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ABSTRACT 

 

Behavioral abnormalities and cognitive dysfunction may be present in patients with 

autoimmune diseases. These symptoms range from mild symptoms to acute life-

threatening events. The mechanisms that responsible for these neuropsychiatric 

manifestations are still largely unknown, however several pathogenic pathways have been 

identified such as antibody-mediated neurotoxicity, vasculopathy induced by anti-

phospholipid antibodies, cytokine-induced neurotoxicity, as well as external factors such as 

toxics, and medications. In order to further investigate some of these mechanisms we 

evaluated the effect of autoantibodies in animal models such as 16/6 idiotypic antibody and 

anti-ribosomal P antibodies in   neuropsychiatric systemic lupus erythematosus ,  total IgG 

from narcoleptic patients in narcolepsy, and the effect of the human papillomavirus vaccine 

in naïve mice.  

 

Using the passive immunization method through intracerebro-ventricular injection of the 

antibodies, we demonstrated histological and behavioral changes. Mice immunized with 

16/6 idiotypic antibodies developed cognitive impairments while those immunized with 

anti-ribosomal P antibodies developed depression. The mice that received total IgG from 

narcoleptic patients developed sleep disturbances and brain histological changes consistent 

with the disease. Further analyses of the role of the human anti-ribosomal P autoantibody 

revealed that it can cross-react with the neuronal protein Gap43, thus interfering with 

cellular processes. 
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Immunization with the human papillomavirus vaccine caused the production of antibodies 

against brain components. Moreover, the mice immunized with the vaccine or with its 

adjuvant developed cognitive and behavioral deficiencies, which were ameliorated with 

dietary phospholipid supplementation. 

 

Overall, herein we demonstrate that the behavioral and cognitive abnormalities can be part 

of the wide spectrum of clinical autoimmune manifestations. In addition, they can be 

caused by collateral damage due to the immune dysregulation caused by autoimmune 

conditions as well as by vaccination. We also suggest that different autoantibodies cause 

different symptoms based on different interactions with brain tissue. 
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RESUMEN 

 

Las anormalidades de comportamiento y disfunciones cognitivas pueden presentarse en 

pacientes con enfermedades autoinmunes. Estos síntomas pueden fluctuar de leves hasta 

eventos potencialmente mortales. En su gran mayoría los mecanismos responsables de 

estas manifestaciones neuropsiquiatricas siguen siendo desconocidas, sin embargo se han 

identificado varias vías patogénicas. Por ejemplo; neurotoxicidad mediada por anticuerpos, 

vasculopatía inducida por anticuerpos anti-fosfolípidos, neurotoxicidad inducida por 

citoquinas, así como factores externos que incluyen sustancias tóxicas y medicamentos. 

Para poder investigar algunos de estos mecanismos, evaluamos el efecto de auto-

anticuerpos relacionados con el lupus eritematoso sistémico neuropsiquiátrico en modelos 

animales (Anticuerpo idiotípico 16/6 y el anticuerpo anti-ribosoma P) y narcolepsia 

(empleando IgG de pacientes narcolépticos), así como el efecto de la vacuna del virus del 

papiloma humano en ratones.   

 

La inmunización pasiva por inyección intracerebro-ventricular de estos anticuerpos condujo 

a cambios histológicos, cognitivos y de comportamiento. En particular, los ratones 

inmunizados con el anticuerpo idiotípico 16/6 desarrollaron déficit cognitivo y los ratones 

inmunizados con el anticuerpo anti-ribosomal P desarrollaron depresión. Los ratones que 

recibieron IgG total de pacientes narcolépticos desarrollaron trastornos del sueño y 

cambios histológicos cerebrales consistentes con la enfermedad. Un análisis más profundo 
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del papel del anticuerpo anti-ribosomal P humano reveló que reacciona de manera cruzada 

con la proteína neuronal “Gap43” interfiriendo con procesos celulares. 

 

Por otra parte, la inmunización con la vacuna del virus del papiloma humano causó la 

producción de anticuerpos contra componentes del cerebro. Adicionalmente, los ratones 

inmunizados con la vacuna, al igual que los inmunizados con su adyuvante desarrollaron 

deficiencia cognitiva y conductual, que fue mejorada con la suplementación alimenticia 

basada en fosfolípidos. 

 

En general, aquí se demuestra que anormalidades del comportamiento y disfunciones 

cognitiva pueden ser parte de la amplia gama de manifestaciones clínicas autoinmunes. 

Además, nuestros resultados sugieren que estas pueden ser causadas por daños colaterales 

debido a la desregulación inmune causada por autoinmunidad, así como por la vacunación. 

Adicionalmente, sugerimos que diferentes auto-anticuerpos causan diferentes síntomas 

basados en diferentes interacciones con el tejido cerebral. 
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1 INTRODUCTION 

 

1.1 THE IMMUNE SYSTEM AND THE BRAIN 

 

For a long time, the central nervous system (CNS) was considered an immune-privileged 

organ, in which antigens do not elicit an immune response. However, over the years this 

idea was challenged due to evidence demonstrating that while the access of different 

components of the peripheral immune system to the brain is tightly regulated, there is a 

presence of cells with immune function within the brain parenchyma. Examples of these 

cells are resident microglia and astrocytes which are found in the brain parenchyma, as well 

as from an extensive immune repertoire in the meninges and choroid plexus. Moreover, 

recent evidence shows that peripheral lymphocytes can migrate through the choroid plexus 

to the Cerebrospinal fluid (CSF) (1). In addition, new suggestions indicate that the immune 

system supports the proper function and development of the CNS.  

 

The maintenance of the microenvironment of the CNS is essential for its normal function; 

ensuring the normal brain performance which has a critical role in cognition, regulation of 

metabolism and coordination of peripheral organs. Specific conditions are necessary to 

allow electrical and chemical signals to transit between neurons. This delicate balance is 

largely maintained by the presence of the blood-brain barrier (BBB), which regulates the 

communication and the entrance of different substances from the blood stream to the CNS 

(i.e. ions, oxygen, nutrients and cells). The BBB is one of the most selective and tightly 
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controlled barriers (2, 3). It is comprised of endothelial cells, pericytes, astrocytes, and 

neurons that collectively form a functional neurovascular unit.  The BBB endothelial cells 

are the main contributor to the special characteristics of the BBB, and these cells express 

specific transporter and receptor proteins which control the entry and exit of metabolites 

across them (transcellular transport). In addition, they have high electrical resistance tight 

junctions (TJs), which limit the movement and traffic of substances between adjacent cells 

(paracellular transport). Interestingly, endothelial cells of the BBB have a lower amount of 

transcytotic vesicles and an absence of fenestraes when compared to endothelial cells from 

other tissues (2, 4). 

 

1.2 ANTIBODIES AND THE BRAIN 

 

Autoimmune diseases are immune-mediated inflammatory disorders characterized by loss 

of tolerance to self-antigens and the presence of auto-reactive T cells or various 

autoantibodies. Autoantibodies can be detected in ~5% of the healthy population, whereas 

approximately 2%-3% of them can potentially recognize brain structures in-vitro (5), but are 

not necessarily pathogenic. The presence of brain autoantibodies has been related to three 

conditions: First, they can appear as part of a systemic or organ specific autoimmune 

diseases (6, 7). Second, external factors such as infections or vaccination can induce the 

production of cross-reactive antibodies resulting in clinical manifestations associated with 

neurological damage (e.g. Pediatric Autoimmune Neuropsychiatric Disorders Associated 

with Streptococcal –PANDAS) (8, 9). Third, in certain individuals the presence of malignancy 
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can induce the production of auto-antibodies, which can potentially recognize brain 

structures due to production and presentation of cryptic antigens (i.e. paraneoplastic 

disorders) (5, 10, 11).  Understanding the role of autoantibodies in neurological diseases 

represents a challenge, since the access to this organ and its pathological analysis in-vivo is 

a difficult task. Therefore, most human studies have been performed post-mortem, which 

may create a bias due to tissue modifications that occur after death. Moreover, in cases 

when the disease lasted for a long period of time the original process could be masked and 

might not be identified at the time of the study (5, 12-14). 

 

 Several autoantibodies are directly responsible for inflammatory brain disorders such as, 

anti-N-methyl-D-aspartate receptor (NMDAR) in encephalitis (14), aquaporine-4 in 

neuromyelitis optica (NMO)(6) and anti-Hu in limbic encephalitis (14, 15). These antibodies 

are considered pathogenic because they can recognize a specific nervous system antigen, 

and were found to alter pathways related to the disease pathogenesis (16, 17). For instance, 

in NMO, autoantibodies against aquaporin-4, a protein expressed on the astrocytes 

membrane, causes complement activation leading to chronic inflammation and 

demyelination of the optic nerve and the spinal cord (6).  

 

Four possible mechanisms of autoantibody-mediated brain damage were proposed: First, 

autoantibodies can be deposited in immune complexes within brain tissue activating the 

complement system (18). Second, autoantibodies may also induce necrosis or apoptosis via 

calcium influx into neurons. Third, auto-antibodies can interfere with neurotransmitter 
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signaling (19). Finally, the presence of autoantibodies can also impair the ability of brain 

cells to absorb nutrients. Another indirect explanation is that autoantibodies can interfere 

with pathways affecting the CNS from outside the brain (e.g. hypothalamic–pituitary–

adrenal axis) (19).   

 

1.2.1 Auto antibodies and systemic lupus erythematosus 

 

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by a wide 

spectrum of clinical manifestations, which may affect almost every organ in the body. More 

than 180 autoantibodies have been described in SLE (20, 21). They can target numerous 

molecules of the human body, but are mainly directed to nuclear and intracellular 

components. Autoantibodies in SLE patients differ in their prevalence and may relate to 

different clinical manifestations (20, 22). For example, anti-double stranded DNA (ds-DNA) 

antibodies are most frequently associated with disease activity, mainly lupus nephritis (23). 

Several SLE autoantibodies can appear in other autoimmune diseases (e.g. anti-Ro, anti-La) 

(20, 22).  However, not all the autoantibodies described in SLE are pathogenic or linked to 

disease activity, and can also appear in healthy individuals (24).  

 

Neurologic and psychiatric symptoms are common manifestations in SLE, and above 50% of 

SLE patients suffer from these symptoms (25). They were collectively designated as 

neuropsychiatric SLE (NPSLE) manifestations. The American College of Rheumatology (ACR) 

established 19 case definitions in 1999 in an attempt to better classify and define NPSLE, 

especially for the purpose of clinical studies (26). Above 20 autoantibodies, systemic or 
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brain-specific, were detected in patients with NPSLE (7). Among the systemic antibodies, 

the anti-ribosomal P and the anti-DNA autoantibodies have been extensively studied with 

regard to NPSLE. Anti-ribosomal P antibodies recognize epitopes located in the large 

ribosome subunit, particularly in the P0, P1 and P2 proteins. This autoantibody is detected 

in 10-30% of NLSLE patients, mostly with psychosis or depression, but also in SLE patients 

with hepatitis and kidney involvement (25, 27-30). Several studies have shown the ability 

of anti-ribosomal P antibodies to bind brain tissue ex-vivo (31). Our group demonstrated 

that passive transfer of anti-ribosomal P antibodies to naive mice induces depression-like 

behavior by the force-swimming test (32). The 16/6 idiotype antibody, a human anti single 

stranded-DNA (anti-ssDNA) monoclonal antibody (mAb) (33) was also related to NPSLE. This 

particular autoantibody was found to cross-react with cytoskeletal proteins (vimentin), 

platelets, lymphocyte membranes, bacterial pathogens, glycoproteins, brain glycolipids and 

tumor cells, and, its deposits were found in the skin, kidney and brain tissue (34-36). The 

16/6 autoantibody is present in 30% of SLE patients, and its levels were found higher in 

NPSLE patients (37).  

    

1.2.2 Autoantibodies and Narcolepsy 

 

Narcolepsy is a sleep disorder resulting from the lack of orexin, an essential 

neurotransmitter involved in the sleep-arouse equilibrium (38). Post-mortem analyses of 

narcoleptic patients demonstrate the loss of orexin producing neurons in the hypothalamus 

(39). Knockout mice for orexin also exhibit narcoleptic behavior (40). Narcoleptic patients 

suffer from uncontrollable sleep attacks, characterized by a rapid eye movement (REM) 
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sleep pattern, which is not preceded by a non-REM stage. In some patients, the sleep 

disturbance is accompanied with other symptoms such as cataplexy (loss of muscle tone), 

sleep paralysis and hallucinations (41, 42).  

 

Currently, narcolepsy is considered a rare disease with a world prevalence ranging from 25 

to 50 per 100,000 people (43). Its prevalence varies from one region to another, suggesting 

the importance of genetic and environmental factors (44-46). The orexin loss in narcolepsy 

resembles the specific destruction of insulin-producing β-cells in the pancreas of patients 

with diabetes mellitus type 1, which is an autoimmune disease (47, 48). There is a strong 

association between narcolepsy and specific polymorphisms of immune related genes. 

Several studies demonstrated that narcolepsy is highly associated with HLA risk 

polymorphisms, in particular DQB1*06:02 and DQA1*01:02.  The higher risk is reported for 

DQB1*06:02 carriers as it is present in 82% to 99% of narcoleptic patients (49, 50), while 

only 12% to 38% of healthy individuals have this allele. Indeed, homozygote individuals for 

DQB1*06:02 have an increased risk of developing narcolepsy (49-51). Other polymorphic 

associations have been described with other genes such as tumor necrosis factor alpha  (42), 

tumor necrosis factor (ligand) superfamily member 4, T cell receptor alpha chain (52), 

Cathepsin H, DNA methyltransferase I (53, 54), among others (55). Many of the 

polymorphisms are in immune-related genes supporting the hypothesis of an immune-

mediated mechanism, which may involve antigen presentation, including lymphocyte sub-

populations as well as antigen presenting cells (13). Taken together, these clues suggest 

that narcolepsy may be an autoimmune disorder. 
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Due to the common mechanisms in autoimmune diseases (56), the presence of more than 

one autoimmune disease in one patient is common (57). A study in a Spanish cohort showed 

that approximately 16% of the narcoleptic patients had one or more immunopathological 

disorders including allergies and autoimmune diseases, such as systemic lupus 

erythematosus and multiple sclerosis. In addition, familial autoimmunity was recently 

demonstrated to be a frequent condition (58). In the case of narcolepsy, first-degree 

relatives of patients have a higher risk to develop the disease (59, 60), supporting the 

importance of genetic background. However, twin studies demonstrated that the 

concordance rate of narcolepsy in monozygotic twins is 20 – 35% suggesting that the 

development of the disease does not depend only on the genetic background but also on 

environmental factors (60).  

 

1.2.3 Autoantibodies caused by environmental factors in narcolepsy  

 

In genetically susceptible individuals autoimmune diseases can be triggered by exposure to 

external molecules or factors. As mentioned above, the concordance rate of narcolepsy in 

twins indicates the importance of environmental factors. Interestingly, the age of onset in 

narcolepsy is frequently during teen years, suggesting that hormonal changes in puberty 

might trigger the disease (46, 61-64). Few reports regarding the exposure to toxic 

substances have been done. For example, one study comparing narcoleptic patients with a 

group of match controls showed that exposure to heavy metals, woodwork, fertilizers and 

pesticides are a risk for narcolepsy in a particular population (65). Passive smoking has also 
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been related with the onset of the disease in HLA DQB1*06:02 carriers (66). In addition, 

other external stressors such as major changes in sleeping habits or changes in living style 

carried an additional risk (64). Unfortunately, all of this evidence is limited to small cohorts 

and specific populations making it necessary to clarify the role of these factors in the 

development of the disease. Nevertheless, the strongest and most discussed evidence 

regarding environmental factors and narcolepsy is its association with infections and 

vaccination. In 2007, the medical records analyses of narcoleptic DQB1*06:02 carriers and 

matched controls as well as the evaluation of detailed questionnaires demonstrated the 

importance of infectious agents. Thus, measles infection and the presence of unexplained 

fever in the past history were reported to be associated with a higher risk of developing 

subsequent narcolepsy (64). It is widely recognized that infections can induce autoimmunity 

through different mechanisms such as molecular mimicry, epitope spreading, bystander 

activation and superantigens (67-71). In the narcolepsy scenario, it has been suspected that 

streptococcal and influenza A infections as well as the H1N1 vaccine play a role in the 

pathogenesis of the disease (72-74). 

 

Despite recent descriptions of higher levels of inflammatory cytokines (i.e. G-CSF and IL-8) 

in the plasma of narcolepsy patients (75), there is no evidence of an inflammatory process. 

A major obstacle is the inability to analyze brain specimens of patients at early stages of the 

disease (5, 12-14). The genetic polymorphisms associated with the disease are related with 

the immune system, and two of them are related with antigen presentation: the HLA 

DQB1*06:02 and the TCRα polymorphism. This may indicate the importance of the T cell 
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response in the pathogenesis of narcolepsy, as it interacts directly with the HLA. It is 

possible that in predisposed individuals pathogenic T cells have escaped from the central 

tolerance process in the thymus. In consequence, these cells may have the ability to be 

stimulated by external factors and finally evolve into an autoimmune response against 

orexin neurons. In fact, functional analyses of CD4+ lymphocytes from narcoleptic patients, 

but not from the controls, showed that these cells were able to recognize orexin peptides 

when they were presented by dendritic cells (homozygotic for DQA1*01:02/DQB1*06:02 

haplotype), however the authors failed to reproduce these results (76-78).  

 

1.2.3.1 Specific antibodies and narcolepsy 

 

The importance of B-cell mediated response has also been evaluated in narcolepsy. Passive 

transfer of antibodies from narcoleptic patients to murine models has demonstrated either 

sleep behavioral disturbances or brain histological changes (79, 80). Moreover, sera from 

narcoleptic patients can bind brain or muscle structures (12, 80). However, the specific 

mechanisms by which the antibodies induce these changes are still unknown. So far, some 

attempts to identify a possible auto-antigen have been done based on the analysis of the 

specificity of antibodies from narcoleptic patients. In 2010, Cvetkovic-Lopes et al, described 

the presence of antibodies against Tribbles 2 (Trib2) in narcoleptic patients, which bound 

orexin producing neurons in mouse brains (81). These auto-antibodies were described 

originally in autoimmune uveitis (81) and they were found to have higher titers in a small 

group of narcoleptic patients (14%) when they were compared with healthy controls (81-

83). A recent study also found that passive transfer of IgG from narcoleptic patients in rat 
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brains induced changes in different sleep parameters. Three different patterns in which sera 

of narcoleptic patients can bind to brain rat tissue were identified. In the first pattern, 

antibodies bound mainly hypothalamic melanin-concentrating hormone and pro-

opiomelanocortin, but not orexin neurons. Interestingly, a more detailed analysis of the first 

pattern showed that antibodies recognized a common C-terminal epitope in the 

neuropeptide glutamic acid-isoleucine (NEI) and the α–melanocyte-stimulating hormone 

(αMSH) peptides. These two molecules are present in the hypothalamus in the melanin-

concentrating hormone neurons (MCH) but not in orexin producing neurons (84). These 

results contrast Cvetkovic-Lopes report, which showed that sera from patients can bind 

orexin producing neurons (81). Unlike anti-Trib2, the presence of antibodies to MSH 

expressing neurons can potentially interfere in the process associated with narcolepsy, 

since MSH neurons can modulate orexin neurons functions (85, 86).  

 

1.2.4 Adjuvants, autoimmunity and the brain 

 

The development of an autoimmune condition is the result of the interaction between 

genetics and environmental triggers. Environmental factors, such as chemicals, drugs, 

alcohol and cigarette consumption, organic solvents, and infectious agents, have been 

associated with the development of autoimmune diseases (87-89). The study of the effect 

of environmental factors on patients with autoimmune diseases is limited to descriptive 

and epidemiological research, while animal models may provide a platform to investigate 

pathogenic mechanisms.  Experimental models used for autoimmune diseases are 
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genetically engineered (i.e NZBxW F1) or induced by immune-boosting compounds (i.e. 

pristane induce arthritis) or by immunization of antigens and adjuvants (i.e CFA-arthritis), 

in susceptible mice strains. Interestingly, the development of some autoimmune diseases 

in animals does not depend on the administration of an antigen which is associated with 

the disease (90, 91). 

 

1.2.4.1 Animal models and adjuvants 

 

Many animal models of autoimmune diseases are developed based on the identification of 

a pathogenic antigen of the disease; thus the immunization of the specific antigen will 

develop a strong immune response resulting in autoimmunity (92). Usually, these 

immunizations are carried out together with adjuvants in order to potentiate  the immune 

response (93). However, the immunization of susceptible individuals just with the common 

adjuvants has been found to induce the appearance of autoimmune characteristics. For 

instance, it has been shown that the adjuvants pristane, squalene, and Freund’s adjuvant 

(complete or incomplete) can induce the appearance of antibodies related to SLE (94, 95), 

antiphospholipid syndrome (96) and Sjogren syndrome (97). Moreover, the treatment with 

the most common adjuvant, aluminum can accelerate or induce the exacerbation of 

autoimmune characteristics in animal models (97, 98).  

 

These results in animal models suggest that there might be a risk of the use of certain 

adjuvant in vaccine preparations. In the particular case of aluminum, different forms of 

aluminum salts are used in vaccines against hepatitis B, hepatitis A, tetanus, and human 
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papilloma virus (HPV). Aluminum is a potent stimulator of humoral response trough of Th2 

lymphocytes, however the mechanisms by which this activation occurs are still not well 

understood (99, 100). Different animal models have demonstrated that after the injection 

of aluminum adjuvant small particles can travel to distant organs, such as the spleen and 

the brain (101), inducing inflammation and immune response (102, 103). The ability of 

antigen-presenting cells (APCs) to take up the aluminum particles allows for some 

proportion of aluminum to move from the injected muscle, mainly within immune cells. In 

sequence, aluminum particles could then travel to the lymph nodes, exit the lymphatic 

system to reach the bloodstream, and eventually gain access to distant organs, including 

the spleen and the brain where aluminum deposits were still detected one year after 

injection (101). This is known as the Trojan horse-mechanism, which allows aluminum to 

enter and accumulate in the brain within macrophages. The toxic effect of the aluminum 

can result in neurocognitive adverse manifestations which have been previously reported 

after the administration of aluminum-containing vaccines (102, 103). In sheep it has been 

shown that continuous inoculation with aluminum adjuvanted vaccines can cause severe 

damage.  For instance, the animals presented severe neurobehavioural outcomes such as 

restlessness, compulsive wool biting, generalized weakness, muscle tremors, loss of 

response to stimuli, ataxia, tetraplegia, stupor, coma and death. Post mortem analysis 

showed brain inflammatory lesions and the presence of aluminum in central nervous 

system tissues (102).  

