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ABSTRACT Lassa virus (LASV) causes a severe, often fatal hemorrhagic disease in
regions in Africa where the disease is endemic, and approximately 30% of patients
develop sudden-onset sensorineural hearing loss after recovering from acute dis-
ease. The causal mechanism of hearing loss in LASV-infected patients remains elu-
sive. Here, we report findings after closely examining the chronic disease experi-
enced by surviving macaques assigned to LASV exposure control groups in two
different studies. All nonhuman primates (NHPs) developed typical signs and symp-
toms of Lassa fever, and seven succumbed during the acute phase of disease. Three
NHPs survived beyond the acute phase and became chronically ill but survived to
the study endpoint, 45 days postexposure. All three of these survivors displayed con-
tinuous disease symptoms, and apparent hearing loss was observed using daily sub-
jective measurements, including response to auditory stimulation and tuning fork
tests. Objective measurements of profound unilateral or bilateral sensorineural hear-
ing loss were confirmed for two of the survivors by brainstem auditory evoked re-
sponse (BAER) analysis. Histologic examination of inner ear structures and other tis-
sues revealed the presence of severe vascular lesions consistent with systemic
vasculitides. These systemic immune-mediated vascular disorders have been associ-
ated with sudden hearing loss. Other vascular-specific damage was also observed to
be present in many of the sampled tissues, and we were able to identify persistent
virus in the perivascular tissues in the brain tissue of survivors. Serological analyses
of two of the three survivors revealed the presence of autoimmune disease markers.
Our findings point toward an immune-mediated etiology for Lassa fever-associated
sudden-onset hearing loss and lay the foundation for developing potential therapies
to prevent and/or cure Lassa fever-associated sudden-onset hearing loss.

IMPORTANCE Lassa virus is one of the most common causes of viral hemorrhagic
fever. A frequent, but as yet unexplained, consequence of infection with Lassa virus
is acute, sudden-onset sensorineural hearing loss in one or both ears. Deafness is
observed in approximately 30% of surviving Lassa fever patients, an attack rate that
is approximately 300% higher than mumps virus infection, which was previously
thought to be the most common cause of virus-induced deafness. Here, we provide
evidence from Lassa virus-infected cynomolgus macaques implicating an immune-
mediated vasculitis syndrome underlying the pathology of Lassa fever-associated
deafness. These findings could change the way human Lassa fever patients are med-
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ically managed in order to prevent deafness by including diagnostic monitoring of
human survivors for onset of vasculitides via available imaging methods and/or
other diagnostic markers of immune-mediated vascular disease.

KEYWORDS Lassa virus, Lassa fever, polyarteritis nodosa, microscopic polyangiitis,
vasculitides, autoimmunity, viral infection, viral hemorrhagic fever, cynomolgus
macaque, nonhuman primate, deafness, sensorineural hearing loss, brainstem
auditory evoked response, virus-associated deafness, anti-neutrophilic cytoplasmic
antibodies, ANCA, ANCA-associated vasculitis, autoimmune-associated vasculitis,
immune-mediated vasculitis, Lassa virus, autoimmune-associated vasculitis

Lassa fever (LF) is an acute viral hemorrhagic disease endemic to West Africa caused
by infection with the rodent-borne arenavirus Lassa virus (LASV). The disease is

characterized by fever, malaise, exudative pharyngitis, and retrosternal chest pain that
progresses to include mucosal bleeding, severe hemorrhagic conjunctivitis, peripheral
and facial edema, and coagulopathy. LF is fatal in approximately 15% to 20% of cases,
with the case fatality rate much higher in some outbreaks (1, 2). Neurological sequelae,
including memory loss, ataxia, and neuromuscular pain, are common in both mild and
severe cases. Most notably, permanent unilateral or bilateral sudden-onset sensorineu-
ral hearing loss is observed in an unusually high percentage (approximately 30%) of LF
survivors (3–7). The incidence rate of deafness associated with LF greatly exceeds that
of any other viral disease known to cause postnatal deafness. For example, the most
commonly occurring viral disease known to cause deafness is mumps, in which
deafness occurs in less than 0.1% of cases (approximately 300 times less than that of LF)
(8). LF-associated deafness is a considerable cause of disability in the regions of West
Africa (Nigeria, Liberia, Guinea, and Sierra Leone) where the disease is endemic (9).
Since most confirmed cases of LF-associated hearing loss are identified during the
convalescent phase in recovering patients and after LASV seroconversion, it has been
speculated that hearing loss may be the result of an immune response to infection (10).
More recent studies, however, assert that sudden-onset sensorineural hearing loss can
also occur during the acute phase of disease, indicating that direct damage due to viral
infection may also contribute to hearing loss (11). In a prospective study, five of 37 LF
patients experienced hearing loss during the acute phase of infection, and four of those
five patients died from LF (11). While the sample size was small in this study, senso-
rineural hearing loss occurring during the acute phase of disease was more often
associated with a fatal outcome (11). Although a clear cause-and-effect relationship
between LF and deafness is evident, the underlying pathology has not yet been
identified.

