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ABSTRACT

The hypothesis on which this investigation is based is that stressors such as transient
temperature changes and restraint signal the central nervous system eliciting the release of
catecholamines and adrenal steroids which, in turn, affect the immune system resulting in the
reactivation of latent viruses. Employing a mouse model of stress-induced reactivation of herpes
simplex virus type 1 (HSV-1), we are determining the time course of viral reactivation relative to
the alteration of immune parameters including lymphocyte functions and numbers. Specifically,
we are correlating the expression of various immunomodulatory cytokine genes with the levels of
neuroendocrine monoamines, as well as the activation of the hypothalamic-pituitary-adrenal (HPA)
axis and relating these to the reactivation of infectious virus in the nervous system. Alterations
in serum corticosterone and shifts in monoamines in the brains, trigeminal ganglia, and brain
stems of latently infected and reactivated mice following the application of stress are being studied.
Differences between control (not stressed) and stressed animals are being determined relative to
the incidence of viral reactivation and the affect of stress on immunological regulation of the
reactivation process. The knowledge gained from this investigation will provide an understanding
of the interaction between the nervous system, the neuroendocrine system, and the immune system

during times of stress at the molecular and cellular levels.
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First Year Goal: To determine the effects of a brief period of thermal stress (10 minutes
at 43°C) and restraint stress (60 minutes) as indirect mediators of HSV-1 reactivation from neural
tissues.

These experiments were designed to allow us to determine the frequency of viral
reactivation following moderately stressful events and to establish a baseline from which we can
launch a full-scale assault on the analysis of the neuroendocrine-immunologic interactions which
take place during stress-induced viral reactivation. Groups of 10 mice in each group, which had
been infected with the McKrae strain of HSV-1 by the ocular route 35 days previously were
subjected to one of the stress protocols. At 24 hours after the application of the stressor (43°C
for 10 minutes or 60 minutes of restraint stress) the groups of mice were sacrificed, the ocular
surface swabbed, the globes removed, and the trigeminal ganglia dissected free. Control groups
of animals included uninfected, stressed animals, infected animals that were not stressed, and

animals which were neither infected nor stressed.



Table 1 below indicates the results of the assays for infectious virus from the experimental
and control groups of animals. For the convenience of the presentation of the data, the results
obtained with animals subjected to the two different stress paradigms are separated into Tables 1
and 2. It can be seen that the heat stress paradigm induced a higher percentage of reactivations
(80%) as compared to the restraint stress model (40%). This experiment was repeated three times
in order to confirm the results and to permit detailed statistical analyses. By analysis of variance
(ANOVA) the difference between the reactivation of infectious virus in the tears, ocular tissue,
and trigeminal ganglia of infected, stressed animals was significantly different from any of the
control groups (P < 0.005). Thus, the stressors chosen for use in these investigations are

bonafide methods of inducing viral reactivation.

TABLE 1: Viral Reactivation Following Heat Stress
Presence of Infectious Virus In:
T
reatment Groups Tear Film Corneas Trigeminal Ganglia

Infected, stressed 4/10 6/10 8/10
Infected, 0/10 0/10 0/10
not stressed

Not infected, 0/10 0/10 0/10
stressed

Not infected, not 0/10 0/10 0/10
stressed




TABLE 2: Viral Reactivation Following Restraint Stress

Presence of Infectious Virus In:

Treatment G
reattnent Liroups Tear Film Corneas Trigeminal Ganglia

Infected, stressed 1/10 3/10 4/10
Infected, 0/10 0/10 0/10

not stressed

Not infected, 0/10 0/10 0/10
stressed

Not infected, not 0/10 0/10 0/10
stressed

As a direct consequence of these studies comparing the efficiency of heat and restraint
stress on viral reactivation, several manuscripts have been prepared. Most importantly it has been
documented that herpes virus reactivation can be accomplished with a frequency which is adequate
for investigation in this overall project. We have conducted a series of studies testing various
antiviral drugs and, in a particularly revealing investigation, have shown that 8-adrenergic receptor
blocker, propranolol, can suppress viral reactivation following heat stress treatment of latent mice.

These investigations are being continued to further define the physiologic and molecular

mechanisms of viral reactivation.
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Second Year Goal: A. To determine the neuroendocrine mechanism of stress-induced viral
reactivation by measuring corticosterone and monoamine levels in the serum and nervous tissues
of latently infected, stressed animals.

The overall goal of the experiments conducted as part of this specific aim are to determine
the types of neuromediators which are involved in viral reactivation and also which are involved
in modulating the immune response so as to permit viral reactivation. To determine the possible
interactions between latent HSV-1 infection and the stress response of mice, the induction of
endocrine and paracrine mediators was compared in four treatment groups: infected, stressed mice;
infected, not stressed mice; uninfected, stressed mice; and uninfected, not stressed mice. Using
the heat stress paradigm described above, it was found that 24 hours after application of the
stressor that serum corticosterone in the infected mice were significantly higher as compared to
uninfected mice (P < 0.05). The data from a typical experiment in this series is shown in Table

3 below.




TABLE 3: Effect of Heat Stress-Induced Viral Reactivation on Corticosterone Levels*

HSV-1 Infected Not Infected Averages
Stressed 102.3 38.5 70.4
Not Stressed 63.1 52.2 57.7
| Averages 82.7 45.3

Two-way ANOVA:
H,: Probability:
X,, (Stressed) = X,, (Not Stressed) p = 0.28
X,, (Infected) = X,, (Not Infected) p = 0.015

*nanograms/ml

It can be seen that there was a statistically significant elevation in corticosterone levels in the
infected mice. Additional studies of the monoamine levels in the brain stems of the experimental
and control groups of animals have been conducted 24 hrs after application of the stressor.
Catecholamine levels were not found to be significantly altered in any of the treatment and control

groups investigated to date (Table 4).

TABLE 4: Effect of Heat Stress-Induced Viral Reactivation
on Brainstem Catecholamine Levels*

Treatment Groups NEL SHIAA DA SHT
Infected, stressed 931 228 31.3 220
Infected, not stressed 1030 244 88.3 280
Not infected, stressed 742 131 23.2 186
Not infected, not stressed 966 227 56.6 251
One-way ANOVA: X =X,=X,=X, | p =0.77 =0.58 | p=0.17 p = 0.69

iNE = norepinephrine; SHIAA = 5-hydroxyindoacetic;
DA = dopamine; SHT = 5-hydroxytrytophane

*picograms/milligram

Further studies of the catecholamine and corticosterone levels at earlier time points and the



significance of this response to viral reactivation are in progress.

Our initial investigation into the modulation of the immune response mediated by
neuroendocrine mediators as a response to heat stress has produced some meaningful results.
Among other things, we have investigated the production of interleukin 6 (IL-6) at the cellular and
molecular level following application of stress to latently infected mice. We have noted that serum
concentrations of corticosterone and IL-6 in uninfected, stressed mice were positively correlated
(r = 0.87), but were negatively correlated (r = -0.28) in infected, stressed mice. These data are
shown in Table 5 below. This observation suggests that an underlying difference exists between
the regulation of IL-6 and corticosterone when one compares latently infected and uninfected

animals following exposure to the stressor.

TABLE 5: Correlation Coefficients of Serum Corticosterone
and IL-6 Levels in Heat Stressed, Infected Animals

Treatment Groups r Values
Infected, stressed r =-0.28
Infected, not stressed r = -0.57
Not infected, stressed r = 0.87
Not infected, not stressed r =0.27

T-test: Hy! Toracsresen = Lot infecedistressed

Molecular biological analysis of the expression of the IL-6 gene in the trigeminal ganglion
of stressed latently infected mice compared to stressed, uninfected mice, as well as mice that were
not stressed but latently infected, reveal that there is an apparent reduction in the expression of the

IL-6 message in the latently infected, stressed animals (Fig. 1).
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Figure 1. Reverse transcription-polymerase chain reaction (RT-PCR) for IL-6 mRNA in
trigeminal ganglia. Lane 1 = Molecular weight markers; Lane 2 = Not infected,
not stressed; Lane 3 = Not infected, stressed; Lanes 4,5 = Infected, not stressed;
Lanes 6-9 = Infected, stressed; Lane 10 = Positive control; Lane 11 = Molecular
weight markers.

Since the trigeminal ganglion is one of the sites of latency of HSV-1, we speculate that perhaps

the virus can in some way alter the host's production of immunomodulatory mediators including

the pro-inflammatory cytokine IL-6 and, by extension, corticosterone. Currently, competitive

PCR is being carried out to quantitate differences between the levels of IL-6 expression in the

trigeminal ganglion of the various treatment groups. We can now detect as few as 100 copies of

template. Further studies of the role of cytokines (TNF-«, IL-1, and IL-6) and neuroendocrine

mediators in viral reactivation during the host immune response are in progress.
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Our investigations of the role of cytokine gene activation following heat stress have yielded
a number of interesting results. A manuscript is in preparation detailing the time course of
cytokine gene expression in the cornea and trigeminal ganglion of mice during acute, latent, and
reactivated viral infection in mice. In essence, we have found that several of the pro-inflammatory
cytokines are expressed in the cornea and trigeminal ganglion during acute viral infection and that
subsequently interleukin 2, interleukin 10, and gamma interferon are produced once the infected
host's immune system mobilizes lymphocytes which migrate into the sites of infection. Upon viral
reactivation, we find that there is only a very transient expression of interleukin 6 and the
chemokine RANTES, followed by a spike of gamma interferon production. Only if the viral
reactivation is prolonged by manipulation of the host's immune response do we find anything more
than a very brief burst of cytokine gene activity in the trigeminal ganglion following reactivation.

Second Year Goal: B. To investigate the role of the neuroendocrine system following

morphine exposure.




The approach that we have taken to investigate the role of the neuroendocrine system in
viral latency and reactivation has been through the use of hypothysectomized and adrenalectomized
animals. In a study which is now being prepared for publication, we have found that
adrenalectomy significantly impairs the development of antiviral immunity, both cellular and
humoral, and as a result infectious virus is present in at both the ocular surface and in the
trigeminal ganglion for longer periods of time. Hypothysectomized animals appear to respond
relatively normally with the development of an antiviral immune response and further studies on
the compensatory mechanisms involved are in progress. Studies of viral reactivation following
application of the stress protocol are being pursued in such animals.

As a direct result of the Department of Defense support for our study, we have been able
to provide new insights into the role of morphine-mediated suppression of cellular immunity in
mice. These studies have culminated in the submission of four abstracts, the presentation or
planned presentation of our findings at three national meetings, and the submission of four
manuscripts. In addition, pertinent studies are near completion in the cloning of an orphan opioid
receptor from lymphocytes which may lead to insights as to the role of opioids (exogenous and
endogenous) on the regulation of immunocompetence either constitutively or following bacterial,
parasitic, or viral infection. A summary of the findings to date are presented below.

Opioids, such as morphine, are a known chemical stressor that has a detrimental effect on
the immune system. In fact, early research by Bryant, Bernton, and Holaday (1987; 1991) of the
Division of Neuropsychiatry of Walter Reed Army Institute showed that morphine was a potent
immunosuppressive drug which when administered in vivo suppressed mitogen-induced
lymphocyte proliferation and delayed-type hypersensitivity reactions through the activation of the

HPA axis. To further these initial observations, the P.I. (Gebhardt) and co-P.I. (Carr) began a
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series of studies to investigate the potential role of the sympathetic nervous system and HPA axis
involvement in morphine-induced suppression of cell-mediated immunity concentration on natural
killer (NK) activity and the generation of cytotoxic T lymphocytes (CTLs). Both of these effector
populations are involved in viral and tumor surveillance making them key figures in reducing the
potential incapacitation as a result of viral reactivation or infection. The results of these studies
showed that morphine suppressed NK activity through central activation of o-adrenoreceptors
(Carr et. al, 1994). Additional studies were conducted on chronic morphine exposure and CTL
activation using an allogeneic mouse model. The results of these studies show that chronic
morphine exposure significantly suppresses CTL activity following alloimmunization in mice. The
suppression is, in part, due to a reduction in intracellular signaling following effector - target cell
conjugation as well as the release and synthesis of enzymes associated with the "lethal hit". Using
a pharmacological approach, the suppression can be antagonized using the w-opioid receptor
antagonist, B-funaltrexamine, but not the 8-opioid receptor antagonist, BNTX. Likewise, serum
measurements of corticosterone and DHEA from the vehicle- and morphine-treated mice suggested
aberrant adrenal function in the morphine-treated animals. The biological significance of these
results is substantiated by the study showing that mice infected with HSV-1 and exposed to
morphine succumb sooner and with increased frequency, as compared to vehicle-treated, infected
mice. These results have helped establish potential mechanisms at a systemic, cellular, and
molecular level that may be altered following chronic morphine exposure.

The observations showing that morphine-induced suppression of immunocompetence is
mediated through central (brain) pathways has led us to investigate the relevance of the
hypothesized presence of the opioid receptor(s) on cells of the immune system. Recently, the P.I.

and co-P.1. generated oligonucleotide primers specific for transmembrane 3 and 5 and the 8-opioid
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receptor and used these oligonucleotides to detect potential transcripts in stimulated and
unstimulated lymphocytes. By RT-PCR, a product of 381 pb was generated. Subsequent primers
were made and used to obtain a full-length cDNA which has >90% sequence homology to an
orphan opioid receptor cloned from mouse brain. Northern gel analysis of RNA obtained from
splenic lymphocytes indicates the transcripts are present but in reduced numbers relative to brain
extracts (Halford, Gebhardt, & Carr, manuscript in preparation). These results will be
instrumental in establishing a direct link between the endogenous lymphocyte/macrophage-derived
proopiomelanocortin hormones, the endorphins, and the potential autocrine- or paracrine-oriented
feedback on cells of the immune system as well as the potential direct interaction between
exogenous opioids (e.g., morphine) and cells of the immune system.

Currently, a kinetic study of the effects of morphine on CTL activity in alloimmunized
mice is underway. In addition, the involvement of corticosterone in this model system is under
analysis. The results would suggest that the acute administration of morphine to mice prior to
alloimmunization dramatically suppresses peritoneal CTL activity. Serum corticosterone levels
are elevated in the morphine administered animals relative to vehicle-treated controls at the 2 h
time point but not 12 h or 120 h following morphine administration. To confirm the role of
corticosterone involvement in the morphine-mediated suppression, the corticosterone synthesis
inhibitor, cyanoketone is currently under study.  The results of this investigation will be directly

applicable to the studies involving viral reactivation and the neuroendocrine systems involved.
Further studies regarding the role of peripheral and central -adrenergic pathways in the

reactivation of HSV-1 from latency and the effect on the immune system are in progress.

Third Year Goal: To determine the effect of externally applied catecholamines and

12



corticosterone antagonists and agonists in terms of their capacity to prevent or elicit viral

reactivation in stressed and nonstressed animals.

THIRD YEAR FLOW CHART
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We have made excellent progress in the first two years of this investigation. So much so

that, in fact, investigations on the third year goals are beginning at the present time. We are
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presently testing the levels of cellular and humoral immunity during latency and viral reactivation
in pharmacologically normal mice. Shortly, investigations of the affects of exogenous
catecholamines and corticosterone agbnists and antagonists will begin. We fully expect that these
studies will provide considerable insight into the role of catecholamines and corticosterone in the
maintenance of latency and in viral reactivation following stress. Since we have already shown
that the B-adrenergic receptor blocker, propranolol, can interfere with heat stress induced viral
reactivation, we feel now that we are in an excellent position to determine the physiological and
molecular linkages between stress and reactivation of herpes virus. The results of these studies
should provide meaningful information regarding the development of new therapeutic paradigms
for preventing viral reactivation in human beings.

Extensive studies have been conducted during the past grant year regarding the effect of
exogenous catecholamine on acute infection, the development of antiviral immunity, and cytokine
production in response to acute infection in mice. In addition, the effect of exogenous
catecholamine on viral reactivation and the secondary immune response including cytokine
production in mice has been studied. Dr. Daniel J.J. Carr, a co-investigator, has studied the
effects of corticosterone and agonists and antagonists in a similar model of viral infection and
reactivation.

Third Year Goal: A. Initially a series of experiments were conducted to determine the
optimal does of the catecholamine, norepinephrine, on the neurophysiologic response of mice.
It was important to determine a does of norepinephrine which would have an effect on the mouse's
neuroendocrine system while not exerting a generalized toxic effect. Thus, in the first series of
experiments groups of 5 mice per group were injected with norepinephrine in amounts ranging

from 1 ng, 10 ng, 100 ng, 1ug, 10ug, 100pg, and 1 mg. At the time of the injection, the mice

14



were infected by the topical ocular route with herpes simplex virus type 1 (HSV-1). At days 3,
7, 12, 21, and 30 after infection the mice were bled and their serum antibody titers for HSV-1
determined. In addition, at days 3, 7, and 12 after infection some animals in each group were
sacrificed for determining viral titers in their eyes and trigeminal ganglia.

Initial results indicated that the 1 mg and 100 ug quantities of norepinephrine were toxic
to mice (Table 6). It became evident that this concentration of norepinephrine injected
intraperitoneally had a rapid debilitating effect on the mice and in the 1 mg concentration group,

5/5 animals died whereas 3/5 animals died in the 100 ug injected group (Table 6).

Table 6: Dose-Response to Norepinephrine: Toxicity
Treatment with Norepinephrine Morbidity/Mortality/Total Animals
1 ng 0/0/5
10 ng 0/0/5
100 ng 0/0/5
1 ug 0/0/5
10 pg 0/0/5
100 pg 0/3/2
1 mg 0/5/5

The surviving mice in each treatment group, as well as control, untreated mice which had
been infected with herpes virus were tested for serum antibodies by using the enzyme linked
immunosorbent assay (ELISA). It was noted that animals in the group treated with 10 ug of
norepinephrine had a lower average serum antibody titer to HSV-1 as compared to animals treated

with smaller amounts of the drug or not treated at all (Table 7).
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Table 7: Dose-Response to Norepinephrine: Serum Anti-HSV-1 Titers
Treatment with Norepinephrine Mean Optical Density at 405nmi
1 ng 1.53
10 ng 1.49
100 ng 1.57
1pug 1.44
10 pg 0.87*
100 pg ND?
1 mg ND
FELISA values using HSV-1 antigens.
*This value is statistically significantly lower than the other values.
AND = Not determined.

Investigation of the effect of the catecholamine, nérepinephrine, on the cytokine response
during acute viral infection was studied. Groups of mice were infected and simultaneously treated
with 10 ng of norepinephrine intraperitoneally. This treatment was continued once daily for 7
days. Based on our previous investigations we have found that there is a significant increase in
production of interleukin-1 (IL-1), interleukin-6 (IL-6), tumor necrosis factor « (TNFe) during
acute viral infection. Groups of mice which had been infected and either not treated or treated
with norepinephrine were sacrificed at days 7, 14, and 21 after infection. Serum concentrations
of IL-1, IL-6, and TNFa« and the presence of RNA transcripts for these cytokines in the eye and
trigeminal ganglia were studied.

At 7 and 14 days after infection there was a statistically significant elevation in the
concentration of IL-1, IL-6, and TNFa in the peripheral blood of infected, untreated mice. In
comparison the norepinephrine treated mice had lower serum concentrations of these cytokines

compared to control animals (Table 8).
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Table 8: Effect of Norepinephrine on Serum Cytokine Titerst

Treatment Interleukin-1* Interleukin-6* Tumor Necrosis
’ Factor o*
Days 7 14 21 7 14 21 7 14 21
After
Infection
Norepinephrine 250 | 490 387 | 334 | 372 | 460 | 550 | 680 601
Placebo 180 | 1250 | 966 | 412 | 950 | 877 | 615 | 1480 1270

1ELISA values in picograms.
*Serum cytokine levels were statistically significantly lower in the norepinephrine
treated animals at 14 and 21 days after infection.

Analysis of ocular and peripheral nervous tissues for the presence of mRNA transcripts for
IL-1, IL-6, and TNFo revealed that these cytokine transcripts were consistently present in infected
animals compared to uninfected controls. Quantitative analysis of the level of transcript

‘expression in norepinephrine treated, infected mice compared to infected, untreated mice is in
progress.

Having determined that the catecholamine, norepinephrine, had an effect on the acute viral
infection, and the initiation of an antiviral and cytokine response during viral infection, the next
series of studies were designed to determine if the norepinephrine would have an impact on stress-
induced viral reactivation and on the defensive response subsequent to viral reactivation. These
studies have been carried out using groups of 5 mice in each that are injected with norepinephrine
and a second group of saline-treated controls. Both groups of mice had been previously infected
40 days earlier with HSV-1 and the infection documented by performing ocular swabs and visual
examinations of the ocular surface. Preliminary experiments suggested that the amount of virus,
and therefore viral replication which occurred in the eye and trigeminal ganglia, was increased in

norepinephrine mice compared to untreated mice. It was of interest and importance to study the
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effect of this catecholamine on stress-induced viral reactivation. To this end, groups of latent mice
were stressed, treated with norepinephrine, and the incidence of viral reactivation determined.
In each experiment control animals latent for virus but not treated with norepinephrine were also
studied.

Analysis of viral reactivation in control and norepinephrine-treated latent mice indicates
that at the concentration tested the norepinephrine did not have a statistically significant effect on
the incidence of viral reactivation following heat stress of the mice (Table 9). Further studies
designed to analyze the humoral immune response and cytokine response following viral
reactivation in control and norepinephrine-treated mice have revealed that there is no statistically
significant difference between the two treatment groups. In all cases the antibody and cytokine
(IL-1, IL-6, and TNFa) titers were statistically similar in the control and the norepinephrine-

treated animals.

Table 9: Effect of Norepinephrine on Viral Reaction*

Treatment No. Reactivations/Total*

Norepinephrine 8/12
5/9
6/14

Placebo 7/12
5/10
7/14

*Latent mice were stressed (43°C water/10 min.) and the reactivation of virus determined
24 hours later.

*Three replicate experiments; no statistically significant difference in number of animals
exhibiting reactivation in the two treatment groups.

Third Year Goal: B. Additional studies designed to determine if there is a change in the
level of immunity following stress-induced viral reactivation have been conducted. Groups of

mice latent for HSV-1 were subjected to heat stress and then the levels of cellular and humoral
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immune responsiveness compared at 7, 14, and 21 days after viral reactivation. Control groups
of mice include those that were latent for virus but not subjected to stress-induced reactivation.
In terms of the serum antibody response to HSV-1, we find that there is no statistically significant

change in the serum antibody titer to the virus following stress-induced viral reactivation (Table

10).
Table 10: Serum Anti-HSV-1 Titer Following Reactivation
Treatment Mean Optical Density at 405nm*

Days After

Reactivation 0 7 14 21
Stress-induced 1.41 1.26 1.14 1.29
reactivation
No stress 1.22 1.30 1.16 1.25
*ELISA values; there was no statistically significant difference between the serum

antibody titers of the reactivated and control mice.

Similarly, analysis of the cellular cytotoxic response of lymphocytes from virus-infected
mice that have been induced to undergo reactivation fail to reveal a change in the frequency of
cytotoxic T cell precursors in mice in whom viral reactivation has been induced as compared to

control mice (Table 11).

Table 11: Cellular Cytotoxicity Following Reactivation*

Treatment Peak Cellular Cytotoxicity (%)
Days After
Reactivation 0 7 14 21
Stress-induced 14 21 20 24
reactivation
No stress 15 18 24 26

*Cell-mediated cytotoxicity of HSV-1, syngeneic target cells was performed using
peripheral blood lymphocytes.
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Fourth Year Goal: To investigate the neuroimmunological relationship between stress-
induced viral reactivation and recurrence of viral infection.
FOURTH YEAR FLOW CHART

Infect mice
!
Document infection
l
Document latency

1 12 \ 3
Treat with propranolol, Treat with norepinephrine,
stress Stress stress
l ! !
Document reactivation Document Document reactivation
reactivation
! 1 |
Quantitate antibody, Quantitate antibody, Quantitate antibody,
cytokine response cytokine response cytokine response

We have made excellent progress in the first three years of this investigation. The studies
proposed for the fourth year are shown diagrammatically in the Fourth Year Flow Chart (see
above). These studies are designed to determine the pharmacologic mechanisms of stress-induced
viral reactivation and, as well, to determine the interaction between the nervous system and the
immune system in generating the ongoing antiviral response. We are particularly interested in
determining if the catecholamines not only impact stress-induced viral reactivation, but in some
way mediate, either directly or indirectly, an effect on the serum antibody and serum cytokine
response. To this end, we will study control stressed mice, propranolol-treated stressed mice, and
norepinephrine-treated stressed mice. We will investigate the frequency of reactivation in these
groups, as well as quantitate serum antibody and serum cytokine responses in these groups of

animals. From these data we hope to develop a comprehensive model of stress-induced viral
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reactivation from which we can propose therapeutic protocols which will effectively intervene in

stress-induced viral reactivation in human beings.
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Abstract

Pharmacological evidence indicates that lymphocytes express opioid receptors, but this finding has been questioned. By DNA
sequencing of reverse transcription-polymerase chain reaction products, we have found that mouse lymphocytes express mRNA
encoding an orphan opioid receptor. These mRNA transcripts were detected in the CD4™, CD8*, and CD4~CD8~ lymphocyte
subpopulations. Northern blot analysis confirmed that splenic lymphocytes express a 1.5-kb orphan opioid receptor mRNA.
Fifteen bases encoding Tyr’'-Arg” in the first intracellular loop are alternatively spliced, suggesting that orphan opioid receptor
mRNA encodes two receptor subtypes. Treatment of lipopolysaccharide-stimulated lymphocytes with orphan opioid receptor
antisense oligonucleotides suppressed polyclonal IgG and IgM production by 50%. Our results provide direct evidence that
lymphocytes express an opioid-like receptor gene, and suggest that this receptor plays a functional role in immunocompetence.

Keywords: Lymphocyte; Reverse transcription-polymerase chain reaction; Orphan opioid receptor; Antisense oligonucleotide;

Alternative splicing

1. Introduction

Opioids have been shown to modify immune re-
sponses in vitro and in vivo. In vitro, opioid peptides
suppress antibody production (Johnson et al., 1982;
Heijnen et al., 1986; Taub et al., 1991), augment natu-
ral killer (NK) cell activity (Mathews et al., 1983),
increase interferon (IFN)-y production (Mandler et al.,
1986), enhance monocyte-granulocyte chemotaxis (Van
Epps et al., 1984), and promote CTL generation (Carr
and Klimpel, 1986). These events are blocked by opioid
receptor (OR) antagonists, implying that the im-
munoregulatory effects are mediated through OR-
ligand interaction.

The characterization of ORs on cells of the immune

* This work does not necessarily reflect the position or the policy
of the government, and no official endorsement should be inferred.

* Corresponding author. Phone (504) 568 4412; Fax (504) 568
2918; e-mail dcarr@pop3.lsumc.edu
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SSDI 0165-5728(95)00030-5

system has been problematic. Although early studies
suggested the existence of opioid binding sites on
leukocytes (Mehrishi and Mills, 1983; Falke et al,,
1985), these studies were met with scepticism because
unconventional experimental procedures were used and
the data was not thoroughly analyzed (Sibinga and
Goldstein, 1988). However, more recent studies have
shown p-like and « opioid binding sites on lympho-
cytes and macrophages. These binding sites exhibit
stereoselectivity, saturability, nanomolar affinity, and
ligand-class preference (Madden et al., 1987; Carr et
al.,, 1989; Ovadia et al., 1989; Bidlack et al., 1992).
Photoaffinity-labeling techniques have identified &-
(Carr et al., 1988), k- (Carr et al., 1989), and u-like
(Radulescu et al., 1991) opioid binding sites on leuko-
cytes that structurally resemble their neuroendocrine
counterparts (Carr, 1991). Moreover, in one study the
purification of an opioid binding moiety that showed
ligand selectivity was demonstrated (Carr et al., 1990a).
However, the biological relevance of these binding sites
remains in question.
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The administration of opioids in vivo (e.g. morphine,
the prototypic w ligand) has been shown to alter NK
cell activity by indirect routes including the activation
of the periaqueductal gray matter of the mesen-
cephalon (Weber and Pert, 1989) and «-adrenergic
pathways (Carr et al., 1993; Carr et al., 1994). Other
studies have shown morphine exposure results in thymic
atrophy (Sei et al., 1991) and decreases in interleukin
(IL)-2/1L-4 and IFN-y production (Lysle et al., 1993).
These effects are mediated by the hypothalamic-pitui-
tary adrenal axis and peripheral B-adrenergic action.
Taken together, the studies indicated the need to re-
evaluate the existence and functional significance of
ORs on cells of the immune system.

The development of molecular biological techniques
has allowed investigators to clone a variety of neu-
ropeptide receptors including brain -, k-, and - ORs
(Evans et al., 1992; Kieffer et al., 1992; Wang et al,,
1993; Yasuda et al., 1993). Cloning of these ORs has
led to the discovery of a new OR class, referred to
herein as the orphan opioid receptor (0OR), which
shares 66% nucleotide sequence homology with §OR.
0oOR has been cloned from human (Mollereau et al.,
1994), rat (Bunzow and Grandy, 1994; Chen et al.,
1994; Fukuda et al., 1994), and mouse (Yasuda et al.,
1994) brain cDNA libraries, but these studies have only
begun to address the function of oOR.

Consistent with their role as G-protein coupled re-
ceptors, ORs possess seven transmembrane (TM) span-
ning regions whose amino acid sequences are highly
conserved amongst 8-, k-, and u- ORs (Reisine and
Bell, 1993). Based on this homology, oligonucleotide
primers were prepared to the TM-encoding sequences
of DOR-1, a 80OR clone (Evans et al., 1992), and
reverse transcription polymerase chain reaction (RT-
PCR) was used to screen splenic lymphocyte RNA for
OR-encoding transcripts. However, these primers did
not amplify 6OR mRNA, but rather, amplified the
homologous portion of a mRNA that encodes oOR.
Our results demonstrate that lymphocytes express oOR
mRNA.

2. Materials and methods

2.1. Animals and cells

BALB/c, DBA/2, and ICR-Swiss mice (Harlan-
Sprague Dawley, Indianapolis, IN) were used in these
experiments. EL-4 mouse thymoma and 1929 mouse
fibroblast cell lines were obtained from the American
Type Culture Collection (Rockville, MD). Lymphocyte
suspensions were teased out of the spleen and drawn
through a 23-gauge needle to mechanically disperse
cells. RBCs were separated from lymphocytes either

with 0.84% NH,CI, or by gradient centrifugation over
Ficoll-Hypaque (Lympholyte M®, Accurate Scientific
and Chemical Co., Westbury, NY). Concanavalin A
(ConA, 10 pg/ml) stimulation of splenic lymphocytes
was performed in RPMI 1640, 10% fetal bovine serum
for 48 h at 37°C/5% CO, at a density of 5 X 10° cells
per ml.

2.2. Isolation of RNA

RNA extraction was performed with Ultraspec®
RNA isolation reagent (Biotecx Inc., Houston, TX)
according to the manufacturer’s instructions. RNA was
isolated from mouse brain and whole spleen by homog-
enization of the entire organ in Ultraspec®. RBC lysis
was performed prior to the isolation of poly(A)* RNA
from splenic lymphocytes. For RT-PCR and total RNA
blots, lymphocytes were purified with Lympholyte M®
prior to RNA extraction. Poly(A)* RNA was purified
from total RNA using a Poly ATtract® mRNA isola-
tion kit (Promega Corp., Madison, WI).

2.3. Cell sorting by FACS

Spleen cells from ICR mice were collected by me-
chanical dispersion and RBCs were lysed with 0.84%
NH,Cl. The cells were washed with RDF buffer (R&D
Systems, Minneapolis, MN) and labeled with rat anti-
mouse CD4 (clone RM4-5, Pharmigen, San Diego, CA)
conjugated with FITC and rat anti-mouse CDS8 (clone
53-6.7, Pharmigen) conjugated with phycoerythrin. The
cells were incubated on ice for 30 min and subse-
quently washed twice with RDF buffer. The labeled
cells were then sorted using a Coulter Elite FACS
(Coulter, Hialeah, FL). CD4*CD8~, CD4-CD8%, and
CD4-CDS8~ cells (5x10% cells) were collected for
RT-PCR analysis. CD4" and CD8" populations were
98% pure as assessed by FACS.

2.4. RT-PCR and DNA sequencing

First strand ¢cDNA was synthesized from 500 ng
total RNA using an oligo-dT,s; primer and AMV re-
verse transcriptase (Promega Corp.) according to the
manufacturer’s instructions. The cDNA template was
combined with buffer, 0.25 uM each PCR primer, 100
uM each dNTP, and 2.5 U Tag polymerase (Promega
Corp.) in a 50-ul reaction volume and overlaid with
mineral oil. PCR was accomplished in a MJ Research
thermal cycler (Watertown, MA) with 35 cycles of 94°C
(1'15") > 57°C (1I'15") —» 72°C (35"). Oligonucleotide
PCR primers were synthesized by LSU Medical Center
Core Laboratories (LSUMC, New Orleans, LA) and
are listed in Table 1. PCR amplification with glycer-
aldehyde phosphate dehydrogenase primers (G3PDH,
Iwai et al., 1991) was performed on an aliquot of each
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Table 1
Delta and orphan opioid receptor PCR primers

PCR Primer Oligonucleotide sequence

SOR395*% (532) 5/ GCT GTG CTC TCC ATT GAC TAC TAC AAC ATG
SOR695™ (832) 5’ CGA AGG CAA AGA GGA ACA CGC AGA T
QORS52* 5/ TCA TTG TGC TCC TGC CTG CCT TTC T
oOR114* 5/ GAG GTT GTG TGT GCT GTT GGA GGA A

OOR925" 5/ GGT CCT TCT CTC GGG AGC CTG AAA G
©oOR1292" 5/ ATG GGC AGG TCC ACG CCT AGT CAT G

OOR1333" 5/ CCG TGT TGG GTG TAG ATG GGC TCT G

The number given in each primer refers to the position of the 5
base. Numbers given in parentheses for §OR primers denote corre-
sponding position of the 5’ base in the oOR sequence. The + /—
symbol indicates sense/antisense polarity of primers relative to
mRNA.

c¢DNA sample to ensure that reverse transcription had
occurred. PCR products were analyzed on TBE (0.09
M Tris-borate, 1 mM EDTA, pH 8.0), 2% agarose gels.
For restriction analysis with Bsu36I, oOR114/
00R925~ PCR products were purified with PCR Magic
Miniprep columns® (Promega Corp.) and eluted in
water. PCR products were digested for 2 h at 37°C
with 28 U of Bsu361 (Promega Corp.), and elec-
trophoresed on a 2% agarose gel.

Isolation of larger PCR products was done by nested
PCR to minimize amplification of extraneous products.
Nested PCR was performed by first amplifying for 15
cycles of 94°C (1'15") - 57°C (1'15") - 72°C (1'45")
with 2 ng of each outer primer (i.e. oOR52" and
oOR13337), and then adding 100 ng of each inner
primer (i.e. oOR114* and 0OR1292~) and amplifying
for another 30 cycles of 94° C (1'15") —» 57°C (I'15") -
72°C (1'15").

oOR PCR products were ligated into TA cloning
vectors (Invitrogen Corp., San Diego, CA). Trans-
formed Escherichia coli were selected on Luria-Bertani
carbenicillin (50 wg/ml) agar plates, coated with X-Gal
to allow blue/white selection of recombinant clones.
Using oOR primers, PCR was performed on an inocu-
lum of each bacterial colony to identify those bearing
oOR plasmid clones. Plasmid DNA was obtained from
recombinant clones by the alkaline lysis method
(Sambrook et al., 1982) and used directly as a template
for sequencing. DNA sequencing was done by the
Sanger method (Sanger et al., 1977) with a CircumVent
sequencing kit (New England Biolabs Inc., Beverly,
MA). Sequencing reaction products were labeled by
incorporation of [a-3S]dATP (1000 Ci/mmol; Amer-
sham, Arlington Heights, IL). Identification of DNA
sequences and comparison to other ORs was achieved
by submission of query sequences to BLAST, an algo-
rithm for identifying homologous regions of sequence
(Altschul et al., 1990), at the National Center for
Biotechnology Information.

2.5. Northern blot analysis

Analysis of RNA was done on 1-1.2% formal-
dehyde agarose gels according to the procedure of
Sambrook et al. (1982). RNA was blotted onto Nylon
membranes (Tropilon, Bedford, MA) with a vacuum
blotter (Bio-Rad, Richmond, CA). Blots were irradi-
ated with 200 mJ/cm? in a UV crosslinker (Fisher
Scientific, Houston, TX). An 842-bp 0OR DNA probe
was synthesized by PCR amplification of cloned oOR
sequence with 8OR395* and 0OR1292~. Unincorpo-
rated dANTPs were removed from the PCR product by
column chromatography (ChromaSpin-100 column,
Clontech, Palo Alto, CA), which was then radiolabeled
with [a-32P]dCTP (3000 Ci/mmol; Amersham) by nick
translation (Promega Corp.).

Hybridization of radiolabeled probe to Northern
blots was achieved at 55-60° C for 12-14 h (55°C for
total RNA /60° C for poly(A)* RNA) while shaking in
hybridization solution (50 ng labeled probe/ml, 30%
formamide, 7% SDS, 120 mM NaH,PO,, 250 mM
NaCl). Excess probe was removed from membranes by
sequential 15-min washes in solutions of 2 X SSC/0.5%
SDS, 05X SSC/0.5% SDS, and twice in 0.1 X
SSC/0.5% SDS. A final wash was performed at 55—
60° C for 10 min in a 0.1 X SSC/0.5% SDS solution.

2.6. Southern blot analysis

Following electrophoresis, PCR products were vac-
uum-blotted and immobilized on Nylon membranes.
Probe synthesis was performed as described above.
The FACS lymphocyte RT-PCR products were hy-
bridized with radiolabeled §OR395%/00R925- PCR
product amplified from cloned oOR sequence. The
Bsu36l-digested RT-PCR products were hybridized
with radiolabeled 0OR114*/00R925~ PCR product
amplified from cloned 0OR sequence. Probe hybridiza-
tion and membrane washes were performed as de-
scribed above.

2.7. Antisense oligonucleotide experiments

Antisense oligonucleotide was prepared against the
oOR 5 untranslated region (i.e. o0OR1537, 5-AGC-
CACTCAGTACAGTTC-3’), and a scrambled se-
quence of 0OR153~ (5-ATCCCTTAATCGCGCAA-
G-3') was generated to control for non-specific inhibi-
tion. These oligonucleotides were synthesized by
LSUMC Core Laboratories.

Proliferation assays were performed, as follows: 5 X
10° splenic lymphocytes in 100 ul complete medium
(RPMI 1640 containing 10% fetal bovine serum and
2.5% Hybri-Max (Sigma Chemical Company, St. Louis,
MO) antibiotic/antimycotic solution) were placed in
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96-well microtiter plates (Costar, Cambridge, MA). 100
ul complete medium containing lipopolysaccharide
(LPS, 1.0 ng/well) was added to each well, along with
1.0 pg of antisense (0OR1537) or scrambled oligo-
nucleotide. Cells were cultured at 37°C/5% CO, for
48 h. [*H]Thymidine (500 nCi) in 10 ul of Hank’s
balanced salt solution was added to each well, and the
cells were cultured 16-24 h. Cells were harvested on
glass fiber filter strips using a multi-well harvester
(Cambridge Technologies, Watertown, MA). Filters
were placed in scintillation vials containing 6.0 ml of
Cytoscint liquid scintillation cocktail (ICN, Irvine, CA)
and allowed to equilibrate for 2-4 h. The incorpora-
tion of [*H]thymidine was determined by liquid scintil-
lation counting using a Beckman 1S9800. The mito-
genic response of each treatment group was assayed in
quadruplicate. Incorporation of [*H]thymidine by cells
cultured in the absence of LPS was less than 20% of
that obtained in maximally stimulated cultures.
Antibody production from lymphocytes was deter-
mined, as follows: 2 X 10° splenic lymphocytes in 1.0
ml of complete medium were added to 24-well culture
plates (Costar). Antisense (0OR1537) or scrambled
oligonucleotide was added to each well (5.0 or 2.5 ug)
in 5 ! of phosphate-buffered saline, along with 2.0 ug
of LPS. After 5 days incubation at 37°C/5% CO,,
supernates were harvested and assayed for polyclonal
IgG or IgM by ELISA as previously described (Carr et
al., 1990b).

3. Results
3.1. Screening lymphocytes for expression of OR mRNA

Splenic lymphocytes were screened for the expres-
sion of OR-encoding mRNA transcripts by RT-PCR.
Initially, oligonucleotide primers 8OR395" and
S§0OR695~ were made against the coding sequence of
TM III and TM V of the §OR clone, DOR-1 (Evans et
al., 1992). These primer sequences were chosen for
screening lymphocytes because they are highly con-
served among ORs. 6OR395" is 83% and 70% homol-
ogous to the TM IlI-encoding sequence of rat k- and
w- ORs, while §OR695™ is 84% and 80% homologous,
respectively, to the TM V coding sequence of these
ORs.

RT-PCR amplification of lymphocyte RNA using
the primers 8OR395% and §OR695 ™ yielded two ma-
jor populations of PCR products. One PCR product
corresponded in size to the predicted 301-bp DOR-1
product, while the other PCR product was approxi-
mately 80 bp larger. Upon Southern blotting, however,
these lymphocyte-derived PCR products failed to an-
neal with a DOR-1-specific oligonucleotide probe (not
shown). The PCR products were cloned and se-

(SOR395+)—>
532 GeTgtGCtCTcCctTgactactacaacatgtttaccagecactttcact

580 ttgactgccatgagtgtagaccgttatgtagctatctgccaccctatceyg
630 tgcccttgatgttcggacatccagtaaagcccaggeccgttaatgtggeca
680 tatgggccctggcttcggtggttggtgttecctgttgecatcatgggetca
730 gcacaagtggaggatgaag I gtcagtggge agtcctecte

cctgaccaat cagticccea tggticttge cggeccetct

gaccteattt ctetectgea g| agatcgagtgectggtggagatccccgeece

< (80RE95-)
780 tcaggactattggggccctgtatttgccatctgeGtGttectCtttGeecttes

Fig. 1. Nucleotide sequence of lymphocyte-derived oOR RT-PCR
product obtained with §OR primers. The sequence of S0OR395™
and the complement of §OR695~ are shown in boldface type. §OR
primer bases that were not homologous with oOR are shown in
uppercase letters. Bases are numbered according to their position in
a mouse 0OR ¢cDNA clone. The 81-base intron which was present in
the 382-bp 0OR PCR product is shown in italics.

quenced, and the 301-bp PCR product was found to be
identical in sequence to bases 532 to 832 of an oOR
clone isolated from a mouse brain ¢cDNA library
(Genbank accession number U04952). The 382-bp PCR
product was also amplified from 0OR mRNA, but it
contained an additional 81 bases of sequence which lie
between bases 748 and 749 of the oOR cDNA se-
quence (Fig. 1). These 81 bases formed an intron motif
with 5’ splice donor (AAG ' GTCAGT) and ¥ splice
acceptor (CTCTCCTGCAG ') sequences.

Using the same primers, §OR395" and §OR6957,
expression of oOR transcripts in brain and lymphocyte
RNA was compared by RT-PCR (Fig. 2). Upon gel
electrophoresis, the brain-derived PCR products (lane

Fig. 2. Detection of oOR expression in brain and lymphocytes by
RT-PCR analysis. RT-PCR was performed on RNA samples isolated
from brain (lane a), whole spleen (lane b), unstimulated lymphocytes
(lane ¢), and ConA-stimulated lymphocytes (lane d). No template
(lane e) and cloned oOR sequence (lane f) served as negative and
positive controls, respectively, of PCR amplification. ¢ X174 / Haelll
markers are shown on the far right.
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a) migrate as a single band of 301 bp while lympho-
cyte-derived PCR products (lanes b-d) separate into
two distinct bands of 382 bp and 301 bp. Although the
RT-PCR was not quantitative, the yield of 382-bp PCR
product from ConA-stimulated lymphocyte RNA was
markedly higher than that obtained from unstimulated
lymphocyte RNA.

3.2. DNA sequencing of lymphocyte-derived 0OR cDNAs

Having identified oOR mRNA in lymphocytes,
oligonucleotide primers were prepared (i.e. 0OR52%,
oOR114%, 0OR1292~, and oOR13337) that flanked
the open reading frame of the brain-derived oOR
c¢DNA (Genbank accession number U04952). With
these outer primers, nested PCR was used to amplify
the remainder of the oOR coding sequence from lym-
phocyte cDNA. A RT-PCR product was obtained from
lymphocyte RNA with the primers SOR395* and
oOR1292~. The sequence of this 842-bp PCR product
also contained the previously identified 81-base intron,
but was otherwise identical to the oOR cDNA clone.

(0OR114+)~>
101 gaggttgtgtgtgetgttggaggaa. .. .ooiie i,

160 .gtqacagcatqgagtccctctttcctgccccattctgggaggtcttgtatggcaqccac
P H

F ? A
220 tttcaagggaacctgtctctcctaaatgagaccgtaccccatcacctgctcctcaatgct
Q N L S§ L L N E P H HL L L 8 A

280 agccacagtgccttcctqccccttggactcaaggtcaccatcgtgggqctctacttggct
H P T

340 gtgtgcatcggggggctcctqqqqaactgcctcgtcat|gmtgmatcmcag| gcacacc
v ¢ 176 6 L L G N € L VvV M YV ILR T

400 aagatqaaqactgctaccaacatttacatatttaatctggcactggctgataccctggtc
A N I Y I L AglL

460 ttgctqacactgcccttccagggcacaqacatccttctgqgcttctggccatttgggaat
L L T L P F L

520 gcactqtgcaagacqgtcattgctatcgactactacaacatqtttaccagcactttcact
Y Y N MppF T S T F T

580 ttgactgccatgagtgtagaccgttatgtagctatctgccaccctatccqtgcccttgat
L T A M S _V D RY V A I ¢ H PI R A L D
640 gttcgqacatccagtaaagcccaggccgttaatgtggccatatgqgccctgqccthgtg
v R T S S K A QA V N Vv A I WA L AnysS V

700 qttggtgttcctgttgccatcatgggctcaqcacaagtggaggatgaag'agatcgagtgc
VG Vv P VvV A _1 M G S A Q V E DE E I E C

760 ctggtggagatccccgcccctcaggactattggggccctgtatttgccatctgcatcttc
P A I_Cc 1 F

820 cttttttccttcatcatcccggttctqatcatctctgtctgctacagcctcatgattcga
L F § F I s v

880 cgacttcgtggtgtccggctgctttcaggctcccgaqagaagqaccggaacctgcgacgc
R L R 6 V R L LS 6 s R E K DR N L R R

940 atcacacggctggtactggtagttgtggetgtgtttgtgggctgectggacacctgtgeag
I T R L VvV L VvV V VvV A V F V GyyC W T P V 0Q

1000 gtctttgtcctggttcaaggactggqtgttcaqccaggtagtgagactgcagtagccatt
v FE VL V Q

1060 ctgcgcttctgcacagccctgggctatgtcaacagttgtctcaatcccattctctatgct
N SyyC L _N P I L Y A

1120 ttcttqqatgagaacttcaaggcctqctttagaaagttctgctgtgcttctgccctgcac
F L D E N P K AC F R K F € CA § A L H
1180 cgqgagatgcaqgtttctqatcgtgtgcgcagcattqccaagqatgtaggccttggttgc
R E M @ V 8§ D RV R S I A K DV 6 L G ¢C

1240 +.eeeeencasrssacasnasoecanas catgactaggcgtggacctgeccat
K T S E T V P R P A COO- “(0oO0R1292-)

Fig. 3. Nucleotide sequence of pLoOR* PCR product insert. The
sequence of oOR114% and the complement of oOR1292™ are
shown in boldface type. The predicted amino acid translation of
oOR mRNA is shown below the nucleotide sequence. The under-
lined segments of amino acid sequence are the putative transmem-
brane spanning regions. Bases 378—392 are shown in a different font
to denote their absence from the cloned insert in pLoOR . (v) Site
from which the 81 base intron is spliced. (- - -) Bases that are present
in the mouse oOR ¢DNA clone, but whose presence we did not
establish by sequencing.

