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tion alters the thermal structure of the deep
ocean (25). Calculations for such extended
periods are beyond the scope of this study.
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Molecular Mimicry by Herpes Simplex
Virus—-Type 1: Autoimmune Disease
After Viral Infection

Zi-Shan Zhao, Francesca Granucci, Lily Yeh,
Priscilla A. Schaffer,” Harvey Cantor

Viral infection is sometimes associated with the initiation or exacerbation of autoimmune
disease, although the underlying mechanisms remain unclear. One proposed mecha-
nism is that viral determinants that mimic host antigens trigger self-reactive T cell clones
to destroy host tissue. An -epitope expressed by a coat protein of herpes simplex
virus-type 1 (HSV-1) KOS strain has now been shown to be recognized by autoreactive
T cells that target corneal antigens in a murine model of autoimmune herpes stromal
keratitis. Mutant HSV-1 viruses that lacked this epitope did not induce autoimmune
disease. Thus, expression of molecular mimics can influence the development of au-

toimmune disease after viral infection.

A utoimmune diseases result from a loss of
self-tolerance and the consequent immune
destruction of host tissues (1). Although
the pathology of the associated tissue de-
struction has been well characterized, the
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mechanisms responsible for initiation and
pathogenesis of autoimmune diseases re-
main unclear. Several mechanisms have
been proposed on the basis of the clinical
observation that viral infections can induce
or exacerbate autoimmune disease (2). Vi-
rus-induced inflammatory responses that re-
sult in release of self antigens and enhance-
ment of costimulatory activity may trigger
autoreactive T cells (3, 4). It also has been
proposed that viral determinants that mim-
ic host antigens directly stimulate self-reac-
tive T cell clones to attack sequestered host

tissues (5). Certain viral peptides that cross-
react with self peptides can stimulate auto-
reactive T cells (6), and mice genetically
engineered to express a viral protein can
develop autoimmune disease after infection
with the relevant virus (7). However, these
observations do not provide direct evidence
that viral infection can precipitate autoim-
mune disease by mechanisms that include
molecular mimicry. Herpes stromal keratitis
(HSK), a disorder induced by HSV-1 infec-
tion and characterized by T cell-dependent
destruction of corneal tissue, is a leading
cause of human blindness (4, 8). To exam-
ine the role of viral mimicry in autoimmune
disease, we have now studied a murine mod-
el of HSK in which corneal HSV-1 infec-
tion reproducibly results in a T cell-medi-
ated autoimmune reaction (8, 9).

Murine HSK elicited by HSV-1 (KOS
strain) in C.AL-20 mice is mediated by
CD4" T cell clones specific for corneal self
antigens but that also recognize a peptide
(amino acids 292 to 308) in the Cy;3 region
of immunoglobulin G2a® (IgG2a®) (9).
However, the role of this virus in the in-
duction of HSK disease was not investigat-
ed. Given that there are insufficient num-
bers of T cells in the cornea after HSV-1
(KOS) infection to define potentially cross-
reactive cells (10), we investigated whether
the HSK-inducing C1-6 and C1-15-T cell
clones might also recognize HSV-1 epitopes
by measuring their proliferative response
after stimulation with HSV-1 antigens.
Both HSK-inducing clones, but not the
ovalbumin (OVA)-reactive clone O3 (11),
were activated by extracts of HSV-1
(KOS)—infected Vero cells [10° ultraviolet
(UV)-inactivated  plaque-forming  units
(PFU) per milliliter] but not by extracts of
uninfected Vero cells (Fig. 1A).

We searched the GenBank database for
HSV-1 proteins that share sequence homol-
ogy with the keratogenic peptide recognized
by C1-6 and C1-15. The best match was
with a peptide sequence embedded in the
HSV virion-associated protein UL6 (12),
which contains identical or similar amino
acids at seven of eight sequential positions
that contribute to T cell recognition (Arg-
Lys-Ser-Asp-Ser-Glu-Arg-Gly; mismatched
residue in italics) (9). Both keratogenic
clones, but not the OVA-reactive clone,
were activated by a synthetic 15-residue
viral peptide based on UL6 (amino acids
299 to 314) [UL6-(299-314)] and contain-
ing this nested sequence, whereas an unre-
lated peptide derived from murine mamma-
ry tumor virus (MMTYV) did not activate
these two clones at any concentration test-
ed (Fig. 1B).

