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Cyclophosphamide Immunosuppression
During Lymphotropic Herpesvirus Infection

in the Guinea Pig Model

A Histopathologic and Virologic Study
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Guinea pigs infected with lymphotropic herpesvirus
(GPHLV) were given the immunosuppressive agent
cyclophosphamide (Cy). All Cy-treated animals re-
vealed the expected lymphoid depletion of spleen and
lymph node B zones. Acute GPHLYV infection of Cy-
treated animals resulted in increased blood and spleen
leukocyte viral infectivity titers and lymphoid tissue
lesions containing cells positive for GPHLV antigen
and intranuclear inclusions. During latent GPHLYV in-
fection, Cy treatment resulted in declining leukocyte

viral infectivity titers without pathologic lesions. Mor-
phologic data suggest that tissue histiocytic cells may
be involved in the productive viral infection observed
in Cy-immunosuppressed animals during acute
GPHLV infection. During latency, however, infec-
tious virus appears restricted to a Cy-sensitive, proba-
bly lymphoid, cell. This animal model appears useful
for the study of lymphotropic viral infection during
immunosuppression. (Am J Pathol 1987, 127:538-548)

SUPPRESSION of the immune system, either ia-
trogenically or naturally, often results in the develop-
ment of life-threatening herpesvirus infections of the
host. These may result from reactivation of latent
viral infections or increased susceptibility to primary
infections. A spectrum of conditions ranging from
inapparent infection to aggressive lymphoprolifera-
tive lesions and B-cell lymphomas have been asso-
ciated with Epstein-Barr virus (EBV) infection of
immunodeficient patients.! Results of DNA
hybridization, tumor staining for EBV nuclear anti-
gen, and serologic data have linked EBV etiologically
with the development of lymphoma and lymphopro-
liferative syndromes in organ transplant patients
given immunosuppressive treatment.? The pathoge-
netic mechanisms of EBV infection during immuno-
suppression remain obscure, however.
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Guinea pig herpes-like virus (GPHLV) is a lym-
photropic herpesvirus originally isolated from leuke-
mia-susceptible strain 2 guinea pigs.> Previous studies
of GPHLV demonstrated tropism for blood leuko-
cytes, lymphoid tissues, and bone marrow (reviewed
by Hsiung®). Adherent cells (macrophages/mono-
cytes) were also shown to be susceptible to GPHLV
infection, although the importance of phagocytic up-
take of virus or viral-infected cells versus intrinsic
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genomic or episomal transmission of virus was un-
clear.>¢ Whether the inoculation route was intraperi-
toneal, intrathymic, intracerebral, or intranasal, virus
was recovered first and in highest titer from the
spleen.®~® GPHLYV has been compared with human
EBV* because each virus can induce life-long latent
infection in host leukocytes. Although in vitro trans-
formation potential has been described for
GPHLYV, 0! established in vitro lymphoblastoid cell
lines have not been reported.

A mild transient mononucleosis syndrome asso-
ciated with splenic lymphoid hyperplasia was re-
ported during acute GPHLYV infection.'> No other
pathologic changes during acute or latent infection
have been observed, and viral inclusions have never
been seen in vivo. The mechanisms of progression
from acute infection to the latent state are unknown.
Preliminary data, however, suggest that viral persist-
ence during latency involves B lymphocytes predomi-
nantly.

Herein we report productive viral infection and
pathologic lesions in guinea pig lymphoid tissue dur-
ing acute GPHLYV infection in animals undergoing
cyclophosphamide immunosuppression. Virologic
and pathologic data during acute and latent GPHLV
infection are summarized. This animal model may
prove useful for understanding the pathogenesis of
lymphotropic herpesvirus infection in immunodefi-
cient patients.

