmune/autoinflammatory
syndrome induced by adjuvants (ASIA) [18]. Even so, causality has
been accepted by the medical community for certain vaccines and
autoimmune conditions such as the outbreak of Guillain-Barr�e
syndrome following the swine flu vaccination in 1976 [6] or
transverse myelitis after oral polio-vaccination [9], thrombocyto-
penia and MMR [1] or narcolepsy after exposure to the H1N1
vaccine [19]. Similarly, HBVv has been allied with CNS demyelin-
ating events, the appearance of multiple sclerosis and SLE
[8,13,20e22].

The mechanisms by which the host's immune system responses
to vaccination resemble the ones involved in the response to in-
fectious agents namely, molecular mimicry, epitope spreading,
polyclonal activation and others [23].Thus, a recombinant or a live
attenuated infectious antigen used for vaccination, may inflict a
range of immune and autoimmune responses similar to its parallel
infectious agents [1]. In addition, different ingredients of a vaccine,
especially adjuvants has been used for decades to enhance immu-
nity [1,14,18,24]. Adjuvants enable usage of smaller amounts of
antigen while maintaining an effective immune response. This is
achieved via interaction of the adjuvant with Toll-like receptors,
stimulation of the innate immune system, improving translocation
of antigens, induction of cytokine and prevention of antigen
destruction [18,25]. Lately, increased autoimmunity among re-
cipients of vaccines was suggested to stem also from the adjuvant
used in those vaccines, as adjuvants per se were found to induce
autoimmunity [24,26,27].

Human studies aiming to test vaccines and/or adjuvant safety,
especially in high risk groups are rare and yielded conflicting
results. The many limitations of such studies may be partially
overcome by animal models for which the follow-up period is
shorter and immunization with different ingredient and doses of
vaccines can be materialized [28,29]. In such studies, post-vacci-
nation autoimmunity and adjuvants toxicity (e.g. hydrocarbon oil,
squalene, or pristane) were documented in dogs, naïve mice, rats,
farmed salmon fish and other models [29e31]. Evaluation of post-
vaccination phenomena in animals that are genetically suscepti-
ble to autoimmunity may further enhance our knowledge
regarding immunization of patients at high risk of autoimmunity
[7,28,29]. Hence, in the current study we evaluated the effects of
immunization with Hepatitis B vaccine or its adjuvant, alum, on
NZBWF1 mice which are genetically prone to develop SLE-like
disease.

2. Material and methods

2.1. Study protocol and mice

Female NZBWF1mice (Jackson Laboratory, Bar Harbor, ME, USA)
were maintained at 23 ± 1 �C, and 12 h light cycle with free access
to food and drink. Sixty Mice were classified to three groups
(n ¼ 20), all of which were immunized twice via intramuscular
injection, at the ages of 8 and 12 weeks. The three groups consisted
of group 1: mice immunized with 0.4 ml phosphate buffered saline
1� (PBS1X), group 2: mice immunized with the 0.4 ml of HBVv
(Engerix-B vaccine), as described in a former study [28], group 3:
mice were immunized with aluminum hydroxide (Al[OH]3) 0.2 mg
in 0.4 ml of PBS, which is comparable to the quantity of aluminum
in 0.4 ml of the Engerix vaccine. The Sheba Medical Center Animal
Welfare Committee approved all procedures.

The following parameters of NZBWF1 lupus-like disease were
followed in all mice: Mice weight was measured monthly, begin-
ning at 16 weeks, blood samples (for antibodies titer, blood counts
etc.) were analyzed at the ages of 10, 14, 18, 22 and 26 weeks; Urine
protein was studied weekly between the ages of 14e25 weeks;
Neuro-cognitive tests were performed at 21, 26, 30 weeks of age.
Mice were sacrificed at 28e30 weeks of age, and organs were
weighted during the procedure.

2.2. Blood analysis

Mice were bled by retro orbital puncture at the age of 10, 14, 18
and 22 weeks. Four samples of sera were used for antibody
detection. The 5th sample was taken, at the age of 26 weeks, using
anticoagulant for blood cell counts. Total Cell Blood Count (CBC)
was performed using the Cell Dyn 1600 system® (Abbott Di-
agnostics, USA).