Several nonhuman primate (NHP) species have been used to study the pathogenesis
of LASV, including cynomolgus macaques, which develop severe and usually fatal
disease with signs and pathology mirroring observations from fatal LF cases in humans
(12). Typically, macaques develop an acute disease approximately 10 days after infec-
tion, which is characterized by fever, malaise, loss of appetite, and reduced activity.
Severe disease signs that require euthanasia often occur approximately 11 to 18 days
postexposure (dpe). NHPs that survive this acute phase may go on to develop signs
characteristic of neurologic damage, including tremors, ataxia, and seizures, which can
be fatal in some NHPs. A recent publication describes the subjective determination of
sensorineural hearing loss in a STAT1 knockout mouse model following Lassa virus
exposure (13). Anecdotal evidence has suggested that NHPs, like humans, can become
deaf after surviving LASV infection; however, to date, neither an objective measure-
ment of deafness in primates nor the underlying cause of the deafness in macaques or
in humans has been described.

Here we report for the first time the use of an auditory measurement of LASV-
associated sensorineural hearing loss in cynomolgus macaques. Moreover, we describe
pathological findings indicating that an immune-associated systemic vasculitis disorder
is likely to be the basis of LF-associated deafness.
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RESULTS AND DISCUSSION
LASV infection of cynomolgus macaques. To determine whether macaques sur-

viving LASV infection develop deafness, we experimentally infected 10 cynomolgus
macaques and observed them for 45 days. A daily score was assigned to each macaque
corresponding to the severity of disease signs observed. A score of 0 indicated that the
macaque was well and showed no signs of disease, and a score of 10 indicated that the
macaque was severely ill and required euthanasia. All macaques developed signs of
LASV disease by 6 dpe, and seven macaques escalated to meet established euthanasia
criteria by 13 and 17 dpe, respectively (Fig. 1A). The morbidity scores of these macaques
reflect the time course of disease, which became severe approximately 9 dpe in all ten,
increasing steadily in severity for the seven that succumbed, but stabilizing in the three
survivors approximately 16 dpe (Fig. 1B). Two of the macaques that survived the acute
phase of disease improved slightly by approximately 28 dpe but continued to dem-
onstrate signs of disease, including hunched posture, reduced appetite, tremors, and
ataxia that persisted through the end of the study (Fig. 1B). The condition of the third
surviving macaque was similar to that of the other two survivors until beginning to
improve after day 28, but this NHP was still below his starting weight at the end of the
study (45 dpe). Blood samples collected on study days 0, 3, 6, 10, 14, 21, 28, and 45
postexposure were tested for infectious LASV by standard plaque assay and for
neutralizing antibody responses by plaque reduction neutralization test (PRNT). All
macaques had detectable serum viremia by 6 dpe. Macaques that succumbed had very
high viral titers at the terminal blood collection (up to approximately 1 � 107 PFU/ml).
Serum viremia levels peaked in the survivors at 14 dpe, followed by clearance of
detectable virus in serum by 28 dpe (Fig. 1C). Viral clearance correlated with a rise in
neutralizing antibodies in all three survivors (Fig. 1C).

Pathological findings in NHPs are consistent with autoimmune-associated
vasculitis in humans. Necropsy of the macaques euthanized during the acute phase
of disease, as well as the survivors, revealed gross pathological findings consistent with
earlier reports of LASV infection of macaques, which included changes in the lungs,
liver, spleen, heart, pancreas, lymph nodes, kidneys, and brain (12, 14). Additionally, the
survivors displayed severe gross lesions similar to those reported for human
autoimmune-associated vasculitis, specifically in polyarteritis nodosa (PAN) and micro-
scopic polyarteritis (MPA) patients (Fig. 2). The surviving macaques experienced marked
thickening of blood vessels in numerous organ systems, including the liver, pancreas,
and heart (Fig. 2A, B, and D). The coronary vessels exhibited a segmental vascular
dilation and stenosis having a “string of beads” or “rosary sign” appearance as previ-
ously described for vasculitis lesions that are often visualized in living subjects radio-