 

1.2.4.2 Autoimmune/inflammatory syndrome induced by adjuvants 
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So far, vaccines are the most successful approach in preventing infectious diseases. Global 

policies have been applied to maximize the immunization of different vaccines due to their 

effectiveness (104, 105). The main goal of a vaccine is to trick the immune system into 

thinking there is an infection and forces it to develop a response that will end in the 

development of a sustained memory immune response. The role of adjuvants is to assure 

the primary immune response against the particles of the pathogen within the vaccine (93, 

106). However, side effects associated to vaccines have been reported, including different 

autoimmune conditions (107). Indeed, they can have a wide spectrum of side effects which 

can be related to the initiation or relapse of an autoimmune manifestation. They are 

currently known as the autoimmune/inflammatory syndrome induced by adjuvants (ASIA) 

(108-110). Vaccination-related ASIA is uncommon and it can be prevented if the individual 

risk is taken into account prior to the vaccination. Therefore, the specific background of a 

particular patient is considered (previous post-vaccination autoimmune phenomena, 

medical history of autoimmunity, allergies, family history of autoimmune diseases; 

presence of autoantibodies; and genetic background) (111). Interestingly, some of the main 

signs of ASIA syndrome are neurological manifestations (109, 110), such as chronic fatigue, 

depression, sleep disturbances, cognitive impairments, demyelination syndromes, optic 

neuritis and others (112-115). In the case of human papilloma virus vaccination, in 

particular, there seems to be a greater proportion of central nervous system-related 

autoimmune reactions, (for example, opsoclonus myoclonus, mood swings, depression and 

anxiety (116, 117). 
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In view of the evidence brought up above, we believe that specific autoantibodies as well 

as environmental factors such as adjuvants play a major role in the pathogenesis of different 

immune mediated manifestations such as NPSLE, narcolepsy and ASIA syndrome. Since the 

analyses of brain tissue from patients is not feasible, we use animal models in order to 

understand how autoantibodies and vaccine components can be involved in brain damage 

in these particular disorders.  
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2 PROJECT AIMS 

 

 Evaluation of the effects of passive transfer of autoantibodies into the brain of naïve 

mice via intra-cerebra-ventricular injection. The following antibodies were injected 

o Anti-ssDNA 16/6 idiotypic antibody  

o Anti-ribosomal P antibody  

o Total IgG isolated from narcoleptic patients  

 

 Evaluation of the effects of the administration of human papilloma virus vaccine in 

different autoimmune mouse models   

o Evaluation of the effect of aluminum adjuvanted vaccine in a healthy mouse 

strain (C57BL/6) 

o Evaluation of therapeutic effect of phospholipid supplementation  
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3 PAPERS 

 

3.1 PAPER I: 

 

16/6-idiotype expressing antibodies induce brain inflammation and cognitive impairment 

in mice: the mosaic of central nervous system involvement in lupus. Kivity S, Katzav A, 

Arango MT, Landau-Rabi M, Zafrir Y, Agmon-Levin N, Blank M, Anaya JM, Mozes E, Chapman 

J, Shoenfeld Y. BMC Med. 2013 Apr 4;11:90. (I.F 8.41). Describes how the 16/6-idiotype 

(anti-dsDNA human monoclonal autoantibody) induces brain inflammation and cognitive 

deficit in mice after passive transferred via intra-cerebra-ventricular injection (118). 

3.2 PAPER II: 

 

Anti-ribosomal-phosphoprotein autoantibodies penetrate to neuronal cells via neuronal 

growth associated protein, affecting neuronal cells in vitro. S Kivity, Y Shoenfeld, MT 

Arango, D J. Cahill,SL O’Kane, M Zusev, I Slutsky, M Harel-Meir, J Chapman, T Matthias and 

M Blank. Rheumatology Oxford. May 2016. pii: kew027. [Epub ahead of print]. (I.F 4.475) 

Describes how the human autoantibody anti-ribosomal P can cross-react with the brain 

protein Gap43, penetrating hippocampal cells and interfering with cellular processes (119). 

3.3 PAPER III: 

 

Passive transfer of narcolepsy: anti-TRIB2 autoantibody positive patient IgG causes 

hypothalamic orexin neuron loss and sleep attacks in mice. *Katzav A, *Arango MT, Kivity 

S, Tanaka S, Givaty G, Agmon-Levin N, Honda M, Anaya JM, Chapman J, Shoenfeld Y. J 
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Autoimmun. 2013 Sep; 45:24-30. (I.F 8.41). Describes how the passive transfer of total IgG 

from patients with narcolepsy induces clinical manifestations and histological changes in 

the brain similar to those presented by narcoleptic patients (79). 

3.4 PAPER IV: 

 

Behavioral abnormalities in female mice following administration of aluminum adjuvants 

and the human papillomavirus (HPV) vaccine Gardasil. Inbar R, Weiss R, Tomljenovic L, 

Arango MT, Deri Y, Shaw CA, Chapman J, Blank  M, Shoenfeld Y.. Immunol Res. 2016 Jul 16. 

[Epub ahead of print] (I.F 3.098). The article describes how in a healthy mouse strains 

cognitive and behavioral deficit which are related to brain damage, as well as antibodies 

against brain components after they were immunized with the human papillomavirus 

vaccine (120).  

3.5 PAPER V: 

 

Phospholipid supplementation can attenuate vaccine-induced depressive-like behavior in 

mice. *Kivity S, *Arango MT, Molano-González N, Blank M, Shoenfeld Y. Immunol Res. 2016 

Jul 27. [Epub ahead of print] (I.F 3.098). This paper describes how the behavioral impairment 

induced by the vaccine is attenuated by phospholipid supplementation (121). 

4 BRIEF DESCRIPTION OF ADDITIONAL ACTIVITIES THAT WERE PERFORMED 

REGARDING NARCOLEPSY  
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4.1 METHODOLOGY  
 

4.1.1 PET-CT scan and autoradiography 

 

Total IgG from narcoleptic patients as well as commercial IgG (control), were labeled with 

radioactive isotopes (4). The mice were passively immunized by ICV injection with the 

labeled antibodies (79). After the immunization a PET-CT scan (positron emission 

tomography - computed tomography), was done daily for four days to follow the 

localization of the antibodies. After the final PET-CT scan the mice were sacrificed by cervical 

dislocation, their brains were dissected, and an autoradiography analysis was performed.  

4.1.2 Active Immunization of peptides 

 

C3H four weeks old mice were housed in the animal facility at Sheba medical center, and 

raised under standard conditions, temperature of (23±1ºC), 12-hour light cycles (6:30 AM–

6:30PM) and free access to food and water. All procedures were approved by the Israeli 

Ministry of Health Animal welfare committee. The mice were actively immunized twice by 

footpath injection at 15 and 18 weeks of. Immunization was performed with 10ug of 

peptides per mouse in Complete Freund adjuvant (CFA). Three groups were immunized, the 

first one was immunized just with the adjuvant as control. The second one received the 

peptides from the human orexin that could potentially cause cross reaction at T cell level: 

Orx-1: AGNHAAGILTLGK, Orx-2: SGNHAAGILTMGR, Hg: ERNAGSGIIISDT (77, 78). Finally, the 

third group was immunized with the peptides from αMSH: EIGDEENSAKFPI-NH2 and NEI: 

SYSMEMFRWGKPV-NH2, which were identified as potential targets of autoantibodies in 

narcoleptic patients (84).  
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4.1.3 ELISA: 

 

The production of antibodies to the different peptides was tested by home-made ELISA: 

mice sera at different time points and dilutions was added to ELISA plates coated with a 

specific peptide and blocked with 3% BSA for 2hrs. Sera was added at dilution of 1:200-

1:2000 for 2 hrs.  The binding was probed with anti-mouse IgG conjugated to alkaline 

phosphatase followed by substrate addition. The results were read at OD of 405nm.   

4.1.4 Purification of specific antibodies: 

 

The antibodies against the orexin peptides from a pool of the sera were purified on a 

peptide column constructed using a HiTrap column (GE Healthcare). The peptides used in 

the study comprised the following: Orx-1: AGNHAAGILTLGK, Orx-2: SGNHAAGILTMGR. 

HiTrapTM N-hydroxysuccinimide (NHS)-activated-SepharoseTM High Performance (GE 

Healthcare) was employed for the purification. The peptides were dissolved in coupling 

buffer (02 M NaHCO3, 05 M NaCl, pH 83), 5 mg/10 ml. Two ml of coupling buffer were 

added, followed by the peptides solution into the column using a pump for 4 h at room 

temperature. The non-bound peptides were washed and deactivated by 0.5 M 

ethanolamine 0.5 M NaCl, pH 8.3 buffer followed by 0.1 M acetate, 0.5 M NaCl, pH 4. The 

pH was adjusted using 0.05 M Na2HPO4, pH 7. Total fractionated IgG was loaded 2 mg/ml 

in PBS onto the peptides column. Following extensive washing, the bound antibodies were 

eluted with 0.2 M glycin-HCl, pH 2.5, neutralized immediately to pH 7 and dialysed with PBS 

(2). Afterwards,  two additional groups of four weeks old C3H mice, were injected via ICV 
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with specific anti-orexin peptide antibodies or with total mouse IgG as we previously 

described (79). 

 

4.1.5 Videotaping and scoring of narcoleptic episodes 

 

All the groups of immunized mice were filmed and analyzed for immobility attacks every 

two weeks after ICV injection by using the EthoVision software (Noldus Information 

Technology, Netherlands). Each mouse was recorded individually for 18 h. After the end of 

the recording process the mouse was returned to its home cage. Narcoleptic episodes were 

defined as freezing episodes by using the EthoVision software and were strictly defined as 

we previously described (79).  

 

4.2 RESULTS 
 

4.2.1 Radiolabeled total IgG (Japanese collaboration) 

 

The PET-CT scan did not show clear images due to the high intensity of the signal (Figure 1). 

However, the autoradiography found accumulation of signal in the hypothalamus for the 

narcoleptic IgG in more than three independent experiments compared to the control 

(Figure 2 and 3). 

4.2.2 Peptide immunization 

 

The group of mice immunized with orexin and hemagglutinin peptides developed 

antibodies against the three different peptides, however the mice immunized with the 
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peptides from αMSH and NEI did not develop antibodies (Figure 4A). Within this group of 

mice the highest antibody response was against the two peptides from orexin, while for the 

peptide from H1N1 hemagglutinin the response was lower (Figure 4B). After the 

establishment of the 50% binding capability of the sera samples, inhibition assays 

demonstrated that the antibodies produced against the orexin peptides can recognize both 

peptides, but not the peptide from the H1N1 hemagglutinin (Figure 4C). We did not detect 

any behavioral changes in the in any of the groups.  
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5 GENERAL DISCUSSION OF THE ARTICLES  

 

This thesis summarizes the results of my work which has aimed to evaluate the effects of 

autoantibodies and vaccines on mice brain in terms of behavior, cognition and histological 

examination. In means of replicating the symptomatology associated to a particular disease, 

we passively transferred specific autoantibodies to mice brain: (Paper I (118) and (28, 119, 

122)) or total IgG from patients (Paper III (79)). The results illustrate not only how is it 

possible to identify an alternative target for the antibodies in the brain, but also how they 

can interfere in cellular processes (Paper II (119)).  

 

 In addition, we demonstrated that environmental factors such as vaccines can induce 

behavioral changes in animal models (Paper IV (120)). Finally we tried an alternative for 

therapy which improved the depression-like behavior induce by the vaccine (Paper V (121)). 

 

5.1 PASSIVE TRANSFER OF AUTOANTIBODIES TO THE BRAIN REPLICATE SPECIFIC SYMPTOMS  

 

Neurological diseases such as multiple sclerosis, myasthenia gravis, Guillain-Barre 

syndrome, Neuromyelitis  optica (NMO) and perhaps narcolepsy, are considered to be 

autoimmune-mediated (123). In addition, systemic autoimmune diseases such as SLE, 

Sjögren syndrome, arthritis, antiphospholipid syndrome and several vasculitis's may also 

involve the central nervous system, which usually  indicates a severe disease (124). Due to 

the lack of consensus criteria for their diagnosis as well as to the wide spectrum of clinical 

manifestations, the importance of the neurological manifestations in these group of disease 
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is underestimated (125). In some cases it is not clear whether the neurological 

manifestation in systemic autoimmune diseases is the primary system to be effected or a 

secondary consequence of the disease (124, 126). in any case, various mechanisms to 

explain immune-mediated neuropsychiatric manifestations  have been proposed, including 

ischemic vasculopathy, inflammatory vasculitis, cytokine-mediated inflammation, 

cytotoxicity, CNS invasion by mass-like lesions, and anti-neuronal or brain autoantibodies 

(124, 125).  

 

During the years, hundreds of autoantibodies have been detected in the sera of patients 

with immune-mediated diseases, and a considerable number of them were shown to 

recognize brain structures (7, 125). Our results demonstrate that the 16/6 idiotypic 

antibody induced short and long memory deficiency in mice, while the anti-ribosomal P 

autoantibody induced depression. In addition injection of total IgG from narcoleptic 

patients to mice caused histological changes in the hypothalamus, as well as changes in the 

sleep behavior, hyperactivity, memory deficits and depression-like behavior. These results 

are examples of how the nervous system can be targeted by the immune system causing 

autoimmune phenomena, and how passive transfer of autoantibodies by intra-cerebra 

ventricular (ICV) injection can be used to overcome the BBB. The antibodies induce a disease 

of similar clinical manifestations in animal models to those presented by patients with SLE 

or narcolepsy (28, 79, 118, 122).  Epidemiological studies in patient cohorts have suggested 

that pathologic autoantibodies which recognized neuronal targets, are associated with a 
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broad spectrum of symptoms including psychosis, catatonia, behavioral changes, memory 

loss, autonomic dysregulation, seizures, and abnormal movements. (127, 128).  

5.2 SLE AND NEUROPSYCHIATRIC MANIFESTATIONS ASSOCIATED TO SPECIFIC ANTIBODIES 

  

The link between NPSLE and anti–ribosomal P has been extensively described mostly with 

regard to depression and psychosis in SLE patients (25, 27-30). Previously, our group has 

shown the ability of anti-ribosomal P antibodies to bind brain tissue ex-vivo. In these studies,  

the passive transfer of anti-ribosomal P to naive mice induced depressive-like behavior (119). 

In the current study we showed the ability of anti-Ribosomal-P antibodies to penetrate, in-

vitro, into live human neuronal cells. We demonstrated by confocal microscope that anti-

ribosomal P antibodies (human and mouse) penetrate to the cytoplasm and localize near the 

nucleus of live neuronal cells. Interestingly, these autoantibodies affected signal transduction 

pathways, including the MAK kinase or Erk and Akt signaling pathways, and reduced the 

ability of proliferation of the cells. Moreover, we showed that anti-ribosomal P antibodies 

cross-react with the neuronal growth associated protein (GAP43) (Paper II). 

 

It has been demonstrated before that other autoantibodies are able to penetrate cells 

through different pathways (129-132). Several natural anti-DNA antibodies can translocate 

across the plasma membrane and localize in the nucleus of mammalian cells, inducing 

caspase-mediated apoptosis through catalytic hydrolysis of DNA (131). Anti-fibroblast 

antibodies (AFA) have also the ability to penetrate living fibroblasts via the caveolin-linked 

pathway leading to the formation of cytoplasmic tubular invaginations and granules (133). 



40 

 

Other autoantibodies have shown the ability to enter living cells (134), such as anti-RNP which 

can penetrate to mononuclear cells, keratinocytes and lymphocytes or  anti-Ro which 

penetrates skin cells. In the case of anti-Ribosomal P antibodies, we showed that the 

autoantibody can induce cell dysfunction and penetrate to several cell lines in-vitro (130, 132). 

 

There are two possible ways in which the antibodies can interact with specific cells and be 

internalized. The first one implies the interaction with the Fc receptors (FcR). In this case, 

the antibody penetrates the cells through its constant region, and might recognize a specific 

intracellular antigen once it has already been internalized. For instance, the Fc-mediated 

penetration of anti-RNP (135) and anti-DNA antibodies into T-cells induce differential 

effects on cell cycle progression and DNA or RNA cell content (136). The second option, 

suggest that the interaction is defined by the most specific region of the antibody, the 

F(ab)2. In this case, the specific recognition of a cell surface molecule can lead to antibody 

penetration (133, 137). Our findings demonstrate that the internalization of anti-ribosomal 

P autoantibodies into neuronal cells depends on their specific interaction with the neuronal 

protein Gap43. Once inside the cells, the antibody induces alterations of the Erk and Akt 

phosphorylation, thus affecting signaling pathways, which are involved in neurogenesis, 

self-renewal and proliferation of neuronal cells (138-140). Gap43 is essential for the 

function of synapses and plays an important role in guiding the growth of axons and 

modulating the formation of new connections, explaining why it is an abundant protein in 

axonal growth cones of developing and regenerating neurons, as well as in pre-synaptic 
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terminals (141-144) (For a detailed discussion the reader is referred to discussion section in 

the Paper II).  

5.3 NARCOLEPSY AS AN AUTOIMMUNE DISEASE TRIGGER BY H1N1 VACCINATION 

 

Following the 2009 H1N1 vaccination campaign due to the preceding outbreak of influenza  

there was an increase in the diagnosis of narcolepsy in Finnish children, especially those 

vaccinated with Pandemrix (145-147). Several theories were aimed to explain the 

Pandemrix–narcolepsy relationship, such as the adjuvant squalene, the presence of alfa 

tocofarol and manufacturer process of the different vaccines (13, 62, 73, 147). Other   

studies  suggested that a peptides  from the H1N1 hemagglutinin of the Pandemrix vaccine 

can cross react, due to molecular mimicry, with different peptides of orexin (77, 78). 

Another study demonstrated that patients with post Pandemrix narcolepsy had anti-

gangliosides antibodies detected in their blood (148). Here we demonstrate that antibodies 

against the peptides from the orexin, AGNHAAGILTLGK and SGNHAAGILTMGR, were not 

able to cross-react with the peptide from the H1N1 hemagglutinin ERNAGSGIIISDT, despite 

their similarities. These results suggest perhaps that the narcolepsy caused by the H1N1 

vaccination is not mediated by antibodies against this particular peptide from the 

hemagglutinin. 

  

The analysis of the vaccine as well as the affected population concluded that development 

of the disease in this particular group of children was the consequence of the interaction 

between different environmental and genetic factors (149-151): First, the manufacturing 
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process of Pandenrix® induced modifications of the viral components in the vaccine. 

Pandemrix ®, when compared to other vaccines has a higher amount of the nucleoprotein 

(NP), which constitutes the main protein in the H1N1A capsid (151, 152).  Second, the higher 

frequency of the HLA allele DQB1:06:02 within the patients that develop the disease after 

the vaccination suggested the importance of the genetic background. This may confer a 

unique ability to develop a stronger immune reaction against NP, particularly the 

development of anti-NP antibodies (150, 151). Supporting this idea, in one study, transgenic 

mice expressing the HLA DQB1:06:02 developed higher levels of antibodies against NP, as 

compared to wild type mice (151). Another study demonstrated that the anti-NP antibodies 

from narcoleptic patients cross-react with the human hypocretin (orexin) receptor 2 

(HCRT2), which suggests that the target cells in vaccine-induced narcolepsy are not the 

orexin producing neurons, but neurons that express HCRT2 (150).  However, this 

mechanism is different than the classical findings in narcolepsy, where the lack of orexin is 

consequence of the absence of neurons that produce it.  

5.4 INFLAMMATORY MECHANISMS IN NARCOLEPSY 

 

Narcolepsy type I is considered an autoimmune disease due to the high association with 

polymorphisms in immune related genes, including the HLA DQB1*06:02 allele (On the 

highest reported). This theory is also supported by the link to environmental factors which 

go further than the A H1N1 vaccination. For instance, streptococcal and AH1N1 infections 

themselves have been associated with the onset of the disease (The different theories have 

been summarized by us in the reference (147)). However, a clear mechanism has not been 
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described. Interestingly, a 2013 case report was described by Dauvilliers Y et al (153), the 

patient presented with orexin deficiency, cataplexy and a sleep disorder, as well as the 

presence of anti-Ma2 antibodies without evidence of neoplasia. Four months after the 

onset of the symptoms the patient died due to an unrelated complication and his brain was 

analyzed. The results showed  inflammation and tissue injury in the hypothalamus, as well 

as the  presence of different immune cells including antigen presenting cells, B lymphocytes 

and a strong cytotoxic inflammatory reaction characterized by the presence of  CD8+ T 

lymphocytes and HLA I positive cells. The neuropathology analysis showed complete loss of 

orexin neurons. Interestingly, anti-Ma2 antibodies from the patient were able to recognize 

hypothalamic neurons of mice brains (153). Anti-Ma 2 antibodies are paraneoplastic 

antibodies which usually appear as a consequence of the presence of testicular cancer 

causing different paraneoplastic syndromes. Studies in patients with neurological 

paraneoplastic manifestations demonstrated that the presence of hypersomnia was 

associated with the Anti-Ma2 (154). Moreover the specific analysis of anti-Ma2 positive 

patients show that 32% of them suffer from excessive daytime sleepiness, which in some 

cases was diagnosed as narcolepsy with cataplexy (155). As mentioned before, due to the 

characteristics of the disease it is very difficult to directly analyze the brain tissue in order 

to understand the pathophysiology of the disease, therefore this case report gives precious 

information due to the proximity of disease onset. (153). We had checked the presence of 

different anti-paraneoplastic antibodies including anti-Ma2 in 24 Japanese narcoleptic 

patients, all positive or the HLA DQB1*06:02. One patient was positive for anti-Jo and Anti-
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Ma1, one for Anti-Jo and one for anti CV2. In any of the patient we found the presence of 

anti-Ma2. (Addendum, methodology ravo-Diagnostica by PNS-Blot: PNS 11 Line Assay). 

 

Thus, the presence of anti-Ma2 could be explained first as the result of a neoplasia in a very 

early stage. Second, it could be either the result of the destruction of the orexin neurons or 

third, the original cause of it. The presence of CD8+ in the damaged hypothalamus suggests 

that the target antigen is related to the orexin neurons, leading to   cytotoxic activity causing 

neurotoxicity. This results from the exposure of cryptic antigens which might lead to the 

production of antibodies against intracellular components such as Ma2. On the other hand, 

anti-Ma2 could induce the immune reaction against an antigen related to the orexin 

neurons which cause the activation of auto reactive CD8+ cells leading to the tissue damage. 

These results may implicate the importance of cytotoxic activity during the onset of 

narcolepsy (153). 