2.3. Autoantibodies measurement e anti double-stranded DNA
(anti-dsDNA)

Autoantibodies measurement e anti double-stranded DNA
(anti-dsDNA) were detected by homemade ELISA [32]. Briefly,
polystyrene were coated sequentially with poly-L-lysine (50 ug/ml
inwater), ds-DNA-2.5 g/ml TBS (Tris base buffered saline) and poly-
L-glutamate (50ug/ml). After blocking with 3% Bovine Serum Al-
bumin (BSA), mice sera diluted 1:200 in 1% BSAwere incubated for
2 h at room temperature. Bound antibodies were detected using
1:5000 dilution of goat anti-mouse IgG conjugated to alkaline
phosphatase (Sigma) and the addition of its substrate P-nitro-
phenyl-phosphate. Anti-phospholipids antibodies were determined
by homemade ELISA as was described previously [33]. Briefly,
polystyrene were coated sequentially with phospholipid (car-
diolipin, b2 Glycoprotein I and phosphorylcholine) (Sigma Chemical
Co., St. Louis, MO) at a concentration of 50 ng/ml in ethanol. After
blocking with 10% Bovine Serum (BS) in PBS1X, mice sera diluted
1:200 in 2% BS were incubated for 2 h at room temperature. Bound
antibodies were detected using 1:5000 dilution of goat anti-mouse
IgG conjugated to alkaline phosphatase (Sigma) and the addition of
its substrate P-nitro-phenyl-phosphate. Anti Ro, La, Sm and RNP
antibodies were detected using commercial QUANTA Lite® kits for
Sm, RNP, SSA and SSB according to the manufactured instructions
(INOVA Diagnostics Inc, USA) with modifications. Bound antibodies
were detected using 1:5000 dilution of goat anti-mouse IgG con-
jugated to peroxidase (Sigma) and the addition of its substrate
3,30,5,50-Tetramethylbenzidine (TMB). For all ELISA tests, Optic
Density (O.D) was read in an ELISA reader using a 450 nm filter/
620 nm reference filter.

2.4. Urine protein

Urine protein was measured weekly using Combur 10Test M
strips (Roche Diagnostics GmbH, GE). Urine samples were graded,
corresponding to the following approximate protein concentra-
tions: 0 mg/dL, 30 mg/dL, 100 mg/dL and 500 mg/dL [31].

2.5. Neurocognitive and behavioral studies

Four neurocognitive studies were performed in which each
mouse was tested individually.



Table 1
Blood cell counts in immunized mice.

Treatment PBS Alum Engerix p

Mean ± SEM Mean ± SEM Mean ± SEM

WBC (x104/ml) 2.11 ± 0.171 1.48 ± 0.111 1.82 ± 0.143 p ¼ 0.005*
LYM (x104/ml) 1.51 ± 0.147 1.19 ± 0.094 1.48 ± 0.109 NS
GRAN (x104/ml) 0.19 ± 0.023 0.13 ± 0.015 0.15 ± 0.027 NS
RBC (x107/ml) 2.03 ± 0.089 1.64 ± 0.132 1.54 ± 0.083 p ¼ 0.012*

p ¼ 0.002**
HCT (%) 8.37 ± 0.383 6.72 ± 0.566 6.18 ± 0.356 p ¼ 0.014*

p ¼ 0.002**
MCV (fL) 41.2 ± 0.133 40.9 ± 0.314 40.1 ± 0.233 p ¼ 0.003**
PLT (x103/ml) 163.1 ± 21.026 183.7 ± 10.535 196.4 ± 23.232 NS

WBC: White blood cell, LYM: Lymphocytes, GRAN: Granulocytes, RBC: Red blood
cells, HCT: Hematocrit, MCV: Mean corpuscular volume, MCHC: Mean corpuscular
hemoglobin concentration, PLT: platelet, NS: Not significant, SEM: Standard error of
the mean. Comparisons made between treatments: PBS and alum*, and PBS and
Engerix**. There were no differences between Alum and Engerix in anyone of the
parameters (Parameters with significant differences are shown in bold).
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2.5.1. The novel object recognition test (NOR)
The novel object recognition test (NOR) was done at the age of

21 weeks. The NOR test was performed using a long retention
period (4 h) to evaluate deficiencies in long term memory. This
visual recognition memory test is divided to three phases (habit-
uation, training, and retention) [34]. In the habituation phase, the
mice were placed in the arena (box 50� 50� 20 cm) for 20 min for
free exploration. In the training phase, mice had 5 min to explore 2
identical objects in the arena. After this, mice were removed to the
home cage for a 4 h retention interval, and finally in the retention
phase, they were returned to the arena for 5 min after one object
has been replaced with a novel object. Data from the retention
phase were expressed as a preference index (time exploring novel
object/total exploration). Exploration of the objects was defined as
whisking, sniffing, rearing on or touching the object, and approach
and obvious orientation to the object of �1 cm.

2.5.2. The Y maze test
The Y maze test was used to study the spatial memory and short

term memory deficit, as the retention period in this test is 2 min. It
was performed onweek 21 and included two trials. In the first trial
of the test, lasting for 5 min, one of the 2 arms of the Y maze was
randomly chosen to be blocked whereas on the second trial, lasting
for 2 min, both arms were open. The two trials were separated by a
2 min interval, during which the mouse was returned to its home
cage. The time spent in each of the armswasmeasured in each trial.
Discrimination of spatial novelty was assessed by a preference in-
dex [35]: time in the new arm - time old arm/time in the new
arm þ time in the old arm.

2.5.3. The staircase test
This test evaluated exploratory activity and “anxiety elike”

behavior. It was performed at 21 weeks of age as previously
described [36e39]. The staircase was placed in a room with con-
stant lighting and isolated from external noise. The number of stairs
climbed and the number of rears were recorded during a 3 min
period. Climbing was defined as each stair on which the mouse
placed all four paws; rearing was defined as each instance the
mouse rose on hind legs (to sniff the air), either on a stair or leaning
against thewall. The number of stairs descendedwas not taken into
account. Before each test, the box was cleaned with a diluted
alcohol solution to eliminate smells.