Materials and Methods

Virus Stock and Cell Culture

GPHLYV strain LK., (ATCC VR543) was origi-
nally isolated from the blood of a leukemic guinea
pig.? Virus stocks were prepared by passage in mono-
layer cultures of primary guinea pig embryo (GPE)
cells. Virus infectivity titers were assayed by plaque
formation and/or cytopathic effect (CPE) production
in GPE cells. Preparation and maintenance of GPE
cells and stock virus were described previously.!>!3

Animal Inoculation

Two-month-old female Hartley guinea pigs weigh-
ing 300-500 g (Camm Research, Wayne, NJ) were
inoculated intraperitoneally with 1 ml GPHLV-in-
fected cell suspension containing 10 PFU GPHLYV.
Control animals received 1 ml of a clarified lysate of
uninfected GPE cells in culture medium.
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Cyclophosphamide Treatment

Cyclophosphamide (Cy) was dissolved in phos-
phate-buffered saline (PBS) at a concentration of 30
mg/ml and sterilized by passage through a 0.22-u
filter. All Cy treatments were administered intraperi-
toneally. Animals received either 30 mg/kg body wt/
day (daily injection) or 300 mg/kg body wt/week
(weekly injection). Control animals received equal
volumes of PBS.

For acute infection studies, guinea pigs were pre-
treated with Cy for 7 days, then inoculated with 10%
PFU GPHLYV and continued on Cy for an additional
14 days. For latent infection studies, guinea pigs were
inoculated with 10° PFU GPHLYV, infected for
60-120 days, and then treated with Cy daily for 14
days.

Hematologic Evaluation

Blood samples were taken from each animal
weekly. Two to three milliliters of blood were ob-
tained from each ether-anesthetized animal via car-
diac puncture with a 25-gauge needle and collected in
a 10-ml heparinized vacutainer.

Total leukocyte counts were enumerated manually
by means of Unopettes with 3% acetic acid as diluent
(Unopette Microcollector System, Becton-Dickin-
son, Rutherford, NJ). Differential leukocyte counts
were determined on Wright’s-stained blood smears.
The absolute number of lymphocytes and polymor-
phonuclear cells were calculated by multiplying the
total leukocyte count by percentage values obtained
for each cell population from the differential.

Separation of Mononuclear Leukocytes From
Peripheral Blood and Spleen Cell Suspension for
Virus Isolation

Animals were sacrificed by ether or carbon dioxide
asphyxiation at designated times after virus inocula-
tion. Spleen tissues were obtained aseptically at sacri-
fice, and cell suspensions were prepared as previously
described.!?* Mononuclear leukocytes were separated
from spleen cell suspension and peripheral blood by
centrifugation in Ficoll-Hypaque. The spleen cell sus-
pension or peripheral blood was diluted with Hanks’
balanced salt solution (HBSS) 1: 3, layered onto Fi-
coll-Hypaque 3:1 (vol/vol), and centrifuged for 40
minutes at 800g at 4 C in an IEC CRU-5000 refriger-
ated centrifuge. The resulting band of mononuclear
leukocytes was collected with a Pasteur pipette,
washed twice with HBSS, and resuspended in RPMI
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1640 containing 10% newborn calf serum (NCS). The
mononuclear leukocytes were then adjusted to 10°
cells/ml with RPMI 1640 10% NCS and serial 10-fold
dilutions of the adjusted cell suspension were co-cul-
tivated on GPE monolayers for determination of viral
infectivity titers. Viral infectivity data were tested for
statistical significance by means of a two-tailed test of
significance on the means of unpaired data between
control and experimental groups.

Histopathologic Studies

Spleens at sacrifice were weighed, and the spleen/
body weight ratios were calculated. Portions of tissue
obtained from spleen, cervical lymph nodes, thymus,
and bone marrow were fixed overnight in Bouin’s
fixative. Fixed tissues were embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin
(H&E).

Morphologic comparison of spleens and cervical
lymph node sections from control and experimental
animals was facilitated by a semiquantitative grading
formula employing standard morphologic markers of
lymphoid hyperplasia. The grading scheme was based
on the assumption that histologic changes in lymph-
oid tissue have functional and immunologic rele-
vance!“ and was patterned after a proposal by Cottier
et al,!* who published a standardized system for re-
porting human lymph node morphology in relation
to immunologic function. Using this grading scheme,
we previously demonstrated a specific sequence of
lymphoid histologic changes in guinea pig spleens fol-
lowing acute infection with GPHLV.'? Briefly, T-cell
and B-cell zones of the cervical lymph nodes and
splenic white pulp were evaluated separately by
means of these criteria: B-zones (superficial cortex
and germinal centers of lymph nodes; peripheral per-
iarteriolar lymphoid sheath of splenic white pulp)