FIG 1 Cynomolgus macaque study outcomes in survivors (denoted in shades of green) versus nonsurvivors (denoted in shades of red). (A) NHPs were infected
by IM injection of 1,000 PFU of LASV at day 0 and were observed daily for 45 days. All ten NHPs exhibited signs of disease approximately 6 days postinfection
with seven NHPs reaching the euthanasia criteria on days 13 to 18. (B) Morbidity scores were assigned to the NHPs each day with 0 indicating no observable
disease signs and 10 indicating severe disease signs requiring euthanasia. The two NHPs that survived to the study endpoint experienced severe disease signs,
which did not resolve but did not require euthanasia. Signs of disease included loss of appetite, reduced activity, hunched posture, labored breathing, and
neurological deficits, including trembling, muscle weakness, and ataxia. (C) Serum viremia was determined by plaque assay and is expressed in log10 PFU/ml.
Development of neutralizing antibodies was measured by plaque reduction neutralization test (PRNT). Titers are expressed as the reciprocal serum dilution
required to reduce the number of plaques by 50% (PRNT50).
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graphically and are diagnostic for PAN and other vasculitis syndromes (Fig. 2B) (15). The
two male survivors experienced severe testicular edema during the in-life portion of the
study, starting approximately 14 dpe, and persisting until the end of the study (45 dpe).
At necropsy, gross examination of the testicles revealed evidence of interstitial hem-
orrhage (Fig. 2C), consistent with autopsy findings in male patients with autoimmune
vasculitis (16, 17). Pancreatic lesions are rare in autoimmune vasculitis, but they have
been described, specifically, for PAN (18, 19). NHP#1 had a white, fibrous, and nodular
pancreatic mass consistent with these descriptions (Fig. 2D). None of the gross lesions
observed in the surviving macaques are typically described for acute LASV disease in
primates; thus, we propose that they are associated with the development of an
immune-associated vasculitis after the acute phase of disease and after viral clearance
from the blood.

In addition to the gross findings, we also observed vascular lesions in most organ
systems similar to histologic findings reported in human cases of autoimmune-
associated vasculitis (Fig. 3A to I). Some autoimmune-associated vasculitides, including
PAN, MPA, and cryoglobulinemia in humans, are characterized by necrotizing vasculitis
in most organ systems more specifically described as segmental fibrinoid necrosis and
profound infiltration of polymorphonuclear neutrophils and monocytes (20, 21). Histo-
pathology performed on tissue samples from the LASV survivors in this study demon-
strate similar types of lesions and infiltrates (Fig. 3A and D to H). Proliferative vasculitis
was identified in the livers of all survivors (Fig. 3A and B). Examination of the lungs of
the survivors revealed interstitial fibrosis with type II pneumocyte hyperplasia but no
evidence of proliferative vasculitis. Pneumocyte hyperplasia is a common finding in
LASV-exposed guinea pigs and primates that succumb to disease; thus, we believe this
is likely due to the primary LASV infection and unrelated to the postexposure immune

FIG 2 Gross pathology findings from the two macaques surviving LASV exposure. (A) Marked thickening
of hepatic vessels in NHP#2 survivor. (B) The coronary vessels exhibiting similar incremental vascular
dilation and stenosis having the “string of beads” or “rosary sign” appearance reported for polyarteritis/
vasculitis lesions (15). (C) Multiple foci of interstitial testicular hemorrhage in NHP#1 survivor. (D) A white,
fibrous, and nodular pancreatic mass in NHP#1, consistent with previous descriptions for PAN patients
(18, 19).
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syndrome experienced by this macaque. We were able to observe minor perivascular
lesions in the brain of a primate that survived beyond the acute phase of disease but
succumbed on day 18 dpe. Similar lesions were not identified in NHPs that succumbed
earlier, during the acute phase. An inconsistency with the case definition for PAN in
humans is the fact that we identified membranous glomerulonephritis characterized by
expansion of the glomeruli with eosinophilic material, lymphoplasmacytic inflamma-
tion, degenerate neutrophils, tubular degeneration, necrosis, and regeneration, and
eosinophilic proteinaceous casts present in the survivors (Fig. 3D). The proliferative
vasculitis identified in the kidneys is similar to that described in the liver and pancreas,
with no corresponding immunoreactivity to LASV. It is unknown whether this glomer-
ulonephritis occurred due to the initial exposure to LASV and was resolving or whether
it was an active process mediated by the host immune response.

Given the profound inflammatory findings described above in most tissues of the
surviving NHPs in the absence of circulating virus or evidence of viral antigen in tissues,
we sought a more sensitive method to interrogate the tissue samples for viral persis-
tence. We adapted an in situ hybridization method using LASV-specific RNA probes and
were able to identify viral genomes present within the arteries with perivascular
inflammatory lesions in numerous organs, including the brain, heart, kidney, and liver
(Fig. 4). We next sought to identify the cell types persistently infected with LASV via an
immunofluorescence assay. Figure 5 shows that smooth muscle cells of arteries,
identified by an alpha smooth muscle cell actin-specific antibody marker (Fig. 5B, in
red), and not endothelial cells, identified by a CD-31-specific antibody marker (Fig. 5A,
in red), remain persistently infected with LASV. However, we cannot determine whether
the virus present in the smooth muscle cells is actively replicating or not based on these
assays.