95- a b ¢
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39—
2.8 -
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Fig. 4. Detection of 0OR expression in brain and lymphocytes by
Northern blot analysis. (A) 10.0 ug poly(A)* RNA from brain (lane
a), unstimulated lymphocytes (lane b), and ConA-stimulated lympho-
cytes (lane ¢) hybridized with oOR probe. The position of RNA
markers in the original gel is shown on the far left (size given in
kilobases). (B) Shorter exposure of autoradiograph shown in (A).

A second PCR product obtained from lymphocyte
c¢DNA using the primers oOR114" and oOR1292~
included the entire coding sequence of the oOR tran-
script. Two copies of this lymphocyte-derived
oOR114* /00OR1292~ PCR product were cloned into
plasmids and sequenced. These plasmids are referred
to hereafter as pLoOR ™~ and pLoOR™. The sequence
of pLoOR* (Fig. 3) was identical to the mouse brain
0oOR c¢DNA (Genbank accession number U04952). The
sequence of pLoOR™, however, differed in that 15
bases of the oOR sequence were absent (bases 378-
392). This region apparently formed a small intron
motif that had been spliced out of the original 0oOR
mRNA template from which pLoOR ™ was derived.

3.3. Northern blot analysis

Expression of oOR mRNA in splenic lymphocytes
and brain was compared by Northern blot analysis.
Two species of RNA transcripts, 3.0 and 1.5 kb, were
readily detected in total brain RNA (data not shown).
Despite the intense signal from the 3.0-kb transcripts
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found in brain RNA, the 1.5-kb band correlates more
closely in size to the 1338-base oOR cDNA clone
isolated from mouse brain (Genbank accession number
U04952), and the 1.3-1.8-kb cDNA clones isolated
from rat brain (Bunzow and Grandy, 1994; Chen et al.,
1994; Fukuda et al., 1994). Of the spleen-derived total
RNA samples, ConA-stimulated but not unstimulated
lymphocytes contained a detectable 1.5-kb oOR tran-
script. Hybridization of a G3PDH (i.e. housckeeping
gene) probe to total RNA showed that less G3PDH
mRNA was present in unstimulated lymphocytes than
in brain and ConA-stimulated lymphocytes (data not
shown), which presumably reflects the fact that lym-
phocytes are a relatively quiescent cell population in
vivo, and are less transcriptionally active than brain
and mitogen-stimulated lymphocytes.

Northern blot analysis of poly(A)* RNA (Fig. 4A)
showed that 1.5-kb oOR mRNA was detectable in both
unstimulated (lane b) and ConA-stimulated (lane c¢)

a bcdef gho.

"

a b c

Fig. 5. Detection of oOR expression in CD4*, CD8*, and
CD4~CD8~ lymphocytes by RT-PCR analysis. (A) Agarose gel
analysis of SOR395% /00OR925~ RT-PCR products. RNA samples
were isolated from cell-sorted CD4*, CD8, CD4~ CD8™ lympho-
cytes (lanes a, b, c); total cells prior to sorting (lane d), Lympholyte
M “-purified lymphocytes (lane ¢), EL4 cells (lane f), 1.929 cells (lane
g), and brain (lane h). No template (lane i) and cloned oOR se-
quence (lane j) served as negative and positive controls, respectively,
of PCR amplification. ¢ X174 / Haelll markers are shown on the far
left. (B) Southern blot of the above ge! hybridized with oOR probe.

A 0oOR" PCR product

Bsu 361 BLsu 361

cOR114+ . / ‘/ 00R925-

“ ¢ e >

275 bp 391 bp 146 bp

oOR" PCR product
0OR114+ / w38

»e
< > >

651 bp 146 bp

Fig. 6. Bsu361 restriction analysis of 0OR RT-PCR products. (A)
Bsu36I restriction map of 0OR114* /00R925~ RT-PCR products
amplified from oOR™ and oOR~ mRNA. (B) The Southern blot
shown contains untreated o0OR114* /00OR925~ PCR products (lanes
a—e), and aliquots of the same samples following digestion with
Bsu361 (lanes f-j). These RT-PCR products were amplified from
brain poly(A)™ RNA (lanes a and f), brain total RNA (lanes b and
g), lymphocyte total RNA (lanes ¢ and h). The standards for the
Bsu361 restriction digests were PCR products amplified from
pLoOR ™~ (lanes d and i), and pLoOR™" (lanes e and j). A control
PCR tube without template did not yield any products (not shown).

splenic lymphocytes. A lighter exposure of the same
Northern blot (Fig. 4B) shows that brain poly(A)~*
RNA contained three predominant mRNA species (1.5,
3.0, and 4.0 kb) that hybridized with cOR probe. Based
on phosphorimager densitometric analysis, the unstim-
ulated and ConA-stimulated splenic lymphocyte
poly(A)* RNA samples contained 4.5% and 22.5% as
much 1.5 kb oOR mRNA as was found in the brain.

3.4. Expression of 0OR mRNA in lymphocyte subpopula-
tions

In order to assess oOR mRNA expression in lym-
phocyte subpopulations, RT-PCR was performed using
RNA from CD4", CD8", and CD4~CD8~ cell-sorted
lymphocytes (Fig. 5A). A Southern blot of the resulting
PCR products is shown in Fig. 5B. Both brain RNA
(lane h) and pLoOR~ (lane j) vielded a PCR product
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of the predicted 394-bp size. The majority of oOR
PCR products obtained from the lymphocyte-derived
RNA samples (lanes a—e), however, were 475 bp, indi-
cating that the 81-base intron motif was present. A
non-oOR PCR product (i.e. one that did not hybridize
with the oOR probe) of approximately 775 bp was also
amplified from CD4*, CD8", and total lymphocyte
RNA (lanes a, b, and d—e), but not from CD4-CD8~
lymphocytes nor any of the other RNA samples (Fig.
5A). Based on RT-PCR analysis (lanes a-c), oOR
mRNA appears to be expressed in all three lymphocyte
subpopulations.

3.5. Restriction analysis of 0OR RT-PCR products

The absence of a 15-base intron motif (bases 378-
392) in pLoOR ~ suggested that alternative splicing of
0oOR mRNA occurs in lymphocytes. Because a Bsu361
restriction site (CCTNAGG, bases 387-393) occurs in
the intron, RT-PCR products amplified from oOR
mRNA lacking bases 378-392 did not contain the
restriction site. Therefore, Bsu36l1 restriction analysis
provided a method by which RT-PCR products ampli-
fied from oOR* mRNA (bases 378-392 present) could
be differentiated from RT-PCR products amplified
from oOR™ mRNA (bases 378-392 absent). Restric-

20

PROLIFERATION (CPMS)
(Thousands)

LPS

AS SCR

Fig. 7. Orphan OR antisense oligonucleotide blocks LPS-induced
lymphocyte proliferation. Splenic lymphocytes (5x10° cells) were
stimulated with LPS in the presence or absence of antisense OR
oligo (AS, 1.0 ug) or scrambled oligo (SCR, 1.0 wg). Cells were then
assessed for proliferation by [*H]thymidine uptake 72 h following
initiation of culture. Bars represent S.E.M. This figure represents the
summary of three independent experiments with each condition
measured in quadruplicate /experiment. * P < 0.05, F(2,8) = 8.4459
comparing the oligo-treated cultures to LPS only culture as deter-
mined by ANOVA and Scheffé multiple comparison test.
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Fig. 8. Orphan OR antisense oligonucleotide blocks LPS-induced
polyclonal antibody production. Splenic lymphocytes (2% 106 cells)
were stimulated with LPS in the presence or absence of the indicated
concentration of antisense (AS) or scrambled (SCR) oligos. Super-
nates were collected 5 days following the initiation of culture and
assayed for polyclonal IgG (A) or polyclonal IgM (B). Bars represent
S.E.M. The figures are a summary of three independent experiments
with each condition measured in triplicate /experiment. * P < 0.05,
** P <0.01, F(6,20) = 6.1263 as determined by ANOVA and Tukey’s
post t-test comparing the oligo-treated cultures to the LPS-only
culture.

tion maps of oOR™ and oOR~ PCR products obtained
in these experiments are shown in Fig. 6A.

In Fig. 6B, a radiolabeled oOR probe was hy-
bridized to untreated cOR114*/00OR925~ PCR prod-
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T™ I
m-0OR 1 MESLFPAPFWEVLYGSHFQGNLSLL NETV PHHLLLNASHSAFLPLGLKVT IVGLYLAVCIGGLLGNCLV
m-80R 1 melvpsarae1qssp1vnlsdafpsaEpsaganasgspgarsasslalala a8 .8V .00 Ve
m-kOR 1 mesp1q1frgdpgptcspsacl1pnssswfpnwaesdsngslgsedqqlesahispaxpv1 .tav.sv.fvv..v..8..
r-pOR 1 mdsstgpgntsdcsdplaqascspapgswlnlshvdgnqsdpcglnrtglggndslcpqtgspsmvta1t .ma..si..vv..f.. £,
h~ORL1 1 P - A SR ) sp.hsll.p........ Groveonennrs essecnsns Veeosoaeos
™ II ™ III
m-oOR 70 M yvur HTKMK TATNIYIFNLALADTLVLLTLPF QGTDILL}GFWPFGNALCK TVYIAIDYYNMFTSBTFTLTAMSBV DRYVAICHPIR
m-&§0R 71 .fg.v.y..l. .... . .a.ats.... .saky.met....el... a.l8..ccc...n ; DIPIY i.v...vk
m-kOR 81 i.y... .savy.mns....dv. eveMacs Jilveaavk
r-poOR 90 .svny.m.t....tx... «.ct.. Jd.velovk
h-ORL1 73
™ IV ™V
m-oOR 155 ALDVRTSSKAQ AVNVAIWALASVVGVPVAIMGSA QVEDEEIECLVEIPAPQDYWGPVFA ICIFLFSFIIPVLIISVCYSLMI
m-§0R 156 ...f..pa..k li.ic..v...g....imv.avt .pr.gavv.mlgf.s.sw. .dt.tk v...a.vv.i...t...g.01
m-kOR 166 ...f..pl..k ii.ie..l...s..isaivl.gtkvredvdv...slgf.ddeys.wdl. mk e VeV B V.eeseadiaitl
r~poR 175 ...f..prn.k i...cn.i.s.ai.l..mf.att kyrqggs.d. tltfsh tw..enllk vii.a..m.i...t...9..
Ho~ORL1 158 ...cecueees sssesessssscssnssssnnnss sectovecsssesssboincennoean  assessccs VeeaVeeasesnas
™ VI TM VII
m-0OR 237 RRLRGVRLLSGSREKDRNLRRITR LVLVVVAVFVGCWTPVQVFVLV QGLGVQPGSETAVAILR FCTALGYVNSCLNPILYAFL
m-50R ga..v..a.ihi..i wt.vdinrrdpl.vaalh loice..8..8.00.Veuoon
m-kOR Jdi....dndld. .stsh.ta.lssyy ..i....t..s...v.....
r-puOR eesedve. . dniy. ii ka iti. ettfqtvswh S PR Y v.
h-ORL1 240 ....ctveevecvonnnss EE... soccessnscsavsonsanssB oo reBoiiiiaaes scserrrarrereccenn

m-oOR 320 DENFKACFRKFCCASALHREMQVSDRVRSIAKDVGLGCKTSETVPRPA

m-60R 322 ..... r...qgl.rtpcgrq.pgslr.p.qattrervtac.psdg.gggaaa

m-kXOR 334 ..... r...d..fpikmrm.r.stn...ntvq.pasmrdvggmnkpv

r-fgOR 340 ..... r...e..iptssti.q.n.t.. qntrehpstan vdrtnhqlenleaetaplp
h-ORL1 323 ....ccvevacccnenns FdVeeesnnnsvoans [ U TP

Fig. 9. Alignment of the mouse oOR sequence with other opioid receptors. The other sequences are mouse 8- and k- ORs (Yasuda et al., 1993),
rat pOR (Wang et al., 1993) and human 0cOR (Mollereau et al., 1994). (+) Residues that are identical to the corresponding 0OR amino acid. TM

spanning regions are shown in boldface type.

ucts (lanes a-e) and Bsu36l-digested oOR1147 /
oOR925~ PCR products (lanes f-j). The untreated
PCR products (lanes a—e) all migrated at a rate corre-
sponding to the predicted size of 812 bp. All
oOR114*/00OR925~ PCR products treated with
Bsu361 were cleaved into 146-bp (lanes f-j) and either
651-bp or 666-bp fragments because of a restriction
site which occurs at bases 778-784. The 651-bp PCR
product fragments derived from pLoOR ™ (lane i) and
0oOR~™ mRNA (lanes f-h) lacked the intron and were
not further cleaved by Bsu36l. However, the 666-bp
PCR product fragments amplified from pLoOR ™ (lane
i) and oOR* mRNA (lanes f-h) contained the intron,
and were thus cut into 275-bp and 391-bp fragments by
Bsu36]l.

The amplification of Bsu36I-insensitive and
Bsu36l-sensitive RT-PCR products (lanes f-h) indi-
cates that both oOR™ and oOR™ species of mRNA
are present in brain and lymphocytes. Using phospho-
rimager densitometric analysis, we estimated the rela-
tive amounts of oOR* and oOR~ RT-PCR products
amplified from brain and lymphocyte RNA. The ratio
of oOR*:00R ™~ products that was measured in each
RNA sample is listed, as follows: brain poly(A)*=2.2,
brain total = 2.9, and lymphocyte total = 1.2. Because
oOR™* and oOR~ mRNA are nearly identical, amplifi-
cation of these sequences should proceed at equal
rates. Therefore, the relative yield of cOR™* and oOR~
RT-PCR products reflects the underlying ratio of
oOR™* to oOR™ mRNA in the cells. Based on this
assumption, the fraction of 0OR mRNA which lacked
bases 378-392 in each of the RNA samples is listed, as
follows: brain poly(A)*=0.32, brain total = 0.26, and
lymphocyte total = 0.45.

3.6. Antisense oligonucleotide defines a functional role
for lymphocyte oOR

Lymphocytes have been reported to secrete endor-
phins following LPS stimulation (Harbour-McMenamin
et al., 1985). To determine the potential relationship
between lymphocyte-derived endorphins and orphan
opioid receptors on immune function, antisense oligo-
nucleotides were used to block 0OR expression. Lym-
phocytes were stimulated with LPS in the presence of
either oOR153~ (0oOR-antisense oligonucleotide) or a
scrambled control sequence, and their effects on prolif-
eration and antibody production were compared. Or-
phan ORI153~ significantly reduced the LPS-stimu-
lated proliferation of splenic lymphocytes by 49.9 +
1.7% (Fig. 7). By comparison, the scrambled oligo-
nucleotide inhibited LPS-induced proliferation as well
(22 + 8.0%) (Fig. 7). Similarly, oOR153" significantly
inhibited (50-75%) polyclonal IgG and IgM produc-
tion from LPS-stimulated splenic lymphocytes, but the
scrambled oligonucleotide had no effect (Fig. 8).

3.7. Nucleotide sequence

This sequence has been deposited in the Genbank
database under accession number U14165.

4. Discussion

There is evidence that §ORs are present on lym-
phocytes (Carr, 1991), but this has not been confirmed
at the level of gene expression. To address this point,
we screened lymphocyte RNA for the presence of
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80OR-encoding RNA transcripts by RT-PCR. §0R
mRNA was not detected, but rather the selected primer
pair detected expression of 0OR mRNA. Overall, cOR
shares 61% amino acid identity with §OR and 58%
with u- and x- ORs, but sequence conservation
amongst the ORs is particularly high within the T™M
spanning regions (Fig. 9). When the comparison of
sequence homology is extended to analogous amino
acids, oOR shares 73%, 74%, and 76% similarity with
u-, k-, and 8-ORs, respectively.

Functional expression of the human oOR cDNA
clone, hORL1, in COS cells showed that oOR did not
bind endogenous opioid ligands. However, the univer-
sal opiate agonist etorphine did bind and cause sup-
pression of adenylate cyclase activity in COS cells, and
these effects were sensitive to diprenorphine, an opioid
antagonist (Mollereau et al., 1994). In situ hybridiza-
tion indicates that differential expression of oOR oc-
curs in rat brainstem (Fukuda et al., 1994), suggesting a
role for oOR in modulation of neurotransmission in
the neuroendocrine system.

Exogenous (Bussiere et al.,, 1993) and endogenous
(for review, Carr, 1991) opioids have been shown to
modulate antibody production. LPS has been shown to
induce leukocyte production of endogenous opioids
and the endorphins (Harbour-McMenamin et al., 1985).
In the present study, oOR-specific antisense oligo-
nucleotides blocked antibody production from splenic
lymphocytes, and had a modest effect on proliferation.
The results suggest that oORs play a role in autocrine
regulation of lymphocyte function. Therefore, lympho-
cyte oORs are potentially significant sites of im-
munoregulation.

Post-transcriptional processing of oOR RNA tran-
scripts appears to be different in lymphocytes than in
brain. RT-PCR of brain RNA with §OR395% and
0o0OR925~ vyields a 394-bp PCR product, while lympho-
cyte RNA yields 475-bp and 394-bp oOR-derived PCR
products. The difference in size presumably reflects
the presence (475 bp) or absence (394 bp) of an 81-base
intron in the original oOR RNA template. Therefore,
while brain-derived oOR transcripts are fully pro-
cessed, an 81-base intron is present in a large fraction
of lymphocyte-derived oOR transcripts. Given that the
extra 81 bases would not disrupt the open reading
frame, this RNA species could have encoded an oOR
subclass with an additional 27 amino acids in the
second extracellular loop. Translation of the 81-base
sequence, however, revealed that a UGA stop codon
was present (verified in three independent clones),
making it unlikely that this 0OR RNA species encodes
a functional oOR. The existence of this immature oOR
RNA species suggests that lymphocyte expression of
oOR may be regulated post-transcriptionally at the
level of mRNA splicing. ‘

Sequence analysis of two oOR114"/0OR1292~

PCR products revealed that a 15-base intron motif
(bases 378-392) which is present in all identified cOR
c¢DNA clones (Bunzow and Grandy, 1994; Chen et al.,
1994; Fukuda et al., 1994; Mollereau et al., 1994) was
spliced from pLoOR™. Bsu361 restriction analysis of
oOR114* /0OR925~ RT-PCR products confirmed that
alternative splicing of oOR mRNA occurs in brain and
lymphocytes. Assuming that RT-PCR did not prefer-
entially amplify one oOR splice variant, phosphorim-
ager densitometric analysis indicated-that bases 378-
392 are removed from 25-30% of cOR mRNA in
brain, and approximately 45% of cOR mRNA in lym-
phocytes. ‘

Pharmacological characterization indicates that
there is more than one type of 8-, k-, and u-OR.
Likewise, alternative splicing of bases 378-392 of oOR
mRNA which encode Y7'-R” suggests that at least two
functionally distinct oOR subtypes exist. For example,
removal of Y”'-R? from the first intracellular loop
may sterically alter oOR, thereby changing the ligand
affinity of this receptor subtype. Likewise, removal of a
potential tyrosine kinase substrate (i.e. YXX[L/I] are
phosphorylation sites in antigen recognition activation
motifs found in a variety of lymphocyte-derived recep-
tors, e.g. the CD3 ¢ and vy chains) could produce an
oOR subtype that is differentially regulated.

Northern blot analysis confirmed that a 1.5-kb oOR
mRNA transcript is expressed in both stimulated and
unstimulated murine splenic lymphocytes. Because
poly(A)™ RNA was isolated from unfractionated spleen
cells, oOR mRNA could have potentially been derived
from non-lymphoid cells in the spleen. However, the
observed induction of o OR mRNA expression by ConA
suggests that lymphocytes are the major source of 0OR
mRNA in the poly(A)* RNA blot. Furthermore, this
hypothesis is supported by RT-PCR analysis of FACS-
purified spleen cells which detected 0OR mRNA in
cells bearing CD4™ and CD8™ lymphocyte differentia-
tion markers. -

In conclusion, a gene encoding an opioid-like recep-
tor is expressed in mouse lymphocytes. This finding
lends support to pharmacological studies that have
identified opioid binding sites on lymphocytes (Mad-
den et al., 1987; Carr et al., 1989; Ovadia et al., 1989;
Bidlack et al., 1992), as well as in vitro results which
indicate that endogenous opioids modulate lymphocyte
function (Johnson et -al., 1982; Mathews et al., 1983;
Van Epps and Saland, 1984; Heijnen et al., 1986; Carr
and Klimpel, 1986; Mandler et al., 1986; Taub et al.,
1991). Lymphocyte expression of neuropeptide recep-
tors has been proposed  as a mechanism .by which
neuroendocrine regulation of immune function occurs
(Carr, 1991). Having identified and sequenced an opi-
oid-like receptor mRNA in lymphocytes, further stud-
ies can begin to explore the function of oOR in neu-
roimmunomodulation.
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Primary cultures of trigeminal ganglion (TG) cells from herpes simplex virus type 1 (HSV-1) latently
infected mice were used to study reactivation. Expression of HSV-1 latency-associated transcripts was noted in
TG cell cultures. Infectious virus appeared in 75% of culture supernatants within 120 h after heat stress.
Likewise, HSV-1 lytic-phase mRNA and proteins were detectable 24 h after heat stress. HSV-1 antigen first
appeared in neurons after heat stress, indicating the neurons were the source of reactivation. The effect of heat
stress duration on reactivation was determined. Reactivation occurred in 0, 40, or 67% of cultures after a 1-,
2-, or 3-h heat stress, respectively. However, 72-kDa heat shock protein expression was induced regardless of
heat stress duration. Thus, reactivation was not a direct result of inducing the heat shock response. The
capacities of several drugs to induce reactivation were also evaluated. While neither epinephrine, forskolin, nor
a membrane-permeable cyclic AMP analog induced reactivation, dexamethasone did so in a dose-dependent
manner. Furthermore, dexamethasone pretreatment enhanced the Kinetics of heat stress-induced reactivation
from TG cells. Collectively, the results indicate that TG cell cultures mimic important aspects of in vivo latency
and reactivation. Therefore, this model may be useful for studying signalling pathways that lead to HSV-1

reactivation.

Despite two decades of research since sensory neurons were
identified as the site of latent herpes simplex virus type 1
(HSV-1) infection (6), little is known about the mechanisms by
which stress induces reactivation. While our knowledge of the
HSV-1 genome and its gene products has increased tremen-
dously, no new clinical treatments have been developed to
block reactivation. Stressors such as epinephrine iontophoresis
(19), cyclophosphamide and dexamethasone (Dex) administra-
tion (7), UV irradiation (20), and transient hyperthermia (35)
induce reactivation in animal models. In no model, however,

" are the events that occur between stress and production of

infectious HSV-1 known. Therefore, many unresolved ques-
tions remain. What are the reactivation-inducing signals that
impinge upon latently infected neurons? Through what recep-
tors are those signals recognized and transduced across the cell
membrane? What intracellular effectors carry these signals to
the nucleus? What changes in HSV-1 gene regulation consti-
tute the event referred to as reactivation? Understanding these
molecular mechanisms would greatly facilitate the rational de-
velopment of reactivation-blocking drugs. Because such ques-
tions are difficult to address in vivo, an in vitro model which
mimics the in vivo situation would provide an important tool
for studying mechanisms of reactivation.

Culture systems in which HSV-1 reactivation occurs have
been described, but most are poor models of in vivo latency
and reactivation. For example, coculture of trigeminal gan-
glion (TG) explants with HSV-1 permissive cells is a useful
assay for verifying latent infection (43) but is of limited value as
a reactivation model because reactivation is induced regardless
of treatment. Neonatal sensory neuron cultures are a good
model for studying reactivation because HSV-1 latency is
maintained until administration of a stressor (41, 48). How-

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, 1901 Perdido St., New Orleans, LA 70112.
Phone: (504) 568-4412. Fax: (504) 568-2918. Electronic mail address:
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ever, this model differs substantially from adult ganglionic neu-
rons in vivo. All of the cells in the neonatal cell cultures are
neurons, and depending on the multiplicity of infection, up to
100% of these neurons can be latently infected. In contrast, 5
to 10% of cells in the ganglion are neurons, and only 5 to 10%
of those become latently infected following HSV-1 ocular in-
fection (14).

Moriya et al. (26) described a culture system which is po-
tentially useful as an in vitro model of stress-induced reactiva-
tion. In the presence of an antiviral drug, primary cell cultures
were established from latently infected mouse TGs. Latency
was maintained following removal of the antiviral drug, and
the investigators found that HSV-1 could be reactivated from
TG cells by heat stress. Because critical points (e.g., demon-
stration that cytopathic effects were due to HSV-1) were not
addressed in this study, the results were suggestive but not
compelling.

In the present study, we confirm the results of Moriya et al.
(26) and demonstrate that TG cell cultures mimic important
aspects of in vivo latency and reactivation. Evidence is pro-
vided that (i) neurons remain viable in TG cell cultures, (ii)
latency-associated transcription continues in culture, (iii)
HSV-1 mRNA, protein, and virion synthesis are efficiently
reactivated following heat stress, and (iv) latently infected neu-
rons are the source from which HSV-1 reactivation occurs.

The capacities of cyclic AMP (cAMP), epinephrine, and Dex
to induce HSV-1 reactivation from TG cell cultures were also
studied. These compounds were chosen, in particular, because
of their reactivation-inducing capacity in other herpesvirus
models (19, 32, 41) and because of their relationship to the in
vivo stress response. While epinephrine and cAMP had no
effect on TG cells, Dex induced HSV-1 reactivation in a dose-
dependent manner. Furthermore, Dex enhanced the kinetics
of heat stress-induced reactivation. The results suggest a cen-
tral role for glucocorticoid hormones in vivo in stress-induced
HSV reactivation.

(This work was presented at the 3rd Annual Bristol-Myers
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TABLE 1. Oligonucleotide primers used in this study

. Location Refer-

Primer in HSV-1 Sequence ence
G3PDH-a GAATCTACTGGCGTCTTCACC 18
G3PDH-b GTCATGAGCCCTTCCACGATGC
ICP0-3' «120987 TTCGACCAGGGCACCCTAGT
LAT-a 120702—~  GACAGCAAAAATCCCCTGAG 22
LAT-b «120896 ACGAGGGAAAACAATAAGGG
ICP27-a 114922—  TTTCTCCAGTGCTAGCTGAAGG 2
ICP27-b «115204 TCAACTCGCAGACACGACTCG
RR-a 88517~ ATGCCAGACCTGTTTTTCAA 15
RR-b «88759 GTCTTTGAACATGACGAAGG
TK-a 46622— ATACCGACGATCTGCGACCT 22
TK-b 46731 TTATTGCCGTCATAGCGCGG

Squibb Symposium on Infectious Disease, New York, N.Y,,
December 7 and 8, 1995.)

MATERIALS AND METHODS

Animals and cells. Female 25- to 34-g ICR mice (Harlan-Sprague Dawley,
Indianapolis, Ind.) were used in these experiments. The CV-1 African green
monkey kidney cell line was obtained from the American Type Culture Collec-
tion (Rockville, Md.).

Infection of mice. Bilateral ocular infection of ICR mice (Harlan-Sprague
Dawley) was performed as follows. Corneas were scarified with a 25-g needle,
and tear film was blotted from the eyes with tissue. Mice were infected by placing
3 l of medium containing 10° PFU of HSV-1 (McKrae strain) per ml on each
eye. At the time of infection, mice were passively immunized with 0.1 mi of rabbit
antiserum to HSV-1 by intraperitoneal injection to enhance survival. To verify
primary infection, mouse eyes were swabbed 2 days postinoculation, and swabs
were transferred to CV-1 monolayer cultures, which were observed for HSV-1-
induced cytopathic effects.

Establishment of TG cell cultures. TG cell cultures were prepared according
to a modified version of the protocol described by Moriya et al. (26). TG cells
were cultured in minimum essential medium containing 10% fetal bovine serum
(Gibco BRL, Gaithersburg, Md.), antibiotic-antimycotic solution (Sigma Chem-
ical Co., St. Louis, Mo.), and 10 ng of nerve growth factor 2.5 (Collaborative
Biomedical Products, Bedford, Mass.) per ml (TG medium). TGs were asepti-
cally removed from latently infected mice (greater than 28 days postinoculation)
and placed in TG medium on ice. TGs were pooled in 1.5 ml of calcium- and
magnesium-free Hank’s balanced saline solution containing collagenase type XI
(1 mg/ml; Sigma) and collagenase type IV (1 mg/mi; Sigma) and incubated at
37°C for 75 to 90 min. To facilitate dissociation, ganglia were triturated every 25
min with a 1-ml serological pipette.

Next, 8.5 ml of TG medium was added to the dissociated cells, which were then
pelleted by centrifugation (4°C, 5 min, 200 X g), and the collagenase-containing
supernatant was discarded. The cells were rinsed twice more with TG medium
and resuspended in S0 mt of TG medium containing 5 pg/ml of (E)-5-(2-
bromovinyl)-2'-deoxyuridine (BVDU; Sigma) per ml. The cells were distributed
into two 24-well culture plates (1 ml of cell suspension per well) which had been
thin coated with rat tail collagen type I (50 pg/ml; Collaborative Biomedical
Products) and recombinant mouse laminin (2.5 ug/ml; Collaborative Biomedical
Products) according to the vendor’s directions. To promote cell adherence,
culture plates were centrifuged for 3 min at 200 X g

Cultures were incubated in a 37°C tissue culture incubator (5% CO,, 95%
humidity). Two days after culture establishment, 0.5 mi of TG medium was
added to each culture well. Five days after culture establishment, BVDU was
removed by replacing the culture medium. Cultures were incubated for 14 to 16
days before initiation of reactivation experiments. Culture medium was partially
replaced every 5 to 7 days.

Heat stress and drug treatments. TG cells were heat stressed by placing
culture plates in a 43°C tissue culture incubator (5% CO,, 95% humidity) for 3 h.

In drug experiments, cultures were incubated with either forskolin for 1 h,
chlorophenyithio (CPT)-cAMP for 1.5 h, epinephrine for 1.5 h, or Dex for the
duration of the experiment. Five days after drug treatment, cultures were heat
stressed to verify the presence of latent HSV-1.

The effect of forskolin on intracellular cAMP concentrations was determined
30 min after addition of forskolin to TG cells, using a cCAMP enzyme-linked
immunosorbent assay (PerSeptive Diagnostics, Cambridge, Mass.).

Monitoring of TG cultures for HSV-1 reactivation. Infectious HSV-1 was
detected in cultures by transferring 100 wl of culture medium to CV-1 cell
monolayers in 96-well plates and monitoring CV-1 cells for the appearance of
cytopathic effect. Each TG culture well was sampled for infectious virus at 4, 8,
and 12 days after plating and immediately before administration of a potential
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reactivation-inducing stimulus. Thereafter, wells were sampled every 24 h for 5
days to record the appearance of infectious virus.

Reverse transcription-PCR (RT-PCR). Total RNA was extracted directly from
culture wells with Ultraspec RNA isolation reagent (Biotecx Inc., Houston, Tex.)
according to the manufacturer’s instructions. First-strand cDNA synthesis was
performed on equivalent amounts of RNA from each sample, using an oli-
go(dT),s primer and avian myeloblastosis virus reverse transcriptase (Promega
Corp., Madison, Wis.). Because the major species of latency-associated tran-
scripts (LAT) is not polyadenylated (10), reverse transcription of LAT was
achieved by using a LAT-specific primer, ICP0-3". PCR was performed on
equivalent amounts of cDNA; each reaction mixture contained 1X Taq buffer,
0.25 pM each PCR primer, 100 pM each deoxynucleoside triphosphate, and 2.5
U of Tag polymerase (Promega), and each reaction was performed in an MJ
Research (Watertown, Mass.) thermal cycler with 35 cycles of 94°C (1 min 15 5)
—57°C (1 min 15 s) — 72°C (30 5). Oligonucleotide primers were obtained from
LSU Medical Center Core Laboratories (New Orleans, La.) and are listed in
Table 1. Densitometry of ethidium bromide-stained agarose gels was performed
with an EagleEye I still video system (Stratagene, La Jolla, Calif.).

Immunocytochemical staining. Cell cultures were fixed with 10% formalin and
treated for 10 min with 0.1 N sodium azide containing 0.3% H,0, to inactivate
endogenous peroxidases. HSV-1 antigen was identified by using a rabbit anti-
HSV-1-horseradish peroxidase conjugate (DAKO Corporation, Carpinteria, Ca-
lif.). Neurons were labeled with rabbit anti-neuron-specific enolase (Zymed
Laboratories Inc., San Francisco, Calif.), and the primary antibody was detected
with a Vectastain ABC kit (Vector Laboratories Inc., Burlingame, Calif.). An-
tibody labeling was visualized with the substrate aminoethylcarbazole (Vector
Laboratories).

Western blot (immunoblot) analysis. Following lysis of cuttured cells in non-
denaturing gel loading buffer, debris was pelleted by centrifugation. Aliquots of
clarified supernatant were loaded on sodium dodecyl sulfate-7.5% polyacryl-
amide minigels. Separated proteins were electroblotted onto nitrocellulose
(Bioblot NC; Corning Costar, Cambridge, Mass.) and fixed in methanol-Tris
buffer. A mouse anti-72/73-kDa heat shock protein monoclonal antibody (Stress-
gen Biotechnologies Corp., Victoria, British Columbia, Canada) was used to
detect 72-kDa heat shock protein HSP-72, which was visualized with the Western
Light chemiluminescence detection system (Tropix Inc., Bedford, Mass.).

- RESULTS

Neurons in TG cell cultures. Nerve fibers are the conduit by
which HSV-1 enters the ganglion during acute infection, and
neurons are the only known reservoir of viral DNA during
latency (24, 30, 45). Therefore, we sought to verify that neu-
rons survive ganglion dissociation and remain viable in TG cell
cultures. Neurons were identified by light microscopy (Fig. 1A)
on the basis of their large size and distinct nucleus. Immuno-
cytochemical staining for neuron-specific enolase showed that
these cells were in fact neurons (Fig. 1B). The number of
neuron-specific enolase-positive cells per culture well was de-
termined to be 410 + 48 (mean = standard deviation; n =5
wells). Because each well received 0.4 ganglion equivalent of
cells, approximately 1,000 neurons per ganglion survived dis-
sociation and became adherent in culture.

Latency-associated transcription. During latent infection of
the TG in vivo, HSV-1 LATs are detected exclusively in la-
tently infected neurons by in situ hybridization (42, 44). Be-
cause TGs were taken from latently infected mice (greater
than 28 days postinoculation), RT-PCR analysis was per-
formed to determine if LAT expression persisted in TG cells
following dissociation. LATs were detected in 10 of 10 cultures
14 days after establishment (Fig. 2). Presumably, latently in-
fected neurons which survived dissociation are the source of
LAT expression in TG cell cultures. However, in situ hybrid-
ization will be required to formally address this point.

Effect of BVDU in establishment of TG cell cultures. TG
cells were initially cultured in the presence of an antiviral drug,
BVDU (9), to prevent reactivation following ganglion dissoci-
ation. Contrary to previous results (26), reactivation did not
always occur from TG cells established in the absence of an-
tiviral drug. Reactivation occurred in 57% (16 of 28) of cul-
tures established in the absence of BVDU. The lack of reac-
tivation from the other TG cells was not due to an absence of

ol



FIG. 1. Neurons in TG cell cultures. (A) Phase-contrast appearance of a neuron in culture (indicated by arrow) (magnification, X40). Note regenerated neurite
extending from left side of neuron. (B) Immunocytochemical staining reveals the presence of neuron-specific enolase (indicated by arrow) (magnification, X20).
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FIG. 2. Agarose gel analysis of LAT RT-PCR products (195 bp) amplified
from cell cultures 1 to 10 (lanes 1 to 10). Each RNA sample was derived from the
cells in a single culture well. No template (—) and HSV-1 DNA (+) served as
negative and positive controls, respectively, in the PCR assay. $X174/Haelll
markers are shown on the far left.

latent HSV-1; reactivation later occurred from 10 of the 12
remaining cultures following heat stress.

To determine the drug concentration which would consis-
tently prevent HSV-1 reactivation, cultures were established in
medium containing half-log dilutions of BVDU ranging from
0.5 to 50 wg/ml. Reactivation did not occur in cultures con-
taining 1.6 pg or more of BVDU per ml (n = 4 per group).

RT-PCR analysis of HSV-1 gene expression was performed
to verify the efficacy of 5 wg of BVDU per ml in preventing
HSV-1 reactivation during culture establishment. Infected cell
polypeptide 27 (ICP27) mRNA was present 24 h after culture
establishment but was not detectable by 120 h (Fig. 3A).
Therefore, HSV-1 immediate-early gene expression is only
transiently upregulated in BVDU-treated cultures. In contrast,
expression of HSV-1 ICP27 mRNA increased steadily after
culture establishment in the absence of BVDU (Fig. 3A).
While LAT expression was detected at all times in BVDU-
treated cultures, LAT expression was downregulated in 3 of 4
untreated cultures during the 24- to 48-h time period when
reactivation was first occurring (Fig. 3A). PCR of TG cell
culture DNA verified that 5 pg of BVDU per ml effectively
prevents HSV-1 DNA replication following culture establish-

~BVDU No BVDU
24h . 48h '120h ZJhI 48hl120h HXD +

=~ G3PDH

== HSV-1 DNA

FIG. 3. BVDU treatment prevents HSV-1 reactivation. (A) Effect of BVDU
on HSV-1 immediate-early gene expression, determined by RT-PCR analysis of
RNA from duplicate samples of TG cells taken 0, 24, 48, and 120 h after
establishment of TG cell cultures. The cells were all derived from the same pool
of dissociated TGs. + BVDU, cultures that were BVDU treated; No BVDU,
cultures that were untreated. RT-PCR was used to detect G3PDH, LAT, and
ICP27 mRNAs. Each RNA sample was derived from the pooled cells of three
culture wells. (B) Effect of BVDU on HSV-1 DNA replication. PCR was per-
formed on equivalent amounts of DNA from TG cell cultures 48 and 120 h after
culture establishment to detect the cellular G3PDH gene and HSV-1 DNA.
HSV-1 ribonucleotide reductase primers were used to detect HSV-1 DNA. Each
DNA sample was derived from the pooled cells of three culture wells. No
template (H20) and HSV-1 DNA (+) served as negative and positive controls,
respectively, in each PCR assay.
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FIG. 4. Kinetics of heat stress-induced HSV-1 reactivation. Heat stress was
administered 15 days after culture establishment. Reactivation is defined as the
appearance of infectious virus in culture supernatants. Datum points represent
the mean frequencies of reactivation (+ standard errors of the means) observed
in 11 experiments.

ment. Whereas amplification of HSV-1 DNA in untreated
cultures was evident by 48 and 120 h after culture establish-
ment, HSV-1 DNA levels remained constant in BVDU-treated
cultures (Fig. 3B).

Heat stress-induced HSV-1 reactivation. Reactivation did
not occur in any cultures following removal of BVDU from
cells (5 days after culture establishment). However, heat stress
rapidly induced HSV-1 reactivation (Fig. 4) from 74.7% =
3.5% of TG cell cultures (n = 257 wells). This finding is
consistent with the results of Moriya et al. (26). Of the cultures
which eventually reactivated, HSV-1 was detectable in 88% of
culture supernatants within 72 h after heat stress. In contrast,
reactivation occurred from 0% of nonstressed controls (n =
52) over a 20-day culture period.

Heat stress induction of HSV-1 gene expression. In most
experiments, reactivation was defined as the appearance of
infectious virus in culture supernatants which caused cyto-
pathic effect when virus was transferred to CV-1 cell monolay-
ers. To confirm that heat stress triggered HSV-1 reactivation
from TG cells, heat stress induction of ICP27 mRNA expres-
sion was verified by RT-PCR (Fig. 5). While ICP27 mRNA was
not detectable before or 12 h after the initiation of heat stress,
ICP27 mRNA was evident in TG cell cultures by 24 and 48 h
after heat stress. In contrast, glyceraldehyde-3-phosphodehy-
drogenase (G3PDH) mRNA was uniformly present in all RNA
samples. After normalization for G3PDH, densitometry indi-
cated that the amount of ICP27 PCR product amplified from
TG cell RNA samples increased 18-fold between 24 and 48 h
after heat stress.

Immunocytochemical staining was used to determine the
kinetics of HSV-1 protein induction following heat stress. Cul-
tured cells did not express detectable HSV-1 protein prior to

-+

== G3PDH

e [CP27

FIG. 5. Kinetics of ICP27 mRNA induction following heat stress. RT-PCR
was used to detect G3PDH and HSV-1 ICP27 mRNAs in duplicate samples of
TG cells prior to heat stress (0 h) and at 12, 24, and 48 h after initiation of heat
stress. No template (—) and HSV-1 DNA (+) served as negative and positive
controls, respectively, in each PCR assay. The samples shown are a subset of
VEH PCR samples shown in Fig. 10.
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heat stress. However, HSV-1 proteins were detected in TG cell
cultures 22, 48, and 72 h after heat stress (Fig. 6A to C).
1HSV-1 antigen expression was limited to large, neuron-like
cells 22 h after heat stress (Fig. 6D). Large foci of HSV-1 anti-
gen-positive cells were seen 48 and 72 h after heat stress. On the
basis of the discrete, circular pattern of staining, each HSV-1
antigen-positive cell cluster appeared to be the result of focal
spread from a single reactivation event. The average numbers
of reactivation events detected per culture well were 0.5 (n =
8 wells), 1.5 (n = 4 wells), and 1.75 (n = 4 wells) at 22, 48, and
72 h after heat stress, respectively. Therefore, it appears that
only a fraction of neurons in which reactivation occurred con-
tained detectable HSV-1 protein by 22 h after heat stress.

Effect of heat stress duration on HSV-1 reactivation. The
effect of heat stress duration on TG cell cultures was studied to
better characterize the mechanism by which heat stress induces
HSV-1 reactivation. TG cells were heat stressed for 1, 2, and
3 h at 43°C and observed for HSV-1 reactivation (Fig. 7, 1st
heat stress). Consistent with other experiments, HSV-1 reac-
tivated from 67% (8 of 12) of TG cell cultures heat stressed for
3 h. However, 2 h of heat stress induced reactivation from only
40% of cultures (n = 28), and 0% of cultures (n = 28) reac-
tivated following 1 h at 43°C. To verify the presence of reac-
tivateable virus, the cultures previously treated for 1, 2, or 3 h
were heat stressed a second time for 3 h (Fig. 7, 2nd heat
stress). After a 3-h heat stress, HSV-1 reactivated from 61% of
cultures previously heat stressed for 1 h. Likewise, the fre-
quency of reactivation increased from 40 to 61% in those
cultures previously heat stressed for 2 h. Interestingly, the
frequency of reactivation increased from 67 to 92% in cultures
that had been heat stressed for 3 h the first time. Twelve TG
cell cultures that were not heat treated did not reactivate over
the 25-day course of this experiment.

The results of others suggest that HSV-1 reactivation may be
triggered by induction of the cellular heat shock response (26,
35). Expression of HSP-72 (often used as a marker of heat
shock) was rapidly induced in TG cells following transfer to a
43°C incubator. While HSP-72 was not detected before or 1 h
after transfer to 43°C, HSP-72 expression was evident 2 and 3 h
after initiation of heat stress (Fig. 8A).

To account for the observed lack of reactivation after 1 h of
heat stress, we thought that perhaps 1 h in a 43°C incubator
was insufficient to induce a heat shock response. Therefore, the
effect of heat stress duration on HSP-72 induction was deter-
mined as follows. Cultures were simultaneously placed at 43°C.
One culture was returned to 37°C after 1 h, one culture was
returned to 37°C after 2 h, and the other culture remained at
43°C for the entire 3 h. Protein samples were harvested from
all cultures 3 h after initiation of heat stress, and levels of
HSP-72 expression were compared by Western blot analysis.
HSP-72 expression was induced to high levels in TG cells
regardless of heat stress duration (Fig. 8B). Therefore, HSV-1
reactivation in TG cells is not a direct result of triggering a heat
shock response.

Analysis of potential reactivation-inducing drugs. It has
been reported that LAT facilitates reactivation (16), and
cAMP has been proposed to contribute to reactivation by
upregulating LAT transcription (21, 29). Smith et al. (41)
found that either 500 uM CPT-cAMP or 50 uM forskolin (i.e.,
an activator of adenylyl cyclase) induced reactivation from
neonatal neuron cultures. Likewise, epinephrine and glucocor-
ticoids (e.g., Dex) have been used in animal models to induce
reactivation of latent herpesvirus (19, 32, 46). Therefore, the
reactivation-inducing potentials of cAMP, epinephrine, and
Dex were studied in TG cell cultures to compare this system
with other reactivation models.
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While 0.5 uM forskolin did not elevate cAMP above basal
levels (1.4 = 1.7 pmol of cAMP per mg of protein [mean *+
standard deviation]), cCAMP levels were nearly 10-fold higher
in TG cells 30 min after treatment with 50 uM forskolin (12 *
2.6 pmol of cAMP per mg of protein; mean * standard devi-
ation). However, neither 50 uM forskolin nor 500 pM CPT-
c¢AMP induced reactivation in TG cell cultures (Fig. 9). Epi-
nephrine also had no effect in TG cell cultures. However, Dex
induced reactivation in TG cells in a dose-dependent manner
(Fig. 9). Following the 5-day period allowed for drug-induced
reactivation, cultures were heat stressed to verify the presence
of latent virus. Heat stress confirmed that in each treatment
group, the majority of TG cell cultures contained reactivatable
HSV-1 (i.e., 60 to 90% of cultures reactivated within 5 days
after heat stress). As a control, some of the drug-treated cul-
tures were not secondarily heat stressed; reactivation did not
occur in these cultures.

Following heat stress, HSV-1 was detectable in culture su-
pernatants of Dex-pretreated cells earlier than untreated con-
trols. Likewise, comparison with results of previous experi-
ments indicated that HSV-1 appeared significantly earlier in
Dex-pretreated cultures (Table 2). Because of the known role
of the glucocorticoid receptor as a transcriptional regulator
(13, 31, 36), we postulated that Dex facilitated the induction of
HSV-1 lytic-phase mRNA transcription following heat stress.

RT-PCR analysis of Dex- and vehicle-treated TG cells sub-
stantiated this hypothesis (Fig. 10). While viral mRNA was
barely detectable in one of two vehicle-treated cultures 12 h
after heat stress, viral transcripts for ICP27, thymidine kinase
(TK), and ribonucleotide reductase (RR) were evident in two
of two Dex-pretreated cultures 12 h after heat stress. Further-
more, detection of ICP27, TK, and RR mRNAs indicated that
reactivation occurred in one of two DEX pretreated cultures
that was not heat stressed. Because Dex was added just 15 h
prior to extraction of RNA, the brief interval between stimulus
and response suggests that Dex acted directly through neuro-
nal glucocorticoid receptors to induce reactivation.

