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Pathogens, particularly human herpesviruses (HHVs), are impli-
cated as triggers of disease onset/progression in multiple sclerosis
(MS) and other neuroinflammatory disorders. However, the time
between viral acquisition in childhood and disease onset in
adulthood complicates the study of this association. Using non-
human primates, we demonstrate that intranasal inoculations
with HHV-6A and HHV-6B accelerate an MS-like neuroinflamma-
tory disease, experimental autoimmune encephalomyelitis (EAE).
Although animals inoculated intranasally with HHV-6 (virus/EAE
marmosets) were asymptomatic, they exhibited significantly
accelerated clinical EAE compared with control animals. Expan-
sion of a proinflammatory CD8 subset correlated with post-EAE
survival in virus/EAE marmosets, suggesting that a peripheral
(viral?) antigen-driven expansion may have occurred post-EAE
induction. HHV-6 viral antigen in virus/EAE marmosets was mark-
edly elevated and concentrated in brain lesions, similar to previously
reported localizations of HHV-6 in MS brain lesions. Collectively, we
demonstrate that asymptomatic intranasal viral acquisition acceler-
ates subsequent neuroinflammation in a nonhuman primate model
of MS.
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Multiple sclerosis (MS) is a complex autoimmune disease
thought to develop in genetically susceptible individuals after

exposure to specific environmental factors, including pathogens.
Microbial agents have been linked to MS disease onset and exac-
erbations since the late 19th century (1). However, the field has
largely transitioned from seeking a single causal agent toward ex-
amining ubiquitous ones that may serve as disease triggers. There
has been particular focus on two human herpesviruses, Epstein-Barr
virus (EBV) and human herpesvirus 6 (HHV-6) (2). Both are
typically acquired during early childhood and establish latency in
peripheral blood lymphocytes, lymphoid tissue, and likely the cen-
tral nervous system (CNS) (3).
Several decades of research have linked HHV-6 with MS disease

activity (reviewed in ref. 4). Many studies have associated the pe-
ripheral detection of HHV-6, or an immune response to HHV-6,
with clinically active MS; correlations between HHV-6 antibodies
and MS relapse risk or disease progression are reported across
geographically varied populations. Other studies have demonstrated
greater HHV-6 expression in MS brains compared with controls (5),
with higher levels of viral DNA (6, 7) and mRNA (5) in demyeli-
nated plaques. However, because MS is characterized by CNS in-
flammation and peripheral immune activation, it is unknown to
what extent dysregulated antiviral immune responses reflect disease
cause and/or effect.
HHV-6 comprises two viral species, HHV-6A and HHV-6B

(8). Animal models of HHV-6 infection have been difficult to
establish because rodents lack widespread expression of the main
cellular receptor, CD46. Our laboratory has studied primary
HHV-6 infections using the common marmoset, a small non-
human primate (NHP), and has reported differences in antibody
induction and viral detection between HHV-6A and HHV-6B,
and between i.v. and intranasal routes of inoculation (9).

In humans, HHV-6 is almost ubiquitously acquired in early
childhood, thereby complicating the elucidation of its role in a
disease like MS, which often manifests in early adulthood. In
addition to HHV-6 susceptibility, marmosets are excellent
models of experimental autoimmune encephalomyelitis (EAE),
an animal system used to study MS. EAE is one model of au-
toimmune inflammatory-mediated CNS demyelination, created
by immunizing animals with CNS (usually white matter) peptides
or proteins. Although EAE is typically studied in rodents, mar-
moset EAE presents with greater radiologic and pathologic
similarities to MS, reflecting the genetic, immunological, and
CNS anatomical proximity of marmosets to humans (10).
The current study, therefore, utilized marmosets to examine the

effects of HHV-6 on the disease course of EAE. Consistent with
evidence suggesting that viruses induce a heightened immune state
(11), we observed accelerated disease in marmosets inoculated with
HHV-6 compared with uninfected control animals.