5.5 IMPORTANCE OF AUTOANTIBODIES IN NARCOLEPSY 
 

The presence of an inflammatory activity in narcolepsy, perhaps antibody-mediated, could 

be supported by notion of improvement seen after the treatment with high-dose 

intravenous immunoglobulins (IVIgs) close to the disease onset (156, 157). Indeed, the 

importance of autoantibodies in narcolepsy has already been explored. Initially, Cvetkovic-

Lopes et al., described the presence of antibodies against Tribbles 2 (Trib2) in narcoleptic 

patients. Trib2 is a protein involved in the cell cycle which was found to be expressed by 

orexin neurons at the same time that orexin was produced (81). It was found that titers of 
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Anti-Trib2 were higher in 14% narcoleptic patients compared with healthy controls (82, 83). 

Histological analysis showed that anti-Trib2 positive sera from narcoleptic patients bind 

orexin-producing neurons in mouse brains (81). A recent study, which used ataxin-3 to 

induce orexin neuronal cell toxicity in mice, detected the presence of antibodies against 

Trib2 after advanced neuronal destruction. In addition, the Trib2 antibodies were able to 

react with normal hypothalamic orexin neurons. These results suggest that  the presence of 

anti-Trib2 antibodies in narcoleptic patients is an epiphenomena, the consequence of 

orexin cell destruction and not its cause (81). However, in our study the passive transfer by 

ICV injection of total IgG from narcoleptic patients to naïve mice induced sleep attacks 

similar to those observed in narcoleptic patients (79). In addition, brain histology showed 

decreased presence of orexin producing neurons in the lateral hypothalamus of the injected 

mice, as well as loss of NeuN (neuronal marker), and synaptophysin (synaptic marker) which 

did not necessarily proximal to the location of the  orexin neurons  (79). This may indicate 

that antibodies in the sera of narcoleptic patients might also affect other groups of neurons 

related to sleep regulation, contributing to the changes observed in the animals. This idea, 

was supported by a study which found that passive transfer of total IgG from narcoleptic 

patients into rat brains induced changes in different sleep parameters, as we previously 

reported (79, 84, 147). In addition, they evaluated the presence of autoantibodies by 

immunohistochemistry on healthy brain.  Three different patterns were identified: 1) 

Antibodies bound hypothalamic melanin-concentrating hormone and pro-

opiomelanocortin but not orexin neurons. 2) The antibodies recognized the GABAergic 

cortical inter-neurons. 3) The antibodies mainly bound globus pallidus neurons (84). A 
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deeper analysis of the first pattern found two possible epitopes in the C-terminal of the 

neuropeptide glutamicacid-isoleucine (NEI) and in the melanocyte-stimulating hormone 

(αMSH). These two proteins are expressed in the hypothalamus by the neurons in charge 

of the production of melanin-concentrating hormone (MSH), but not in orexin producing 

neurons. This corroborates with the damage we observed in areas which did not correspond 

to the regular positions of the orexin neurons, and thus may be the result of autoantibody 

action in the sera of narcoleptic patients (79, 84). Our results together with those from 

Bergman et al, provide some evidence for the importance of the humoral response in 

narcolepsy. However, we demonstrated that these peptides are not immunogenic in mice 

and therefore we cannot claim that autoantibodies against them have a major pathogenic 

role in narcolepsy.    

5.6 ALUMINUM ADJUVANTED VACCINES AS RISK FACTORS FOR BEHAVIORAL CHANGES ASSOCIATED WITH 

AUTOIMMUNE MEDIATED PROCESSES  

 

Our group has shown that vaccines and adjuvants can accelerate behavioral and cognitive 

changes in mice which are prone to develop autoimmune conditions. For example, in lupus 

prone mice the immunization with human hepatitis B vaccine or aluminum adjuvant 

aggravates kidney disease, affects blood counts, and neurocognitive functions (158). 

Consistently, here we showed how the immunization with human papilloma virus vaccine 

(Gardasil) and aluminum in a healthy mouse strain C57B/6 induces behavioral alteration as 

well as neuroinflammatory changes in mice, being the depressive-like behavior the 

strongest effect. In addition, the immunization with Gardasil induced an increment in levels 
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of anti-HPV antibodies, and antibodies targeting the brain-protein and the brain-

phospholipid extract components in the mice. Suggesting that anti-HPV antibodies from 

Gardasil-vaccinated mice have the capacity to recognize also brain antigen(s) (120). 

Moreover we demonstrated that the mice depressive–like behaviour was ameliorated by 

dietary supplementation enriched with phosphatidylcholine (PC) (121). 

 

We previously found similar results concerning the immunization with aluminum adjuvant 

regardless the vaccine (120, 121, 158). Aluminum, the most common used adjuvant, is 

known to be immune- and neurotoxic and was shown to be able to trigger both immune 

and inflammatory responses (159-162).  Aluminum is reported to cause neurologic and 

psychiatric manifestations in animal models as well as humans (102, 163), in both oral and 

injectable exposures (164-167). Aluminum neurotoxicity was shown to impair learning, 

memory, concentration and speech skills, as well as effect psychomotor control,  seizure 

threshold, and other mental aspects   (168, 169). Moreover, aluminum was associated with 

several neurologic diseases, such as Alzheimer’s disease (170), amyotrophic lateral sclerosis 

and Parkinsonism (171), Multiple Sclerosis (172, 173) and the autism spectrum (166, 170, 

174).   

 

Studies in animal models demonstrated that aluminum nanoparticles are capable of 

crossing the BBB and the CSF, and can incite neuro- inflammation (101, 161). Several 

mechanisms were proposed to  mediate the stimulation of the immune system by 

aluminum: the aluminum can prolong antigen exposure;  up-regulate  antigen-presenting 
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function of macrophages and dendritic cells, thus improving their phagocytic skills;  

translocate the antigen to lymphoid organs, taking place in the activation of naïve T cells;  

increases the release of inflammatory cytokines and interacts with pattern-recognition 

receptors (PRRs) in the place of the injection and in the lymph nodes where it drains to, 

causing expansion of the local inflammatory process; it activates B cells in the spleen; and, 

finally, it activates the NLRP3 inflammasome pathway (99, 175). These aluminum properties 

are both responsible for the vaccine efficacy as well as for its toxicity, and the absent of 

severe side effects depend on a perfect balance (176). The activation of the NLRP3 

inflammasome signaling cascade can illustrate this dual role of aluminum (99, 177, 178), at 

the same time it is the main pathway through which aluminum promotes adjuvant immune 

stimulation and it is typically related to the development of inflammatory and autoimmune 

diseases (179-183). The activation of the NLRP3 downstream components – especially IL-

1beta and IL-18 – is correlated to CNS disorders that were already correlated to aluminum 

exposure, like, for instance Multiple Sclerosis, Alzheimer’s disease and Parkinson’s disease 

(180).  Besides being neurotoxic (161, 169, 184, 185) and immunotoxic (176, 186), 

aluminum is also pro-oxidant (187, 188), interferes with body homeostasis(e.g. depresses   

glucose metabolism (184, 189) and can interfere  cellular processes that involve calcium, 

ATP, membrane receptors signaling and mitochondrial function (169, 190, 191). 

 

In addition, to the aluminum effect our results showed the production of antibodies against 

Gardasil, as well as antibodies targeting the mouse brain protein and brain phospholipid 

extracts in the sera of Gardasil-immunized mice (Paper IV). Interestingly, the binding of anti-
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Gardasil antibodies from the sera of mice injected with Gardasil to components of the 

Gardasil was inhibited by mouse brain protein extract. These results indicate a cross-

reaction with brain antigens.  This suggestion is supported by the results of Kanduc (192, 

193); this bioinformatics approach lead to the identification of 80 peptides of the major 

capsid L1 protein of HPV-16  which can be found in human proteins related to crucial cellular 

processes, such as adhesion molecules, peptides responsible for leukocyte differentiation 

and  spermatogenesis, transcription factors, and neuronal antigens (193). 

 

5.7 PHOSPHOLIPID SUPPLEMENTATION AMELIORATES DEPRESSION-LIKE BEHAVIOR INDUCE BY VACCINES  

 

Our results showed that dietary supplementation with Phosphatidylcholine (PC) reduced 

depressive – like symptoms in mice which were immunized with Gardasil and aluminum 

(Paper V).  Previous studies suggested a positive effect of phospholipids supplementation 

on depression and cognitive function in rodents (194) and humans (195-197). The beneficial 

effects of phospholipid supplementation can be explained by their ability to restore the 

membranes of damaged and weakened cells  (198). For example, one study demonstrated 

that the PC supplementation to old rat myocytes resulted in the recovery of cellular 

functions, in particular heart-contractility (199). Studies in animal models indicate that PC 

attenuates depression like behavior (200). Phospholipid supplementation was found to be 

beneficial in different neurological conditions in humans, such as memory loss, cognitive 

decline, stroke, fatigue, movement disorders and alcohol ingestion (198, 201, 202). Similar 

results have been described in different patient's cohorts, as well as in patients with chronic 

fatigue syndrome (203-205).  Phospholipids can cross the BBB and they can reverse 
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biochemical and structural changes in human nerve cells by restoring neuronal membranes 

(206, 207). Interestingly, depression can cause changes in brain lipids metabolisms by the 

release of glucocorticoid (GC) and activation of the hypothalamic–pituitary–adrenal axis. 

For instance, analysis of lipid content in brains of depressed rodents,  showed that the 

phospholipid composition is altered (208).  

 

It is believed that aluminum is neurotoxic through its ability to generate oxidative stress. 

This effect may be caused by the cellular dysfunction caused by mitochondrial oxidative 

damage from aluminum.  In the current study the mice supplementation diet contained also 

omega-3. It should be noted that treatment with omega-3 was shown to ameliorate the 

adverse effects of aluminum on the brain. Ali HA et-al, showed that the supplementation of 

mice with omega 3 in addition to quercetin can ameliorate the oxidative stress which was 

induced by aluminum chloride in the mouse brain (209). Moreover, since phospholipid 

supplementation was shown to be effective restoring the mitochondrial activity in patients 

with CFS as well as in cancer patients after chemotherapy (201, 202, 210), it is possible to 

speculate that it might be also helpful reversing the effects of aluminum. In particular those 

related to the alteration of mitochondrial activity (191, 211, 212). 

 

 

6 CONCLUSIONS AND PERSPECTIVES 
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In line with the results previously discussed, we conclude that specific autoantibodies can 

be directly responsible for specific symptoms in autoimmune mediated conditions, in 

particular behavioral and cognitive impairment.  In the case of NPSLE, the 16/6-idiotypic 

antibodies an anti-ribosomal P antibodies caused cognitive impairments and histological 

evidence for brain inflammation and depression-like behavior (28, 118, 122). In addition, 

we have shown that anti-ribosomal P antibodies can penetrate neuronal cells in vitro by 

their interaction with Gap43, and can inhibit neuronal-cell proliferation via alteration of Akt 

and Erk signaling. The same methodological approach allowed the induction narcolepsy-like 

sleep changes in naïve mice. These results may implicate that antibodies in the sera of 

narcoleptic patients are involved in the mechanism of narcolepsy-like attacks.  

 

These findings provide additional light on the diverse mosaic in the pathophysiology of 

autoimmune manifestations in the CNS. The identification of autoantibodies that are 

potentially harmful in this kind of conditions can help develop new treatment strategies: 

Blocking action of the pathogenic antibodies. For instance, the treatment with IVIG, can be 

an option considering the concept of anti-idiotypic antibodies. In fact, in the case of 16/6-

idiotypic antibodies the IVIG itself may contain the anti-idiotype antibodies which mimics 

the brain antigen, and has shown some efficacy in the treatment of NPSLE patients (213) as 

well as in rheumatoid arthritis murine models (214). An additional therapeutic resource can 

be the implementation of inhibitory peptides based on the complementarity determining 

region of autoantibodies. Indeed, this approach has been explored in animal models as well 

as in a limited number of lupus patients (215-217) and in rheumatoid arthritis animal 
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models (218, 219). In the particular case of anti-ribosomal P antibodies it is possible to 

consider use of a peptide from the protein GAP43, but this will be only possible after the 

identification of the specific region that is recognized by these antibodies.  

 

On the other hand we conclude that vaccines; in particular the HPV quadrivalent vaccine, 

together with its adjuvant aluminum can trigger neuroinflammation and autoimmune 

reactions, leading to similar behavioral changes to those induced by autoantibodies (i.e. 

depression). Indeed, the presence of inflammation and antibodies that potentially 

recognized brain components suggests that these adverse effects are the results of cross-

reactions with the HPV proteins used in the vaccine. Interestingly, we have shown that the 

initial effect can be caused by aluminum itself. These results mimic our previous findings 

with regard to the Human Hepatitis B vaccine (HBVv) in a SLE mouse model. Previously, our 

group reported that immunization with the HBVv aggravated kidney disease in an animal 

model of SLE, and the immunization with the HBVv or the aluminum adjuvant affected 

blood counts, neurocognitive functions and brain gliosis (158). Finally, this study 

demonstrates the positive effect of phospholipid supplementation on post-HPVv 

depression-like behavior. 

 

These findings highlight the necessity of moving forward to personalized medicine. 

Moreover, this is a call to consider the continually increasing number of seriously disabling 

neurological adverse events linked to HPV (220, 221).  Finally, are results suggest an optional   

treatment for neurocognitive symptoms that might caused by the vaccination or the 
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aluminum adjuvant. Future studies aimed to evaluate whether PC supplementation is 

effective as a treatment for patients suffering from neurological manifestations after 

vaccination may be warranted.  
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9 FIGURES 

 

 

 

 

 

 

 

 

Figure 1. PET/CT Imaging of a mouse brain immunized by intracerebro ventricular (ICV) 

injection of raiolabeled total IgG from narcoleptic patients. Four days after immunization, 

axial images, slice thickness 0.9mm. Twelve images of posterior-to-anterior were displayed 

from the upper left. 
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Figure 2. Autoradiography analysis. Four days after Intra cerebro-ventricular injection of IgG mice 

were sacrificed and their brains were divided into 12 segments (A). Black arrows indicate the 

accumulation of the signal in the hypothalamus after ICV injection of IgG isolated from narcoleptic 

patients (B) but not from healthy controls (C). Red arrows indicate the injection site which shows a 

higher intensity of the signal.  
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Figure 3. Autoradiography analysis. Four days after Intra cerebro-ventricular injection of IgG mice 

were sacrificed and their brains were divided into 12 segments (A). Black arrows indicate the 

accumulation of the signal in the amygdala after ICV injection of anti-ribosomal P purified antibodies 

(B) but not from healthy controls (C). Red arrows indicate the injection site which shows a higher 

intensity of the signal.  



72 

 

 

Figure 4. A. Antibody response against immunized peptides. Control: Immunized with CFA. Orx/Hg: 

Orexin peptides and H1N1 peptide with structural similarities. MSH/NEI: αMSH and NEI which 
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prevent biding of antibodies from narcoleptic patients to rats. B. Specific antibody response to 

peptides within the group immunized with Orexin peptides and H1N1 peptide with structural 

similarities. Antibodies against: Orx/Hg, the three different peptides Orexin peptides and H1N1 

peptide with structural similarities. Orx1-1, the orx-1 peptide (AGNHAAGILTLGK). Orx-2.  Orx-2 

peptide (SGNHAAGILTMGR). Hg. Peptide from H1N1 hemagglutinin (ERNAGSGIIISDT). MSH: Control 

peptide. αMSH (SYSMEMFRWGKPV-NH2 ). C.  Percentage of inhibition of antibodies against orx 2 

Peptide. Black: Inhibition with Orx-1 peptide. Red: Inhibition with Orx-2 peptide. Green: Inhibition 

with H1N1 hemagglutinin peptide.  

 

10 APPENDICES: 

10.1 PAPERS AND COPYRIGHT PERMISSIONS: 
 

Anti-ribosomal-phosphoprotein autoantibodies penetrate to neuronal cells via neuronal 

growth associated protein, affecting neuronal cells in vitro. 

Kivity S(1), Shoenfeld Y(2), Arango MT(3), Cahill DJ(4), O'Kane SL(4), Zusev M(1), Slutsky I(5), 

Harel-Meir M(1), Chapman J(6), Matthias T(7), Blank M(1). 

OBJECTIVE: Anti-ribosomal-phosphoprotein antibodies (anti-Ribos.P Abs) are detected in 

10-45% of NPSLE patients. Intracerebroventricular administration of anti-ribosomal-P Abs 

induces depression-like behaviour in mice. We aimed to discern the mechanism by which 

anti-Ribos.P Abs induce behavioural changes in mice. METHODS: Anti-Ribos.P Abs were 

exposed to human and rat neuronal cell cultures, as well as to human umbilical vein 
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endothelial cell cultures for a control. The cellular localization of anti-Ribo.P Abs was found 

by an immunofluorescent technique using a confocal microscope. Identification of the 

target molecules was undertaken using a cDNA library. Immunohistochemistry and an 

inhibition assay were carried out to confirm the identity of the target molecules. Neuronal 

cell proliferation was measured by bromodeoxyuridine, and Akt and Erk expression by 

immunoblot. RESULTS: Human anti-Ribos.P Abs penetrated into human neuronal cells and 

rat hippocampal cell cultures in vitro, but not to endothelial cells as examined. Screening a 

high-content human cDNA-library with anti-Ribos.P Abs identified neuronal growth-

associated protein (GAP43) as a target for anti-Ribos.P Abs. Ex vivo anti-Ribos.P Abs bind to 

mouse brain sections of hippocampus, dentate and amygdala. Anti-Ribos.P Abs brain-

binding was prevented by GAP43 protein. Interestingly, GAP43 inhibited in a dose-

dependent manner the anti-Ribos.P Abs binding to recombinant-ribosomal-P0, indicating 

mimicry between the ribosomal-P0 protein and GAP43. Furthermore, anti-Ribos.P Abs 

reduced neuronal cell proliferation activity in vitro (P < 0.001), whereas GAP43 decreased 

this inhibitory activity by a factor of 7.6. The last was related to Akt and Erk 

dephosphorylation. CONCLUSION: Anti-Ribos.P Abs penetrate neuronal cells in vitro by 

targeting GAP43. Anti -Ribos.P Abs inhibit neuronal-cell proliferation via inhibition of Akt 

and Erk. Our data contribute to deciphering the mechanism for anti-Ribos.P Abs' pathogenic 

activity in NPSLE.  
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16/6-idiotype expressing antibodies induce brain
inflammation and cognitive impairment in mice:
the mosaic of central nervous system
involvement in lupus
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Nancy Agmon-Levin1, Miri Blank1, Juan-Manuel Anaya4, Edna Mozes6, Joab Chapman1,3 and Yehuda Shoenfeld1,7
Abstract

Background: The 16/6-idiotype (16/6-Id) of the human anti-DNA antibody was found to induce experimental lupus
in naïve mice, manifested by production of autoantibodies, leukopenia and elevated inflammatory markers, as well
as kidney and brain involvement. We assessed behavior and brain pathology of naive mice injected intra-
cerebra-ventricularly (ICV) with the 16/6-Id antibody.

Methods: C3H female mice were injected ICV to the right hemisphere with the human 16/6-Id antibody or
commercial human IgG antibodies (control). The mice were tested for depression by the forced swimming test
(FST), locomotor and explorative activity by the staircase test, and cognitive functions were examined by the novel
object recognition and Y-maze tests. Brain slices were stained for inflammatory processes.

Results: 16/6-Id injected mice were cognitively impaired as shown by significant differences in the preference for a
new object in the novel object recognition test compared to controls (P = 0.012). Similarly, the preference for spatial
novelty in the Y-maze test was significantly higher in the control group compared to the 16/6-Id-injected mice (42% vs.
9%, respectively, P = 0.065). Depression–like behavior and locomotor activity were not significantly different between
the16/6-Id-injected and the control mice. Immunohistochemistry analysis revealed an increase in astrocytes and
microglial activation in the hippocampus and amygdala, in the 16/6-Id injected group compared to the control.

Conclusions: Passive transfer of 16/6-Id antibodies directly into mice brain resulted in cognitive impairments and
histological evidence for brain inflammation. These findings shed additional light on the diverse mosaic
pathophysiology of neuropsychiatric lupus.

Keywords: Systemic lupus erythematosus, 16/6 idiotype, Anti-DNA, Neuropsychiatric lupus, Cognitive impairment
Background
Neuropsychiatric systemic lupus erythematosus (NPSLE)
refers to a complex set of syndromes involving the central
nervous system (CNS) in up to 56% of lupus patients [1-5].
Due to the varied diagnostic criteria applied to define
NPSLE, the American College of Rheumatology has
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reproduction in any medium, provided the or
proposed a standard nomenclature of case definitions,
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dations for the 19 neuropsychiatric Systemic lupus
erythematosus (SLE) syndromes [6]. While some of the
focal manifestations (for example, stroke) can be explained
by vasculitic or thrombotic lesions, the pathogenicity of
more diffuse manifestations of NPSLE (for example, cogni-
tive impairment, depression and psychosis) remains rela-
tively obscure. Nevertheless, studies have demonstrated the
importance of various factors involved in the development
of diffuse neuropsychiatric manifestations, such as the
presence of autoantibodies, inflammatory mediators (for
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example, cytokines, matrix metalloproteinases), neuropep-
tides and endocrine factors [7-10]. Other factors, such as
medications and primary neurologic and psychiatric disor-
ders, may play a major role as well.
More than 20 brain specific and non-specific autoanti-

bodies have been proposed to be involved in the
mechanism of NPLSE [11], including anti-neuronal [12],
anti-ribosomal–P [13,14], anti-phospholipid [15] anti-
bodies, as well as anti NR2/anti-DNA antibodies that
cross react with N-methyl-D-aspartate (NMDA) recep-
tors [3,16]. During the last two decades, anti-DNA
idiotypes were characterized, and found to play an im-
portant role in systemic lupus erythematosus and NPSLE
[17]. The 16/6 idiotype (Id) antibody is a human anti-
single-stranded-DNA (anti-ssDNA) monoclonal antibody
(mAb) originated from a patient with cold agglutinin dis-
ease [18]. The 16/6-Id was found to be polyspecific [19],
cross reacting with cytoskeletal proteins (vimentin),
platelets, lymphocyte membranes, pathogens such as
Klebsiela polysaccharides and Mycobacterium tuberculosis
glycoproteins, brain glycolipids and tumor cells [20-22].
The presence of 16/6-Id was detected in 30% of lupus
patients, and their levels were found to correlate with
disease activity [23,24]. Elevated titers of 16/6-Id were
also detected in NPSLE patients [25]. Deposits of 16/6-Id
were found in the skin, kidney and brain tissue [21,26,27],
and were found to bind human cortical brain tissue
sections ex vivo. The presence of circulating 16/6-Id
was detected in patients with other autoimmuine diseases
as well (for example, polymyositis, systemic sclerosis)
[28,29]. Immunization of naïve mice with the human anti-
DNA 16/6-Id mAb was shown to induce experimental
lupus manifested both serologically and clinically. A wide
profile of mice autoantibodies (for example, mouse 16/6-
Id, and antibodies against dsDNA, ssDNA, Ro, La, RNP,
Sm, histones, cardiolipin and phosphatydilserine), were
detected, as well as leukopenia, elevated erythrocyte sedi-
mentation rate (ESR), proteinuria and the deposition of
immunoglobulins in the kidney mesangium [30-32]. In
addition, recent-preliminary data showed histological brain
changes in mice with experimental SLE induced by active
immunization with the 16/6-Id (A. Marom and E. Mozes,
unpublished results). Therefore, we hypothesized that the
16/6-Ids have a pathogenic role in neuropsychiatric lupus.
In the present study we investigated the effect of 16/6-Id
on behavioral and cognitive functions, as well as on the
brain pathology of naïve mice injected intra-cerebra
-ventricularily (ICV) with the 16/6-Id.