Frequency of blast cells

Frequency of mitotic figures (nongerminal center)
Overall cellularity

Frequency of germinal centers

Average size of germinal centers

T-zones (paracortical area of lymph nodes; central
periarteriolar lymphoid sheath of splenic white pulp)

Frequency of blast cells
Frequency of mitotic figures
Overall T-zone cellularity

AJP ® June 1987

Each parameter was subjectively graded from O to
4+, and a total B-zone and T-zone sum was derived
for each lymph node and spleen section. All sections
were randomly graded by the same observer without
knowledge of the experimental status of each animal.
The total T- and B-zone scores obtained from control
animal sections were used for establishing control
ranges. Sections from the experimental animals with
T- or B-zone scores above the control range were
scored as positive for lymphoid hyperplasia in the
respective lymphoid zone. Sections showing scores
below the control range were scored as positive for
lymphoid depletion.

Thymus and bone marrow sections were scored as
either positive or negative for lymphoid or hemato-
poietic depletion or hyperplasia as compared with
control slides qualitatively.

Immunohistology

Viral antigen was localized in tissue sections by
means of rabbit anti-GPHLV hyperimmune sera and
an avidin-biotin complex (ABC) detection system
(Vector Laboratories, Burlingame, Calif).

Results
Physical Evaluation

Guinea pigs inoculated with GPHLV gained
weight normally and exhibited no signs of overt dis-
ease. Animals treated with Cy for 7 days experienced
weight loss but generally appeared healthy. Animals
treated with Cy for a period of 14 days or longer expe-
rienced weight loss, malaise, loss of fur, and a marked
drop in the spleen/body weight ratio (data not
shown).

Effect of Cy on Total and Differential Leukocyte
Counts of Peripheral Blood

Acute Infection

Infected animals without Cy treatment developed a
relative and absolute lymphocytosis between 7 and 14
days after GPHLV inoculation, as previously re-
ported.'? Cy treatment resulted in severe leukopenia
as a result of a marked decline in both peripheral
blood lymphocytes and polymorphonuclear leuko-
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Figure 1—Peripheral blood leukocyte counts per cubic milimeter of whole
blood during acute GPHLYV infection. Animals received either 30 mg/kg/day
cyclophosphamide (0-0) or an equal volume of diluent (e-¢) and were inocu-
lated with 108 TCIDg, GPHLV on treatment Day 7. Sham-treated uninfected
controls received diluent and uninfected cell culture lysate (#-#). Each point
represents averaged mean counts from four experiments (63 total animals).

cytes. Leukocyte counts in sham-treated/uninfected
control animals remained constant (Figures 1 and 2).

Latent Infection

Total and differential leukocyte counts showed no
significant change in the latently infected animals
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Figure 3—Total leukocyte counts per cubic millimeter of whole blood in
guinea pigs during latent GPHLV infection. After 60-120 days of latent
GPHLYV infection, animals received either 30 mg/kg/day cyclophosphamide
(o-0) or an equal volume of diluent (e-¢) for 14 days. Each point represents the
averaged mean counts of four experiments (66 total animals).
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Figure 2—Total lymphocyte (A) and polymorphonuclear leukocyte (B)
counts per cubic millimeter of whole blood during acute GPHLYV infection.
Animals received either 30 mg/kg/day cyclophosphamide (o-0) or were
sham-treated with diluent (e-¢). Each point represents the averaged mean

counts of four experiments (63 total animals).

without Cy treatment (sham). Animals undergoing
Cy suppression developed marked leukopenia as a
result of declining lymphocyte and polymorphonu-
clear leukocyte counts. Total and differential blood
counts increased to near normal values after cessation
of Cy (Figures 3 and 4).
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Figure 4—Total lymphocyte (A) and polymorphonuclear leukocyte (B)
counts per cubic millimeter of whole blood from guinea pigs during latent
GPHLYV infection. After 60-120 days of latent GPHLV infection, animals
received either 30 mg/kg/day of cyclophosphamide (°-°) or an equal volume
of diluent (e-¢) for 14 days. Each point represents the averaged mean counts

of four experiments (66 total animals).
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Effect of Cy on Viral Infectivity Titers of Peripheral
Blood and Spleen Leukocytes During Acute and
Latent GPHLYV Infection