Results
Characterization of HHV-6A and HHV-6B Intranasal Inoculations. In
the present study, marmosets were inoculated intranasally with
HHV-6A, HHV-6B, or uninfected SupT1 control material monthly
for 4 mo. SupT1 is a T cell line commonly used for in vitro prop-
agation of HHV-6. Intranasal inoculation was selected to mimic a
physiologic route of infection, as humans likely acquire HHV-6,
among other viruses, by this route (12). Over the 4 mo of HHV-6
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intranasal inoculations, marmosets were weighed twice weekly and
monitored for clinical symptoms by in-cage observation and out-of-
cage examinations. Throughout the period of intranasal inocula-
tions with either virus, no clinical symptoms were observed. This is
consistent with our prior study, in which no symptoms were ob-
served in marmosets intranasally inoculated with HHV-6A (9).
To determine whether marmosets mounted HHV-6 antibody

responses to the intranasal inoculations, plasma was evaluated for
HHV-6–specific IgG. HHV-6 antibody responses were observed in
three of four HHV-6B–inoculated marmosets, one of four HHV-
6A–inoculated marmosets, and none of the controls. Saliva and
peripheral blood mononuclear cells (PBMCs) were collected every
2 wk and evaluated for viral DNA by HHV-6 species-specific
droplet digital PCR (13). Viral DNA was detected in the saliva of
all four HHV-6B–inoculated marmosets at multiple time points. By
contrast, viral DNA was never detected in the saliva of HHV-6A
inoculated marmosets, supporting the idea of distinct cellular tro-
pisms for HHV-6A and HHV-6B (8). Viral DNA was not detected
in PBMCs from either group (SI Appendix, Fig. S1).
The HHV-6B–inoculated marmoset M26 was euthanized shortly

after the intranasal inoculations due to a wasting disease not un-
common in captive marmoset colonies. This afforded us the op-
portunity to determine whether HHV-6B intranasal inoculation
resulted in detectable virus in the brain. The entire brain was sec-
tioned and surveyed by immunohistochemistry using three HHV-6
antibodies validated for this study (only staining with HHV-6B–
specific p101k is shown). Low levels of HHV-6 reactivity were de-
tected in a few regions (two of nine slabs), including the frontal
cortex/olfactory bulb and hippocampus (Fig. 1). When present, viral
antigen was detectable in multiple adjacent sections. B cells were
undetected, while T cell infiltrates were observed in some vessels.

Virus-Inoculated Marmosets Exhibit Accelerated Clinical EAE. To as-
sess the effects of a preexisting viral infection in the context of
neuroinflammation, all marmosets were induced with EAE 2 mo
after the last HHV-6 intranasal inoculation (n = 11). We hy-
pothesized that the HHV-6–inoculated marmosets (virus/EAE)
would develop more severe disease compared with the SupT1
control–inoculated marmosets (control/EAE).
Marmosets were monitored clinically and radiologically until

predetermined clinical end points. A significantly shorter time to
EAE symptom onset was observed in the virus/EAE groups
compared with the controls (Fig. 2A; P = 0.04). Common early
symptoms included apathy, dyscoordination, visual disturbances,
and/or greater than 10% weight loss. Notably, in addition to a
shorter time to symptom onset, virus/EAE marmosets survived
for a significantly shorter period following EAE induction (P =
0.03) (Fig. 2B), with no differences between the HHV-6A and
HHV-6B groups. One control marmoset developed only mild
symptoms, and never met clinical end points for euthanasia
(M33, see SI Appendix, Table S1).