Despite the presence of ICP27, TK, and RR mRNAs, LAT
was not detected in the Dex-treated culture that reactivated
without being heat stressed. Interestingly, LAT was also not
detected in vehicle-treated cultures 24 h after heat stress, de-
spite the presence of lytic phase transcripts. On the basis of
previous immunocytochemical staining experiments, RT-PCR
was presumably detecting viral transcription in just one or two
reactivation-positive cells. Therefore, the absence of LAT in
these samples suggests a coordinated downregulation of LAT
transcription during reactivation. Such an event has been pro-
posed by Rock et al. (32) and could be mediated by ICP4, given
the capacity of this HSV-1 regulatory protein to repress LAT
transcription (1).

DISCUSSION

Establishment of TG cell cultures. The explantation of TG
cells provides a reactivation-inducing stimulus to latently in-
fected neurons during culture establishment. This is demon-
strated by the upregulation of ICP27 mRNA expression in
BVDU-treated and untreated cultures 24 to 48 h after culture
establishment. Because the TG cells are plated as a single-cell
suspension, however, the antiviral drug is effective immedi-
ately. Therefore, despite the induction of immediate-early
gene expression, BVDU blocks HSV-1 DNA replication and
prevents infectious virus production during culture establish-
ment. The absence of ICP27 mRNA in BVDU-treated cells by
120 h after culture establishment indicates that the reactiva-
tion-inducing stimulus associated with explantation is tran-
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FIG. 6. Kinetics of HSV-1 protein induction following heat stress. TG cell cultures stained for HSV-1 antigen 22 h (A), 48 h (B), and 72 h (C) after initiation of

heat stress (magnification, X10). (D) A neuron stained for HSV-1 antigen 22 h after heat stress (magnification, X40). All HSV-1 antigen-positive cells identified at this
time point had a large nucleus and a prominent nucleolus, characteristic of neurons.
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FIG. 7. Effect of heat stress duration on HSV-1 reactivation. Shown are
percent reactivation following a 1-h (@), 2-h (A), or 3-h (L) heat stress admin-
istered after 15 days in culture and percent reactivation following a second 3-h
heat stress after 20 days in culture.

sient. Consistent with this hypothesis, throughout these studies
reactivation was not observed following BVDU removal from
TG cell cultures.

Reactivation from TG cells. In animal models, HSV-1
mRNA and antigen production in the ganglion is transient
during stress-induced reactivation (2, 35). In light of evidence
that T lymphocytes and cytokine expression persist in the TG
after latency is established (4, 11, 40), the brevity of HSV-1
reactivation in vivo presumably reflects an efficient host im-
mune response. In contrast, induction of reactivation in TG
cell cultures is irreversible because lytic replication continues
until all cells are destroyed.

Although HSV-1 remained largely undetected in culture
medium until 48 h after heat stress, replication had initiated in
neurons by 24 h after heat stress. The frequency of detecting
HSV-1 in culture supernatants increased from 3 to 40% be-
tween 24 and 48 h after heat stress. HSV-1 antigen expression
was restricted to neurons 22 h after heat stress but spread to
plaque-like clusters of 50 to 500 cells by 48 h after heat stress.
Likewise, RT-PCR indicated that the amount of ICP27 mRNA
in TG cells increased substantially between 24 and 48 h after
heat stress. Therefore, HSV-1 was not usually detected in
culture medium until released from secondarily infected cells.

None of the treatments were 100% effective in inducing
reactivation. In testing the effects of heat stress duration, 8 of
12 cultures reactivated after a first 3-h heat stress interval, but
3 of the remaining 4 cultures reactivated after a second 3-h
heat stress. Likewise, while reactivation occurred in 16 of 28
cultures established in the absence of BVDU, 10 of the re-
maining 12 cultures reactivated following a secondary heat
stress. Combined with the detection of LATs in 10 of 10 cul-
tures, the results suggest that when cells are stressed, reacti-
vation is initiated in only a fraction of latently infected neu-
rons.

Mechanisms of HSV-1 reactivation. (i) Heat stress. While

FIG. 8. Heat shock protein induction. (A) Kinetics of HSP-72 induction in
TG cells 1, 2, and 3 h after transfer to a 43°C incubator (20 pg of protein per
lane). (B) Effect of heat stress duration (1, 2, or 3 h) on heat shock protein
induction by 3 h after transfer to 43°C incubator (35 pg of protein per lane).
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FIG. 9. Effects of drugs on reactivation. Frequency of drug-induced reacti-
vation (= standard error of the mean) in TG cells treated with forskolin (FOR),
CPT-cAMP, epinephrine (EPI), and Dex. Cultures were treated with drugs after
15 days in culture and observed for 120 h for reactivation.

HSP-72 expression was strongly induced in TG cells by 1 h of
heat stress, reactivation occurred in 0 of 28 TG cell cultures
incubated at 43°C for 1 h. Therefore, reactivation of HSV-1
gene expression is not a direct consequence of activating the
signalling pathways which upregulate HSP-72 expression.
However, heat stress induces HSP-72 expression more readily
in glial cells than in neurons (34). Therefore, we cannot for-
mally rule out the possibility that 1 h at 43°C induced HSP-72
expression in glial cells but was insufficient to activate the heat
shock response in latently infected neurons.

(i) Drugs. Stress stimulates epinephrine release from the
sympathetic nervous system and glucocorticoid release from

‘the adrenal glands. Given their roles as stress mediators, we

hypothesized that these compounds serve as reactivation-in-
ducing signals which act directly on latently infected neurons
(i.e., ligand binding to neuronal adrenergic receptors or glu-
cocorticoid receptors). In the case of epinephrine, this view is
consistent with the finding that propranolol (8-adrenoceptor

TABLE 2. Enhancement by Dex of the rate of HSV-1
appearance following heat stress

% reactivation® at indicated time
poststress (mean * SEM)

Group
24 h 48 h 72h
1077 M Dex® 26 =11 50 £ 17 1000
10~° M Dex® 0x0 90 * 10° 100 =0
10~ M Dex® 66 89+ 7° 100 =0
No Dex® 8§+8 48 =11 88 +13
Expected? 2+4 46 = 13 84+6

4 Considering only those cultures that eventually reactivated, results represent
percentages of reactivated wells at each time point after heat stress.

by = 4 experiments; four to five wells per experiment. .

¢P < 0.05 (determined by analysis of variance and Tukey’s post comparing
Dex treatment groups with expected).

4 Pooled results of all other heat stress experiments (# = 7 experiments; 20 to
36 wells per experiment).
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FIG. 10. Dex pretreatment enhances the rate of appearance of HSV-1 Iytic-
phase mRNA following heat stress. Shown is RT-PCR analysis of RNA from
duplicate samples of TG cells prior to heat stress (0 h) and at 12, 24, and 48 h
after initiation of heat stress. Dex, cultures which were treated with 1077 M Dex
15 h before heat stress; VEH, cultures which were vehicle treated 15 h before
heat stress. RT-PCR was used to detect G3PDH, LAT, ICP27, HSV-1 TK, and
HSV-1 RR mRNAs. Each RNA sample was derived from the pooled cells of two
culture wells. No template (—) and HSV-1 DNA (+) served as negative and
positive controls, respectively, in each PCR assay.

antagonist) blocks reactivation from mice following hyperther-
mic stress (12).

Epinephrine did not induce reactivation of latent HSV-1 in
TG cell cultures. Therefore, ocular iontophoresis of epineph-
rine may not act directly on neurons to induce HSV-1 reacti-
vation in vivo. Rather, epinephrine iontophoresis may stimu-
late corneal cells, which in turn transmit a reactivation signal to
the nerve endings of the ganglionic neurons. Denervation of
the cornea has been shown to block epinephrine-induced re-
activation of HSV-1 (33). Therefore, we cannot rule out the
possibility that epinephrine fails to induce reactivation in vitro
because the regenerated neurites of the neurons lack an es-
sential component that is present in vivo. In contrast, because
Dex and cAMP act on sites in the neuronal cell body, these
results are more pertinent to the in vivo situation. Therefore,
the inability of forskolin and CPT-cAMP to induce reactivation
suggests that cAMP elevation is not a critical determinant of
HSV-1 reactivation in ganglionic neurons.

Dex treatment induced HSV-1 reactivation in a fraction of
TG cell cultures. Underwood and Weed (46) likewise found
that glucocorticoids (i.e., prednisone) induced reactivation
from a low but significant fraction (17%) of HSV-1 latently
infected mice. Given these observations, one could hypothesize
that while glucocorticoid receptors facilitate HSV-1 reactiva-
tion, other unidentified signals are necessary for efficient in-
duction. Therefore, Dex may serve as more than an immuno-
suppressant when used in concert with cyclophosphamide and
UV radiation to induce HSV-1 reactivation in animal models
(7, 39). In contrast, Dex induces rapid reactivation of bovine
herpesvirus 1 in nearly 100% of latently infected animals (8, 28,
32, 38, 47) and induces efficient reactivation of pseudorabies-
virus in latently infected swine (25).

There is clinical precedence for herpes simplex and herpes
zoster reactivation following systemic corticosteroid treatment
(3, 5, 17, 23, 27, 37). The results of the present study suggest
that glucocorticoids may contribute to disseminated herpetic
disease not only by suppressing immune function but also by
providing a reactivation trigger to latently infected ganglion.

Application of the in vitro reactivation model. Because dis-
sociated TG cell cultures mimic key aspects of in vivo latency
and reactivation, this paradigm offers a valuable tool for study-
ing aspects of reactivation that are not readily addressed in
vivo. For example, antisense inhibition could be used in cul-
tures to identify viral and cellular genes that modulate reacti-
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vation. Likewise, reagents whose use is prohibitively expensive
in vivo (e.g., recombinant proteins and monoclonal antibodies)
can be used cost-effectively in vitro. Because the method used
to detect reactivation does not require harvesting the cells, TG
cell cultures are available for secondary manipulations after
testing of potential reactivation-inducing stimuli. In contrast,
detection of reactivation in vivo often requires sacrificing the
host. Finally, TG cell cultures provide a means to identify
treatments which act directly on ganglion cells to induce or
block reactivation.

Inevitably with cell culture studies, one is left with the ques-
tion, “How does this pertain to the in vivo situation?” At least
with primary cell cultures, only the milieu is changed. Presum-
ably in TG cultures, reactivation is induced from the same cells
in which reactivation would occur in vivo. Therefore, we be-
lieve that this mode! can be used to identify molecular events
associated with reactivation and generate hypotheses whose
relevance can be determined in vivo. In this context, while the
results of this study suggest a central role for glucocorticoid
receptors in induction of HSV reactivation, additional in vivo
studies are required to substantiate this hypothesis.
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ABSTRACT

'Following ocular infection, herpes simplex virus type-1 (HSV-
1) establishes latency in trigeminal ganglion (TG) neurons. Using
reverse transcription (RT)-PCR, cytokine gene expression was
analyzed in the TG of HSV-1 infected mice. 1IL-2, TNF-a, IFN-y, IL-
| 10, and RANTES mRNA were readily detected in TG taken from mice 7
days post inoculation (PI). Likewise, IL-2, IL-6, IL-10, and IFN-vy
protein were detected by ELISA of TG homogenates. Between 5-45
days PI, IL-10, IFN-y, TNF-a, and RANTES mRNAs were detected in
nearly 100% of latently infected TG, where latent infection 'was
confirmed by RT-PCR detection of HSV-1 latency-associated
transcripts (LAT). T cell-associated cytokine/chemokine mRNAs (IL-
2, IL-10, IFN-v, and RANTES) were still detected in the majority of
latently infected TG taken between 60 and 135 days PI. In
contrast, these cytokine mRNA species were rarely detected in
uninfected TG. Measurement of serum Abs to HSV-1 at different
times PI revealed that anti-HSV-1 Ab concentrations approached a
plateau in mice by 30 days PI, but remained at high levels 67 and,
125 days PI. While there was molecular evidence of an ongoing
immune response to HSV-1 in latently infécted. TG, histologic
analysis indicated that very few mononuclear cells remained in the
ganglion 60 days PI. Collectively, the results suggest that
residual lymphocytes encounter viral Ag during HSV-1 latency with
sufficient frequency to remain activated. The paradox of a
persistent immune response generated against a latent infection is

discussed.



INTRODUCTION

Following primary infection of the eye or oral mucosa, herpes
simplex virus type 1 (HSV-1)?® is carried from the epidermis to the
trigeminal ganglion (TG) by retrograde transport along sensory
nerve fibers (1). Viral Ag expression peaks in the TG 3 days post
inoculation (PI) and rapidly induces an inflammatory response and
elevated cytokine expression in the TG (2). By 10-14 days PI, HSV-
1 replication ceases as a host immune response is mounted and
latency is established. During latency, viral genomes are stably
ﬁaintained in the neuronal nucleus as episomes which associate with
cellular histénes (3, 4). Viral transcription is generally thought
to be limited to the expression of latency-associated transcripts
(LAT) (5). Despite efforts to identify a functional open reading

frame (6), a LAT protein has not yet been identified in vivo.

When viral replication spreads to the central nervous system
(CNS) before an effective immune response is mounted, the outcome
of primary HSV-1 infection is a fatal encephalitis. In susceptible
strains, 5-10 days PI is the crucial period during which mice will
either control the primary infection or become encephalitic.
Differences in the susceptibility of mouse strains (i.e. C57BL/6
and BALB/c) to herpetic encephalitis has'been attributed to a
general decrease in permissiveness of C57BL/6 mouse cells for HSV-1
replication (7). However, there are also reports that immune
factors such as MHC I haplotype (8) and IFN production (9) are

critical determinants in controlling acute HSV-1 infection.
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Regardless of the exact mechanism, it is important that an
effective immune response is mounted before HSV-1 can spread

unchecked into the CNS and cause encephalitis.

Five to ten percent of TG neurons become latently infected
with HSV-1 following ocular infection (10, 11). Despite the extent
of neuronal infection, less than 2% of ganglionic neurons are
destroyed during acute HSV-1 infection (12). While there is some
debate over the relative importance of CD4* (13) and CD8* (12)
lymphocytes, T cells are generally considered to be essential for
controlling HSV-1 replication and allowing the transition to
latency (14-16). Because of the absence of extensive neuronal cell
death, it appears that T lymphocytes shut down viral'replication in
the ganglion by non-cytolytic mechanisms. Specifically, T cell-
secreted cytokines are believed to contribute to the efficient
establishment of latency by inducing a nonpermissive state in
ganglion cells (12, 17). Cytokines including IFN-«, IFN-y, and
INF-a have been implicated in limiting HSV pathogenesis following

primary infection (18,19).

If true latency of HSV-1 is established, cytokine expression
in the TG should cease in the absence of viral Ag. However,
several recent studies have shown evidence of a lingering cell-
mediated immune response in the TG of latently infected mice.
Immunohistochemical studies have detected IFN-y-positive cells 6

months PI (20). Likewise, CD4*, CD8*, +y& TCR*, and CD45RA*
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lymphocytes are present in latently infected TG from 5 -92 days PI,
along with significant nﬁmbers of macrophages (F4/80* cells) (2,
20, 21). In the present study, evidence is provided that a
cytokine response persists in latently infected TG for up to 4
months PI. Furthermore, serum anti-HSV-1 Ab concentrations in mice
remain elevated 125 days PI. . Collectively, the data raise the
paradox of why immune effector cells persist at the site of a

latent infection.



MATERIALS AND METHODS
virus and Cells

The Vero and CV-1 African green monkey kidney cell lines were
obtained from the American Type Culture Collection (Rockville, MD).
Cells were cultured in RPMI-1640 (Irvine Scientific, Santa Ana, CA)
supplemented with 5% FBS (Gibco, Gaithersburg, MD) and an
antibiotic / antimycotic solution (Atlanta Biologicals, Atlanta,

GA). Cells were incubated at 37°C, 5% CO,, and 95% huﬁidity.

Mice were infected with HSV-1 (McKrae strain) which was grown
as follows. Vero cells were infected with 0.1 - 0.5 plaque-forming
units (pfu) HSV-1 per cell. After allowing 1 h at 37°C for viral
adsorption, medium was discarded, cell monolayers were rinsed with
PBS, and culture medium was added. Infected cells were incubated
at 34°C until cytopathic effect was generalized (i.e. 48-72 h).
Culture medium containing virus was centrifuged at 1000 x g for 10
min to remove cellular debris, and aliquots of the clarified

supernatant were stored at -70°cC.

Infection of Mice

Female ICR mice (25-34 g, Harlan-Sprague Dawley, Indianapolis,
IN) were anaesthetized by intramuscular injection of ketamine (100
mg/kg) and intraperitoneal (i.p.) injection of xylazine (10 mg/kg) .
Following corneal scarification with a 25 g needle, tear film was
blotted from the eyes wifh tissue, and mice were inoculated with

HSV-1 by placing 3 ul of a 10° pfu/ml solution (i.e. 300 pfu) on
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each eye. Mice were given 0.1 ml rabbit antiserum to HSV-1 i.p. at
the time of infection to enhance survival (22). Infection was
verified by swabbing the eyes 2 days post-inoculation (PI), placing
the swabs in CV-1 monolayer cultures and observing for cytopathic
effects. Animals were handled in accordance with the National
Institutes of Health guidelines on the Care and Use of Laboratory

Animals, publication no. 85-23, revised 1985.

RT-PCR Analysis of Trigeminal Ganglia

To prevent contamination of TGs by cytokine-producing blood
leukocytes, mice were sacrificed by CO, asphyxiation and bled by
cutting the superior vena cava prior to opening the skull.
Following dissection, TGs were rinsed in PBS and blotted on tissue
paper to remove tracés of blood. Left and right TGs were pooled
and homogenized with a Pellet Pestle® Motor (Kontes, Vineland, NJ)
in Ulf:raspeco RNA isolation reagent (Biotecx Inc., Houston, TX).
RNA was extracted according to the manufacturer’s instructions.
First strand cDNA was synthesized from 4 ug total TG RNA using an
oligo-dT,; primer and AMV reverse transcriptase (Promega Corp.,
Madison, WI) in a 40 pul reaction volume. Because the major species
of LAT is not polyadenylated (23), 20 ng of a LAT-specific
oligonucleotide (ICP0-3’) was used as a primer in a separate RT
reaction containing 500 ng total TG RNA in a 10 ul reaction volume.
Reverse transcription was performed according to the manufacturer’s
directions. TG cDNA (3.5 ul) was combined with 1X Taq buffer, 0.25

#M of each PCR primer, 100 uM of each dNTP, and 2.5 U of Tag
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polymerase (Promega Corp.) in a 50 ul reaction volume and overlaid
with mineral oil. Oligonucleotide primers used in this study were
synthesized by the LSU Medical Center Core Laboratories (New
Orleans, LA) and are listed in Table I. PCR was performed in a MJ
Research thermal cycler (Watertown, MA) with 35 cycles of 94°C
(1715") -» 57°C (1'15") -» 72°C (30"). PCR products werevresolved in
2% agarose gels, and were visualized by ethidium bromide staining
in an EagleEye II still video system (Stratagene, La Jolla, CA).
Densitometric analysis of gel images was performed using ImageQuant

3.3 software (Molecular Dynamics, Sunnyvale, CA).

ELISA of cytokine proteins in TG

TGs from 5 mice were homogenized with a Pellet Pestle® Motor
(Kontes) in 1.0 ml of carbonate buffer (15 mM Na,CO,, 35 mM NaHCO,,
PH 9.6) containing 50 upg/ml bacitracin, 100 ug/ml aprotinin, 100
pg/ml pepstatin A, 100 pug/ml benzamidine, and 5 ug/ml
phenylmethylsulfonylfluoride. Following centrifugation (1 min at
14,000 x g), IL-2, IL-6, IL-10, and IFN-y concentrations in
clarified‘homogenates were determined by ELISA (Pharmingen, San
Diego, CA). The protein concentration in clarified TG homogenates
was determined by the Bradford assay (BioRad Laboratories,

Hercules, CA) according to the manufacturer’s directions.

ELISA measurement of anti-HSV Ab titers
HSV-1 virion proteins were used as the coating Ag in ELISAs

and were obtained as follows. Five 150 cm?® flasks of CV-1 cells
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were infected with 5 pfu HSV-1 per cell and incubated at 37°C for
24 h. HSV-1 infected cells were freeze-thawed 3 times in the
culture medium. The cell lysate was clarified by centrifugation at
1000 x g for 10 min. Virions were pelleted onto a 60% sucrose
cushion by centrifugatioﬁ (20,000 rpm, 4°C, 4 h) in a Beckman 28
SW.1 rotor (Beckman Instruments, Irvine, CA). Virions were
collected from the culture medium-sucrose interface using a
syringe. The virion-containing fraction was diluted 1:5 in PBS,
and the virions were then further purified over a discontinuous
sucrose gradient (i.e. the virion fraction was applied to a
gradient containing layers of 15%, 25%, 35%, and 60% sucrose, which
was then centrifuged at 4°C in a Beckman 28 SW.l1l rotor for 4 h at
20,000 rpm). Purified virions were collected from the interface
between the 35 and 60% sucrose layers using a syringe, and the

virion—containing solution was dialyzed against PBS.

ELISA to determine anti-HSV Ab titers was performed as
follows. EIA 96-well plates (Costar, Cambridge, MA) were coated
with 100 ul of HSV-1 virion proteins (diluted 1:50 in carbonate
buffer) for 12 h at 4°C. Wells were blocked with 350 pl 0.5% dry
milk dissolved in PBS for 1 h at 37°C. After rinsing once with
PBS, duplicate 100 pul samples of diluted mouse serum (1:50 dilution
in PBS) were added to HSV-1 Ag-coated wells and incubated for 1 h
at 37°C. After rinsing 6 times with PBS (pH 7.4) containing 0.05%
Tween-20® (polyoxyethylene-20-sorbitan monolaurate), hereafter

referred to as T-PBS, 100 ul of affinity purified goat anti-mouse
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1gG [H & L]-alkaline phosphatase conjugated Ab (Biorad
Laboratories, Richmond, CA; diluted 1:1500 in PBS) was added to
each well and incubated for 30 min at 37°C. After rinsing 6 times
with T-PBS, 200 ul of p-nitrophenyl phosphate (Sigma Chemical Co.)
was added to each well and colorimetric development (OD,,;) was
measured in an ELISA plate reader (Bio-tek Instruments, Inc.,

Winooski, VT).

Statistics

Comparison of normally distributed data was performed by one-
way ANOVA and Tukey’s post hoc analysis. Comparison of non-
parametric data was performed using Fisher’s Exact Test. The
correlation coefficient (of densitometric data) and its statistical
significance were determined by regression analysis. In these
statistical analyses, p<.05 was considered the minimum significant

difference to reject H;: x, = X,.




RESULTS
Cytokine expression in TG during acute HSV-1 infection

Six to nine days after infection with the neurovirulent HSV-1
McKrae strain, one-third to one-half of infected ICR mice succumb
to a fatal encephalitis. As viral replication spreads unchecked
into critical areas of the brainstem and cerebellum, mice begin to
display visible symptoms of encephalitis such as ataxia, hunched
posture, and hypoexcitability (i.e. typically 24-36 h prior to

death) .

To determine if the presence or absence of certain cytokines
correlated with encephalitis, cytokine expression was compared in
the TG of mice that were or were not showing physical signs of
encephalitis 7 days PI. ELISA of TG homogenates demonstrated that
IL-2, IL-6, IL-10, and IFN-y protein were present in acutely
infected TG (Table II). However, IL-12 protein was not detectable
by ELISA of TG homogenates. IL-10 and IFN—y concentrations were
significantly higher in TG of encephalitic mice relative to non-
encephalitic mice 7 days PI (Table II). However, these differences
were not evident at the mRNA 1evel by RT-PCR analysis (Figure 1.a).
While there was no consistent correlation between HSV-1 lytic phase
replication in the TG and encephalitis (Figure 1.a), encephalitis
correlated well with HSV-1 replication in the cerebellum. ICP27
transcripts were abundant in the cerebellum of encephalitic mice,
but were not detected in the cerebellum of non-encephalitic mice 7

days PI (Figure 1.b).
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Densitometric analysis of ethidium bromide-stained RT-PCR
products indicated that a strong correlation existed between the
yield of ICP27 and cytokine (i.e. RANTES and TNF-a) RT-PCR products
amplified from TG 5-7 days PI (Figure 2). The parallel increase in
ICP27 and cytokine RT-PCR product yields was not due to differences
in the quality of TG cDNA samples, because G3PDH RT-PCR product
yield from these samples was very similar (i.e. 20300 : 650 pixels,
mean # sem). The correlation coefficient between RT-PCR product
yields of ICP27 and RANTES was 0.94 (p = .0002), and between ICDP27
and TNF-a was 0.89 (p = .001). Presumably, increased amounts of
-the cytokine mRNAs reflect a greater inflammatory infiltrate in the

TG in response to larger virus loads.

Cytokine gene expression in TG during HSV-1 latency

Using RT-PCR, cytokine transcription was studied in the TG
during the trgnsition from acute to latent HSV-1 infection. RT-PCR
detection of LAT RNA was used to confirm that TG were infected with
HSV-1 (Figure 3). Because ICP27 is essential for productive HSV-1
infection, the absence of ICP27 mRNA confirmed. that TG were
1atentl§ infected after 14 days PI (Figure 3). While cytokine mRNA
was not found in uninfected TG, cytokine transcript expression
(especially IL-10 and IFN-y mRNA) was strongly upregulated in
acutely infected TG 5 days PI (Figure 3). 1IL-2, IL-10, IFN-v,
RANTES, and TNF-a mRNA persisted in TG well after active HSV-1
replication had ceased; cytokine transcripts were detected in TG

14, 24, 35, 60, and 125 days PI (Figure 3).
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In total, cytokine expression was evaluated in 27 uninfected
mice and 91 HSV-1 infected mice sacrificed between 5 and 135 days
PI (Table III). The presence of LATs was confirmed in 84 + 5 % of
infected TG samples by RT-PCR (hereafter referred to as LAT' TG).
When appropriate measures were taken to avoid contamination of TG
with blood during dissection (see Materials & Methods), cytokine
mRNAe were rarely detected in TG from uninfected mice (Table III).
In contrast, IL-10, IFN-vy, RANTES, and TNF-a mRNA were detected in
nearly 100% of LAT* TG between 5 and 45 days PI (Table III). The
frequency of detecting IL-10, IFN-y, and RANTES mRNA in LAT* TG
deereased significantly by 110-135 days PI, but there was still
over a 50% correlation between latent HSV-1 infection and the
presence of cytokine transcripts (Table III). Expression of IL-10,
IFN-v, RANTES, and TNF-a mRNA was highly correlated. Typically,
either all four cytokine mRNAs were detected in LAT* TG, or none of
the cytokines were detected. The correlation between presence of

IL-2 mRNA and the other cytokine mRNAs was more variable.

Comparison of LAT* and LAT TG

Despite the fact that primary infection was verified in mice
by ocular swabbing 2 days PI, LAT RNA was not detected in 16% of TG
samples from infected mice. There was a strong correlation between
detection of LAT and the presence of cytoklne mRNA in TG (Figure
4). Because there was no difference in the amount of G3PDH PCR
product amplified from LAT* and LAT" TG (as determined by

densitometric analysis), the failure to detect LAT and cytokine
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mRNA in LAT" TG was not simply due to differences in the quality of

cDNA samples.

IFN-v, RANTES, and TNF-o mRNA were detected significantly less
frequently in LAT" TG 5-14 days PI relative to LAT* TG taken 5-14
days PI (Table V). While IFN-y, RANTES, and TNF-a mRNA were
detected in 75-80% of LAT* TG taken 30-135 days PI, IFN-y and
RANTES mRNA were detected in none of the LAT" TG taken 30-135 days
PI. Likewise, TNF-o mRNA was detected in only 25% of LAT TG
(Table V). In contrast to these other cytokines, IL-10 was
detected in 4 of 5 LAT" TG taken 7-14 days PI and in 3 of 8 LAT TG

taken 30-135 days PI.

ELISA detection of anti-HSV-1 Abs in serum from mice
correlated with RT-PCR detection of LAT in TG. While anti-HSV-1
Abs were found in serum from mice whose TG were LAT* by RT-PCR,
serum antifHSG-l Abs were not detected in mice whose TG were LAT"
by RT-PCR (Table IV). Given this evidence that RT-PCR detection of
LAT in TG was an accurate indicator of latent: HSV-1 infection, the

difference in cytokine mRNA profiles between LAT* and LAT TG was

not unexpected.

Anti-HSV-1 Ab titers do not decrease during HSV-1 latency

After the acute infection, serum concentrations of anti-HSV-1

 Abs increased steadily in mice from 7-30 days PI, and reached a

plateau by 50 days PI (Figure 5). In the absence of viral Ag
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during latency, serum anti-HSV-1 Ab titers should peak after the
resolution of acute infection and gradually decline. In fact,
however, serum Abs against HSV-1 virion proteins were still present
in high concentrations in mice 67 and 125 days PI (Figure 5). The
relative anti-HSV-1 Ab concentration in serum samples was derived
by fitting sample ODs to a standard curve based on a two-fold
dilution series of high titer anti-HSV-1 mouse serum (r?=.995).
Based on the calculation, serum concentrations of anti-HSV-1 Abs
were 1.5, 3.1, and 4.9 fold higher on average at 21, 50, and 125

days PI, respectively, relative to serum taken 14 days PI.

Histology of latently infected TG

The histology of TG sections from mice sacrificed 14, 30, 62,
108, 121, and 135 days PI was compared to that of uninfected TG.
Increased numbers of IFN-v*, IL-10*, and TNF-a*' cells were evident
by immunohistochemical staining of HSV-1 infected TG taken between
14-30 days PI, relative to uninfected control sections (data not
shown) . However, few differences were noted between uninfected TG

and HSV-1 infected TG taken 62, 108, 121, and 135 days PI.

Relative to uninfected TG (Figure 6.A), an intehse monocyte
infiltrate was evident in TG 14 days PI during the resolution of
acute HSV-1 infection (Figure 6.B) . Likewise, areas of mononuclear
cell infiltration were apparent among neuronal cell bodies in TG 30
days PI (data not shown). However, by 62 days PI histological

evidence of an ongoing immune response was difficult to find. Of
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16 TG examined between 62 and 135 days PI (i.e. 4 TG per time
point), only one neuron in a TG taken 108 days PI appeared to be
the target of a mononuclear cell infiltrate (Figure G.C).‘ The
focal nature of the infiltrate suggests an immune response to a
neuron producing viral Ags. Although this a speculative point,
such an infrequent, localized event may account for the persistence
of cytokine-expressing cells in latently infected TG (4 months PI),
suggesting that a small population of lymphothes is stimulated by

viral Ag during latency.
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DISCUSSION
Cytokine expression during acute HSV-1 infection

The correlation between the presence of HSV-1 transcripts
(i.e. ICP27 or LAT) and cytokine transcripts (i.e. IL-10, IFN-vy,
RANTES, and TNF-a) in the TG was nearly 100% during resolution of
the acute infection. The observation that T cell-depleted mice do
not survive primary HSV-1 infection (24) demonstrates the
importance of these effector cells and their secreted cytokines in
controlling the primary infection. Cytokines including IFN-«, IFN-
Y, and TNF-a may also act directly on ganglion cells to block HSV-1
replication by inducing a non-permissive state (25-27). This type
of cytokine-mediated control of wviral repiication has been
demonstrated in hepatitis B vi;us (HBV) transgenic mice. IFN-y and
TNF-a produced by HBV-specific CTLs block viral gene expression by
inducing the selective degradation of HBV mRNA in hepatocytes (289

30).

Cytokine expression in lateﬁtly infected TG

The present study demonstrates that TNF-o¢ and T cell-
associated cytokine transcripts (IL-10, IFN-y, and RANTES) are
consistently present in latently infected TG 1-2 months PI.
Cantin, et al. (1995) observed large numbers of IFN-v* cells 180
days PI in latently infected TG by immunohistochemical staining‘
(20). In contrast, Liu, et al. (1996) observed only a few IFN-v*,
IL-4%, and IL-10* cells in latently infected TG taken 30 and 92 days

PI, but found many TNF-a' cells at these later time points (2).

-16-




Our results are more consistent with the latter study, indicating
that T cell cytokine expression persists well into latency, but

only occurs at low levels after 30-45 days PI.

The observation that T lymphocytes persist in latently
infected TG has now been reported in A/J, BALB/c, and NIH/OLA mice
infected with HSV-1 strains RE, F, and McKrae, respectively (2, 20,
21). 1In the present study, outbred ICR mice were infected with
HSV-1 (McKrae). Therefore, the persistence of T cells and cytokine
expression in HSV-1 latently infected mouse ganglion is not a
strain-specific phenomenon. However, this event may be unique to
mice beéause T cells are not detected in rabbit TG 30 days PI by

immunohistochemical staining (31).

Based on the use of immunosuppressive treatments (i.e. X-ray
irradiation, cyclophosphamide) to induce reactivation from latently
infected mice (32), one could argue that cytokine expression is
necessary for the maintenance of HSV-1 latency in the ganglion.
However, because of the systemic stress induced by these
treatments, one cannot be sure that reactivation strictly follows
from the immunosuppression. Furthermore, in an in vitro HSV-1
reactivationvmodel, spontaneous reactivation does not occur from
latently infected TG neurons (33) despite the absence of IFN-y and
little to no TNF-a in culture supernatants?. Therefore, while
cytokine expression apprears to be important in controlling primary

HSV-1 infection (20), the role of cytokines during latency remains
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unclear.

Implications regarding the nature of HSV-1 latency

The nature of HSV-1 latency has long been debated. It has
been suggested that there may be a "trickle effect" such that low
level HSV-1 replication occurs in latently infected TG. However,
infectious virus is only infrequently recovered from tear film and
TG of latently infected mice (34,35). Therefore, HSV-1 ig believed
to establish a truly latent infection in mice where spontaneous

reactivation rarely occurs.

Low level expression of HSV-1 proteins during latency could
account for lymphocyte infiltration and T cell activation (i.e.
cytokine expression) in latently infected TG. Immunoreactive ICP4

has been identified in latently infected rabbit TG (36), and more
| recently( RT-PCR has been used to demonstrate low level ICP4 and
HSV-1 thymidiné kinase mRNA expression in latently infected mouse
TGs (37). Likewise, LATsS may encode an as of yet unidentified
protein in vivo, such as the latency-associated antigen identified
in vitro (38). However, latent HSV-1 has only been detected in
neurons (10, 39), a cell type which does not express MHC I (40) and
is therefore incapable of presenting endogenous Ags to CD8* T
cells. Therefore, to accept the hypothesis that persistent
cytokine expression in TG results from 1low level viral Ag
expression in latently infected neurons, one has to believe that

either low level MHC I expression occurs in neurons, or that other
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antigen presentation pathways exist.

Other possible sources of Ag that could account for the
persistence of T cells in latently infected TG are 1) self Ags
exposed during HSV-1 infection (41), 2) long-lived viral Ag which
persists after the acute infection, 3) low level production of
secreted viral Ags which are processed and presented by APCs (e.g.
macrophage) to T lymphocytes, and 4) reactivation of infectious
virus from latently infected neurons. While HSV-1 reactivation
seems a plausible source of Ag to account for T cell persistence in
latently infected ganglion, infectious virus is only rarely
detected in mouse TG after the acute infection (33, 34). Perhaps
the explanation for this discrepancy is that periodic sampling for
infectious virus is less sensitive than host immune cells which are
continuously present. In the natural host (i.e. humans), HSV-1
efficiently reactivates in the face of humoral and cell-mediated
immunity (42). Perhaps HSV-1 is unable to evade immune recognition
during reactivation in mice, and so only small quantities of
infectious virus are produced.

Regardless of the specific mechanisms, the data presented
herein suggest that viral Ag is present in sufficient quantities
during latency to stimulate an ongoing immune response. Further
investigation is necessary to establish'the underlying cause of

this phenomenon.
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FIGURE LEGENDS

Figureka. Cytokine transcription in acutely infected TG. (A) RT-
PCR ahalysis of triplicate samples of TG from uninfected mice (UI),
and either non-encephalitic (-) or encephalitic (+) mice sacrificed
7 days PI. From top to bottom, RT-PCR was used to detect the
following mRNAs in TG samples: the housekeeping gene
glyceraldehyde-3-phosphodehydrogenase (G3PDH), HSV-1 latency-

associated transcripts (LAT), HSV-1 infected cell polypeptide 27

(Icp27), IL-2, IL-10, IFN-y, RANTES, and TNF-c«. (B) RT-PCR of
cerebellum samples from the same 3 uninfected (UI), non-
encephalitic (-), and encephalitic (+) mice shown in Figure 1.A

analyzed for the presence of G3PDH and HSV-1 ICP27 mRNA.

Figure 2. Correlation between cytokine and viral RT-PCR product
yield amplified from HSV-1 infected TGs. Each point represents the
cytokine RT-PCR product yield versus ICP27 RT-PCR product yield
amplified from a TG during the acute infection. Each pixel in the
gel image is assigned a value between 0 and 255. RT-PCR product
yield is therefore expressed in terms of the integrated volume of
pixels associated with each éthidium bromide-stained band on an

agarose gel.

Figure 3. Cytokine transcription in TG following HSV-1 infection.
RT-PCR analysis of duplicate samples of TG taken from uninfected
(UI) mice, and from mice sacrificed 5, 14, 24, 35, 60, and 125 days

post-inoculation (PI). This figure is a representative example of
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RT-PCR experiments summarized in Table 3. From top to bottom, RT-
PCR was used to detect the following mRNAs in TG samples: the
housekeeping gene G3PDH, HSV-1 LAT, HSV-1 ICP27, IL-2, IL-10, IFN-

Y, RANTES, and TNF-«.

Figure 4. Comparison of cytokine mRNA profiles in LAT* and LAT TG.
RT-PCR analysis of representative TG samples taken from mice 37-42
days PI. From top to bottom, RT-PCR was used to detect the
following mRNAs: the housekeeping gene G3PDH, HSV-1 LAT, IFN-vy,

RANTES, and TNF-«.

Figure 5. Anti-HSV-1 Ab concentrations at times after infection.
ELISA measurement of anti-HSV-1 Abs (OD,,;) in mouse serum is shown
versus time after inoculation (Days PI). Results represent mean +
sem OD,,;; and are based on serum obtained from mice 7 days (n=4), 14
days (n=4), 21 days (n=20), 33 days (n=10), 50 days (n=5), 70 days

(n=6), and 125 days (n=9) PI.

Figure 6. Mononuclear cell infiltration in TG. Hemotoxylin-eosin-
stained 8 um sections (20x magnification) of an a) uninfected TG,
b) HSV-1 infected TG (14 days PI), and c¢) HSV-1 latently infected
TG (108 days PI). Arrows point to areas of monpnuclear cell
infiltration. Histologic analysis was performed on 4 TG at each
time point (14, 30, 62, 108, 121, 135 days PI). To obtain a
representative view of the TG, at least 12 sections (4 adjacent

sections from 3 different planes within the TG) were analyzed.

-30-




TABLE I. Oligonucleotide primers.

_ Product

Primer Size (bp) Sequence
G3PDH-a GAATCTACTGGCGTCTTCACC
G3PDH-Db 233 GTCATGAGCCCTTCCACGATGC
ICPO-3’ - TTCGACCAGGGCACCCTAGT
LAT-a GACAGCAAAAATCCCCTGAG
LAT-b 195 ACGAGGGAAAACAATAAGGG
ICP27-a TTTCTCCAGTGCTAGCTGAAGG
ICP27-b 283 TCAACTCGCAGACACGACTCG
IL-2-a TCCACTTCAAGCTCTACAG
IL-2-b 247 GAGTCAAATCCAGAACATGCC
IL-10-a GGACAACATACTGCTAACCGAC
IL-10-b 256 AAAATCACTCTTCACCTGCTCC
IFN-v-a AACGCTACACACTGCATCTTGG

IFN-y-b 237 GACTTCAAAGAGTCTGAGG
RANTES-a GAAGATCTCTGCAGCTGCCCT
RANTES-b 271 GCTCATCTCCAAATAGTTGA
TNF-a-a ' GCCTGTAGCCCACGTCGTAG
TNF-a-b 384 TTGGGCAGATTGACCTCAGC
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TABLE II. Cytokine concentrations® in TG homogenates.

[Cytokine] Encephalitic

- +
IL-2 (pg/ml) 331 + 72 466 + 59
IL-6 (pg/ml) 1021 + 281 1201 + 258
IL-10 (pg/ml) 126 + 8 213 t 21
IFN-y (U/ml) ND® 17.5 + 3.9*

a

Results represent mean + sem cytokine concentration (based on 3-
5 independent experiments), as determined by ELISA of supernatants
from the pooled homogenates of 5 pairs of TGs.

> Not detectable (i.e. < 10 U/ml).

‘*p < 0.05

“ p < 0.01
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TABLE III. Cytokine transcription in LAT* TG.

Percent cytokine-positive TG?
P pay IL-2 IL-10 IFN-v RANTES TNF-a
(rﬂl;;) 8+6 0+0 6+6 0+0 343
(i;f:) 63 + 19 100£0 1000 100 %0 93 + 7
1&3?" 83 + 17 92 + 8 100 + 0 100 + 0 100 + 0
2045 | 68:22 8410 91+ 5 94 t 4 93 1 7
?x?;s?;’j 809 57 £23* 8010  70+30 8010
1(1%313{355;‘ 38+ 5 63 +3* 56 +21* 52421* 67 +24

* Results represent mean + sem percent detection

transcripts in LAT*

b

Pooled results of 9 experiments.

¢ Pooled results of 3 experiments.

4 Pooled results of 3 experiments.

¢ Pooled results of 7 experiments.

f Pooled results of 2 experiments.

9 Result of a single experiment.

" Pooled results of 4 experiments.

acute TG (5-7 days PI).
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TABLE IV: ELISA of serum anti-HSV-1 Abs.

Anti-HSV-1 Ab*

Days PI LAT LAT*
o®° 0.031 + 0.009 ---
35¢ 0.022 + 0.013 0.277 + 0.068*
125¢ 0.012 + 0.013 0.614 + 0.022%*

* Results répresent mean + sem OD,,; of anti-HSV-1 Ab ELISA on mouse
serum. ‘LAT+’= LAT RNA was detected in mouse TG. ‘LAT-’= LAT RNA

was not detected in mouse TG by RT-PCR.

P n=3; 0 days PI indicates uninfected mice.
¢ n=6 per group.

¢ n=3 per group.

A

P < .01, determined by ANOVA & Tukey’s post comparing sample

groups to ODyy, of serum from uninfected mice.

‘' p < .0001, determined as above.
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TABLE V. Cytokine mRNA detection in LAT* and LAT  TG.

Fraction of cytokine-positive TGs?

Days PI LAT® IL-2 IL-10 IFN-y RANTES TNF-a
+ 8/12 12/12  12/12 12/12 12/12
7-14
- 1/5 4/5 2/5* 1/5% 1/5%
+ 13/26  40/53  30/40 43/57 28/34
30-135
- 1/4 3/8 0/8% 0/10%* 2/8%

® Results are expressed as [cytokine* TG / total number of TG].

® Indicates the presence (+) or absence (-) of HSV-1 latency-
associated transcripts, as determined by RT-PCR.

*p < .05, determined by Fisher’s Exact Test comparing LAT* and LAT"

TG within either the 7-14 days PI group or 30-135 days PI group.
* p < .01, determined as above.

4+ p < .001, determined as above.
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ANALYSIS OF THE INNUNE
REACTIVATION OF HERPES S
W,

~INDUCED
1NG STRESS-TND Comncr.
RESPONSE DUR 1 FROM LA
INPLEX VIRUS TYPE
To. & Immunology,

£ Mic. orleans, LA,

. °Dej S fedical Center, New HSV-1) from

Tophthalmelogys ‘;‘,ua::-dp; simplex virus < S oess response
Reactivat 2d, = esponse activates viral gene
latency occurl  f, stimulus :.";:.::" (e.g. glucocorticoids)
cleaxly PFOV. Ll or, stre HSV-1 transmission by
nw":é:fiuc- -ocong:"':,y.t::ull immunity, and thereby
Cransiently SuPProso NS on  fectious virus shed at the
an Lvi
tr :h- :u:'yp. rthermic stress paradigm, we a:. 1-‘:':uclyi.ng
cosa. Usingd e stress mediators and the loca une
::uw" "3 :2::‘:5::.1 reactivation, 24 hours after exposure
response ::n"or, latently~-infected mice have significantly
Lo thé:a.uzum corticosterone levels relative to both
“’v:ac:.d, stressed and infected, popn-stressed controls
m'mQS). Likewise, while serum concentrations of corticoster~
c(.g:'nnd IL-6 are positively correlated in ypinfected,
stressed mice (r=.87), no such correlation exists in
infected, strassed mice (r=-.28). Taken together, :h:u
results suggest that HSV-1 is capable of modifying the stress
response of its host, presumably in a way that favors viral
reactivation and horizontal transmission. With regard to the
local immune response, RT-PCR analysis of trigeminal ganglia
RNA indicate that the cytokines TNF~-a and IL-1 play an early
role in the neural/immune response to stress-induced HSV-1
ctivati po

reactivation.
This work was supported in part by grants from the U.S.
Public Health Service, NIH/NEI EY08071, and the Department of
the Army, Cooperative Agreement DAMD17-93-V-3013.
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ANTI-HCMV ACTIVITY OF CYTOKINES PRODUCED BY IE1-SPECIFIC
CD4* T CELL CLONES IN VITRO. i i
and I.-L, Davignon. INSERM U395, BP 3028, 31024 Toulouse, France.

