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ABSTRACT

Olfaction plays an important role in the
perception of our environment. Smell
impairment is known to be a manifes-
tation of several autoimmune diseases.
Similarities between the olfactory and
immune systems and previously pub-
lished human studies and animal mod-
els of autoimmune diseases account
for the accumulating evidence for this
observation. In this review, we will pre-
sent the current literature concerning
olfactory dysfunction in autoimmune
diseases, discuss clinical aspects and
provide new insights regarding patho-
genesis and possible mechanisms.

Introduction

Olfaction plays an essential role in
the perception of our environment.
Through smelling, we communicate
with our surroundings and acquire in-
formation that we utilise in our every-
day life (1).

The olfactory system is able to iden-
tify specific odour molecules through
a delicate physiological process that
starts in the olfactory epithelium, pro-
ceeds through the olfactory nerve fi-
bres, which converge into the olfactory
nerve and bulb, and ends in olfaction-
related areas in the cerebrum (2). Ol-
factory dysfunction (OD) is comprised
of partial and complete loss of smell
(hyposmia and anosmia, respectively)
(3).

Recently, a complex inter-relationship
between the immune and olfactory
systems has been described (4, 5). OD
was reported in numerous autoimmune
diseases (AID), including systemic
lupus erythematosus (SLE) (4, 6, 7),
Sjogren’s syndrome (8-10), multiple
sclerosis (MS) (5, 6), systemic sclero-
sis (11) and idiopathic inflammatory
myopathies (12). Moreover, studies
support the presence of smell impair-

ment in hereditary angioedema (13), a
condition known to be associated with
AID (14). OD appears to be a systemic
manifestation of AID that is not neces-
sarily limited to diseases affecting the
upper respiratory tract or central nerv-
ous system (CNS). For example, smell
impairment is observed in Behget’s
disease. However, no correlation with
nasal activity was found (15).

A thorough understanding of OD and
its relation with AID is therefore need-
ed. Herein, we review clinical aspects
of smell impairment in AID, as well as
provide insights into pathogenesis and
possible mechanisms.

Smell and the immune system

Smell, immunity and genetics

Genes of the major histocompatibil-
ity complex (MHC) (human leukocyte
activation, HLA, in humans) and ol-
factory receptors (ORs) appear to be
physically linked. A previously pub-
lished genomic study demonstrated the
presence of MHC-linked ORs in 16
vertebrate species (16). Another study
identified 36 human and 14 murine
MHC-linked ORs loci (17).

This proximity between ORs and MHC
genes may account for the fact that
several animals, including mice, liz-
ards and birds, use olfaction in order
to select mates with different MHC.
This evolutionary mechanism is be-
lieved to enhance the immune systems
of their offspring, increase protection
from pathogens and thus increase their
survival rates (18-21). In mice, the
vomeronasal organ (VNO, an olfactory
organ) expresses class-I MHC genes
called H2-Mv. Interestingly, higher
concentrations of peptides were needed
to activate the vomeronasal epithelium
of H2-Mv knockout mice in compari-
son to controls, further emphasising the
linkage between immune and olfaction
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genetics (22). In birds, MHC-based
mate selection using smell appears to
vary between males and females, as
males preferred non-self MHC-mates,
while female birds preferred mates
with similar MHC (19).

This connection between olfaction,
immunity and procreation was demon-
strated in humans, as well. Although
lacking VNO, humans can also use
smell in order to discriminate between
self and non-self HLA (23). Moreover,
there is evidence for body odour-based
sexual selection of non-self HLA mates
in humans (24). Interestingly, a recent
study found a correlation between HLA-
typing and odour-specific olfactory ‘fin-
gerprints’ in 130 individuals, suggesting
their use in future HLA screening tests
(25). Therefore, HLA molecules form
a bridge connecting between the olfac-
tory and immune systems