FIG 3 Histopathologic findings in NHPs that survived to the end of study, 45 dpe. (A) Necrotizing and
proliferative vasculitis, liver, 45-day surviving NHP, 4�. (B) 20� view of the liver section in panel A. (C)
Development of lymphoplasmacytic perivascular encephalitis (denoted by arrowheads) apparent in a
nonhuman primate that succumbed after acute phase, 18 dpe, 10�. (D) Membranous glomerulonephritis
and vasculitis, kidney, 45-day survivor, 20�. (E) Profound chronic-active pancreatitis with fibrosis (denoted
by asterisks) and duct hyperplasia (denoted by arrowheads), 45-day survivor, 10�. (F) Necrotizing and
proliferative arteritis with narrowed lumen in the coronary artery, 45-day survivor, 10�. (G) Necrotizing and
proliferative arteritis with narrowing of the lumen in the mesenteric artery, 45-day survivor, 4�. (H) Higher
magnification of vascular changes noted in panel G, 20�. (I) Interstitial fibrosis with type II pneumocyte
hyperplasia (denoted by arrowheads) in the lung tissue of a surviving NHP 45 dpe.
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Auditory response measurements in NHPs that survive LASV infection. By 28
dpe, all three survivors appeared to develop hearing loss based on subjective mea-
surements of sound response and tuning fork tests. Screening for sensorineural hearing
loss was conducted on 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 nondomestic animal species such as elephant seals
(personal communication with UFI, Inc. personnel) and alpacas, measures the neural

FIG 4 Evidence of persistence of LASV RNA in perivascular lesions of multiple tissues after clearance of circulating
virus. A nucleic acid probe corresponding to the sequence 466-1433 of the L segment (within the polymerase gene)
of LASV was used to detect nucleic acid with a complementary sequence. Tissue-matched uninfected controls were
included to rule out nonspecific binding. Viral genomic RNA was detected in the arteries with perivascular lesions
in brain, heart, kidney, and liver 45 dpe. Higher-magnification images are shown in the left columns for survivors
and uninfected NHPs, and lower-magnification images are shown in on the right columns.

FIG 5 Localization of LASV viral antigen (in green) in the arteries with perivascular lesions in the brain at
45 dpe. (A) The red stain is CD-31, an endothelial cell marker. LASV antigen (in green) can be seen closely
associated with, but not within, the endothelium. (B) A smooth muscle cell marker, alpha smooth muscle
actin (in red) appears in line with the presence of LASV antigen (in green), indicating that the persistent
LASV in the vascular lesions is likely present in the smooth muscle cells.
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response to clicking sounds produced at various decibel (dB) levels (22). To our
knowledge, this device has not been used with primates prior to this study. Though not
an ideal fit for the external auditory anatomy of a primate, we were able to reliably
detect normal waveforms in anesthetized healthy, LASV naive primates. The BAERCOM
device clearly indicated that two of the three survivors had an absence of waveforms
for either both the left and right ears at 75 dB (NHP#2) or the right ear at 80 dB (NHP#3),
confirming bilateral and unilateral hearing loss, respectively, in these animals (Fig. 6A).
In humans, the auditory threshold is 0 dB, with mild hearing loss diagnosed with a lack
of appropriate response at 20 to 40 dB (which is approximately the sound level of quiet
conversation). For this study, we were unable to reliably determine an auditory re-
sponse below 75 to 80 dB in uninfected control animals, likely due to our inability to
completely insert the sound-generating ear piece into the ear canal; thus, we estab-
lished 75 dB or 80 dB (which is approximately the sound level of a busy city street) as
the experimental lower limit for measuring deafness in cynomolgus macaques. Though
we believe all three of the survivors experienced hearing loss starting approximately 28
dpe and persisting to the end of the study based on subjective measurements of sound
response such as a lack of reaction to voice (approximately 60 dB), click sounds
(approximately 40 dB), or tuning fork (approximately 40 to 60 dB), one survivor showed
a waveform on the BAERCOM device that signified an auditory response at 75 dB for
both ears. Refinement of the BAERCOM procedures for NHPs, to reliably measure less
profound deafness, would likely increase the number of animals that have confirmed
hearing loss. Rapid-onset sensorineural hearing loss is a well-described complication of
PAN and other autoimmune-associated vasculitides and is often the presenting symp-
tom. Deafness associated with these vasculitis diseases is believed to be the result of
inflammation and occlusion of the anterior inferior cerebellar artery (AICA) and down-
stream vessels, resulting in cochlear hypoxia (23–29). Consistent with pathological
changes seen in humans diagnosed with PAN, tissue samples of the inner ear adjacent
to the cochlear nerve of the three surviving NHPs display moderate subacute to