We have previously shown that the p frequencies of IEl-sp
proliferative T cells are high in healthy HCMV seropositive blood donors. In order
to study the role of anti-IE] CD4* T cells in anti-HCMV immune response, we
have tested TH1-type cytokines (IFN- , TNF-a), either recombinant or produced by
T cell clones, on in vitro infection by HCMV (Towne). Fiow cytometry
experiments showed that preincubation of U373 MG cells with recombinant IFN-y
and TNF-o markedly diminished the xpression of p d d by E13 and
CCH2 mAbs on day 5 post infection (p.i.). These cytokines had a synergistic effect.
However, on day 2, their combination induced only a slight inhibition of IE
expression. Similarly, quantitative RT-PCR showed no reduction of IE1 mRNA by
fIFN-y 24h p.i. Plaque reduction assay on MRCS cells showed synergistic effect of
rIFN-y and rTNF-a on virus replication. Anti-IEl CD4+ clones produced IL-2,
large amounts of IFN-y and TNF-a,, but no IL-6, when cultured in the presence of
Antigen Presenting Cells (APC) and specific [E1 peptide. Preincubation of U373
MG cells with supernatant of specifically activated anti-IE1 CD4+ clone reduced
the expression of the protein detected by CCH2 mAb to almost undetectable level
on day 5 p.i. Coculture of CD4* clone and APC plus IE1 peptide with U373 MG
cells, previous to HCMV infection, drasticail y d virus production. The anti-
HCMYV activity of CD4+ clone supernatant could be inhibited using anti-IFN-y +

" anti-TNF-a antibodies. This indicated that the anti-HCMV activity contained in
CD4* clone supernatant was due to IFN-y and TNF-a.. Our results, which ‘show
that activated anti-IE] CD4+ clones display anti-HCMV activity in vitro, suggest a
possible role for anti-IE| CD4* T cells in the anti-HCMV response. .

iy
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ANTIBODY RESPONSE OF PORPHYROMONAS GINGIVALIS INFECTED
GINGIVITIS AND PERIODONTITIS SUBJECTS. ! !
. *Oral Biology and Pathology, Department of Dentistry,

The University of Queensiand 4072 Austrate. “Department of Periodontology
University of Nebraska Medi | Center College of Dentistry Lincoln NE

Pmmmmaommnam association with aduk
periodontitis altthough some individuals with the infection are able to control it
without experlencing attachment loss. Theref diffe in the i
response to this organism may be of importance to the outcome of periodontal
dkom.ﬁodmofﬂhstudymhdﬂm.whmn itive
subjects with and without periodontal breakdown, reacted differently to P.gingivas
antigens as assessed by serum antibody reactivity. Two highly defined groupe of

A demonstrated
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CAN A STRIP METHOD (INMUNODOT) CONTRIMUTE 10 T4 THMUNODIAGNOSIS OF Lnig
BOSRELIOSIS? i

B._Makovicks, Departeent of Clinical I[asunology and Internal Medicine f,
Hartin Facully Hospital and Jessenius Medical School. Rartin, Slovakia,

In the efforts focused on selecting a vinple, quick and inexpensive
innunodiagnostic sethod of Lyse borreliosis, a slrip method [MWNODOT
Borrelia (Lyne} with recombinant Antigen P33, Epignost (Linz, Austria) wag
Lested against the Indirect fluorescent antibody sethod (IFAB), Sevatest
Borrelia Ig6 set IFA, Sevac, USOL (Prague, Cgech RBepublic). In 87 patients
exhibiting clinical signs suspect for Lyne disease the results of both
sethods were corraspondingly positive in 43 {(49,4%) patients which was
considered a» serologic confirsation of the diagnosis and antibiotic
treatsent was istroduced. Neqalive results of both teste were in 21 (24,1%),
and different results in 23 (26,4%) patients. Of be latter in 14 (16,1%)
Inaunobot was slightly powitive (1:64, 1:120) while IFAB was negative (1:15,
1:32) and in 9 (10,3 %) patients with nesative InsunoDot Lhe results of IFA)
were alighly positive (1:64, 1:128). [n clinically pomitive patients with
inconsistent resuils of ismunotests (IFAB negat. - IsmuooDot powit., IFAS
olishtly posit. - fssunoDot neqat.) we feconsended o introduce the ATD
treatant and Lo re-test thes after 1-2 nonths. Since the Vestern Blot ap
2 confirsation test and the new tests with recowbinant antigens are both very
denanding and expesive techniques in our conditions, we can consider
TowunoDot 2 positive contribution to the spacific diagnosis of Lhe Lyne
disease. However, clinical diagnosis at the time being, is the acet important
for therapeutic considerations,
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T CELL EPITOPE ANALYSIS IN THEILER'S VIRUS - INDUCED

DEMYELINATING DISEASE. RL. im, Departments of
Pathology and Microbiology.J logy, North University Medical Schoo
Chicago, IL, USA

The intracercbral inoculation of Theiler's Murine Encephalomyelitis Vires
MV)intomscepﬁblenmimofmieemﬂuinachmnic.immmdm
demyelinating di: um:hamnm:yfamwithhumanﬁpleSdetm CD¢*
T lymphocytes are critically i for path is, therefore di ining the fine
epitope specificity of the T cell response is essential for ¢lucidating the mechanismys)
involved in demyelination. Wehzvepmdwedapueld‘Tcdlhybridomclomﬁu

specificity of these T cells. AldnughmnyoﬁheTeellhybridswespeﬁﬂcﬁr
previously identified epitopes within VPlayy 250 (6/17) and VP21426 (3/17), there were
mumv-q)eciﬁchybﬁdmnuwimuunkmwnﬂuepilmspeciﬁcity‘ Through
the use of fusion proteins and hetic peptides, we have determined that these
hybﬁdommspeciﬁcfordaeanﬁmacidﬂ&l?qﬂheVPJenpsidpmein. Strong T
cell proliferative responses are detected against VP3,,4, from both virus-immunized
ardvinwinfected,SHJImice.andthiswomisl-A'deD‘-mﬁm
PmmﬁeqtmqlmlynguwluumﬂyﬁsofﬁmupedﬁcTeeuhybﬂm
suggest that VP3,.5; - specific T cells also represent a predominant population of virus.
specific T cells. Awmpaﬁsonofﬂn?ceﬂresponsemthemajwepimpuofmv
demanﬂmﬂmisnopmfemﬁalmnsmaspeciﬁcqﬁwpenmyﬁm
post-infection that was analyzed. Furth immuninﬁouwizhepitnpe-conuinin;
peptides, following an. injection with a boptimal dose of live virus, results in the

ion of demyelinating discase. ﬂmmﬂumﬂdmglymmh'r
eelhspeciﬁcfwdmepiwpaminwlvedinﬂupthogmeﬁ;de-inﬁmd
demyelination. Supported by grants from the USPHS (RO1 NS28752) and (ROL
NS§33008).
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IMMUNOSUPPRESSIVE EFFECT EXERTED BY' HIGH MOLECULAR
WEIGHT COMPONENTS FROM Ascaris suum EXTRACT. ES. Faquim and
Mﬁmlm.ﬂiamdial&m,um.of S3o Paulo, S3o Paulo, SP, Brazil.
Fractionation of Ascaris suum extract (Asc) by gel filtration chromatography
ruuluhtwopub(?landPM)wimdisﬁnamlewhrweisht(MW)andbiobgial
acﬁviﬁa(Soametnl.,lntAmhAllagylmmunolW:ﬂ, 1992). PI, but not PIHI, has
amwmdweﬁamlgﬁanﬁbodymm.&pmwwk&uibu&eeﬁa
of&enpabmluﬂMMMmmmmmm(OA).Fam
ympsofAISnmieewueimmindwiﬂ:OA.OA+Asc, OA+PI or PIl in CFA in
dnhnofﬂaenﬂ,withﬂnpahmmdmcheoﬁginﬂvolmofﬂwm
application in the chromatography column. Hyperseasitivity reactions elicited by
WMWOAMWOBM&WMM&MN
Plshomddq:mndimnndim(amhdymedhmd)mddehyed&ypemwhm
compared to the group immunized with OA alone or OA+PHI. Proliferation of lymph
nodeeeﬂsﬁunﬂueanimk,sﬁmulmdlnwmwhho&mpmfmmdly
diminishndinAnmdpnﬁaﬂydiminiahdinﬂnPl—injemdmps. IFN-y and IL-10
pmmhmuemmawhhmmy.mpmﬁfaaﬁwm
ofAn-,Pl-oer-pﬁmedodhmthempeaiwmﬁgmmeqmlymmgaﬂ
dnnmﬁzedbyhigblevehoflblomﬂomm,mlyoeﬂsﬁomOAwm-
mmmmrnwmmrmpwwqmmw
WMMKLIO.MMMM&MMW
eamﬁmﬂnhdmmmdodnumbhammiweﬁeumﬂzedl-
nwdhhdhnmmmhlddiﬂou,dﬂeﬂ'eﬁmtobenhﬁsdwﬂncytddm
Pmeedbyﬂun,hnnmbythewamem.




FUNCTIONAL ROLE AND SEQUENCE ANALYSIS OF A LYMPHOCYTE ORPHAN OPIOID
RECEPTOR. William P. Halford,' Michael Serou,! Bryan M. Gebhardt,™
and Daniel J.J. carr'#. Departments of ‘Microbiology and Immunology,
‘ophthalmology and fPharmacology, *LSU Neuroscience Center;

LSU Medical Center, New Orleans, LA 70112-1393

Pharmacologic evidence indicates that lymphocytes express .

opioid receptors, but this finding has been questioned. By DNA
sequencing of reverse transcription-polymerase chain reaction
products, we have found that mouse lymphocytes express mRNA
encoding an orphan opioid receptor. These mRNA transcripts were
detected in the cD4*, cD8*, and CD4CD8 lymphocyte subpopulations.
Northern blot analysis confirmed that splenic lymphocytes express
a 1.5 kilobase orphan opioid receptor mRNA. Fifteen bases encoding
Tyr’'-Arg”® in the first intracellular loop are alternatively
spliced, suggesting that orphan opioid receptor mRNA encodes two
receptor subtypes. Treatment of lipopolysaccharide-stimulated
lymphocytes with orphan opioid receptor antisense oligonucleotides
suppressed polyclonal IgG and IgM production by 50%. Our results
provide direct evidence that lymphocytes express an opioid-like
receptor gene, and suggest that this receptor plays a functional
role in immunocompetence.

This work was supported in part by a grant from the Department of
the Army, Cooperative Agreement DAMD17-93-V-3013. This work does
not necessarily reflect the position or the policy of the
government, and no official endorsement should be inferred.
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Opinions, interpretations, conclusions and recommendations are those of the authors and are not
necessarily endorsed by the U.S. Army.
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Where copyrighted material is quoted, permission has been obtained to use such material.

Where material from documents designated for limited distribution is quoted, permission has
been obtained to use the material.

Citations of commercial organizations and trade names in this report do not constitute an
official Department of Army endorsement or approval of the products or services of these
organizations.

In conducting research using animals, the investigator(s) adhered to the “Guide for the Care
and Use of Laboratory Animals,” prepared by the Committee on Care and use of Laboratory
Animals of the Institute of Laboratory Resources, National Research Council (NIH
Publication No. 86-23, Revised 1985).

For the protection of human subjects, the investigator(s) adhered to policies of applicable
Federal Law 45 CFR 46.

In conducting research utilizing recombinant DNA technology, the investigator(s) adhered
to current guidelines promulgated by the National Institutes of Health.

In the conduct of research utilizing recombinant DNA, the investigator(s) adhered to the NIH
guidelines for Research Involving Recombinant DNA Molecules.

In the conduct of research involving hazardous organisms, the investigator(s) adhered to the
CDC-NIH Guide for Biosafety in Microbiological and Biomedical Laboratories.




ANIMAL USE
SEPTEMBER 20, 1995 THROUGH JULY, 1996

DAMD17-93-V-3013
The experimental animals used during this period for the project, Neural Responses to Injury:

Prevention, Protection, and Repair, Subproject: The Neuroimmunology of Stress, Injury, and
Infection , are as follows:

Number Allowed

Species Number Used LSU IACUC#
rabbit 2 1 1341
mice 820 700 1341

A" ssn

' / Investlgator Signature
7




DETAILED BUDGET FOR FROM THROUGH GRANT NUMBER
N o CaeT s oMLY 10/96 10/97 DAMD17-93-V-3013
PERSONNEL (Applicant organization only) TYPE % INST. DOLLAR AMOUNT REQUESTED (Omit cents)
NAME ROLE ON | AppT. (EFFORT)  BASE SALARY FRINGE TOTALS
PROJECT |(months) PROJ SALARY REQUESTED BENEFITS
Daniel J.J, Carr P.I 12 20 $49,087 | $ 5,889 | $ 424 $ 6,313
William P. Halford GrRAD AssTl 12 oo | $15,000 | $15,000 | $1,050 | $16,050
SUBTOTALS > | $20,889 | $1,474 $22,363
CONSULTANT COSTS
EQUIPMENT (ltemize)
SUPPLIES (Itemize by category)
Plasticware/glassware $3,000
Tissue culture $2,000
Chemical (RT-PCR reagents) $3,000
Radionucleotides $1,000
Mice 400 @ $600/mouse $2,400
Antibodies $ 544
TRAVEL

Two peoppe attend one national meeting each ($780/person)

PATIENT CARE COSTS INPATIENT

OUTPATIENT

ALTERATIONS AND RENOVATIONS (Itemize by category)

OTHER EXPENSES (/temize by category)

Animal care 40 mice @$0.16/mouse/day
Publication expenses

Membership in AAI and ISNIM

$2,336
$1.000
$ 415

SUBTOTAL DIRECT COSTS FOR NEXT BUDGET PERIOD

CONSORTIUM/CONTRACTUAL COSTS

DIRECT COSTS $
INDIRECT COSTS  §

TOTAL —>»

TOTAL DIRECT COSTS FOR NEXT BUDGET PERIOD (Enter on Page 1, item 10a) —| §$

39,618
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GRANT NUMBER

BUDGET JUSTIFICATION
DAMD17-93-V-3013

SUPPLEMENTAL INFORMATION REGARDING ITEMS IN THE PROPOSED BUDGET FOR THE NEXT PERIOD WHICH REQUIRE
EXPLANATION OR JUSTIFICATION. (See instructions)

PERSONNEL

D.J.J. Carr will be responsible for the design of the studies outlined under plans. He will interpret and
report the results of these studies, and will supervise the daily operation of the graduate student.
Publications and presentations at scientific meetings of the results from work stemming from this project
will be organized under the auspices of the P.I. Based on the previous three years, the P.I. will devote 25%
of his time to the project and request 12% of his salary .

W.P. Halford is a fourth year graduate student who is continuing on this project through his graduation and
temporary research associate through January, 1997. Bill will pursue the stress-related studies assessing
cytokine expression by RT-PCR and ELISA techniques. In addition, he will be responsible for the
assessment of viral reactivation using co-culture techniques with CV-1 indicator cells and trigeminal
ganglia following hormone agonist and antagonist therapy and hyperthermic application. Finally, the
results will be prepared by Mr. Halford and analyzed with the aid of the P.I. The support rendered by this
award and the data generated from these studies constitute the bulk of Mr. Halford's dissertation.

*+t is anticipated that a new graduate student will join the laboratory this fall and will take over the
remainder of the project to completion.

SUPPLIES
The reagents that have been requested are necessary to perform the planned experiments outlined in the

progress report summary.

TRAVEL

Current plans are for the P.I. and graduate student to attend and present data generated from this project at
the AAI meeting in San Francisco, CA next February, the ISNIM meeting in Bethesda, MD next
November, or the PNIRS meeting in Boulder, CO next June.

OTHER EXPENSES

The P.I. predicts that at least 2-3 manuscripts will be forthcoming over the next 6-9 months from the data
generated as outlined or from ongoing experiments. On average, each publication is 2 minimum of $500
for reprints and/or page charges. Membership in AAI or ISNIM allows the P.I. to receive journals
covering the discipline in which this research is conducted at reduced rates as well as register for meetings
at reduced costs.

FROM . THROUGH
CURRENT BUDGET PERIOD 9/20/95 9/20/96

The following pertains to your CURRENT PHS budget. This information may be used in determining the amount of support for the NEXT
budget period.

TOTAL ESTIMATED ESTIMATED
EXPENDITURES AND UNOBLIGATED EXPLAIN ANY SIGNIFICANT ESTIMATED
A. CURRENT BUDGET OBLIG(,;\)TIONS BALé{\JCE UNOBLIGATED BAL@NCE IN COLUMN 2
S . Q
TOTAL DIRECT COSTS $38,342 S0
INDIRECT COSTS (As provided) $ 5,937 : 0
TOTALS > $44,279
PHS-2590 (Rev. 9/91) ’ Use Continuation Pages if necessary)
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Principal Investigator/Program Director (Last, first, middie): _BAZAN _NTCOTAS (CARR, DII)

BIOGRAPHICAL SKETCH

Provide the following information for the key personnel in the order listed on Form Page 2.
Photocopy this page or follow this format for each person.

AME

POSITION TITLE
Daniel J.J. Carr Assistant Professor

DUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, and include postdoctoral training.)

INSTITUTION AND LOCATION (i aoninabie) YEAR() FIELD OF STUDY
, Dallas, TX B.S. 1983 Biology
MB, Galveston, TX PhD. 1987 Microbiology
AB, Birmingham, AL Post-doc 1987-1988  Neuroimmunology

mplete

088-1991:
991-present:

993-present:

995

ESEARCH AND PROFESSIONAL EXPERIENCE: Concluding with present position, list, in chronological order, previous emptoyment, experience, and
onors. include present membership on any Federal Government public advisory committee. List, in chronological order, the titles, all authors, and
references to all publications during the past three years and to representative earlier publications pertinent to this application. If the list of

i Sssriﬁmhjg%mﬁw pages, select the most pertinent publications. DO NOT EXCEED TWO PAGES.

Research Assistant Professor, Department of Physiology and Biophysics, University of Alabama at
Birmingham, Birmingham, AL.

Assistant Professor, Department of Microbiology, Immunology, & Parasitology, LSU Medical Center,
New Orleans, LA.

Adjunct Assistant Professor, Department of Pharmacology; Member, LSU Neuroscience and LSU
Stanley S. Scott Cancer Center, LSU Medical Center, New Orleans, LA.

James W. McLaughlin predoctoral fellowship, UTMB, Galveston, TX.

Distinguished Speaker at the II International Symposium on Endocrinology under 35, Siena, Italy.
Randall Lecturer, American Society of Microbiology South Central Branch, Starkville,

MS.

Guest editor, Advances in Neuroimmunology issue devoted to signaling trasnduction..
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Halford, W.P., BM. Gebhardt, & D.J.J. Carr. 1996. Persistent cytokine expression in trigeminal
ganglion latently infected with herpes simplex virus type 1. J. Immunol. in press.

Carr, D.J.J., T.J. Rogers, & R.J. Weber. 1996. The relevance of opioids and opioid receptors on
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Garza, HH.Jr., O. Prakash, & D.J.J. Carr. 1996. Aberrant regulation of cytokines in HIV-1 TAT7,
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Halford, W.P., B.M. Gebhardt, & D.J.J. Carr. 1996. Mechanisms of herpes simplex virus type 1
reactivation. J. Virol. 70:5051-5060. :

Carr, D.J.J., M. Scott, L L. Brockunier, J.R. Bagley & C.P. France. 1996. Mirfentanil antagonizes
morphine-induced suppression of splenic natural killer activity. Immunopharmacol. in press.

Carr, D.J.J., M. Scott, L L. Brockunier, J.R. Bagley & C.P. France. 1996. The effect of novel opioids
on natural killer activity and tumor surveillance in vivo. Adv. Exp. Biol. Med. in press
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Carpenter, G.W., L. Breeden & D.J.J. Carr. 1995. Acute but not subchronic exposure to morphine
suppresses CTL activity in alloimmunized C3H/HeN mice. Int. J. Immunopharmacol. 17:1001-1006.
Carr, D.J.J. and M. Serou. 1995. Exogenous and endogenous opioids as biological response modifiers.
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heteroanilidopiperidine OHM3295 augments splenic NK activity and induces analgesia through an
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OTHER SUPPORT GRANT NUMBER

(Use continuation pages if necessary) DAMD17-93-V-3013

FOLLOW INSTRUCTIONS CAREFULLY. Incomplete, inaccurate, or ambiguous information about OTHER SUPPORT could lead to
significant delays in the review and/or funding of the application.

Other support is defined as all funds or resources, whether Federal, non-Federal, or institutional, available to the principal investigator/program
director (and other key personnel named in the application) in direct support of their research endeavors through research or training grants,
cooperative agreement, contracts, fellowships, gifts, prizes, and other means. However, in the case of prizes and gifts, only those that support
the specific project must be reported.

Reporting requirements are: For each of the key personnel, describe (1) all currently active support and (2) all applications and proposals
pending review or award, whether related to this application or not. If the support is part of a larger project, identify the principal investigator/
program director and provide the data for the relevant subproject(s). If an individual has no active or pending support, check “None.” Use
continuation pages as needed to provide the required information in the format as shown below. Information may be combined as long as the
format remains the same. For example, all key personnel who have no other support may be listed on a single page. DO NOT SEND in a
separate page for each person listed for whom “None” is checked. Key personnel are defined as all individuals who participate in the scientific
development or execution of the project. Key personnel typically will include all individuals with doctoral or other professional degrees, but in
some projects will include individuals at the masters or baccalaureate level provided they contribute in a substantive way to the scientific
development or execution of the project.

Name Danjel J,J, Carr Active X Pending None
a. Source and identifying no. NINDS NS35470-01 Pl. _CARR
Title THE NEUROIMMUNOLOGY OF HSV-1 REACTIVATION

b. Your role on project P.I. % Effort 30

c. Dates and costs of entire project (For renewals, include only the most recent competitive award. List direct and indirect costs separately.)

DIRECT ($228,704) INDIRECT ($83,344)

d. Dates and costs of current year DIRECT ($93,833) INDIRECT ($26,699)

e. Specific aims of project _Does stress affect chemokine expression in the TG; Are T lymphocytes

required for HSV-1 suppression in reactivation in vivo and in vitro

f. Describe scientific and budgetary overlap _There are no scientific overlaps. It should be noted

that the data generated from the support of the current grant was extremely

instrumental in the funding of the NINDS grant.

g. Describe adjustments you will make if the present application is funded (budget, % effort, aims, etc.)

No adjustments are reqn-irpﬂ

PHS 2590 (Rev. 9/91) ' E




GRANT NUMBER

PROGRESS REPORT SUMMARY DAMD17-93-V-3013
PRINCIPAL INVESTIGATOR OR PROGRAM DIRECTOR PERIOD COVERED BY THIS REPORT
Dr. Nicolas Bazan (Chapter 6B-Daniel .II Carr, PHD |FROM THROUGH
APPLICANT ORGANIZATION 9/20/95 8/15/96
LSU Medical Center

TITLE OF PROJECT (Repeat title shown in item 1 on first page)

NEURAL RESPONSE TO INJURY. PRVENTION, PROTECTION, AND REPAIR; NEUROIMMUNOLOGY OF STRESS

(SEE INSTRUCTIONS)

1. SPECIFIC AIMS

The specific aims of the project are: (1) To determine the effects of a brief period of thermal
stress (10 min at 432C) and restraint stress (60 min) as indirect mediators of HSV-1
reactivation from neural tissues, (2) To determine the neuroendocrine mechanism of stress-
induced viral reactivation by measuring corticosterone and monoamine levels in the serum
and nervous tissues of latently infected, stressed animals, (3) To determine the effect of
stress on antiviral inmune responses in mice undergoing viral reactivation, and (4) To
determine the effect of exogenous stress hormone agonists and antagonists on stress-
induced viral and antiviral immunity.

2. STUDIES AND RESULTS

The following is a summary of each goal (specific aim) emphasizing this past year's
accomplishments.
The first goal was to compare stressors on herpes simplex virus type 1 (HSV-1) reactivation
using co-culture techniques to verify the production of infectious virus,
immunohistochemical techniques for immunopositive staining of viral proteins associated
with viral reactivation, and reverse transcription (RT)-polymerase chain reaction (PCR)
assays to identify the expression of viral transcripts. The results presented in the first year's
progress report (Tables 1 & 2) showed that the heat stress paradigm induced a higher percentage
of reactivations (80% or 8/10 mice reactivated) as compared to the restraint stress model (40% or
4/10 mice reactivated) as determined by the recovery of infectious virus in the trigeminal ganglia,
corneas, and tear film. This experiment was repeated three times with similar results each time. It
was noted that statistical analysis of the data indicated a high degree of significance (p<.005) as
determined by ANOVA. In mice that were not stressed, no recovery of infectious virus was
found in any tissue examined. In both cases, the mice were ocularly infected followed by a 35 day
incubation period.

No experiments have thus far been carried out to immunohistochemically define viral
reactivation in vivo. ,

We have attempted to use reverse transcriptase (RT)-polymerase chain reaction (PCR) to
detect HSV-1 lytic phase transcripts of all three kinetic classes (i.e., inmediate-early, delayed-
early, and late) as a marker of HSV-1 reactivation following hypothermic stress of latently-
infected mice. The HSV-1 specific primers chosen amplify infected cell polypeptide 27 mRNA
(i.e., ICP27, immediate early), ribonucleotide reductase mRNA (i.e., RR, delayed-early), and
virion protein 23 mRNA (i.e., MP23, late). The ICP27 and VP23 PCR primers have been used
before to detect HSV-1 mRNAs during reactivation in a rabbit model (Bloom et al., 1994).
However, we have found that aside from a single experiment where ICP27 mRNA was detected
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in 2/2 mice (115 days post infection) 12 hours after hyperthermic stress, detection of HSV-1 lytic
phase transcripts following hyperthermic stress has been inconsistent (2/16 mice).

One notable observation that has arisen out of efforts to detect HSV-1 lytic phase
transcripts as markers of reactivation is the detecton of VP23 mRNA in the TG of 16/16 latently-
infected mice (i.e., 30-44 days post infection), regardless of stress treatment. The identity of these
PCR products has been confirmed by Southern blotting. The possibility that the VP23 PCR
product was amplified from contaiminating HSV-1 DNA in the RNA preparation was ruled out
using interchangeable sense to anti-sense strand primers as well as DNase and RNase treatment of
isolated RNA. Currently, emphasis is focused on obtaining the full length transcript using the
RACE technique for subsequent cloning and sequencing of the latently expressed transcript.

During the past year, the development of an in vitro model to study HSV-1 reactivation
has been accomplished (J. Virol. 70:5051-5060, 1996.). In addition, the role of cytokines in the
potential regulation of heat-stressed induced reactivation in this model system has been studied
(Halford, Scott, and Carr, Virol., submitted). The development of this model has allowed us to
charecterize the hypothesized neuroendocrine molecules that are predicted to influence HSV-1
reactivation and the mechanism by which the hormones initiate such an event as detailed next.

The goal of the second specific aim was to initiate studies in quantitating tissue monoamine
and serum corticosterone levels in the stressed mice (infected and uninfected) to determine
if a correlation exists between those levels and viral reactivation. In the progress report for
year 1 (last year), we presented data measuring serum corticosterone and brainstem monoamine
levels 24-hr following hyperthermic stress. Even though this time point is not ideal for such
measurements (since neurotransmitter and HPA axis hormone release are rapid responders to
stress), the results show that the procedure in isolating and processing tissue allow us to make
accurate measurements. We found no differences in the monoamine levels measured
(norepinephrine, epinephrine, dopamine, and serotonin) in the brainstem. Serum corticosterone
levels were elevated in the stressed mice compared to the non-stressed infected mice. However,
there were no differences between serum corticosterone levels between stressed and non-stressed
uninfected mice. Potentially, the virally-infected animals which are in a process of viral
reactivation may have signalled immune cells to secrete ACTH which could then activate the HPA
axis ultimately resulting in an elevation in corticosterone production. Precedence for the
involvement of leukocytes in the HPA axis has previously been reported. During the last year, we
have investigated the role of the catecholamine (epinephrine) and the synthetic glucocorticoid,
dexamethasone in HSV-1 reactivation primarily using the in vifro culture system. Whereas
epinephrine did not reactivate latent trigeminal ganglion cell cultures, dexamethasone did in a
dose-dependent fashion (J. Virol 70:5051-5060, 1996). Moreover, dexamethasone facilitated
HSV-1 reactivation in hyperthermically-stressed cultures as evident my the detection of Iytic virus
earlier in the culture supernates as well as the expression of immediate early gene transcripts in the
treated cell cultures. Since dexamethasone appeared to affect HSV-1 reactivation in vitro,
preliminary studies were conducted in vivo using dexamethasone and the glucocorticoid synthesis
inhibitor, cyanoketone. Initial studies have shown that using cyanoketone (50-100 mg/kg) to treat
mice (24 and 2 hr prior to hyperthermic stress) indicate that the hypothalamic pituitary adrenal
(HPA) axis may be involved in hyperthermic-induced reactivation of HSV-1. Specifically, 3/18 or
16.7% of the cyanoketone-treated mice reactivated following hyperthermic stress whereas
vehicle-treated controls reactivated in greater frequency; 6/20 or 30%. These results are a




culmination of four independent experiments. Cyanoketone was found to block corticosterone
synthesis as indicated in the serum levels of corticosterone (i.e., cyanoketone-treated mice has
levels ranging from 14-67 ng/ml versus 764 +/- 30 ng/ml for vehicle-treated mice 1 hr post
hyperthermic stress) following stress. Since these initial studies in vivo studies along with the
previous in vitro studies suggested a role for the HPA axis, the reactivation potential for
glucocorticoids was investigated in vivo. Dexamethasone (1.0 mg/ml) added to the drinking
water (ad libitum for 24 hrs) was assessed for reactivation in the presence and absence of
hyperthermic stress. Dexamethasone alone had no effect on HSV-1 reactivation in latently
infected mice (0/8 reactivated) and did not augment the reactivation of hyperthermically-stressed
mice (1/9) compared to vehicle-treated, hyperthermically-stressed animals (2/8). Since the stress
paradigm is currently eliciting only 25-30% reactivation, we are attempting to improve our stress
paradigm in order to increase the reactivation rate of the latent mice.

The goal of the third specific aim was to determine the effect of stress on antiviral immune
responses in mice undergoing viral reactivation. Over the past year, studies were conducted to
initially measure serum antibody levels as well as cytokine levels (both transcript and protein) in
the trigeminal ganglia of mice following initial ocular inoculation from acute (days 5-7) to latent
(days 30-135) infection. The results of these studies (Halford, Gebhardt, and Carr, J. Immunol.
in press) indicate two important findings: (i) mononuclear cell infiltration and selective cytokine
gene expression exist during latency (out at least 4 months) and (ii) antibody titers continue to rise
following latency. These results suggest that the host is continually exposed to low levels of virus
or viral antigen that propagate active T cell cytokine synthesis and clonal expansion of HSV-1
specific B cells. Stress effects on cytokine synthesis and antibody titers are planned during this
year.

The fourth goal of this project was to determine the effect of exogenous stress hormone
agonists and antagonists on stress-induced viral and antiviral immunity. The hypothesis on
which this investigation is based centers on the notion that corticosterone and/or catecholamines
are in part responsible for the reactivation of HSV-1 in latently infected mice following
hyperthermic stress. Accordingly, the administration of exogenous catecholamines or
corticosteroids are predicted to reactivate HSV-1 without subjecting the latently infected animals
to the stress paradigm. We have made some progress in the involvement of the HPA axis in
stress-induced reactivation of HSV-1 as outlined under specific aim #2 progress. Plans have been
made to further these initial observations as outlined below.

3. SIGNIFICANCE

This project is organized around the central hypothesis that stressors (temperature and restraint)
have detrimental effects on immunocompetence potentially resulting in the reactivation of latent
pathogens. Our working model is a latently-infected herpes simplex virus type-1 (HSV-1) mouse.
Our central hypothesis is that the hypothalamic pituitary adrenal (HPA) axis and the sympathetic
nervous system (primarily adrenergic pathways) are the parties responsible for HSV-1
reactivation. Alterations in serum corticosterone and shifts in monamines in the brains,
trimgeminal ganglia, and brain stems are predicted to correlate to the reactivation status of the
stressed mice. In addition, assessing the local immune parameters (specifically cytokine




production) and relating their levels to viral reactivation following stress are predicted to be -
helpful in identifying and elucidating a(the) mechanism associated with viral reactivation. To this
end, we have made significant advances in assessing the degree of latency of virus in vivo as well
as establish the immune response (both humoral and cell-mediated) to acute and latent virus. We
have also developed an in vitro model system to study HSV-1 reactivation under
pharmacologically controlled conditions. This will allow us to investigate stimulants of viral
reactivation at both the cellular and molecular levels. We believe that this is the first time that
such a culture condition has been established and should prove useful in future assessment of anti-
viral drugs and their mechanism(s) of action at the molecular level. Finally, we have developed
stressors that elicit HSV-1 reactivation in vivo and in vitro. Since we have now established the
baseline for immune parameters during latent infection, we are in a position to ascertain the
effects of hyperthermic stress on changes that may take place within the confines of the immune
system ultimately resulting in controlled viral reactivation. This scenario will allow us to fully
utilize pharmacological tools currently available to ascertain the potential of these drugs in
blocking reactivation. Such an event is predicted to prove valuable to the goals and mission of
this chapter of the grant awarded to the LSU Medical Center by the Department of the Army.

4. PLANS
During the next budget year, we plan to:

A. Conclude goal #3 by applying the synthetic glucocorticoid agonist dexamethasone
and the corticosterone synthesis inhibitor cyanoketone in latent mice and assessing these
compounds in blocking or potentiating viral reactivation. In addition, we plan on
assessing adrenoceptor agonists and antagonists in blocking or eliciting reactivation of
HSV-1 in latent mice. These studies will be conducted using a variety of doses and class-
selective adrenoceptor ligands.

B. Conclude goal #4 by measuring cytbkine transcripts and protein in the trigeminal
ganglia by RT-PCR and ELISA respectively following stress over a 30 min to 24 hr time
period. Preliminary results suggest IL-6 may play a role in reactivation since IL-6 mRNA

levels are transiently elevated at the 12 hr time point post-heat stress whereas TNF-a,
IFN-y, IL-10, and IL-1p are not.

5. HUMAN SUBJECTS

Not applicable.

6. VERTEBRATE ANIMALS
No change in the protocol is anticipated.
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Abstract

Narcotic opioid compounds are among the most widely prescribed drug interventions for individuals suffering pain.
Among the unwarranted side effects of respiratory depression, constipation, and physical dependence are the immunosup-
pressive qualities. particularly those which affect cell-mediated immunity. The immunosuppressive characteristics of opioid
narcotics (e.g.. morphine) have recently come into focus with the advent of acquired immune deficiency syndrome (AIDS)
and the putative causative agent, human immunodeficiency virus type 1 (HIV-1). Specifically, a vast reservoir of
HIV-1-infected individuals exists among drug abusers. Moreover, experimental evidence would suggest narcotic opioids
may increase viral load in infected individuals by modifying the cellular machinery of activated leukocytes. Likewise,
investigators have shown that opioids modify tumor growth and development. In this review, a comparison between
endogenous opioid peptides and exogenous opiates on ceil-mediated immunity and its relationship to viral infection and

tumors is described.

Keywords: Natural killer activity; Cytotoxic T lymphocyte: Morphine; Fentanyl; Cancer; AIDS

i 1. Introduction

The modern concept that cells of the immune
system (granulocytes, lymphocytes, and

Abbreviations: AIDS, acquired immunodeficiency syndrome;
CRH, corticotropin releasing hormone (CRH); CTL, cytotoxic T
lymphocyte; DAGO, [D-Ala®,N-Me-Phe*,Gly-ol®Jenkephalin:
DPDPE, [D-Pen™lenkephalin; HIV, human immunodeficicncy
virus; HPA, hypothalamic pituitary adrenal; IL, interleukin; MHC,
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monocytes /macrophages) can specifically respond
to opioids (e.g., B-endorphin or morphine) was born
out of original observations showing aberrant im-
munologic patterns and responses in heroin abusers
(Dismukes et al., 1968; Louria, 1974; Brown et al.,
1974) and morphine-treated mice (Lefkowitz and
Chiang, 1975). Coupled with these studies were the
initial reports suggesting lymphocytes possessed
binding sites for exogenous opioids (e.g., morphine)
and endogenous opioid peptides (e.g., B-endorphin)
(Hazum et al., 1979; Wybran et al., 1979; Mc-
Donough et al., 1980). Likewise, early in vitro func-
tional studies demonstrated opioid peptides could
modify lymphocyte production of antigen-specific
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antibody (Johnson et al.. 1982) and lymphocyte pro-
liferative responses to mitogens (Gilman et al.. 1982;
McCain et al., 1982). Collectively, the data suggest
that opioid compounds can appropriately be classi-
fied as biological response modifiers; that is. sub-
stances that may direct or restore normal immune
defenses of the body. Ironically, the administration
of opioid narcotics (e.g., morphine and heroin) in
vivo tends to suppress the immune system while the
addition of opioid peptides (e.g., endogenous pep-
tides including endorphins, enkephalins, and dvnor-
phins) in vitro can augment or suppress cellular and
humoral immunity. This review will comment on the
data generated in the last decade relative to opioid-
mediated immunomodulation of cytolytic effector
cells (natural killer [NK] cells and cytotoxic T lym-
phocytes [CTLs]), potential mechanisms and path-
ways involved. and the application opioids may have
in clinical intervention of disease processes with
emphasis on cancer and viral infections.

2. Characterization of opioid peptide-mediated
immunoregulation

2.1. Opioid peptide immunomodulatory characteris-
tics

NK cells are a heterogenous group of leukocytes
that are able to kill a variety of normal, virus-in-
fected, and tumor-derived cells in the absence of
previous sensitizations. and in a non-major histocom-
patibility complex (MHC)-restricted fashion. Initial
studies suggested that incubation of human periph-
eral blood mononuclear cells (PBMCs) with B-en-
dorphin (107°~10""* M) or [met]enkephalin (10~°—
107° M) but not [leulenkephalin (107°-107"* M),
a-endorphin (107°~10"'* M), or morphine (107°-
1072 M) in vitro augmented NK activity in a
naloxone-sensitive manner (Mathews et al., 1983).
Data were also presented showing B-endorphin in-
creased conjugate formation between effector cells
and their targets as well as increase the active num-
ber of NK cells (those cells which can lyse the
targets following conjugation). These results were
confirmed and extended by others in both human and
rodent in vitro studies using peripheral blood and

splenic lymphocyte populations (Kay et al., 1984;
Mandler et al., 1986; Oleson and Johnson, 1988).
However. these and other groups have also reported
variable effects of B-endorphin on NK activity in
vitro implicating the effects are donor-dependent
(Prete et al., 1986; De Sanctis et al., 1986).

The in vitro studies indicate the opioid peptide-
mediated effects are direct on the NK cells. Specifi-
cally, the enhancing effects are observed within 4—6
h post exposure (taking into account pre-incubation
and the 4-h microcytotoxicity assay) which would
seemingly rule out the involvement of cytokines
such as interferon (IFN)-y and interleukin-2 known
to augment NK activity (Herberman and Ortaldo.
1981). Furthermore, one study showed that antibody
to [FN did not block B-endorphin-mediated augmen-
tation of NK activity by large granular lymphocytes
(the cells that predominantly mediate NK activity)
suggesting endogenous IFN levels are not involved
in the opioid peptide-driven event (Mandler et al..
1986).

Since the immunomodulation of the opioid pep-
tides on NK cell activity is rapid, changes in the
early events associated with cell activation are most
likely modifed by the opioids and therefore, influ-
ence cytolytic activity. Previous studies have shown
opioid peptides increase Ca’* influx or uptake
rapidly by murine T lymphocytes (Radulescu et al.,
1991) and the Jurkat T cell line (Hough et al.. 1990)
in a naloxone-sensitive fashion. Since Ca** is re-
quired for the release and execution of perforin (Liu
et al.. 1995) and granzyme A (Smyth and Trapani,
1995) during the lytic process elicited by most cy-
tolytic effector cells, these observations offer a po-
tential mechanism by which opioid peptides modu-
late NK activity. Future studies are required to assess
the action of opioid peptides on intracellular Ca®*
concentrations and mobilization in NK cells them-
selves. Given that Ca®* pools are potentially located
throughout the cell with different release properties
(Clapham, 1995), single cell analysis using molecu-
lar approaches including confocal microscopy and
image quantitative analysis seem warranted to ad-
dress this issue.

CTLs are another important population of effector
cells that monitor tumor and viral pathogenesis in a
MHC class I-restricted recognition of antigen (Berke,
1994). Consistent with the effects on murine NK
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activity, B-endorphin and [met]enkephalin have been
shown to augment the generation of CTLs in murine
one-way mixed lymphocyte cultures in a naloxone-
sensitive fashion (Carr and Klimpel, 1986). Related
to this observation, the production of IL-2 which is
intimately involved in the differentiation of CTLs
(Hefeneider et al., 1983) is enhanced by B-endorphin
(Bessler et al., 1990; Van Den Bergh et al., 1991).
Consequently, the elevation in IL-2 production fol-
lowing exposure to Q-endorphin may in part be
responsible for the enhancement in the generation of
CTLs in the murine mixed lymphocyte cultures.
However, using human lymphocytes, other studies
report varied effects on the generation and activity of
CTLs (Prete et al.,, 1986; Chiappelli et al., 1991).
The differences between the murine and human stud-
ies may reside in the source of the lymphocytes.
Specifically, the murine investigation was carried out
using the inbred C57BL/6 and DBA/2 strains of
mice rather than outbred strains which would be
more consistent with the human studies. Conse-
quently, the variability in the effects of endogenous
opioid peptides in the human mixed lymphocyte
cultures may be donor-dependent and therefore, stud-
ies utilizing murine inbred mouse lymphocytes may
not be an appropriate comparison to the human host
in assessing opioid peptide effects in the generation
or activity of CTLs.

The physiological significance of these observa-
tions suggests that elevated levels of the naturally
occurring opioid peptides (e.g., B-endorphin) in the
circulation might predictably mirror increased levels
of NK or CTL activity mediated by leukocytes. In
fact, two studies have shown a correlation in the
level of NK activity by PBMCs and serum f-en-
dorphin concentration. Specifically, individuals who
possessed ’‘high’ NK activity also exhibited in-
creased B-endorphin levels (Levy et al., 1991; Moz-
zanica et al., 1991). In contrast, [met]enkephalin
levels were inversely correlated with NK activity
(Mozzanica et al., 1991). Normal circulating levels
of B-endorphin and [metlenkephalin are reported to
be approximately 20 and 35 pg/ml respectively
(Mozzanica et al., 1991). Although no explanation is
given to the inverse relationship between circulating
levels of enkephalin and NK activity, a recent report

has shown NK cells possess a rapid enzymatic .

degradation pathway hvdrolyzing the Y residue of
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the enkephalin peptide (Amoscato et al., 1993) which

would alter the efficacy of these opioid peptides on-

NK activity. Likewise, the identification of several
lymphoid cell surface antigens as ectopeptidases has
led one group of investigators to assess the
metabolism of enkephalins by hematopoietic cells.
Purified CD4" and CD8" splenic T lymphocytes
have been shown to metabolize [metlenkephalin at a
rate of 1.5-2.0 nmol/h/10° cells (Miller et al.,
1994a) while resident macrophages hydrolyze
[met]enkephalin at a rate of 4.1 + 1.7 nmol /h/10°
cells (Miller et al., 1994b). The activation of the
resting cells by anti-CD3 antibody (lymphocytes) or
thioglycolate (macrophages) increased the ectopepti-
dase activity. Consequently, the functional activity of
exogenously administration opioid peptides ({met]en-
kephalin or B-endorphin) in vivo or in vitro would
be short-lived.

The observation that opioid peptides augment cy-
tolytic effector cell activity in vitro as well as (in
some cases) parallel levels observed in vivo has led
to studies evaluating the therapeutic potential of
these naturally occurring peptides in individuals with
pathogenic manifestations typically monitored by NK
cells and CTLs. In one instance, the administration
of [metlenkephalin (10 png/kg every 48 h over 12
weeks. intravenously) to patients infected with hu-
man immunodeficiency virus (HIV) showed no clini-
cally efficacious effect (although transient changes at
various times were reported) based on a number of
immune parameters measured inciuding T lympho-
cyte responses to mitogens and antigens, interleukin
(1L)-2 production. IL-2 receptor expression, delayed
hypersensitivity responses. and changes in pheno-
typic markers (Zunich and Kirkpatrick, 1988). How-
ever. another group has reported the continuous ad-
ministration of [metlenkephalin (20 wpg/kg, every
48-72 h over a 4 month period) to HIV-infected
individuals improves some immunologic parameters
including mitogen-stimulated blastogenesis, NK ac-
tivity, and the percentages of T cell subset popula-
tions (Wybran and Plotnikoff, 1991). More recently,
the combination of [metlenkephalin (3.0
mg/kg/dose over 1, 3 and 5 day cycles) and AZT
(7-15 mg/kg/dose over 1,3 and 5 day cycles) has
been shown to significantly improve the survival of
Friend virus leukemia-infected mice (Specter et al.,
1994). Unlike the peripheral administration of opioid
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peptides, intracerebral inoculation of opioid peptides
(i.e., B-endorphin) has been shown to exacerbate
viral-mediated death in a mouse model using vesicu-
lar stomatitis virus through a T Iymphocyte-depen-
dent and naloxone-reversible mechanism (Coons et
al., 1991). Based on these findings, the site of action
(peripheral versus central) of the opioid peptide fol-
lowing in vivo administration may ultimately influ-
ence the immune response as well as viral infection,
For example, one might envision opioid peptide
interaction with brain opioid receptors leads to sup-
pression of cytolytic effector cell activity while opi-
oid peptide ligation to leukocyte receptors potenti-
ates cytolytic activity.

Endogenous opioid peptides have also been re-
ported to modify tumor progression. Specifically, the
administration of [metJenkephalin (30.0 mg/ kg, s.c.)
has been shown to increase survival time of mice
inoculated with L1210 leukemia cells (Plotnikoff et
al, 1985) and reduce experimental metastasis of
B-16 melanoma cells in C57BL /6 mice (Faith and
Murgo, 1988). The reduction in metastasis in
enkephalin-treated mice correlated with an elevation
in splenic NK activity. Similarly, the enkephalin
derivative, [metlenkephalinamide (50 ug/kg s.c.
daily over 7 days) and [metlenkephalin (50-250
m1g/kg s.c. daily over 7 days) suppressed PYB6
fibrosarcoma tumor growth in B6C3F1 mice in a
naloxone-reversible manner (Srisuchart et al., 1989).
However, the regulation of PYB6 tumor growth
following in vivo administration of the enkephalins
did not correlate with an elevation in splenic NK
activity nor did the tumor cells possess opioid recep-
tors as determined using [*Hletorphine binding. The
administration of B-endorphin (5 nM) has also been
shown to augment splenic NK activity in both nude
mice and nude mice harboring human ovarian carci-
noma cells (Kikuchi et al., 1990). Other studies
suggest some tumor cell lines including melanoma
(B16-C3 and BL6), neuroblastoma (S20Y), hep-
atoma (Morris), and mammary (R3230AC) cell lines:
(i) display specific opioid binding sites for 8 and «
ligands as determined by *H-[D-Ala?, D-Leu’Jen-
kephalin and ethylketocyclazocine radioreceptor as-
says (Zagon et al., 1987) and (ii) possess detectable
levels of the endogenous opioid peptides [metlen-

kephalin and B-endorphin (Zagon et al., 1987). In .

one study, the growth of S20Y neuroblastoma cells

in BALB/c nude mice was dramatically reduced
following naltrexone (0.1 mg/kg s.c. daily for 6070
days) administration suggesting some tumor cell lines
may use endogenous opioid peptides in a classical
autocrine growth cycle (Zagon and McLaughlin,
1987). The studies above suggest that opioid pep-
tides have a close association in tumor progression
either directly through promoting the growth of cer-
tain tumor cells (predominately neural-derived) or
indirectly through interacting with lymphocytes
which monitor tumor growth or interacting with
neural opioid receptors which can then modulate the
immune response. Moreover, it has been predicted
that opioid peptides will serve as useful markers of
neuroendocrine differentiation of many tumors in-
cluding pheochromocytomas, specific carcinomas,
pituitary adenomas, carcinoid tumors and paragan-
gliomas (Bostwick et al., 1987).