Viral infectivity titers 14 days after inoculation
(acute infection) were significantly (P <0.01) in-
creased in spleen mononuclear leukocyte prepara-
tions from Cy-treated animals, compared with sham-
treated controls (Table 1). Peripheral blood
mononuclear leukocyte viral infectivity titers were
slightly, but not significantly, increased in Cy-treated
animals, compared with sham-treated controls, dur-
ing acute infection.

During latent infection, viral infectivity titers were
significantly (P < 0.001) decreased in blood and
spleen mononuclear leukocytes from Cy-treated ani-
mals, compared with sham-treated controls. Infec-
tious virus was essentially undetectable in blood and
spleen mononuclear leukocytes from latently in-
fected animals undergoing high-dosage (300 mg/kg/
wk) cyclophosphamide suppression.

Histopathology

Spleens and Cervical Lymph Nodes
Acute Infection

Animals acutely infected with GPHLV developed
splenic lymphoid hyperplasia. As previously de-
scribed,!? a prominent T-zone hyperplasia occurred
3-7 days after inoculation, followed by follicular hy-
perplasia between Day 7 and Day 14 (Figures SA-D).
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Cervical lymph nodes from GPHLV-infected ani-
mals did not show significant hyperplasia, compared
with control animals.

Striking B-zone lymphoid depletion was evident in
the lymph node and splenic white pulp of Cy-treated
animals (Figure 6A). Significant T-zone depletion
was noted only after prolonged (21 days, 30 mg/kg/
day) or high-dosage (300 mg/kg/wk) treatment (Fig-
ure 6B). In this study, GPHLV-infected and unin-
fected control animals developed morphologically
equivalent lymphoid depletion during Cy immuno-
suppression, as judged subjectively and by the semi-
quantitative grading scheme.

Lymph node and spleen sections from 12 of 27
animals given Cy during acute GPHLYV infection re-
vealed focal lesions suggestive of viral origin (Figure
7A and B). Foci of cellular depletion were observed in
the superficial cortical areas adjacent to subcapsular
sinuses of affected lymph nodes and in the areas adja-
cent to the marginal zones and peripheral periarterio-
lar lymphoid sheaths of affected spleens. Cells bearing
large eosinophilic intranuclear inclusions were evi-
dent in the lesions. The inclusion-positive cells dem-
onstrated abundant cytoplasm with frequent cyto-
phagocytic debris and were often observed within
lymph node sinuses, findings suggesting a possible
tissue histiocyte origin (Figures 7 and 8). Lymphoid
cells with intranuclear inclusions were only rarely ob-
served (Figure 8B). The lesions were associated with
scattered degenerating cells and cytophagocytic mac-
rophages, but little active inflammation.

Table 1—Viral Infectivity Titers of Peripheral Blood and Spleen Mononuclear Leukocyte Preparations During Acute and Latent GPHLV

Infection of Guinea Pigs

Virus infectivity titers log TCID,,/10° packed cells

Cell

GPHLV population . Cytreated
infection* tested Sham-treated 30 mg/kg/day 300 mg/kg/wk
Acute Blood 2.1 (18)t 2.3(18) t
mononuclear
leukocytes
Spleen 2.3(15) 3.3(10) 1
mononuclear
leukocytes
Latent Blood 1.8(19) 1.0 (10) 0§ (7)
mononuclear
leukocytes
Spleen 2.3(27) 1.0 (15) 0(6)
mononuclear
leukocytes

*Acutely inf(_egted animals were sacrificed 14 days after intraperitoneal inoculation of virus suspension. Latently infected animals were infected for 60-120
days and sacrificed after 14 days of Cy treatment. Cy-treated animals received either 30 mg/kg/day or 300 mg/kg/wk of cyclophosphamide. Sham-treated

animals received diluent injections.
tNumber of animals in each experiment.
}Animals died during acute infection.
§Virus was not detectable.
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Figure 6—Cervical lymph node during Cy immunosuppression. A—Animal given Cy, 30 mg/kg/day for 14 days shows B-zone depletion, as indicated by
atrophic germinal centers. Parafollicular T-zone area retains cellularity. B—High-dosage (300 mg/kg/wk) Cy results in severe combined B- and T-zone
depletion. (H&E X100)



