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Abstract: Lassa virus (LASV) causes a severe, often fatal hemorrhagic disease in endemic 
regions of Africa and sudden-onset sensorineural hearing loss is a consequence of infection in 
approximately 30% of recovering patients. The mechanism of hearing loss in LASV-infected 
patients has not been identified.  Here, we show that a cynomolgus macaque experimentally 
infected with Lassa virus who survived the initial infection, developed bilateral sensorineural 
hearing loss, confirmed by brainstem auditory evoked response (BAER) analysis. Histological 
examination of tissues from infected primates revealed pathology consistent with systemic 
polyarterisis nodosa (PAN), an autoimmune disorder associated with sudden hearing loss.  
Serological analyses to include the presence of autoimmune disease markers support this 
diagnosis. Our findings point toward an autoimmune etiology for LASV-associated sudden-onset 
hearing loss.    

One Sentence Summary: Systemic polyarteritis nodosa is the proposed underlying pathology 
responsible for sudden-onset sensorineural hearing loss in a primate after Lassa virus infection. 

 
Main Text:  Lassa fever (LF) is an acute viral hemorrhagic disease caused by infection with the 
rodent-borne arenavirus Lassa virus (LASV). LF is endemic to West Africa with hundreds of 
thousands of cases occurring annually. The overall case fatality rate is ~15-20% but can be much 
higher in some outbreaks (1, 2). Neurological sequelae are common in both mild and severe 
cases, most notably, unilateral or bilateral sudden-onset sensorineural hearing loss, which 
appears both in acute and convalescent patients and can be permanent (3-13).  Although a clear 
cause-and-effect relationship between LF and deafness is evident, the underlying pathology has 
not yet been identified.  Here we report a nonhuman primate (NHP) deafness model with 
pathological findings indicating that systemic polyarterisis nodosa (PAN), an autoimmune 
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vasculitis disorder that has been associated with sudden hearing loss, is likely to be the basis of 
LF-associated deafness.   

PAN in humans is characterized by necrotizing inflammatory lesions of small and medium 
sized arteries in most organ systems characterized by segmental fibrinoid necrosis and profound 
infiltration of polymorphonuclear neutrophils and monocytes (14).  Typically, active and healing 
stages of arteritis are present simultaneously in all three layers of the vessels and perivascular 
space in the lesions (14).  The etiology of PAN is unclear, thus is often categorized as idiopathic 
vasculitis (15-17).  Rapid onset sensorineural hearing loss is a well-described complication of 
PAN and is thought to be due to inflammation and occlusion of the anterior inferior cerebellar 
artery (AICA) and downstream vessels leading to cochlear hypoxia (18-24).  Relevant to this 
work, PAN has also been implicated as a downstream consequence of viral infections (15-17).  
There are no definitive tests that can be used to diagnose PAN; thus clinical diagnosis is based 
on the presence of at least three correlative symptoms as delineated by the American College of 
Rheumatology (ACR) to include: 1) unexplained weight loss, 2) mottled reticular skin patterns 
the extremities or torso; 3) testicular pain/tenderness, 4) myalgias, or weakness; 5) mono- or 
polyneuropathy; 6) hypertension; 7) elevated BUN or creatinine; 8) antibodies to hepatitis B 
surface antigen in serum; 9) arteriographic abnormalities; or 10) biopsy of small or medium-
sized artery containing polymorphonuclear cells (25). In addition to these criteria, the presence 
of antineutrophil cytoplasmic antibodies (ANCA), circulating immune complexes, elevated C-
reactive protein and IL-6, or sudden-onset, unexplained sensorineural hearing loss support the 
clinical diagnosis.    