The immunomodulatory role of smell
Recent studies suggest that the olfacto-
ry and immune systems interact. A good
example is the olfactory bulbectomised
mouse model that is used to study de-
pression (26). Olfactory bulbectomy
was found to activate the immune sys-
tem. Cellular immune alterations in-
clude decrease in mitogen-stimulated
lymphocyte proliferation and neutro-
phil phagocytosis, as well as increase
in mononuclear activity and leukocytes
aggregation. Humoral changes consist
of increased levels of positive acute
phase reactants and pro-inflammatory
cytokines, such as tumour necrosis
factor (TNF)-a, interleukin (IL)-1f
and prostaglandin E2 (4, 27, 28). This
olfactory-immune interaction appears
to be bilateral, as RAG-1 (-/-) immu-
nodeficient mice demonstrate, OD, in-
cluding impaired smell and alterations
in the glomerular tissue and olfactory
epithelium (1).

Another study found that in a mouse
model,exposure to the smell of Seirogan
(awood creosote) increased plasma lev-
els of adrenocorticotropic hormone and
cortisol, probably through activation of
the hypothalamic-pituitary axis. Thus,
suppressing inflammation, decreasing
plasma levels of TNF-a, expression
of mast cells and mucosal Immuno-
globulin (Ig)A levels (29). Salivary IgA
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secretion was found to be affected by
smell in another study, although levels
were demonstrated to be increased (2).
The immunomodulatory role of smell
is further supported by another animal
model, which found that the odour of
a Japanese herbal medicine increased
the levels of CD4*CD25*Foxp3* regu-
latory cells and increased survival rates
of mice undergoing cardiac allograft
transplantation (30).

Smell-immune interactions have also
been observed in humans. An interest-
ing study demonstrated that exposure
of individuals to nostalgic odours has
evoked autobiographic memories and
reduced peripheral TNF-a and interfer-
on (IFN)-y levels (31). Odour-evoked
emotions may induce the endocannabi-
noid system, which in turn suppresses
the pro-inflammatory immune system.
Yet, this remains to be determined (31).
However, other studies in human sub-
jects found different results. In one
study, immune functions did not alter
after exposing blinded individuals to
different odours (32). Another ran-
domised controlled trial assessed ef-
fects of lemon and lavender odours on
the immune system and found that they
did not alter IL-6 and IL-10 produc-
tion, as well as salivary cortisol levels,
as compared to no-odour (water)(33).
However, significant reduction of sali-
vary cortisol levels following exposure
to orange essential oil was demonstrat-
ed in a study of 30 children during den-
tal treatment (34). Therefore, studies
concerning olfactory-induced altera-
tions of the immune system in humans
are still contradictory.

Olfactory dysfunction is an
immune-mediated process

Several studies have demonstrated that
OD is mediated by the immune system.
This includes alterations in the pro-in-
flammatory cytokines IL-6, IFN-y and
TNF-a.

Induction of TNF-a in the olfactory ep-
ithelium of transgenic mice resulted in
OD. Treatment with systemic glucocor-
ticoids decreased local inflammation,
although reversal of smell impairment
was partial (35). Furthermore, knock-
out mice to TNF-a receptor (TNFR)-1
gene were demonstrated to have de-

creased inflammation in the olfactory
epithelium, as well as normal electro-
olfactograms (36). Knockout of the
TNFR-2 gene resulted in similar results
(37).

It appears that TNF-a also plays an im-
portant role in humans with hyposmia.
For example, patients with type 2 con-
genital hyposmia were shown to have
significantly increased levels of nasal
mucus TNF-a, which decreased fol-
lowing theophylline treatment (38).
IL-6 is another pro-inflammatory cy-
tokine mediator of smell impairment.
In one study, 59 patients with hypos-
mia were found to have significantly
increased systemic and local (oral and
nasal) levels of IL-6 (39).