More Severe Radiologic Disease in Virus/EAE Marmosets. Due to its
sensitivity and noninvasiveness, MRI is central to the monitoring
of MS lesions. In marmoset EAE, MRI-visible lesions develop
throughout the CNS and can be followed over time. Like MS brain
lesions, marmoset EAE brain lesions are venocentric (14) and ex-
hibit similar compositions of inflammatory infiltrates (15), suggest-
ing shared pathophysiologic mechanisms. After EAE induction,
marmosets underwent in vivo brain MRI every 2 wk. There was a
nonsignificant trend for earlier lesion onset in virus/EAE compared
with control/EAE marmosets (41 ± 14 d versus 63 ± 45 d, re-
spectively). In all marmosets, lesions were visible predominantly in
the white matter tracts; there were no apparent differences in lesion
location between the groups. There were no differences in cumu-
lative lesion number or lesion volume between the virus/EAE and
control/EAE groups.
Multiple types of scans were run during each imaging session to

assess EAE lesion dynamics and evolution. White matter lesions
appear hyperintense on proton density (PD)-weighted scans (Fig.
3A) and hypointense on T1-weighted scans (Fig. 3B). Final cumu-
lative PD and T1 brain lesion volumes are shown for each mar-
moset in Fig. 3C. All brain lesions were detectable by PD-weighted
scans, while only a subset was detectable by T1-weighted scans. The
mean survival time for the virus/EAE marmosets was 18 d after PD
lesion onset (Fig. 3D) and 9 d after T1 lesion onset (Fig. 3E), both
significantly shorter than the control group. When the T1 lesion
burden as a proportion of total lesion volume was compared across
groups, the HHV-6B animals showed a significantly greater mean
fraction compared with the HHV-6A or control animals (one-way
ANOVA, P = 0.05).

HHV-6 Viral Antigen Is Up-Regulated in Inflammatory EAE Brain
Lesions. To determine whether viral antigen could be detected
in brain tissue, HHV-6 immunohistochemistry was performed on

A B

Fig. 1. HHV-6 viral antigen occasionally detected in the brain after in-
tranasal inoculations. Two of nine examined brain regions from HHV-6B–
inoculated marmoset M26 contained detectable HHV-6 late antigen p101k
(red; arrows), with cytoplasmic localization. (A) Olfactory bulb. (B) Hippo-
campus. (Scale bar: 50 μm; Inset scale bar: 5 μm.)
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Fig. 2. Significantly accelerated clinical EAE in HHV-6 intranasally in-
oculated marmosets. (A) Reduced time to symptom onset in virus/EAE mar-
mosets compared with SupT1 control/EAE marmosets (unpaired t test, P =
0.04). (B) Shortened survival post-EAE induction in virus/EAE marmosets
compared with SupT1 control/EAE marmosets (unpaired t test, P = 0.03).
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CNS tissues from all HHV-6B virus/EAE marmosets when
clinical end points were reached. Viral antigen was up-regulated
in inflammatory, subcortical white matter lesions from a repre-
sentative virus/EAE marmoset (Fig. 4 A and B). These lesions
are 2 to 4 wk old, estimated by time of appearance on in vivo
MRI. Viral antigen was also detected in the leptomeninges
around the hippocampal fissure (Fig. 4C). HHV-6 antigen was
additionally localized to the choroid plexus, which has been de-
scribed as a cerebrospinal fluid gateway for immune cells traf-
ficking into the CNS (16). This is in contrast to the animal
infected with HHV-6 but not induced with EAE, in which viral
antigen was sparsely detected in the brain (Fig. 1). Control/EAE
brain sections did not stain for HHV-6.
Additional immunohistochemistry was performed to characterize

the cellular composition of HHV-6–positive lesions (Fig. 5), which
tended to be intensely inflamed. Serial sections from a represen-
tative 2- to 4-wk-old HHV-6–positive lesion are shown in Fig. 5A.
This lesion shows a high degree of lymphocyte infiltration, with
dispersion into the parenchyma. There is moderate staining for
myeloid-related protein 14 (MRP14), expressed on recently in-
filtrating monocytes and macrophages during early acute in-
flammation. MRP14 is less tightly perivascular than the lymphocyte
markers or Iba-1. Iba-1 is expressed on both microglia and mac-
rophages and shows dense staining in both the perivascular cuff and
surrounding parenchyma. This lesion also stains for fibrinogen, a
marker of blood-brain barrier leakiness (17). The absence of myelin
proteolipid protein (PLP) indicates early-stage demyelination.
Colocalization studies were performed to determine which