FIG 6 Evidence for sensorineural hearing loss in two surviving NHPs following LASV exposure. (A) A
brainstem auditory 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 both
ears of NHP#1 at 75 dB, whereas NHP#2 has an absence of waveforms for both the left and right ears at 75
dB. The third survivor (NHP#3) displays the absence of a waveform in the right ear at 80 dB. (B to D)
Histologic examination of the inner ear reveals inflammation of vessels and perivascular tissue at day 45
postexposure. Chronic-active inflammation surrounding a vessel (arrow) at 10� (B) and extending around
adjacent nerves (arrowheads) at 10� (C) and at high power (40�) (D).
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chronic-active perivascular inflammation which multifocally surrounded smaller
branches of the cochlear nerve (Fig. 6B to D) (26). It is important to note that there was
no viral staining evident in these sections, but it is impossible for us to determine
whether the absence of viral staining is due to the harsh nature of the fixation and
decalcification process necessary to remove the bony structures in the inner ear to
enable mounting the tissues onto slides for analysis. In addition, there was very little
tissue available for mounting on slides once the processing was complete, and no
additional tissue was available for testing by the more sensitive methods utilized later,
including the in situ hybridization and immunofluorescence assays.

Serological profiles of NHPs that survived LASV exposure. There are no defini-
tive tests to diagnose systemic vasculitides; thus, clinical diagnosis is based on the
presence of at least three of the following correlative symptoms as delineated by the
American College of Rheumatology (ACR): (i) unexplained weight loss; (ii) mottled
reticular skin patterns on the extremities or torso; (iii) testicular pain/tenderness; (iv)
myalgia, or weakness; (v) mono- or polyneuropathy; (vi) hypertension; (vii) elevated
BUN or creatinine; (viii) antibodies to hepatitis B surface antigen in serum; (ix) arterio-
graphic abnormalities; or (x) biopsy specimen of small or medium or large vessels
containing polymorphonuclear cells (30). In addition to these criteria, circulating im-
mune complexes (CICs), elevated C-reactive protein, elevated proinflammatory cyto-
kines, or sudden-onset, unexplained sensorineural hearing loss support a clinical diag-
nosis of systemic vasculitides. Further refinements of the clinical diagnosis criteria for
vasculitides were established at the second International Chapel Hill Consensus Con-
ference on the Nomenclature of Systemic Vasculitides in 2012 (31, 32). As a result of this
conference, the presence of antineutrophil cytoplasmic antibodies (ANCA) distin-
guishes PAN from microscopic polyarteritis (MPA).

To obtain confirmatory serological evidence consistent with an aberrant immune
response in the survivors, we tested blood samples from two of the three surviving
NHPs for immune markers indicative of a systemic autoimmune-associated vasculitis
diagnosis in humans. Sample volume limitations prevented us from performing these
assays for the third surviving NHP, and the absence of samples beyond the acute phase
prevented us from performing all tests on samples from the macaques euthanized due
to severe LASV disease. Of the two macaques we tested, we found that both survivors
had elevated levels of C-reactive protein in the blood starting at 14 dpe and peaking
at 28 dpe despite the absence of measureable virus in the blood at that time (Fig. 7A).
After 28 dpe, C-reactive protein levels decreased slightly but remained elevated
through the end of the study. CICs are generally very low or undetected in healthy
individuals but can become highly elevated in individuals with autoimmune disease,
and their presence is often diagnostic. Macaques that succumbed during the acute
phase did not develop measureable CICs (data not shown). However, the three survi-

FIG 7 Serological evidence for an autoimmune response in NHPs that survived LASV exposure. (A) C-reactive protein remains high throughout the course of
disease for surviving NHPs despite being free of measureable circulating virus in sera by day 28 postexposure. (B) Surviving NHPs experienced a spike in CICs
beginning on day 21 postexposure and remained significantly elevated over baseline levels at the end of the study. (C) ANCA was present above baseline levels
starting at day 21 postexposure. One NHP experienced a large increase over baseline levels on days 28 and 45 postexposure, whereas the other NHP had levels
closer to, but still above, baseline. Sample was not available from NHP#3 for CIC and ANCA analyses.
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vors developed highly elevated CICs by 21 dpe, which persisted to the study endpoint.
According to the Chapel Hill Consensus Conference, immune complex presence in
tissues and in serum suggests a diagnosis of cryoglobulinemic vasculitis (CV), distin-
guishing CV from both PAN and MPA. However, patients with CV have vasculitis in small
vessels only, whereas the macaques in this study had vasculitis lesions in small and
medium sized vessels. As such, the presence of high levels of CIC observed in these
macaques defies the established human categorization.