Methods
Mice, antibody injection and experimental design
Mice
Three-month-old, female C3H mice were obtained from
Harlan Laboratories, Jerusalem, Israel, and were housed
in the animal facility at Sheba Medical Center. The mice
were raised under standard conditions, 23 ± 1°C, 12-
hour light cycle (6:30 am to 6:30 pm) with ad libitum
access to food and water. The Sheba Medical Center
Animal Welfare Committee approved all procedures.

Monoclonal 16/6-Id expressing antibodies
The human monoclonal anti–DNA antibodies were
produced by a hybridoma derived from fusion of the
GM4672 lymphoblastoid cell line and peripheral blood
or splenic lymphocytes obtained from three lupus pa-
tients. The human mAb that bears the 16/6-Id (IgG1/k)
has been characterized previously [33]. The mAb was se-
creted by hybridoma cells that were grown in culture
and were purified by using a protein G-sepharose col-
umn (Pharmacia, Fine Chemicals, Uppsala, Sweden).
The injection process is based on a detailed protocol

reported by Shoenfeld et al. [34]. Mice were anesthe-
tized by intra-peritoneal (i.p.) injection of ketamine
(100 mg/kg) and xylazine (20 mg/kg). The skull was
carefully exposed, and a small hole was drilled with a
25-gauge needle above the right lateral ventricle (2
mm lateral to the midline and 2.5 mm posterior to the
bregma). A 27-gauge needle attached to a Hamilton syr-
inge was inserted at this point to a depth of 2 mm, where
preliminary tests had confirmed accurate ICV placement
by injection of dye. Then 1 μl of anti-DNA 16/6-Id mAb
or control IgG was slowly infused, the needle was with-
drawn and the skin over the scalp was sutured. All anti-
body solutions used contained 6 mg protein/ml. Each
mouse received only a single injection.

Experimental design
Twenty-one CH3 mice were injected ICV to the right
hemisphere, 11 with human 16/6-Id antibodies and 10
with commercial human IgG antibodies (control). The
forced swimming test (FST) was performed at Days 16
and 23 after antibody injection, the staircase test at Days
14 and 26, the novel object recognition at Days 19 and
20 and the Y-maze test at Day 21. At Day 24, under
anesthesia, a systemic perfusion was performed, and the
brains were collected. Immunofluorescence staining was
performed to detect markers of inflammation or neur-
onal degeneration (see below).

Cognitive and behavioral tests
Forced swimming test
This test is based on Porsolt et al.‘s description [35].
Mice were placed in individual glass beakers (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 a
pretest session of 15 minutes, and later were removed
from the cylinder, and then returned to their home
cages. Twenty-four hours later (Day 2), the mice were
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re-exposed to the swimming condition in a similar envir-
onment, and then subjected to a test session for six mi-
nutes. The behavioral measure scored was the duration
(in seconds) of immobility, defined as the absence of
escape-oriented behaviors, such as swimming, jumping,
rearing, sniffing or diving, recorded during the six-
minute test. A depression-like behavior was considered
as an increased immobility time.

Staircase test
Locomotor and explorative activity was evaluated by the
staircase test, as described previously by Katzav et al.
[15]. This test analyzes locomotor and exploratory activ-
ities (stair-climbing) and anxiety (rearing). The staircase
maze consisted of a polyvinyl chloride enclosure with
five identical steps, 2.5 × 10 × 7.5 cm. The inner height
of the walls was constant (12.5 cm) along the whole
length of the staircase. The box was placed in a room
with constant lighting and isolated from external noise.
Each mouse was tested individually. The animal was
placed on the floor of the staircase with its back to the
staircase. The number of stairs climbed and the number
of rears were recorded during a three-minute period.
Climbing was defined as each stair on which the mouse
placed all four paws; rearing was defined as each in-
stance the mouse rose on hind legs (to sniff the air), ei-
ther on the stair or against the wall. The number of
stairs descended was not taken into account. Before each
test, the animal was removed and the box cleaned with a
diluted alcohol solution to eliminate smells.

Novel object recognition test
This is a visual recognition memory test based on a
method described by Tordera et al. [36]. The apparatus,
an open field box (50 × 50 × 20 cm), was constructed
from plywood painted white. Three phases (habituation,
training and retention) were conducted on two separate
test days. Before training, mice were individually habitu-
ated by allowing them to explore the box for one hour.
No data were collected at this phase. During training
sessions, two identical objects were placed into the box
in the northwest and southeast corners (approximately
5 cm from the walls), 20 cm away from each other (sym-
metrically) and then the individual animal was allowed
to explore for five minutes. Exploration of an object was
defined as directing the nose to the object at a distance
of ≤1 cm and/or touching it with the nose; turning
around or sitting near the object was not considered as
exploratory behavior. The time spent in exploring each
object was recorded. The animals were returned to their
home cages immediately after training. During the reten-
tion test, the animals were placed back into the same
box after a four-hour interval, and allowed to explore
freely for five minutes. One of the familiar objects used
during training was replaced by a novel object. All ob-
jects were balanced in terms of physical complexity and
were emotionally neutral. The box and the objects were
thoroughly cleaned by 70% alcohol before each session
to avoid possible instinctive odorant cues. A preference
index, a ratio of the amount of time spent exploring any
one of the two items (old and new in the retention ses-
sion) over the total time spent exploring both objects,
was used to measure recognition memory. Individual ani-
mals demonstrating insufficient task performance were
excluded from later specific statistical analyses for the fol-
lowing reasons: (1) non-exploration, which was defined as
no objection interaction or (2) technical malfunctions dur-
ing data collection.

Y maze test
The Y maze test was used to assess spatial memory. It
was comprised of three arms, built of black Perspex.
Each arm was 8 × 30 × 15 cm at an angle of 120° from
the others. One arm was randomly selected as the start
arm. Each mouse was placed twice in the start arm. On
the first trial, lasting for five minutes, one of the other
two arms was randomly chosen to be blocked whereas
on the second trial, lasting for two minutes, both arms
were open. The two trials were separated by a two-
minute interval, during which the mouse was returned
to its home cage. The time spent in each of the arms
was measured. Between each trial and between each
mouse, the maze was cleaned with a 70% alcohol solu-
tion and dried. Discrimination of spatial novelty was
assessed by a preference index [37]: time in the new
arm - time old arm/time in the new arm + time in the
old arm, assessing spatial memory. The mouse is
expected to recognize the old arm as old and spend
more time in the new arm.

Immunofluorescence staining
Brain perfusion and fixation
The mice were anesthetized by an i.p. injection of keta-
mine (100 mg/kg) and xylazine (20 mg/kg) and sacrificed
by transcardiac perfusion with phosphate buffered saline
(PBS) followed by perfusion with 4% paraformaldehyde
(PFA, Sigma-Aldrich Israel Ltd., Rehovot Israel) in phos-
phate buffer (PO4, pH 7.4). After perfusion, the brain was
quickly removed and fixed overnight in 4% PFA (in PO4,
pH 7.4) at 4°C. On the following day, the brain was
cryoprotected by immersion in 30% sucrose in 0.1M PO4
(pH 7.4) for 24 to 48 hours at 4°C before brain cutting.

Brain cutting and preservation
Frozen coronal sections (30 to 50 μm) were cut on a
sliding microtome (Leica Microsystems GmbH, Wetzlar,
Germany), collected serially and kept in a cryoprotectant
at −20°C until staining. Staining was performed as
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follows. Six mice (three IgG control and three 16/6 Id)
were used for immunohistochemistry. Brain sections
were stained free-floating, incubated with the first anti-
bodies overnight at 4°C. The slices were then washed in
PBS + 0.1% Triton X-100, and incubated at room
temperature for one hour with the corresponding fluor-
escent chromogens-conjugated secondary antibody. Sec-
tions were stained for specific antigens with antibodies
against activated microglia (anti-Iba1, pAb, Abcam,
Cambridge, UK) and astrocytes (anti-GFAP mAb, Dako,
Carpinteria, CA, USA). Counter staining was performed
with Hoechst (Sigma-Aldrich Israel Ltd., Rehovot Israel).

Statistical analysis
Results are expressed as the mean ± SEM. The differ-
ences in mean for average immobility time in the FST,
the staircase test parameters (number of rearing and
stair-climbing events), novel object recognition and Y-
maze tests were evaluated by T-test. Significant results
were determined as P <0.05.

Results
Cognitive and behavioral performance
The results of cognitive performance in the novel object
recognition test are presented as the proportion time
spent near objects (new and old) in both groups (Figure 1).
There was a significant preference for attention to the
new object in the control group (64% time spent near the
new object compared to 36% time spent near the old ob-
ject, P = 0.012), while no difference in the preference was
seen in the mice injected with 16/6-Id (56% vs. 44% time
Figure 1 16/6-Id injected mice displayed impaired performance
in the novel object recognition test. Results are presented as the
proportion of time spent near the old and new objects by the 16/6-
Id (gray bars) and IgG control (black bars) injected mice. The control
mice (IgG) significantly preferred the new object (64% vs. 36% for
the proportion time near the new vs. old objects respectively; P =
0.01), while the 16/6-Id injected mice had no significant preference
to either objects (56% vs. 44% new vs. old; P = 0.5). Results
presented as mean ± SEM. * Statistically significant (P <0.05).
spent near the new object vs. old object, P = 0.655). This
suggests a specific visual recognition memory impairment
in the 16/6-Id mice. Similarly, cognitive performance in
the Y-maze test is presented as a preference index for new
(additional percent time spent in the novel arm) in both
groups (Figure 2). The control IgG mice spent 46% add-
itional time in the new lane while the mice injected with
16/6-Id spent 9% additional time in the new lane (P =
0.015 by t-test).
In the forced swimming test there was no significant

difference between 16/6-Id injected and control mice in
depression-like behavior at Days 16 and 24 after injec-
tion. Average immobility times of the control mice vs.
16/6-Id injected mice were 117.6 ± 65.9 vs. 160 ± 72.8
(P = 0.159 by t-test) and 182.5 ± 45.4 vs. 205.7 ± 42.7
sec (P = 0.238 by t-test) on Days 16 and 24, respectively.
In the staircase test, there was no significant difference

between the average rearing and stair-climbing counts,
among mice from control-IgG vs. 16/6-Id (23.7 ± 2.6 vs.
21.8 ± 2.5 rearings, and 24.5 ± 2.3 vs. 16.5 ± 4.4 stair-
climbing events, respectively, P >0.016). The results also
did not change from Day 14 to 26.

Brain pathology
Brain sections were stained for activated microglia and
astrocytes (as markers for inflammation). The 16/6-Id
injected mice demonstrated increased microglial activa-
tion (Iba-1 staining), at the hippocampus (CA1, CA3,
dentate gyrus, stratum radiatum) as well as the amyg-
dala, compared to IgG control (Figure 3). The difference
Figure 2 16/6-Id injected mice displayed impaired spatial
memory in the Y-maze test. Results are presented as the
proportion of time (mean ± SEM) spent in the new arm introduced
by the 16/6-Id (gray bars) and IgG control (black bars) injected mice.
In the figure it is shown that the control group (IgG injected) spent
more time in the new lane as compared to the 16/6 injected group.
They have recognized the old lane as known and preferred
exploring the new lane, which means that their spatial memory is
conserved. There was a significant difference in additional time
spent in the new lane between the 16/6 and IgG group (0.46 vs.
0.09, P = 0.02 respectively). * Statistically significant (P <0.05).



Figure 3 Increased brain inflammation (activated microglia) in 16/6-Id mice in the hippocampal regions (CA1, CA3). Staining of activated
microglia (green, white arrows) was more prominent in the 16/6-Id injected mice brains (A, C) compared to control mice brains (B, D) in the
hippocampal regions CA1 (A, B) and CA3 (C, D). Hoechst nucleus staining – blue, GFAP staining – red. Magnification ×40.
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in microglial activation staining was not seen in the
neucortex and piriform cortex, between 16/6-Id and
control-IgG mice. Increased staining for astrocytes
(GFAP staining) was also noted in the CA3 hippocampal
region in the 16/6-Id injected mice compared to controls
(Figure 4).

Discussion
In the present study we have observed that passive
transfer of 16/6-Id antibodies directly to mice brains
resulted in a selective cognitive impairment, expressed
as visual recognition and spatial memory deficits. De-
pressive behavior (FST) and locomotor activity (staircase
test) were not altered in the 16/6-Id injected mice, when
compared to the control group. Our findings suggest
that 16/6-Id antibodies may have a role in the pathogen-
esis of cognitive impairment observed in some patients
with SLE [8].
Immunostaining of brain sections from both groups

revealed increased presence of activated microglia and
astrocytes, in the hippocampal region of the 16/6-Id
injected mice, compared to the controls. The hippocam-
pus has an important function in memory processing,
therefore, its damage by an inflammatory processes may
affect cognitive performance in the 16/6-Id injected
mice. Astrocytes in steady state conditions are mainly
responsible for biochemical support and several other
chemical roles such as maintenance of extracellular ion
balance. However, in special situations, astrocytes may
increase in number as an inflammatory reaction aimed
for scaring and repairing CNS tissue. Microglia serve as
scavengers and are activated in an inflammatory reac-
tion. The presence of more astrocytes (gliosis) or the ac-
tivation of microglia in brain tissue can implicate an
inflammatory state. Our hypothesis regarding the patho-
genesis of 16/6-Id antibodies induced-brain impairment
includes several mechanisms: 1) Neuronal degeneration
may be caused by direct or indirect injury to hippocam-
pal area. For example, recently Berry et al. demonstrated
that anti-ATP synthase autoantibodies, purified from
Alzheimer’s disease patients, can lead to cognitive im-
pairment and hippocampal neuron apoptosis in naïve
mice [38]. Other neurotoxic autoantibodies, such as anti-
phospholipid and anti-ribosomal P antibodies, were shown
to penetrate living cells and cause functional cellular injury
and apoptosis by inhibiting protein synthesis [39,40]. 2)
Neuronal function modification. 16/6-Id antibodies may
recognize and bind antigens expressed on neurons of the
hippocampus and may affect brain cells by alter signaling,
cell function and neurotransmitter pathways [41]. 3) Brain
inflammation. Injection of 16/6-Id antibodies may lead to
brain inflammation involving activation of microglia and
astrocytes, and the production of pro-inflammatory
cytokines. This inflammatory response can disrupt the



Figure 4 Increased brain inflammation (astrocyes) in 16/6-Id mice in the hippocampal region (CA3). Staining of astrocytes (red) in the
hippocampal CA3 region was more prominent in the 16/6-Id injected mice brains (A) compared to control mice injected with commercial IgG
(B). Hoechst nucleus staining - blue. Magnification ×40.
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blood–brain barrier, facilitating entry into the brain by in-
flammatory factors, including circulating cells of the im-
mune system, cytokines, immune-complex mediated small
vessel inflammation, and complement components. The
inflammatory reaction may induce cognitive changes ob-
served in the injected mice.
We have extensively studied the pathogenesis of differ-

ent autoantibodies and their influence on the brain. In-
jection of anti-ribosomal-P antibodies ICV to naïve mice
resulted in depressive-like behavior in these mice
[42,43]. In another study, we found that injection of
antiphospholipid syndrome patients with antibodies in-
duced memory deficits and hyperactivity [15,44]. This
suggests that a certain antibody is linked with each spe-
cific disease manifestation. The presence of numerous
autoantibodies, at least 174 in SLE and 20 in NPSLE,
which might have a role in the mechanism of the disease
were reported during the past years [11,45]. This may
explain the diversity of 19 neuropsychiatric manifesta-
tions which can be demonstrated in more than 50% of
SLE patients [46]. We propose a hypothesis, that in
NPSLE patients different manifestations are the result of
an interplay among various auto-antibodies and genetic
and environmental factors. For this process to occur,
auto-antibodies produced in the body must be able to
cross the blood–brain barrier (BBB). It is presumed that
the BBB can become transiently “unlocked” following an
inflammatory insult, an immune complex damage or ex-
posure to infectious endotoxins (for example, lipopoly-
saccharide, LPS), allowing antibody penetration. In
addition, different auto-antibodies may attach to differ-
ent epitopes, expressed unevenly in different brain areas
or neuronal networks. In the studies of Diamond et al.,
anti-DNA antibodies which can cross-react with the
NR2 - anti-NMDA receptor were found in the sera, CSF
and brains of SLE patients [16,47]. These antibodies
were shown to alter brain cell function and to mediate
apoptotic death in vivo and in vitro [16,47]. In their
experiments, the BBB was breached temporarily by in-
jection with LPS to imitate an infection [48], while
others used noradrenalin to imitate a stressful condition;
both conditions were implicated in triggering disease
flare-ups in SLE and NPSLE patients. The studies of
Diamond et al. added another layer to the current un-
derstandings regarding the role of different auto-antibodies
in the pathogenesis of NPSLE. Another technique to by-
pass the BBB was used by us in several experiments. In the
ICV technique, antibodies were injected directly into the
lateral ventricle in the mouse brain, allowing antibody dis-
persal throughout the brain tissue. In our previous studies,
an experimental NPSLE was induced by passive transfer of
anti-ribosomal-P antibodies directly to mice brains [43].
The intra-cerebra-ventricularly injected mice exhibited a
depression-like behavior, not associated with motor or cog-
nitive deficits, and was significantly attenuated by prolong
treatment with an anti-depressant (fluoxetine), but not
with anti-psychotic drug (haloperidol). Interestingly, the
anti-ribosomal-P antibody specifically stained neurons which
are related to limbic and olfactory brain areas: the hippo-
campus, cingulate cortex and the primary olfactory piriform
cortex [43]. The depressed mice also exhibited a decreased
smell threshold capability [42], as well as olfactory and lim-
bic imaging alterations, when manganese-enhanced-mag-
netic resonance imaging (MRI) was performed [49].
Another issue of this puzzle was stressed almost two de-

cades ago when the importance of the idiotypic network
in the induction of various autoimmune diseases was ac-
knowledged [22,50]. One proposed mechanism of action
of the 16 /6-Id is via the idiotypic network, in which injec-
tion of human anti-DNA 16/6-Id mAbs induces the
generation of anti-Id, and anti-anti-Id, and so on. The pro-
duction of 16/6-Id was found to be induced also by several
infectious agents (for example, Klebsiella pneumonia
[51,52] and Mycobacterium tuberculosis [53]); this could
point to the role of infections in initiating the disease in a
genetically susceptible individual [54].
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The finding, that 16/6-Id antibodies were detected in
other autoimmune diseases, such as PM/DM and sclero-
derma without them expressing central nervous symp-
toms is interesting. Perhaps, in some diseases (for
example, SLE) a variety of systemic factors enable the al-
tering of BBB permeability. These factors may include
other circulating antibodies, inflammatory elements, as
well as vasogenic agents, growth factors and free radicals.
This phenomenon is not unusual in the autoimmunity
field, for instance, anti-Ro antibodies are associated with
myositis or sub-acute skin manifestations in some SLE pa-
tients and not in Sjogren patients.
The current finding, that the 16/6-Id is related to

spatial novelty and visual recognition memory impair-
ments in mice, may attest for immune-mediated damage
to brain areas relevant for these functions. There is a
wide agreement that spatial long-term memory and ob-
ject recognition is dependent on the functioning of the
hippocampal region [55]. Taken together, these concepts
may promote the idea for a treatment for NPSLE via
blocking or inhibiting the 16/6-Id. This can be done per-
haps by treatment with intravenous gamma-globulin,
which harbors anti-idiotypic antibodies itself, and has
shown some efficacy in the treatment of NPSLE patients
[56]. Other therapeutic means may involve the utilization
of inhibitory peptides based on the complementarity de-
termining region of anti-DNA antibodies. Indeed, such a
peptide was shown to be effective in animal models and in
a limited number of lupus patients [57-59].

Conclusions
Passive transfer of anti-DNA 16/6-idiotype directly to
mice brains resulted in cognitive impairment, supported
by cognitive testing impairments, and changes in brain
histological analysis. Therefore, the 16/6-idiotype may
have a role in cognitive decline, as well as other neuro-
psychiatric manifestations, which are found in lupus
patients.
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Narcolepsy is a sleep disorder characterized by excessive daytime sleepiness and cataplexy (a sudden
weakening of posture muscle tone usually triggered by emotion) caused by the loss of orexin neurons in
the hypothalamus. Autoimmune mechanisms are implicated in narcolepsy by increased frequency of
specific HLA alleles and the presence of specific autoantibody (anti-Tribbles homolog 2 (TRIB2) anti-
bodies) in the sera of patients with narcolepsy. Presently, we passively transferred narcolepsy to naïve
mice by injecting intra-cerebra-ventricularly (ICV) pooled IgG positive for anti-TRIB2 antibodies.
Narcolepsy-IgG-injected mice had a loss of the NeuN (neuronal marker), synaptophysin (synaptic
marker) and orexin-positive neurons in the lateral hypothalamus area in narcolepsy compared to
control-IgG-injected mice and these changes were associated with narcolepsy-like immobility attacks at
four weeks post injection and with hyperactivity and long term memory deficits in the staircase and
novel object recognition tests. Similar behavioral and cognitive deficits are observed in narcoleptic pa-
tients. This is the first report of passive transfer of experimental narcolepsy to naïve mice induced by
autoantibodies and supports the autoimmune pathogenesis in narcolepsy.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Narcolepsy is a sleep disorder characterized by excessive day-
time sleepiness and cataplexy (a sudden weakening of posture
muscle tone usually triggered by emotion) caused by the loss of
orexin neurons in the hypothalamus [1e4]. Autoimmune mecha-
nisms are implicated in narcolepsy by increased frequency of spe-
cific HLA alleles [5] and the presence of specific autoantibody (anti-
Tribbles homolog 2 (TRIB2) antibodies) in the sera of patients with
utoimmune Diseases, Sheba
edical School, Tel Aviv Uni-
3673.
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narcolepsy [6e8]. In addition to sleep disorders and cataplexy,
behavioral and cognitive deficits are also observed in narcoleptic
patients [9e11].