cells within the inflammatory HHV-6B/EAE lesion expressed
HHV-6. As shown in Fig. 5B by double-staining immunohisto-
chemistry, there was a marked colocalization of HHV-6–positive
(brown) and CD3-positive (blue) cells. Immunofluorescence

studies confirmed these findings (Fig. 5 C–E). These findings are
consistent with the known T cell tropism of HHV-6B (18) and
suggest that the up-regulation of HHV-6 in EAE lesions resulted
from increased immune cell trafficking known to occur in the
early stages of lesion formation. Increased HHV-6 expression in
inflammatory lesions of virus-infected/EAE animals relative to
the surrounding parenchyma mirrors the observations of HHV-6
in MS lesions (19–21).

HHV-6A HHV-6B SupT1
-20

0

20

40

60

%
 T

1 
of

 fi
na

l P
D

 b
ra

in
 le

sio
n 

vo
lu

m
e p= 0.05

1
2

1
2

HHV-6 SupT1 

0

50

100

150
D

ay
s s

ur
vi

va
l p

os
t P

D
 le

sio
n 

on
se

t
p= 0.04

HHV-6 SupT1
0

50

100

150

D
ay

s s
ur

vi
va

l p
os

t T
1 

les
io

n 
on

se
t

p= 0.03

M
22

M
23

M
24

M
25

M
27

M
28

M
29

M
30

M
31

M
32

M
33

0

20

40

60

80

F
in

al
 b

ra
in

 le
si

on
 v

ol
um

e 
(m

m
3 )

PD-weighted

T1-weighted

HHV-6A HHV-6B SupT1

A B

C D

E F

Fig. 3. Characterization of EAE brain lesions. PD (A)
and T1 (B) in vivo images from HHV-6B/EAE marmo-
set M28. Two white matter lesions are numbered. (C)
Final PD and T1 lesion volumes by marmoset for all
groups. (D and E) Virus/EAE marmosets survived for
less time after the onset of PD (unpaired t test, P =
0.04) (D) and T1 (unpaired t test, P = 0.03) (E) brain
lesions. (F) HHV-6B/EAE marmosets had the greatest
T1 lesion burden.
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Fig. 4. HHV-6 viral antigen is up-regulated in virus/EAE marmoset brains.
Arrows indicate positivity for HHV-6 late antigen p101k (red) in inflamed
brain regions from representative virus/EAE marmoset M28. (A and B)
Temporal white matter around putamen. (C) Leptomeninges around hip-
pocampal fissure. (Scale bar: 50 μm.)
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CD8 E/M Expansion in Virus/EAE Marmosets Correlates with Disease
Duration. To characterize the mechanism of accelerated disease in
the virus/EAE marmosets, PBMCs were immunophenotyped by
flow cytometry pre- and post-EAE induction. T cell subpopulation
definitions were based on a prior NHP study (22): naïve
(CD3+CD27+CD45RA+), effector (CD3+CD27−CD45RA+),
effector/memory (CD3+CD27−CD45RA−), and memory
(CD3+CD27+CD45RA−) (Fig. 6A). As shown in the histogram of
Fig. 6A, the effector/memory subpopulation (blue peak) produced
the greatest amount of IFN-γ, supporting this immunophenotyping
scheme.
In the virus/EAE marmosets, a decrease in naïve CD8 cells and

an increase in effector/memory CD8 cells were observed at the
terminal EAE time point, which varied between animals. No such
trends were observed in the control/EAE marmosets (representa-
tive plots shown in Fig. 6B). Further, we observed that the reduction
in naïve CD8 cells and the increase in effector/memory CD8 cells
significantly correlated with EAE duration in the virus/EAE mar-
mosets (Fig. 6 C andD), but not the control/EAEmarmosets (Fig. 6
E and F). These data suggest that the accelerated disease observed
in the virus/EAE groups may have been related to an expansion of
proinflammatory, IFN-γ–producing CD8 T cells.