3. Characterization of opioid narcotic-mediated
immunoregulation

3.1. Opioid narcotic immunomodulatory characteris-
tics

As reported above, in vitro and in vivo investiga-
tions show that opioid peptides augment NK and
CTL activity. Moreover, these effects are blocked by
opioid receptor antagonists (e.g., naltrexone) sug-
gesting such immunomodulatory characteristics are
mediated via opioid receptors. Unlike opioid peptide
action on NK and CTL activity, opioid narcotics
(e.g., morphine) are potently immunosuppressive
compounds when administered in vivo. The original
observations stemming from work investigating a
form of footshock stress (which was known to in-
duce opioid-elicited analgesia) was reported to sup-
press rodent splenic NK activity through a naltrex-
one-sensitive pathway (Shavit et al., 1984, 1986a).
Similarly, morphine (30-50 mg/kg, s.c.) adminis-
tered daily over 4 days was found to suppress splenic
NK activity in a dose-dependent and naltrexone-re-
versible fashion (Shavit et al., 1984; Shavit et al.,
1986a). Likewise, acute morphine (25 mg/kg, s.c.)
administration in rodents was found to suppress
splenic NK activity (Bayer et al., 1990). The acute
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peripheral (s.c.) administration of N-methylmorphine
(40.0 mg/kg, a dose which was found to inhibit
intestinal motility to the same degree as 30.0 mg/kg
morphine), a morphine analogue that does not pass
the blood—brain barrier, had no effect on splenic NK
activity (Shavit et al., 1986b). In this same study, it
was also shown that an acute dose of morphine
(10-40 ug) administered intracerabroventricularly
(i.c.v.) could significantly suppress splenic NK activ-
ity in a naltrexone reversible manner. Taken to-
gether, the results suggested that morphine acted
through opioid receptors found centrally (i.e., brain)
which subsequently modify, by indirect means, the
immune system. This concept was supported by
work showing the administration of morphine (6.6
nmol) into the periaqueductal gray matter but not the
dorsal hippocampus, medial thalamus, medial amyg-
dala, arcuate nucleus, or anterior hypothalamus led
to significant suppression in splenic NK activity
(Weber and Pert, 1989). Likewise, the administration
(i.c.v.) of [D-Ala?, N-Me-Phe*, Gly-ol’Jenkephalin
(DAGO, pu-selective peptide) but not [D-Pen**Jen-
kephalin (DPDPE, &-selective peptide) or (—)-
(1S,25)-U50,488 («x-selective agonist) suppressed
splenic NK activity indicating the role of brain u
opioid receptors in suppression of splenic NK activ-
ity (Band et al., 1992). The involvement of w but
not & or k opioid receptors in morphine — mediated
suppression of splenic NK activity in vivo was also
supported using the selective & (naltrindole), «
(norbinaltorphimine), and w ( B-funaltrexamine and
naloxonazine) antagonists at doses which block se-
lective opioid agonist-induced analgesia (Carr et al.,
1993).

Studies in human subjects have been restricted to
parenteral heroin abusers which show a dramatic
drop in NK activity (Novick et al., 1989). A pharma-
cologically controlled study using rhesus monkeys
exposed to morphine (3.2 mg/kg daily) over a three
year period supported the findings by Kreek’s lab.
Specifically, monkeys exposed to morphine daily
over three years showed a significant decrease (35~
40%) in PBMC NK activity that also correlated with
a substantial decrease (50%) in the percentage of
effector cells (defined as CD8*CD16") in the circu-
lation (Carr and France, 1993).

In the rodent model, daily exposure to morphine
(30-50 mg/kg) over 11-14 days has no effect on

splenic NK activity implying a tolerant state has
developed to the effects of morphine (Shavit et al.,
1986a; Carpenter et al., 1994). However, neither
study presented data showing the mice were tolerant
to morphine as determined measuring analgesia or
some other neural indices. Unlike the lack of an
effect following chronic morphine exposure on NK
activity, the daily administration of morphine (50.0
mg/kg daily over 11 days) has been shown to
suppress CTL activity in alloimmunized C3H/HeN
mice (Carpenter et al., 1994; Carpenter and Carr,
1995). Morphine (1075 — 107 '2 M) had no direct
effect on CTL activity when applied during in vitro
mixed lymphocyte cultures suggesting that morphine
modifies CTL activity by indirect means (Carr and
Carpenter, 1995). The subchronic administration of
morphine (50.0 mg/kg daily over 5 days) has been
shown to have no effect on splenic or peritoneal NK
or CTL activity in alloimmunized C3H/HeN mice
while the acute exposure to morphine (50 mg/kg
once 2 h prior to alloimmunization) has been shown
to suppress peritoneal CTL activity (Carr et al,
submitted). Consequently, the frequency of exposure
to morphine differentially affects CTL and NK activ-
ity in C3H /HeN mice.

The duration and frequency of exposure to opi-
oids may be important corollaries to consider when
assessing immunomodulation as well (Bryant et al.,
1988). Likewise. the sensitivity of the host or strain
of animal to morphine is another important consider-
ation when evaluating immune parameters. For ex-
ample, a previous study has shown different mouse
strains are susceptible to varying degrees to the
immunosuppressive effects of morphine on antibody
production (Bussiere et al., 1992). Similar findings
have been demonstrated measuring NK and CTL
activity. Specifically, whereas in alloimmunized
C3H/HeN mice subchronic exposure to morphine
(50 mg/kg daily over 5 days) has no effect on CTL
or NK activity, subchronic exposure to morphine (50
mg/kg) in alloimmunized ICR swiss significantly
suppressed splenic NK and CTL activity (Carr et al.,
manuscript in preparation). Recent studies have now
focused on pathways (at the systemic and cellular
levels) associated with immunosuppression follow-
ing morphine administration in the hopes of identify-

- ing those systems directly responsible as well as the

level (peripheral versus central) of involvement.
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3.2. Mechanisms of opioid alkaloid-induced immuno-
suppression

Opioid involvement in neurotransmitter release
has been documented following the intracisternal
administration of morphine (Van Loon et al., 1981;
Appel et al., 1986). In addition, opioids have also
been shown to influence the hypothalamic-pituitary
adrenal (HPA) axis (Morley, 1981). For example, in
rats opiates stimulate growth hormone, prolactin, and
adrenocorticotropin hormone release through
dopaminergic and/or serotonergic mechanisms.
Whereas opiate-mediated stimulation of prolactin re-
lease appears to be mediated by opioid receptors
outside of the blood—-brain barrier, growth hormone
stimulation is mediated by opioid receptors located
centrally (Simpkins et al, 1991). The effects of
opioids on the HPA axis are more discernable fol-
lowing acute administration since it has been shown
that subchronic to chronic administration (every 12 h
for 4 days) of the u- and &-selective opioid peptides
DAGO and DPDPE respectively, resulted in the

Fig. 1. We hypothesize that the immunomodulatory actions of
opioids in the central nervous system are mediated in part by the
hypothalamic-pituitary-adrenal axis and the sympathetic branch of
the autonomic ncrvous svstem. Either enkephalin producing
local-circuit neurons or endorphin producing projection neurons
may act via g or x opivid receptors to stimulate release of
corticotropin-releasing hormone (CRH). and a non-CRH. adreno-
corticotropin-stimulatory pathway (putatively vasopressin) from
hypothalamic neurons. The non-CRH neurons also respond to
excitatory inputs from noradrenergic neurons of the ventral
tegmental area via a, adrenoreceptors, and thus are a potential
site of a post-synaptic intcraction between adrenergic and opioi-
dergic mechanisms. Adrenocorticotropin released form the ante-
rior pituitary induces rclcase of the immunosuppressant steroid
corticosterone from the adrenal cortex. Neurons of the paraven-
tricular nucleus of the hypothalamus and the solitary tract nucleus
are stimulated by s opioid agonists (e.g., morphine), possibly via
inhibition of tonically inhibitory interneurons. Paraventricular nu-
cleus and solitary tract nucleus neurons in tum send excitatory
projections to preganglionic sympathetic neurons of the intermedi-
olateral cell column of the spinal cord (levels T1-L2). Cholinergic
intermediolateral neurons send excitatory efferents to bnth post-
ganglionic sympathetic neurons, which release norepinephrine at
stromal and parenchymal sites in spleen, lymph nodes, bone
marrow, and gut-associated lymphoid tissue, and adrenal medullary

neuroendocrine cells, which release epinephrine into circulation. -

Norepinephrine and epinephrine may suppress the immune system
by direct or indirect mechanisms at peripheral sites.

development of tolerance by the HPA axis as deter-
mined measuring plasma corticosterone (Gonzalvez
et al., 1991).

The HPA axis has also been implicated in im-
munosuppression of lymphocyte proliferation and
spleen and thymic hypoplasia following morphine
pellet implantation (Bryant et al., 1990; Bryant et al.,
1991; Sei et al., 1991a). More recently, corticos-
terone involvement in suppression of NK activity
following morphine exposure was reported (Freier
and Fuchs, 1994). However, corticosterone most
probably does not play a significant role in mor-
phine-induced suppression of alloantigen-generated
CTLs. Specifically, a recent report showed that only
when mice were exposed to corticosterone (16
mg/kg/day) 4 days prior to alloimmunization was
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any noticeable effect observed in CTL activity (De-
Krey and Kerkvliet, 1995). Collectively, the data
suggests that corticosterone is at least partially in-
volved in the suppression of splenic NK activity
following acute morphine exposure yet, may be less
involved in immunosuppression during chronic mor-
phine exposure.

Other studies suggest the involvement of adrener-
gic pathways in morphine-mediated suppression of
NK activity. Specifically, preadministration of mice
with a;- or B-adrenergic antagonists was found to
block morphine-induced suppression of splenic NK
activity in a dose-dependent fashion (Carr et al,
1993). In addition, acute morphine administration
has been shown to alter the expression of B-adren-
ergic receptors on both T and B splenic lymphocytes
(Baddley et al., 1993). Moreover. adrenergic in-
volvement in morphine-mediated suppression report-
edly occurs centrally (Carr et al., 1994a) and may
involve the release of corticotropin releasing hor-
mone (Buckingham and Cooper, 1984) which has
previously been shown to suppress splenic NK activ-
ity following lateral ventricle administration (Irwin
et al., 1990). Serotonin whose levels rise in the
spleen following acute morphine (50.0 mg/kg) ad-
ministration (Carr et al., 1994a) may also play a role
in the immunosuppression since recent results show
serotonin impairs NK activity (Garssadi et al.. 1993).
Whether adrenergic pathways are also involved in
morphine-mediated suppression of CTL activity has
not been determined. Pathways which are predicted
to be altered following morphine administration are
summarized in Fig. 1.

At the cellular level, morphine administration in
vivo has been shown to suppress conjugate forma-
tion between NK effector and target cells as well as
reduce the number of active killer cells (Carr et al.,
1994a). Contrary to the effects on NK cells, mor-
phine administration in vivo does not modify the
conjugate capacity of CD8* CTL eftector cells but
rather alters the cytolytic machinery including serine
esterase content and release as well as cAMP pro-
duction following antigen stimulation (Carpenter et
al., 1994). An increase in intracellular cAMP levels
have been shown to be associated with termination
of attack after the interaction of the effector cell with
its target (Valitutti et al., 1993). In addition, the
signal has been hypothesized to facilitate detachment
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from the target, initiate recycling, and preserve gran-

_ule content (Valitutti et al., 1993). Accordingly,

chronic morphine treatment resulting in an aberrant
cAMP response in the effector cell population as
well as a decrease in serine esterase content is
consistent with a reduction in cytolytic effector cell
function by CTLs. In addition, previous studies have
shown morphine administration in vivo suppresses
calcium mobilization (Sei et al., 1991b) and selective
cytokine (IL-6 and interferon-gamma) production
(Bussiere et al., 1993). Consequently, these molecules
which are central to the mechanics of CTL-directed
cytolysis and clonal expansion of effector cells may,
in part, explain the immunoregulatory properties of
morphine on CTL activity. In vitro. morphine has
been shown to suppress IL-2/IL-4 production at
high doses (IC5, =0.8 mM) (Jessop and Taplits,
1991) yet elevate transforming growth factor-g pro-
duction at significantly lower doses (0.001-10.0 nM)
(Chao et al., 1992). Whereas the effects of morphine
on IL-2 /IL-4 production were not sensitive to nalox-
one, morphine-mediated augmentation of transform-
ing growth factor-8 was antagonized by pretreat-
ment with naloxone. It has been hypothesized that
the augmentation in transforming growth factor-8
production by morphine may also contribute to the

. immunosuppressive characteristics of morphine on

cell-mediated immunity (Chao et al.. 1992).
Relative to NK cells, acute morphine administra-
tion has been shown to modestly reduce the expres-
sion of the 2B4 antigen on NK1.1% cells (Carr et al..
1994a). The 2B4 antigen has been predicted to be a
component of a signal-transducing complex that may
be important for initiating cytolysis of target cells
(Garni-Wagner et al., 1993). More recently, another
surface antigen, CD69 a member of the C-type lectin
family that is expressed by NK cells (Ziegler et al.,
1994), has been proposed to represent a surface
triggering molecule that stimulates the cytolytic ma-
chinery of NK cells through protein tyrosine kinases
and protein kinase C (Borrego et al., 1993). Re-
cently, a fentanyl-related compound. OHM3295 has
been shown to augment splenic NK activity through
a p-opioid receptor-sensitive pathway (Baker et al..
1995). NK1.1* effector cells from OHM3295-treated
mice display a significant increase in CD69 antigen
following incubation with target cells compared to
vehicle-treated mice (Baker et al., 1995). It is tempt-
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ing to speculate that the increase or decrease in NK
activity following acute administration of OHM3295
or morphine respectively may be related to the ex-
pression of CD69 and by inference, tyrosine kinase
and protein kinase C activity. However, the relation-
ship between morphine and CD69 expression on NK
cells has not been established nor has there been a
kinetics study on CD69 expression on NK cells
obtained from OHM3295-treated mice. Until such
studies are carried out, there is no clear indication
that opiates modify this triggering mechanism.

The chronic administration of opioid narcotics
could potentially alter the production and expression
of endogenous opioid peptides including the endor-
phins and enkephalins (Bhargava et al., 1989) which
are known to be produced and presumably stored by
cells of the immune system (Smith and Blalock,
1981; Lolait et al., 1984; Zurawski et al., 1986;
Rosen et al., 1989; Linner et al., 1991) in the range
of 5-20 pg/mg weight wet of tissue (Sacerdote et
al., 1991; Jessop et al., 1994) and are functional for
local antinociception (Stein et al., 1990) and possibly
NK activity (Carr et al., 1990). However, in a recent
study, the expression of the splenic lymphocyte pro-
opiomelanocortin transcripts (encodes endorphins)
was not found to correlate with chronic morphine
exposure (Carpenter et al., 1994). Moreover. the
absence of immunoreactive B-endorphin in the spleen
in either the vehicle- or chronic morphine-treated
mice suggests the endogenous opioid peptide does
not play a significant role in the immunomodulatory
effects of morphine within the microenvironment of
the spleen (Carpenter et al., 1994). Collectively, it
would seem that additional studies are warranted to
assess the potential relationship between lymphocyte
production of endogenous opioid peptides and opioid
narcotic exposure.

3.3. The relationship between opioid narcotics and
resistance to viruses and cancer

Morphine and fentanyl (oral or transdermal ad-
ministration) are prescribed narcotics used to treat
pain in a variety of patients including those with
cancer (Hanks et al., 1987; Portenoy et al., 1993;
Twycross, 1982). Similar to morphine, fentanyl has
also been shown to suppress NK cell activity (Beilin
et al., 1989). Since NK cells have been suggested to

be an important cell population in tumor surveillance §
(Heberman and Ortaldo, 1981), it is tempting to

speculate that opioid alkaloids (e.g., morphine and

fentanyl) would decrease the host resistance to tumor *
growth and development. To this end, it has recently -

been shown that morphine (10.0 mg/kg) enhances
the growth of a variety of tumor cell lines in vivo
(Ishikawa et al., 1993). However, other studies sug-
gest opioids (morphine, methadone, or bremazocine)
may act to reduce the growth of tumor (adenocar-
cinoma and squamous) cell lines in vivo (Reubi,
1985) or in vitro (Maneckjee and Minna, 1992).
Although these studies seem to contradict one an-
other, the site of administration of the opioid narcotic
(e.g., morphine) seems to play a significant role in
the outcome. Specifically, intrathecal administration
has been found to have deleterious effects on the
host immune system or promoting tumor burden
while oral or subcutaneous routes have been found to
have beneficial effects (Provinciali et al.. 1991; Yea-
ger and Colacchio, 1991). Moreover, the dose of
drug may also play a role since a recent finding
shows low (10.0 mg/kg, s.c.) and high (100.0
mg/kg, s.c.) doses of morphine have no deleterious
effects on NK activity (for example) while interme-
diate doses (25.0-56.0 mg/kg, s.c.) are immunosup-
pressive (Carr et al., 1994b). Collectively, the data
suggest a relationship exists between opioid nar-
cotics and tumor development and growth. However.
serious consideration in addressing the types (8, «.
or w) of opioid receptors (Pasternak, 1993) poten-
tially involved in association with the immune re-
sponse (specifically cell-mediated immunity) as it
relates to tumor growth have not been undertaken.
Studies that show the analgesic qualities of mor-
phine contribute to the control of tumor metastasis
following surgery (Page et al., 1994) seem to rein-
force the efficacious qualities of narcotic opioids in
alleviating tumor burden in experimental animals
and man. Consequently, it would seem that opioids
which induce an analgesic state without eliciting
immunosuppression may have the most promising
attributes for cancer patients. Recently, one study
using mice has shown that a fentanyl-related com-
pound OHM3295 induces analgesia comparable to
morphine in a naltrexone-reversible manner but un-
like morphine or fentanyl, OHM3295 enhanced
splenic NK activity (Carr et al., 1994c). Currently,
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this compound- and other fentanyl derivatives are
under evaluation for their potential efficacious ef-
fects in tumor burden mice.

A relationship between parenteral drug abuse and
the incidence of viral infections has been known for
some time (Dismukes et al., 1968). Experimental
animal models have also demonstrated that exposure
to morphine exacerbates viral infections (Lorenzo et
al., 1987, Starec et al., 1991; Carpenter et al., 1994)
or in certain instances, elicits protective effects
(Veyries et al., 1995). The most provocative findings
to date are the reports that show morphine or heroin
promote the growth of human immunodeficiency
virus type 1 (HIV-1) in PBMCs (Peterson et al.,
1990; Adler et al., 1993) and promonocyte /brain
cell cocultures (Peterson et al., 1994). Moreover, in
microglial /promonocytic cell cocultures, tumor
necrosis factor-a has been shown to promote HIV-1
expression following morphine treatment (Chao et
al., 1994). Similar results have been reported using
simian immunodeficiency virus (SIV) and morphine
(Chuang et al.. 1993). Although the exact mecha-
nism(s) for the promotion of HIV /SIV replication in
morphine-treated cells is unknown. a recent study
suggests chronic morphine exposure in vivo in-
creases NF« B levels in PBMCs following activation
(Carr et al.. 1995). Since NFx B binds to the 11-base
pair tandem repeat in HIV-long terminal repeat
(Nabel and Baltimore, 1987), it seems likely that
changes in the levels of transcriptional regulatory
elements that promote viral replication as well as act
as transcriptional enhancers of genes of immunologi-
cal relevance may in part explain the results showing
narcotic opioids increase HIV /SIV replication. Rela-
tive to monkey studies, chronic morphine exposure
(3 years) has been shown to increase the percentage
of CD4*CD29" PBMCs (Carr and France, 1993)
which may act as reservoirs for SIV (Murphy-Corb
et al., 1989). Given the potential that morphine and
heroin are cofactors in HIV-1 disease progression
through their immunosuppressive and viral promo-
tion properties, it would be advantageous to identify
compounds which may be clinically relevant for
Opiate drug abusers. A previous study showing
methadone maintenance restored the immunosup-
Pressive profile of heroin abusers (Novick et al.,
1989) has led one group to speculate methadone as a
Major preventive strategy for the spread of HIV-1 in
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opiate drug abusers (McLachlan et al., 1993). In-
deed, pharmacokinetics studies suggests methadone
has no detrimental effects on selective parameters
within the immune system in mice (Pacifici et al.,
1994). Accordingly, the development of unique opi-
oid compounds either peptides (Dooley et al., 1994)
or alkaloid derivatives (Bagley et al., 1989; Zimmer-
man and Leander, 1990) with novel pharmacody-
namics has provided a source by which pharmacolo-
gists and immunologists can initiate studies in order
to identify those reagents that might hold promise in
the clinical theater of applied science as it relates to
AIDS and cancer.
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Primary cultures of trigeminal ganglion (TG) cells from herpes simplex virus type 1 (HSV-1) latently
infected mice were used to study reactivation. Expression of HSV-1 latency-associated transcripts was noted in
TG cell cultures. Infectious virus appeared in 75% of culture supernatants within 120 h after heat stress.
Likewise, HSV-1 lytic-phase mRNA and proteins were detectable 24 h after heat stress. HSV-1 antigen first
appeared in neurons after heat stress, indicating the neurons were the source of reactivation. The effect of heat
stress duration on reactivation was determined. Reactivation occurred in 0, 40, or 67% of cultures after a 1-,
2-, or 3-h heat stress, respectively. However, 72-kDa heat shock protein expression was induced regardless of
heat stress duration. Thus, reactivation was not a direct result of inducing the heat shock response. The
capacities of several drugs to induce reactivation were also evaluated. While neither epinephrine, forskolin, nor
a membrane-permeable cyclic AMP analog induced reactivation, dexamethasone did so in a dose-dependent
manner. Furthermore, dexamethasone pretreatment enhanced the kinetics of heat stress-induced reactivation
from TG cells. Collectively, the results indicate that TG cell cultures mimic important aspects of in vivo latency
and reactivation. Therefore, this model may be useful for studying signalling pathways that lead to HSV-1

reactivation.

Despite two decades of research since sensory neurons were
identified as the site of latent herpes simplex virus type 1
(HSV-1) infection (6), little is known about the mechanisms by
which stress induces reactivation. While our knowledge of the
HSV-1 genome and its gene products has increased tremen-
dously, no new clinical treatments have been developed to
block reactivation. Stressors such as epinephrine iontophoresis
(19), cyclophosphamide and dexamethasone (Dex) administra-
tion (7), UV irradiation (20), and transient hyperthermia (35)
induce reactivation in animal models. In no model, however,
are the events that occur between stress and production of
infectious HSV-1 known. Therefore, many unresolved ques-
tions remain. What are the reactivation-inducing signals that
impinge upon latently infected neurons? Through what recep-
tors are those signals recognized and transduced across the cell
membrane? What intracellular effectors carry these signals to
the nucleus? What changes in HSV-1 gene regulation consti-
tute the event referred to as reactivation? Understanding these
molecular mechanisms would greatly facilitate the rational de-
velopment of reactivation-blocking drugs. Because such ques-
tions are difficult to address in vivo, an in vitro model which
mimics the in vivo situation would provide an important tool
for studying mechanisms of reactivation.

Culture systems in which HSV-1 reactivation occurs have
been described, but most are poor models of in vivo latency
and reactivation. For example, coculture of trigeminal gan-
glion (TG) explants with HSV-1 permissive cells is a useful
assay for verifying latent infection (43) but is of limited value as
a reactivation model because reactivation is induced regardless
of treatment. Neonatal sensory neuron cultures are a good
model for studying reactivation because HSV-1 latency is
maintained until administration of a stressor (41, 48). How-
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ever, this model differs substantially from adult ganglionic neu-
rons in vivo. All of the cells in the neonatal cell cultures are
neurons, and depending on the multiplicity of infection, up to
100% of these neurons can be latently infected. In contrast, 5
to 10% of cells in the ganglion are neurons, and only 5 to 10%
of those become latently infected following HSV-1 ocular in-
fection (14).

Moriya et al. (26) described a culture system which is po-
tentially useful as an in vitro model of stress-induced reactiva-
tion. In the presence of an antiviral drug, primary cell cultures
were established from latently infected mouse TGs. Latency
was maintained following removal of the antiviral drug, and
the investigators found that HSV-1 could be reactivated from
TG cells by heat stress. Because critical points (e.g., demon-
stration that cytopathic effects were due to HSV-1) were not
addressed in this study, the results were suggestive but not
compelling.

In the present study, we confirm the results of Moriya et al.
(26) and demonstrate that TG cell cultures mimic important
aspects of in vivo latency and reactivation. Evidence is pro-
vided that (i) neurons remain viable in TG cell cultures, (ii)
latency-associated transcription continues in culture, (iii)
HSV-1 mRNA, protein, and virion synthesis are efficiently
reactivated following heat stress, and (iv) latently infected neu-
rons are the source from which HSV-1 reactivation occurs.

The capacities of cyclic AMP (cCAMP), epinephrine, and Dex
to induce HSV-1 reactivation from TG cell cultures were also
studied. These compounds were chosen, in particular, because
of their reactivation-inducing capacity in other herpesvirus
models (19, 32, 41) and because of their relationship to the in
vivo stress response. While epinephrine and cAMP had no
effect on TG cells, Dex induced HSV-1 reactivation in a dose-
dependent manner. Furthermore, Dex enhanced the kinetics
of heat stress-induced reactivation. The results suggest a cen-
tral role for glucocorticoid hormones in vivo in stress-induced
HSV reactivation.

(This work was presented at the 3rd Annual Bristol-Myers
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TABLE 1. Oligonucleotide primers used in this study

Primer Location Sequence Refer-
in HSV-1 ence

G3PDH-a GAATCTACTGGCGTCTTCACC 18
G3PDH-b GTCATGAGCCCTTCCACGATGC
ICPO-3' «120987 TTCGACCAGGGCACCCTAGT
LAT-a 120702—  GACAGCAAAAATCCCCTGAG 22
LAT-b 120896 ACGAGGGAAAACAATAAGGG
ICP27-a 114922— TTTCTCCAGTGCTAGCTGAAGG 2
ICP27-b <115204 TCAACTCGCAGACACGACTCG
RR-a 88517— ATGCCAGACCTGTTTTTCAA 15
RR-b 88759 GTCTTTGAACATGACGAAGG
TK-a 46622— ATACCGACGATCTGCGACCT 22
TK-b 46731 TTATTGCCGTCATAGCGCGG

Squibb Symposium on Infectious Disease, New York, N.Y,,
December 7 and 8§, 1995.)

MATERIALS AND METHODS

Animals and cells. Female 25- to 34-g ICR mice (Harlan-Sprague Dawley,
Indianapolis, Ind.) were used in these experiments. The CV-1 African green
monkey kidney cell line was obtained from the American Type Culture Collec-
tion (Rockville, Md.).

Infection of mice. Bilateral ocular infection of ICR mice (Harlan-Sprague
Dawley) was performed as follows. Corneas were scarified with a 25-g needle,
and tear film was blotted from the eyes with tissue. Mice were infected by placing
3 pl of medium containing 10° PFU of HSV-1 (McKrae strain) per ml on each
eye. At the time of infection, mice were passively immunized with 0.1 ml of rabbit
antiserum to HSV-1 by intraperitoneal injection to enhance survival. To verify
primary infection, mouse eyes were swabbed 2 days postinoculation, and swabs
were transferred to CV-1 monolayer cultures, which were observed for HSV-1-
induced cytopathic effects.

Establishment of TG cell cultures. TG cell cultures were prepared according
to a modified version of the protocol described by Moriya et al. (26). TG cells
were cultured in minimum essential medium containing 10% fetal bovine serum
(Gibco BRL, Gaithersburg, Md.), antibiotic-antimycotic solution (Sigma Chem-
ical Co., St. Louis, Mo.), and 10 ng of nerve growth factor 2.5s (Collaborative
Biomedical Products, Bedford, Mass.) per ml (TG medium). TGs were asepti-
cally removed from latently infected mice (greater than 28 days postinoculation)
and placed in TG medium on ice. TGs were pooled in 1.5 ml of calcium- and
magnesium-free Hank’s balanced saline solution containing collagenase type XI
(1 mg/ml; Sigma) and collagenase type IV (1 mg/ml; Sigma) and incubated at
37°C for 75 to 90 min. To facilitate dissociation, ganglia were triturated every 25
min with a 1-ml serological pipette.

Next, 8.5 ml of TG medium was added to the dissociated cells, which were then
pelleted by centrifugation (4°C, 5 min, 200 X g), and the collagenase-containing
supernatant was discarded. The cells were rinsed twice more with TG medium
and resuspended in 50 m! of TG medium containing 5 pg/ml of (E)-5-(2-
bromovinyl)-2'-deoxyuridine (BVDU; Sigma) per ml. The cells were distributed
into two 24-well culture plates (1 ml of cell suspension per well) which had been
thin coated with rat tail collagen type I (50 pg/ml; Collaborative Biomedical
Products) and recombinant mouse laminin (2.5 pg/ml; Collaborative Biomedical
Products) according to the vendor’s directions. To promote cell adherence,
culture plates were centrifuged for 3 min at 200 X g

Cultures were incubated in a 37°C tissue culture incubator (5% CO,, 95%
humidity). Two days after culture establishment, 0.5 ml of TG medium was
added to each culture well. Five days after culture establishment, BVDU was
removed by replacing the culture medium. Cultures were incubated for 14 to 16
days before initiation of reactivation experiments. Culture medium was partially
replaced every 5 to 7 days.

Heat stress and drug treatments. TG cells were heat stressed by placing
culture plates in a 43°C tissue culture incubator (5% CO,, 95% humidity) for 3 h.

In drug experiments, cultures were incubated with either forskolin for 1 h,
chlorophenylthio (CPT)-cAMP for 1.5 h, epinephrine for 1.5 h, or Dex for the
duration of the experiment. Five days after drug treatment, cultures were heat
stressed to verify the presence of latent HSV-1.

The effect of forskolin on intracellular cAMP concentrations was determined
30 min after addition of forskolin to TG cells, using a CAMP enzyme-linked
immunosorbent assay (PerSeptive Diagnostics, Cambridge, Mass.).

Monitoring of TG cultures for HSV-1 reactivation. Infectious HSV-1 was
detected in cultures by transferring 100 wl of culture medium to CV-1 cell
monolayers in 96-well plates and monitoring CV-1 cells for the appearance of
cytopathic effect. Each TG culture well was sampled for infectious virus at 4, 8,
and 12 days after plating and immediately before administration of a potential
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reactivation-inducing stimulus. Thereafter, wells were sampled every 24 h for 5
days to record the appearance of infectious virus.

Reverse transcription-PCR (RT-PCR). Total RNA was extracted directly from
culture wells with Ultraspec RNA isolation reagent (Biotecx Inc., Houston, Tex.)
according to the manufacturer’s instructions. First-strand cDNA synthesis was
performed on equivalent amounts of RNA from each sample, using an oli-
g0(dT),s primer and avian myeloblastosis virus reverse transcriptase (Promega
Corp., Madison, Wis.). Because the major species of latency-associated tran-
scripts (LAT) is not polyadenylated (10), reverse transcription of LAT was
achieved by using a LAT-specific primer, ICP0-3". PCR was performed on
equivalent amounts of cDNA; each reaction mixture contained 1X Taq buffer,
0.25 uM each PCR primer, 100 pM each deoxynucleoside triphosphate, and 2.5
U of Tagq polymerase (Promega), and each reaction was performed in an MJ
Research (Watertown, Mass.) thermal cycler with 35 cycles of 94°C (1 min 15 s)
— 57°C (1 min 15 s) — 72°C (30 s). Oligonucleotide primers were obtained from
LSU Medical Center Core Laboratories (New Orleans, La.) and are listed in
Table 1. Densitometry of ethidium bromide-stained agarose gels was performed
with an EagleEye II still video system (Stratagene, La Jolla, Calif.).

Immunocytochemical staining. Cell cultures were fixed with 10% formalin and
treated for 10 min with 0.1 N sodium azide containing 0.3% H,O, to inactivate
endogenous peroxidases. HSV-1 antigen was identified by using a rabbit anti-
HSV-1-horseradish peroxidase conjugate (DAKO Corporation, Carpinteria, Ca-
lif.). Neurons were labeled with rabbit anti-neuron-specific enolase (Zymed
Laboratories Inc., San Francisco, Calif.), and the primary antibody was detected
with a Vectastain ABC kit (Vector Laboratories Inc., Burlingame, Calif.). An-
tibody labeling was visualized with the substrate aminoethylcarbazole (Vector
Laboratories).

Western blot (immunoblot) analysis. Following lysis of cultured cells in non-
denaturing gel loading buffer, debris was pelleted by centrifugation. Aliquots of
clarified supernatant were loaded on sodium dodecyl sulfate-7.5% polyacryl-
amide minigels. Separated proteins were electroblotted onto nitrocellulose
(Bioblot NC; Corning Costar, Cambridge, Mass.) and fixed in methanol-Tris
buffer. A mouse anti-72/73-kDa heat shock protein monoclonal antibody (Stress-
gen Biotechnologies Corp., Victoria, British Columbia, Canada) was used to
detect 72-kDa heat shock protein HSP-72, which was visualized with the Western
Light chemiluminescence detection system (Tropix Inc., Bedford, Mass.).

RESULTS

Neurons in TG cell cultures. Nerve fibers are the conduit by
which HSV-1 enters the ganglion during acute infection, and
neurons are the only known reservoir of viral DNA during
latency (24, 30, 45). Therefore, we sought to verify that neu-
rons survive ganglion dissociation and remain viable in TG cell
cultures. Neurons were identified by light microscopy (Fig. 1A)
on the basis of their large size and distinct nucleus. Immuno-
cytochemical staining for neuron-specific enolase showed that
these cells were in fact neurons (Fig. 1B). The number of
neuron-specific enolase-positive cells per culture well was de-
termined to be 410 = 48 (mean * standard deviation; n = 5
wells). Because each well received 0.4 ganglion equivalent of
cells, approximately 1,000 neurons per ganglion survived dis-
sociation and became adherent in culture.

Latency-associated transcription. During latent infection of
the TG in vivo, HSV-1 LATs are detected exclusively in la-
tently infected neurons by in situ hybridization (42, 44). Be-
cause TGs were taken from latently infected mice (greater
than 28 days postinoculation), RT-PCR analysis was per-
formed to determine if LAT expression persisted in TG cells
following dissociation. LATs were detected in 10 of 10 cultures
14 days after establishment (Fig. 2). Presumably, latently in-
fected neurons which survived dissociation are the source of
LAT expression in TG cell cultures. However, in situ hybrid-
ization will be required to formally address this point.

Effect of BVDU in establishment of TG cell cultures. TG
cells were initially cultured in the presence of an antiviral drug,
BVDU (9), to prevent reactivation following ganglion dissoci-
ation. Contrary to previous results (26), reactivation did not
always occur from TG cells established in the absence of an-
tiviral drug. Reactivation occurred in 57% (16 of 28) of cul-
tures established in the absence of BVDU. The lack of reac-
tivation from the other TG cells was not due to an absence of




FIG. 1. Neurons in TG cell cultures. (A) Phase-contrast appearance of a neuron in culture (indicated by arrow) (magnification, X40). Note regenerated neurite
extending from left side of neuron. (B) Immunocytochemical staining reveals the presence of neuron-specific enolase (indicated by arrow) (magnification, X20).
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FIG. 2. Agarose gel analysis of LAT RT-PCR products (195 bp) amplified
from cell cultures 1 to 10 (lanes 1 to 10). Each RNA sample was derived from the
cells in a single culture well. No template (—) and HSV-1 DNA (+) served as
negative and positive controls, respectively, in the PCR assay. $X174/Haelll
markers are shown on the far left.

latent HSV-1; reactivation later occurred from 10 of the 12
remaining cultures following heat stress.

To determine the drug concentration which would consis-
tently prevent HSV-1 reactivation, cultures were established in
medium containing half-log dilutions of BVDU ranging from
0.5 to 50 pg/ml. Reactivation did not occur in cultures con-
taining 1.6 pg or more of BVDU per ml (n = 4 per group).

RT-PCR analysis of HSV-1 gene expression was performed
to verify the efficacy of 5 pg of BVDU per ml in preventing
HSV-1 reactivation during culture establishment. Infected cell
polypeptide 27 (ICP27) mRNA was present 24 h after culture
establishment but was not detectable by 120 h (Fig. 3A).
Therefore, HSV-1 immediate-early gene expression is only
transiently upregulated in BVDU-treated cultures. In contrast,
expression of HSV-1 ICP27 mRNA increased steadily after
culture establishment in the absence of BVDU (Fig. 3A).
While LAT expression was detected at all times in BVDU-
treated cultures, LAT expression was downregulated in 3 of 4
untreated cultures during the 24- to 48-h time period when
reactivation was first occurring (Fig. 3A). PCR of TG cell
culture DNA verified that 5 ng of BVDU per ml! effectively
prevents HSV-1 DNA replication following culture establish-

No BVDU
. 48h . 120h Hzo +

~~ G3PDH

+BVDU

24h . 48h . 120h 24h

» ICP27

~BVDU No BYDU
48h . 120h  48h . 120h H2C +

=~ G3PDH

CUN GUR Saon G| GBS Tl S S|

- oo s o we HSV-1 DNA

FIG. 3. BVDU treatment prevents HSV-1 reactivation. (A) Effect of BVDU
on HSV-1 immediate-early gene expression, determined by RT-PCR analysis of
RNA from duplicate samples of TG cells taken 0, 24, 48, and 120 h after
establishment of TG cell cultures. The cells were all derived from the same pool
of dissociated TGs. + BVDU, cultures that were BVDU treated; No BVDU,
cultures that were untreated. RT-PCR was used to detect G3PDH, LAT, and
ICP27 mRNAs. Each RNA sample was derived from the pooled cells of three
culture wells. (B) Effect of BVDU on HSV-1 DNA replication. PCR was per-
formed on equivalent amounts of DNA from TG cell cultures 48 and 120 h after
culture establishment to detect the cellular G3PDH gene and HSV-1 DNA.
HSV-1 ribonucleotide reductase primers were used to detect HSV-1 DNA. Each
DNA sample was derived from the pooled cells of three culture wells. No
template (H20) and HSV-1 DNA (+) served as negative and positive controls,
respectively, in each PCR assay.
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FIG. 4. Kinetics of heat stress-induced HSV-1 reactivation. Heat stress was
administered 15 days after culture establishment. Reactivation is defined as the
appearance of infectious virus in culture supernatants. Datum points represent
the mean frequencies of reactivation (+ standard errors of the means) observed
in 11 experiments.

ment. Whereas amplification of HSV-1 DNA in untreated
cultures was evident by 48 and 120 h after culture establish-
ment, HSV-1 DNA levels remained constant in BYDU-treated
cultures (Fig. 3B).

Heat stress-induced HSV-1 reactivation. Reactivation did
not occur in any cultures following removal of BVDU from
cells (5 days after culture establishment). However, heat stress
rapidly induced HSV-1 reactivation (Fig. 4) from 74.7% =
3.5% of TG cell cultures (n = 257 wells). This finding is
consistent with the results of Moriya et al. (26). Of the cultures
which eventually reactivated, HSV-1 was detectable in 88% of
culture supernatants within 72 h after heat stress. In contrast,
reactivation occurred from 0% of nonstressed controls (n =
52) over a 20-day culture period.

Heat stress induction of HSV-1 gene expression. In most
experiments, reactivation was defined as the appearance of
infectious virus in culture supernatants which caused cyto-
pathic effect when virus was transferred to CV-1 cell monolay-
ers. To confirm that heat stress triggered HSV-1 reactivation
from TG cells, heat stress induction of ICP27 mRNA expres-
sion was verified by RT-PCR (Fig. 5). While ICP27 mRNA was
not detectable before or 12 h after the initiation of heat stress,
ICP27 mRNA was evident in TG cell cultures by 24 and 48 h
after heat stress. In contrast, glyceraldehyde-3-phosphodehy-
drogenase (G3PDH) mRNA was uniformly present in all RNA
samples. After normalization for G3PDH, densitometry indi-
cated that the amount of ICP27 PCR product amplified from
TG cell RNA samples increased 18-fold between 24 and 48 h
after heat stress.

Immunocytochemical staining was used to determine the
kinetics of HSV-1 protein induction following heat stress. Cul-
tured cells did not express detectable HSV-1 protein prior to

Oh 12h 24h 48 h -+
*= G3PDH
we  JCP27
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FIG. 5. Kinetics of ICP27 mRNA induction following heat stress. RT-PCR
was used to detect G3PDH and HSV-1 ICP27 mRNAs in duplicate samples of
TG cells prior to heat stress (0 h) and at 12, 24, and 48 h after initiation of heat
stress. No template (—) and HSV-1 DNA (+) served as negative and positive
controls, respectively, in each PCR assay. The samples shown are a subset of
VEH PCR samples shown in Fig. 10.




VoL. 70, 1996

heat stress. However, HSV-1 proteins were detected in TG cell
cultures 22, 48, and 72 h after heat stress (Fig. 6A to C).
1HSV-1 antigen expression was limited to large, neuron-like
cells 22 h after heat stress (Fig. 6D). Large foci of HSV-1 anti-
gen-positive cells were seen 48 and 72 h after heat stress. On the
basis of the discrete, circular pattern of staining, each HSV-1
antigen-positive cell cluster appeared to be the result of focal
spread from a single reactivation event. The average numbers
of reactivation events detected per culture well were 0.5 (z =
8 wells), 1.5 (n = 4 wells), and 1.75 (n = 4 wells) at 22, 48, and
72 h after heat stress, respectively. Therefore, it appears that
only a fraction of neurons in which reactivation occurred con-
tained detectable HSV-1 protein by 22 h after heat stress.

Effect of heat stress duration on HSV-1 reactivation, The
effect of heat stress duration on TG cell cultures was studied to
better characterize the mechanism by which heat stress induces
HSV-1 reactivation. TG cells were heat stressed for 1, 2, and
3 h at 43°C and observed for HSV-1 reactivation (Fig. 7, 1st
heat stress). Consistent with other experiments, HSV-1 reac-
tivated from 67% (8 of 12) of TG cell cultures heat stressed for
3 h. However, 2 h of heat stress induced reactivation from only
40% of cultures (n = 28), and 0% of cultures (n = 28) reac-
tivated following 1 h at 43°C. To verify the presence of reac-
tivateable virus, the cultures previously treated for 1, 2, or 3 h
were heat stressed a second time for 3 h (Fig. 7, 2nd heat
stress). After a 3-h heat stress, HSV-1 reactivated from 61% of
cultures previously heat stressed for 1 h. Likewise, the fre-
quency of reactivation increased from 40 to 61% in those
cultures previously heat stressed for 2 h. Interestingly, the
frequency of reactivation increased from 67 to 92% in cultures
that had been heat stressed for 3 h the first time. Twelve TG
cell cultures that were not heat treated did not reactivate over
the 25-day course of this experiment.

The results of others suggest that HSV-1 reactivation may be
triggered by induction of the cellular heat shock response (26,
35). Expression of HSP-72 (often used as a marker of heat
shock) was rapidly induced in TG cells following transfer to a
43°C incubator. While HSP-72 was not detected before or 1 h
after transfer to 43°C, HSP-72 expression was evident 2and 3 h
after initiation of heat stress (Fig. 8A).

To account for the observed lack of reactivation after 1 h of
heat stress, we thought that perhaps 1 h in a 43°C incubator
was insufficient to induce a heat shock response. Therefore, the
effect of heat stress duration on HSP-72 induction was deter-
mined as follows. Cultures were simultaneously placed at 43°C.
One culture was returned to 37°C after 1 h, one culture was
returned to 37°C after 2 h, and the other culture remained at
43°C for the entire 3 h. Protein samples were harvested from
all cultures 3 h after initiation of heat stress, and levels of
HSP-72 expression were compared by Western blot analysis.
HSP-72 expression was induced to high levels in TG cells
regardless of heat stress duration (Fig. 8B). Therefore, HSV-1
reactivation in TG cells is not a direct result of triggering a heat
shock response.

Analysis of potential reactivation-inducing drugs. It has
been reported that LAT facilitates reactivation (16), and
cAMP has been proposed to contribute to reactivation by
upregulating LAT transcription (21, 29). Smith et al. (41)
found that either 500 pM CPT-cAMP or 50 uM forskolin (i.e.,
an activator of adenylyl cyclase) induced reactivation from
neonatal neuron cultures. Likewise, epinephrine and glucocor-
ticoids (e.g., Dex) have been used in animal models to induce
reactivation of latent herpesvirus (19, 32, 46). Therefore, the
reactivation-inducing potentials of cAMP, epinephrine, and
Dex were studied in TG cell cultures to compare this system
with other reactivation models.
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While 0.5 uM forskolin did not elevate cCAMP above basal
levels (1.4 = 1.7 pmol of cAMP per mg of protein [mean *
standard deviation]), CAMP levels were nearly 10-fold higher
in TG cells 30 min after treatment with 50 uM forskolin (12 =
2.6 pmol of cAMP per mg of protein; mean * standard devi-
ation). However, neither 50 pM forskolin nor 500 pM CPT-
cAMP induced reactivation in TG cell cultures (Fig. 9). Epi-
nephrine also had no effect in TG cell cultures. However, Dex
induced reactivation in TG cells in a dose-dependent manner
(Fig. 9). Following the 5-day period allowed for drug-induced
reactivation, cultures were heat stressed to verify the presence
of latent virus. Heat stress confirmed that in each treatment
group, the majority of TG cell cultures contained reactivatable
HSV-1 (i.e., 60 to 90% of cultures reactivated within 5 days
after heat stress). As a control, some of the drug-treated cul-
tures were not secondarily heat stressed; reactivation did not
occur in these cultures.

Following heat stress, HSV-1 was detectable in culture su-
pernatants of Dex-pretreated cells earlier than untreated con-
trols. Likewise, comparison with results of previous experi-
ments indicated that HSV-1 appeared significantly earlier in
Dex-pretreated cultures (Table 2). Because of the known role
of the glucocorticoid receptor as a transcriptional regulator
(13, 31, 36), we postulated that Dex facilitated the induction of
HSV-1 lytic-phase mRNA transcription following heat stress.

RT-PCR analysis of Dex- and vehicle-treated TG cells sub-
stantiated this hypothesis (Fig. 10). While viral mRNA was
barely detectable in one of two vehicle-treated cultures 12 h
after heat stress, viral transcripts for ICP27, thymidine kinase
(TK), and ribonucleotide reductase (RR) were evident in two
of two Dex-pretreated cultures 12 h after heat stress. Further-
more, detection of ICP27, TK, and RR mRNAs indicated that
reactivation occurred in one of two DEX pretreated cultures
that was not heat stressed. Because Dex was added just 15 h
prior to extraction of RNA, the brief interval between stimulus
and response suggests that Dex acted directly through neuro-
nal glucocorticoid receptors to induce reactivation.

Despite the presence of ICP27, TK, and RR mRNAs, LAT
was not detected in the Dex-treated culture that reactivated
without being heat stressed. Interestingly, LAT was also not
detected in vehicle-treated cultures 24 h after heat stress, de-
spite the presence of lytic phase transcripts. On the basis of
previous immunocytochemical staining experiments, RT-PCR
was presumably detecting viral transcription in just one or two
reactivation-positive cells. Therefore, the absence of LAT in
these samples suggests a coordinated downregulation of LAT
transcription during reactivation. Such an event has been pro-
posed by Rock et al. (32) and could be mediated by ICP4, given
the capacity of this HSV-1 regulatory protein to repress LAT
transcription (1).

DISCUSSION

Establishment of TG cell cultures. The explantation of TG
cells provides a reactivation-inducing stimulus to latently in-
fected neurons during culture establishment. This is demon-
strated by the upregulation of ICP27 mRNA expression in
BVDU-treated and untreated cultures 24 to 48 h after culture
establishment. Because the TG cells are plated as a single-cell
suspension, however, the antiviral drug is effective immedi-
ately. Therefore, despite the induction of immediate-early
gene expression, BVDU blocks HSV-1 DNA replication and
prevents infectious virus production during culture establish-
ment. The absence of ICP27 mRNA in BVDU-treated cells by
120 h after culture establishment indicates that the reactiva-
tion-inducing stimulus associated with explantation is tran-
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A

FIG. 6. Kinetics of HSV-1 protein induction following heat stress. TG cell cultures stained for HSV-1 antigen 22 h (A), 48 h (B), and 72 h (C) after initiation of
heat stress (magnification, X 10). (D) A neuron stained for HSV-1 antigen 22 h after heat stress (magnification, X40). All HSV-1 antigen-positive cells identified at this
time point had a large nucleus and a prominent nucleolus, characteristic of neurons.
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FIG. 6—Continued.
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FIG. 7. Effect of heat stress duration on HSV-1 reactivation. Shown are
percent reactivation following a 1-h (@), 2-h (A), or 3-h (O) heat stress admin-
istered after 15 days in culture and percent reactivation following a second 3-h
heat stress after 20 days in culture.

sient. Consistent with this hypothesis, throughout these studies
reactivation was not observed following BVDU removal from
TG cell cultures.