The prevalence of narcolepsy with cataplexy is between 25 and
50 per 100,000 people dependent on environmental and genetic
factors [12] with the highest prevalence in Japan (0.16%) [1]. It has
been suggested that the cause of narcolepsy is a lack of orexin
(hypocretin), an important neurotransmitter in the regulation of
the sleep/wake cycle [2]. Though there are genetic animal models,
such as orexin knockout mice and dogs with mutations in the
orexins receptors [13e15], the etiology of narcolepsy in humans
remains unclear. The hypothalamus of postmortem brains from
narcolepsy patients show a loss of orexin neurons and the levels of
orexin in the cerebrospinal fluid of narcolepsy patients are low or
undetectable compared with healthy subjects [16e19]. Orexin is
required for body processes such as feeding, cardiovascular
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regulation, emotions, and locomotion. Orexin and histamine act
synergistically to promote and maintain arousal behavior [2,20].
Removing orexin neurons sets up a mutually inhibitory cycle,
which can cause unwanted abrupt transitions to rapid eye move-
ment (REM) sleep and an excessive daytime sleepiness [21,22].
Human genetic data suggests immune factors in narcolepsy are
highly associated with risk polymorphisms in the HLA system
including the allele DQB1*06:02 in 82e99% of patients, in contrast
to 12e38% of the healthy population, and the allele DRB1*15:01
[23,24]. Protective alleles have been found, such as DQB1*06:01 and
DQB1*05:01 [23]. Interestingly, polymorphisms in TCR a chain gene
and P2RY11 are also associated with narcolepsy [25,26]. Recent
evidence has shown the presence of auto-antibodies against TRIB2,
of the tribbles proteins family, found in orexin neurons [6e8]. Using
transgenic mice and sera of narcolepsy patient, Cvetkovic-Lopes
and coworkers found that the anti-TRIB2 antibodies present in
the patients bound directly to the orexin neurons [6]. Our studies in
Japanese patients have shown that the titers of anti-TRIB2 anti-
bodies are higher in narcolepsy patients [8] especially if measured
close to disease onset [6,7].

In the present study we passively transferred narcolepsy to
naïvemice by injecting intra-cerebra-ventricularly (ICV) pooled IgG
positive for anti-TRIB2 antibodies. Thesemice had a selective loss of
orexin-positive neurons in the lateral hypothalamus and
narcolepsy-like immobility attacks four weeks post injection.
Control mice were injected with pooled matched healthy control
IgG. This is the first report of passive transfer of experimental
narcolepsy to naïve mice induced by autoantibodies and supports
the autoimmune pathogenesis in narcolepsy.

2. Materials and methods

2.1. IgG samples

Blood samples and data related to sleep conditions were
collected at the Tokyo Metropolitan Institute of Medical Science
(Tokyo, Japan) and Neuropsychiatric Research Institute (Tokyo,
Japan). A total of 10 IgG samples from narcolepsy and matched
healthy controls purified by using Ab-Capcher (Protenova Co., Ltd.
Japan). Narcolepsy patients had also cataplexy, and all of themwere
positive for anti-TRIB2 by radioligand binding assay. Healthy con-
trols were negative for anti-TRIB2, and they did not have excessive
daytime sleepiness or any signs of immunologic abnormalities.
Additionally all subjects were positive for the allele DQB1*06:02.

2.2. Mice

Thirteen female C3Hmice 4months old (Harlan Laboratories, IS)
were used. Themice were housed in the animal house facility at the
Sheba Medical Center, and were maintained at 23 � 1 �C, and 12 h
light cycle with free access to food and water. Two groups were
injected, the first (n¼ 6) was injected with a total IgG purified from
narcoleptic patients, the second group (n ¼ 7) was injected with a
total IgG frommatched healthy controls. The Sheba Medical Center
Animal Welfare Committee approved all procedures.

2.3. Passive transfer ICV

The passive transfer process was performed according to the
protocol described previously [27]. Briefly, C3H naïve mice were
anesthetized by intraperitoneal injection of ketamine (100 mg/kg)
and xylazine (20 mg/kg). After the skull was carefully exposed, 1 ml
of the narcoleptic IgG extract or control was slowly infused intra
cerebral ventricularly (ICV). The antibody solutions used contained
6 mg protein/ml. Each mouse received one single injection.
2.4. Videotaping and scoring of narcoleptic episodes

Mice were filmed and analyzed for immobility attacks weekly
before and after ICV injection by using the NoldusPhenoTyper�

cage and EthoVision software� (Noldus Information Technology,
Netherlands). Under the same environmental conditions that were
mentioned previously, each naïve mouse was recorded individually
for 24 h. After the end of the recording process the mouse was
injected ICV to with total IgG purified from narcoleptic patients. In
parallel, another naivemousewas injected ICVwith a total IgG from
healthy controls. This protocol was repeated under the same con-
ditions for seven days, after that each mouse that was ICV injected
with IgG from narcolpetic patients were recorded serially every
week, at days 7, 14, 21 and 28 post injections. Narcoleptic episodes
were defined as freezing episodes by using the EthoVision
software� and were strictly defined by the following features: (1)
abrupt transition from an obvious motor activity; (2) a sustained
change in posture maintained throughout the episode; and (3) an
abrupt end to the episode with the resumption of obvious pur-
poseful motor activity (essentially a switch between “off” and then
“on” states). The exact time recorded on the video for the start and
end of each episode was recorded along with the following addi-
tional observations: the predominant activity for the 5 seconds (s)
preceding and the 10 s following an episode were categorized as
feeding, drinking, ambulating, grooming, burrowing, climbing, or
other.

2.5. Behavioral studies

To evaluate behavioral changes, the mice were tested in
behavioral and cognitive tests including: staircase test, novel object
recognition test, Y-maze test, and forced swimming test (FST). The
tests were performed at week 5 after ICV administration.

2.5.1. Staircase test
This test evaluated exploratory activity and “anxiety elike”

behavior. The staircase was placed in a roomwith constant lighting
and isolated from external noise. Each mouse was tested individ-
ually. The number of stairs climbed and the number of rears were
recorded for 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, 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.

2.5.2. Novel object recognition test
This test was used to evaluate a long term memory deficit. The

apparatus, an open field box (50 � 50 � 20 cm), was constructed
from a plywood painted white. Three phases (habituation, training,
and retention) were conducted on 2 separate test days. Before
training, mice were individually habituated by allowing them to
explore the box for 1 h. No datawere collected in this phase. During
the training session, two identical objects were placed into the box
in the northwest and southeast corners (approximately 5 cm from
the walls), 20 cm away from each other (symmetrically) and then
the individual mouse was allowed to explore for 5 min. Exploration
of an object was defined as follows: directing the nose to the object
at a distance of �1 cm and/or touching it with the nose. Turning
around or sitting near the object was not considered as exploratory
behavior. The time spent to explore each object was recorded. The
animals were returned to their home cages immediately after
training. During the retention test one of the familiar objects used
during training was replaced by a novel object. The mice were
placed back into the same box again after a 4-h interval and allowed
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to explore freely for 5 min. All objects were balanced in term of
physical complexity and were emotionally natural. The box and the
objects were thoroughly cleaned by 70% alcohol after each session
to avoid possible odorant cues. A preference index, a ratio of the
amount of time spent exploring any one of the two items (old and
new in the retention session) over the total time spent exploring
both objects, was used to measure recognition memory [28]. In-
dividual animals demonstrating insufficient task performancewere
excluded from later specific statistical analyses for the following
reason: non-exploration, which is defined as no object interaction.

2.5.3. Y-maze test
The Y maze test was used to study the spatial short term

memory, a task requiring hippocampal function and spatial mem-
ory. One arm was randomly selected as the “start” arm, and the
mouse was placed twice in this arm. On the first trial, lasting for
5 min, one of the other two arms was randomly chosen to be
blocked, whereas for 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 his home cage. The time
spent in each of the arms was measured. Between each trial and
between eachmouse, themazewas cleanedwith a 70% ethanol and
dried. Discrimination of spatial novelty was assessed by a
Fig. 1. Histopathological changes induced by narcolepsy-IgG. Coronal brain sections through
healthy controls were stained for neuronal marker (NeuN) (top panel, aed), synaptic mar
orexin) (lower panel, iel). (aeb, eef, iej) Representative images from control mice inject
narcolepsy-IgG. First and third column images are at 10� magnification and scale bar 200
preference index: time in the new arm e time in the old arm/time
in the new arm þ time in the old arm.

2.5.4. Forced swimming test (FST)
This test is based on the method of Porsolt et al. to detect

depression-like behavior [29]. Depression-like behavior was
defined as an immobility (floating) and it was measured in seconds
during the 6 min of test, when there was no presence of escape-
oriented behaviors such as swimming, jumping, rearing, sniffing,
or diving.

2.6. Histological studies

At 6 weeks post ICV passive transfer, mice were anesthetized by
intraperitoneal injection of ketamine (100 mg/kg) and xylazine
(20 mg/kg) and underwent transcardiac perfusion with phosphate
buffer saline followed by perfusion with 4% paraformaldehyde in
PBS. The brains were removed, fixed in 4% p-formaldehyde in PBS,
and cryoprotected by immersion in 30% sucrose at 4 �C. Frozen
coronal sections (50 mm) were then cut on a sliding microtome and
collected serially and were preserved in a cryoprotectant solution.

For detection of histological changes, brain sections were
stained free-floating incubated overnight at 4 �C with first
the hypothalamus from mice injected ICV with IgG from narcolepsy patients and from
ker (synaptophysin) (middle panel, eeh), and for orexin expressing neurons (prepro-
ed with control-IgG. (ced, geh, kel) Representative images from mice injected with
mm. Second and forth column images are at 40� magnification and scale bar 50 mm.
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antibodies against neuronal marker (Neuronal Nuclei, NeuN,
Chemicon, USA), synaptophysin (SigmaAldrich, USA) or Prepro-
Orexin (Chemicon, USA). After washing, the sections were incu-
bated at a room temperature for 2 h with the corresponding fluo-
rescent chromogens-conjugated secondary antibody. Counter
staining was performed with Hoechst.

2.7. Statistical analysis

The c2 test for categorical variable was applied for comparison
between groups. Continuous values among groups were tested
using ANOVA. The analysis was performed using the SPSS 17.0
software. Results are presented as averages � standard error of the
mean, and in percentages. Differences among the cases and con-
trols in all the variables were established by Chi-square or Fisher’s
tests as appropriate. Continuous values among groups were tested
using T-test or ANOVA. A level of 5% was used to define statistical
significance (p < 0.05).

3. Results

3.1. Histopathological changes induced by narcoleptic IgG

Brain sections through the hypothalamus from narcolepsy and
control mice were stained for neuronal and synaptic markers and
for orexin expressing neurons and representative data are pre-
sented in Fig. 1. There was a loss of the neuronal marker (Neronal
Nuclei, NeuN) (Fig. 1aed) and the synaptic marker (synaptophysin)
(Fig. 1eeh) in the lateral hypothalamus area in narcolepsy mice
compared to controls. The most striking difference between the 2
groups was a significant loss of orexin-positive neurons (prepro-
orexin staining) in the lateral hypothalamic area in narcolepsy-IgG
compared to control-IgG mice (Fig. 1jel).

3.2. Behavioral characterization of narcolepsy-like episodes

Mice were filmed and analyzed weekly before and after ICV
injection of the Abs. For eachmouse the 12 h of the dark phasewere
analyzed for immobility/freezing episodes. Narcolepsy-like epi-
sodes were not observed before the ICV injection of Abs.
Narcolepsy/cataplexy-like immobility attacks were recorded in
narcolepsy mice 4 weeks post injection but not before. The number
and time of episodes for each mouse are summarized (Table 1).

3.3. Behavioral and cognitive performance

Narcolepsy mice and controls were tested in the staircase test
and (Fig. 2a). Narcolepsy mice were significantly hyperactive as
measured in both stair-climbing and rearing parameters (p < 0.005
Table 1
Characterization of the number and duration of sleeping attacks during the first 12 h
of the light phase in mice injected with IgG from narcolepsy patients. The exact time
recorded on the video for the start and end of each episode was recorded along with
the following additional observations: the predominant activity for the 5 seconds (s)
preceding and the 10 s following an episode were categorized as feeding, drinking,
ambulating, grooming, burrowing, climbing, or other.

Mouse Sleeping attacks N Attack duration
(average, sec)

1 4 88
2 3 66
3 0 e

4 1 210
5 2 464
6 2 188
by t-test) in the staircase test. The results of cognitive performance
in the novel object recognition test are presented as discrimination
index for novel object as a measure for long term recognition
memory (Fig. 2b). There was a significant preference for attention
to the new object in the control group compared to the narcolepsy
group (34% vs.�16% additional percent time spent in near the novel
object, p ¼ 0.00001 by t-test). This suggests specific visual recog-
nition memory impairment in the narcolepsy mice. Cognitive per-
formance in the Y-maze test is presented as preference index for
new (additional percent time spent in the novel arm) as a measure
for short term spatial novelty memory (Fig. 2c). There was no sig-
nificant difference between the narcolepsy and the control groups
in the additional time spent in the newarm (45% vs.18%, p¼ 0.32 by
t-test). In the forced swimming test the narcolepsy mice performed
poorly and exhibited significant depression-like behavior
compared to controls (Fig. 2d). Average immobility times of the
control mice vs. narcolepsy mice were 123.1 � 28.1 vs. 219.4 � 31.4
(p ¼ 0.00003 by t-test).

4. Discussion

This study demonstrates the passive transfer of orexin neuron
loss and narcolepsy-like behavioral changes by anti-TRIB2 positive
narcolepsy patients IgG. The histological data showed a loss of both
neuronal and synapticmarkers demonstrating a neurodegenerative
process in the hypothalamus and a loss of the prepro-orexin pep-
tide in themice injectedwith IgG fromnarcoleptic patients. Prepro-
orexin is the precursor of the two kinds of orexins, A and B, and it is
exclusively produced in the lateral hypothalamic orexin neurons
[2,22]. This loss of orexin neurons is similar to what has been
described in postmortem brains of narcoleptic patients [5,18,19].
Loss of the NeuN marker may indicate more extensive damage to
neurons in this area. The loss of synaptophysin is compatible with a
decreased neuronal activity and signaling. The loss of synapses in
the lateral hypothalamic area is probably the consequence of the
loss of orexin neurons in this area and may be related to with other
neurotransmitters that are produced in the orexin neurons such as
glutamate [30].

There are several animal models of narcolepsy, most of them are
knockout mice with lack of orexin or orexin receptors, but the
models that best resemble the symptoms characteristic of human
narcolepsy are those with a loss of the orexin neurons [13,23,30e
32]. The orexin/ataxin-3 hemizygous mice show the reduction of
orexin neurons by ataxin-3 accumulations after birth, and these
mice regarded as a good model for human narcolepsy [33]. This
may indicate that the clinical signs and symptoms of human nar-
colepsy depend on the loss of orexin neurons and all their functions
rather than just the loss of orexin. In 2004, Smith et al. described an
animal model by intra-peritoneal injection with total IgG from
narcoleptic patients to healthy mice [34]. They described the
cessation of movements from a few seconds to 1 min during ac-
tivities such as grooming in the injected mice, which are very
similar to the behavioral pattern that we found in our narcolepsy
mice. Mice injected with IgG from narcoleptic patients, develop
cognitive and behavioral impairments compatible with narcoleptic
patients that have alterations in their cognitive and behavioral
functions [35]. The narcoleptic mice showed hyperactivity, long
term memory deficits and depression. In humans, it has been re-
ported that children with attention deficit hyperactivity disorder
(ADHD) have a similar sleep pattern to narcolepsy patients, char-
acterized by a period of sleepiness during the day and abnormal
pattern of REM cycle [11,36,37]. In a case control-study Jara et al.,
showed that the frequency of depression in narcolepsy patients
was higher than in healthy controls, and that it was not dependent
on the presence of cataplexy [38]. Some authors suggest that in



Fig. 2. Behavioral and cognitive changes induced by narcolepsy-IgG. (a) Behavioral measurements in the staircase test included activity (stair-climbing) and exploration (rearing).
(b) Cognitive performance in the novel object recognition test is presented as discrimination index for novel object as a measure for long term recognition memory. (c) Cognitive
performance in the Y-maze test is presented as preference index for new (additional percent time spent in the novel arm) as a measure for short term spatial novelty memory. (d)
Depression-like behavior in the forced swimming test is presented as an immobility time. Results for narcolepsy mice (black bars, n ¼ 6) and control mice (white bars, n ¼ 7) are
presented as mean � SEM. *P < 0.05 compared to controls (unpaired t test).
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narcolepsy patients the depression and the associated anxiety may
be a secondary outcome to the social consequences and the
perception of a hostile environment [10,38]. However our results
using a mouse model suggest that this manifestation may be a
primary manifestation of the disease. The normal production of
orexin is linked to the normal function of the limbic and dopami-
nergic systems related to the production of neurotransmitters such
as norepinephrine, serotonin and histamine [2,22]. Burgess et al.
described a change in the expression pattern of dopamine receptors
in orexin knockout mice and they linked this alteration with the
presence of sleep pattern changes and cataplexy [39]. However, the
dopaminergic system is also important in the other processes such
as making decisions and learning and deficits in these functions
have been also demonstrated in narcolepsy [9]. In line with all
these changes we also found memory impairments in the
narcolepsy-IgG injected animals. There are several studies in nar-
colepsy patients that show alteration in attention and reduced
learning, recognition andmemory capacities [40]. There are reports
of poor performance in the long term memory tests and a normal
performance in the short termmemory tests [37], similarly to what
we found in the narcolepsy mice in the novel object recognition
and Y-maze tests. As Lloyd et al. have described, there are several
manifestations in children with sleep disorders that include
learning difficulties, hyperactivity and mood changes [41].

5. Final comments

This paper is part of a dedicated issue of the Journal of Auto-
immunity to honor themany contributions of Professor Abul Abbas.
It is a particular pleasure for our group to contribute to this issue
because of Abul’s long commitment to the many Congresses of
Autoimmunity. The Congress of Autoimmunity is an international
meeting that occurs every two years. The goal of the Congress, like
so many international meetings, has the broad mission of bringing
together scholars to present their work and improve our under-
standing of autoimmunity. It has, however, served a much larger
purpose which is that of widespread education in immunology to
our younger colleagues and in this respect, Abul Abbas has
graciously volunteered and has led with considerable enthusiasm a
full-day meeting devoted just to an update on cutting-edge
immunology. It is a session which is greeted with incredible
enthusiasm. The success of the Congress which have included
symposia dealing with geoepidemiology, new treatments, gender
susceptibilities, genomics, pregnancy loss, differential diagnosis of
unique and rare syndromes, epigenetics, twins, environmental
factors and of course cellular immunology; all have succeeded in
their own dedicated sessions that come after the initial introduc-
tory immunology course of Abul Abbas and for this we thank him
[42e64]. The next Congress of Autoimmunity will be in Nice, France
in March 2014 and we look forward to another cutting-edge pre-
sentation by Abul. It is therefore with humility and gratitude that
this paper be included in this special issue.

6. Conclusions

We presently demonstrated that antibodies present in the sera
of narcoleptic patients induce narcolepsy-like episodes in naïve
mice after ICV injection. The narcoleptic patients’ serawere positive
for anti-TRIB2, which reinforces the hypothesis that TRIB2 may be a
major auto-antigen in subgroup of narcolepsy that induces the
destruction of orexin neurons in the brain of narcolepsy patients. It
remains unclear how the antibodies responsible for the loss of
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orexin neurons penetrate the blood brain barrier. The recognition
that narcolepsy is an autoimmune disorder has important clinical
implications. Similarly to type I diabetes, the timewindow inwhich
to save orexin neurons from autoimmune destruction may be a
very narrow as demonstrated by a single injection in the present
study. Early detection and prompt therapy of narcolepsy are
indicated.
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ENVIRONMENT AND AUTOIMMUNITY

Behavioral abnormalities in female mice following
administration of aluminum adjuvants
and the human papillomavirus (HPV) vaccine
Gardasil

Rotem Inbar1,2 • Ronen Weiss3,4 • Lucija Tomljenovic1,5 •

Maria-Teresa Arango1,6 • Yael Deri1 • Christopher A. Shaw5
•

Joab Chapman1,7 • Miri Blank1 • Yehuda Shoenfeld1,8

� Springer Science+Business Media New York 2016

Abstract Vaccine adjuvants and vaccines may induce autoimmune and inflammatory manifestations in susceptible

individuals. To date most human vaccine trials utilize aluminum (Al) adjuvants as placebos despite much evidence

showing that Al in vaccine-relevant exposures can be toxic to humans and animals. We sought to evaluate the effects of Al

adjuvant and the HPV vaccine Gardasil versus the true placebo on behavioral and inflammatory parameters in female mice.

Six-week-old C57BL/6 female mice were injected with either, Gardasil, Gardasil ? pertussis toxin (Pt), Al hydroxide, or,

vehicle control in amounts equivalent to human exposure. At 7.5 months of age, Gardasil and Al-injected mice spent

significantly more time floating in the forced swimming test (FST) in comparison with vehicle-injected mice (Al,

p = 0.009; Gardasil, p = 0.025; Gardasil ? Pt, p = 0.005). The increase in floating time was already highly significant at

4.5 months of age for the Gardasil and Gardasil ? Pt group (p B 0.0001). No significant differences were observed in the

number of stairs climbed in the staircase test which measures locomotor activity. These results indicate that differences

observed in the FST were unlikely due to locomotor dysfunction, but rather due to depression. Moreover, anti-HPV

antibodies from the sera of Gardasil and Gardasil ? Pt-injected mice showed cross-reactivity with the mouse brain protein

extract. Immunohistochemistry analysis revealed microglial activation in the CA1 area of the hippocampus of Gardasil-

injected mice. It appears that Gardasil via its Al adjuvant and HPV antigens has the ability to trigger neuroinflammation

and autoimmune reactions, further leading to behavioral changes.

Keywords Gardasil � Aluminum � ASIA syndrome � Autoantibodies � Autoimmunity � Neuroinflammation

Abbreviations

Al Aluminum

ASIA Autoimmune/autoinflammatory syndrome
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b2-GPI b2-Glycoprotein I

FST Forced swimming test

HPV Human papilloma virus

Pt Pertussis toxin

U. S FDA United States Food and Drug Administration
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Introduction

Like other drugs, vaccines can cause adverse events, but

unlike conventional medicines, which are prescribed to

people who are ill, vaccines are administered to healthy

individuals. Hence, there is an added concern regarding

risks associated with vaccinations. While most reported

side effects from vaccines are mild and transient, serious

adverse events do occur and can even be fatal [1, 2].