The proliferative response of the two
keratogenic CD4" T cell clones to the
UL6-(299-314) peptide suggested that in-
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travenous administration of the soluble
peptide into susceptible C.AL-20 mice
might inhibit development of HSK. Mice
injected twice intravenously with soluble
UL6 peptide before corneal inoculation of
HSV-1 (5 X 10* PFU per cornea) did not
develop HSK; in contrast, mice treated the
same way with a control peptide from
MMTV developed HSK (Fig. 2A). Immu-
nization of mice with the UL6 peptide in
adjuvant also might be expected to result in
expansion of T cells capable of inducing
HSK. Because immunization of mice with
components of HSV-1 can inhibit the HSK
response as a result of production of neu-
tralizing antibodies to HSV-1 (13), we mea-
sured the ability of T cells from peptide-
immunized C.AL-20 mice to induce HSK
in adoptive syngeneic hosts that lack T
“cells. T cell-deficient BALB/c nu/nu
(nude) mice that received T cells (5 X 10°)
from C.AL-20 mice immunized with UL6-
(299-314) peptide in adjuvant developed
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Fig. 1. (A) Recognition of UV-irradiated extracts of
HSV-1(KOS)~infected cells by cornea-specific
CD4+ T cell clones. Cornea-reactive T cell clones
(C1-6 and C1-15) .or the OVA-specific clone O3
(2 x 10* cells per well) were stimulated with UV-
irradiated extracts of HSV-1-infected (27) or unin-
fected Vero cells in the presence of «y-irradiated
[33 grays (Gy)] syngeneic BALB/c spleen cells
(6 % 10° cells per well). Proliferation was assessed
after 2 days by 16 to 18 hours of exposure to 1 wCi
of [BHithymidine ([®H]TdR) and is expressed as
mean counts per minute (cpm) + SEM of triplicate
cultures. (B) Dose-dependent stimulation of cor-
nea-specific CD4* T cell clones by HSV UL6-
(299-314) peptide. CD4* T cell clones (C1-6 and
C1-15) (2 x 10* cells per well) were incubated
with the indicated peptides (0.2 wM) in the pres-
ence of irradiated (33 Gy) syngeneic BALB/c
spleen cells (5 X 105 cells per well): [, p292-308
(lgG2aP); m, p299-314 (UL6); @, p200-222
(MMTV). Proliferation was assessed as in (A).
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severe HSK, but nufnu recipients of the
same number of T cells from C.AL-20 mice
immunized with the MMTV control pep-
tide did not develop significant disease (Fig.
2B).

To further define the role of the UL6-
derived peptide in HSK, an HSV-1 (strain
KOS) virus containing a ‘mutation in the
UL6 gene was produced (14). A single base
pair substitution introduced by site-directed
mutagenesis generated a stop codon in the
5’ end of the UL6 open reading frame (Fig.
3A); this mutation also eliminated a unique
Pvu II cleavage site (Fig. 3B). Viral isolates
containing this mutation could not repli-
cate in Vero cells but grew to concentra-
tions similar to those of the wild-type virus
in G33 cells that stably express the UL6
protein. One isolate (KOS/UL6™) was se-
lected for further study. The genome of
KOS/UL6™ displayed the predicted mutant
Pvu II restriction pattern as determined by
Southern (DNA) blot analysis (Fig. 3B).