Reactivation from TG cells. In animal models, HSV-1
mRNA and antigen production in the ganglion is transient
during stress-induced reactivation (2, 35). In light of evidence
that T lymphocytes and cytokine expression persist in the TG
after latency is established (4, 11, 40), the brevity of HSV-1
reactivation in vivo presumably reflects an efficient host im-
mune response. In contrast, induction of reactivation in TG
cell cultures is irreversible because lytic replication continues
until all cells are destroyed.

Although HSV-1 remained largely undetected in culture
medium until 48 h after heat stress, replication had initiated in
neurons by 24 h after heat stress. The frequency of detecting
HSV-1 in culture supernatants increased from 3 to 40% be-
tween 24 and 48 h after heat stress. HSV-1 antigen expression
was restricted to neurons 22 h after heat stress but spread to
plaque-like clusters of 50 to 500 cells by 48 h after heat stress.
Likewise, RT-PCR indicated that the amount of ICP27 mRNA
in TG cells increased substantially between 24 and 48 h after
heat stress. Therefore, HSV-1 was not usually detected in
culture medium until released from secondarily infected cells.

None of the treatments were 100% effective in inducing
reactivation. In testing the effects of heat stress duration, 8 of
12 cultures reactivated after a first 3-h heat stress interval, but
3 of the remaining 4 cultures reactivated after a second 3-h
heat stress. Likewise, while reactivation occurred in 16 of 28
cultures established in the absence of BVDU, 10 of the re-
maining 12 cultures reactivated following a secondary heat
stress. Combined with the detection of LATSs in 10 of 10 cul-
tures, the results suggest that when cells are stressed, reacti-
vation is initiated in only a fraction of latently infected neu-
rons.

Mechanisms of HSV-1 reactivation. (i) Heat stress. While

FIG. 8. Heat shock protein induction. (A) Kinetics of HSP-72 induction in
TG cells 1, 2, and 3 h after transfer to a 43°C incubator (20 ug of protein per
lane). (B) Effect of heat stress duration (1, 2, or 3 h) on heat shock protein
induction by 3 h after transfer to 43°C incubator (35 pg of protein per lane).
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FIG. 9. Effects of drugs on reactivation. Frequency of drug-induced reacti-
vation (= standard error of the mean) in TG cells treated with forskolin (FOR),
CPT-cAMP, epinephrine (EPI), and Dex. Cultures were treated with drugs after
15 days in culture and observed for 120 h for reactivation.

HSP-72 expression was strongly induced in TG cells by 1 h of
heat stress, reactivation occurred in 0 of 28 TG cell cultures
incubated at 43°C for 1 h. Therefore, reactivation of HSV-1
gene expression is not a direct consequence of activating the
signalling pathways which upregulate HSP-72 expression.
However, heat stress induces HSP-72 expression more readily
in glial cells than in neurons (34). Therefore, we cannot for-
mally rule out the possibility that 1 h at 43°C induced HSP-72
expression in glial cells but was insufficient to activate the heat
shock response in latently infected neurons.

(ii) Drugs. Stress stimulates epinephrine release from the
sympathetic nervous system and glucocorticoid release from
the adrenal glands. Given their roles as stress mediators, we
hypothesized that these compounds serve as reactivation-in-
ducing signals which act directly on latently infected neurons
(i.e., ligand binding to neuronal adrenergic receptors or glu-
cocorticoid receptors). In the case of epinephrine, this view is
consistent with the finding that propranolol (B-adrenoceptor

TABLE 2. Enhancement by Dex of the rate of HSV-1
appearance following heat stress

% reactivation® at indicated time
poststress (mean = SEM)

Group
24 h 48 h 72h
1077 M Dex® 26 £ 11°¢ 5017 100+ 0
10™° M Dex® 00 90 = 10° 1000
107 M Dex? 6+6 89 £ 7° 100 =0
No Dex? 8§+8 48 = 11 88 =13
Expected? 2+4 46 + 13 846

2 Considering only those cultures that eventually reactivated, results represent
percentages of reactivated wells at each time point after heat stress.

&5 = 4 experiments; four to five wells per experiment.

¢P < 0.05 (determined by analysis of variance and Tukey’s post comparing
Dex treatment groups with expected).

4 Pooled results of all other heat stress experiments (n = 7 experiments; 20 to
36 wells per experiment).
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FIG. 10. Dex pretreatment enhances the rate of appearance of HSV-1 lytic-
phase mRNA following heat stress. Shown is RT-PCR analysis of RNA from
duplicate samples of TG cells prior to heat stress (0 h) and at 12, 24, and 48 h
after initiation of heat stress. Dex, cultures which were treated with 10~7 M Dex
15 h before heat stress; VEH, cultures which were vehicle treated 15 h before
heat stress. RT-PCR was used to detect G3PDH, LAT, ICP27, HSV-1 TK, and
HSV-1 RR mRNAs. Each RNA sample was derived from the pooled cells of two
culture wells. No template (—) and HSV-1 DNA (+) served as negative and
positive controls, respectively, in each PCR assay.

antagonist) blocks reactivation from mice following hyperther-
mic stress (12).

Epinephrine did not induce reactivation of latent HSV-1 in
TG cell cultures. Therefore, ocular iontophoresis of epineph-
rine may not act directly on neurons to induce HSV-1 reacti-
vation in vivo. Rather, epinephrine iontophoresis may stimu-
late corneal cells, which in turn transmit a reactivation signal to
the nerve endings of the ganglionic neurons. Denervation of
the cornea has been shown to block epinephrine-induced re-
activation of HSV-1 (33). Therefore, we cannot rule out the
possibility that epinephrine fails to induce reactivation in vitro
because the regenerated neurites of the neurons lack an es-
sential component that is present in vivo. In contrast, because
Dex and cAMP act on sites in the neuronal cell body, these
results are more pertinent to the in vivo situation. Therefore,
the inability of forskolin and CPT-cAMP to induce reactivation
suggests that cAMP elevation is not a critical determinant of
HSV-1 reactivation in ganglionic neurons.

Dex treatment induced HSV-1 reactivation in a fraction of
TG cell cultures. Underwood and Weed (46) likewise found
that glucocorticoids (i.e., prednisone) induced reactivation
from a low but significant fraction (17%) of HSV-1 latently
infected mice. Given these observations, one could hypothesize
that while glucocorticoid receptors facilitate HSV-1 reactiva-
tion, other unidentified signals are necessary for efficient in-
duction. Therefore, Dex may serve as more than an immuno-
suppressant when used in concert with cyclophosphamide and
UV radiation to induce HSV-1 reactivation in animal models
(7, 39). In contrast, Dex induces rapid reactivation of bovine
herpesvirus 1 in nearly 100% of latently infected animals (8, 28,
32, 38, 47) and induces efficient reactivation of pseudorabies-
virus in latently infected swine (25).

There is clinical precedence for herpes simplex and herpes
zoster reactivation following systemic corticosteroid treatment
(3, 5, 17, 23, 27, 37). The results of the present study suggest
that glucocorticoids may contribute to disseminated herpetic
disease not only by suppressing immune function but also by
providing a reactivation trigger to latently infected ganglion.

Application of the in vitro reactivation model. Because dis-
sociated TG cell cultures mimic key aspects of in vivo latency
and reactivation, this paradigm offers a valuable tool for study-
ing aspects of reactivation that are not readily addressed in
vivo. For example, antisense inhibition could be used in cul-
tures to identify viral and cellular genes that modulate reacti-
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vation. Likewise, reagents whose use is prohibitively expensive
in vivo (e.g., recombinant proteins and monoclonal antibodies)
can be used cost-effectively in vitro. Because the method used
to detect reactivation does not require harvesting the cells, TG
cell cultures are available for secondary manipulations after
testing of potential reactivation-inducing stimuli. In contrast,
detection of reactivation in vivo often requires sacrificing the
host. Finally, TG cell cultures provide a means to identify
treatments which act directly on ganglion cells to induce or
block reactivation.

Inevitably with cell culture studies, one is left with the ques-
tion, “How does this pertain to the in vivo situation?” At least
with primary cell cultures, only the milieu is changed. Presum-
ably in TG cultures, reactivation is induced from the same cells
in which reactivation would occur in vivo. Therefore, we be-
lieve that this model can be used to identify molecular events
associated with reactivation and generate hypotheses whose
relevance can be determined in vivo. In this context, while the
results of this study suggest a central role for glucocorticoid
receptors in induction of HSV reactivation, additional in vivo
studies are required to substantiate this hypothesis.
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Introduction

Since the previous review on the role of opioids in the immune system (1), numerous
investigative teams have contributed to the growing pool of information illustrating the tangible
relationship between opioids and immune function particularly as this association pertains to
bacterial and viral pathogens. In addition, the recent cloning of both neural- and immune-
derived opioid receptors will ultimately facilitate the identification of molecular events that are
responsible for the immunomodulatory effects that are mediated by receptor ligation.
Specifically, the administration of opioids in vivo can potentially affect the immune system
either through direct interaction with receptors on the effector cells or indirectly, through the
ligation of receptors found within the central nervous system. This indirect routing is
hypothesized to involve secondary pathways including the hypothalamic pituitary adrenal
(HPA) axis and the sympathetic nervous system ultimately resulting in immunomodulation (2).
Consequently, a portion of this review will address the recent data on leukocyte-derived opioid
receptors and the potential immunoregulatory role relative to opioid receptors found within the
central nervous system. In addition, recent observations on the effects of opioids and
immunocompetence will be réviewed from both a molecular and cellular perspective. Finally,
the consequence of opioid exposure on the competence of the host immune system to

microbial pathogens will be summarized.




Direct and indirect effects of opioids on immune function

Evifience for the existence of opioid receptor expression on cells of the immune system
stemmed from the observations showing leukocytes could respond specifically to opioid
ligands (3). Since these initial observations, the significance of opioid receptor expression on
leukocytes has been under intense investigation. The direct effects of opioids on cells of the
immune system have most recently been studied measuring macrophage activation and
antibody production. Specifically, the prototypic u agonist morphine and u-selective agonist
[D-Ala2, MePhe4, Gly-olSlenkephalin (DAMGO), k-selective agonist U50,488, and §-selective
agonist [D-Pen2:5]enkephalin (DPDPE) have been shown to suppress peritoneal phagocytosis
of Candida albicans through selective opioid antagonist-reversible mechanisms (4,5).
Granulocyte chemotaxis or phagocytosis has also been shown to be suppressed in the
presence of morphine (6, 7). Conversely, other resuits show that the endogenous opioid
peptides dynorphin A, [met]- and [leu]-enkephalin, and B-endorphin enhance macrophage
activation measuring tumoricidal activity, and the augmentation is antagonized by naloxone
(8). Since the parameters measured are distinct, it is difficult to speculate as to why the

discrepancies exist.

Opioids have also been shown to suppress antibody production. The original
observations showing that x agonists (U50,488 and U69,593) inhibited antibody production in
vitro (9) could be mimmicked by pretreating either T lymphocytes or macrophages with
U50,488 prior to the in vitro plaque forming assays (10). The inhibition could be blocked with
naloxone suggesting the direct effect of the agonist on the lymphocyte or macrophage. Similar
to the in vitro effects of « agonists, the administration of the x agonist MR2034 in vivo has
been shown to suppress the antibody response to sheep red blood cells in vitro (11, 12).
Moreover, this effect was antagonized by peripheral administration of quaternary naltrexone, a
compound that does not readily cross the blood-brain barrier (13). The effects of opioids on

humoral immunity may be related to the modification to cytokine specific synthesis by T cells



and macrophages following stimulation (14-17). The T-dependent nature of opioid-induced
suppression of humoral immunity is supported by data showing the active sterecisomer of
morphine ([-Jmorphine) has no effect on the humoral immune response to the T-independent
antigen TNP-ficoll (18). Similarly, morphine has been shown to suppress the primary but not
the secondary humoral immune response to cholera toxin in mice (19). These resuits are
relevant in light of efforts to stimulate protective mucosal immune responses in AIDS vaccine

recipients, a fraction of whom are heroin abusers.

The production of opioid peptides by leukocytes during inflammation (20, 21) and the
existence of opioid receptors on cells of the immune system seem to have a physiological
consequence relative to antinociception (22, 23). The production of endogenous opioids may
also contribute to autoimmune phenomena which may develop as a part of the inflammatory
response (24, 25). However, there does appear to be a mechanism in place to rapidly remove
locally produced opioid peptides via aminopeptidases and ectopeptidases (26-28) which would

considerably reduce the potential for pathological manifestations associated with the local

production.

A considerable amount of evidence suggests that opioids administered in vivo modify
the immune system indirectly. The HPA axis has been implicated in morphine-mediated
suppression of primary humoral immune responses (29), Kuppfer cell and splenic macrophage
phagocytosis of sheep red blood cells (30), thymic hypoplasia (31), phorbol myristate acetate-
stimulated increase in CD25% expression on CD4™ T lymphocytes (32), and splenic natural
killer (NK) activity (33). Morphine has also been shown to activate adrehergic processes in
suppression of splenic NK activity (34, 35) and mitogen-induced splenocyte proliferation (36).
Using opioid receptor agonists administered intra\)entriculany, the p-selective ligand DAMGO
but not the §-selective agonist DPDPE or the k-selective agonist U50,488 was found to

suppress splenic NK activity through a naltrexone-sensitive pathway (37). Other recent studies




also suggest morphine-mediated effects on the immune system operate through central
processes (38-40). However, there is an indication that the HPA axis is not necessarily
involved in all opioid-mediated immunosuppressive effects since microinjection of opioid
compounds into specific sites of the brain that result in a suppressive effect on immune
function (e.g., lymphocyte proliferation or splenic NK activity) do not change the circulating
levels of corticosterone (37, 38). The immunosuppressive effects of opioid agonists may be
mediated through the central nervous system, however this does not preclude a role for direct
in vivo effects of opioids on cells of the immune system. The overall effect of in vivo
administration of opioids may be suppression due to central actions which override direct

peripheral actions.

Collectively, these results provide convincing evidence for the local and systemic
activity of opioids on immunocompetence and immune homeostasis. Definitive proof of the
existence of opioid receptors on cells of the immune system has recently been provided
through the cloning of these receptors. The fact that the receptors cloned from leukocytes are
highly homologous with those identified in neural tissue substantiates the previous studies
showing biochemical and pharmacological evidence for opioid receptors on cells of the

immune system (1).

Molecular Characterization of Leukocyte Opioid Receptors

Each of the major opioid receptor classes have now been cloned from neuronal cells
and fully sequenced. These proteins are 7 transmembrane receptors and share homology
with the somatostatin receptor (41). Analysis of the §-opioid (42, 43), x-opioid (44-48) and u-
opioid (49, 50) sequences show a high degree of amino acid homology among the opioid
receptors. Northern blot analysis has shown that the 3-opioid receptor mRNA varies in size

between 1.4 and 9 Kb (42). In a similar fashion the x-opioid receptor mRNA isolated from



brain tissue is quite large (5.2 - 6.0 Kb) (44, 48), as is the p-opioid mRNA (>10 Kb) (51). The

large size of these transcripts is due to a long 3' untranslated region in each case.

The genomic organization of the opioid receptors is now being clarified. Both the p-
and d-opioid receptors appear to possess three exons with multiple transcription initiation sites
identified (52, 53). The «-opioid receptor was first reported to be composed of three exons
(54), however, more recent reports have clearly established the existence of an additional

exon &' of the exon containing the translation start site (55-57).

In the course of the examination of cDNA clones while involved in the cloning of the -,

k-, and d-opioid receptors, several investigators have cloned and sequenced an opioid-like
receptor which fails to bind to the opioid agonists commonly empioyed to characterize the
classical opioid receptors (58, 59). This receptor possesses homology with the other opioid
receptors and was originally termed the “orphan” opioid receptor. More recently the natural
ligand for this receptor was identified as a heptadecapeptide which resembles dynorphin A and
has been termed nociceptin (60, 61). The genomic structure of the nociceptin receptor is
organized into three exons, and the translated sequence is approximately the same size as the

cloned opioid receptors (54).

Efforts have recently been made to examine the molecular structure of the opioid
receptors expressed by cells of the immune system. The evidence reviewed above suggested
that the opioid receptors expressed in these cells may possess unique features. A partial
sequence for the 8-opioid receptor was recently obtained by reverse transcriptase-polymerase
chain reaction (RT-PCR) from monkey lymphocytes (62). Examination of the partial sequence
of this receptor revealed essentially complete identity with the brain 8-opioid receptor. A

partial sequence for the y-opioid receptor has also been reported for rat peritoneal

macrophages (63) and monkey lymphocytes (64). Here again, the sequence is essentially




identical to the brain y-opioid receptor. And finally, a partial x-opioid receptor sequence has
been obtained from human and monkey lymphocytes (65). The results from each of these
studies strongly support the presence of classical opioid receptors expressed by cells of the

immune system.

A recent study (57) represents the first report of a complete opioid receptor expressed
by cells of the immune system. These investigators employed the immature T cell lymphoma
cell line R1.1 as a source of mRNA for RT-PCR analysis and identified the presence of the -
opioid receptor sequence (Fig. 1). This cell line has been shown previously to possess typical

x-opioid receptors based on pharmacological analyses (66-68).

RT-PCR was performed with RNA from the R1.1 cell line using several oligonucleotide
pairs permitting analysis of the{@full-length sequence, as well as the sequence of individual

regions of the open reading frar:ne. Analysis of overlapping RT-PCR fragments and the full-

length product revealed a surprising degree of heterogeneity at the 5' end of the coding region.

Nucleotide sequences of multiple clones of the PCR products from the R1.1 thymoma cells
were determined, and assembly of the individual overiapping PCR products and the sequence
of multiple full-length clones confirmed the heterogeneity in the region of the k-opioid receptor
near the start codon. Clones were observed with a sequence which is essentially identical
(99.8% nucleotide homology; 100% amino acid homology) to that of the reported murine brain
x-opioid receptor (44). Clones were also identified with a 30-bp insertion 15 bp upstream of
the initiation codon. This 30-bp insertion is present in the cDNA of the rat brain x-opioid

receptor (45).

The presence of the 30-bp insertion in the 5'-noncoding region were somewhat
surprising given the initial reports of the genomic structure of the mouse p-, x-, and §-opioid

receptors (52-54). Within the coding regions, there are two introns in the § and « receptors



and three introns in the p receptor. The 30-bp insertion suggested alternative intron-exon
splice variation which could only occur if an additional exon 5' of the exon containing an
upstream transcription initiation site is present in the genomic sequence. More recent reports

have clearly identified the sequence of this fourth exon in the x-opioid receptor (54).

These resuits suggest that mulitiple x-opioid receptor mRNA species are present in the
R1.1 cell line, and either the «-receptor or the cell population may be unique in this regard.
The impact of these inserted sequences in the 5'-noncoding region on expression of the «-
opioid receptor remains uncertain at this time. Additional analyses of other cell lines as well as
primary cells to determine whether any differences are seen in the sequence of the opioid
receptors of these cells may provide more information on the interaction seen between the

brain and immune system.

Further analysis of the R1.1 cell line has resulted in the identification of an additional
intron-exon splice variant (Belkowski, S., Alicea, C., Zhu, J., Liu-Chen, L.-Y., Eisenstein, T.,
Adler, M., and Rogers, T., submitted for publication). This splice variant fails to utilize any part
of the second exon for the mature transcript. This alternate splice variant was detected in the
R1.1 cell line as well as primary macrophages and brain tissue. The level of expression of this
truncated transcript relative to the full length transcript appears to vary among tissues. The
primary macrophages appear to express predominantly the truncated transcript, while the brain
expresses primarily the full-length transcript. These splice variants may provide a source of
protein heterogeneity and may provide the basis for some of the unusual binding properties by

the immune cells.

The nociceptin (or orphan opioid) receptor'has also been cloned by RT-PCR from
mouse T cells (Fig. 2, 69). In comparison to previously characterized orphan opioid receptor

cloned from rodent brain cDNA libraries (58), the lymphocyte orphan opioid receptor has 100




% homology. Interestingly, a splice variant of the 1.5 kb lymphocyte opioid receptor (missing
15 bases between 378-392) was also identified in the brain receptor. However, the splice
variant occurs in 45-50% of the orphan opioid receptor species in lymphocytes whereas the
variant occurs in only 25-30% of the receptor species in brain. This alternative splicing may
have important implications in intracellular signalling cascades since the missing amino acids
constituting that portion of the first intracellular loop of the receptor may constitute a portion of
tyrosine antigen recognition activation motif (69). An additional splice variant in this receptor
has been identified in rat brain (50). In this case the alteration would be expected to yield a
change in the third extracellular loop. The impact of these changes in the receptor sequence

on the binding or signaling properties remains to be determined.

To explore the potential biologicél significance of the lymphocyte orphan opioid
receptor, antisense experiments were carried out measuring in vitro polyclonal antibody
production, lymphocyte proliferation, the generation of cytotoxic T lymphocytes (CTLs) in one-
way mixed lymphocyte cultures, and IL-6 production by activated macrophages. The results
show selective effects on the immune parameters measured (Table 1). Specifically, orphan
opioid receptor antisense oligonucleotides suppressed lipopolysaccharide (LPS)-induced
lymphocyte proliferation and polyclonal IgM production (69, Table 1) but there was no
observable effect on the generation of CTLs or LPS-elicited IL-6 production by macrophages
(Table 1). Given the recent identification of an endogenous ligand for the orphan opioid
receptor (60, 61) termed nociceptin (60) which elicits a state of hyperalgesia, future studies on
the role of this receptor (which is upregulated following mitogen-induced activation of

lymphocytes.[69]) in the immune system seems warranted.

The use of the recombinant opioid receptors expressed in transfected cell lines has
permitted a more precise examination of the binding properties of the cloned receptor classes.

In each case, however, the pattern of agonist and antagonist sensitivity is consistent with the



established pharmacological behavior of these receptors (41). The availability of these
transfected cells should permit a more extensive analysis of the signal transduction

mechanisms following receptor activation.

The relationship between opioids and infection

The concept that opioids have a significant biological role in modifying the immune
system and thus, predisposing opioid users (e.g., heroin addicts) to infectious pathogens was
not originally considered by physicians treating heroin addicts that presented with bacterial,
protozoan, and viral infections in the early observations reported in the middle of this century
(70-72). In fact, the increased incidence of infection was attributed to non-sterile needle use
during the administration of the drug. Other studies noted that heroin addicts had immunologic
abnormalities that may in part be due to the inpurities in the acquired heroin or the result of the
infection itself (73, 74). Currently, there is an active discussion as to the direct role of opioid
exposure on acquiring infectious pathogens. Accordingly, this section reviews those studies
that have used pharmacologically controlled conditions to evaluate opioid exposure and

infection caused by microbial pathogens.

The immunosuppressive qualities of opioid alkaloids on phagocytosis by macrophages
and neutrophils as well as antigen-specific antibody production by B lymphocytes (plasma
cells) would logically lead one to predict that these drugs would have detrimental effects on the
capacity of immune cells to clear bacterial and fungal infections. To this end, one study has
found that resident peritoneal macrophages obtained from morphine pellet (75 mg)-treated
mice have a significantly reduced phagocytic index capacity against Candida albicans as
measured in vitro (4). These resuits support earlier work showing that Candida albicans- -
infected mice that were subsequently exposed to horphine (25 mg/kg, s.c.) 3, 24, and 48 hr

post infection succumbed to the infection more rapidly and in greater numbers (75).




Interestingly, naltrexone pellet (30 mg) implantation in mice biocked the morphine-mediated
suppression of the phagocytic index to Candida albicans (4) (suggesting the event was
mediated through opioid receptors) whereas the administration of naloxone (1-4 mg/kg/day)
had no effect on the mean survival time of morphine-treated mice infected with the pathogen
(75). The discrepancy may be due to the amount of opioid antagonist employed, the form
(pellet versus muiltiple injections) of morphine and opioid antagonist exposure, and the potency
of the opioid antagonist. The immunosuppressive effect of morphine exposure in vivo on the
phagocytosis and killing properties of macrophages and neutrophils measuring C. albicans
may be time dependent since a recent report has shown an initial rise (20 min post morphine
administration) and subsequent reduction (24 hr post morphine administration) in the killing
capacity of peritoneal leukocyies on C. albicans organisms following an acute administration of
morphine (20 mg/kg, s.c.) but not methadone (12.5 mg/kg, s.c.) administration (76). Transient
changes in the killing capacity of polymorphonuclear cells measuring C. albicans blastospores

have also been noted in morphine-treated (3-5 mg/kg, 3 times/day) rhesus monkeys (6).

Opioid influences on the incidence of viral infections in I.V. drug users has been well
documented (77, 78). However, the polydrug use of the patient population as well as
personnal hygiene, adulterous drugs, and sharing of needles have all been considered in the
explanation of the prevalence to viral infections in the I.V. drug use population (78). One of
the earliest laboratory controllied studies showed that morphine pellet (50 mg) implantation of
mice resulted in an increased incidence of encephalomyocarditis virus-induced death (79).
The diminished resistance to the viral infection closely paralleled the suppressionb in viral-
induced interferon production as well. Using Friend murine leukemia virus, another study
showed that-a single bolus of morphine (300 mg/kg, i.p.) given to the virally-infected mice
substantially increased the mortality (100 %) whereas a chronic dosing regimen (10 - 100
mg/kg, i.p.) for 10 days (inducing a state of tolerance) p‘rior to virus infection had no effect on

the mortality incidence (80). In another study with this virus, it was found that the increased



incidence of mortality mediated by a single bolus of morphine (200 mg/kg, i.p.) was
antagonized by the administration with naloxone (20 or 100 mg/kg, i.p.) at the time of or 5 min
prior to mor;;hine exposure (81). In this same study it was also noted that chronic
administration of morphine (50 mg/kg/day over 9-21 days) had no effect on the mortality of
mice infected with Friend virus even though there was a marked decline in spleen weight and a
decrease in splenic viral titers. Although measurements on cell-mediated immune parameters
(e.g., interferon production and NK and CTL levels) were not measured in this system, it would
seem that these functions may not have been affected by the chronic admininstration of
morphine. However, in another study assessing the effects of chronic morphine (50 mg/kg/day
for 21 days, s.c.) administration on viral-induced death and modification of cell-mediated
immunity, it was found that morphine exacerbated the encephalitic incidence of herpes simplex
virus type 1 (HSV-1)-infected C3H/HeN mice (82). Likewise, chronic morphine exposure
significantly suppressed the generation of CTLs in alloimmunized C3H/HeN mice. This effect
was blocked by the p-selective antagonist p-funaitrexamine (83) but not the 5-selective
antagonist naltrindole (84) indicating the p opioid receptor involvement in the suppression.
Although there is a discrepancy as to the number of lymphocytes responding to alloantigen
versus viral antigen, the effects of morphine on CTL generation may in part contribute to the

deleterious effect of morphine on the immune response to HSV-1 infection.

In perhaps a more complete evaluation of immunocompetence under the duress of
morphine tolerance, pigs immunized with bacterial and viral antigens were found to mount a
humoral immune reéponse to these antigens (85). However, the cell-mediated immune
response as measured by delayed type hypersensitivity to 2,4 dinitrofluorbenozene was found
to be diminished in the morphine-tolerant pigs. As a follow-up to this study, morphine tolerant
pigs infected with swine herpes virus-1 and subsecjuently infected with Pasteurella multocida

were found to display fewer neurologic signs and mortality associated with the encephalitis

induced by the virus yet, exhibit significantly greater viral-induced and secondary bacterial




pneumonia (86). The protective effect against viral-induced encephalitis elicited by morphine
is attributed.to the anti-inflammatory action of the opioid on cell-mediated immunity which

would explain the reduction in neuropathology typically associated with encephalitis (86).

The relationship between opioid use and viral infection/pathogenesis is portrayed most
effectively with the primary causative agent of acquired immune deficiency syndrome (AIDS),
human immunodeficiency virus type 1 (HIV-1). Given the high prevalence of HIV-1 infection
among |.V. drug users and the ability of morphine to aiter T lymphocyte and monocyte
function, Peterson and colleagues investigated the in vitro effects of morphine on HIV-1
replication. Morphine was found to increase HIV-1 replication in human peripheral biood
mononuclear cell (PBMC) HIV-1T1 PBMC cocultures as measured by p24 supernatant levels
in a dose-dependent and B-funaltrexamine (u-opioid selective antagonist)-sensitive fashion
(89). Other investigators have made similar observations using heroin and measuring HIV-1
replication via syncytia formation in phytohemagglutinin-stimulated human PBMCs (90) and the
monkey equivalent simian immunodeficiency virus (SIV) and measuring morphine modification

of the cytopathic effects and RT activity in SIV-infected CEMx174 cells (89).

Thirty to fifty percent of the HIV-1-infected patients will develop neurological
impairments including multinucleated giant cell encephalitis and vacuolar myelopathy. ‘Within
the central nervous system, HIV-1 appears localized within the macrophages and microglia (for
review, 90). The entrance of HIV-1-infected monocytes into the brain has been predicted to be
facilitated by secondary infections (e.g., bacterial or viral) that activate these monocytes into
over expressing cytokihes (TNF-a and IL-1B) and thus, allowing the celis to marginate and
subsequently diapedis through the endothelial lining into the brain parenchyma and
perivascular regions of the brain (90). Similar to PMBCs, morphine has been found to amplify
HIV-1 replication in chronically-infected promonocytes (U1) cocultured with human fetal brain

cells (91). The mechanism of enhancement may involve TNF-a since other studies by this



group have shown that TNF-a production by microglia can enhance HIV-1 expression in the
promonocytic clone U1 (92) and morphine can potentiate the production of TNF-a by LPS-
stimulated microglial cells in a dose-dependent and naloxone/B-funaltrexamine sensitive
fashion (93). These results are consistent with earlier reports showing that TNF-a induces the
expression of HIV-1 in chronically infected T cell clones (94) and membrane bound TNF-a
stimulates HIV-1 gene expression (95). The observations showing the promotion/reactivation
of HIV-1 replication by morphine calls into question the potential role of the endogenous
opioids including dynorphin, [met]-enkephalin, and endorphins. Recently, B-endorphin has
been shown to augment the replication and enhance the transactivation of the promoter of a
neurotropic strain of HIV-1 (HIV jr_gL) in fetal perivasular microglia through a naloxone-
sensitive manner (96). Since the pro-opiomelanocortin derived peptide is typically secreted by
the coricotrophs of the anterior pituitary following stress-induced corticotropin releasing
hormone secretion of the hypothalamus, these results have important implications into the
health and stress-related management of HIV-1-infected patients. Moreover, the reports of
endorphin production by macrophages (97) might also play a crucial role in the

neuropathogenesis of HIV-1 infection in the brain.

Although the relationship betWeen opioids and infectious pathogens is most clearly
demonstrated using viruses, morphine have been shown to modify the host response to
parasitic infections including Toxoplasma gondii (98) and Plasmodium berghei (99). Moreover,
a recent communication suggested that morphine pellet implantation facilitated the
dissemination of indegenous microbial flora (specifically Proteus mirabilis) into the peritoneal
fluid, spleen, and liver 24-48 hr post implantation in a naltrexone reversible manner (100). In
addition, mo;'phine was also found to sensitize mice to LPS-induced endotoxic shock

suggesting that morphine may act as a co-factor in gram negative sepsis (100).




Summary

Our-understanding of the impact of opioid compounds on the function of the immune
system has expanded greatly over the past five years. It is now clear that several cell
populations serve as targets for the effects of the opioids, and this includes T cells,
macrophages, a_nd NK cells. The mechanism(s) of immunomodulation are now being
described in greater detail on both a cellular and biochemical level. Indeed, the finding that the
production of lymphokines and cytokines may be altered following opioid treatment may be
particularly important since all immune responses are dependent to some degree on the

synthesis of these protein mediators.

The opioid receptors have now been successfully cloned from cells of the immune
system. There is no longer serious doubt about the presence of opioid receptors expressed by
these cell populations. Extremely valuable information regarding the role of the opioid
receptors in the function of the cells of the immune system should be obtained using molecular
methods. Clearly, the molecular basis for the effect of the opioid compounds on the immune

response represents a critical area of research in the immediate years ahead.

It is not suprising that opioid compounds have been found to alter resistance to
infectious agents since a great deal of evidence shows that these compounds modulate the
immune response. The significance of the drugs of abuse in the host-parasite interaction for a
number of microorganisms, including HIV, remains a critical area for additional research. In
addition, because of the importance of opportunistic infections in the AIDS patient, the impact
of opioids on the resistance to these infectious agents is also a matter of great concern. It is
possible that combinations of certain drugs of abuse may serve to aiter resistance to some, but

not all, of these infectious diseases. In any case, answers to these questions will most



certainly come only once a greater understanding of the basic mechanisms of

immunomodulation is achieved.




Acknowledgements

This work was supported in part from the Department of the Army, Cooperative Agreement

DAMD17-93-3013 to D.J.J.C and grant DA-06650 from the National Institutes of Health to

T.J.R. This work does not necessarily reflect the position or the policy of the United States

government, and no official endorsement should be inferred.




. References

Carr DJJ. The Role of endogenous opioids and their receptors in the immune system.

Proc. Soc. Exp. Biol. Med. 198:710-720, 1991.

Carr DJJ, Serou M. Exogenous and endogenous opioids as biological response

modifiers. Immunopharmacol. 31:59-71, 1995.

Wybran J, Appelboom T, Famaey J-P, Govaerts A. Suggestive evidence for
receptors for morphine and methionine-enkephalin on normal human blood T

lymphocytes. J. Immunol. 123:1068-1070, 1979.

Rojavin M, Szabo |, Bussiere JL, Rogers TJ, Adler MW Eisenstein TK. Morphine
treatment in vitro or in vivo decreases phagocytic functions of murine macrophages.

Life Sci. §3:997-10086, 1993.

Szabo |, Rojavin M, Bussiere JL, Eisenstein TK, Adler MW, Rogers TJ. Suppression

of peritoneal macrophage phagocytosis of Candida albicans by opioids. J. Pharmacol.

Exp. Ther. 267:703-706.

Liu Y, Blackbourn DJ, Chuang LF, Killam KF Jr, Chuang RY. Effects of in vivo and in
vitro administration of morphine sulfate upon rhesus macaque polymorphonuclear ceil

phagocytosis and chemotaxis. J. Pharmacol. Exp. Ther. 263:533-539, 1992.

Makman MH, Bilfinger TV, Stefano, GB. Human granuiocytes contain an opiate

alkaloid-selective receptor mediating inhibition of cytokine-induced activation and

chemotaxis. J. Immunol. 1564:1323-1330, 1995




10.

11.

12.

13.

14.

Hagi K, Uno K, Inaba K, Muramatsu S. Augmenting effect of opioid peptides on murine

macrophage activation. J. Neuroimmunol. 50:71-76, 1994.

Taub DD, Eisenstein TK, Geller EB, Adler MW, Rogers TJ. Immunomodulatory activity
of u- and x-selective opioid agonists. Proc. Natl. Acad. Sci. USA. 88:360-364, 1991,

Guan L, Townsend R, Eisenstein TK, Adler MW, Rogers TJ. Both T cells and
macrophages are targets of x-opioid-induced immunosuppression. Brain Behavior

Immun. 8:229-240, 1994.

Jankovic BD, Radulovic J. Quaternary naltrexone: its immunomodulatory activity and
interaction with brain delta and kappa opioid receptors. Immunopharmacol. 28:105-112

1

1994,
Radulovic J, Miljevic C, Djergovic D, Vuijic V, Antic J, von Horsten S, Jankovic BD.
Opioid receptor-mediated suppression of humoral immune response in vivo and in vitro:

involvement of x opioid receptors. J. Neuroimmunol. 57:55-62, 1995.

Brown, DR, Goldberg, LI. The use of quaternary narcotic antagonists in opiate

- research. Neuropharmaco!l. 24:181-191, 1985.

Chao CC, Hu S, Molitor TW, Zhou Y, Murtaugh MP, Tsang M, Peterson PK. Morphine
potentiates transforming growth factor-B release from human peripheral blood

mononuclear cell cultures. J. Pharmacol. Exp. Ther. 262:19-24, 1992



15.

16.

17.

18.

18.

20.

21.

Bussiere JL, Adler MW, Rogers TJ, Eisenstein TK. Cytokine reversal of morphine-

induced suppression of the antibody response. J. Pharmacol. Exp. Ther. 264:591-597,

1993.

Chao CC, Molitor TW, Close K, Hu S, Peterson PK. Morphine inhibits the release of
tumor necrosis factor in human peripheral blood mononuclear cell cultures. Int. J.

Immunopharmacol. 15:447-453, 1993

Belkowski SM, Alicea C, Eisenstein TK, Adler MW, Rogers TJ. Inhibition of interleukin-1

and tumor necrosis factor-a synthesis following treatment of macrophages with the

kappa opioid agonist U50,488H. J. Pharmacol. Exp. Ther. 273:1491-1496, 1995.

Weber RJ, Pert A, Rice KC, Hagan AA. Opioid receptor-mediated suppression of T-

dependent antibody production in vivo. Brain Behavior Inmun. in press.

Dinari G, Ashkenazi S, Marcus H, Rosenbach Y, Zahaui |. The effect of opiates on the

intestinal immune response to cholera toxin in mice. Digestion 44:14- | 1989.

Jessop DS, Lightman SL, Chowdrey HS. Effects of a chronic inflammatory stress on
levels of pro-opiomelanocortin-derived peptides in the rat spleen and thymus. J.

Neuroimmunol. 49:197-203, 1994,

Jessop DS, Renshaw D, Lightman SL, Harbuz MS. Changes in ACTH and B-endorphin
immunoreactivity in immune tissues during a chronic inflammatory stress are not

correlated with changes in corticotropin-releasing hormone and arginine vasopressin. J.

Neuroimmunol. 60:29-35, 1995.




22.

23.

24.

25.

26.

27.

28.

Przewlocki R, Hassan HS, Lason W, Epplen C, Herz A, Stein C. Gene expression and
localization of opioid peptides in immune cells of inflamed tissue: Functional role in

antinociception. Neurosci. 48:491-500, 1992.

Cepeda MS, Lipkowski AW, Langlade A, Osgood PF, Ehrlich HP, Hargreaves K,
Szyfelbein SK, Carr DB. Local increases of subcutaneous B-endorphin immunoactivity

at the site of thermal injury. Immunopharmacol. 25:205-213, 1993.

Panerai AE, Radulovic J, Monastra G, Manfredi B, Locatelli L, Sacerdote P. B-
endorphin concentrations in brain areas and peritoneal macrophages in rats
susceptible and resistant to experimental allergic encephalomyelitis: A possible
relationship between tumor necrosis factor a and opioids in the disease. J.

Neuroimmunol. 51:169-176, 1994.

Walker JS, Howlett CR, Nayanar V. Anti-inflammatory effects of kappa-opioids in
adjuvant arthritis. Life Sci. 57:371-378, 1995.

Amoscato AA, Spiess RR, Sansoni SB, Herberman RB, Chambers CH. Degradation of
enkephalins by rat lymphocyte and purified rat natural killer cell surface

aminopeptidases. Brain Behavior Immun. 7:176-187, 1993.

Miller BC, Thiele DL, Hersh LB, Cottam GL. Methionine enkephalin is hydrolyzed by
aminépeptidase N on CD4* and CD8* spleen T cells. Arch. Biochem. Biophys.
311:174-179, 1994.

Miller, BC, Ackroyd A, Hersh LB, Cottam GL. Methionine enkephalin metabolism by

murine macrophage ectopeptidase. Reg. Peptides. 50:87-98, 1994,



29.

30.

31.

32.

33.

34.

35.

Pruett SB, Han Y-C, Fuchs BA. Morphine suppresses primary humoral immune

responses by a predominantly indirect mechanism. J. Pharmacol. Exp. Ther. 262:923-

928, 1992.

Levier DG, Brown RD, McCay JA, Fuchs BA, Harris LS, Munson AE. Hepatic and
splenic phagocytosis in female B6C3F1 mice implanted with morphine sulfate pellets. J.

Pharmacol. Exp. Ther. 267:357-363, 1993.

Sei Y, Yoshimoto K, Mcintyre T, Skolnick P, Arora PK. Morphine-induced thymic

hypoplasia is glucocorticoid-dependent. J. Immunol. 146:194-198, 1991.

Saini A, Sei Y. Morphine inhibits signal transduction subsequent to activation of protein

kinase C in mouse splenocytes. Life Sci. 52:1751-1758, 1993.

Freier DO, Fuchs BA. A mechanism of action for morphine-induced
immunosuppression: Corticosterone mediates morphine-induced suppression of

natural killer cell activity. J. Pharmacol. Exp. Ther. 270:1127-1133, 1994.

Carr DJJ, Gebhardt BM, Paul D. a-Adrenergic and uo opioid receptors are involved in
morphine-induced suppression of splenocyte natural killer activity. J. Pharmacol. Exp.

Ther. 264:1179-1186.

Carr DJJ, Mayo S, Gebhardt BM, Porter J. Central a-adrenergic involvement in

morphine-mediated suppression of splenic NK activity. J. Neuroimmunol. 53:53-63,

1994.




36.

37.

38.

39.

340.

41.

42.

Fecho K, Dykstra LA, Lysle DT. Evidence for beta adrenergic receptor involvement in
the immunomodulatory effects of morphine. J. Pharmacol. Exp. Ther. 265:1079-1087,
1993.

Band LC, Pert A, Williams W, deCosta BR, Rice KC, Weber RJ. Central p~-opioid
receptors mediate suppression of natural killer activity in vivo. Prog.

Neuroendocrinimmunol. 5:95-101, 1992.

Hernandez MC, Fiores LR, Bayer BM. Immunosuppression by morphine is mediated by

central pathways. J. Pharmacol. Exp. Ther. 267:1336-1341, 1993,

Flores LR, Hernandez MC, Bayer BM. Acute immunosuppressive effects of morphine:
Lack of invoivement of pituitary and adrenal factors. J. Pharmacol. Exp. Ther.

268:1129-1134, 1995.

Fecho K, Maslonek KA, Dykstra LA, Lysle DT. Assessment of the involvement of
central nervous system and peripheral opioid receptors in the immunomodulatory
effects of acute morphine treatment in rats. J. Pharmacol. Exp. Ther. 276.626-636,
1996.

Reisine T, Bell Gl. Molecular biology of opioid receptors. Trends Neurosci 16:506-510,
1993.

Evans CJ, Keith D, Magendzo K, Morrison H, Edwards RH. Cloning of a delta opioid

receptor by functional expression. Science 258:1952-1955, 1992.



43.

44,

45.

46.

47.

48.

49.

Kieffer BL, Befort K, Gaveriaux-Ruff C, Hirth CG. The $-opioid receptor: isolation of a
cDNA by expression cloning and pharmacoiogical characterization. Proc Natl Acad Sci

USA 89:12048-12052, 1992.

Yasuda K, Raynor K, Kong H, Breder CD, Takeda J, Reisine T, Bell GI. Cloning and
functional comparison of x and § opioid receptors from mouse brain. Proc Natl Acad Sci

USA 90:6736-6740, 1993.

Li S, Zhu J, Chen C, Chen Y-W, DeRiel JK, Ashby B, Liu-Chen L-Y. Molecular cloning

and expression of a rat kappa opioid receptor. Biochem J 295:629-633, 1993.

Minami M, Toya T, Katao Y, Maekawa K, Nakamura S, Onogi T, Kaneko S, Satoh M.
Cloning and expression of a cDNA for the rat kappa-opioid receptor. FEBS Lett

329:291-295, 1993.

Nishi M, Takeshima H, Fukuda K, Kato S, Mori K. cDNA cloning and pharmacological
characterization of an opioid receptor with high affinities for kappa-subtype-selective

ligands. FEBS Lett 330:77-80, 1993.

Zhu J, Chen C, Xue J-C, Kunapuli S, DeRiel JK, Liu-Chen, L-Y. Cloning of a human
opioid receptor from the brain. Life Sci 56:201-207, 1995.

Chen'Y, Mestek A, Liu J, Yu L. Molecular cloning of a rat kappa opioid receptor reveals

sequence similarities to the mu and delta opioid receptors. Biochem J 295:625-628,

1993.




50.

51.

52.

53.

54.

55.

56.

Wang JB, Johnson PS, Wu JM, Wang WF, Uhl GR. Human « opiate receptor second
extracellular loop elevates dynorphin's affinity for human p/x chimeras. J Biol Chem

269:25966-25969, 1994.

Raynor K, Kong H, Mestek A, Bye LS, Tian M, Liu J, Yu L, Reisine T. Characterization
of the cloned human mu opioid receptor. J Pharmacol Exp Ther 272:423-428, 1995.

Min BH, Augustin LB, Felsheim RF, Fuchs JA, Loh HH. Genomic structure analysis of
promoter sequence of a mouse mu opioid receptor gene. Proc Natl Acad Sci USA

91:9081-9085, 1994.

Augustin LB, Felsheim RF, Min BH, Fuchs SM, Fuchs JA, Loh HH. Genomic structure

of the mouse § opioid receptor gene. Biochem Biophys Res Comm 207:111-119, 1995.

Nishi M, Takeshima H, Mori M, Nakagawara K-, Takeuchi T. Structure and
chromosomal mapping of genes for the mouse x-opioid receptor and an opioid receptor

homologue (MOR-C). Biochem Biophys Res Comm 205:1353-1357, 1994,

Yakovlev AG, Krueger KE, Faden Al. Structure and expression of a rat kappa opioid

receptor gene. J Biol Chem 270:6421-6424, 1995.

Liu HC, Lu S, Augustin LB, Felsheim RF, Chen HC, Loh HH, Wei LN. Cloning and
promoter mapping of mouse kappa opioid receptor gene. Biochem Biophys Res

Commun 209:639-647, 1995.



57.

58.

59.

60.

61.

62.

Belkowski SM, Zhu J, Liu-Chen L-Y, Eisenstein TK, Adler MW, Rogers TJ. Sequence of

k-opioid receptor cDNA in the R1.1 thymoma cell line. J Neurcimmunol. 62:113-117,

1995.

Fukuda K, Kato S, Mori K, Nishi M, Takeshima H, lwabe N, Miyata T, Houtani T,
Sugimoto T. cDNA cloning and regional distribution of a novel member of the opioid

receptor family. FEBS Lett 343:42-46, 1994.

Mollereau C, Parmentier M, Mailleux P, Butour JL, Moisand C, Chalon P, Caput D,
Vassart G, Meunier JC. ORL1, a novel member of the opioid receptor family. Cloning,

functional expression and localization. FEBS Lett 341:33-38, 1994.

Meunier J-C, Mollereau C, Toll L, Suaudeau C, Moisand C, Alvinerie P, Butour J-L,
Guillemot J-C, Ferrara P, Monsarrat B, Mazarguil H, vassart G, Parmentier M, Costentin
J. Isolation and structure of the endogenous agonist of opioid receptor-like ORL4

receptor. Nature 377:532-535, 1995.

Reinscheid RK, Nothacker H-P, Bourson A, Ardati A, Henningsen RA, Bunzow JR,
Grandy DK, Langen H, Monsma FJ Jr, Civelli O. Orphanin FQ: A neuropeptide that

activates an opioidlike G protein-coupled receptor. Science 270:792-794, 1995.

Chuang LF, Chuang TK, Killam KF Jr, Chuang AJ, Kung H-F, Yu L, Chuang RY. Delta
opioid receptor gene expression in lymphocytes. Biochem Biophys Res Commun

202:1291-1299, 1994.