Both survivors developed ANCA by 21 dpe, with one demonstrating highly elevated
levels on 28 and 45 dpe (Fig. 7C). It is difficult to differentiate between the known
vasculitides due to overlapping findings, but based upon the 2012 Chapel Hill Con-
sensus Conference, the presence of ANCA in both survivors, albeit at differing levels
above baseline, and the presence of necrotizing glomerulonephritis suggest that the
syndrome is similar to MPA, despite the absence of vasculitis in the lungs (Fig. 3D).
Cytokines, chemokines, and vascular growth factors that either have been elevated in
patients with PAN, MPA, and other similar vasculitides or have been identified as
potential therapeutic targets for autoimmune vasculitis were measured and present at
elevated levels in the chronically ill macaques. Proinflammatory mediators IL-1� and
TNF-� (Fig. 8) became elevated in the surviving NHPs by 3 dpe. IL-1� became highly
elevated, approximately 5- to 15-fold increase above baseline, in each of the survivors
at different times after 14 dpe, and remained mildly elevated in two survivors at 45 dpe,
whereas TNF-� became differentially elevated, with two survivors experiencing in-
creases up to 35-fold above baseline before decreasing to approximately 3- to 8-fold
above baseline at 45 dpe. NHP#3 experienced a similar pattern of increase but to a
lower magnitude, peaking at approximately a 5-fold increase at day 28. Interleukin 6
(IL-6), a proinflammatory cytokine implicated as a factor in autoimmune disease,
became highly elevated from baseline levels in the survivors as early as 3 dpe. NHP#1
experienced a peak of approximately 3,000-fold change above baseline on 6 dpe, and
remained consistently high until the end of the study. IL-6 in NHP#2 and NHP#3
experienced a slower increase but became highly elevated, approximately 1,000- to
1,500-fold change above baseline, remaining highly elevated at 28 dpe and returning
closer to baseline by the end of study. Cytokines, IL-1�, TNF-�, and IL-6, have all been
discussed as potential therapeutic targets for PAN, MPA, and other autoimmune
vasculitides, including granulomatosis with polyangiitis (GPA), formerly known as We-
gener’s granulomatosis and eosinophilic granulomatosis with polyangiitis (EGPA), for-

FIG 8 Heat map representation of cytokine and chemokine changes that support a systemic autoimmune response hypothesis. Proinflammatory cytokines
IL-1�, TNF-�, and IL-6 became elevated in the acute phase of disease but remained above baseline after viral clearance. Autoimmune mediators IL-15 and IL-5
became strongly elevated during the acute phase of disease in the NHPs that survived, but not in the NHPs that succumbed. IL-15 returned to baseline, and
IL-5 differentially returned to baseline by the end of study, with the deaf NHP retaining highly elevated levels. sCD40L became highly elevated early
postexposure and remained elevated from baseline throughout the study. All data are presented as fold change from baseline levels. The fold change scale
for each cytokine and chemokine is included to the right of each panel.
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merly known as Churg-Strauss syndrome (33–38). Other cytokines and chemokines
reported to be involved in systemic autoimmune responses include IL-15, IL-5, and
sCD40L. Two of the three survivors experienced very high elevations in IL-15, ranging
from 10- to 20-fold above baseline, starting as early as 3 dpe, and continuing through
14 and 21 dpe, returning to levels similar to baseline by the end of study (Fig. 8). NHP#3
showed increases that followed the same pattern as the other two survivors but to a
lesser magnitude. The normal function of IL-15 is to promote T cell proliferation but
also to prevent death of these cells by apoptosis. A potential role for dysregulated
expression of IL-15 in autoimmunity is to promote the proliferation and survival of
self-reactive lymphocytes (39–42), and IL-15 has been considered a potential therapeu-
tic target for autoimmune diseases such as rheumatoid arthritis and GPA (38, 43, 44).
Interestingly, elevated levels (5- to 20-fold increase above baseline) of IL-5, a cytokine
that functions to stimulate release of eosinophils into the bloodstream, as well as
eosinophilia, were identified in the survivors at 21 and 28 dpe, after viral clearance from
the blood (Fig. 8; see also Fig. S1 in the supplemental material). Eosinophils were also
noted histologically as a component of the vasculitis in tissues of survivors collected at
necropsy (Fig. 3). Another marker of autoimmunity elevated in the survivors was
sCD40L, a cytokine and costimulatory molecule with a multitude of important functions
in the natural response to infection. Expression of sCD40L is an early marker of T cell
activation, and pairing with CD40 cell surface markers on B cells, macrophages, and
dendritic cells leads to an enhancement of antigen-specific immune responses. One of
the ways in which this task is accomplished is through CD40 and sCD40L complex-
mediated bridging of activated T cells and B cells to promote antigen-specific B cell
differentiation, isotype switching from IgM to IgG, and memory B cell formation (45, 46).
A proposed role for dysregulated and prolonged expression of sCD40L in autoimmunity
is activation of self-reactive lymphocytes and prevention of their deletion, which leads
to proliferation of autoantibodies (47). We were able to measure highly elevated levels
(approximately 35-fold increase above baseline) of sCD40L in serum of NHP#2 as early
as 3 dpe. NHP#1 experienced a mild increase on day 3 and continued to exhibit
increased sCD40L, peaking at approximately 30- to 35-fold above baseline at 21 dpe.
Levels of sCD40L remained above baseline for these survivors throughout the end of
the study. In comparison, NHP#3 experienced only mild increases, approximately 5-fold
above baseline throughout the study period.