There are currently major stumbling blocks in our

understanding of the exact mechanisms by which such

events can be triggered. The main reason for this is the

poor methodological quality of many clinical studies that

evaluate vaccine safety and the lack of in-depth research

into adverse phenomena [3]. In addition, adverse events

may not fit into a well-defined category of an autoimmune

disease but rather, present themselves as a constellation of

non-specific symptoms (i.e., arthralgia, myalgia, fatigue,

nausea, weakness, paresthesia, depression, mild cognitive

disturbances) [2]. Another complicating factor in

researching vaccine-related adverse events is that the

latency period between vaccination and the development of

an overt and diagnosable autoimmune and/or neurological

disease can range from days to many months [4–6], likely

depending on individuals’ genetic predispositions and other

susceptibility factors (i.e., previous history of autoimmune

disease or previous history of adverse reactions to

vaccines).

From the above, it is clear that establishing a definite

causal link between vaccinations and disease manifesta-

tions in humans remains a complex task. Thus, the poten-

tial risks from vaccines remain currently ill-understood and

controversial. A further obfuscation to our understanding

of potential risks from vaccinations stems from the per-

sistent use of aluminum (Al) adjuvants-containing placebos

in vaccine trials [7]. Indeed, contrary to popular assump-

tions of inherent safety of Al in vaccines, there is now

compelling data from both human and animal studies

which implicates this most widely used adjuvant in the

pathogenesis of disabling neuroimmuno-inflammatory

conditions [8–11].

Due to their capability of enhancing the immune

response to foreign antigens, substances with adjuvant

properties have been used for decades to enhance the

immunogenicity of human and animal vaccines [12].

Because of their immune-potentiating capacity, adjuvants

enable the usage of smaller amount of antigens in vaccine

preparations and are thus attractive from a commercial

standpoint. Nonetheless, enhanced immunogenicity also

implies enhanced reactogenicity. Indeed, although Al acts

as an effective vehicle for the presentation of antigens, this

process is not always benign since the adjuvant itself is

intrinsically capable of stimulating pathological immune

and neuro-inflammatory responses [9–11, 13–16]. In spite

of these data, it is currently maintained by both the phar-

maceutical industry and drug-regulating agencies that the

concentrations at which Al is used in vaccines does not

represent a health hazard [17].

Apart from potential hazards associated with adjuvant

use, other ingredients in vaccines also have the capacity of

provoking undesirable adverse events. Indeed, since the

mechanisms by which the host’s immune system responds

to vaccination resemble the ones involved in the response

to infectious agents, a recombinant or a live attenuated

infectious antigen used for vaccination, may inflict a range

of immune and autoimmune responses similar to its par-

allel infectious agent [18, 19].

The HPV vaccine Gardasil is one of many vaccines

currently on the market that is adjuvanted with Al. Since

the licensure by the US Food and Drug Administration

(FDA) and subsequent introduction on the market in 2009,

the HPV vaccine has been linked to a variety of serious

neurological and autoimmune manifestations. Notably, out

of 152 total cases identified via PubMed 129 (85 %) are

related to neuro-ophthalmologic disorders (Table 1). It

should be noted that the pattern of adverse manifestations

emerging from HPV vaccine case reports, matches that

reported through various vaccine safety surveillance sys-

tems worldwide, with nervous system and autoimmune

disorders being the most frequently reported [20].

Like most other vaccine safety trials, the trials for the

HPV Gardasil vaccine utilized an Al-containing placebo

[21, 22] and hence the safety profile of the vaccine remains

obscured by the use of a potentially toxic placebo [7].

Thus, in order to investigate better, the safety profile of

Gardasil, as well as the Al adjuvant, in the current study,

we evaluated and compared the effects of Al and whole

HPV vaccine formulation versus that of a true placebo on

behavioral, neurohistological and autoimmune parameters

in young female C57BL/6 mice.

Materials and methods

Mice husbandry

Six-week-old C57BL/6 female mice were obtained from

Harlan Laboratories (Jerusalem, Israel) and were housed in

the animal facility at Sheba Medical Center. The mice were

raised under standard conditions, 23 ± 1 �C, 12-light cycle
(6:30 am–6:30 pm) with ad libitum access to food and

water. The Sheba Medical Center Animal Welfare Com-

mittee approved all procedures.
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Table 1 Summary of cases of autoimmune and inflammatory manifestations following HPV vaccination reported in the peer-reviewed medical

literature

Number of

case reports

Age Symptoms/main clinical features Final diagnosis References

2 17 Visual impairments ADEM [52]

20 Headache, nausea, vomiting, diplopia [53]

5 16 Upper limb pseudoathetosis CIS/MS/ [54]

16 Acute hemiparesis Clinically definite MS

21 Incomplete TM, left optic neuritis

25 Headache, incomplete TM

26 Incomplete TM, brainstem syndrome

2 19 Leg numbness, mid-thoracic back pain Demyelinating disease

unspecified

[55]

18 Blurriness, paresthesia, optic neuritis

1 11 Mood swings, abnormal eye movements, dizziness, leg weakness,

myoclonic jerks

Opsoclonus myoclonus [56]

4 17 Back pain, progressing spastic paraparesis, right arm weakness, left eye

visual loss

Neuromyelitis optica [57]

14 Back pain, right thigh dysesthesias, left optic neuritis

13 TM with flaccid paraplegia

18 Back pain and leg weakness, complete loss of monocular vision

2 16 Visual loss, headaches, left hemiparesis Optic neuritis [58]

17 Visual disturbances, demyelinating lesions [59]

2 27 Paresthesia, demyelinating lesions TM fitting the criteria for MS [59]

26 Progressive paresthesia, demyelinating lesions

1 15 Facial paralysis Bell’s palsy [59]

1 12 Nausea, vertigo, severe limb and truncal ataxia, and persistent nystagmus Cerebellar ataxia [60]

1 19 Chronic (3 months) disabling shoulder pain Brachial neuritis [61]

53 12–39 Orthostatic intolerance, severe non-migraine-like headache, excessive

fatigue, cognitive dysfunction, gastrointestinal discomfort, widespread

neuropathic pain

Dysautonomia, POTS,

orthostatic intolerance and

CRPS

[62]

40 11–17 Headaches, general fatigue, coldness of the legs, limb pain and weakness,

orthostatic intolerance, tremors, persistent asthenia

[63]

6 20 Weight loss, dizziness, fatigue, exercise intolerance [64]

22 Diarrhea, weight loss, fatigue, dizziness, syncope

12 Syncope, pre-syncope, dizziness, small fiber neuropathy

15 Dizziness, headache, pre-syncope, syncope

Paresthesia, tachycardia, fatigue, headache,

14 diarrhea, weight loss

18 Paresthesia, leg pain, orthostatic intolerance, Fatigue, dizziness

4 16 Paresthesia, numbness, limb paralysis, pain [65]

13 Allodynia, numbness, severe pain

15 Paresthesia, numbness, severe pain

12 Paresthesia, muscle weakness, pain

1 14 Headaches, dizziness, recurrent syncope, orthostatic intolerance, fatigue,

myalgias, tachycardia, dyspnea, visual disturbances, phonophobia,

cognitive impairment, insomnia, gastrointestinal disturbances, weight

loss

[66]

2 11 Widespread neuropathic pain, paresthesia, insomnia, profound fatigue Fibromyalgia [67]

14 Widespread neuropathic pain and paresthesia

1 32 Paresthesia, muscle twitching, myalgia, fatigue, hyperhidrosis, and

tachycardia, exercise intolerance

Autoimmune myotonia [68]
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Table 1 continued

Number of

case reports

Age Symptoms/main clinical features Final diagnosis References

3 14 Skin rash, fever, nausea, stomach aches, headache, insomnia, night sweats,

arthralgia, anxiety, depression, amenorrhea, elevated serum levels of

follicle-stimulating hormone (FSH) and luteinizing hormone (LH) and

low levels of estradiol

POF [69]

13 Depression, sleep disturbance, light-headedness, tremulousness, anxiety,

cognitive dysfunction, amenorrhea, high serum levels of FSH and LH

with undetectable estradiol

[70]

21 A menorrhea preceded by oligomenorrhea, high serum levels of FSH and

LH and low estradiol

3 16 5 months amenorrhea preceded by 12 months oligomenorrhea, hot flashes,

low serum levels of estradiol and Anti-Müllerian hormone

18 6 months amenorrhea, low serum levels of estradiol and Anti-Müllerian

hormone

15 3 months amenorrhea preceded by 9 months oligomenorrhea, hot flashes,

low serum levels of estradiol and undetectable Anti-Müllerian hormone

2 15 Vasculitic rash, soft tissue swellings of Vasculitis [71]

ankles and forearms, arthralgia, lethargy, epistaxis

15 Severe flare of cutaneous vasculitis

1 16 Fatigue associated with prolonged menorrhagia, antiplatelet autoantibodies Thrombocytopenic purpura [72]

1 11 Jaundice, hepatosplenomegaly elevated serum aminotransferases Autoimmune hepatitis [73]

1 26 Severe constant epigastric pain, vomiting, fever Pancreatitis [74]

3 17 Arthralgias, pruritic rashes on lower extremities, bipedal edema, livedo

reticularis, proteinuria, positive ANA and anti-dsDNA antibodies

SLE [75]

45 Intermittent fever, generalized weakness, oral ulcers, alopecia, malar rash,

photosensitivity, arthritis, intestinal pseudo-obstruction, ascites, positive

ANA, anti-dsDNA, anti-Ro/SSA and anti- La/SSB antibodies

58 Malar and scalp rashes, fever, easy fatigability, cervical lymph nodes, gross

hematuria and pallor, severe anemia and thrombocytopenia, active

nephritis, patient expired a day after hospital admission

6 32 Fatigue, severe myalgia, polyarthralgia, anorexia, severe skin rash, malar

rash, aphtous stomatitis, pharyngodynia, cervical lymphadenopathy,

alopecia, severe weight loss, anemia, positive ANA and anti-dsDNA

antibodies

[76]

29 Weakness, diarrhea, malar rash, photosensitivity, arthritis, alopecia, severe

weight loss, proteinuria, positive ANA and anti-dsDNA antibodies

16 High-grade fever, generalized asthenia, diffuse polyarthralgia, multiple

erythematous annular cutaneous lesions on the face, trunk, and lower

limbs, positivie ANA and lupus anticoagulant

16 Fever, pharyngodynia, erythematous skin lesions of elbows and knees,

generalized asthenia, anorexia, polyarthralgia, anti-cardiolipin and lupus

anticoagulant

19 Mild arthralgia, dyspnea, cervical lymphadenopathy, skin rash, positive

ANA and anti-dsDNA antibodies

13 Erythematous facial rash, fever, periorbital edema, weight loss, malaise,

fatigue, alopecia, cervical, axillary and inguinal lymphadenopathy,

anemia, thrombocytopenia, positive ANA, anti-RNP, anti-Smith and

anti-RO/SSA antibodies

1 19 Myalgia, arthralgia, generalized weakness, oral ulcers, Raynaud’s

phenomenon, alopecia, headache, dyspnea, tachycardia, positive ANA,

anti-Sm, anti-Ro, anti-RNP, anti-dsDNA, leuko-penia, and complement

consumption

[77]

1 20 Myalgias, arthral-gias, livedo reticularis, Raynaud’s phenomenon,

headache, tinnitus, positive ANA, lupus anticoagulant and anti-CCP

Rheumatoid arthritis [77]
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Injection procedures and experimental design

Six-week-old C57BL/6 female mice received three injec-

tions (spaced 1 day apart) of either (a) quadrivalent HPV

vaccine Gardasil, (b) Gardasil ? pertussis toxin (Pt), (c) Al

hydroxide or (d) vehicle control (19.12 mg/mL NaCl,

1.56 mg/mL L-histidine). The number of injected animals

was 19 per experimental group. Gardasil, Al and vehicle

were injected intramuscularly (i.m.), while the Pt was given

intraperitoneally (ip). The amount of injected Al and the

HPV vaccine was the equivalent of human exposure. In

particular, each mouse in the Gardasil and Gardasil ? Pt

group received 0.25 ll of Gardasil (dissolved in 20 ll of
vehicle solution). 0.25 ll of Gardasil is the equivalent of a
human dose since the average weight of a six-week-old

mice is approximately 20 g. Gardasil is given as a 0.5-mL

dose to teenage girls of cca 40 kg. Thus, a 20-g mouse

receives cca 2000 9 less of the vaccine suspension than a

human. Similarly, each mouse in the Al adjuvant group

received 5.6 lg/kg body weights Al hydroxide dissolved in

20 ll vehicle solution. A single Gardasil dose contains

225 lg of Al and is given to a cca 40-kg female. This

equates to 5.6 lg Al hydroxide/kg body weight. The mice

in the Pt group received 250 ng of Pt with each injection of

Gardasil. Pt was added to this group for the purpose of

damaging the blood–brain barrier. Since the actual adju-

vant form used in Gardasil, amorphous Al hydroxyphos-

phate sulfate (AAHS), is a proprietary brand of the vaccine

manufacturer and is not commercially available, we used

Alhydrogel as a substitute.

Five out of 19 animals from each of the four experi-

mental groups were used for sera collection purposes.

These animals were not subjected to behavioral testing as

sera were collected via retro-orbital bleeding which is a

stressful procedure that in addition often leads to vision

deficits. The behavior of mice was evaluated at three and

6 months post-immunization for (1) locomotor function

and depression by the forced swimming test (FST), (2)

locomotor and explorative activity by the staircase test and

(3) cognitive functions by the novel object recognition test.

Following the first round of behavioral testing at

4.5 months of age, five mice from each of the four

experimental groups were killed and brain tissues were

collected and processed for histological examinations.

Blood specimens were also collected at this time for

serological analysis.

Behavioral tests

Forced swimming test

The FST is the most widely used model of depression in

rodents. It is commonly used for evaluation of antide-

pressant drugs, and experiments aimed at inducing and

examining depressive-like states in basic and pre-clinical

research [23, 24]. Nonetheless, it should be noted that

increased floating time in the FST apart from being

indicative of depressive behavior can also indicate loco-

motor dysfunction. For the purpose of this test, mice were

placed in individual glass beakers (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 a pretest session of

10 min, and later were removed from the cylinder, and then

returned to their home cages. Twenty-four hours later (day

2), the mice were subjected to a test session for 6 min. The

behavioral measure scored was the duration (in seconds) of

immobility or floating, defined as the absence of escape-

oriented behaviors, such as swimming, jumping, rearing,

sniffing or diving, recorded during the 6-min test.

Staircase test

Locomotor, explorative activity and anxiety were evalu-

ated by the staircase test, as described previously by Kat-

zav et al. [25]. In this test, stair-climbing and rearing

frequency are recorded as measures of general locomotor

function, exploratory activity and anxiety/attention. The

staircase maze consisted of a polyvinyl chloride enclosure

with five identical steps, 2.5 9 10 9 7.5 cm. The inner

height of the walls was constant (12.5 cm) along the whole

length of the staircase. The box was placed in a room with

constant lighting and isolated from external noise. Each

Table 1 continued

Number of

case reports

Age Symptoms/main clinical features Final diagnosis References

1 16 Knee joint swelling, low back, buttock and chest wall pain, elevated

leukocyte count in the synovial fluid, elevated C-reactive protein

Juvenile spondyloarthropathy [77]

Out of 152 reported cases, 129 (85 %) relate to neuro-ophthalmic disorders

ANA antinuclear antibodies; ADEM acute disseminated encephalomyelitis; CIS clinically isolated syndrome; CRPS complex regional pain

syndrome; MS multiple sclerosis; POF primary ovarian failure; POTS postural orthostatic tachycardia syndrome (disorder of the autonomic

nervous system); SLE systemic lupus erythematosus; TM transverse myelitis
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mouse was tested individually. The animal was placed on

the floor of the staircase with its back to the staircase. 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 the stair or against the wall. The

number of stairs descended was not taken into account.

Before each test, the animal was removed and the box

cleaned with a diluted alcohol solution to eliminate smells.

Novel object recognition test

This is a visual recognition memory test based on a method

described by Tordera et al. [24]. The apparatus, an open-

field box (50 9 50 9 20 cm), was constructed from ply-

wood painted white. Three phases (habituation, training

and retention) were conducted on three separate test days.

Before the training session, the mice were individually

habituated by allowing them to explore the box for 10 min

(day 1). No data were collected at this phase. During

training sessions (day 2), two identical objects were placed

into the box in the northwest and southeast corners (ap-

proximately 5 cm from the walls), 20 cm away from each

other (symmetrically) and then the individual animal was

allowed to explore them for 5 min. Exploration of an

object was defined as directing the nose to the object at a

distance of B1 cm and/or touching it with the nose and

rearing at the object; turning around or sitting near the

object was not considered as exploratory behavior. The

time spent in exploring each object was recorded as well as

the number of interactions with both objects. The animals

were returned to their home cages immediately after

training. During the retention test (day 3), one of the

familiar objects used during the training session was

replaced by a novel object. Then, the animals were placed

back into the box and allowed to explore the objects for

5 min. The same parameters were measured as during the

training session, namely the time spent in exploring each of

the two objects and the number of interactions with them.

All objects were balanced in terms of physical complexity

and were emotionally neutral. The box and the objects

were thoroughly cleaned by 70 % alcohol before each

session to avoid possible instinctive odorant cues. A pref-

erence index, a ratio of the amount of time spent exploring

any one of the two items (old and new in the retention

session) over the total time spent exploring both objects,

was used to measure recognition memory.

Statistical analysis

Results are expressed as the mean ± SEM. The differences

in mean for average immobility time in the FST, the

staircase test parameters (number of rearing and stair-

climbing events) and novel object recognition were eval-

uated by ANOVA and Tuckey for multiple comparisons in

the post hoc analysis. Significant results were determined

as p\ 0.05.

Brain perfusion and fixation

The mice were anesthetized by an i.p. injection of ketamine

(100 mg/kg) and xylazine (20 mg/kg) and killed by tran-

scardiac perfusion with phosphate-buffered saline (PBS)

followed by perfusion with 4 % paraformaldehyde (PFA,

Sigma-Aldrich Israel Ltd., Rehovot Israel) in phosphate

buffer (PO4, pH 7.4). After perfusion, the brain was quickly

removed and fixed overnight in 4 % PFA (in PO4, pH 7.4)

at 4 �C. On the following day, the brain was cryoprotected

by immersion in 30 % sucrose in 0.1 M PO4 (pH 7.4) for

24–48 h at 4 �C before brain cutting. Frozen coronal

Sects. (30–50 lm) were cut on a sliding microtome (Leica

Microsystems GmbH, Wetzlar, Germany), collected seri-

ally and kept in a cryoprotectant at -20 �C until staining.

Detection of autoantibodies in the sera

The levels of autoantibodies in the mice sera were tested by

a homemade ELISA 1 month post-injection. Briefly,

ELISA plates (M9410, Sigma-Aldrich) were coated sepa-

rately with 20 lg/well of different antigens: Gardasil

which contains the HPV L1 major capsid protein of HPV

types 6, 11, 16 and 18, mouse brain protein extract, mouse

brain phospholipid extract, Al hydroxide, dsDNA and

b2glycoprotein-I (b2GPI). The plates were incubated

overnight at 4 �C, washed and blocked with 3 %BSA in

PBS 1 h at 37 �C. Sera were added at dilution of 1:200 for

2 h at room temperature. The binding was probed with goat

anti-mouse IgG conjugated to alkaline phosphatase at

concentration of 1:5000 for 1 h at 37C. Following appro-

priate substrate, the data were read by ELISA reader at

405 nm.

Inhibition assay

Brain protein extracts were prepared by lysis of brains from

five healthy C57BL/6 mice, using ice-cold lysis buffer

containing 50 mM Tris (pH 7.5), 150 mM NaCl, 10 %

glycerol, 1 % Triton X-100, 1 mM EDTA,1 mM PMSF,

1 mM sodium vanadate, 0.1 % protease inhibitor mixture

(Sigma-Aldrich L-4391 St Louis, MO, USA) for 30 min on

ice and centrifuged at 13,000 rpm for 20 min. The lysate

was dialyzed against PBS. Protein concentration was

determined by BCA Protein Assay Kit (Pierce, Thermo

scientific, Rockford, IL, USA).
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ELISA plates were coated with the HPV vaccine Gar-

dasil which contains the HPV L1 major capsid protein of

HPV types 6, 11, 16 and 18. Following blocking with 5 %

skim milk powder, sera from the immunized mice, at dif-

ferent dilutions 1:200–1:10,000, were added to the plates in

order to define 50 % binding of the sera to the HPV. Next,

dilutions of sera which showed 50 % binding to HPV were

incubated overnight at 4 �C with different concentrations

of mouse brain protein extract (10–50 lg/ml) as the inhi-

bitor. The following day, the mixtures were subjected to

ELISA plates coated with HPV for 2 h at room tempera-

ture. The binding of the antibodies which did not create

complex with the brain protein extract was probed with

anti-mouse IgG conjugated to alkaline phosphatase, fol-

lowed by the appropriate substrate. The percentage of

inhibition was calculated as follows: % inhibi-

tion = 100 - [(OD of tested sample without inhibi-

tor - OD of tested sample with inhibitor)/(OD of tested

sample without inhibitor)] 9 100.

Brain tissue immunostaining

Brain sections were stained free-floating, incubated with

the first antibodies overnight at 4 �C. The slices were then

washed in PBS ? 0.1 % Triton X-100 and incubated at

room temperature for 1 h with the corresponding fluores-

cent chromogens-conjugated secondary antibody. Sec-

tions were stained for specific antigens with antibodies

against activated microglia (anti-Iba-1, polyclonal, Abcam,

Cambridge, UK) and astrocytes (anti-GFAP monoclonal,

Dako, Carpinteria, CA, USA). Counter staining was per-

formed with Hoechst (Sigma-Aldrich Israel Ltd., Rehovot

Israel).

Image acquisition, quantification and statistical analyses

Iba-1 and GFAP immunostaining was visualized

using 9 4/0.1 NA, 9 10/0.25 NA and 9 40/0.65 NA

objective lenses on a Nikon eclipse 50i fluorescence

microscope equipped with a Nikon DS Fi1 camera. In order

to minimize bleaching of the fluorescence, images were

obtained by serially moving the slide with no fluorescence

and then acquiring the images in a standard manner. All

sections were then studied quantitatively for differences in

immunostaining density among the groups, using Image J

software (NIH, USA). Region of interests (ROIs) was

drawn manually using the ‘Polygon selection’ tool. Brain

regions were identified using a mouse brain atlas. ROIs

were chosen to represent anatomical regions previously

shown to be involved in cognition and/or to exhibit vari-

able sensitivity to neuroinflammation in other models. The

mean intensity of the specific ROIs (910 magnification)

was recorded for each individual animal recorded

(Analyze � Measure), and data were analyzed using SPSS

statistical software (version 15.0). Univariate analysis was

conducted for each ROI/Antibody separately using ‘group’

as a fixed factor and ‘experiment’ as a Covariate. Post hoc

analysis, one-way ANOVA, Student’s t test, simple

regression or correlation analysis was used when appro-

priate, according to the experimental design. Significance

level was determined in one-tailed and two-tailed tests. The

level of statistical significance of differences is p\ 0.05.