Finally, IFN-y should also be men-
tioned in this context. Transgenic mice
with induced expression of IFN-y in
the olfactory cells were shown to have
abnormal electro-olfactograms with
reduced response to odour molecules,
although no local inflammation was ob-
served (40). Therefore, local, as well as
systemic, immune responses play a role
in the pathogenesis of OD.

Smell, neuroinflammation and
neurodegenerative diseases

It appears, that neuroinflammation is
important in the pathogenesis of neuro-
degenerative diseases, such as Alzhei-
mer’s diseases (AD) and Parkinson’s
disease (PD) (4). Some studies even
suggest diseases like PD to have, at
least partially, an autoimmune ethip-
athogenesis (41). Evidences for micro-
glia activation and high levels of coef-
ficients K* of arachidonic acid, a neu-
roinflammatory marker, in the brains
of AD patients, support that notion (42,
43). This is also confirmed by implicat-
ing immune-system-associated genes
with neurodegenerative diseases by
using genome-wide association studies
(GWAS). In AD, GWAS associated the
disease with Triggering Receptor Ex-
pressed on Myeloid cells 2 (TREM?2)
gene, found on immune cells in the
CNS (44). Another example is genetic
forms of PD, where inflammation-as-
sociated genes, such as Parkin, DJ-1,
and PINK1 were identified (45).

A connection between chronic neuro-
inflammation, the olfactory system and
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Table I. Autoimmune diseases associated with olfactory dysfunction.

Autoimmune diseases

Animal studies

Human studies

Animal Reference Study Number of Country of Reference
Model Design patients publication

Systemic Systemic lupus erythematosus Mouse (6,7,58,59,62) CcC? 50 Israel (63)
CC 85 Portugal (64)

Sjogren’s syndrome - - MA® 378 UK )
CcC 30 USA (76)

CcC 29 USA a7

Rheumatoid arthritis CC 101 Germany (78)
Behget’s disease - - CC 30 Turkey (15)
CcC 50 Turkey (79)

Systemic sclerosis - - CC 20 Israel (11)
Idiopathic inflammatory myopathies - - CC 60 Italy (12)
Psoriasis vulgaris - - CC 50 Turkey (80)
Churg-Strauss syndrome - - CR¢ 1 USA (81)
Granulomatosis with polyangiitis - - CC 44 Germany (82)
(Wegener’s granulomatosis) CcC 16 Germany (83)
CC 76 Germany (84)

CC 9 Germany (85)

Organ-specific Inflammatory bowel disease - - CcC 59 Germany (86)
Mikulicz’s disease - - CC 44 Japan 87)
Multiple sclerosis Mouse (67) CC 73 Canada (66)
CC 20 Germany (88)

CcC 100 Brazil (68)

CcC 17 UK (89)

SR4 865 USA (65)

Neuromyelitis optica - - CC 3 UK (89)
CC 10 Germany (90)

Acute disseminated encephalomyelitis - - CC 7 UK (89)
Giant cell arteritis - - CR 1 UK o1
Myasthenia gravis - - CcC 30 Turkey (75)
CcC 27 USA (74)

CR 1 China (72)

Primary biliary cirrhosis - - CC 43 USA (92)
Type 1 diabetes mellitus - - CC 39 Turkey (93)
Pemphigus vulgaris - - CcC 28 Turkey (94)
Autoimmune pancreatitis - - CR 1 USA (95)

2 CC: Case-control. ® CR: Case-report. ¢ MA: Meta-analysis of 5 studies (3 cross-sectional, 1 prospective cross-sectional and observational study and 1
observational transversal study). ¢ SR: Scoping review of 25 case-control studies.

neurodegenerative diseases, was re-
cently drawn. Smell impairment is ob-
served in early stages of PD (5) and AD
(46) and other rare neurodegenerative
diseases, such as Huntington’s disease,
frontotemporal dementia and spinocer-
ebellar ataxia type 2 (47).