The mixed manifestations of vasculitis observed herein could be described as an
“overlap syndrome” which are commonly observed in rheumatologic disease (48).
Based on definitions in the Chapel Hill Consensus Conference guidelines, this vasculitis
would be considered a “vasculitis that is associated with a probable specific etiology”
and thus, Lassa-associated vasculitis (31, 32). It should be noted that it is unknown if
human LASV survivors also have such overlapping PAN and MPA markers and similar
pathological processes. There is a paucity of human pathology data in Lassa patients,
and there have not been any recent studies in humans to our knowledge (49–53). Most
of the limited available data do not point to vasculitis in humans who did not survive
(49–53). However, in one case series, a patient was described as having congestion and
clusters of chronic inflammatory cells around smaller blood vessels and infiltration of
some of the vessel walls by chronic inflammatory cells (49). In another case series, four
patients were described as having edematous and narrowed liver arterioles and central
arteries of the spleen surrounded by fibrinoid material, with vessel wall edema, eosin-
ophilic thickening, and endothelial swelling (50). It is also worth noting that all of the
human cases for which pathology samples have been collected and analyzed have
been from fatal cases, in contrast to the NHP survivors we have described. It is possible
that a Lassa-associated vasculitis syndrome similar to what we have observed in NHPs
could occur in human survivors and that it may not have been noted as most Lassa
infections occur in resource-limited settings. To determine whether this phenomenon
occurs in humans, blood samples could be collected from human survivors of LF to look
for biomarkers of vasculities and compared between patients who have hearing loss, or
other chronic sequelae, and those that do not. However, establishing a pathological
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diagnosis of vasculitis, which would be possible with imaging studies such as those
commonly used to identify the rosary bead appearance of vasculitis lesions of patients
with PAN and other vasculitis disorders, would be more difficult in human survivors,
especially in resource-limited settings, and could be considered if biomarkers lead to
suspicion of a vasculitic process.

Conclusions. The surviving macaques in our study displayed seven of the 10 ACR
criteria for diagnosis of autoimmune-associated systemic vasculitis in humans. Addi-
tionally, they had elevation of all four of the serological markers which are hallmarks of
PAN and many characteristics common to MPA and other autoimmune-associated
vasculitides, such as the presence of immune complexes in serum, measureable deaf-
ness, and histologic lesions commonly observed in systemic vasculitis patients. Our
results do not specifically describe or indicate a discrete subcategory of systemic
vasculitis; however, these results strongly suggest that an ANCA-positive immune-
mediated vasculitis-like syndrome could serve as the underlying cause of rapid-onset
sensorineural hearing loss in cases of Lassa fever. Although the number of animals in
this analysis is small, the compiled results reflect consistent findings in surviving
animals from two distinct studies, indicating that the Lassa fever-associated vasculitis
overlap syndrome, as described, is a reproducible finding in our disease model.
Continued animal model development will help to further define the cause-and-effect
relationship of LASV infection, chronic vasculitis disease, and sensorineural hearing loss.
Expanding our understanding of the role of a chronic, aberrant inflammatory immune
response in post-acute Lassa fever in primates and how these secondary effects might
be prevented could result in enhanced medical management of human cases.

MATERIALS AND METHODS
Primate exposure. Ten adult cynomolgus macaques were infected with an intramuscular target

dose of 1,000 PFU of LASV, Josiah strain (14) in sterile physiological saline via a single injection of 1 ml
of the virus-containing solution into the quadriceps muscle group. Macaques were monitored daily for
disease progression and were euthanized when moribund, according to IACUC-approved euthanasia
criteria or at the end of the study period (45 dpe).

Blood sample collection and analyses for viremia, chemistry, and hematology. Blood samples
were collected before infection and on days 0, 3, 6, 10, 14, 28, and 45 postexposure from anesthetized
macaques. Experiments using samples collected from LASV-infected animals were performed in biosafety
level 4 conditions. Viremia was measured by standard plaque assay as previously described (54, 55).
Briefly, Vero cells, seeded in 6-well cell culture plates were incubated with 10-fold serial dilutions of each
serum for 1 h at 37°C and 5% CO2, after which 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 �g/ml gentamicin was
applied to each well and allowed to solidify. Cells were then incubated at 37°C and 5% CO2 for 4 days,
and a solution of neutral red (custom blended for USAMRIID by Invitrogen, Carlsbad, CA) was added.
After an overnight incubation at 37°C in the stain, plaques were counted and recorded. Chemistry and
hematology assessments included measurements of blood glucose, 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. Approximately 100 �l of
each serum sample was applied to a General Chemistry 13-panel rotor and evaluated in a Piccolo
point-of-care blood chemistry analyzer (Abaxis). For the CBC analysis, EDTA-treated whole-blood samples
(75 �l) treated with EDTA were aliquoted and run on a Hemavet instrument (Drew Scientific). Results for
CBC and chemistry analyses are shown in the figures in the supplemental material.