Studies of LASV pathogenesis have been reported using several nonhuman primate (NHP) 
species including cynomolgus macaques, which develop severe and usually fatal disease with 
symptoms and pathology mirroring observations from fatal LF cases in humans (26). Most 
LASV-infected macaques succumb 11-18 days after infection during the hemorrhagic phase of 
disease, with those surviving typically displaying neurological symptoms including tremors, 
ataxia, and seizures, which can be fatal. To determine if macaques surviving LASV infection 
develop deafness, we experimentally infected four animals and observed them for 45 days. All 
four macaques developed severe disease, with two of them succumbing during the hemorrhagic 
phase of disease (Fig. 1A). The other two NHP developed chronic neurological symptoms 
characterized by reduced appetite, tremors, and ataxia, as reflected by morbidity scores based on 
these symptoms (Fig. 1B). All animals had detectable serum viremias by day 6, with those of the 
two survivors peaking 14 days after infection followed by virus clearance by day 28 (Fig. 1C). 
Blood chemistry and hematology findings were consistent with those from earlier LASV studies 
in cynomolgus macaques (Fig. S1-2).  Antibody responses measured by ELISA and plaque 
reduction neutralization tests (PRNT) demonstrated that the two survivors developed robust IgG 
responses (Fig. 2A), which could explain the high levels of total protein despite low levels of 
albumin in their serum (Fig 2B, C), but had modest amounts of neutralizing antibodies (Fig. 2D).  
By day 28 both of the surviving NHP appeared to develop hearing loss based on subjective 
measurements of sound response and tuning fork tests.  These NHPs were screened for 
sensorineural hearing loss at day 45 by measuring brainstem auditory evoked response using an 
analog audiometer (BAERCOM).  The BAERCOM device, developed for use in canines and 
also used successfully in non-domestic animal species, measures the neural response to clicking 
sounds produced at varying decibel (dB) levels (27).  One of the surviving NHPs demonstrated 
unilateral hearing loss at 75 dB, and the other NHP showed a normal response pattern at this dB 
level (Fig. 3A). 
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Necropsy of the two macaques succumbing during the acute phase revealed gross 
pathological findings consistent with earlier reports of LASV infection of cynomolgus macaques 
to include prominent pathological changes in lungs, along with additional abnormalities noted in 
liver, spleen, heart, pancreas, lymph nodes and brain (Fig. S4).  Surviving NHPs also showed 
these pathological changes and in addition, had severe gross lesions and histologic vasculitis 
lesions in most organ systems that resembled those commonly seen in PAN patients (Fig S3-4). 
Samples removed from the skulls of the macaques showed moderate lymphoplasmacytic to 
chronic-active perivascular inflammation of the inner ear adjacent to the cochlear nerve  The 
inflammation occasionally surrounded smaller branches of the cochlear nerve, resembling 
pathological changes seen in humans diagnosed with PAN (Fig. 3B-E) (21). Confirmatory 
serological evidence for PAN was obtained by testing samples from the two survivors for the 
presence of immune complexes, anti-neutrophilic cytoplasmic antibodies (ANCA), and C-
reactive protein, all of which are hallmarks of PAN in humans.  We found that C-reactive protein 
was elevated in both NHP starting at day 14, reached a peak at day 28, then decreased but 
remained elevated through the end of the study (Fig. 4A).  Sample volume limitations prevented 
us from including the animals that succumbed during the acute phase in this analysis. Animals 
that succumbed during the acute phase did not develop measureable circulating immune 
complexes (CICs) (Fig. 4B); however, the two survivors had highly elevated CICs by day 21, 
which persisted to the endpoint.  Both surviving macaques developed ANCA by day 21, with 
one of the two animals showing highly elevated levels on days 28 and 45 (Fig 4C).  Cytokine 
and chemokine levels were measure in these NHPs by a multiplex assay.  Cytokines, chemokines 
or vascular growth factors that have either been shown to be elevated in patients with PAN or 
have been identified as potential therapeutic targets are present at elevated levels in the 
chronically ill animals (28-32).   