2.5.4. The forced swim test (FST)
This test is based on the description done by Porsolt to detect

depressive-like behavior [39e41] and it was performed at the age
of 26 weeks and at the age of 30 weeks of age. Each mouse was
placed in a glass beaker (height 39 cm, diameter 21.7 cm) with
water 15 cm deep at 25 �C. On the first day, mice were placed in the
cylinder for 15 min training, and later were removed to the home
cages. Twenty-four hours later, the mice were put for 6 min in the
beaker under similar environmental conditions. Depression-like
behavior was defined as immobility (floating) and is illustrated as
the percentage time spent immobile [41]. The immobility time was
measured in seconds, when there was not presence of escape-
oriented behaviors such as swimming, jumping, rearing, sniffing,
or diving.

2.6. Organ weight and histological studies

At the age of 28e31weeks mice from each groupwere sacrificed
for brain, kidney and spleen analyses. As for brain analysis, 5 mice
from each group were anesthetized by intra-peritoneal injection of
ketamine (100 mg/kg) and xylazine (20 mg/kg) and sacrificed by
trans-cardiac perfusion of PBS followed by perfusion with 4% p-
formaldehyde in PBS. The brains were removed after perfusion,
fixed in 4% p-formaldehyde, and cryoprotected by immersion in
30% sucrose for 24 h at 4 �C before cutting. Consequently, frozen
coronal sections (50 mm) were cut on a sliding microtome and
collected serially and, preserved in a cryoprotectant solution. In
addition, the other 10 mice from each group were sacrificed by
cervical dislocation; brains, spleens and kidneys were removed
and weighed to calculate organ weight percentage (Organ
weight � 100/Total mouse weight). Afterwards, brains and kidneys
from 5 mice were fixed in p-formaldehyde and paraffin embedded;
then 5 nm thick brain coronal and kidney sagittal sections slides
were cut for histology. All the remaining animals were sacrificed by
cervical dislocation at the age of 31 weeks.

2.6.1. Histological analysis of the kidneys
Paraffin sections kidneys were stained with hematoxylin and

eosin (H&E). In addition, they were analyzed for detection of Ig
deposits. In this case, direct immuno-fluorescence was performed
with FITC conjugated anti-mouse F(ab')2IgG (Sigma, St Louis, MO).
Analysis of kidney damage was independently performed by an
expert pathologist blinded to the clinical and experimental
parameters.

Finally, for detection of Hepatitis B surface antigen (HBsAg),
kidney paraffin sections were rehydrated with serial wash steps of
xylene, ethanol 100%, ethanol 90%, ethanol 70% and ethanol 50%
per 10 min each one. The sections were pretreated with VECTOR®

M.O.M.™ Immunodetection Kit (Vector Laboratories, Burlingame,
USA) to block all the endogenous mouse immunoglobulins within
the tissue. Alter it; the sections were incubated with monoclonal
antibodies (10 ug/ml) overnight at 4 �C against HBsAg (anti-
HBsAgpAb, Millipore, USA). Then, sections were incubated at room
temperature for 2 h with anti-mouse fluorescent 488- or 594
conjugated anti mouse secondary antibody. Counter staining was
performed with Hoechst.

2.6.2. Histological analysis of the brain
For detection of inflammation markers, brain sections were

stained free-floating were stained with three reagents: Hoechst
was used to stain cell nuclei, anti-Iba1 for staining of activated
microglia and anti-GFAP for astrocytes. For activated microglia
(anti-Iba1 pAb, Abcam, UK) and astrocytes (anti-GFAP mAb, Dako,
Carpinteria, USA) staining incubation with the first antibodies
(10 ug/ml) was overnight at 4 �C. Then sections were incubated at
room temperature for 2 h with the corresponding fluorescent
chromogens-conjugated secondary antibody, according to the
manufecter instructions.



Fig. 1. Increment in ds-DNA levels were significantly higher in NZB/W F1 mice
immunized with HBVv (Engerix) in comparisonwith the control group. After the age of
20 weeks differences in levels of ds-DNA auto-antibodies indicate a significant effect of
the Engerix vaccine. Differences in the mean optical density values (OD 405 nm/
600 nm) of anti-dsDNA antibody levels among groups was found (p ¼ 2.32 � 10�4),
pairwise comparisons showed significant differences between Engerix and PBS
(p ¼ 0.004) and Engerix and alum (p < 0.001). PBS (C), alum ( ) and Engerix ( ).
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In addition stating for alum deposition in the brain was per-
formed. For detection of alum the brain paraffin sections were
rehydrated with serial wash steps of xylene, ethanol 100%, ethanol
90%, ethanol 70% and ethanol 50% per 10 min each one. Then they
were washed in a solution of chloridric acid 1% for 10 min. Sections
were washed with PBS and they were placed in the Morin solution
for staining during 10 min (0.2% Morin reagent in 85% ethanol
containing 0.5% glacial acetic acid).
2.7. Statistical analysis