63.

64.

65.

66.

67.

68.

69.

Sedqi M, Roy S, Ramakrishnan S, Eide R, Loh HH. Complementary DNA cloning of a
W-opioid receptor from rat peritoneal macrophages. Biochem Biophys Res Commun

209:563-574, 1995.

Chuang, TK, Killam KF Jr, Chuang LF, Kung H-f, Sheng WS, Chao CC, Yu L, Chuang
RY. Mu opioid receptor gene expression in immune cells. Biochem Biophys Res

Commun 216:922-930, 1995.

Chuang LF, Chuang TK, Killam KF, Qiu Q, Wang XR, Lin J-j, Kung H-f, Sheng W,
Chao C, Yu L, Chuang RY. Expression of kappa opioid receptors in human and

monkey lymphocytes. Biochem Biophys Res Commun 209:1003-1010, 1995.

Bidlack JM, Saripalli LD, Lawrence DMP. x-opioid binding sites on a murine lymphoma

cell line. Eur J Pharmacol 227:257-265, 1992.

Lawrence DMP, Bidlack JM. Kappa opioid binding sites on the R1.1 murine lymphoma
cell line: sensitivity to cations and guanine nucleotides. J Neuroimmunol 41:223-230,

1992.

Lawrence DMP, Bidlack JM. The kappa opioid receptor expressed on the mouse R1.1
thymoma cell line is coupled to adenyly! cyclase through a pertussis toxin-sensitive
guanine nucleotide-binding regulatory protein. J Pharmacol Exp Ther 266:1678-1 683,
1993

Halford WP, Gebhardt BM, Carr DJJ. Functional role and sequence analysis of a

lymphocyte orphan opioid receptor. J. Neuroimmunol. 59:91-101.



70.

71.

72.

73.

74.

75.

76.

77.

78.

Most, H. Falciporum malaria among drug addicts. Am. J. Pub. Health 30:403-410,

1940.

Hussey HH, Katz S. Infections resulting from narcotic addiction: Report of 102 cases.

Am. J. Med. 9:186-193, 1950.

Briggs, JH, McKerron CG, Souhami RL, Taylor DJE, Andrews H. Severe systemic

infections complicating in "mainiine" heroin addiction. Lancet ii:1227-1231, 1967
Sapira, J. The narcotic addict as a medical patient. Am. J. Med. 45:555-588, 1968.

Brown, SW, Stimmel B, Taub RN, Kouchwa S, Rosenfield RE. Immunologicai

dysfunction in heroin addicts. Arch. Intern. Med. 134:1001-1006, 1974,

Tubaro E, Borelli G, Croce C, Cavallo G, Santiangeli C. Effect of morphine on

resistance to infection. J. Infect. Dis. 148:656-666, 1983.

Pacifici R, Patrini G, Venier |, Parolaro D, Zuccaro P, Gori E. Effect of morphine and
methadone acute treatment on immunological activity in mice: Pharmacokinetic and

pharmacodynamic correlates. J. Pharmacol. Exp. Ther. 269:1112-1116, 1994.

Dismukes WE, Karchmer AW, Johnson RF, Dougherty WJ. Viral hepatitis associated
with illicit parenteral use of drugs. JAMA 206:1048-1052, 1988.

Haverkos HW, Lange WR. Serious infections other than human immunodeficiency virus

among intravenous drug abusers. J. Inf. Dis. 161:894-901, 1990.




79.

80.

81.

82.

83.

84.

85.

Lorenzo P, Portoles A Jr, Beneit JV, Ronda E, Portoles A. Physical dependence to
morphine diminishes the interferon response in mice. Inmunopharmacol. 14:93-100,

1987.

Starec M, Rouveix B, Sinet M, Chau F, Desforges B, Pocidalo J-J, Lechat P. Immune
status and survivai of opiate- and cocaine-treated mice infected with Friend virus. J.

Pharmacol. Exp. Ther. 259:745-750, 1991.

Veyries M-L, Sinet M, Desforges B, Rouveix B. Effects of morphine on the
pathogenesis of murine Friend retrovirus infection. J. Pharmacol. Exp. Ther. 272:498-

504, 1995.

Carpenter GW, Garza HH Jr, Gebhardt BM, Carr DJJ. Chronic morphine treatment
suppresses CTL-mediated cytolysis, granulation, and cAMP responses to alloantigen.

Brain Behavior Immun. 8:185-203, 1994.

Carpenter GW, Carr DJJ. Pretreatment with B-funaitrexamine blocks morphine-
mediated suppression of CTL activity in alloimmunized mice. Immunopharmacol.

29:129-140, 1995.

Carr DJJ, Carpenter GW. Morphine-induced suppression of cytotoxic T lymphocyte
activity in alloimmunized mice is not mediated through a naltrindole-sensitive delta

opioid receptor. Neuroimmunomodulation 2:44-53, 1995.

Molitor TW, Morilla A, Risdahl JM, Murtaugh MP, Chao CC, Peterson PK. Chronic
morphine administration impairs cell-mediated immune responses in swine. J.

Pharmacol. Exp. Ther. 260:581-586, 1992.



86..

87.

88.

89.

90.

91.

92.

Risdahl JM, Peterson PK, Chao CC, Pijoan C, Molitor TW. Effects of morphine

dependence on the pathogenesis of swine herpesvirus infection. J. Inf. Dis. 167:1281-

1287, 1993.

Peterson PK, Sharp BM, Gekker G, Portoghese PS, Sannerud K, Balfour HH Jr.
Morphine promotes the growth of HIV-1 in human peripheral blood mononuclear cell

cocuitures. AIDS 4:869-873, 1990.

Adler MW, Geller EB, Rogers TJ, Henderson EE, Eisenstein TK. Opioids, receptors,
and immunity. Adv. Exp. Med. Biol. 335:13-20, 1993.

Chuang LF, Killam KF, Chuang RY. Increased replication of simian immunodeficiency
virus in CEM x 174 cells by morphine sulfate. Biochem. Biophys. Res. Commun.

195:1165-1173, 1993.

Nottet, HSLM Gendelman HE. Unraveling the neuroimmune mechanisms for the HIV-1-

associated cognitive/motor complex. Immunol. Today. 16:441-448, 1995,

Peterson PK, Gekker G, Hu S, Anderson WR, Kravitz, Portoghese PS, Baifour HH Jr,
Chao CC. Morphine amplifies HIV-1 expression in chronically infected promonocytes

cocultured with human brain cells. J. Neuroimmunol. 50:167-175, 1994.

Peterson PK, Gekker G, Hu S, Schoolov Y, Balfour HH Jr, Chao CC. Microgilial cell

upregulation of HIV-1 expression in the chronically infected promonocytic cell line U1:

The role of tumor necrosis factor-a. J. Neuroimmunol. 41:81-88, 1992.




93.

94.

95.

96.

97.

98.

99.

Chao CC, Gekker G, Sheng WS, Hu S, Tsang M, Peterson PK. Priming effect of
morphine on the production of tumor necrosis factor-a. by microglia: Implications in
respiratory burst activity and human immunodeficiency virus-1 expression. J.

Pharmacol. Exp. Ther. 269:198-203, 1994.

Folks TM, Clouse KA, Justement J, Rabson A, Duh E, Kehrl JH, Fauci AS. Tumor
necrosis factor alpha induces expression of human immunodeficiency virus in a

chronically infected T cell clone. Proc. Natl. Acad. Sci. USA. 86:2365-2368, 1989.

Tadmori W, Mondal D, Tadmori |, Prakash O. Transactivation of human
immunodeficiency virus type 1 long terminal repeats by cell surface tumor necrosis

factor-a. J. Virol. 65:6425-6429, 1991.

Sundar KS, Kamaraju LS, Dingfelder J, McMahon J, Gollapudi S, Wilson WH, Kong L-
Y, Hong JS, Weiss JM, Lee JE. Beta-endorphin enhances the replication of neurotropic
human immunodeficiency virus in fetal perivascular microglia. J. Neuroimmunol. 61:97-

104, 1995.

Lolait SJ, Clements JA, Markwick AJ, Cheng C, McNally M, Smith Al, Funder JW. Pro-
opiomelanocortin messenger ribonucleic acid and posttranslational processing of beta-

endorphin in spleen macrophages. J. Clin. Invest. 77:1776-1779, 1986.

Chao CC, Sharp BM, Pomeroy C, Filice GA, Peterson PK. Lethality of morphine in mice
infected with Toxomplasma gondii. J. Pharmacol. Exp. Ther. 252:605-609, 1990.

Singh PP, Singh S, Dutta GP, Srimal RC. Immunomodulation by morphine in
Plasmodium berghei-infected mice. Life Sci. 54:331-339, 1993.



100.

Eisenstein TK. Opioids sensitize to endogenous and exogenous bacterial infection. 3rd
Annual Symposium on AIDS, Drugs of Abuse and the Neuroimmune Axis, Abstract

#17, Nov. 9-11, San Diego, CA.




Figure 1. Comparison of x-opioid receptor sequences of R1.1 cDNA with the cDNA of
brain cells: Nucleic acids which are identical to brain x-opioid receptor are indicated by
asterisks. The sequence numbering of Yasuda et al. (44) is used for the brain cDNA
sequence. The R1.1A sequence is 98% homologous to the brain sequence. The R1.1B
sequence contains 30 bp in the region 5' of the ATG translational start codon. Reprinted with

permission of the authors and the publisher (57)



Figure 2. Proposed secondary structure of the orphan opioid receptor. Tyr71 - Arg75 are
shown in a different font to indicate that they may be absent in some orphan opioid receptors
due to alternative splicing of mMRNA. Cys120 - Cys'I98 shown in boldface type, are thought to

form a disulfide bridge by which the first and second extracellular loops of the orphan opioid

receptor are covalently bound.
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'TABLE L Orpban Opioid Receptor Antisense Oligonucleotide
Effects on Selected Immune Parameters?

IMMUNE PARAMETER CONCENTRATION RANGE | EFFECT

TESTED ' OF ANTISENSE QLIGO

CTL generationP ‘ 0.5-5.0 /&g/ml no effect

IL-6 production® ' 1.0 g’g/ml"' no effect

Lymphocyte proIiferatiorAwd 1.0,7/;"g/ml 50 % suppression
Polyclonal antibody 1.0'- 5.0//g/m| 50 - 70 % suppression
produ,ction?.: S : : P )

@ Antisense oligonucleotide was prepared against the 5' untranslated region of the Iymphodyte orphan
with the sequence 5-AGCCACTCAGTACAGTTC-3'. As a control, a scrambled sequence of the orphan
opioid receptor was generated as well (i.e., 5-~ATCCCTTAATCGCGCAAG-3' ). The antisense and
scrambled oligonucleotides were administered to cultures in vitro at the time of culture or up to 24-hr
prior to the activation of cells.

ba one-way mixed lymphocyte reaction was initiated using 6 X 108 c57BLG (H-2b haplotype) splenic
lymphocytes and 4 X 108 DBA/2 (H-29 haplotype) irradiated (900 rads) splenic lymphdcytes in 2 ml of
media. The oligonucleotides were added at the initiation of culture. Following a 5 day incubation period,

the cells were harvested and assayed for CTL activity using P815 (H-2d haplotype) in a 4-hr Sicr-

- release microcytoxicity assay.

C Peritoneal macrophages were cultured for 18-24 hr and 1.0 ng/ml of oligonucleotide aldng with LPS
was added. Following an 18-hr incubation period, supernates were collected and assayed for IL-6
production by ELISA. In some experiments, the oligonucleotides were incubated with the cells for 24 hr
prior to the addition of the stimulus (LPS).

d and e gee reference 69 for details.
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Persistent Cytokine Expression in Trigeminal Ganglion
Latently Infected with Herpes Simplex Virus Type 1’

»

William P. Halford,* Bryan M. Gebhardt,*** and Daniel J. J. Carr®**

Following ocular infection, herpes simplex virus type 1 (HSV-1) establishes latency in trigeminal ganglion (TG) neurons. Using
reverse transcription-PCR, cytokine gene expression was analyzed in the TGs of mice infected with HSV-1. IL-2, TNF-a, IFN-v,
IL-10, and RANTES mRNAs were readily detected in TGs taken from mice 7 days postinoculation (PI). Likewise, IL-2, iL-6, IL-10,
and IFN-y protein were detected by ELISA of TG homogenates. Between 5 and 45 days Pl, IL-10, IFN-y, TNF-, and RANTES
MmRNAs were detected in nearly 100% of latently infected TGs (latent infection was confirmed by reverse transcription-PCR
detection of HSV-1 latency-associated transcripts). T cell-associated cytokine and chemokine mRNAs (IL-2, IL-10, IFN-v, and
RANTES) were still detected in the majority of latently infected TG samples taken between 60 and 135 days P1. In contrast, these
cytokine mRNA species were rarely detected in uninfected TGs. Measurement of serum Abs to HSV-1 at different times revealed
that anti-HSV-1 Ab concentrations approached a plateau in mice by 30 days P! but remained at high levels 67 and 125 days PI.
Although there was molecular evidence of an ongoing immune response to HSV-1 in latently infected TG, histologic analysis
indicated that very few mononuclear cells remained in the ganglion 60 days PI. Collectively, the resuits suggest that residual
lymphocytes encounter viral Ag during HSV-1 latency with sufficient frequency to remain activated. The paradox of a persistent

immune response against a latent infection is discussed.

ollowing primary infection of the eye or oral mucosa, her-
pes simplex virus type 1 (HSV-1)* is carried from the

epidermis to the trigeminal ganglion (TG) by retrograde
transport along sensory nerve fibers (1). Viral Ag expression peaks
in the TG 3 days postinoculation (PI) and rapidly induces an in-
flammatory response and elevated cytokine expression in the TG
(2). By 10 to 14 days PI, HSV-1 replication ceases as a host im-
mune response is mounted, and latency is established. During la-
tency, viral genomes are stably maintained in the neuronal nucleus
as episomes that associate with cellular histones (3, 4). Viral tran-
scription is generaily thought to be limited to the expression of
latency-associated transcripts (LATS) (5). Despite efforts to iden-
tify a functional open reading frame (6), a LAT protein has not
been identified in vivo.
When viral replication spreads to the central nervous system
before an effective immune response is mounted, the outcome of
primary HSV-1 infection is fatal encephalitis. In susceptible strains
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of mice, 5 to 0 days PI is the crucial period during which either
the primary infection will be controlled or encephalitis will de-
velop. Differences in the susceptibility of mouse strains (i.e.,
C57BL/6 and BALB/c) to herpetic encephalitis has been attributed
to a general decrease in permissiveness of C57BL/6 mouse cells
for HSV-1 replication (7). However, there are also reports that
immune factors such as MHC I haplotype (8) and IFN production
(9) are critical determinants in controlling acute HSV-1 infection.
Regardless of the exact mechanism, it is important that an effective
immune response is mounted before HSV-1 can spread unchecked
into the central nervous system and cause encephalitis.

From 5 to 10% of TG neurons become latently infected with
HSV-1 following ocular infection (10, 11). Despite the extent of
neuronal infection, <2% of ganglionic neurons are destroyed dur-
ing acute HSV-1 infection (12). Although there is some debate
over the relative importance of CD4* (13) and CD8™ (12) lym-
phocytes, T cells are generally considered to be essential for con-
trolling HSV-1 replication and allowing the transition to latency
(14-16). Because of the absence of extensive neuronal cell death,
it appears that T lymphocytes shut down viral replication in the
ganglion by noncytolytic mechanisms. Specifically, T cell-secreted
cytokines are believed to contribute to the efficient establishment
of latency by inducing a nonpermissive state in ganglion cells (12,
17). Cytokines, including IFN-, IFN-v, and TNF-«, have been
implicated in limiting the pathogenesis of HSV following primary
infection (18, 19).

If true latency of HSV-1 is established, cytokine expression in
the TG should cease in the absence of viral Ag. However, several
recent studies have found evidence of a lingering cell-mediated
immune response in the TG of latently infected mice. Immuno-
histochemical studies have detected IFN-y-positive cells 6 mo P!
(20). Likewise, CD4™, CD8™, 8 TCR™, and CD45RA™ lympho-
cytes are present in latently infected TG from 5 to 92 days PI,
along with significant numbers of macrophages (F4/80* cells) (2,
20, 21). In the present study, a cytokine response persisted in la-
tently infected TG for up to 4 mo PI. Furthermore, serum anti-
HSV-1 Ab concentrations in mice remained elevated 125 days Pl.
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Collectively, the data highlight the paradox of immune effector
cells persisting at the site of a latent infection.

Materials and Methods
Virus and cells

The Vero and CV-1 African green monkey kidney cell lines were obtained
from the American Type Cuiture Collection (Rockville, MD). Cells were
cultured in RPMI 1640 (Irvine Scientific, Santa Ana, CA) supplemented
with 5% fetal bovine serum (Life Technologies, Gaithersburg, MD) and an
antibiotic/antimycotic solution (Atlanta Biologics, Atlanta, GA). Cells
were incubated at 37°C, 5% CO,, and 95% humidity.

Mice were infected with HSV-1 (McKrae strain) that was grown as
follows. Vero cells were infected with 0.1 to 0.5 plaque-forming unit (pfu)
of HSV-1 per cell. After allowing 1 h at 37°C for viral adsorption, the
medium was discarded, cell monolayers were rinsed with PBS, and cuiture
medium was added. Infected cells were incubated at 34°C until the cyto-
pathic effect was generalized (i.e., 48—72 h). Culture medium containing
virus was centrifuged at 1000 X g for 10 min to remove cellular debris, and
aliquots of the clarified supernatant were stored at —70°C.

Infection of mice

Female ICR mice (25-34 g; Harlan-Sprague-Dawiey, Indianapolis, IN)
were anesthetized by i.m. injection of ketamine (100 mg/kg) and i.p. in-
jection of xylazine (10 mg/kg). Following corneal scarification with a 25-
gauge needle, tear film was blotted from the eyes with tissue, and mice
were inoculated with HSV-1 by placing 3 ul of a 10°-pf/ml solution (i.e.,
300 pfu) on each eye. Mice were given 0.1 ml of rabbit antiserum to HSV-1
i.p. at the time of infection to enhance survival (22). Infection was verified
by swabbing the eyes 2 days PI, placing the swabs in CV-1 monolayer
cuitures, and observing the cultures for cytopathic effects. Animals were
handled in accordance with National Institutes of Heaith Guidelines on the
Care and Use of Laboratory Animals (23).

Reverse transcription-PCR analysis of TGs

To prevent contamination of TGs by cytokine-producing blood leukocytes,
mice were killed by CO, asphyxiation and bied by cutting the superior
vena cava before the skull was opened. Following dissection, TGs were
rinsed in PBS and blotted on tissue paper to remove traces of blood. Left
and right TGs were pooled and homogenized with a Pellet Pestle Motor
(Kontes, Vineland, NJ) in Ultraspec RNA isolation reagent (Biotecx, Inc.,
Houston, TX). RNA was extracted according to the manufacturer’s instruc-
tions. First strand cDNA was synthesized from 4 pg of total TG RNA using
an oligo-dT,s primer and avian myeloblastosis virus reverse transcriptase
(RT) (Promega Corp., Madison, W1) in a 40-pu1 reaction voiume. Because
the major species of LAT is not polyadenylated (24), 20 ng of a LAT-
specific oligonucleotide (ICP0-3’) was used as a primer in a separate RT
reaction containing 500 ng of total TG RNA in a 10-ul reaction volume.
Reverse transcription was performed according to the manufacturer’s di-
rections. TG ¢cDNA (3.5 ul) was combined with 1X Taq buffer, 0.25 uM
concentrations of each PCR primer, 100 uM concentrations of each de-
oxyribonucleoside triphosphate, and 2.5 U of Taq polymerase (Promega) in
a 50-pl reaction volume and overlaid with mineral oil. Oligonucleotide
primers used in this study were synthesized by the Louisiana State Uni-
versity Medical Center Core Laboratories (New Orleans, LA) and are listed
in ﬁn’ PCR was performed in an MJ Regearch thermal cycler (Water-
town, MA) with 35 cycles of 94°C (1 25 gfh)—s57°C (1 ;;"1:5
W—ﬂrc 30 . PCR products were resolved in 2% agarose gels and
were visualized by ethidium bromide staining in an EagleEye II still video
system (Stratagene, La Jolla, CA). Densitometric analysis of gel images
was performed using ImageQuant 3.3 software (Molecular Dynamics,
Sunnyvale, CA).

ELISA of cytokine proteins in TGs

TGs from five mice were homogenized with a Pellet Pestle Motor (Kontes)
in 1.0 ml of carbonate buffer (15 mM Na,CO,, 35 mM NaHCO,, pH 9.6)
containing 50 pg/mi bacitracin, 100 pg/mi aprotinin, 100 pg/mi pepstatin
A, 100 pg/ml benzamidine, and 5 pg/mi PMSF. Following centrifugation
(1 min at 14,000 X g), IL-2, IL-6, IL-10, IL-12, and IFN-vy concentrations
in clarified homogenates were determined by ELISA (PharMingen, San
Diego, CA). The protein concentration in clarified TG homogenates was
determined by the Bradford assay (Bio-Rad Laboratories, Hercules, CA)
according to the manufacturer’s directions.

CYTOKINE GENE EXPRESSION

Table I.  Oligonucleotide primers

Product Size

Primer (Base Pairs) Sequence
G3PDH-a 239 GAATCTACTGGCGTCTTCACC
G3PDH-b GTCATGAGCCCTTCCACGATGC
ICPO-3' - TTCGACCAGGGCACCCTAGT
LAT-a 195 GACAGCAAAAATCCCCTGAG
LAT-b ACGAGGGAAAACAATAAGGG
ICP27-a 283 TTTCTCCAGTGCTAGCTGAAGS
ICP27-b TCAACTCGCAGACACGACTCG
IL-2-a 247 TCCACTTCAAGCTCTACAG
IL-2-b GAGTCAAATCCAGAACATGCC
IL-10-a 256 GGACAACATACTGCTAACCGAC
IL-10-b ARAATCACTCTTCACCTGCTCC
IFN-y-a 237 AACGCTACACACTGCATCTTGG
IFN-v-b GACTTCAAAGAGTCTGAGG
RANTES-a 271 GAAGATCTCTGCAGCTGCCCT
RANTES-b GCTCATCTCCAAATAGTTGA
TNF-a-a 184 GCCTGTAGCCCACGTCGTAG
TNF-a-b TTGGGCAGATTGACCTCAGC

ELISA measurement of anti-HSV Ab titers

HSV-1 virion proteins were used as the coating Ag in ELISAs and were
obtained as follows. Five 150-cm? flasks of CV-1 cells were infected with
5 pfu of HSV-1 per cell and incubated at 37°C for 24 h. HSV-1-infected
cells were freeze-thawed three times in the cuiture medium. The cell lysate
was clarified by centrifugation at 1,000 X g for 10 min. Virions were
pelleted onto a 60% sucrose cushion by centrifugation (20,000 rpm, 4°C,
4 h) in a Beckman 28 SW.1 rotor (Beckman Instruments, Iuee, CA).
Virions were collected from the culture medium/sucrose interface using a
syringe. The virion-containing fraction was diluted 1:5 in PBS, and the
virions were then further purified over a discontinuous sucrose gradient
(i.e., the virion fraction was applied to a gradient containing layers of 15,
25, 35, and 60% sucrose that was then centrifuged at 4°C in a Beckman 28
SW.1 rotor for 4 h at 20,000 rpm). Purified virions were coilected from the
interface between the 35 and 60% sucrose layers using a syringe, and the
virion-containing solution was dialyzed against PBS.

ELISA to determine anti-HSV Ab titers was performed as follows. EIA
96-well plates (Costar Corp., Cambridge, MA) were coated with 100 pl of
HSV-1 virion proteins (diluted 1:50 in carbonate buffer) for 12 h at 4°C.
Wells were blocked with 350 ul of 0.5% dry milk dissolved in PBS for 1 h
at 37°C. After one rinsing with PBS, duplicate 100-x1 samples of diluted
mouse serum (1:50 dilution in PBS) were added to HSV-1 Ag-coated wells
and incubated for 1 h at 37°C. After six rinsings with PBS (pH 7.4) con-
taining 0.05% Tween-20 (polyoxyethylene-20-sorbitan monolaurate), 100
wl of affinity-purified goat anti-mouse IgG [H] and [L]-alkaline phos-
phatase-conjugated Ab (diluted 1:1500 in PBS; Bio-Rad Laboratories,
Richmond, CA) was added to each well and incubated for 30 min at 37°C.
After six rinsings with PBS/Tween-20, 200 pl of p-nitrophenyl phosphate
(Sigma Chemical Co., St. Louis, MO) was added to each weil, and color-
imetric development (OD4,4) was measured in an ELISA plate reader (Bio-
tek Instruments, Inc., Winooski, VT). :

Statistics

Comparison of normally distributed data was performed by one-way
ANOVA and Tukey’s post hoc analysis. Comparison of nonparametric
data was performed using Fisher’s exact test. The correlation coefficient (of
densitometric data) and its statistical significance were determined by re-
gression analysis. In these statistical analyses, p < 0.05 was considered the

minimum significant difference to reject Ay x, = x,.

Results
Cytokine expression in TG during acute HSV-1 infection

Six to nine days after infection with the neurovirulent HSV-1
McKrae strain, one-third to one-half of infected ICR mice suc-
cumb to fatal encephalitis. As viral replication spreads unchecked
into critical areas of the brainstem and cerebellum (typically
24-36 h before death), mice begin to display visible symptoms of
encephalitis, such as ataxia, hunched posture, and hypoexcitability.

Puls A,
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Table Il. Cytokine concentrations in TG homogenates*®

Cytokine
Concentration Nonencephalitic Encephalitic
1Lz (pg/mi) 331 =72 466 = 59
IL-6 (pg/mi) 1021 = 281 1201 = 258
IL-10 (pg/ml) 126 = 8 213 £ 21*
IEN-y (U/mi) ND? 17.5 = 3.9*

“ Results represent mean = SEM cytokine concentration (based on three to
five independent experiments) as determined by ELISA of superatants from the
pooled homogenates of five pairs of TG.

5ND = not detectable (i.e., <10 U/mi).

* Signifies p < 0.05. ** Signifies p < 0.01.
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FIGURE 1. Cytokine transcription in acutely infected TG. A, Results
of RT-PCR analysis of triplicate samples of TG from uninfected mice
(UD) and either nonencephalitic (=) or encephalitic (+) mice 7 days P!.
Top to bottom, RT-PCR was used to detect the following mRNAs in TG
samples: the housekeeping gene G3PDH, HSV-1 LAT, HSV-1 ICP27,
IL-2, IL-10, IFN~y, RANTES, and TNF-a. B, Resuits of RT-PCR analysis
of cerebellum samples from the same mice as in A for the presence of
G3PDH and HSV-1 ICP27 mRNA.

To determine whether the presence or absence of certain cyto-
kines correlated with encephalitis, cytokine expression in the TGs
of mice that did and did not show physical signs of encephalitis 7
days PI was compared. ELISA of TG homogenates demonstrated
that [L-2, IL-6, IL-10, and IFN-v protein were present in acutely
infected TGs (b However, IL-12 protein was not detect-
able by ELISA of TG homogenates. IL-10 and IFN-y concentra-
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FIGURE 2. Correlation between cytokine and viral RT-PCR product
yield amplified from HSV-1-infected TG. Each point represents the
cytokine RT-PCR product yield vs ICP27 RT-PCR product yield ampli-
fied from a TG during the acute infection. Each pixel in the gel image
is assigned a vajue between 0 and 255. RT-PCR product yield is there-
fore expressed in terms of the integrated volume of pixels associated
with each ethidium bromide-stained band on an agarose gel.

tions were significantly higher in TGs of encephalitic mice relative
to nonencephalitic mice 7 days PI (Table IT). However, these dif-
ferences were not evident at the mRNA level by RT-PCR analysis

ig. 14). Although there was no consistent correlation between
HSV-1 lytic phase replication in the TG and encephalitis (Fig. l4),
encephalitis correlated well with HSV-1 replication in the cerebel-
lum. Infected cell polypeptide 27 (ICP27) transcripts were abun-
dant in the cerebellum of encephalitic mice but were not detected
in the cerebellum of nonencephalitic mice 7 days PI (Fig. 1B).

Densitometric analysis of ethidium bromide-stained RT-PCR
products indicated that a strong correlation existed between the
yield of ICP27 and cytokine (i.e., RANTES and TNF-a) RT-PCR
products amplified from TG 5 to 7 days PI . The parallel
increase in ICP27 and cytokine RT-PCR product yields was not
due to differences in the quality of TG ¢cDNA samples, because
glyceraldehyde-3-phosphate dehydrogenase (G3PDH) RT-PCR
product yield from these samples was very similar (i.e., 20,300 =
650 pixels, mean = SEM). The correlation coefficient between
RT-PCR product yields of ICP27 and RANTES was 0.94 (p =
0.0002), and that between ICP27 and TNF-a was 0.839 (p =
0.001). Presumably, increased amounts of the cytokine mRNAs
reflect a greater inflammatory infiltrate in the TG in response to
larger virus loads.

Cytokine gene expression in TG during HSV-1 latency

- Using RT-PCR, cytokine transcription was studied in the TG dur-

ing the transition from acute to latent HSV-1 infection. RT-PCR
detection of LAT RNA was used to confirm that TGs were infected
with HSV-1 (€ig. 3). Because ICP27 is essential for productive
HSV-1 infection, the absence of ICP27 mRNA confirmed that TGs
were latently infected 14 days PI (Fig. 3). Although cytokine
mRNA was not found in uninfected TG, cytokine transcript ex-
pression (especially IL-10 and IFN-y mRNAs) was strongly up-
regulated in acutely infected TG § days PI (Fig. 3). IL-2, IL-10,
IFN-y, RANTES, and TNF-a mRNAs persisted in TG well after



FIGURE 3. Cytokine transcription in TG fol-
lowing HSV-1 infection. RT-PCR analysis of du-
plicate samples of TG taken from uninfected (Ul)
mice and from mice sacrificed 5, 14, 24, 35, 60,
and 125 days Pl. This figure is a representative
example of RT-PCR experiments summarized in
Table HI. Top to bottom, RT-PCR was used to
detect the following mRNAs in TG samples: the
housekeeping gene G3PDH, HSV-1 LAT, HSV-1
ICP27, IL-2, IL-10, IFN-y, RANTES, and TNF-a.
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Table Il.  Cytokine transcription in LAT™ TG
Cytokine-Positive TG (%)*

Day Pt IL-2 IL-10 [FN-9 RANTES TNF-a
Ul (n=27)° 8x6 00 6+6 00 3=3
5-7 (n=12)° 63 =19 1000 100x=0 100+0 93 x7
14-24 (n = 7)¢ 8317 92+8 100 =0 1000 100 =0
3045 (n = 11-34)¢ 68 =22 84 =10 91«5 94 *+4 93=7
60—67{(511:_5;&[ 808 57 = 23* 80*10 70 =30 80 =10
110-13 385 63 = 3* 56 + 21* 52+ 21* 67 = 24

> 5
dn = 10-15)"

* Results represent the mean % SEM percentage of cytokine transcripts in LAT™ TG as determined by RT-PCR.

b Pooled results of nine experiments. Ul = Uninfected.
€ Pooled results of three experiments.

9 Pooled results of three experiments,

¢ Pooled results of seven experiments.

/Pooled resuits of two experiments.

8 Result of a single experiment.

h pooled results of four experiments.

* p < 0.05, determined by ANOVA and Tukey’s post hoc analysis comparing latent to acute TG (5-7 days PI).

active HSV-1 replication had ceased; cytokine transcripts were
detected in TG 14, 24, 35, 60, and 125 days PI (Fig. 3).

In total, cytokine expression was evaluated in 27 uninfected
mice and 91 HSV-1-infected mice killed between 5 and 135 days
PI (. The presence of LATs was confirmed in 84 * 5%
of infected TG samples by RT-PCR (hereafter referred to as LAT™
TG). When appropriate measures were taken to prevent contami-
nation of TG with blood during dissection (see Materials and
Methods), cytokine mRNAs were rarely detected in TG from un-
infected mice (Table III). In contrast, IL-10, IFN-y, RANTES, and
TNF-a mRNA were detected in nearly 100% of LAT™ TGs be-
tween 5 and 45 days PI (Table III). The frequency of detecting
IL-10, IFN-v, and RANTES mRNA in LAT™ TG decreased sig-
nificantly by 110 to 135 days PI, but there was still a more than
50% correlation between latent HSV-1 infection and the presence
of cytokine transcripts (Table III). Expression of IL-10, IFN-v,
RANTES, and TNF-a mRNA was highly correlated. Typically,
either all four or none of the cytokine mRNAs were detected in
LAT™ TG. The correlation between the presence of IL-2 mRNA
and the other cytokine mRNAs was more variable.

Comparison of LAT" and LAT™ TGs

Despite the fact that primary infection was verified in mice by
ocular swabbing 2 days PI, LAT RNA was not detected in 16% of

TG samples from infected mice. There was a strong correlation
between detection of LAT and the presence of cytokine mRNA in
TG (@. Because there was no difference in the amount of
G3PDH PCR product amplified from LAT* and LAT™ TG (as
determined by densitometric analysis), the failure to detect LAT
and cytokine mRNA in LAT™ TG was not simply a result of dif-
ferences in the quality of cDNA samples.

IFN-y, RANTES, and TNF-a mRNA were detected signifi-
cantly less frequently in LAT™ TG 5 to 14 days PI relative to
LAT* TG taken 5 to 14 days PI ({ . Whereas IFN-v,
RANTES, and TNF-a mRNA were detected in 75 to 80% of
LAT™ TG taken 30 to 135 days PI, IFN-y and RANTES mRNA
were detected in none of the LAT™ TG taken 30 to 135 days PIL
Likewise, TNF-a mRNA was detected in only 25% of LAT™ TG

" (Table IV). In contrast to these other cytokines, IL-10 was detected

in four of five LAT™ TGs sampled 7 to 14 days PI and in three of
eight LAT™ TGs sampled 30 to 135 days PL.

Results of ELISA detection of anti-HSV-1 Abs in serum from
mice correlated with results of RT-PCR detection of LAT in TG.
Although anti-HSV-1 Abs were found in serum from mice with
TGs that were LAT™ by RT-PCR, serum anti-HSV-1 Abs were not
detected in mice with TGs that were LAT™ by RT-PCR ’l@ .

- Given this evidence that RT-PCR detection of LAT in TG was an
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FIGURE 4. Comparison of cytokine mRNA profiles in LAT* and
LAT™ TC. RT-PCR analysis of representative TG samples taken from
mice 37 to 42 days Pl. Top to bottomn, RT-PCR was used to detect the
following mRNAs: the housekeeping gene G3PDH, HSV-1 LAT, IFN-y,
RANTES, and TNF-a.

Table IV. Cytokine mRNA detection in LAT" and LAT™ TG

Fraction of Cytokine-Positive TG*

Days Pl LAT? -2 L-10 IEN-y RANTES TNF-a
714 + 812 1212 12112 1212 12/12
- 1/5 4/5 2/5* 1/5** 1/5**
30-135 + 13/26  40/53  30/40 43/57 28/34
- 1/4 3/8 0/8*** 0/10*** 2/8**
* Resuits are expressed as ee‘nzerrn{v?m of cytokine” TG per total number of
TG

b presence (+) or absence (=) of HSV-1 LATs as determined by RT-PCR.

* p < 0.05, determined by Fisher's exact test comparing LAT™ and LAT™ TG
within either the 7 to 14 days P! group or the 30 to 135 days Pl group. ** p <
0.01, determined as above. *** p < 0.001, determined as above.

accurate indicator of latent HSV-1 infection, the difference in cy-
tokine mRNA profiles between LAT™ and LAT™ TGs was not
unexpected.

Anti-HSV-1 Ab titers do not decrease during HSV-1 latency

After the acute infection, serum concentrations of anti-HSV-1 Abs
increased steadily in micg from 7 to 30 days PI and reached a
plateau by 50 days PI . In the absence of viral Ag during
latency, serum anti-HSV-1 Ab titers should peak after resolution of
the acute infection and gradually decline. However, serum Abs
against HSV-1 virion-proteins were still present in high concen-
trations in mice 67 and 125 days PI (Fig. 5). The relative anti-
HSV-1 Ab concentration in serum samples was derived by fitting
sample OD values to a standard curve based on a twofold dilution
series of high-titer anti-HSV-1 mouse serum (* = 0.995). Based
on the calculation, serum concentrations of anti-HSV-1 Abs were
1.5-, 3.1+, and 4.9-fold higher on average at 21, 50, and 125 days
PI, respectively, relative to serum taken 14 days PL

Histology of latently infected TG

The histology of TG sections from mice killed 14, 30, 62, 108,
121, and 135 days PI was compared with that of uninfected TG.
Increased numbers of IFN-y™*, IL-10™, and TNF-a* cells were
evident by immunohistochemical staining of HSV-1-infected TG
samples taken between 14 and 30 days P, relative to uninfected
control sections (data not shown). However, few differences were

[ PAGE : s «»Tr s

Table V. ELISA of serum anti-HSV-1 Abs

Anti-HSV-1 Ab*

Days PI LAT™ LAT™
0° 0.031 = 0.009 —
35¢ 0.022 £0.013 0.277 * 0.068*
1259 0.012 = 0.013 0.614 = 0.022**

® Results represent mean  SEM OD,q of anti-HSV-1 Ab ELISA on mouse
serum. LAT™ = LAT RNA was detected in mouse TG by RT-PCR; LAT™ = LAT
RNA was not detected in mouse TG by RT-PCR.

®n = 3; 0 days Pl indicates uninfected mice.

€n = 6 per group.

9n =3 per group.

* p <0.01, determined by ANOVA and Tukey’s post hoc analysis comparing
sample groups to OD g5 of serum from uninfected mice. ** p < 0.0001, deter-
mined as above.
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FIGURE 5. Anti-HSV-1 Ab concentrations at different times after in-
fection. ELISA measurement of anti-HSV-1 Abs (OD,s) in mouse se-
rum is shown vs time after inoculation (days Pl). Results represent
mean £ SEM OD,,s and are based on serum obtained from mice 7
(n=14),14(n=14),21(n=120),33(n=10),50(n=5),70 (n= 6),
and 125 (n = 9) days PI.

noted between uninfected TG and HSV-!-infected TG taken 62,
108, 121, and 135 days PIL

Relative to uninfected TG @ ), an intense monocyte infil-
trate was evident in TG 14 days PI during the resolution of acute
HSV-1 infection (Fig. 6B). Likewise, areas of mononuclear ceil
infiltration were apparent among neuronal cell bodies in TG 30
days PI (data not shown). However, by 62 days PI histologic ev-
idence of an ongoing immune response was difficult to find. Of 16
TG samples examined between 62 and 135 days PI (i.e., four TG
per time point), only one neuron in a TG sample taken 108 days PI
appeared to be the target of a mononuclear cell infiltrate (Fig. 6C).
The focal nature of the infiltrate suggests an immune response to
a neuron producing viral Ags. Although this point is speculative,
such an infrequent, localized event may account for the persistence
of cytokine-expressing cells in latently infected TG (4 mo PI),

_suggesting that a small population of lymphocytes is stimulated by

viral Ag during latency.

Discussion
Cytokine expression during acute HSV-1 infection

The correlation between the presence of HSV-1 transcripts (i.e.,
ICP27 or LAT) and cytokine transcripts (i.e., IL-10, IFN-v,
RANTES, and TNF-a) in the TG was nearly 100% during reso-
lution of the acute infection. The observation that T cell-depleted
mice do not survive primary HSV-1 infection (25) demonstrates
the importance of these effector cells and their secreted cytokines
in controlling the primary infection. Cytokines, including [FN-a,



FIGURE 6. Mononuclear cell infiltration in
TG. Hematoxylin-eosin-stained 8-um sec-
tions (20X magnification) of (A) an unin-
fected TG, (B) HSV-1-infected TG (14 days
P1), and (C) TG latently infected with HSV-1
(108 days P1). Arrows point to areas of mono-
nuclear cell infiltration. Histologic analysis
was performed on four TG at each time point
(14, 30, 62, 108, 121, and 135 days Pl). To
obtain a representative view of the TG, at
least 12 sections (four adjacent sections from
three different planes within the TG} were
analyzed.
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IFN-v, and TNF-a, may also act directly on ganglion cells to block
HSV-1 replication by inducing a nonpermissive state (26-28).
This type of cytokine-mediated control of viral replication has
been demonstrated in hepatitis B virus transgenic mice. IFN-y and
TNF-a produced by hepatitis B virus-specific CTLs block viral
gene expression by inducing the selective degradation of hepatitis
B virus mRNA in hepatocytes (29-31).

Cytokine expression in latently infected TG

The present study demonstrates that TNF-c and T cell-associated
cytokine transcripts (IL-10, IFN-vy, and RANTES) are consistently
present in latently infected TG 1 to 2 mo PL Cantin et al. (20)
observed large numbers of IFN-y™ cells 180 days PI in latently
infected TG by immunohistochemical staining. In contrast, Liu et
al. (2) observed only a few IFN-y*, IL-4*, and IL-10% cells in
latently infected TG taken 30 and 92 days PI but found many
TNF-a™ cells at these later time points. Our results are more con-
sistent with the latter study, indicating that T cell cytokine expres-
sion persists well into latency but occurs only at low levels after 30
to 45 days.

The observation that T lymphocytes persist in latently infected
TG has now been reported in A/J, BALB/c, and National Institutes
of Health/OLA mice infected with HSV-1 strains RE, F, and
McKrae, respectively (2, 20, 21). In the present study, outbred ICR
mice were infected with HSV-1 (McKrae). Therefore, the persis-
tence of T cells and cytokine expression in HSV-1 latently infected
mouse ganglia is not a strain-specific phenomenon. However, this
event may be unique to mice because T cells are not detected in
rabbit TG 30 days PI by immunohistochemical staining (32).

Based on the use of immunosuppressive treatments (i.e., x-ray
irradiation, cyclophosphamide) to induce reactivation from latently
infected mice (33), one could argue that cytokine expression is
necessary for the maintenance of HSV-1 latency in the TG. How-
ever, because of the systemic stress induced by these treatments,
one cannot be sure that reactivation strictly follows from the im-
munosuppression. Furthermore, in an in vitro HSV-1 reactivation
model, spontaneous reactivation does not occur from latently in-
fected TG neurons (34) despite the absence of IFN-vy and little to
no TNF-a in culture supernatants.* Therefore, while cytokine ex-
pression appears to be important in controlling primary HSV-1
infection (20), the role of cytokines during latency remains
unclear.

Implications regarding the nature of HSV-1 latency

The nature of HSV-1 latency has long been debated. It has been
suggested that there may be a “trickle effect” such that low level
HSV-1 replication occurs in latently infected TG. However, infec-
tious virus is only infrequently recovered from tear film and TG of
latently infected mice (35, 36). Therefore, HSV-1 is believed to
establish a truly latent infection in mice in which spontaneous
reactivation rarely occurs.

Low-level expression of HSV-1 proteins during latency could
account for lymphocyte infiltration and T cell activation (i.e., cy-
tokine expression) in latently infected TG. Immunoreactive ICP4
has been identified in latently infected rabbit TG (37), and, more
recently, RT-PCR has been used to demonstrate low level ICP4
and HSV-1 thymidine kinase mRNA expression in latently in-
fected mouse TGs (38). Likewise, LATs may encode an as-yet
unidentified protein in vivo, such as the latency-associated Ag
identified in vitro (39). However, latent HSV-1 has been detected

* Halford, W. P., M. Scott, and D. J. J. Carr. Cytokine expression in HSV-1 la-
tently infected trigeminal ganglion cell cultures. Submitted for publication.
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only in neurons (10, 40), a cell type that does not express MHC [
(41) and is therefore incapable of presenting endogenous Ags to
CD8™ T cells. Therefore, to accept the hypothesis that persistent
cytokine expression in TG results from low-level viral Ag expres-
sion in latently infected neurons, one has to believe either that
low-level MHC I expression occurs in neurons or that other Ag
presentation pathways exist.

Other possible sources of Ag that could account for the persis-
tence of T cells in latently infected TG are 1) self-antigens exposed
during HSV-1 infection (42), 2) long-lived viral Ags that persist
after the acute infection, 3) low level production of secreted viral
Ags that are processed and presented by APCs (e.g., macrophages)
to T Iymphocytes, and 4) reactivation of infectious virus from la-
tently infected neurons. Although HSV-1 reactivation seems a
plausible source of Ag to account for T cell persistence in latently
infected ganglia, infectious virus is only rarely detected in mouse
TG after the acute infection (34, 35). Perhaps the explanation for
this discrepancy is that periodic sampling for infectious virus is
less sensitive than the host immune cells, which are continuously
present. In the natural host (i.e., humans), HSV-1 efficiently reac-
tivates in the face of humoral and cell-mediated immunity (43).
Perhaps HSV-1 is unable to evade immune recognition during re-
activation in mice, and so only small quantities of infectious virus
are produced.

Regardless of the specific mechanisms, the data presented herein
suggest that viral Ag is present in sufficient quantities during la-
tency to stimulate an ongoing immune response. Further investi-
gation is necessary to establish the underlying cause of this
phenomenon.
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Abstract

Cytokine production was measured in primary cultures of trigeminal ganglion cells from
both uninfected and herpes simplex virus type 1 (HSV-1) latently infected mice. Supernates
from TG cell cultures contained detectable interleukin (IL)-6 but not IL-1B, IL-2, IL-10, interferon
(IFN)-y, or tumor necrosis factor (TNF)-c.. The basal level of IL-6 in uninfected TG cell cultures
was 20.5 + 2.3 ng/ml, whereas latently infected TG cells produced significantly less IL-6 (12.1
+1.9 ng/ml). Hyperthermic stress (43° C, 180 minutes), which induces reactivation of latent
HSV-1 from TG cell cultures, significantly reduced IL-6 production from both uninfected and
latently infected TG cell cultures. However, there was no correlation between the level of IL-6
production and HSV-1 reactivation in TG cell cultures. Dexamethasone, a glucocorticoid
hormone analog, has been shown previously to induce HSV-1 reactivation in TG cell cultures.
Dexamethasone (10’7 -1 M) strongly inhibited IL-6 production in TG cells in a dose- and
time-dependent manner. This inhibition occurred at the post-transciptional level as determined
by competitive RT-PCR. Likewise, at the highest dose tested, 10° M epinephrine suppressed
IL-6 production 48-72 hr post treatment. Immunofluorescent studies indicated that cultured
cells obtained from TGs contained 5-8% CD11b" cells, 0.9 + 0.4% CD8" cells, but contained no
CD4" cells. Collectively, the data suggest that IL-6 production in TG cell cultures does not play

a role in hyperthermia-induced HSV-1 reactivation.



Introduction

Cytokine action and synthesis within the nervous system has been well documented
(Fabris et al., 1994). IL-1 produced by microglial cells (Giulian and Lachman, 1986) has been
shown to stimulate astroglial proliferation (Giulian et al., 1985). TNF-a synthesized by
astrocytes (Liebermann et al., 1986; Chung and Benveniste, 1990) has been implicated as an
important mediator in multiple sclerosis (Hofman et al., 1989). Likewise, IL-6 produced by
microglial cells and astrocytes Frei et al., 1989; Benveniste et al., 1990) has been associated
with a number of disease processes related to infection (Frei et al., 1988; Frei et al., 1989) and
autoimmunity (Gijbels et al., 1990). Consequently, the generation of cytokines by cells of the
nervous system as well as the capability to respond to cytokines may have a significant impact
on neural transmission (Besedovsky et al., 1983), the regulation of the hypothalamic pituitary
adrenal (HPA) axis (Blalock, 1992), and the outcome of injury (Woodroffe et al., 1991) or

infection (Nottet and Gendelman, 1995) in the brain or surrounding neuronal tissue.