Furthermore, early pathological chang-
es, such as the presence of neurofibril-
lary tangles and Lewy bodies, can be
observed in the olfactory bulbs of pa-
tients with AD and PD, respectively

Clinical and Experimental Rheumatology 2017

(48, 49). In fact, involvement of the ol-
factory system in AD is not limited to
the olfactory bulb and it also includes
higher olfactory cortical levels (47).

This link between olfaction and neurode-
generative diseases affects both diagno-
sis and prognosis. One study, proposed
using a combination of transcranial
sonography of the substantia nigra and
olfactory testing, in order to increase the
accuracy of early PD diagnosis (50). An-
other study, conducted in the university

of Pennsylvania, found that olfactory
stress test with the use of atropine may
be helpful in the diagnosis of preclinical
AD (51). The diagnostic value of olfac-
tory test in early AD was confirmed in a
recent systematic review (52).

Prognosis is also affected. OD was
found to predict cognitive decline in
AD (46, 53), as well as PD (54). Faster
disease progression, such as freezing
of gait and levodopa equivalent dose,
was found in PD patients with smell
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impairment (55). Furthermore, a re-
cent population-based study in Sweden
found that OD is a predictor of higher
mortality rates in patients with demen-
tia (56). Therefore, this complex rela-
tionship between olfaction, the immune
system and neurodegenerative diseases
warrants further studied, as it may have
future clinical implications.

Smell and autoimmune diseases
Several systemic and organ-specific
AID have been associated with smell
impairment (see Table I). Herein, we
will elaborate on three diseases: SLE,
MS and myasthenia gravis (MG).

Systemic lupus erythematosus

SLE is considered by many a hallmark
for chronic and systemic AID. Several
animal models and human studies sup-
port the notion that OD is one of its
manifestations.

MRL/Ipr mouse model is important
in that regard. The Ipr mutation alters
transcription of FAS-ligand and results
in a SLE-like disease phenotype char-
acterised by high mortality rates, lym-
phoproliferation and high serum levels
of autoantibodies, such as anti-nuclear
antibody (ANA) (57). Using this mod-
el, researchers have demonstrated that
SLE-prone mice had reduced perfor-
mance when exposed to different low
concentration odours, which suggested
a diminished sense of smell. This also
included a decreased distribution of
neuroblasts into the olfactory bulb (58).
Treatment of MRL/Ipr lupus-prone
mice with cyclophosphamide, an im-
munosuppressive drug, resulted in both
increased sensation of attractant odours
and exacerbated abnormal response to
repellents (59).

Another mouse model includes intra-
cerebra-ventricular (ICV) injection of
anti-ribosomal-P antibodies. Anti-ribo-
somal P antibodies bind to PO, P1 and
P2 ribosomal phosphoproteins (60).
Their direct injection into the brains
of mice was previously reported to in-
duce autoimmune depression, while
they were found to interact with dif-
ferent olfactory-related areas in the
brain, including the hippocampus and
primary olfactory piriform cortex (61).
In several studies, ICV injection of
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anti-ribosomal P antibodies resulted
in induction of neuropsychiatric SLE
(NPSLE), depressive-like behaviour
and smell impairment (6, 7, 62). In this
model, OD was shown to involve high-
er cortical functions, as was evident by
manganese-enhanced MRI (6). Inter-
estingly, anti-depressive treatment with
fluoxetine improved depressive-like be-
haviour in these mice, yet had no effect
on the decreased smell (7).

OD in SLE is also confirmed by human
studies. Higher rates of smell impair-
ment were demonstrated in 50 SLE pa-
tients, as compared to healthy controls
(46% and 25%, respectively. p<0.02).
Correlation between OD, disease activ-
ity and NPSLE manifestations was also
seen (63).

This was later confirmed by another
study, in which, self-reported anxi-
ety and depression questionnaires were
filled by 85 SLE patients and healthy
controls. NPSLE patients were found
to be more depressed and had higher
rates of smell impairment in compari-
son to healthy controls and non-NPSLE
patients (64).