Differences among groups were tested using analysis of vari-
ance or covariance (ANOVA or ANCOVA) according to the data.
Those analyses that were statistically significant were followed
Fig. 2. Increment in proteinuria among NZB/W F1 mice immunized with Engerix in
comparison with the PBS group. Protein urine levels showed differences among groups
from the age of 24 weeks (p < 0.001), particularly an earlier appearance of proteinuria
was noted from week 24 in the group of animals immunized with Engerix in com-
parison with the other groups. (Engerix and PBS p < 0.004 and Engerix and alum
p < 0.001). PBS (C), alum ( ) and Engerix ( ).
by LDS test to identify specific differences between groups. The
analysis was performed using SPSS 17.0 software. Results are
shown as averages ± standard error, and in percentages. A level
of 5% was used to define statistical significance (p < 0.05), p re-
ported values correspond to LDS test for specific group
differences.
Fig. 3. NZB/W F1 mice total and organ weight analyses. (A) The total weight of all
animals did not differ between groups along the experiment: Week 16 p ¼ 0.888, week
20 p ¼ 0.231, week 24 p ¼ 0.305, week 28 p ¼ 0.375. (BeC) Weight percentage of
kidneys and spleen was calculated (Organ weight � 100/Total mouse weight). (B)
Spleen weight percentage showed no differences among groups (p ¼ 0.262). However
kidney weight percentage (C) was significantly higher among mice immunized with
Engerix compared with the other two groups (Engerix vs PBS p ¼ 0.001* and Engerix vs
alum p ¼ 0,003**). Weight is presented as mean ± SEM. PBS (C), alum ( ) and Engerix
( ).
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3. Results

In the current study major manifestations of SLE-like disease
were followed in mice immunized with HBVv (Engerix), aluminum
hydroxide (alum) and PBS.

3.1. Blood counts

Total blood cells counts differ between mice groups as specified
in Table 1. In particular, total white blood cells (WBC) count was
significantly lower in the group immunized with alum in compar-
ison with mice immunized with PBS (1.48 ± 0.1 � 104/ml vs.
2.11 ± 0.17 � 104/ml; p ¼ 0.005). Additionally, red blood cells (RBC),
hemoglobin levels (HGB) and Hematocrit (HTC) percentage were
Fig. 4. Kidney histology of NZB/W mice sacrificed at the age of 26 weeks. Sections of repre
panel, AeB), alum (middle panel, CeD) and PBS (lower panel, EeF). First column (Fig. A,
detection of Ig deposits using FITC-conjugated anti-mouse F (ab')2 IgG. Fig. A shows crescent
immunization with Engerix, alum and PBS immunization resulted in proliferative mesangia
less Ig deposits (D or F).
significantly lower in alum and Engerix immunized animals in
comparison with the control group (PBS) as specified in Table 1.
Platelets counts did not differ between groups.

3.2. Autoantibodies

The presence of anti-Ro, anti-La, anti-Sm, anti-RNP, anti
ecardiolipin (ACA), anti-phosphorilcholine (PC) and anti- b2
Glycoprotein-I auto-antibodies did not differ between groups. In
contrast periodic analysis of serum samples for anti-dsDNA anti-
body levels showed faster increment in mice immunized with
Engerix compare to those immunized with alum of PBS. These
differences reached statistical significance at week 20 and
remained so throughout the study (Fig. 1). These differences were
sentative slides images from each group (40� magnification) are shown: Engerix (top
C, E) is hematoxylin and eosin (H&E) staining and second column (Fig. B, D, F) show
proliferative glomerulonephritis with a significant staining of Ig deposits (B) following
l glomerulonephritis (C) and mild mesangial glomerulonephritis (E) respectively with
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apparent by comparing mean optical density values (OD 405 nm/
600 nm) of anti-dsDNA antibody levels among groups (p < 0.001) as
well as using the pair wise comparisons for Engerix vs. PBS
(1.41 ± 0.29 vs. 0.77 ± 0.22 respectively; p ¼ 0.004) and Engerix vs.
alum (1.41 ± 0.29 vs. 0.41 ± 0.08 respectively; p < 0.001).

3.3. Urine analysis

Similarly to anti-dsDNA antibodies protein urine levels showed
differences between groups from the age of 23 weeks (Fig. 2).
Particularly a rapidest appearance of proteinuria fromweek 24 was
observed in the group of animals immunized with Engerix (average
urine protein of 135 ± 61 mg/dL) in comparison with the other
groups PBS and alum (135 ± 61 vs. 18 ± 2 mg/dL; p < 0.004 and
135 ± 61 vs. 20 ± 3.65 mg/dL; p < 0.001 respectively).