We then tested extracts of cells infected
with KOS or KOS/UL6™ for their ability to
activate the two keratogenic T cell clones
(15). Clones C1-6 and C1-15 were activat-
ed by protein extracts from Vero cells in-
fected with wild-type HSV-1 (KOS) but
not by extracts of cells infected with KOS/
UL6™ (Fig. 4A), despite the fact that both
extracts contained the same concentration
of HSV-1 protein (Fig. 4B). Nude mice that
received T cells (5 X 10°) from C.AL-20
mice immunized with HSV-l-infected
Vero cell extracts developed HSK, whereas
recipients of the same number of T cells
from mice immunized with KOS/UL6™-in-
fected Vero cell extracts containing the
same concentration of HSV-1 protein (Fig.

Fig. 2. Effects of HSV-1 UL6-(299-314) peptide
on development of HSK. (A) C.AL-20 mice were
injected intravenously with the indicated synthetic
peptides (50 g per mouse) in PBS 14 and 7 days
before corneal infection with HSV-1 (KOS) (5 X
10 PFU per cornea): M, p299-314 (UL6); O,
p292-308 (IgG2aP); @, p200-222 (MMTV); O,
PBS. Disease was scored on days 7, 10, and 14
after infection as described (9); data are means
from eight mice per group. The severity of clinical
stromal keratitis in anesthetized mice was scored
as described (22) based on the degree of corneal
opacity and neovascularization: <25% of cornea,
14, <B60%, 2+; <75%, 3+; 75t0 100%, 4+. (B)
C.AL-20 mice were immunized by injection at the
base of the tail with the same peptides (50 pg per
mouse) as in (A) but in complete Freund’s adju-
vant; O, adjuvant alone. Two weeks later, T cells
purified from pooled draining lymph nodes and
spleens of immunized mice after passage through
Cell-ect columns (Biotex, Edmonton, Alberta,
Canada) were injected intraperitoneally into
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4B) did not develop the disease (Fig. 4C).

To further investigate whether the
HSV-1 UL6 protein contains a viral
epitope that activates keratogenic T cells,
we compared HSK induction by KOS/
UL6™ with induction by two other replica-
tion-defective HSV-1 (KOS) mutant virus-
es. The HSV-1 (KOS) 5dl1.2 mutant is
altered in the UL54 gene of HSV-1 encod-
ing ICP27 and is deficient in expression of
late viral proteins including UL6 (16). The
HSV-1 mutant KO82 expresses all viral pro-
teins except the late viral protein glycopro-
tein B (17). The extent of HSK induced
after corneal infection by these mutant
HSV-1 strains is moderate because nonrep-
licating antigens placed in the eye have
poor access to the immune system (18).
Moreover, because systemic immunization
of mice with HSV-1 does not increase the
efficacy of disease induction because it re-
sults in production of neutralizing antibod-
ies to HSV-1 that prevent HSK (13), we
reconstituted CB-17 mice with severe com-
bined immunodeficiency disease (SCID
mice), which lack T and B cells and may be
more sensitive to HSK induction by T cells
than nu/mu recipients (19), with T cells
from HSV-1-immunized C.AL-20 mice im-
mediately before corneal infection with the
different mutant HSV-1 strains. Corneal
infection by the KO82 mutant caused severe
HSK in about 85% of these mice, whereas
corneal infection with either KOS/UL6™ or
KOS/5d11.2 did not result in detectable
HSK (Fig. 4D).

These data indicate that deletion of the
HSV-1 (KOS) protein UL6, which stimu-
lates self-reactive T cell clones that initiate
HSK, eliminates the ability of this virus to
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BALB/c nu/nu recipients (5 X 10° cells per mouse). Immediately after adoptive transfer, corneas were
infected with HSV-1 (KOS) (5 X 10* PFU). Disease was scored on days 7, 10, and 14 after infection for
six to eight mice per group. Additional experiments indicated that as many as 15 X 108 T cells specific
for control (MMTV) peptides did not induce significant HSK.
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Fig. 3. (A) Location of the UL6 gene in the HSV-1 genome. The relative
positions of UL6 restriction sites, the target mutation site, and the HSK
epitope are also indicated. Amino acids are abbreviated as follows: A, Ala; S,
Ser; V, Val; K, Lys; L, Leu; G, Gly; R, Arg; D, Asp; E, Glu. (B) Analysis of the
genomic structure of the KOS/UL6™ mutant virus. DNA from KOS/UL6™ and

indicated in base pairs.