Results

Behavioral tests

The ANOVA analysis showed significant differences in the

performance of the mice in the forced swimming and the

staircase tests 3 months after injection (Fig. 1). The

specific differences were detected by the post hoc test

which showed that the two groups injected with the Gar-

dasil vaccine spent significantly more time floating com-

pared to control mice and Al-injected mice (Fig. 1a). No

significant differences were found between the groups in

the overall memory skills (measured by the novel object

recognition test), locomotor function, exploratory activity

and anxiety which were measured in the staircase apparatus

(Fig. 1c).

The analysis after the behavioral testing at 6 months

post-injection demonstrated that the alterations in the FST

performance were sustained in the group injected with

Gardasil ? Pt compared to control mice (p = 0.024;

Fig. 1b), indicating that the effect of Gardasil ? Pt expo-

sure was long-lasting. Moreover, at 6 months post-injec-

tion, the Al-injected group likewise spent significantly

more time floating compared to the control group

(p = 0.044, Fig. 1b). Although the Gardasil group showed

increased floating time compared to the vehicle-injected

control group, the observed difference was not statistically

significant. Given that after the first round of testing at

3 months post-injection, we killed five animals from each

of the four experimental groups; it is possible that our

experiment was insufficiently powered to detect milder

adverse effects arising from the different treatments. Sig-

nificant differences were also observed in the rearing fre-

quency in the staircase test. Namely, the Al-injected mice

showed a significantly lower frequency of rearing com-

pared to the group injected with Gardasil ? Pt in the

staircase test (p = 0.021; Fig. 1d). A lower frequency of

rearing is an indication of a reduced exploratory response

to a novel environment, and, it can also indicate a non-

selective attention deficit. There was no statistically sig-

nificant difference in the number of stairs climbed in the

staircase test between the groups (not shown). In the FST,
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however, the changes were still significant despite the

lower number of animals. No significant differences in

behavior were observed in the novel object recognition test.

Autoantibody profile and inhibition assay

One month post-injection of either Al, Gardasil and Gar-

dasil ? Pt, the profile of serum antibodies was analyzed at

dilution of 1:200. Elevated levels of antibodies recognizing

the HPV L1 capsid protein of HPV types 6, 11, 16 and 18

(p\ 0.002), as well as anti-brain protein extract

(p\ 0.002) and anti-brain phospholipid extract antibodies

(p\ 0.001) were observed in the two groups of mice that

received the HPV vaccine (Fig. 2). The titers of anti-HPV

antibodies, anti-brain protein extract and anti-brain phos-

pholipid extract antibodies were reduced after 2 months

(data not shown). No elevation in the titers of anti-Al-

hydroxide, anti-dsDNA and anti-b2GPI antibodies, was

detected in the sera of any of the four treatment groups of

mice (Fig. 2).

The binding of anti-HPV antibodies from the sera from

the two treatment groups immunized with Gardasil to HPV

L1 antigens was significantly inhibited by the mouse brain

protein extract in a dose-dependent manner in comparison

with Al-injected mice whose sera were negative for anti-

HPV antibodies (Fig. 3).

Brain tissue immunostaining

Following the behavioral tests at 4.5 months of age, five

animals were killed from each of the four experimental

groups and used for brain immunostaining procedures.

With this relatively small group size, there were no clear

changes between the groups in both astrocyte and

Fig. 1 Effects of Al, Gardasil and Gardasil ? Pt toxin injections on

behavioral tests. a and b show the floating time in C57BL/6 female

mice as evaluated by the forced swimming test (FST). Results are

presented as duration in seconds (mean ± SEM) of immobility,

defined as the absence of escape-oriented behaviors, such as

swimming, jumping, rearing, sniffing or diving, recorded during the

6-min test. a Three months post-injection (n = 14 per treatment

group); b Six months post-injection (n = 9 per treatment group). b,
c show the reduced exploratory activity in C57BL/6 female mice as

evaluated by the rearing frequency in the staircase test. Results are

presented as the number of rears (mean ± SEM) during a 3-min

testing period. a Three months post-injection (n = 14 per treatment

group); b Six months post-injection (n = 9 per treatment group)
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microglia staining in any of the regions of interests we

investigated (CA1, CA3, dentate gyrus and the striatum).

Nonetheless, there was a significant difference between the

groups in the density of Iba-1 immunostaining using one-

tailed analysis (p = 0.046). Further post hoc analysis

revealed significant increase in Iba-1 density in the CA1 of

Gardasil-immunized mice compared to Al-injected mice

(p = 0.017; Fig. 4). These results suggest that the CA1

might be vulnerable to small changes in neuroinflammation

as a result of Gardasil immunization.

Discussion

The present results show alteration of behavioral responses

and neuro-inflammatory changes in mice as a result of Al

and Gardasil vaccine injection in exposure doses which are

equivalent to those in vaccinated human subjects. In par-

ticular, mice injected with Al and Gardasil spent signifi-

cantly more time floating in the FST test (measure

indicative either of locomotor dysfunction or depressive

behavior), compared to control animals (Fig. 1a, b). In

contrast, no significant differences were observed in the

number of stairs climbed in the staircase test which is a

measure of locomotor activity.

In addition, the Al-injected group showed abnormal

responses to a novel environment, which was manifested in

reduced rearing frequency in the staircase test, which

indicates a reduction in exploratory behavior (Fig. 1d). The

number of stairs and rears in this test is normally used to

provide measures of general physical motor abilities and

level of interest in the novelty of the environment. Rearing

in response to environmental change (i.e., removing a

mouse from the home cage and placing the animal in an

open box or a staircase apparatus) is also considered an

index of non-selective attention in rodents, while rearing

Fig. 2 Titers of serum antibodies 1 month post-injectionwith either Al

(A), Gardasil (G), Gardasil ? Pt toxin (Gp) and vehicle (V). A

homemade ELISA was used to detect the levels of anti-HPV, anti-Al

hydroxide (Alum), anti-mouse brain protein extract, anti-mouse brain

phospholipid (PL) extract, anti-dsDNA and anti-b2glycoprotein-I
(b2GPI) antibodies in the sera of immunized mice. Pools of sera

(n = 5 per treatment group) were used as samples. All sera samples

were assayed in triplicate. Data are presented as mean OD 405 ± SEM

Fig. 3 Inhibition of the binding of antibodies from the sera of

Gardasil-injected mice to components of the vaccine (presumably the

HPV antigens) by the mouse protein extract. Pools of sera (n = 5 per

treatment group) were used as samples. All sera samples were assayed

by duplicates in independent experiments. Data are presented as mean

(% Inhibition) ± SEM where % inhibition = 100 - [(OD of tested

sample without inhibitor - OD of tested sample with inhibitor)/(OD

of tested sample without inhibitor)] 9 100 (inverted triangle) Al,

(filled balck circle) Gardasil, (open circle) Gardasil ? Pt

Fig. 4 Iba-1 immunostaining in the CA1 area of the hippocampus of

C57BL/6 female mice injected with Al, Gardasil and Gardasil ? Pt

toxin. Brain sections from five animals out of each group were

examined quantitatively for differences in immunostaining density

using Image J software (NIH, USA) as described in ‘‘Materials and

methods’’. The data are presented as % mean (% Intensity) ± SEM
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during object investigation likely reflects selective atten-

tion [26].

We further observed significant increase in levels of

anti-HPV antibodies, and antibodies targeting the brain

protein and the brain phospholipid extract components in

the two groups of mice that received the Gardasil injection

(Fig. 2). Moreover, the recognition of vaccine components

(presumably the HPV L1 capsid protein species) by the

antibodies from the sera of Gardasil-immunized mice was

inhibited in a dose-dependent manner by the mouse brain

protein extract (Fig. 3). On the basis of these results, it

would appear that the anti-HPV antibodies from Gardasil-

vaccinated mice have the capacity to target not only the

HPV antigens but also brain antigen(s), either directly or

via negatively charged phospholipids. Finally, we observed

significant inflammatory changes in the Gardasil-injected

mice, namely the presence of activated microglia in the

CA1 area of the hippocampus (Fig. 4).

Possible mechanisms of vaccine-induced injury

The role of adjuvants

It is interesting to note that, in our hands, the extent of

adverse neurological manifestations was similar in the

three treatment groups whose only common denominator

was the Al compound. As we noted above, the clinical

trials for both HPV vaccines, Gardasil and Cervarix, used

an Al-containing placebo and the safety of the vaccines

was thus presumed on the finding that there was an equal

number of adverse events in the vaccine and the alleged

placebo group [21, 22, 27–31]. The HPV vaccines, like

many other vaccines, are adjuvanted with Al in spite of

well-documented evidence that Al can be both neuro- and

immuno-toxic [10, 11, 13, 32–35] and hence does not

constitute an appropriate placebo choice.

The appearance of diverse adverse neurological and

immuno-inflammatory manifestations following routine

vaccinations is well documented in the medical literature

(Table 1). Although the classical explanations for these

phenomena have largely centered on vaccine antigens, in

recent years attention has shifted to Al adjuvants. Conse-

quently, in the last decade, studies on animal models and

humans have indicated that Al adjuvants have an intrinsic

ability to inflict adverse immune and neuro-inflammatory

responses [9–11, 13, 14, 33, 35–37]. This research culmi-

nated in delineation of ASIA-‘autoimmune/inflammatory

syndrome induced by adjuvants’, which encompasses the

wide spectrum of adjuvant-triggered medical conditions

characterized by a misregulated immune response [2].

Notably, the vast majority of adverse manifestations

experimentally triggered by Al in animal models and those

associated with administration of adjuvanted vaccines in

humans are neurological and neuropsychiatric [2]. These

observations should not be particularly surprising given

Al’s well-established neurotoxic properties [38, 39]. What

has, however, been argued is that the concentrations at

which Al is used in vaccines are not sufficient to cause

neurotoxicity [17, 40]. This argument, however, is not

supported by recent evidence.

It should be noted that the long-term biodistribution of

nanomaterials used in medicine is largely unknown. This is

likewise the case with the Al vaccine adjuvant, which is a

nanocrystalline compound spontaneously forming

micron/submicron-sized agglomerates. It has been recently

demonstrated that Al adjuvant compounds from vaccines,

as well as Al-surrogate fluorescent nanomaterials, have a

unique capacity to cross the blood–brain and blood–cere-

brospinal fluid barriers and incite deleterious immuno-in-

flammatory responses in neural tissues [10, 13, 41]. Thus, a

proportion of Al particles escapes the injected muscle,

mainly within immune cells, travels to regional draining

lymph nodes, then exits the lymphatic system to reach the

bloodstream eventually gaining access to distant organs,

including the spleen and the brain. Moreover, the Trojan

horse mechanism by which Al loaded in macrophages

enters the brain, results in the slow accumulation of this

metal, due to lack of recirculation [10, 41]. The sustained

presence of Al in central nervous system tissues is likely

responsible for the myriad of cognitive deficits associated

with administration of Al-containing vaccines in patients

suffering from post-vaccination chronic systemic disease

syndromes including macrophagic myofasciitis (MMF)

[9, 11, 35].

Thus, contrary to prevalent assumptions, Al in the

adjuvant form is not rapidly excreted but rather, tends to

persist in the body long-term. As demonstrated by Khan

et al. [41], intramuscular injection of Al-containing vaccine

in mice is associated with the appearance of Al deposits in

distant organs, such as spleen and brain, which were still

detected 1 year after injection. Similarly, Al-particle fluo-

rescent surrogate nanomaterials injected into muscle were

found to translocate to draining lymph nodes and thereafter

were detected associated with phagocytes in blood and

spleen. Particles linearly accumulated in the brain up to the

6-month end point. They were first found in perivascular

CD11b ? cells and then in microglia and other neural

cells. The ablation of draining lymph nodes dramatically

reduced the biodistribution of injected Al-fluorescent sur-

rogate nanocompounds. In addition, the nanoparticle

delivery into the brain was found to be critically dependent

on the major monocyte chemoattractant protein MCP-1/

CCL2 as intramuscular injection of murine rCCL2 strongly

increased particle incorporation into intact brain while

CCL2-deficient mice had decreased neurodelivery [41].
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In the ASIA syndrome, there could be a the prolonged

hyperactivation of the immune system and chronic

inflammation triggered by repeated exposure and unex-

pectedly long persistence of Al adjuvants in the human

body (up to years post-vaccination) [6, 42]. It is probable

that one of the reasons why Al adjuvants are retained long-

term in bodily compartments including systemic circula-

tion is due to their tight association with vaccine antigens

or other vaccine excipients [43]. Even dietary Al has been

shown to accumulate in the central nervous system over-

time, producing Alzheimer’s disease type outcomes in

experimental animals given dietary equivalent amounts of

Al to what humans consume through a typical Western diet

[44].

The ability of Al adjuvant nanoparticles to cross the

blood–brain barrier via a macrophage-dependent Trojan

horse mechanism may explain in part why some vaccines

have a predilection to affect the central nervous system

[8, 10, 33, 35, 39]. Another explanation comes from the

fact that Al nanomaterials can on their own damage the

blood–brain barrier and induce neurovascular injury

[16, 45]. Collectively, these studies [16, 41, 45] show that

nano-Al can accumulate in brain cells, inducing nerve and

blood vessel damage and protein degradation in the brain.

Persistent accumulation of nano-Al compounds regardless

the source (i.e., vaccines, dietary) in the central nervous

system may thus increase the likelihood of the develop-

ment of acute and/or chronic neurological disorders.

With respect to the particular Al compounds used in

HPV vaccines, AAHS in Gardasil and ASO4 (3-0-desacyl-

40-monophosphoryl lipid A (MPL) adsorbed onto Al

hydroxide) in Cervarix, it should be noted that these new

adjuvants induce a much stronger immune response than

conventional Al adjuvants used in other vaccines (i.e., Al

hydroxide and Al phosphate) [46]. Stronger immuno-

genicity of an adjuvant formulation also implies by default

stronger reactogenicity and risk of adverse reactions.

Because of the differences in immune-stimulating proper-

ties between different Al adjuvant compounds, safety of a

particular adjuvant formulation cannot be a priori assumed

on the basis of the allegedly good historical track record of

other formulations. Rather, they need to be thoroughly

evaluated case by case.

According to the US FDA, a placebo is, ‘an inactive pill,

liquid, or powder that has no treatment value’ [47]. From

the literature cited above as well as the present study, it is

obvious that Al in adjuvant form is neither inactive nor

harmless and hence cannot constitute as a valid placebo.

Commenting on the routine practice of using Al-based

adjuvants as placebos in vaccine trials Exley recently stated

that it is necessary to make a very strong scientific case for

using a placebo which is itself known to result in side

effects and that no scientific vindication for such practice is

found in the relevant human vaccination literature [7].

Conceivably, there is even less justification for using a

novel and more potent Al formulation than those that have

been in standard use (Al phosphate and hydroxide). The

only aim that this practice achieves is to give potentially

misleading data on vaccine safety. Moreover, it is unethical

to give a placebo to healthy clinical trial subjects that has

no benefit but rather, may cause harm.

The role of vaccine-induced antigens: immune cross-

reaction

As noted above, we observed significant elevation of

antibodies recognizing Gardasil components, most likely

the HPV L1 capsid protein of HPV types 6, 11, 16 and 18

(p\ 0.002) and of antibodies targeting the mouse brain

protein (p\ 0.002) and phospholipid extracts (p\ 0.001)

in the sera of Gardasil-immunized mice (Fig. 2). The

binding of anti-HPV antibodies from the sera of mice

injected with Gardasil to components of the HPV vaccine,

presumably the HPV L1 antigens, was inhibited in a dose-

dependent manner by using mouse brain protein extract as

the inhibitor (Fig. 3). Taken together, these results suggest

that antibodies from Gardasil-vaccinated mice have the

capacity to target not only the HPV L1 antigens but also

brain antigen(s), either directly or via negatively charged

phospholipids.

This interpretation is consistent with the findings of

Kanduc [48] who showed that antigen present in both HPV

vaccines Gardasil and Cervarix (the major capsid L1 pro-

tein of HPV-16) shares amino acid sequence similarity

with numerous human proteins, including cardiac and

neuronal antigens, human cell-adhesion molecules,

enzymes and transcription factors. Moreover, such con-

tention is also supported by a case of severe acute cere-

bellar ataxia (ACA) following HPV vaccination where

combined immunosuppressive therapy with methylpred-

nisolone pulse and intravenous immunoglobulin (IVIG)

therapies as well as immunoadsorption plasmapheresis

resulted in complete recovery of the patient. In this par-

ticular case, the patient (12-year-old girl) developed

symptoms of ACA, including nausea, vertigo, severe limb

and truncal ataxia, and bilateral spontaneous continuous

horizontal nystagmus with irregular rhythm, 12 days after

administration of the HPV vaccine. Severe ACA symptoms

did not improve after methylprednisolone pulse and IVIG

therapies, but the patient recovered completely after

immunoadsorption plasmapheresis [49]. Although no sig-

nificant antibodies were detected in this patient, the

remarkable effectiveness of immunoadsorption plasma-

pheresis strongly suggested that some unidentified anti-

bodies were involved in the pathophysiology of ACA [49].

Citing the work of Kanduc [50], the authors of this case
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have stated that further research on molecular mimicry

between human proteins and HPV16 L1-derived peptide is

needed to determine the exact pathologic mechanism of

ACA [49]. Altogether, these observations suggest that

possible immune cross-reactions derived from utilization

of HPV L1 antigens in current HPV vaccines might be a

risk for cardiovascular and neurological autoimmune

abnormalities [48, 50]. Our observation that nearly 85 %

(129/152) of HPV vaccine adverse case reports in the

current scientific literature relate to neuro-ophthalmic

abnormalities may lend further support for this conclusion

(Table 1).

Conclusions

In summary, both Al and Gardasil vaccine injections

resulted in behavioral abnormalities in mice (Figs. 1, 2, 3).

Furthermore, immunostaining analysis showed an increase

in the Iba-1 density in the CA1 area of the hippocampus in

Gardasil-immunized mice in comparison with Al-injected

mice, thus suggesting that CA1 might be vulnerable to

neuroinflammation as a result of Gardasil immunization

(Fig. 4).

In addition, we observed that the brain protein extract

significantly inhibited in a dose-dependent manner, the

binding of total IgG isolated from the sera of Gardasil-

immunized mice to components of the vaccine, most likely,

the HPV L1 capsid antigenic component (Fig. 3). There-

fore, it is likely that mice immunized with the HPV vaccine

developed cross-reactive anti-HPV antibodies which in

addition to binding to the HPV L1 capsid protein may also

bind to brain auto-antigens. The putative target anti-

gen(s) should be further identified by immunoprecipitation

and proteomics analyses.

In light of these findings, this study highlights the

necessity of proceeding with caution with respect to further

mass-immunization practices with a vaccine of yet unpro-

ven long-term clinical benefit in cervical cancer prevention

[20, 51] and which in the other hand is capable of inducing

immune-mediated cross-reactions with neural antigens of

the human host. This note of caution becomes even more

relevant when considering the continually increasing

number of serious disabling neurological adverse events

linked to HPV vaccination reported in the current medical

literature (Table 1) and in vaccine surveillance databases

[20].

Finally, in light of the data presented in this manuscript,

new guidelines should be requested on the use of appro-

priate placebos in vaccine safety trials [7].
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Abstract Human papillomavirus vaccine (HPVv) is used worldwide for prevention of infection. However several reports

link this vaccine, with immune-mediated reactions, especially with neurological manifestations. Our previous results

showed that HPVv-Gardasil and aluminum-immunized mice developed behavioral impairments. Studies have shown a

positive effect of phospholipid supplementation on depression and cognitive functions in mice. Therefore, our goal was to

evaluate the effect of a dietary supplement on vaccine-induced depression. Sixty C57BL/6 female mice were immunized

with HPVv-Gardasil, aluminum or the vehicle (n = 20 each group), and half of each group were fed 5 times per week with

0.2 ml of a dietary supplement enriched with phosphatidylcholine. The mice were evaluated for depression at 3 months of

age, by the forced swimming test. Both the Gardasil and the aluminum-treated mice developed depressive-like behavior

when compared to the control group. The HPVv-Gardasil-immunized mice supplemented with phosphatidylcholine sig-

nificantly reduced their depressive symptoms. This study confirms our previous studies demonstrating depressive-like

behavior in mice vaccinated with HPVv-Gardasil. In addition, it demonstrates the ability of phosphatidylcholine-enriched

diet to attenuate depressive-like behavior in the HPVv-Gardasil-vaccinated mice. We suggest that phosphatidylcholine

supplementation may serve as a treatment for patients suffering vaccine-related neurological manifestations.

Keywords Gardasil � Aluminum � Depression � Behavior � Autoimmunity

Abbreviations

HPVv Human papillomavirus vaccine

HPV Human papillomavirus

ASIA Autoimmune/inflammatory syndrome

induced by adjuvants

PC Phosphatidylcholine

FST Forced swimming test

MANOVA Multivariate analysis of variance

CNS Central nervous system

CFS Chronic fatigue syndrome

PS Phosphatidylserine

GC Glucocorticoid
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7 Incumbent of the Laura Schwarz-Kip Chair for Research of

Autoimmune Diseases, Tel Aviv University, Tel Aviv, Israel

Yehuda Shoenfeld

123

Immunol Res

DOI 10.1007/s12026-016-8818-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s12026-016-8818-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12026-016-8818-6&amp;domain=pdf


Introduction

Vaccines represent the most successful and sustainable

approach to eradicate infectious diseases. Indeed, signifi-

cant infectious diseases, such as small pox, have been

eliminated thanks to worldwide vaccination programs. As a

result, vaccination programs are the mainstay of preventive

medicine in modern health systems. In order to efficiently

design a vaccine, there is a need to unravel the life cycle of

a specific pathogen and the disease it is related to. For

instance, the discovery of the causal association between

human papillomavirus (HPV) and few cervical cancers

leads to the development of a prophylactic vaccine, the

human papillomavirus vaccine [1]. Since 2006 the human

papillomavirus vaccine (HPVv), mainly Gardasil, has been

used worldwide for prophylactic protection of girls in

puberty age, it has been suggested that Gardasil� can

provide protection against persistent cervical HPV 16 and

18 strain infections for up to 8 years, which is the maxi-

mum time of research follow-up thus far [2, 3]. However,

more evidence is needed to support this claim.