3.4. Mice and organs weights

Total body weight of animals did not differ between groups over
the experiment period (Fig. 3A). Analyses of organs weight was
performed using five animals from each group which were sacri-
ficed by cervical dislocation. In these animals no differences in
spleen weight percentage among the different groups was noticed:
PBS 0.89 ± 0.42%, alum 0.38 ± 0.02% and Engerix 0.42 ± 0.07%;
p ¼ 0.262 (Fig. 3B). In contrast, kidney weight was significantly
higher in the Engerix immunized group compared with the other
two: Engerix vs. PBS 0.67 ± 0.04% vs. 0.46 ± 0.03%; p ¼ 0.001 and
Engerix vs. alum 0.67 ± 0.04% vs. 0.48 ± 0.02%; p ¼ 0.003 (Fig. 3C).

3.5. Kidney histology

Analysis of kidneys biopsies showed SLE-like kidney damage in
all animals. However, among mice immunized with Engerix severe
and advanced nephropathy was documented in comparison with
the other groups (Fig. 4). Hence, within the same period of time
animals immunized with HBVv (Engerix) developed crescent pro-
liferative glomerulonephritis (Fig. 4A) while the other groups
Fig. 5. Hepatitis B surface antigen detection in kidneys of NZB/W F1 immunized with PBS an
arrows) using monoclonal mouse antibody detected with either 488-conjugated anti-mouse
glomeruli of Engerix immunized mice (BeD) and was not detected in PBS injected mice (A
showed mesangial disease with less Ig deposits. Additionally, using
specific staining for hepatitis B surface antigen, the recombinant
viral antigen used in the Engerix vaccine [42], we detected this
particular antigen in the kidneys of animals immunized with the
vaccine (Fig. 5).

3.6. Neuro-cognitive tests

3.6.1. Memory deficit
Memory deficit was assessed using two tests the novel object

recognition (NOR) test evaluating long term memory and the Y
maze test that reflects short termmemory. In these tests results are
presented as the preference index (time spent) with the new object
or arm respectively (Fig. 6). In the current study control mice,
immunized with PBS, had a significantly higher preference index
for the newobject in the NOR test compare to the other two groups:
PBS vs. Engerix 0.43 ± 0.06 vs.�0.002 ± 0.06 (p¼ 0.003) and PBS vs.
alum 0.43 ± 0.06 vs.0.03 ± 0.06 (p ¼ 0.006). Similar results were
observed in the Y maze test in which control mice (PBS) signifi-
cantly preferred the new arm in the Y maze in comparisonwith the
other two groups: PBS vs. Engerix, 0.64 ± 0.07 vs. 0.11 ± 0,09
(p ¼ 9.71 � 10�5) and PBS vs. alum, 0.64 ± 0.07 vs. 0.34 ± 0.08
(p¼ 0.026). PBS immunized mice recognized the old object and the
old arm as known and preferred exploring the new options while
the other mice expressed less interest in the new object/lane
respectively. Notably mice immunized with alum or Engerix actu-
ally spentmore timewith the old object/lane suggesting in addition
to memory deficit a plausible behavioral change.

3.6.2. Anxiety-like behavior
Anxiety-like behavior was evaluated using the stair case tests

analyzing both rearing and climbing indexes (Fig. 7). An increment
in the number of rearing events indicates anxiety (which was
documented in this study in mice immunized with alum in com-
parison with PBS (11.8 ± 1.23 vs. 7.8 ± 0.87; p ¼ 0.032)). Increment
in climbing stairs is indicative of hyperactivity, and although
numerically alum immunized mice were more active than those
d Engerix. Representative slides of Hepatitis B surface antigen (HBs-Ag) staining (white
antibody (AeB) or 594-conjugated anti-mouse antibody (CeD). Hbs-Ag was detected in
eC).



Fig. 6. Memory deficit in NZB/W mice immunized with Engerix or alum. Memory was
assessed by two tests the Novel object recognition test (A) and Y maze test (B). Engerix
and alum treated mice displayed impaired performance in both tests. In the novel
object recognition test (A), results are presented as the preference time with the new
objects. Notably control mice (PBS) significantly preferred the new object in compar-
ison with the other two groups (PBS vs Engerix p ¼ 0.003 and PBS vs alum p ¼ 0.006).
Similarly in the Y maze test control mice (PBS) significantly preferred the new arm in
the Y maze in comparison with the other two groups (PBS vs Engerix p ¼ 9.71 � 10�5

and PBS vs alum p ¼ 0.026).

Fig. 7. NZB/W F1 mice treated with alum had anxious-like behavior. Differences be-
tween groups were evaluated using the stair case tests analyzing both rearing and
climbing indexes analysis. An increment in the number of rearing events was observed
in both immunized group in particularly in mice immunized with Alum (PBS vs Alum
p ¼ 0.032). Increment in climbing stairs (B) was also observed in mice immunized with
alum although this difference did not reach statistical significance (p ¼ 0.631).
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immunized with PBS this did not reach statistical significance
(17.7 ± 2.79 vs. 15.5 ± 1.34; p ¼ 0.631).