In summary, the NHP in our study experienced seven of the 10 ACR criteria for diagnosis of 
PAN in humans, all four of the serological markers, and measureable deafness in one NHP 
following experimental infection with LASV.  Our results strongly point toward PAN as the 
underlying cause of LF-associated acute, rapid-onset sensorineural hearing loss.   
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Fig. 1. Animal Study Outcomes.  (A) The survival curve shows that two NHPs that succumbed 
to disease during the acute phase on days 13 and 17 postexposure.  Two NHPs survived to the 
study endpoint 45 days postexposure.  (B) A graphical representation of the disease signs 
experienced by NHPs during the course of the study. All NHPs started exhibiting disease signs 
approximately day 6 postexposure.  Disease signs rose quickly in all NHPs, culminating in two 
NHPs succumbing during the acute phase.  The two NHPs that survived to the study endpoint 
experienced severe disease signs that did not resolve, but that did not require euthanasia.  
Disease signs included loss of appetite, reduced activity, hunched posture, respiratory distress, 
and neurological deficits including trembling, muscle weakness, and ataxia. (C) Serum viremia 
was determined by standard plaque assay of samples collected at specific timepoints 
postexposure and calculated and expressed as Log10 pfu/ml.   
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Fig. 2. You can place graphics above each equation as part of this file. 
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Fig 3.  Evidence for sensorineural hearing loss in a surviving NHP after LASV exposure.  A 
brainstem autitory evoked response device (BAERCOM) was used to assess the surviving NHPs 
for a hearing response on day 45 postexposure.  Clear waveforms indicating a hearing response 
were observed in the male survivor (NHP#1) at 75 dB, whereas the female survivor (NHP#2) has 
the absence of a waveform for both the left and right ear at 75 dB (A).  Histologic examination of 
the inner ear structures (B-C) also reveal evidence for deafness in the female surviving NHP at 
day 45 postexposure.  Please help with arrows to the relevant areas and add to the text for the 
legend for B and C if necessary.  Draw arrows on this picture then scan it back to me so I can 
add them in photoshop. 
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Fig. 4.  C-reactive protein (A) remains high throughout the disease course for surviving primates 
despite being free of circulating virus in serum by day 28.  (B) Surviving NHPs experienced a 
spike in CICs beginning on day 21 postexposure, and remaining very high for the NHP that 
became deaf, but decreasing for the other NHP.  Both surviving NHPs had CIC levels 
significantly above baseline levels at the end of the study.  (C) ANCA were present in NHPs 
above background levels starting at day 21 postexposure.  One NHP experienced a large increase 
over baseline levels on days 28 and 45 postexposure.  The other NHP had levels closer to but 
significantly above baseline.   Selected cytokine level changes, shown as fold change from 
baseline (D-I).   
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Fig. S1.  Additional Blood Chemistry Analyses.  Calling All pathologists!  Pathophysiology 
writeup is welcome here.   
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Fig. S2.  Complete Blood Counts.  Calling All pathologists!  Pathophysiology writeup is 
welcome here.   
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Fig. S3.  Gross Pathology Findings.  Moderate thickening of hepatic (A) and coronary (B) 
vessels that resembled athlerosclerosis in the female survivor.  The coronary vessels exhibit the 
“string of pearls” appearance described for polyarteritis lesions.  Testicular hemorrhage (C) and a 
white fibrous pancreatic mass (D) in the male survivor.  This caption and description of lesions 
could probably use some sprucing up.  Please check my placement of arrows and let me know if 
additional arrows should be included.  Draw them on the figure and scan it back to me so I can 
draw them in photoshop. 
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Fig S4.  Histopathological Findings.  Lungs (A)  Lymphoplasmacytic interstitial pneumonia with 
type II pneumocyte hyperplasia in an 18 dpi animal, 20x. (B) Cytoplasmic immunoreactivity in 
low numbers of alveolar macrophages, pneumocytes and endothelial cells in an 18 dpi animal, 
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20x.  (C) Interstitial fibrosis with type II pneumocyte hyperplasia in a surviving NHP, 20x.  (D) 
Degeneration and necrosis with subacute inflammation, Councilman bodies and vacuolar change 
in the liver of a 12 dpi animal, 20x. (E)  Positive apical to membranous hepatocyte and 
cytoplasmic endothelial immunoreactivity in a 12 dpi animal, 40x. (F) Necrotizing and 
proliferative vasculitis in the liver of a surviving NHP, 4x.  (G) Lymphoplasmacytic choroid 
plexitis in the brain of a 12 dpi animal, 20x.  (H, I) Meningoencephalitis, chronic-active 
perivascular multifocal gliosis and satellitosis with lack of corresponding immune reactivity in a 
surviving NHP.  (J) Membranous glomerulonephritis and vasculitis in kidney of a surviving 
NHP, 20x.  (K) Chronic-active pancreatitis with fibrosis and duct hyperplasia in a surviving 
NHP, 10x.  (L) Necrotizing and proliferative arteritis with narrowed lumen in the coronary artery 
a surviving NHP, 10x.  (M) Necrotizing and proliferative arteritis with narrowing of the lumen in 
the mesenteric artery of a surviving NHP, 4x.  (N)  Higher magnification of vascular changes 
noted in panel M, 20x. (O) Chronic-active orchitis in the testicles of the male survivor with 
positive cytoplasmic immunoreactivity in seminiferous tubule cells, 45 dpi, 10x.  Is there more 
that could be added here since there are no restrictions on length for supplementary figures? 
Also, I would like to add arrows where appropriate.  If you could draw them and scan back this 
figure I will do the arrows in Photoshop. 