Vol. 127 * No. 3

LYMPHOTROPIC HERPESVIRUS OF GUINEA PIGS 545

and peripheral periarteriolar lymphoid sheath of spleen (B). Magnification at X400 shows degenerating cells with large intranuclear inclusions (inset 1, A). Sinus
macrophage with intranuclear inclusion is strongly positive for GPHLV antigen by the ABC method with rabbit anti-GPHLV sera (inset 2, A). (A and B, H&E,

X100)

The inclusions and inclusion-positive cells were
positive for GPHLYV antigen, as demonstrated by the
ABC technique using anti-GPHLV hyperimmune
rabbit sera (Figure 7A, inset 2). Inclusion-positive
cells and viral-type lesions were observed only in Cy-
treated/GPHL V-infected animals 14 days after viral
inoculation. Preliminary data, however, suggests that
antigen-positive (inclusion-negative) cells may be de-
tectable with the ABC technique as early as 7-10 days
after acute infection.

Latent Infection

No significant morphologic changes were observed
in the spleens and cervical lymph nodes of latently
infected animals, compared with uninfected controls.
Cy treatment (30 mg/kg/day) of latently infected ani-
mals for 14 days resulted in lymphoid depletion of a
magnitude similar to that observed during acute in-
fection. High-dosage Cy treatment (300 mg/kg/wk)
resulted in total (B- and T-zone) lymphoid depletion.
In contrast to the acutely infected group, however,

viral lesions and intranuclear inclusions were not seen
in any immunosuppressed, latently infected animals.

Thymus and Bone Marrow

Thymus and bone marrow sections revealed severe
lymphoid and hematopoietic depletion in all Cy-
treated animals. No morphologic differences between
acutely infected, latently infected, and uninfected an-
imals undergoing Cy treatment were observed. No
viral lesions or viral inclusions were detected in any
thymus or bone marrow sections.

Relationship of Spleen Viral Infectivity Titers and
Lymphoid Morphology

Figure 9 summarizes the splenic lymphoid mor-
phologic results of the semiquantitative grading
scheme and compares the morphologic data with
splenic leukocyte viral infectivity titer data detailed in
Table 1. Viral infectivity titers of spleen mononuclear
leukocyte preparations during acute and latent infec-
tion were similar among sham-treated animals (Fig-
ure 9A and C; also see Table 1). As expected, a high
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Figure 8—Morphology of inclusion-positive cells in lymph node (A) and spleen (B). Cellin (A) has abundant granular cytoplasm, distinct borders, and elongated
nucleus suggestive of a tissue macrophage. Cell in (B) has small round nucleus with inapparent cytoplasm, suggestive of a small ymphocyte. Both cells contain
large intranuclear inclusions. (H&E, X400)

percentage of infected but untreated (sham) animals
showed T- and B-zone hyperplasia during acute in-
fection (Figure 9A), whereas only a few showed hy-
perplasia during latent infection (Figure 9C). After 14
days of Cy suppression, marked T- and B-zone
lymphoid depletion was evident in both the acutely
and latently infected groups (Figure 9B and D). Virus
infectivity titers, however, were higher in the acutely
infected Cy/suppressed group (Figure 9B) and lower
in the latently infected/Cy suppressed group (Figure
9D), compared with sham-treated controls. High-
dosage (300 mg/kg/wk) Cy treatment during latent
infection resulted in total T- and B-zone depletion
and essentially no detectable infectious virus (Figure
9E). No acutely infected animals survived the high-
dosage Cy regimen.