3.6.3. Depressive like-behavior
Depressive like-behavior in immunized mice was assessed by

the forced swimming test (FST). Immobility time in the FST in-
dicates depressive behavior in mice (Fig. 8). At the age of 26 weeks
no differences were observed between groups (PBS 133.±31.6 sec,
alum 90 ± 30.6 sec and Engerix 140 ± 30.3; p ¼ 0.461). Repeating
this study at the age of 30 week revealed a lower immobility time
representing less “depressive-like behavior” among alum immu-
nized mice compare to mice immunized with Engerix,
183.6 ± 31.5 sec vs. 275.9 ± 20.3 sec (p ¼ 0.003).

3.7. Brain histology

A variety of sections in mice brains were analyzed (e.g. cortex,
amygdala, hypothalamus and hippocampus). In all regions and
particularly those associated with the limbic system, memory and
learning skills (i.e. hippocampus) a significant increase in staining
for Iba-1 was found, indicating the presence of more activated
microglia and inflammation in mice immunized with alum and
Engerix (Fig. 9). In addition, the staining for GFAP, indicating the
presence of astrocytes, reveled increment in the number of astro-
cytes particularly in the hippocampus of animals treated with alum
and Engerix in comparison with those treated with PBS (Fig. 9).
Moreover, detection of alum in brain ventricle of animal immu-
nized with alum (data not shown) was noted and may suggest
migration of this substance and deposition in mice brain.

4. Discussion

In the current study we report an acceleration of SLE-like dis-
ease, in NZBWF1 mice genetically prone to develop this disease,
following immunization with the HBV vaccine (Engerix). Interest-
ingly, we observed a differential effect of immunization with the
whole vaccine (including the HBV surface antigen, alum and other
ingredients) compare to immunization only with the vaccine
adjuvant, alum. While the former aggravated kidney disease the
latter was associated with hematological and neurological
manifestations.

Kidney disease is a criterion of SLE, that is strongly linked with
the presence of anti-dsDNA antibodies [43]. Lupus nephritis is
characterized by mild to severe proteinuria as well as evidence of
inflammation and deposition of immunoglobulin in the kidney.



Fig. 8. NZB/W F1 mice immunized with alum showed less immobility time. Immo-
bility time during the forced swimming test did not differ between groups at 26 weeks
(A) although mice immunized with alum were less immobile (p ¼ 0.461). At the age of
30 weeks (B) mice immunized with alum were significantly less immobilized compare
to those immunized with Engerix (p ¼ 0.003).
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Herein we report early increment of anti-dsDNA antibodies levels
and urine protein excretion among NZBWF1mice, immunized with
the whole HBV vaccine. In addition, we found, in this group of
animals, advanced kidney damage with severe inflammation, the
presence of crescents and higher deposition of immunoglobulin
(Fig. 4). This aggressive disease was not apparent in mice immu-
nized only with the vaccine adjuvant, aluminum hydroxide, or in
control mice immunized with PBS at this early stage of NZBWF1-
SLE disease. Furthermore, staining for anti-HBV surface antigen,
demonstrated reactivity only in kidneys from animal exposed to
the whole vaccine (Fig. 5). This supports the idea that the recom-
binant infectious antigen present in the vaccine is responsible for
the fast progression of kidney damage either by being directly
deposited in the kidney or by molecular mimicry and acceleration
of anti-glomerular autoimmune process. This concept stands in
agreement with a recent work performed by Wang et al. [42] who
observed hepatitis B viral antigens (i.e. surface and core antigens)
and HBV-immune complexes deposition in kidney biopsies from
SLE patients with lupus nephritis. For this purpose Wang and col-
leagues studied renal biopsies from 166 patients with lupus
nephritis and 384 controls for the presence of HBV antigen depo-
sition. The latter were detected in 50% of tissue from SLE patients,
about 20% of biopsies from patients with primary renal glomerular
disease or allergic purpura and none in biopsies from patients with
other diseases (i.e. diabetic nephropathy, hypertensive nephro-
sclerosis, thin basement membrane nephropathy, or Alport's syn-
drome). The recombinant antigen used for production of the
Engerix vaccine is similar to the surface antigen of HBV detected in
this study. In another study [44] lupus nephritis was triggered in a
27 year-old woman following inoculation with HBV vaccine. This
event was linked with HLA haplotype related to this autoimmune
disease, suggesting that post-vaccination immune mediated phe-
nomenon may occur in genetically predisposed subjects. In this
context, lately, the influence of pharmacogenomics biomarkers on
the efficacy and toxicity of vaccines has been reported. For instance,
a high rate of variability in immune response and toxicity towards
hepatitis B vaccine was observed in relation to various HLA alleles
as well as polymorphism of IL-10 and IL1b genes [45] .