However, this vaccine and its adjuvant aluminum

hydroxide have been reported to be associated with a variety

of neurological and autoimmune manifestations [4–6]. It has

been suggested that post-vaccination immune-mediated

symptoms are part of the ‘‘Autoimmune/inflammatory syn-

drome induced by adjuvants’’ (ASIA) syndrome [7].

Worldwide vaccine safety surveillance systems describe

numerous case reports regarding Gardasil’s adverse effects,

a large proportion of them related to the nervous system

[5, 8]. Recently Inbar et al. [6] performed a review of the

literature and summarized 152 cases of autoimmune and

inflammatory manifestations following HPV vaccination. In

out of 152 reported cases, 129 (85 %) were related to neuro-

ophthalmic disorders. In addition, we have recently

demonstrated that HPVv-Gardasil and aluminum-immu-

nized young female mice exhibited behavioral and cognitive

impairments, mainly depression and memory decline [6].

The strongest effect was found in mice at 3 and 6 months of

age, in which Gardasil and aluminum injection lead to

depressive-like behavior. It is hypnotized that Gardasil via

its aluminum adjuvant and HPV antigens has the ability to

trigger neuroinflammation and autoimmune reactions, fur-

ther leading to behavioral changes [6]. This may be due to

cross-reactivity between the vaccine and human proteins, as

demonstrated by Kanduc [9, 10]. This bioinformatics

approach demonstrated cross-reactivity between more than

80 peptides of serotype 16 HPV proteins and human proteins

related to crucial cellular processes, such as adhesion

molecules, peptides responsible for leukocyte differentia-

tion and spermatogenesis, transcription factors, and neu-

ronal antigens [10].

Phosphatidylcholine (PC) is the main constituent of the

cell membrane, and being so, it is an essential phospholipid

in mammalian cells and tissues. PC can be synthesized in

nucleated cells or consumed through the diet. In neurons,

PC is produced in the cell bodies, but also in the axons,

where they contribute to neuron plasticity and axonal

growth [11]. PC is also the precursor of other important

molecules, such as other phospholipids (i.e. phos-

phatidylserine), and neurotransmitters (acetylcholine)

[12, 13]. Previous studies showed a positive effect of

phospholipids supplementation on depression and cogni-

tive function in rodents [14] and humans [15–17]. There-

fore, our goal was to evaluate the effect of a phospholipid

dietary supplement on the depression-like behavior

induced by Gardasil in immunized mice.

Materials and methods

Vaccine and adjuvant

In order to administrate equivalent doses of the Gardasil

vaccine and its adjuvant, we normalized them according to

mouse weight [6]. Briefly, we took in consideration the

average weight of 40 kg of teenage girls. Therefore, a 20 g

mouse received 2000 times less of the vaccine suspension.

Secondly, considering that the adjuvant employed in the

vaccine is not commercially available, we calculate the

amount of aluminum hydroxide in a single dose of Gardasil.

Therefore, each mouse received 5.6 lg/kg body weights alu-
minum which was dissolved in a vehicle reported in the vac-

cine consistent of 19.12 lg/mLNaCl, 1.56 lg/mL L-histidine.

Dietary supplement

Phospholipid supplement contained: Phosphatidylcholine

(PC), phosphatidylethanolamine, phosphatidylinositol,minor

glycolipids, linoleic and alpha linolenic acids, as well as

minor fatty acids dissolved in ethanol. The solution included

also Omega 3 and 6 in a ratio of 1:4. The phospholipid sup-

plementation was given in a concentration of 600 mg/ml

(BodyBio, Liquid Phosphatidylcholine, Millville, New Jer-

sey, 08332, USA). The supplement was purchased through

internet in its main website (http://www.bodybio.com/

storeproduct426.aspx). We have no conflict of interests with

the BodyBio Company.

Mice husbandry and experimental design

Female C57BL/6 mice at the age of 6 weeks (Harlan Lab-

oratories Jerusalem, Israel) were kept under standard con-

ditions, at 23 ± 1 �C, 12-h light cycle with ad libitum access
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to food and water. They were housed in the animal facility at

Sheba Medical Center where the Welfare Committee

approved all procedures. The animals were divided in three

different groups of 20 animals each, and they received three

intramuscular (i.m.) injections (1 day apart) as follows:

Group 1: aluminum hydroxide; group 2: quadrivalent HPV

vaccine Gardasil; and group 3: vehicle control (19.12 lg/
mL NaCl, 1.56 lg/mL L-histidine). In addition, ten mice

from each group were fed 5 times per week with 0.2 ml of

the dietary supplement enriched with PC.

Behavioral tests

Mice were weighted, and their behavior was evaluated at

3 months of age for depression by the forced swimming

test (FST), strength and motor function by the rotarod test.

Rotarod

The rotarod was used to test general motor function and

motor learning according to the protocol of Katzav et al.

[18]. The time that a mouse could remain walking on a

rotating axle (3.6 cm diameter; speed of rotation: 16 rpm)

without either falling or clenching onto the axle was

measured. Each mouse was tested for 60 s. The mean of 3

consecutive trials was recorded for each mouse. A day

prior to testing, the mice were habituated to the rotarod.

Forced swimming test

This test is based on Porsolt et al.’s description [18–20]. The

mice were subjected to two sessions: first a pretest of 10 min

and finally a test session for 6 min. The behavioral measure

scoredwas the duration (in seconds) of immobility, defined as

the absence of any escape-oriented behaviors. Depression-

like behavior was considered as an increased immobility time

compared with the control group in the last 4 min of the test.

Statistical analysis

Results are expressed as the mean ± SD. Multivariate

analysis of variance (MANOVA) and multivariate regres-

sion analysis where used to assess the association of the

different immunizations, the phospholipid supplementation

and weight to the performance of the mice in the rotarod and

FST tests. For the regression analysis, the immunization

treatment was considered as an ordinal variable, giving the

following order: vehicle\ aluminum\Gardasil. Finally,

different contrast levels were calculated in order to compare

the effect of the immunization treatments and the phospho-

lipid supplementation following De Rosario-Martinez et al.

[21] instructions. All analyses were done using R (Version

3.0.2). Significant results were determined as p\ 0.05.

Results

Six weeks after injection, when mice reached the age of

3 months, we assessed them for depressive-like behavior,

motor function and body weight (Table 1). We assessed

depressive-like behavior by the force swimming test; how-

ever, increased floating time also might indicate locomotor

dysfunction. To discard this possibility, we performed

rotarod to evaluate the locomotor ability of the animals.

The MANOVA demonstrated an interaction between

phospholipid supplementation and immunization (vehicle,

aluminum and Gardasil), which affects the performance of

the mice in the different behavioral tests (p = 0.00228),

while the weight of the mice did not have any effect on it

(p = 0.293). The pairwise contrast analysis demonstrated

significant differences in the FST performance but not in

the rotarod test when each group of mice was analyzed

considering they received or not the phospholipid supple-

ment (Table 1; Fig. 1). In the case of FST, no differences

were found in the mice that were immunized with the

vehicle (48.43 ± 27.69 vs 42.75 ± 16.96; p = 0.585).

However, the phospholipid supplement in the mice

immunized with aluminum and Gardasil had a significant

effect. The average immobility time of the aluminum-im-

munized group treated with the supplement was reduced by

25.868 s (80.37 ± 17.97 vs 54.51 ± 23.44; p = 0.0358)

and that of the Gardasil was reduced by 63.117 s

(145.65 ± 32.08 vs 82.53 ± 19.77; p = 5.7 9 10-7). As

for the rotarod test, the phospholipid supplementation did

not affect the performance of the mice immunized with the

vehicle (55.03 ± 10.12 vs 54.43 ± 6.94, p = 0.886), alu-

minum (44.7 ± 12.55 vs 55.16 ± 5.41, p = 0.052) or

Gardasil (57.76 ± 7.06 vs 53.1 ± 12.63, p = 0.559).

Multivariate regression analysis demonstrated a significant

linear trend for the FST, indicating that the immobility time in

the aluminum groups was higher than that of the vehicle, and

the values for Gardasil were higher than the aluminum and

vehicle groups. In addition, the linear regression analysis

demonstrated that in the absence of phospholipid supple-

mentation, there is a higher increment rate in the immobility

time among the different groups. For instance, in Fig. 1, the

slope among the groups who did not received the phospho-

lipid supplementation is 40.61 higher than those that received

supplementation (p = 0.000285) (Fig. 1).

Discussion

In our present study, we induced depression in C57BL/6

mice by injecting Gardasil or its adjuvant, aluminum. The

mice depressive-like behavior, assessed by the FST, was not

attributed to motor- weakness, assessed by rotarod test. Our
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main finding is that dietary supplementation enriched with

PC, ameliorated the depressive-like symptoms of the mice.

In recent years, there have been case reports describing

post-vaccination side effects, which include neurological

manifestations, such as chronic fatigue, depression, sleep

disturbances, cognitive impairments, demyelination syn-

dromes, optic neuritis and others [22–24]. In the case of

HPV vaccination, in particular, there seems to be a greater

proportion of central nervous system-related autoimmune

reactions [6], (for example, opsoclonus myoclonus, mood

swings, depression and anxiety [25, 26].

In this present study, HPV vaccine or aluminum both

induced depressive-like behavior when injected to mice. It

has been suggested that aluminum, which is used as a

vaccine-adjuvant, is implicated in the mechanism of

immune-mediated vaccine side effects. Aluminum is toxic

on multiple levels; however, studies suggest the central

nervous system (CNS) is its most sensitive target [27–32].

Several CNS manifestations were described following alu-

minum exposure, including: impaired learning processes,

impaired memory and concentration, speech deficits,

impaired psychomotor control, increased seizure activity,

and altered behavior [33]. Moreover, aluminum has been

linked to a different neurological diseases including Alz-

heimer’s disease [33], amyotrophic lateral sclerosis and

Parkinsonism dementia [34], multiple sclerosis [35, 36], as

well as neurological impairments in children [29, 37–39].

Relatively small amounts of aluminum, even those equiv-

alent to what is injected via vaccinations, can reach the

brain [40, 41]. In one report, Lujan et al described a severe

neurodegenerative syndrome in sheep, which was associ-

ated with the administration of aluminum-containing vac-

cines. The sheep displayed severe neurobehavioral

outcomes, in addition to traces of aluminum in the brain,

and inflammatory lesions in CNS biopsies [42]. It should be

noted, however, that administration of higher doses of

aluminum to experimental animals results in more severe

neuropathological, biochemical and behavioral changes,

which resemble Alzheimer’s disease [43, 44]. These

observations led researchers to focus on studies which

examine the effect of aluminum on the nervous system of

animals and humans. One of the main finding is that chronic

aluminum exposure can alter mitochondrial energy meta-

bolism and increase reactive oxygen species production in

the brain [45]. In addition, aluminum exposure has also

been shown to affect the endocrine system [46, 47], to

interfere with cellular processes such as calcium home-

ostasis [48], and to affect ATP-dependent mechanisms and

membrane receptor signaling [33, 49]. In our previous

studies, we have demonstrated that the immunization with

aluminum salts can induce histological changes such as

activation of microglia in the brain, in particular in C57BL/

6 mice [6] and also in NZB/WxF1 mice [50].

Animal studies and some human studies show that

dietary phospholipids have a positive impact in several

diseases including cancer, coronary disease and

Table 1 Parameters evaluated in C57BL/6 mice

Phospholipid Supplementation Weight Rota rod FST

Vehicle – 19.89 ± 1.12 55.03 ± 10.12 48.43 ± 27.69

? 20.94 ± 1.04 54.43 ± 6.94 42.75 ± 16.96

Aluminum – 20.54 ± 1.08 44.7 ± 12.55 80.37 ± 17.97

? 19.87 ± 1.18 55.16 ± 5.41 54.51 ± 23.44

Gardasil – 21.4 ± 0.69 57.76 ± 7.06 145.65 ± 32.08

? 20.62 ± 0.79 53.1 ± 12.63 82.53 ± 19.77

FST forced swimming test

Fig. 1 Depressive-like behavior evaluation by forced swimming test

and in C57BL/6 aluminum and Gardasil immunized mice after

phospholipid supplementation. Results are presented as duration in

seconds (mean ± SD) of immobility, defined as the absence of

escape-oriented behaviors, such as swimming, jumping, rearing,

sniffing or diving, recorded during the 6-min test. A depression-like

behavior was considered as an increased immobility time. All the

mice that received the dietary supplement (gray) exhibited a

significant decrease in depressive-like behavior (p\ 0.001) compared

the pair group which was not feed with the phospholipid supplement

(black)

Environment and Autoimmunity

123



inflammatory disease. This may be explained by the fact

that phospholipids are highly effective in delivering their

fatty acid residues for incorporation into the membranes of

cells involved in different diseases [51]. For instance, in

one study, supplementation of PC to old rat myocytes

reversed their cellular functions to those of young myo-

cytes [52]. Phospholipids were found effective in treating

neurological conditions, such as memory loss, cognitive

decline, stroke, fatigue, movement disorders and alcohol

ingestion [51, 53, 54]. This was especially shown with

phosphatidylserine (PS), which is synthesized from phos-

phatidylcholine or phosphatidylethanolamine, and is

important for the maintenance of healthy nerve cell

membranes and myelin. Dietary phosphatidylserine was

shown to improve cognitive function in experimental ani-

mals and in humans [55, 56]. In an interesting study by

Takeshi Kanno et al, mice subjected for depression by the

chronic stress mice were treated with two forms of PC (1,2-

dilinoleoyl-sn-glycero-3-phosphocholine and 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphocholine-reduced). In this

study the depressive-like behavior was attenuated by PC

treatment in a dose dependent manner, possibly by acti-

vating Akt and inhibiting GSK-3b [57]. In one study in

humans, patients treated for 42 days with 200 mg of soy-

based PS showed a more relaxed state before and after

mental stress as measured by electro-encephalography

[58]. PS also helped to improve memory in elderly patients

in double-blinded controlled studies [59, 60]. In addition,

phospholipid replacement therapy has been shown to be

effective in the treatment of chronic fatigue syndrome

(CFS). It has been proposed that one of the main causes of

CFS might be alterations of the mitochondrial function due

to oxidative stress [61–63]. However, some studies showed

negative or no effects PLs on cognitive performance [64].

It is suggested that supplementary PS crosses the blood–

brain-barrier and slows or reverses biochemical and

structural changes in human nerve cells and mediated

effects on neuronal membranes [65, 66]. The rational for

the positive effect of phospholipids on the brain could be

explained by the effect of stress and depression on brain

lipid metabolism. Stress and depression both cause gluco-

corticoid (GC) release and activation of the hypothalamic–

pituitary–adrenal axis, both of which may affect brain lipid

metabolism. GCs have been shown to modulate brain lipid

signaling via stimulation of phospholipase A2, a key lipid

enzyme that cleaves membrane phospholipids into

lysophospholipids and arachidonic acid. Mass spectrometry

of brains of depressed rodents demonstrated that the brain

phospholipid metabolism is altered; decreased phos-

phatidylethanolamine and PC levels yet an increased

lysophosphatidylethanolamine levels were observed [67].

Other proposed mechanisms for PS-mediated cognitive

improvement in experimental models are stimulation of

dopamine-dependent adenylate cyclase activity [68],

increasing the acetylcholine brain-levels [69, 70], and up-

regulation of brain-derived neurotrophic factor and insulin-

like growth factors [56].

In the current study, the mice supplementation diet

contained also omega-3. It should be noted that treatment

with omega-3 was shown to ameliorate the adverse effects

of aluminum on the brain. Ali HA et al. showed that the

supplementation of mice with omega 3 in addition to

quercetin can ameliorate the oxidative stress which was

induced by aluminum chloride in the mouse brain [71].

Moreover, since phospholipid supplementation was shown

to be effective restoring the mitochondrial activity in

patients with CFS as well as in cancer patients after

chemotherapy [53, 54, 72], it is possible to speculate that it

might be also helpful reversing the effects of aluminum,

especially those related to the alteration of mitochondrial

activity [33, 45, 49].

In conclusion, this study demonstrates the positive

effects of phospholipid supplementation on post-HPVv

depression-like behavior. Future studies should evaluate

whether PC supplementation is effective as a treatment for

patients suffering from neurological manifestations after

vaccination.
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by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
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claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for nonexclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hypertext must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hypertext link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be passwordprotected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
A preprint is an author's own writeup of research results and analysis, it has not been peer
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
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articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some societyowned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author
incorporated changes suggested during submission, peer review and editorauthor
communications.
Authors can share their accepted author manuscript:

         immediately
via their noncommercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional

uses or as part of an invitationonly research collaboration workgroup
directly by providing copies to their students or to research collaborators for

their personal use
for private scholarly sharing as part of an invitationonly work group on

commercial sites with which Elsevier has an agreement
         after the embargo period

via noncommercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

         link to the formal publication via its DOI
         bear a CCBYNCND license  this is easy to do
         if aggregated with other manuscripts, for example in a repository or other site, be

shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
valueadding publishing activities including peer review coordination, copyediting,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
fulltext. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the authorselected enduser
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
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18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
 
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party reuse of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CCBY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BYNCSA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/byncsa/4.0.
CC BY NC ND: The CC BYNCND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/byncnd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:

http://www.elsevier.com/about/open-access/open-access-policies/oa-license-policy
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by-nc-sa/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
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         Associating advertising with the full text of the Article
         Charging fees for document delivery or access
         Article aggregation
         Systematic distribution via email lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions:
 
v1.8
Questions? customercare@copyright.com or +18552393415 (toll free in the US) or
+19786462777.

mailto:customercare@copyright.com
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SPRINGER LICENSE
TERMS AND CONDITIONS

Nov 28, 2016

This Agreement between MARIA ARANGO ("You") and Springer ("Springer") consists of
your license details and the terms and conditions provided by Springer and Copyright
Clearance Center.

License Number 3997960186893

License date Nov 28, 2016

Licensed Content Publisher Springer

Licensed Content Publication Immunologic Research

Licensed Content Title Behavioral abnormalities in female mice following administration of
aluminum adjuvants and the human papillomavirus (HPV) vaccine
Gardasil

Licensed Content Author Rotem Inbar

Licensed Content Date Jan 1, 2016

Type of Use Thesis/Dissertation

Portion Full text

Number of copies 1

Author of this Springer article Yes and you are a contributor of the new work

Order reference number

Title of your thesis /
dissertation

Autoantibody and environmental damage to the brain

Expected completion date Dec 2016

Estimated size(pages) 100

Requestor Location MARIA ARANGO
Cr 24 n 63c69

Bogota , 111221
Colombia
Attn: MARIA ARANGO

Billing Type Invoice

Billing Address MARIA ARANGO
Cr 24 n 63c69

Bogota , Colombia 111221
Attn: MARIA ARANGO

Total 0.00 USD

Terms and Conditions

Introduction
The publisher for this copyrighted material is Springer. By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
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established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).
Limited License
With reference to your request to reuse material on which Springer controls the copyright,
permission is granted for the use indicated in your enquiry under the following conditions:
 Licenses are for onetime use only with a maximum distribution equal to the number stated
in your request.
 Springer material represents original material which does not carry references to other
sources. If the material in question appears with a credit to another source, this permission is
not valid and authorization has to be obtained from the original copyright holder.
 This permission
• is nonexclusive
• is only valid if no personal rights, trademarks, or competitive products are infringed.
• explicitly excludes the right for derivatives.
 Springer does not supply original artwork or content.
 According to the format which you have selected, the following conditions apply
accordingly:
• Print and Electronic: This License include use in electronic form provided it is password
protected, on intranet, or CDRom/DVD or Ebook/Ejournal. It may not be republished in
electronic open access.
• Print: This License excludes use in electronic form.
• Electronic: This License only pertains to use in electronic form provided it is password
protected, on intranet, or CDRom/DVD or Ebook/Ejournal. It may not be republished in
electronic open access.
For any electronic use not mentioned, please contact Springer at permissions.springer@spi
global.com.
 Although Springer controls the copyright to the material and is entitled to negotiate on
rights, this license is only valid subject to courtesy information to the author (address is
given in the article/chapter).
 If you are an STM Signatory or your work will be published by an STM Signatory and you
are requesting to reuse figures/tables/illustrations or single text extracts, permission is
granted according to STM Permissions Guidelines: http://www.stmassoc.org/permissions
guidelines/
For any electronic use not mentioned in the Guidelines, please contact Springer at
permissions.springer@spiglobal.com. If you request to reuse more content than stipulated
in the STM Permissions Guidelines, you will be charged a permission fee for the excess
content.
Permission is valid upon payment of the fee as indicated in the licensing process. If
permission is granted free of charge on this occasion, that does not prejudice any rights we
might have to charge for reproduction of our copyrighted material in the future.
If your request is for reuse in a Thesis, permission is granted free of charge under the
following conditions:
This license is valid for onetime use only for the purpose of defending your thesis and with
a maximum of 100 extra copies in paper. If the thesis is going to be published, permission
needs to be reobtained.
 includes use in an electronic form, provided it is an authorcreated version of the thesis on
his/her own website and his/her university’s repository, including UMI (according to the
definition on the Sherpa website: http://www.sherpa.ac.uk/romeo/);
 is subject to courtesy information to the coauthor or corresponding author.
Geographic Rights: Scope
Licenses may be exercised anywhere in the world.
Altering/Modifying Material: Not Permitted
Figures, tables, and illustrations may be altered minimally to serve your work. You may not

http://myaccount.copyright.com/App/PaymentTermsAndConditions.jsp
http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-guidelines/
mailto:permissions.springer@spi-global.com
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alter or modify text in any manner. Abbreviations, additions, deletions and/or any other
alterations shall be made only with prior written authorization of the author(s).
Reservation of Rights
Springer reserves all rights not specifically granted in the combination of (i) the license
details provided by you and accepted in the course of this licensing transaction and (ii) these
terms and conditions and (iii) CCC's Billing and Payment terms and conditions.
License Contingent on Payment
While you may exercise the rights licensed immediately upon issuance of the license at the
end of the licensing process for the transaction, provided that you have disclosed complete
and accurate details of your proposed use, no license is finally effective unless and until full
payment is received from you (either by Springer or by CCC) as provided in CCC's Billing
and Payment terms and conditions. If full payment is not received by the date due, then any
license preliminarily granted shall be deemed automatically revoked and shall be void as if
never granted. Further, in the event that you breach any of these terms and conditions or any
of CCC's Billing and Payment terms and conditions, the license is automatically revoked and
shall be void as if never granted. Use of materials as described in a revoked license, as well
as any use of the materials beyond the scope of an unrevoked license, may constitute
copyright infringement and Springer reserves the right to take any and all action to protect
its copyright in the materials.
Copyright Notice: Disclaimer
You must include the following copyright and permission notice in connection with any
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