wild-type KOS viruses was digested with Pvu Il and Hinc I, and genomic

induce HSK in mice. This effect cannot be
attributed to the failure of KOS/UL6™ to
replicate in corneal cells because the same
* concentrations of a second replication-de-
ficient mutant, KO82, that lacks a different

viral structural protein (glycoprotein B) in-
duced severe HSK. Both UL6 and glycopro-
tein B are late-appearing viral proteins and

Fig. 4. Analyses of mutant strains of HSV-1 (KOS).
(A) Keratogenic T cell clones (C1-6 and C1-15)
(2 X 10* cells per well) were incubated with Vero
cells (200 pg/ml) containing similar amounts of
HSV-1 protein after infection with HSV-1 (KOS) or
the mutant virus KOS/ULB™ (217) in the presence
of irradiated (33 Gy) syngeneic BALB/c spleen
cells (5 x 10° cells per well). Proliferation was
assessed after 2 days by exposure for 16 to 18
hours to 1 wCi of [*H]thymidine (BH]TdR). Results
are expressed as means = SEM of triplicate cul-
tures. (B) Concentration of HSV-1 protein in Vero
cell extracts 18 hours after infection with HSV-1
(KOS) (@), KOS/UL6™ ([J), or after mock infection
(©).HSV-1 protein was measured by a sandwich
enzyme-linked immunosorbent assay in which the
capture antibody was a rabbit antibody to HSV-1
(D0O114, DAKO) and the secondary antibody was
a peroxidase-conjugated antibody to HSV-1
(PO175, DAKO). (C) C.AL-20 mice were immu-
nized (350 pg per mouse) by injection at the base
of the tail with extracts of Vero cells infected with
KOS/ULE™ (@) or KOS (OJ) or with mock-infected
cells (O) emulsified in complete Freund’s adjuvant.
Two weeks later, purified T cells obtained from
draining lymph nodes and spleens were adoptive-

deletion mutants at these two loci allow
expression of similar sets of HSV-1 genes
(16, 17). Moreover, the failure of KOS/
UL6™ protein, but not of wild-type HSV-1
protein, to induce expansion of keratogenic
T cells after immunization with adjuvant
cannot be attributed to a replication defect.
Instead, these data implicate a UL6-derived
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fragments were separated by gel electrophoresis, transferred to nylon mem-
branes, and subjected to Southern blot hybridization with the indicated probe
(pZ2). Below the blot is a restriction map for the enzymes (P, Pvu II; H, Hinc I)
used in the Southern blot. The sizes of the relevant restriction fragments are

peptide in the pathogenesis of HSK.

Although viral infection can trigger au-
toimmune T cell responses in mice that
express transgenic viral determinants (5,
7), viral mimicry has not been implicated
in the etiology of an autoimmune disorder
that occurs after viral infection of non-
transgenic animals. We have defined a
viral peptide that stimulates keratogenic T
cell clones in vitro and specifically modi-
fies HSK in vivo. The finding that a mu-
tant HSV-1 virus that lacks this epitope
does not induce HSK provides direct
evidence that molecular mimicry plays an
important role in the development of this
virally induced autoimmune disease. The
identity of the corneal protein or proteins
that correspond to the HSK autoantigen
is not apparent from homology searches of
protein databases, possibly reflecting the
scarcity of structural information on mu-
rine corneal proteins in contrast to the
abundance of sequence data for viruses
(6).