 
Materials and Methods: 
 
Virus.  Monolayers of Vero E-6 cells were infected at an MOI of 0.1 with a stock of LASV.  
Three days post-infection, supernatants were collected, consolidated and clarified by 
centrifugation.  Virus-containing supernatant was titered by standard plaque assay. 
 
Primate Study.  A stock of LASV was diluted to a concentration of 1000 pfu/ml in sterile 
physiological saline.  Macaques were infected with 1000 pfu LASV via a single intramuscular 
injection of 1 ml virus-containing solution in the quadriceps muscle group. Macaques were 
monitored daily for disease progression and were euthanized when moribund according to 
IACUC-approved euthanasia criteria.  Anecdotal hearing response screening, including tuning 
fork tests and sound response tests were conducted with unanesthetized animals daily.  Blood 
samples were collected at days 0, 3, 6, 10, 14, 28 and 45 postinfection.  Blood samples were 
analyzed for CBC, blood chemistry and serum viremia.  Hearing loss was assessed in 
anesthetized macaques using a BAERCOM device (UFI, Inc.) according to manufacturer’s 
instructions.  Research was conducted under an IACUC approved protocol in compliance with 
the Animal Welfare Act, PHS Policy, and other Federal statutes and regulations relating to 
animals and experiments involving animals. The facility where this research was conducted is 
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, 
International and adheres to principles stated in the Guide for the Care and Use of Laboratory 
Animals, National Research Council, 2011.The BSL-4 facility where this research was 
conducted is fully accredited by the Association for Assessment and Accreditation of Laboratory 
Animal Care International.  
 
Blood Chemistry and Complete Blood Count Analysis.  Serum samples collected pre- and 
postinfection were diluted 1:3, then analyzed for glucose, blood urea nitrogen, creatinine, uric 
acid, calcium, albumin, total protein, alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), alkaline phosphatase (AP), total bilirubin, gamma glutamyl transferase, and amylase.  
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Approximately 100 μl of serum was applied to a General Chemistry 13-panel rotor and evaluated 
in a Piccolo point-of-care blood chemistry analyzer (Abaxis).  Values for each serum sample 
were recorded and compiled.  For the CBC analysis, 75 µl of whole EDTA-treated blood was 
aliquoted and run on a Hemavet Instrument (Drew Scientific).  Values for each serum sample 
were recorded and compiled. 
 
Analysis of Viremia.  Serum samples collected pre- and postinfection were assayed for viral titers 
via a standard plaque assay with some modifications.40  Briefly, Vero cells, seeded in 6-well cell 
culture plates, were adsorbed with gentle rotation at 37°C, 5% CO2 with 10-fold serial dilutions 
of serum for 1 h, then an overlay of 0.8% molecular grade agarose in EBME (basal medium 
Eagle with Earle’s salts) fortified with 10% fetal bovine serum and 20 μg/ml gentamicin was 
applied to each well and allowed to solidify.  After the overlay solidified, cells were incubated at 
37ºC, 5% CO2 for 4 days, then stained with neutral red (Invitrogen, Carlsbad, CA).  After an 
overnight incubation at 37ºC in the stain, plaques were counted and recorded.  
 
Evaluation of Sensorineural Hearing Loss.  Hearing screenings were performed using a 
brainstem auditory evoked response communication (BAERCOM) device (UFI, Inc.) according 
to manufacturer’s instructions.  Briefly, needle probes were placed subdermally into the skin 
above each ear in the area of the temporal bones.  An additional probe was placed subdermally 
on the crown of the head.  The probes were plugged into the BAERCOM device which was set 
to medium resolution recording.  An earplug was placed into one ear at a time and audiometric 
readings were collected at 0 dB and 75 dB for each ear.  The BAERCOM software produced 
graphs for each reading. 
 