HSV-1, a neurotropic virus that resides in the trigeminal ganglion following corneal
infection elicits a vigorous immune response (Rinaldo and Torpey, 1993). Local control of the
acute infection includes the presence of CD4" and CD8" lymphocytes (Nash et al., 1987;
Bonneau and Jennings, 1989; Igietseme et al., 1991), neutrophils (Tumpey et al., 1996), IFN-a
(Hendricks et al., 1991), and potential.ly IFN-y and TNF-o (Cantin et al., 1995). Cytokine
profiles following acute infection suggest that the cellular immune response is primarily of the
TH1 type (Staats and Lausch, 1993; Bouley et al., 1995; Kanangat et al., 1996). However, the
role of T2 cells is more controversial. Specifically, the adoptive transfer of HSV-1 specific T2
clones was shown to increase the onset and severity of stromal keratitis (Jayaraman et al.,
1993) whereas the inoculation of the cornea with IL-10 (a TH2 cytokine) was found to reduce
ocular inflammation as measured by cellular infiltration and IL-2 and IL-6 levels (Tumpey et al.,

1994). The presence of these cytokines produced by the leukocytes infiltrating the TG and their




anti-viral, proinflammatory action suggest that cytokines are central to the control during the
acute infection. Consistent with this hypothesis, disseminated neonatal HSV infection has a
50% mortality rate despite the presence of maternal anti-HSV antibodies in newborns (Whitley,
1993). However, the role of these cytokines in latent HSV-1 infection or in the reactivation of
the virus from latency has not been addressed. It has been proposed that TNF-a. (Liu et al.,
1896) and IFN-y (Cantin et al., 1995) may control reactivated HSV-1. The synergistic action of
these cytokines in blocking HSV-1 reélication supports this hypothesis (Feduchi et al., 1989;
Chen et al., 1993). It is also thought that humoral immunity is involved in the maintenance of

HSV-1 latency (Stevens and Cook, 1974).

Recently, an in vitro culture system has been developed (Moriya et al., 1894) and characterized
(Halford et al., 1996a) to study HSV-1 reactivation from TG cells following hyperthermic stress .
Primary cell cultures were established from dissociated TG of HSV-1 latently infected mice in
the presence of an antiviral drug to block reactivation. Following removal of the antiviral
compound S days after culture establishment, spontaneous reactivation did not occur in any
cultures (n=52) monitored over a 20 day period. However, reactivation could be induced by
hyperthermic stress or dexamethasoﬁe treatment. The present study was undertaken to
identify cytokines produced locally that might be involved in HSV-1 latency and reactivation

using this in vitro model.



Materials and Methods

Infection of mice. Female ICR mice'(25-34 gm, Harlan-Sprague Dawley, Indianapolis, IN)
were anaesthetized by intramuscular injection of ketamine (50 mg/kg) and intraperitoneal (i.p.)
injection of xylazine (10 mg/kg). Following corneal scarification with a 25 g needle, tear film
was blotted from the eyes with tissue, and mice were inoculated with HSV-1 (McKrae strain) by
placing 3 ul of a 10° pfu/ml solution (i.e. 300 pfu) on each eye. Mice were i.p. administered
rabbit antiserum to HSV-1 at the time of infection to enhance survival [34]. Verification of
primary infection was carried out by swabbing the eyes 2 days post-inoculation (P), placing the

swabs in CV-1 monolayer cultures, and observing these cultures for HSV-1 induced cytopathic

effects.

Establishment of TG cell cultures.

TG cell cultures were prepared as previously described (Halford et al., 1996a). Briefly,
TG were aseptically removed from latent HSV-1-infected mice (greater than 28 days PI). Single
cell suspensions were obtained by incubating TG for 90 min at 37° C in calcium-, magnesium-
free Hank's balanced salt solution containing 1 mg/ml collagenase type 1V (Sigma Chemical
Co., St. Louis, MO) and 1 mg/mi collagenase type [X (Sigma Chemical Co.). The suspension
was triturated every 25-30 minutes to facilitate dissociation of TG. Dissociated cells were then
washed (i.e. resuspended in 10 ml medium, and centrifuged for 5 minutes at 200 x g) twice with
TG medium which consisted of minim.um essential medium containing 10% fetal bovine serum
(Gibco, Gaithersburg, MD), antibiotic/antimycotic solution (Sigma Chemical Co.), and 10 ng/ml
nerve growth factor 2.5 s (Collaborative Biomedical Products, Bedford, MA). The cells were
resuspended in TG medium containing 5 pg/mi of (E)-5-(2-bromovinyl)-2'-deoxyuridine (BVDU,
Sigma Chemical Co.), and distributed-into 24-well culture plates (Becton Dickinson Labware,

Lincoln Park, NJ) that had been thin-coated with rat-tail collagen type | and recombinant mouse

faminin (Collaborative Biomedical Products). Finally, culture plates were centrifuged (200 x g, 3




min) to promote cell adherence. Seven days following culture establishment, BVDU was
removed from TG cells by replacing the culture medium. TG cells were maintained by repiacing
culture medium every 7 days. Cultures were incubated for 14 days before TG cells were heat

stressed and / or culture supernatants were collected for cytokine measurements.

Drug treatment and cytokine measurements.

Cytokine concentrations were determined in the supernatants of TG cell cultures which
either were, or were not, heat stressea. Twenty-four hours prior to heat stress, culture medium
was replaced and each well received 2 ml of fresh TG medium. TG cells were heat stressed by
placing culture plates in a 43°C tissue culture incubator (5% COZ' 85% humidity) for 3 hours.
Samples of culture supernatant were collected 12 hours prior to heat stress (basal
measurement), immediately before heat stress, and 24, 48, and 72 hours after heat stress.
Cytokine concentrations were determined by ELISA for IL-13 (Genzyme, Cambridge, MA;
Biosource Int., Camarillo, CA), IL-2, IL-6, IL-10, IFN-y (Pharmingen, San Diego, CA) and TNF-a
(Genzyme and Pharmingen).

In drug treatment experiments, culture medium was removéd 24 hours prior to heat
stress and replaced with medium coniaining either dexamethasone, epinephrine, or no drugs.

Heat stress and collection of supernatants from drug-treated cultures was performed as

described above.

Monitoring TG cultures for HSV-1 reactivation.

Infectious HSV-1 was detected by transferring 100 ul of medium from TG cell cultures
to monolayer cultures of CV-1 cells in 96-well plates (Costar, Cambridge, MA) which were then
monitored for the appearance of cytopathic effect. TG cell cultures were sampied for infectious
virus at 4, 8, and 12 days after cuiture establishment, immediately prior to heat stress, and were

then sampled every 24 hour for five days after heat stress. The CV-1 African green monkey

kidney cell line was obtained from the American Type Culture Collection (Rockville, MD).



Reverse transcription-PCR.

Total RNA was extracted fron1 TG cells using Ultraspec™ RNA isolation reagent (Biotecx
Inc., Houston, TX) as suggested by the manufacturer. First strand cDNA synthesis was carried
out on equivalent amounts of RNA from each sample using an oligo (dT),5 primer and AMV
reverse transcriptase (Promega Corp., Madison, WI). PCR was carried out on equivalent
amounts of template in a reaction buffer that contained 1x Tagq buffer, 0.25 uM each
oligonucleotide primer, 100 uM each dNTP, and 2.5 U Taq polymerase (Promega Corp) using a
Thermolyne thermal cycler (Dubuque, |A) with 35 cycles of 94° C (1'15") - 57° C (1'15") — 72°
C (20"). Oligonucleotide primers were synthesized by LSU Medical Center Core Laboratories
(LSUMC, New Orleans, LA), purified by silica gel column and verified by polyacrylamide ge!
electrophoresis. Sequences used for the primers are shown in Table 1. Densitometry of
ethidium bromide-stained agarose gels was carried out with an Eagle Eye II digital image

capture system (Strategene, La Jolla, CA).

Competitive RT-PCR.

Competitive PCR was performed on 5 ul of cDNA template in a 50 pl reaction volume
containing 0.25 uM each oligonucleotide primer as previously described (Garza et al., 1996).
Briefly, competitive PCR samples were subjected to 30 cycles of 94° C (1') - 57° C (1' 15") —»
72° C (20"). Copy equivalents were determined by PCR of limiting dilutions, the lowest dilution
in which amplification occurs being 1 copy equivalent. A 5 pl aliquot of each sample of cDNA
product from the RT reaction was mixed with 5 pl of a predetermined amount (100 copy
equivalents) of-competitive mimetic standard. A competition for PCR primers was established
where the cDNA in the greatest amount was amplified to yield a product of greater quantity.
Standards were run in parallel using a known amount of cDNA (1-400 copy equivalents) and

mimetic standard (100 copy equivalents) to generate a standard curve and determine the copy

equivalents of each unknown sample. PCR products were electrophoresed on 2% agarose




gels containing 0.5 pg/ml ethidium bromide and ampilification of each sample was quantitated
by its fluorescent intensity using the Eagle Eye Il digital image capture system and ImageQuant

3.3 densitometry software (Molecular Dynamics; Sunnyvale, CA).

Fluorescence activated cell sorter (FACS) analysis.

Cells from TG cultures were obtained via trituration of thé monolayers using ice-cold
phosphate buffered saline (PBS, pH 7.0) containing 0.5% bovine serum albumin (BSA, Sigma).
Cells were washed in PBS by centrifugation (250 x g, 5 min), the supernate discarded, the cells
briefly vortexed, and fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated
antibody to CD4, CD8, or CD11b (Pharmingen) applied to the dispersed cells at a concentration
recommended by the manufacturer. Cells were incubated 20-30 min on ice in the dark and
subsequently washed with PBS-BSA by centrifugation (250 x g, 5 min). Cells were
resuspended in PBS containing 1% paraformaldehyde and analyzed on a Coulter Elite FACS
(Coulter, Hialeah, FL). Log forward scatter vs. log side scatter plot was assembled to gate
viable cells for analysis in order to separate cells from cellular debris. Light scatter was
collected at 488 nm and emitted light was passed through a long pass filter followed by a
narrow band filter and analyzed at 5256 nm (FITC) and 575 nm (PE). Five thousand gated
events were collected and analyzed per sample. Isotypic controls (Pharmingen) were used to

subtract non-specific labeling of cells.

Statistics.
One-way analysis of variance (ANOVA) was used in conjunction with Tukey's post hoc t-
test to determine significance (p<.05) between vehicle- and drug-treated groups using the

GBSTAT program (Dynamic Microsystems Inc., Silver Springs, MD).



Resuits

Phenotype of TG cells in culture. Based on the number of cells expressing neuron-
specific enolase, there are approximately 400-500 neurons per well in TG cell cultures (Halford
et al., 1996a). However, the makeup of hematopoietic-derived cells in these cultures has not
previously been characterized. TG of latently infected mice harbor infiltrating leukocytes
including CD4"™ and CD8" lymphocytes as well as neutrophils (Cantin et al., 1995; Liu et al.,
1996; Shimeld et al., 1995) and resident (microglia) and infiltrating macrophages (Shimeld et
al., 1995). TG cell cultures were phenotypically characterized for the presence of CD4- CD8-,
and CD11b (Mac-1)-positive cells. Both latently infected and uninfected TG cell cultures
possessed CD11b" cells (Table 2). Ir; addition, 4 of the 5 cell cuitures derived from HSV-1
latently infected TG contained CD8" cells (Table 2, Figure 1). However, there were no
detectable CD4" cells in either latently infected or uninfected TG cell cultures suggesting a
minimal amount of T lymphocyte involvement in the TG cell cutlures (Table 2).

Overview of cytokine expression in TG cell cultures. To identify cytokines produced by
HSV-1 latently infected TG cells, culture supernates were assayed by ELISA for IL-1B, IL-2, IL-
6, IL-10, TNF-a, and IFN-y. Coillection of culture supemnatants began 14 days after culture
establishment. Samples were taken just prior to heat stress (i.e. 0 hour), and 24, 48, and 72
hours after heat stressing TG cells. Neither IL-1 B, IL-2, IL-10, nor IFN-y were detected in any
samples. However, IL-6 was consistently present in TG cell culture supernatants in high
concentrations (10 - 300 ng / ml). A fraction of culture supernatants also contained low levels
of TNF-a (100 -400 pg / ml). TNF-o. was detected in4 /24 TG cell culture supernatants just

prior to heat stress (i.e. 24 hours after replacing culture medium), and in 3/10 non-stressed

controls at the same time point. At 24, 48, and 72 hours after heat stress, TNF-o was detected
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in 0, 25, and 8% of heat-stressed TG cell cultures (n=24). In contrast, 0% of non-stressed
controls (n=10Q) contained detectable amounts of TNF-a (less than 100 pg / ml) at these later
fime points.

TG cell cultures were assayed for HS_V-1 reactivation following heat stress (i.e. the appearance
of infectious HSV-1 in culture supernétants). While infectious virus was detected in none of the
latently infected / non-stressed control cultures, reactivation occurred in 62.5 + 3.5 % of TG cell
cultures (n=72) following heat stress. No correlation was observed following heat stress

between HSV-1 reactivation and either IL-6 or TNF-a levels in cuiture supernatants.

Effects of latent HSV-1 and heat stress on IL-6 production from TG cells. IL-8 expression
was compared in latently infected and uninfected TG cell cultures following heat stress.
Supernatants taken from latently infected cultures contained significantly less IL-6 than
uninfected cultures at 0 (i.e. 24 hours after medium replacement) and 24 hours after heat stress
(Table 3). Likewise in non-stressed cultures at these time points, IL-6 concentrations were
lower in supernatants from latently infected TG cell cultures than uninfected cultures. By 48
hours after heat stress, IL-6 levels were equivalent in all four treatment groups (i.e. Ul /NS, |
INS, UI/S, I/S). By 72 hours after heat stress, however, IL-6 levels from heat-stressed TG cell

cultures was significantly lower than that of their non-stressed controls. (Table 3).

Dexamethasone suppresses IL-6 production from TG cells. Epinephrine and
glucocorticoids (e.g., dexamethasone) induce reactivation of latent herpesviruses in animal
models (Kwon et al., 1981; Rock et al., 1992). While epinephrine does not induce HSV-1
reactivation from latently infected TG cells, dexamethasone does so in a dose-dependent
manner (Haiford et al., 1996a). Because glucocorticoids suppress IL-6 production by
leukocytes and astrocytes (Benveniste et al., 1990; Waage et al., 1990), the effects of
dexamethasone on IL-6 production in TG cell cultures was assessed. Culture medium was

replaced with medium containing either dexamethasone, epinephrine, or no drugs (i.e. vehicle),
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and culture supernatants were collecfed every 24 hours thereafter over a 96 hour period.
Dexamethasone (107 -10™"" M) significantly suppressed IL-6 production at all time points, and
did so in a dose-dependent manner (Figure 2). Ninety-six hours after replacing the culture
medium, |L-6 concentrations in 107 M dexamethasone-treated cultures were approximately 20-
fold lower than in untreated cultures. ‘Epinephrine also suppressed IL-6 production, but only at

the highest dose, and only at 72 and 96 hours after replacing culture medium (Figure 2).

Mechanism of dexamethasone-mediated IL-6 suppression in TG cell cultures.
Glucocorticoid hormones regulate gerie expression both at the transcriptional and post-
transcriptional levels (Waage et al., 1990; Ray et al., 1990; Schobitz et al., 1993; Zitnik et al.,
1994). To determine if dexamethasone suppressed |L-6 production from TG cells by
downregulating IL-6 mRNA transcription, reverse transcription PCR analysis was performed on
10”7 M dexamethasone versus vehicle-treated TG cell cultures. Fifteen hours after culture
medium replacement, RNA was harvested from one pair (dexamethasone versus vehicle-
treated) of latently infected TG cell cultures prior to heat stress. The remaining cultures were
heat stressed, and RNA was harvested from the remaining culture pairs at 12, 24, and 48 hours
after heat stress. Regardless of dexamethasone treatment, TNF-a. mRNA expression was
downregulated in TG cells by 24 and 48 hours after heat stress (Figure 3). There was no
evident differences in IL-6 mRNA levels between dexamethasone and vehicle-treated cuitures
at 0, 12, 24, or 48 hours following heat stress (Figure 3). In contrast, 107 M dexamethasone
induced HSV-1 reactivation in TG cell cultures prior to heat stress (i.e. t=0 hour) as
demonstrated by the upregulation of HSV-1 infected cell polypeptide 27 (ICP27) mRNA
transcription (Halford et al., 1996a). Moreover, increased levels of lytic phase mRNA
transcripts (e.g. ICP27) were detected in dexamethasone-treated cultures 12 hours after heat
stress, suggesting that activation of the glucocortico-id receptor facilitates heat stress-induced

HSV-1 reactivation.
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Corticosterone/dexamethasone-mediated suppression of IL-6 mRNA transcription is most
evident 2-8 hours after treatment (Schobitz et al., 1993; Zitnik et al., 1994). To ensure that
dexamethasone had not acted on IL-6 mRNA transcription prior to the coilection of the first
sample (i.e. 15 hours post-DEX), RT-PCR was performed on RNA from TG cells 2 hours after
dexamethasone or vehicle treatment. No differences in IL-6 mRNA levels were evident by
conventional RT-PCR (Fig.4a), nor b); competitive RT-PCR (Fig. 4b). Therefore,
dexamethasone-mediated suppression of IL-6 production appears to occur at the post-

transcriptional level in TG cells.

Previous studies suggest that both TNF-a and IFN-y play a role in controlling reactivation of
latent HSV-1 (Cantin et al., 1995; Liu et al., 1996). Although there was no indicaﬁon that either
cytokine was present in the TG cultures by ELISA, RT-PCR assays were performed to detect
TNF-o and IFN-y transcripts. However, neither cytokine transcript was detected in these
cultures suggesting the absence of even minute amounts that would not be detected by the

less-sensitive ELISA (data not shown).
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Discussion

In the present study, cytokine levels were determined in TG cells obtained from HSV-1
latently infected and uninfected mice and cuitured over a 20 day period. Of the Ty1 (IL-2 and
IFN-y), Ty2(IL-10), and proinflammatory (IL-18, IL-6, and TNF-a) cytokines screened in the
culture supernates, only IL-6 was consistently produced in significant amounts. The
observation that hyperthermic exposure of cultures significantly reduced IL-6 production 72
hour post exposure is most probably due to the loss of cells following exposure at 43°C
(unpublished observation) rather than an effect of heat shock proteins on IL-6 synthesis (Ensor
et al., 1994) . This notion is also supported by the data showing that hyperthermic stress had
no effect on IL-6 mRNA levels over a 48 hour period. The decrease in TNF-a mRNA following
hyperthermic stress is consistent with reports showing heat shock proteins suppress TNF-«
production (Ensor et al., 1994; Hall, 1994). In those cultures that were not exposed to
hyperthermic stress, the reduction in TNF-a could be due to the inhibitory effects of IL-6 on

TNF-a production (Aderka et al., 1989; Schindler et al., 1990).

The considerable amount of IL-6 produced by the TG cells in culture may arise from the
CD11b" population which includes macrophages and microglial cells that are known to
synthesize IL-6. Neurons that are present in these TG cell cultures may also be a source of IL-
6 as recently reported using embryonic neuron cultures (Ringheim et al., 1995). However,
production of iL-6 by the TG cell cultures is constitult.ive which is not consistent with convention
in that IL-6 is typically elicited by proinflammatory cytokines (e.g., IL-18 or TNF-a) or other

stimuli (e.g., lipopolysaccharide). The mechanism of IL-6 production by the cultured TG cells is
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currently unknown. However, we propose two explanations. Explants of whole TG removed
from HSV-1 latently infected mice do _not produce IL-6 in the absence of nerve growth factor
measured over a 5 day period even tﬁough they possess IL-6 transcripts (Halford & Carr,
unpublished observation). Whether nerve growth factor directly stimulates the cultured cells to
secrete IL-6 is not known, although it has been reported that IL-6 stimulates the production of
nerve growth factor by cultured astrocytes (Frei et al., 1989). Alternatively, the removal of TGs
from the animals may allow the TG cells cultured over time to secrete IL-6 that in situ would be

suppressed by corticosterone (Goujon et al., 1995).

Dexamethasone suppression of IL-6 production by TG cell cultures is consistent with the IL-6
gene possessing sequences that bind the glucocorticoid receptor complex (Ray et al., 1990).
Moreover, the kinetics in the suppression of the IL-6 mRNA by dexamethasone parallels that
previously reported measuring splenic and pituitary gland IL-6 transcripts (Schobitz et al.,
1883). However, the data showing a qualitatively equivalent amount of IL-6 mRNA at 12-48
hour between dexamethasone (107 M) treated and untreated cultures yet a significant
reduction in IL-6 protein levels in the dexamethasone-treated cultures suggests message
instability as previously reported (Zitnik et al., 1994). Although dexamethasone (107 M) has
been found to reactivate 20-25% of the TG cell cultures latently infected with HSV-1 (Haiford et
al., 1996a), there is no correlation with the cultures that reactivate and the levels of IL-6
produced. Consequently, the reactivgtion status of HSV-1in TG cells in vitro is not directly
linked to IL-6 production. The consideration of IL-6 protein levels is important since there is
evidence suggesting that HSV-1 upregulates IL-6 gene expression in a permissive cell line
(Kanangat et al,, 1996). The data showing that the IL-6 levels are suppressed in the HSV-1
latently infected TG cells compared to the uninfected cells may be due to the presence of
latency associated transcripts (Stevens et al., 1987) t‘hat non-specificaily suppress ceilular

genes or the synthesis of the virion host shutoff protein (Zelus et al., 1996).
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The presence of CD8" cells in the majority of the HSV-1 infected TG cultures screened is
supported by reports showing the presence of infiltrating CD8" lymphocytes in TGs of HSV-1-
infected mice monitored 1-6 months F;I (Cantin et al., 1995; Liu et al., 1996; Shimeld et al.,
1995). Curiously, the TG cell cultures did not contain CD4" lymphocytes nor was there a.
significant difference in CD11b" cells (defining macrophages, microglia, neutrophils, and NK
cells) comparing HSV-1-latently infected to uninfected TG cultures. The absence of CD4" cells
is also reflected in the absence of lymphokines (e.g., IFN-y, IL-2, and IL-10) that are detected in
TGs from latently infected mice (Cantin et al., 1995; Liu et al., 1996; Halford et al., 1996b). The
low to undetectable levels of TNF-a and IL-1f3 in the TG cultures along with the lack of
spontaneous reactivation monitored over 20 days wouid seem to suggest that the presence of

these cytokines is not responsible for holding the virus in a latent state.

In conclusion, there does not appear to be a direct relationship between HSV-1 infection in TG
cell cultures and IL-6 production. Dexamethasone-induced reactivation of latently infected TG
cells in vitro did not correlate with the level of IL-6. Specifically, although the rate of
hyperthermically-induced HSV-1 reactivation was faster in the dexamethasone-treated cultures,
only 2/9 cultures reactivated with dexamethasone exposure only. However, a reduced
expression of the 2.0 kb LAT transcript was observed in cultures treated with dexamethasone
(Halford & Carr, unpublished observation). Potentially, dexamethasone down regulates LAT
expression in neurons by blocking constitutive synthesis (Kaltschmidt et al., 1994) and
translocation of NFKB to the nucleus via IKB induction (Auphan et al., 1995; Scheinman et al.,
1995). Since NFKB binding motifs are present in the 1 kb region upstream of the TATA box
where LAT is initiated (Dobson et al., 1995), dexamethasone inhibition of NFKB activity could
potentially block LAT transcription. Currently, the function of LAT is unknown. However, there
is evidence to suggest that LATs serve as antisense inhibitors of ICPO mRNA which favors the

establishment of latency (for review, Haiford and Carr, 1996. Future work using this in vitro

model will address this hypothesis.
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Figure legends

Figure1. TG cell cultures from HSV-1-infected mice contain CD11b* and CD8" cells.
TG cells obtained from HSV-1 latently infected and uninfected mice were cultured as described
in the Materials and methods section. Cells were harvested on day 14 and examined for the
presence of CD11b-, CD4- and CD8-positive cells by flow cytometry. This figure is
representative of the findings summarized in Table 2 for CD8" cells. Panel A, isotypic control:
panel B, TG cells from uninfected mouse: pane! C, TG cells from HSV-1 latently infected

mouse.

Figure 2. Dexamethasone suppresses IL-6 production by TG cells. Supernates were
collected from epinephrine (EP!)- and, dexamethasone (DEX)-treated TG cell cultures just prior
to (A), and 24 hr (B), 48 hr (C), and 72 hr (D) following hyperthermic stress. Drugs were added
to TG cells 24 hours prior to heat stress. This figure is a summary of 2-4 experiments per
treatment. »p<.05 comparing drug- to vehicle-treated group. Bars represent SEM, n=10-

20/group.

Figure 3. Effects of dexamethasone on cytokine and HSV-1 mRNA transcription in
TG cells. RT-PCR analysis of cytokine and viral transcripts was performed on RNA obtained
from hyperthermically-stressed TG cell cultures at 0, 12, 24, and 48 hours after heat stress.
Fifteen hours prior to heat stress, culture medium was replaced with medium containing either
107 M dexamethasone (DEX) or no drugs (VEH). RT-PCR was used to detect mRNAs for
glyceraldehyde-3-phosphodehyrogenase (G3PDH), interieukin-6 (IL-6), and tumor necrosis
factor-a (TNF-a.).

Figure 4. Competitive RT-PCR analysis of IL- 6 mRNA. RNA was extracted from TG

cells two hours after culture medium was replaced with medium containing either 107 M



dexamethasone (DEX) or no drugs (VEH). (A) RT-PCR analysis of TG cell RNA for G3PDH
and IL-6. (B) Competitive PCR for G3PDH and IL-6 was performed on cDNA as described in

Materials and Methods.
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Table 1. Oligonucleotide RT-PCR primers.

PCR PRIMERS SEQUENCE PCR PRODUCT SIZE (bp)
G3PDH —» 5'-gaa tct act gge gtc ttc acc -3' 239
« G3PDH 5'-gtc atg agc cct tce acg atg c-3'
IL-6 —» 5'-ttc cat cca gtt gec tic ttg g-3' 360
« IL-6 5'-ctt cat gta ctc cag gta g-3'
TNF-o > 5'-gcc tgt age cca cgt cgt ag-3' 384
< TNF-a 5'-ttg ggc aga ttg acc tca ge-3'
ICP27 —» 5'-ttt ctc cag tgc tac ctg aag g-3' 283
«ICP27 5'-tca act cgc aga cac gac tcg-3'

Sense / antisense polarity of primer is indicated by ‘-’ / ‘«’, respectively.




Table 2. TG cell cultures possess CD11b™ and CD8" cells®.

29

TG CELL cD4* cDs* CD11b"
CULTURES

Uninfected 0 0.3+0.2° 8.0+2.0
Infected 0 ' 0.92 +0.4 52+14

4Cells from TG cultures were phenotypically characterized for the surface expression of CD4,

CD8, and CD11b antigen.

®Numbers are in mean percent positive + SEM, n=5/group.

)




Table 3. HSV-1 infected TG cells produce less IL-6 protein®.

heat stressed

GROUPS 0h 24 h 48 h 72 h
Uninfected, (Ul/ 20.5+2.3° 80.6 £13.7 113+ 11.6 241 +30.2
NS)

not stressed

Infected, 1t/ 121+£1.9 454 +8.6 124 + 20.9 275+ 16.0
NS)

not stressed

Uninfected, (Ul/S) 229+29 56.9 £ 12.0 96.3 £ 20.1 132 £ 16.3"
heat stressed

Infected,  (1/S) | 122+16 | 265+1.9 | 108+132 | 177+25.7

Supernates were collected 0, 24, 48, and 72 hr after heat stress of TG cell cultures. IL-6 was

detected by ELISA. This table summarizes the results of two independent experiments.

®Numbers are in ng/mi; mean £ SEM, n=10/group.

30

*p<.05 comparing infected to uninfected cultures treated under the same conditions except the 72

hr time point in which heat-stressed versus non-stressed controls were compared as determined by

ANOVA and Tukey's post hoc t-test.
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ABSTRACT.

Morphine is an immunomodulatory compound suppressing both humoral and cell-mediated
immunity following in vivo administration. Both the hypothalamic pituitary adrenal (HPA) axis
and adrenergic processes have been implicated in morphine-mediated immunomodulation. To
further study the HPA axis relative to morphine-induced immunosuppression, corticosterone
levels were measured at various times following morphine (50.0 mg/kg) administration.
Whereas corticosterone levels were elevated in morphine-treated mice 4 hrs post drug
admininstration, there were no differences in the levels compared to vehicle-treated mice 120
hrs post drug administration and alloimmunization. However, acute morphine (50 mg/kg, s.c.)
administration suppressed (50%) peritoneal Cytotoxic T lymphocyte (CTL) activity in
alloimmunized mice suggesting that the initial rise in corticosterone might be responsible for
the suppression in CTL activity following alloimmunization. However, cyanoketone (10 mg/kg)
administered to mice daily for 4 consecutive days significantly elevated (3 fold) serum
corticosterone levels immediately prior to alloantigen immunization yet, there was no effect on
splenic or peritoneal CTL. In addition, mice receiving the cyanoketone treatment showed an
elevation in corticosterone 120 hr post allocimmunization and such an increase was blocked in
the presence of morphine (50 mg/kg). However, when mice previously treated with
cyanoketone (10 mg/kg/day for 4 days) were administered morphine (50 mg/kg, s.c.), there
was no change in the suppressive effect (50%) of morphine on peritoneal CTL activity.
Collectively, the results suggest that morphine-mediated suppression of peritoneal CTL activity

in alloimmunized C3H/HeN mice is not mediated through the HPA axis and corticosterone.

key words: morphine, cyanoketone, corticosterone, cytotoxic T lymphocyte



INTRODUCTION

Acute and chronic administration of morphine has been shown to suppress natural killer (NK)
activity (Shavit et al., 1984), mitogen-induced lymphocyte proliferation (Bryant et al., 1987),
antibody production (Bussiera et al., 1993), phagocytosis (Szabo et al., 1993), and allogeneic
immune responses (Carpenter et al., 1994; Maity et al., 1995). By definition, these effects are
mediated by opioid receptors in that opioid antagonists block the action of morphine. Although
morphine (i.e., w)-type binding sites have been identified on cells of the immune system using
binding studies (Makman et al., 1995), affinity-labeling techniques (Radulescu et al., 1991),
and molecular cloning techniques (Chuang et al., 1995), the immunosuppressive action of
morphine has been shown in part to be mediated by central (brain) pathways (Shavit et al,,
1986) involving the HPA axis (Bryant & Roudebush, 1990; Bryant et al., 1991; Sei et al., 1991).
Recently, the glucocorticoid receptor antagonist RU 38486 has been shown to block morphine-
mediated suppression of NK activity (Freier & Fuchs, 1994). To assess the potential
involvement of the HPA axis on morphine-mediated suppression of peritoneal CTL activity,
cyanoketone was employed using allcimmunized mouse previously shown to exhibit
suppressed peritoneal 'CTL activity following an acute administration with morphine (Carpenter

et al., 1996).

An optimal concentration (60-100 mg/kg administered daily for 2-4 days) of cyanoketone
blocks corticosterone synthesis by binding to the enzyme 3B-ol-dehydrogenase—A5, A4-
isomerase and has been used to study glucocorticoid responses to stress (Akana et al., 1983;
Akana et al., 1992) and HPA axis involvement in tumor necrosis factor-a production (Fantuzzi
et al., 1995). However, the resulits of the present étudy suggest that the HPA axis does not

have a significant role in the suppression of peritoneal CTL activity following an acute

exposure of mice to morphine.




METHODS .

Mice and tumor lines

Female C57BL/6 and C3H/HeN mice (Harlan-Sprague Dawley, Indianapolis, IN) 20-24 grams
were housed in groups of 2-6 per cage and maintained on a 12 hr light/dark cycle. Access to
food and water was ad libitum. Animals used in these studies were maintained in accordance
with the guidelines of the Committee on Care and Use of Laboratory Animal Resources,
National Research Council, Department of Health, Education, and Welfare Publication Number

(NIH) 85-23, revised 1985.

The YAC-1 mouse lymphoma line and EL-4 lymphoma cell line were obtained from the
American Type Culture Collection (ATCC, Rockville, MD); the EL-4 and YAC-1 cells have been

maintained in culture by biweekly passage over a 5-6 month period.

Splenocyte and peritoneal exudate cell (PEC) preparation

All mice were sacrificed by CO5 asphyxiation and peritoneal lavage was performed using 10
mi of Hank's balanced salit solution (HBSS). Cells were collected by recovery of peritoneal
lavage fluid through a 20 gauge needle and a 10 ml syringe. Spleens were surgically removed
and cell suspensions were prepared by mechanical dispersion. Splenocytes and PEC were
washed with HBSS (250 x g, 5 min) and triturated in 1 ml of 0.84% NH4CL for 2 min. Cells
were subsequently washed with 7 mi of HBSS (250 x g, 5 min) and resuspended in RMPI-1640
medium (Gibco, Gaithersburg, MD) containing 10% fetal bovine serum (Gibco) and 2.5%
Hybri-max (Sigma Chemical Co., St. Louis, MO) antibiotic/antimycotic solution (hence forth,

complete medium). Cells were counted and examined for viability using trypan biue.



S1Cr-release cytolytic assay

Splenocytes were assayed using a 4-hr S1Cr-release microcytotoxicity assay as previously
described (Carpenter et al., 1994). YAC-1 cells were used as targets to measure NK activity in
the splenic population while EL-4 (H-2b haplotype) cells were used as targets to measure CTL
activity in the splenic and PEC populations. Numbers are expressed in lytic units. One lytic

unit is defined as the reciprocal to the number of cells required to lyse 20% of the targets

expressed per 107 total cells.

Serum corticosterone and adrenocorticotropin hormone (ACTH) assays

Animals were sacrificed at the indicated time point by CO2 asphyxiation and the thoracic cavity
immediately opened and blood extracted via heart puncture with a 1 ml syringe and 27 1/2
gauge needle. Samples were placed on ice overnight and exposed to the air to favor clot
formation. Tubes were then centrifuged (10,000 x g, 1 min) and sera removed and stored at -
20°C for later analysis. All samples were collected between the hours of 8-10 AM. Sera from
sacrificed animals were assayed for corticosterone and ACTH by radicimmunoassay (ICN
Biomedicals, Costa Mesa, CA). All samples were assayed in duplicate. Correlation

coefficients for the standard curves typically exceeded -.8900.

Experimental design

In the first experiment, C3H/HeN female mice (n=6/group) received 10.0 mg/kg cyanoketone or
vehicle (dimethyl sulfoxide, DMSQ) s.c. daily for 4 days. This dose had been found to be
effective in blocking lipopolysaccharide-induced elevations in serum corticosterone (Fantuzzi et
al., 1995). On the fifth day, the mice were immunized with 1 X 107 C57BL/6 splenocytes i.p.
Five days following alloimmunization, the mice were sacrificed and splenic NK and PEC and
splenic CTL activity were determined. In addition, sera was obtained and assessed for

corticosterone and ACTH levels.




In the second experiment, C3H/HeN female mice (n=5/group) were administered with 10.0
mg/kg cyanoketone or vehicle s.c. daily for 4 days. On the fifth day, the mice received 50.0
ma/kg of morphine or vehicle (HBSS) s.c. 2 hr prior to receiving 1 X 107 C57BLS6 splenocytes
i.p. Five days following the alloimmunization, the mice were sacrificed and peritoneal
lymphocytes were assayed for CTL activity. In addition, sera was collected and assayed for

corticosterone levels.

In a separate experiment, C3H/HeN female mice (n=8/group/timepoint) were admininstered
50.0 mg/kg of morphine or vehicle s.c. 2 hr prior to alloimmunization with 1 X 107 C57BUB
splenocytes i.p. Two hr, 12 hr, and 120 hr post-alloimmunization, groups of mice were

sacrificed and sera collected and assayed for corticosterone.

In the fourth experiment, C3H/HeN mice (n=6/group) were treated with cyanoketone (10.0
mg/kg) or vehicle i.p. daily for 4 days. On the fifth day, the mice were sacrificed and sera

assayed for corticosterone levels.

Reagents

Morphine sulfate was provided by the Research Technology Branch of The National Institute
on Drug Abuse (Rockville, MD). Cyanoketone was provided by Sterling Winthrop (Collegeville,
PA).

Statistics
One-way analysis of variance was used together with Tukey's t-test to determine significance
(p<.05) between vehicle- and drug-treated groups. The statistical package used the GBSTAT

program (Dynamic Microsystems Inc., Silver Springs, MD).



RESULTS

Cyanoketone has no effect on splenic NK, spienic CTL or peritoneal CTL activity.
Glucocorticoids are potent immunomodulatory compounds suppressing a variety of immune
parameters including interleukin (IL)-2 and interferon (IFN)-y production (Munck & Guyre, 1991)
most probably through the induction of kB synthesis (Scheinman et al., 1995; Auphan et al.,
1995). Since the HPA axis and consequently glucocorticoid production would be activated
during an immune response (Wick et al., 1993), it was predicted that subopitmal doses of
cyanoketone would modify CTL activity in alloimmunized mice. However, mice exposed to
cyanoketone (10.0 mg/kg, i.p.) daily for 4 consecutive days prior to alloimmunization showed
no effect in the generation of CTLs or NK activity (Table 1). However, they did exhibit an
elevation in corticosterone but not ACTH serum levels at the time of sacrifice (Table 2).
Perhaps more intriguing, animals receiving the suboptimal cyanoketone-treatment regimen had
higher serum levels of corticosterone compared to vehicle-treated cbntrols (Fig. 1) immediately

prior to alloimmunization.

Cyanoketone does not block morphine-mediated suppression of peritoneal CTL activity.
Previously, it has been shown that the acute administration of morphine (50.0 mg/kg, s.c.)
suppresses peritoneal but not splenic CTL activity in a naltrexone-reversible manner
(Carpenter et al., 1996). Morphine-mediated suppression of CTL activity might be due to the
activation of the HPA axis resulting in increases in corticosterone similar to what was reported
following acute morphine suppression of NK activity (Freier & Fuchs, 1994). To characterize
the corticosterone response following a single exposure to morphine (5§0.0 mg/kg, s.c.) in
alloimmunized mice, alloimmunized animals were sacrificed at 4, 12, and 120 hr post morphine
admininstration and serum corticosterone levels measured. The results show an initial rise (4
hr), then subsequent fall (12 hr) prior to a leveling off (120 hr) in serum corticosterone following

morphine administration (Fig. 2). Based on these resuits, cyanoketone and morphine were




admininistered to mice together to determine a predicted synergistic effect of the drugs (based
on the elevation in serum corticosterone). Mice pretreated with cyanoketone showed a similar
level of suppression in peritoneal CTL activity following acute morphine treatment compared to
those animals received morphine alone (Fig. 3). However, the elevation in corticosterone
observed in the cyanoketone-treated mice 120 hr post alloimmunization (Table 2) was not
observed in mice receiving a combination of morphine and cyanoketone (Fig. 4). In addition,
there were no changes in circulating ACTH levels in the morphine- or morphine and

cyanoketone-treated mice compared to vehicle-treated animals (Fig. 4).

DISCUSSION

In the present study, the hypothesis that the HPA axis might, in part, be responsibie for the
suppression in peritoneal CTL activity following acute morphine administration in
alloimmunized mice was tested. Both morphine and small doses (10 mg/kg) of cyanoketone
were found to elevate corticosterone during the alloantigen immunization. Whereas morphine
was found to be immunosuppressive, cyanoketone had no suppressive effect on CTL activity
suggesting that the elevation in serum corticosterone levels is not linked to CTL suppression in
the alloimmunized mice. These results are consistent with another recent finding in which it
was found that only when mice were administered corticosterone (16 mg/kg/day) starting 4
days prior to alloantigen immunization (and not simultaneously with alloantigen immunization)
was a significant suppression observed in CTL activity (DeKrey & Kerkvliet, 1995). Likewise,
the involvement of the HPA axis in morphine-mediated suppression of mitogen-induced
lymphocyte proliferation has recently been a focus of study. Specifically, the placement of
morphine in the anterior hypothalamus resulting in the inhibition of concanavalin A-induced
lymphocyte proliferation was not associated with an increase in plasma corticosterone levels
(Hemandez et al., 1993). In addition, peripheral blood mononuclear cells from animals that

were treated with RU486, adrenalectomized, or hypophysectomized prior to morphine



administration also showed inhibition of mitogen-elicited proliferation (Flores et al., 1994)

suggesting that factors outside of the HPA axis are responsible for morphine-induced

suppression of cell-mediated immune events.

Previous studies have shown a relationship between adrenergic pathways and morphine-
mediated immunosuppression (Baddley et al., 1893; Carr et al., 1993; Fecho et al., 1993; Carr
et al., 1994). Moreover, B-adrenoceptor stimulation has been shown to inhibit CTL activity
(Strom et al., 1973). Since periperhal immune organs (i.e., lymph nodes and spleen) are
innervated by sympathetic neuronal processes (Felten et al., 1985) that may act to regulate
immunocompetence (Kruszewska et al., 1995), it is tempting to speculate that the activation of
the sympathetic/adrenergic pathways following acute morphine administration is primarily
responsible for the suppression in CTL activity in alloimmunized mice. However, the
complexity of the brain-immune axis warrants further studies to fully elucidate the

mechanism(s).

The observation showing 10 mg/kg of cyanoketone over a 4 day treatment regimen elevates
serum corticosterone levels is surprising. A previous study found that 10 mg/kg of
cyanoketone administered 24 and 2 hr prior to lipopolysaccharide treatment blocked (50%) the
elevation in serum corticosterone (Fantuzzi et al., 1995) elicited by the endotoxin. Since the
study by Fantuzzi and colleagues showed vehicle-treated corticosterone levels of 44 ng/mi
using corn oil as the vehicle and the present study showed 150 ng/ml using DMSO as the
vehicle, the present study suggests that the animals might have been under some form of
stress as a resulit of the vehicle (DMSQO) administration. This difference may, in part, expiain

the changes in corticosterone observed between this study and that conducted by Fantuzzi et

al. (1995).
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FIGURE LEGENDS

Figure 1. Suboptimal treatment with cyanoketone increases serum corticosterone levels.
C3H/HeN mice (n=6/group) were administered vehicle (DMSO) or 10.0 mg/kg cyanoketone i.p.
daily for 4 days and sacrificed on day 5. Sera was obtained and assayed for corticosterone

levels. *p<.05 comparing cyanoketone- to vehicle-treated group. Bars represent standard

15




error of the mean. This figure represents a summary of two independent experiments with n=3

mice/group/experiment.

Figure 2. Morphine increases serum corticosterone levels 4 hrs post administration.
C3H/HeN mice (n=8/group/time point) were administered vehicle (V, HBSS) or morphine (M,
50.0 mg/kg, s.c.) 2 hr prior to the administration of 1 X 107 C57BL/6 splenocytes i.p. Atthe
designated time points, the mice were sacrificed and serum collected and assayed for
corticosterone levels. *p<.05 comparing morphine- to vehicle-treated group. Bars represent
standard error of the mean. This figure represents a summary of two independent

experiments with n=4 animals/group/experiment.

Figure 3. Morphine suppresses PEC CTL activity.

C3H/HeN mice (n=5/group) were administered vehicle (DMSQ) or cyanoketone (10.0 mg/kg)
i.p. daily for 4 consecutive days. On the fifth day, the mice received morphine (50.0 mg/kg) or
vehicle (HBSS) s.c. 2 hr prior to immunization with 1 X 107 C57BL6 splenocytes. Five days

following the alloimmunization, the mice were sacrificed and PEC CTL actiivity determined.

*p<.05 comparing drug- to vehicle-treated mice. Bars represent standard error of the mean.

This figure is a summary of two independent experiments using 2-3 mice/group/experiment.

Figure 4.  Morphine blocks cyanoketone-induced augmentation in serum
corticosterone.

C3H/HeN mice (n=5/group) were treated as described under the legend of figure 3. Upon
sacrifice, serum was collected and assayed for corticosterone (a) and ACTH (b). Bars

represent standard error of the mean.
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Table 1. Cyanoketone Does not Modify Splenic NK or Splenic or PEC CTL Activity@

Treatment Splenic NK Splenic CTL PEC CTL
Vehicle 10.5 +/- 2.40 16.3 +/- 3.2 33.4 +/-3.4
Cyanoketone 16.5 +/- 2.2 16.8 +/- 0.7 34.9+/-5.7

a8C3H/HeN (n=6/group) were administered vehicle (DMSQ) or cyanoketone (10.0 mg/kg) i.p.
daily for 4 consecutive days. On the fifth day, mice were alloimmunized with 1 X 107 C57BL/6
splenocytes. Five days following the alloimmunization, the mice were sacrificed and NK and

CTL activity measured. This table is a summary of two independent experiments with

n=3/group/experiment.

bNumbers are displayed in mean lytic unitsog +/- standard error of the mean.




Table 2. Corticosterone Levels are Elevated in Cyanoketone-Treated Mice@

Treatment Serum Corticosterone Serum ACTH (pg/mi)
(ng/ml)

Vehicle 118 +/- 290 27.9 +-7.2

Cyanoketone 263 +/- 45* 20.0 +/- 1.7

a C3H/HeN mice (n=6/group) were treated as described in table 1 legend. Five days following
allocimmunization, the mice were sacrificed and serum corticosterone and ACTH levels were
measured. This table is a summary of two independent experiments with
n=3/gorup/experiment.

PNumbers are in mean +/- standard error of the mean.

*p<.05 comparing the drug- to vehicle-treated group.
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LYMPHOCYTES DELAY KINETICS OF HSV-1 REACTIVATION
FROM IN VITRO EXPLANTS OF LATENTLY INFECTED
TRIGEMINAL GANGLIA (TG).

D.J.J. Carr & W.P. Halford

Dept. Microbiology, LSUMC, New Crieans, LA, USA

Studies conducted in our lab with latent HSV-1-infected mice have
shown the presence of cytokine transcripts in the trigeminai
ganglia along with infiltrating mononuclear cells located at specific
foci around neurons. To further these observations, an in vitro
system was established in order to assess the potential of primed
and naive lymphocytes to suppress reactivation of HSV-1 from TG
explant cultures. In the presence of either naive or primed
lymphocytes, the kinetics of reactivation from TG explant cuitures
proceeded more slowly as evidenced by a reduction in viral titer
and the delayed appearance of CPE in the co-culture wells. To
determine if cytokines were potentially involved in the anti-viral
effect in cultures containing primed and naive lymphocytes,
supematants were collected and assayed for cytokine content by
ELISA as well. The results suggest that cultures containing either
naive or primed lymphocytes produce signficant (p<.05) levels of
IL-2 and IL-10. However, only those cultures that contained
primed lymphocytes produced significantly (p,.05) elevated levels
of IL-6 in samples taken 72-96 hrs post lymphocyte addition.
There were no detectable levels of [FN-y in any of the cultues. In
the absence of TGs, there was no detectable IL-2, IL-6, IL-10 or
IFN-y in the supematants of CV-1 monolayers in the presence of
naive or primed lymphocytes indicating that the cytokines produceg
are due to the presence of the HSV-1-infected TGs. These resulits
reflect the anti-viral effect of cytokines by direct or indirect means.
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