Discussion
While no particular infectious agent has been demonstrated to
trigger MS onset, many have been suspected (23). The focus in
recent decades has shifted to several ubiquitous herpesviruses,
particularly EBV and HHV-6. To model an MS-like disease in the
context of a viral infection, we utilized small NHPs, which are both
susceptible to HHV-6 (9) and well-characterized models of EAE
(24). In the present study, HHV-6 was administered intranasally to
mimic a physiologic route of infection. HHV-6, along with other
neurotropic viruses, is thought to access the CNS via the olfactory
pathway, as the olfactory neuroepithelium provides a direct route
from the periphery to the brain. Interestingly, an early clinical
manifestation of MS is olfactory dysfunction (25).
Several observations of HHV-6–infected marmosets are

comparable to what has been reported in humans. Similar to the
majority of HHV-6 infections that occur in early childhood,
marmosets inoculated intranasally with HHV-6A or HHV-6B
were asymptomatic. In humans, HHV-6B is detected far more

frequently in saliva than HHV-6A (13, 26). Likewise, in this
study, viral DNA was detected in the saliva of all HHV-6B–in-
oculated marmosets and none of the HHV-6A inoculated mar-
mosets. Lastly, following the intranasal inoculations, low levels of
viral antigen were detectable in the olfactory bulb and hippo-
campus of an HHV-6B–infected marmoset. In humans, low
levels of HHV-6 are observed in normal CNS tissues (27), sug-
gestive of a viral reservoir. Moreover, HHV-6 is reportedly tropic
for limbic structures of the human CNS, reflected by its associ-
ation with encephalitis (28) and epilepsy (29).
A major finding in this study is that marmosets inoculated with

HHV-6, although asymptomatic, exhibited significantly accelerated
clinical EAE compared with nonvirally inoculated controls. This
was supported by clinical, radiological, and histopathological out-
comes. Clinically, virus/EAE marmosets had significantly earlier
symptom onset, more progressive disease, and significantly short-
ened survival compared with control/EAE animals.
Inflammatory lesions that develop in the marmoset EAE model

are distributed throughout the CNS and can be followed by MRI
due to the size and structure of the marmoset brain (30). Virus/
EAE marmosets trended toward earlier development of lesions and
an increased lesion load compared with controls. Despite the small
numbers of animals per group, the HHV-6B–inoculated marmosets
exhibited an increased proportion of T1 lesions compared with the
HHV-6A group. Given the acute lesions in the virus/EAE mar-
mosets, we hypothesize that this T1 hypointensity represents a
combination of inflammation (edema) and tissue destruction of
varying degrees (15, 17). In humans, HHV-6B, relative to HHV-6A,
tends to be associated with acute inflammatory events such as sei-
zures and encephalitis (29). By histopathology, virus/EAE marmo-
sets had a greater number of acute inflammatory lesions compared
with control/EAE animals.
Early studies reporting the localization of HHV-6 to MS brain

lesions provided strong rationale for further studies of HHV-6 in
MS pathogenesis (31). In the brains of virus/EAE marmosets, viral
antigen was far more frequently detected, relative to the virus-
inoculated marmoset not induced with EAE. Specifically, viral an-
tigen was localized to sites of inflammatory lesion formation and
colocalized with CD3 T cells, consistent with the known T cell
lymphotropism of HHV-6 (32). In studies of normal human brains,
HHV-6 is detected at low levels (3, 27), whereas in MS brains,
higher levels of virus can be demonstrated in lesions (6, 7). Simi-
larly, HHV-6–infected marmosets had little detectable viral antigen
in the CNS, which dramatically increased after EAE induction. In
this study, HHV-6 staining was performed using an antibody spe-
cific to a structural protein of the viral tegument, therefore sug-
gesting an active (versus latent) infection.
In MS and marmoset EAE, brain lesions are perivascular and