Measurement of Cytokine/Chemokine Production in Plasma.  Plasma was obtained from EDTA-
treated blood samples collected on days 0, 3, 6, 10, 14, 28 and 45 postinfection.  Cytokine and 
chemokine levels were measured using a Milliplex MAP Non-Human Primate Cytokine 
Premixed 23-Plex Immunology Multiplex Assay Magnetic Bead Panel (Merck-Millipore).  The 
assay was performed according to manufacturer’s instructions and results were obtained on a 
Luminex FlexMap 3D Instrument.  DATA PENDING 
 
Immune Complex, Anti-Neutrophil Cytoplasmic Antibodies (ANCA) and C-Reactive Protein 
ELISAs.  Serum samples collected before viral infection and at days 0, 3, 6, 10, 14, 21, 18 and 45 
postinfection were screened using a Raji Cell Immune Complex ELISA (MicroVue CIC-Raji 
Cell Replacement EIA, Quidel Corp.), which measures C3d-bound CIC present in plasma or 
serum in a 96-well format.  ANCA antibodies were assessed using an ANCA Screen IgG Test 
Kit (Diagnostic Automation Inc.) that measure levels of anti-Myeloperoxidase (MPO) and/or 
anti-Proteinase-3 (PR3) IgG antibody in serum. To measure circulating levels of C-Reactive 
protein in serum, the Monkey C-Reactive Protein ELISA (Life Diagnostics, Inc.) was utilized. 
All assays were performed according to manufacturer’s instructions and results were obtained on 
a Molecular Diagnostics SpectraMax M5 multimode microplate reader.   
 
Analysis of LASV-Specific Antibody Production.  Serum samples collected before viral infection 
and at days 0, 3, 6, 10, 14, 21, 18 and 45 postinfection were analyzed for LASV-specific 
antibody production by ELISA (Pre-made LASV-Specific antibody capture ELISA kits were 
generously provided by Tulane University and Coregenix, Denver, CO).  ELISA kits consisted 
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of a combination of LASV antigens (Combo 5.5) or LASV GPC.  Twofold serial dilutions, 
ranging from 1:8 to 1:1024 were made for each serum sample, then 100 µl of each dilution was 
added to the wells and incubated for 1 h at room temperature.  Plates were then washed 5 times 
in the wash buffer provided with the kit.  After the wash step, 100 µl of a 1:5000 dilution of 
human-specific anti-IgG HRP-conjugated secondary antibodies (KPL, Inc.) was added to each 
well and incubated for 30 minutes at room temperature.  Following another 5 washes, 100 µl 
TMB substrate was added to each well and incubated at room temperature for 10 minutes before 
adding 100 µl stop solution.  Plates were read in a microtiter spectrophotometer and absorbance 
values at A450 were recorded.  Experiments using serum collected from LASV-infected animals 
were performed in biosafety level-4 conditions. 
 
Pathologic analysis of tissues.  Tissues were trimmed and processed according to standard 
protocol. Sections were trimmed at 5-6 µm thickness and stained with hematoxylin and eosin.  
Immunohistochemistry was performed on replicate tissue sections for both partial and full 
necropsies using an Envision kit.  A monoclonal antibody specific for Lassa virus GP1 was used 
at a dilution of 1:15000.  After deparaffinization and peroxidase blocking an antigen retrieval 
step was performed using a TRIS/EDTA buffer in a steamer for 30 minutes. Then sections were 
covered with primary antibody and incubated at room temperature for 30 minutes at room 
temperature.  They were rinsed, and the peroxidase-labeled polymer (secondary antibody) was 
applied for 30 minutes.  Slides were rinsed and a substrate-chromogen solution (DAB, Dako) 
was applied for five minutes.  The slides were rinsed in distilled water and counterstained with 
hematoxylin for two minutes, dehydrated, cleared with xyless and then coverslipped.  Slides 
were evaluated using a Nikon Eclipse 600 light microscope.   
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