The results of this study together with
earlier studies suggest that susceptibility to
autoimmunity after viral infection may be
determined by two opposing mimicry mech-
anisms. Genetic polymorphisms that affect
the sequence (9) or tissue expression (20) of
a protein can generate endogenous molec-
ular mimics that tolerize T cells to seques-
tered autoantigens and decrease susceptibil-
ity to virally induced autoimmune disease.

ly transferred into BALB/c nu/nu recipients (5 X 10° cells per mouse). Immediately after adoptive
transfer, each cornea was infected with HSV-1 (KOS) (5 X 10* PFU) and disease was scored on days
7,10, and 14 after infection; data are means from 10 mice per group. (D) C.AL-20 mice were immunized
with UV-irradiated HSV-1 (5 X 10* PFU per mouse). Two weeks later, T cells from immunized mice were
adoptively transferred into CB-17 SCID recipients (5 X 10° cells per mouse). The recipients were
immediately subjected to repeated corneal infection with high doses of K082 (O), KOS/UL6™ (@), or
5dI1.2 () mutant viruses (5 X 10% PFU per mouse; days 0, 2, and 4) and disease was scored 7, 10, and
14 days after the last infection. Data are means from eight mice per group.

Infection by viruses that carry an exogenous
molecular mimic, as shown here, can en-
hance the development of autoimmunity,
presumably by attraction and activation of
autoreactive T cell clones to the target
tissue.

We do not know whether molecular
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mimicry by HSV-1. (KOS) is essential for
disease induction in genetically susceptible
hosts under all circumstances. Mimicry
mechanisms may be particularly important
in translating relatively low level viral in-
fections into an autoimmune response. In-
fections by higher concentrations of HSV-1
(KOS) or by more virulent strains of HSV-1
may induce inflammatory responses that are
sufficient to provoke autoimmune disease
without the need for molecular mimicry. A
comparison of HSK in transgenic mice with
T cells that carry a receptor specific for an
HSV-1 (KOS) viral peptide mimic or an
unrelated peptide should further clarify the
relative roles of mimicry and inflammation
in the pathogenesis of virally induced auto-
immune disease.
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An Area Specialized for Spatial Working Memory
in Human Frontal Cortex

Susan M. Courtney,* Laurent Petit, José Ma. Maisog,
Leslie G. Ungerleider, James V. Haxby

Working memory is the process of maintaining an active representation of information
so that it is available for use. In monkeys, a prefrontal cortical region important for spatial
working memory lies in and around the principal sulcus, but in humans the location, and
even the existence, of a region for spatial working memory is in dispute. By using
functional magnetic resonance imaging in humans, an area in the superior frontal sulcus
was identified that is specialized for spatial working memory. This area is located more
superiorly and posteriorly in the human than in the monkey brain, which may explain why

it was not recognized previously.

Studies of working memory in monkeys (1)
and humans (2-7) have emphasized the
important role of the prefrontal cortex.
Physiological evidence for this role comes
from studies demonstrating sustained activ-
ity in prefrontal cortex during working
memory delays (I, 6-8). In monkeys, the
dorsolateral prefrontal cortex within and
surrounding the principal sulcus appears to
be involved primarily in working memory
for spatial locations, whereas the region
ventral to it on the inferior convexity ap-
pears to be more involved in' working mem-
ory for patterns, colors, objects, and faces
(I, 9). The prefrontal region for spatial
working memory in monkeys is located just
anterior to a region for the control of eye
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movements, the frontal eye field (FEF),
which is on the anterior bank of the arcuate
sulcus (10).

Most functional brain imaging studies of
spatial working memory in humans have
focused on the dorsolateral frontal region
defined by Brodmann as area 46 (5, 11, 12),
because the spatial working memory region
in monkeys lies within that area (13).
While performance of spatial working
memory tasks activates Brodmann area
(BA) 46 (5, 11, 12), performance of work-
ing memory tasks involving other types of
information, such as verbal and visual ob-
ject information, does so as well [for exam-
ple, see (3, 6, 7, 12, 14, 15)]. Therefore,
the existence of a prefrontal cortical area in
humans that is specialized for spatial work-
ing memory has been questioned [for exam-
ple, see (16)].

Here we provide evidence that a human
frontal area specialized for spatial working
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