Another line of evidence relating HBV antigens and kidney
disease is the data accumulated in case-reports and case-series that
documented the occurrence of nephritis following exposure to viral
infection with HBV or exposure to the HBV vaccine. Moreover,
response of this nephritis to anti-viral therapy was reported
[46e48]. Therefore, hepatitis-B-associated nephritis was defined as
a distinct entity that occurs mainly in hepatitis-B-prevalent areas of
the world. This kidney disease affects both adults and children
independently of liver involvement and is characterized by renal
deposition of immune complexes, immunoglobulins, and comple-
ment components (C3, C4 and C1q). Moreover, hepatitis B viral
antigens (HBsAg, HBcAg, HBeAg) were eluted from affected kidneys
using acid elution techniques [49]. Similarities between Hepatitis B
virus-related nephropathy and lupus nephritis have been reported
as both present with proteinuria and glomerular lesions that may
be at times indistinguishable [50]. However no autoantibodies or
other SLE-related manifestations are expected in patients with HBV
related nephropathy. Last but not least in the current studywe have
observed, for the first time to the best of our knowledge, an
increment in the kidney size of mice injected with the HBV vaccine.
Enlargement of diseased kidney was reported in acute glomerulo-
nephritis, some cases of vasculitis (i.e. Goodpasture), infiltrative
diseases (i.e. amyloidosis, sarcoidosis) infections (i.e. HIV related
nephropathy) and other conditions (i.e. polycystic disease) [51].
Thus, onemay suggest that in the current study the early damage or
the type of immune mediated process induced by the vaccine is
related to the kidney enlargement. Taking it all together, it seems
that either by acceleration of the natural course of SLE-like disease
(e.g. the presence of anti-dsDNA antibodies), or by a combination of
SLE-like disease and HBV- related kidney damage, mice immunized
with the Engerix suffered from early andmore severe renal disease.

Cytopenia are common manifestations and a criterion of SLE
disease [43,52]. In the current study we found immunization with
alum only or HBV vaccine containing alum to correlate with the
presence of anemia (e.g. low hemoglobin, RBC, and low MCV) and
to a lesser extent with leucopenia. This observation is supported by
data from humans and other animalmodels, as aluminum is known
to be toxic (i.e. neurotoxicity) and cause anemia. In humans,
increased aluminum levels in patients with chronic renal failure on
hemodialysis were found to be associated with impaired erythro-
poiesis and iron metabolism. Comparably in several studies that
evaluated the effects of aluminum on hematopoiesis in rats, anemia
with microcytic feature was observed. For instance, exposure of
young, male Wistar albino rats to aluminum sulfate resulted in
significant decrease in mean corpuscular volume (MCV), red blood
cell (RBC) deformability and hematocrit (Hct) [53]. In another study
chronic exposure (weeks-months) to alum correlated with
decreased hemoglobin concentration, hematocrit and serum iron in
rats [54]. Alike, short term exposure to alum (days) also induced
decreased hemoglobin, hematocrit, and increased reticulocytes
counts [55]. In the latter study a mild degree of hypochromia and



Fig. 9. Evidence of increased brain inflammation in NZB/W F1 mice immunized with alum and Engerix. Representative slides from the CA1 hippocampal region. Staining of
activated microglia (Green, Iba-1) (B, E, H) and astrocytes (Red, GFAP) (C, F, I) were more prominent in the brain of alum (D, E, F) and Engerix treated mice (G, H, I) compared to PBS
mice brains (A, B, C). Counting nuclei staining was performed using Hoechst (A, D, G). Magnification of 10� and 40�.
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microcytosis as well as decrease in the index of erythroblasts
maturation, and reduced plasma ironwere documented. Indicating
inhibited erythroblast maturation, erythropoiesis and iron meta-
bolism in rats exposed to aluminum [55].

Neuropsychiatric manifestations are common in SLE (NPSLE) and
have been reported in more than 50% of patients [56]. Of which 19
syndromes were defined as related to SLE disease by the American
College of Rheumatology (ACR) [56]. Usually, neuropsychiatric
events attributed to the disease itself are the primary manifesta-
tions of SLE rather than its complication [57]. NPSLE involvement is
consider to be a consequence of the autoimmune process either via
autoantibodies mediated processes (e.g. micro-vasculopathy and
thrombosis due to anti-phospholipids antibodies, or psychosis due
to anti-P-ribosomal antibodies) or via inflammation (e.g. SLE
related seizures) [58e60]. SLE brain damage and behavioral
changes were reported also in murine models of this autoimmune
disease [61e64]. Remarkably among adult NZBW F1 mice (10e18
months old) neurological deficits and brain histological changes
were reported regardless of other SLE-like manifestations (i.e.
proteinuria and anti-dsDNA levels) [65]. In this strain of mice
several mechanisms have been suggested to explain neurological
damage. For instance anti-neuronal antibodies could be eluted
from mice brains [66], and neuropeptides deficiency was reported
in certain area of the brain of affected animal (e.g. hypothalamus)
[67]. In addition, lymphocyte infiltration (i.e. CD3þ), IgG and
complement deposition, gliosis and neuronal loss were observed in
hippocampal biopsies and linked with behavioral changes and
memory deficit [68]. Furthermore histological evaluation
confirmed the involvement of the ‘middle section’ of the brain in
NZBWF1-NPSLE-like disease. This includes the neocortex, corpus
callosum, hippocampus, dentate gyrus, ventricles, choroid plex-
uses, thalamus, and hypothalamus. These areas are unique for
having more mononuclear and glial cell accumulation around
blood vessels, suggesting that an inflammatory process of the
limbic area/middle brain is perhaps the result of a higher number of
blood vessels and a less efficient blood brain barrier [65].