Discussion

Previous studies documented the in vitro growth
and cytopathic characteristics of GPHLV .3-%!3 To
date, GPHL V-specific lesions have not been observed

in vivo without modification of the host immune sys-
tem. Progression from acute infection to latency was
marked only by a mononucleosis syndrome and tran-
sient splenic lymphoid hyperplasia.'? In the present
study, focal lesions were found in the cervical lymph
nodes and splenic white pulp of guinea pigs undergo-
ing Cy immunosuppression during acute infection
with GPHLYV. The finding of large, eosinophilic intra-
nuclear inclusions and positive immunohistochemi-
cal staining for viral antigen in these lesions suggest
that the observed histopathologic changes reflect in-
fection by GPHLYV. The association of viral lesions in
lymphoid tissue and increased viral infectivity titers
in blood and spleen leukocyte preparations indicate
that a productive viral infection occurs during acute
GPHLY infection of Cy-immunosuppressed guinea
pigs.

The morphologic findings in the present study sug-
gest lymph node and spleen macrophages may be a
site of lytic viral infection during immunosuppres-
sion. A previous study found bone marrow macro-
phages to be a potential site of infection during acute
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Figure 9—Relationship between spleen lymphoid tissue morphologic findings and spleen mononuclear leukocyte viral infectivity titers during acute and latent
GPHLYV infection. Acutely infected animals received diluent (sham) (A) or cyclophosphamide (B), 30 mg/kg/day, for 7 days, followed by inoculation with 108
TCID,, of GPHLV and continued cyclophosphamide treatment for 14 more days. Latently infected animals received diluent (sham), 30 mg/kg/day (D), or 300
mg/kg/wk (E) cyclophosphamide for 14 days after establishment of latent GPHLV infection. Histologic sections were evaluated semiquantitatively for
morphologic evidence of lymphoid hyperplasia or depletion. The number in parentheses is the number of animals examined in each group.

and latent GPHLYV infection of normal, nonimmun-
osuppressed animals.® In that study, virus was de-
tected in vitro only, and phagocytic uptake of virus or
virus-infected cells during co-cultivation could not be
excluded. In the present study, viral inclusions were
directly observed in macrophagelike cells in tissue
sections, indicating in vivo involvement of this cell.
The relative importance of phagocytic uptake versus
intrinsic (genomic or episomal) viral transmission
during acute and latent GPHLYV infection, however,
remains unclear.

In our earlier studies of acute GPHLYV infection we
reported recovery of virus from at least three cell
types, including T- and B-lymphocytes and adherent
(monocyte/macrophage) cells.>%'> On the other
hand, virus was recovered predominantly from B
lymphocytes during latency.®!2 In the present study,
Cy immunosuppression during acute GPHLYV infec-
tion resulted in severe morphologic lymphoid deple-
tion; yet splenic viral infectivity titers were increased,
indicating that GPHLV may induce acute infection
in cells relatively less sensitive to Cy, in addition to
Cy-sensitive cells such as T and B lymphocytes. On
the basis of morphologic findings, we suspect a mono-
nuclear phagocyte cell may be the nonlymphoid, rela-
tively Cy-resistant cell infected during acute GPHLV
infection of immunosuppressed animals. During la-

tent infection, however, viral infectivity titers de-
clined during Cy suppression, the spleen and blood
leukocyte titers falling to nearly zero in animals un-
dergoing a high-dose (300 mg/kg/wk) Cy regimen. In
latency, therefore, infectious virus appeared confined
to a Cy-sensitive cell(s), an observation in agreement
with previous studies suggesting a role for B lympho-
cytes in perpetuating GPHLYV latent infection. It ap-
pears that progression from acute GPHLYV infection
to latency may involve restriction of the range of cell
types harboring infectious virus.

A predominantly B-zone, dose-related depletion of
spleen and lymph node tissues was evident in all Cy-
treated animals. This has been described previously
and reflects the predominantly anti-mitotic action of
cyclophosphamide.'¢

Acute GPHLYV infection during cyclophospha-
mide immunosuppression results in a productive
viral infection with high virus infectivity titers in
spleen and blood leukocytes and pathologic lesions in
cervical lymph nodes and spleen. During latent
GPHLYV infection, however, viral infectivity titers de-
cline with immunosuppression, apparently reflecting
restriction of the virus to a cyclophosphamide-sensi-
tive cell (lymphocyte). This animal model appears
extremely useful for the study of lymphotropic her-
pesvirus infection during immunomodulation.
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