tissue damage results from the dispersion of inflammatory infiltrates
from a central vessel into the neighboring parenchyma. Blood-brain
barrier permeability is a key step in lesion formation (15) and has
been shown to be promoted by peripheral immune activation. We
therefore hypothesized that the accelerated disease in the virus/EAE
marmosets reflected peripheral immune activation resulting from the
intranasal viral inoculations. Peripheral T cell subpopulation analysis
revealed a significant correlation between effector/memory CD8
T cells and time post-EAE induction in the virus/EAE marmosets,
but not in the control/EAE marmosets. We hypothesize that the
intranasal viral inoculations primed these (virus-specific?) cells, which
then expanded after EAE induction and contributed to the
accelerated disease observed in the virus/EAE groups.
Various mechanisms have been proposed to explain how strong

immune responses elicited by microorganisms might contribute to
immune-mediated disease, particularly autoimmunity. An example
of a direct mechanism is molecular mimicry, which occurs when
structural similarities between viral and self-antigens result in cross-
reactive immune responses. An example of an indirect mechanism
is bystander activation, which occurs when microorganisms non-
specifically activate (autoreactive?) cells in the microenvironment
(11). These mechanisms are not mutually exclusive. The fertile field
hypothesis addresses how these mechanisms, among others, may

A B

C D E

Fig. 5. Characterization of HHV-6–positive brain lesions from a virus/EAE
marmoset. (A) Serial sections of an HHV-6–positive perivascular EAE lesion
demonstrate CD3 T and CD20 B cell infiltrates, MRP14+ macrophages/
monocytes, Iba-1+ microglia, blood-brain barrier leakiness evidenced by fi-
brinogen deposition, and demyelination evidenced by the absence of myelin
PLP. (Scale bar: 100 μm.) (B) HHV-6 antigen (brown) colocalizes with CD3
T cells (blue). (C) HHV-6–infected cells in green (Alexa 488). (D) CD3 T cells in
red (Alexa 594), with DAPI counterstain (gray). (E) Merged image with ar-
rows showing colocalization of HHV-6 viral antigen with CD3 T cells. (Scale
bar: B–E, 50 μm.) The lesion pictured in A is located in the gray matter (lateral
dorsal thalamic nucleus), whereas the lesion pictured in B–E is located in the
temporal white matter. Lesions are from HHV-6B/EAE marmoset M28.

Leibovitch et al. PNAS | October 30, 2018 | vol. 115 | no. 44 | 11295

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N



synergize to culminate in autoimmunity. According to this hypoth-
esis, a fertile field conceptualizes a heightened immune state in-
duced by infections, which is regulated by a balance between the
infection quality (magnitude, timing, and context) and the host
immune response to infection. In the presence of viral, self-, or
other antigens, such a heightened immune state sets the stage for
the expansion of autoreactive cells, thus resulting in a lowered
threshold for autoreactivity (11).
Several groups have previously shown that viral prime/chal-

lenge models in rodents result in accelerated rodent EAE (33–
35). Moreover, others have demonstrated that viral infection of
the CNS can either prime disease development in challenge
models in which the challenge alone rarely induces disease (36)
or increase EAE susceptibility in animals that are normally
somewhat resistant (37). Observations from our study using an
NHP model provide empirical evidence that a viral infection of
the periphery or CNS can result in an enhanced response to a
subsequent autoimmune challenge, thus supporting the long-
standing idea that virus(es) may act as triggers in MS or other
inflammatory-mediated neurologic conditions.

Materials and Methods
Experimental Design. Ten unrelated adult marmosets and one twin pair were
used in this study (n = 12). Animals were randomly assigned to the HHV-6A,
HHV-6B, and uninfected SupT1 control groups. Each group was age matched
(38 ± 11 mo) with three females and one male, to reflect the sex ratio of MS
prevalence, estimated from 2.3:1 to 3.5:1 (38). Marmosets were intranasally
inoculated with 108 viral copies of HHV-6A, HHV-6B, or equivalent volumes
of uninfected SupT1 monthly for 4 mo. Two months later, 11 of 12 mar-
mosets were induced with EAE. After EAE induction, in vivo brain MRI was
performed every 2 wk until predefined clinical end points.