In the current study, we observed neurological deficits of
NZBWF1mice, at a relatively younger age of 5e6months, following
immunization with either HBVv (Engerix) or alum compare to
those immunized with PBS. This was exhibited by short and long
memory shortages that were so pronounced that accompanying
behavioral changes were suspected. Markedly, immunized animals
did not only prefer the “old” object/lane but tended to ignore the
new ones. In addition mice immunized with alumwere found to be
more anxious or “less depressed”. These effects were not observed
in mice immunized with the HBVv. This difference between groups
and particularly the forced swimming test performed at week 30
may reflect the more advanced disease (i.e. kidney damage) of the
HBVv inoculated group. The neurological deficits documented
herein were also reflected on brain biopsies of immunized mice.
Both HBVv and alum immunization induced inflammation and
gliosis in many areas of the brain but particularly in the limbic area
(part of the ‘middle brain’). Such behavioral deficits and histological
changes have been reported in patients diagnosed with NPSLE,
supporting an aggravation of NZBWF1-NPSLE-like disease in
immunized mice [57,69e71].

HBV vaccine was related to neurological damage in humans,
such as development of demyelinating events [72], multiple
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sclerosis and irritability [8,73,74]. Furthermore, evidence of cross
reaction between antibodies against hepatitis B virus surface an-
tigen and the myelin oligodendrocyte glycoprotein suggest mo-
lecular mimicry as the cause of HBVv related neuronal damage
[75e77]. Intriguingly, in the current study we found quite similar
effects following immunization only with the adjuvant of HBVv,
alum. The toxic effects of alum have been well described and may
interact with its efficacy as adjuvant [78,79]. In terms of adjuvancy
aluminum bind lipids within the plasma membrane of dendritic
cells, induce endocytosis [80], followed by activation of the
inflammosome system via NALP3, and resulting in the production
of pro-inflammatory signals and antibodies [81,82]. In parallel alum
disturbs metal balance within cells, leading to failure of mito-
chondrial activity and generation of reactive oxygen species
[83,84]. This is linked with morphologic and metabolic changes in
cells, such us increased astrocytes in the brain [84]. Injection of
alum to rats' brain (i.e. intra-cerebro-ventricular injection) induced
severe degeneration of cholinergic neuronal terminals in the brain,
especially in the cortex and hippocampus [85]. Perinatal exposure
to alum affected brain development, and alter the dopaminergic
system in mice [86]. In the current study we found alum to be
linked with memory deficits and anxiety-like behavior. This stands
in agreements with other studies that found joined exposure to
alum and the development of Alzheimer disease and behavioral
disorders in human and animals [79]. Such as, chronic feeding of
alum that led to the development of Alzheimer-like disease,
severely decreased learning and memory skills and increased
anxiety in murine models [26,87,88]. Finally, we have injected both
HBVv and Alum intramuscularly and not directly to the brain.
Recent findings suggest that transportation of aluminum particles
into mice brain is mediated by transmigration of monocytes
through the blood brain barrier. This process was found to be
monocyte chemotactic protein-1 protein (MCP-1/CCL2) dependent
[89]. To conclude, we observed neurocognitive deficits and brain
inflammation following HBVv or alum immunization. These effects
may have been induced by the alum, present also in the HBVv,
although some role of other vaccine ingredients can not be
excluded.

There are some limitations to our study, such as the relatively
high dose of HBVv (and in parallel alum) used compare to animal
weight. This was based on former study evaluating HBVv in a
genetically susceptible model [28] as well as other safety studies
reported. Noticeably, the concordance of our results with numerous
other studies as well as studies utilizing lower doses of HBVv/alum
supports a link between exposure to these agents and the above
mentioned effects. In addition as we have sacrificed most animal at
28e31 weeks of age, the effect of immunization on survival could
not be asserted.

5. Conclusion

In this study we followed the effects of immunization with the
HBV vaccine or its adjuvant, alum, on SLE-like disease in an auto-
immune genetically prone mouse model. This model may be
regarded as one representing the autoimmune/autoinflammatory
syndrome induced by adjuvants (ASIA) [18]. In other words we
were able to demonstrate a differential and deleterious effects of
the whole vaccine, probably due to its recombinant infectious
ingredient on SLE-like kidney disease while immunization with
either HBVv containing alum, or alum on its own induced cytopenia
and NPSLE-like disease. These observations support the notion that
each component of a vaccine, and particularly its adjuvant, may
play a role in triggering autoimmunity, at least in susceptible ani-
mals. Finally, we should note that this paper is part of a special issue
in the Journal of Autoimmunity that recognizes the distinguished
careers of Michael Sela and Ruth Arnon, both of whom have
contributed enormously in basic science, in teaching, and in
translational research. It is part of the journal's efforts to recognize
outstanding autoimmunologists, including in the past, Ian Mackay,
Chella David, Noel Rose, Pierre Youinou and Harry Moutsopoulos,
amongst others [90e93].
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