Therefore, current evidence supports
this intriguing interrelationship be-
tween SLE (especially NPSLE), de-
pression and OD.

Multiple sclerosis

As mentioned above, it appears that
there is a direct link between smell
impairment, neuroinflammation and
neurodegenerative diseases. Different
studies confirm that MS, a chronic de-
myelinating AID that affects the CNS
and is characterised by different relaps-
ing and remissions clinical patterns, is
also associated with OD (65). Rates of
OD in MS patients vary between stud-
ies and range between 0-93% (65).
Ethipathogenesis is intriguing, as pri-
mary olfactory receptor neurons are
unmyelinated. Therefore, MS was con-
sidered by many to spare the olfactory
system. However, the olfactory cortex
is myelinated, which may account for
this manifestation (66).

Animal models of MS consist of ex-
perimental autoimmune encephalomy-
elitis (EAE) mouse model. One study
revealed that EAE model has had in-
flammation-induced alterations of tran-

scriptional factors in the subventricular
zone, which resulted in decreased neu-
rogenesis in the olfactory bulb and OD
(67).

Evidence supports OD in humans, as
well. A recent review of 25 clinical
case-control studies found a correlation
between OD in MS patients and the
following: higher Expanded Disability
Status Scale (EDSS) scores, plaques
in the olfactory brain, olfactory bulb
and brain volumes, olfactory evoked
potentials and related potentials, pro-
gressive MS, anxiety and depression
and cognitive dysfunction(65). Anoth-
er case-control study evaluated olfac-
tory function of 100 MS patients using
questionnaires and found that 32% of
MS patients, as compared to 3% in
the control group, had some degree of
smell impairment. Moreover, EDSS
scores higher than 4 were associated
with increased rates of OD in these
patients (68). Disease duration above
2 years was found to be in correlation
with higher rates of OD in MS in some
studies(69), although not in others(66).
Therefore, it was suggested that OD in
MS, much like aging, AD and PD, is
caused by neurodegeneration (70).

Myasthenia gravis

MG is a good example of an organ-spe-
cific AID that does not involve the nasal
cavity or the CNS, yet it was found to be
associated with OD. It is characterised
by production of autoantibodies against
acetylcholine (ACh) receptors, which
affects the synaptic transition of ACh in
the neuromuscular junction and results
in skeletal muscle weakness (71).

OD among MG patients was previously
mentioned in a number of case reports
(72). A systematic review revealed 10
reported studies connecting MG to
smell impairment, most of which were
case reports (73).

An interesting study published in 2012
found that 27 MG patients, as compared
to healthy controls, had significantly
decreased smell. This was shown by
using the University of Pennsylvania
Smell Identification Test (UPSIT). The
researchers ruled out confounders, such
as difficulties in sniffing and major
cognitive dysfunction, using inhalation
studies and Picture Identification Test

Clinical and Experimental Rheumatology 2017
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(PIT), respectively. Several associations
between MG and central ACh-mediated
neuronal processes, including the pres-
ence of type 3 muscarinic ACh recep-
tors in olfactory neurons, were suggest-
ed. Yet, none were proven (74).

Similar results were demonstrated in
2015 in Turkey. Using odour identifica-
tion, discrimination and threshold test-
ing, OD was found to be significantly
higher in MG patients than healthy con-
trols (p<0.001). Interestingly, gustatory
dysfunction was also noted (75). As ACh
autoantibodies do not cross the blood-
brain-barrier, the exact mechanism for
OD in MG is yet to be defined (74, 75).

Conclusion

OD is seen in a number of AID. This
accounts for the close interrelationship
between the immune and olfactory sys-
tems. Understanding the pathogenesis
and underlying molecular and genetic
mechanisms is important, as assess-
ment of smell is often under-recognised
by physicians. Better understanding
will also form the basis for future di-
agnostic and therapeutic modalities that
will include olfactory testing in patients
with AID.
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