Animal Ethics and Housing. Experiments adhered to active protocols (1308-12
and 1308-15) approved by the National Institute of Neurological Disorders
and Stroke Institutional Animal Care and Use Committee. All marmosets
were pair-housed when possible, at NIH facilities (PHS Assurance #A4149-01)
in accordance with the standards of the American Association for Accredi-
tation of Laboratory Animal Care.

HHV-6 Propagation and Marmoset Inoculations. HHV-6B Z29 was propagated
in SupT1 cells, and HHV-6A GS was propagated in HSB-2 cells. Infections were
monitored for cytopathic effects, and viral loads were monitored by PCR.
Supernatants were frozen at −80 °C and thawed immediately before the
inoculations. Supernatants (<200-μL volumes) were administered dropwise

into alternating nostrils of sedated marmosets via a 1-mL syringe fitted with
a 27-gauge needle covered with a small piece of polyethylene (PE20) tubing.

EAE Induction. Each marmoset was injected intradermally with 200 mg of
human white matter homogenate, emulsified with 250 μL of incomplete
Freund adjuvant (Difco Laboratories) containing 1.8 mg of desiccated heat-
killed Mycobacterium tuberculosis as previously described (24).

Marmoset Clinical Monitoring. Clinical assessments were scored using a
modified version of a semiquantitative scale used for marmoset EAE (39): 0,
no clinical signs; 0.5, apathy or altered walking pattern without ataxia; 1,
lethargy or weight loss exceeding 10%; 1.5, tremor or loss of tail tone; 2,
ataxia, sensory loss, or optic disease; 2.25, monoparesis; 2.5, paraparesis or
sensory loss; and 3, paraplegia or hemiplegia. Marmosets were weighed
twice weekly and killed when a clinical score of 3 was sustained for 24 h.

Blood and Saliva Collection. Blood and saliva were collected every 2 wk for the
duration of the study. Approximately 1 mL of venous blood was fractioned
into PBMCs and plasma, and stored until use. Saliva was collected by
swabbing the oral mucosa of anesthetized marmosets. Saliva-saturated
gauze was spun for 5 min at 9,600 × g and stored at −20 °C until use.

DNA Extraction and PCR. DNA was extracted from saliva, PBMCs, or tissue
using a DNeasy blood and tissue DNA extraction kit (Qiagen) according to the
manufacturer’s specifications. Droplet digital PCR was used to amplify HHV-
6A and HHV-6B u57 and the marmoset housekeeping gene beta actin. PCR
was performed as previously described (13). The HHV-6 primers and probes
have been previously reported (13). The marmoset beta actin sequences
are as follows: forward AGGCGCACAGTAGGTCTGAA, reverse GCGTA-
CAAGGAAAGCACAGC, VIC-MGBNFQ probe CCCCATCCCAAGACCCCA.

Antibody Assays.Marmoset plasma antibodies against HHV-6 were measured
using electrochemiluminescence technology (Meso Scale Diagnostics). Anti-
gens were spotted onto high bind plates as previously described (40). Plasma
was added in duplicate at a final dilution of 1:10. SULFO-TAG–labeled anti-
human/NHP IgG was used as a secondary antibody. HHV-6 reactivity is cor-
rected for SupT1 lysate reactivity.