Evaluation of sensorineural hearing loss. Hearing screenings were performed using a brainstem
auditory evoked response communication (BAERCOM) device (UFI, Inc.) according to the 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 to obtain a baseline
measurement and at 75 dB for each ear. The BAERCOM software produced graphs for each reading.

Measurement of immune markers. A Raji Cell Immune Complex ELISA (MicroVue CIC-Raji Cell
Replacement EIA, Quidel Corp.) was used to measure C3d-bound CIC present in plasma or serum. ANCA
antibodies were assessed using an ANCA Screen IgG Test kit (Diagnostic Automation Inc.) that measures
levels of anti-myeloperoxidase (anti-MPO) and/or anti-proteinase-3 (anti-PR3) IgG antibody in serum. To
measure the 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 the manufacturer’s instructions,
and results were obtained on a Molecular Diagnostics SpectraMax M5 multimode microplate reader.
Cytokine and chemokine assays were performed on plasma samples using a Milliplex MAP Non-Human
Primate Cytokine Premixed 23-Plex Immunology Multiplex Assay Magnetic Bead Panel (Merck-Millipore).
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The assay was performed according to the manufacturer’s instructions, and results were obtained on a
Luminex FlexMap 3D instrument.

Pathologic analysis of tissues. Necropsies were performed on each macaque immediately following
euthanasia in the USAMRIID biosafety level 4 laboratory. Tissues from major organ systems were
collected, immersed and fixed in 10% neutral buffered formalin, and held in biocontainment for a
minimum of 21 days. Histopathology samples were routinely processed, embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin. Immunohistochemistry was performed on replicate
tissue sections for both partial and full necropsies using an Envision kit (Dako). A monoclonal antibody
specific for Lassa virus GP1 (54) was used at a dilution of 1:15,000. After deparaffinization and peroxidase
blocking, an antigen retrieval step was performed using a TRIS/EDTA buffer in a steamer for 30 min.
Tissue slides were covered with primary antibody, incubated at room temperature for 30 min, and rinsed.
The secondary antibody, a peroxidase-labeled polymer, was applied for 30 min, and the slides were
rinsed again. Substrate-chromogen solution (DAB; Dako) was applied for 5 min; the slides were rinsed in
distilled water, counterstained with hematoxylin for 2 min, dehydrated, and cleared with xyless, and then
coverslips were placed on the slides. Slides were examined with a Nikon Eclipse 600 light microscope.

In situ hybridization. In situ hybridization was performed using RNAscope 2.5 HD RED kit according
to the manufacturer’s instructions (Advanced Cell Diagnostics, Hayward, CA). Briefly, 20 ZZ probes set to
target positions 466 to 1433 of the Lassa virus genome with GenBank accession number KM821901.1
were synthesized. After deparaffinization and peroxidase blocking, the sections were heated in antigen
retrieval buffer and then were digested by proteinase. The sections were covered with ISH probes and
incubated at 40°C in a hybridization oven for 2 h. After the sections were rinsed, ISH signal was amplified
using kit-provided Pre-amplifier and Amplifier conjugated to alkaline phosphatase, and incubated with
a Fast Red substrate solution for 10 min at room temperature. Sections were then stained with
hematoxylin, air dried, and mounted.

Immunofluorescence staining. Formalin-fixed paraffin-embedded NHP tissue sections were depar-
affinized and rehydrated through a series of graded ethanol solutions. After 0.1% Sudan black B (Sigma)
treatment to quench autofluorescence, the sections were boiled in citrate buffer (pH 6.0) for 15 min to
unmask antigen. After rinses with PBS (pH 7.4), the section were blocked with PBS containing 5% normal
goat serum overnight at 4°C. Then the sections were incubated with mouse anti-LASSA (USAMRIID,
52-2074-7A) and rabbit polyclonal antibody against CD31 (ab28364; Abcam, Cambridge, MA, USA) at a
dilution of 1:100 or rabbit polyclonal antibody against alpha-smooth muscle actin (alpha-SMA, ab5694;
Abcam, Cambridge, MA, USA) at a dilution of 1:500 for 2 h at room temperature. After rinses with PBS,
the sections were incubated with secondary Alexa Fluor 488-conjugated goat anti-rabbit antibody and
Alexa Fluor 561-conjugated goat anti-mouse antibody for 1 h at room temperature. Vectashield mount-
ing medium with DAPI (Vector Laboratories) was placed over the sections, and cover slips were put over
the slides. Images were captured on a Zeiss LSM 880 confocal system and processed using ImageJ
software.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio

.01896-18.
FIG S1, DOCX file, 1.6 MB.
FIG S2, DOCX file, 1 MB.
TABLE S1, DOCX file, 0.02 MB.
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