Marmoset ex Vivo PBMC Stimulations. Marmoset PBMCs were plated at a
concentration of 3 × 106 to 5 × 106 cells per 100 μL in a 96-well round-bottom
plate, with the addition of anti-human CD28 (1 μg/mL) and anti-human
CD49d (1 μg/mL). Cells were incubated overnight with phorbol 12-myristate
13-acetate (5 ng/mL) and ionomycin (500 ng/mL). Golgi Plug (0.2 ng) and Golgi
Stop (0.1 ng) were added for 5 h in a 37 °C 5% CO2 incubator.
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Fig. 6. Increase in IFN-γ–producing effector/memory (E/M) CD8 T cells significantly correlates with disease duration in virus-inoculated marmosets. (A)
Representative flow cytometry plot of CD8+ CD45RA/CD27 T cell subsets, with histogram showing highest IFN-γ production by E/M subset. E, effector; M,
memory. (B) Representative flow cytometry plots showing a decrease in naïve CD8+ T cells at terminal EAE time points in virus/EAE, but not control/EAE,
marmosets. (C and D) Contraction of naïve CD8 (C) and expansion of E/M CD8 (D) T cells correlate with EAE disease duration in virus-inoculated marmosets. (E
and F) In the control/EAE marmosets, no such correlation was observed for either the naïve CD8 (E) or the E/M CD8 (F) subset.
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Extracellular antibodies included CD3 APC-Cy7 (clone SP34-2), CD4 BV510
(clone L200), CD8 APC (clone LT8), CD56 PE-Cy7 (clone NCAM16.2), CD45RA
V450 (clone 5H9), and CD27 PerCP-Cy5.5 (clone M-T271). Cells were fixed,
permeabilized, and stained with IFN-γ FITC (clone MD-1; U-CyTech Biosci-
ences). Samples were run in 96-well plates using a BD LSR II High Throughput
Sampler. Data analysis was performed using FlowJo version 8.8.6.

In Vivo Brain MRI. In vivo imaging was performed in a 7T/30 cm Bruker scanner
using a custom-made eight-channel surface coil as previously described (15,
41). All marmosets were scanned before the first viral inoculation, before
EAE induction, and every 2 wk after EAE induction until clinical end points
were met. All scans were acquired with whole brain coverage over 66 slices.
In vivo MRI parameters are given in SI Appendix, Table S2.

Euthanasia. Transcardial perfusion with cold 4% paraformaldehyde (PFA) was
performed as previously described (9, 15), and CNS tissues were collected.
The brain was fixed in 10% neutral buffered formalin and the spinal cord
was fixed in 4% PFA for up to 2 wk before transfer to an MRI-invisible fluid
(Fomblin; Solvay S.A.). Samples of non-CNS tissues were snap frozen and
assessed for HHV-6 viral DNA.

Histopathology. Postmortem images of each marmoset brain were used to
create individualized 3D-printed brain models as previously described (42), to
enable precise correspondence between MRI and histopathology. Lesions of
interest were identified on the postmortem MRI, the brain was sliced into 8
to 10 sections, and each slice was paraffin-embedded (Histoserv). Slices were
sectioned at 4 μm and stained with hematoxylin and eosin. Immunoperoxidase

staining was used for Iba1, MRP14, CD3, CD20, and PLP, while alkaline phos-
phatase staining was used for HHV-6 and fibrinogen. Histopathological
methods have been previously described (17).

Three HHV-6 antibodies were validated for use in this study: DR6/7 (clone
33B12; NIH AIDS Reagent program), p41 (clone 3E3; Applied Biological
Materials, Inc.), and 101 kDa (clone C3108-103; Millipore). DR6/7 is the direct
repeat 6 (DR6) gene, previously called DR7; p41 encodes a viral DNA proc-
essivity factor; and 101 kDa is a major structural antigen/tegument protein
that is reportedly specific for HHV-6B and likely exhibits nuclear localization
early in infection and cytoplasmic localization later in infection (43). Only
staining with 101 kDa is shown. Images were taken using a Zeiss Observer 1
microscope (Zeiss) and ZEN blue software (Zeiss). All sections were analyzed
by a veterinary pathologist.

Statistical Analyses.All datawere analyzed using Prism 6 (GraphPad Software,
Inc.). Values are written as mean ± SD, unless otherwise noted. One-way
ANOVA was used for multiple group comparisons, and linear regression
analyses were used to evaluate flow cytometry data. Statistical significance
was reached with a P value less than 0.05.
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