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Infection with murine gammaherpesvirus 68 exacerbates
inflammatory bowel disease in IL-10-deficient mice
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Abstract

Objective We questioned whether infection with murine

gammaherpesvirus 68 (HV-68) might exacerbate inflam-

matory bowel disease using mice deficient in IL-10

(IL-10-/-) as a model of developing colitis.

Methods Groups of C57BL/6 mice and IL-10-/- mice

were mock-treated or infected with HV-68. Two months

following infection, mice were euthanized and a variety of

parameters were measured to quantify the extent of

inflammation and the presence of virus. Measurements

included survival, body weight, splenomegaly, colonic

disease scores, liver histopathology, viable bacteria in the

liver, and splenic viral burden.

Results IL-10-/- mice infected with HV-68 displayed

reduced survival, lower body weights, increased spleno-

megaly, exacerbated colonic disease scores, increased

numbers of viable bacteria in the liver, and increased leu-

kocyte liver infiltration when compared to mock-treated

IL-10-/- mice or HV-68 infected C57BL/6 mice. Sur-

prisingly, levels of infectious or latent virus were not

significantly different between the groups of mice exposed

to HV-68.

Conclusions The presence of HV-68 in IL-10-/- mice

exacerbates the developing clinical disease in this animal

model of colitis.
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Introduction

Infection with human gammaherpesviruses has been asso-

ciated with the exacerbation of a variety of inflammatory

diseases. For example, Epstein Barr virus (EBV) infection

has been implicated as a contributing factor for the severity

of a variety of autoimmune disorders including multiple

sclerosis [1–3], systemic lupus erythematosus [2, 4], and

rheumatoid arthritis [2, 5]. It is important to note that

investigators are not suggesting that EBV is the direct

cause of any of these autoimmune diseases. Rather, the

immune dysregulation caused by this virus during a life-

time of reactivation [6] has been postulated to contribute to

the exacerbation of autoimmunity.

EBV can also contribute to the severity of bacterial co-

infections. The most studied example of this relationship

comes from investigations of periodontal disease [7–9].

Numerous studies have clearly demonstrated the presence

of EBV along with multiple bacterial species in this clin-

ical disease, and the presence of EBV in oral tissues

correlates with severity. In addition, bacterial infections of

tonsilar tissue [10, 11] and nasopharynx [12] associated

with EBV infection have been reported. There have also

been a few reported cases where EBV infection has been

associated with sepsis [13–15].

In light of the association of EBV with inflammatory

diseases, it is not surprising that the presence of this virus
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has been linked to inflammatory bowel diseases. In several

studies, investigators have concluded that co-infection with

EBV correlates with the presence or severity of inflam-

matory bowel disease in some patients [16–22]. Clearly

EBV infection does not cause colitis, however, the pres-

ence of EBV in intestinal lesions, and increases in EBV-

specific antibodies, have led some investigators to suggest

that one environmental factor that could be responsible for

exacerbating this inflammatory disease might be co-infec-

tion with this virus.

Unfortunately, a definitive association between EBV

and its role in exacerbating inflammatory bowel disease

will be difficult to prove in patients for several reasons. It

has been estimated that 95% of adults have been exposed to

the virus [23]. However, despite exposure, recent studies

demonstrate that EBV viral loads differ greatly from

individual to individual [24], making some researchers

suggest that more recent and sensitive methods of viral

quantification need to be utilized to assess a patient’s

predeposition for EBV-associated diseases. Stated simply,

some individuals pay more of a price for harboring this

latent herpesvirus than do others [25, 26]. Furthermore, it is

highly likely that other factors such as genetics, diet, and

other preexisting medical conditions will influence the

impact that this viral infection has on immune dysregula-

tion. Thus, even though EBV is ubiquitous, susceptibility

to virus-exacerbated diseases will vary greatly within the

population based on multiple factors. Such a complexity of

influences, however, does not diminish the potential for

EBV to contribute to the development and/or increased

severity of inflammatory bowel diseases.

Fortunately, a rodent model of gammaherpesvirus

infection exists that can be used to investigate viral-

induced exacerbation of inflammatory bowel disease.

Murine gammaherpesvirus 68 (HV-68) has been used as a

mouse model for EBV and human herpesvirus 8 infections

[27–30] and is the only well-characterized rodent model for

studying gammaherpesviruses. Upon intranasal or oral

inoculation in mice [31–36], there is a productive infection

of epithelial cells, followed by infection of B lymphocytes,

and also macrophages and dendritic cells. A marked

leukocytosis (i.e., mononucleosis) and splenomegaly occur,

which peak around days 15–20 postinfection. This leuko-

cytosis results from expansions of CD4? T lymphocytes,

CD8? T lymphocytes, and B lymphocytes, the majority of

which are not specific for viral antigens. Within the first

week following infection, latent herpesvirus can be detec-

ted in B lymphocytes, as is the case following infections of

humans with EBV. Given an appropriate stimulus, gamma-

herpesviruses can re-emerge from latency, resulting in a

productive infection and re-establishment of latency. This

virus cycle ensures that the host remains infected for life

[6]. The pathophysiology of HV-68 closely mimics that

observed for EBV infections [27–30], making it an excel-

lent model to investigate gammaherpesvirus pathogenesis.

In the present study, we studied whether infection with

HV-68 might exacerbate inflammatory bowel disease using

mice deficient in IL-10 (IL-10-/-) as a model of devel-

oping colitis [37–39]. We report here that IL-10-/- mice

infected with HV-68 developed more rapid and more

severe inflammatory bowel disease.

Materials and methods

Murine gammaherpesvirus 68 (HV-68) propagation

and isolation

HV-68 was kindly provided by Dr. Anthony Nash (Uni-

versity of Edinburgh, Edinburgh, UK) and Dr. Peter

Doherty (St. Jude’s Hospital, Memphis, TN). Virus stock

was prepared by infecting BHK-21 cells [American Type

Culture Collection (ATCC), Rockville, MD; CCL-10) with

HV-68 at a low multiplicity of infection, followed by

isolation of virus as previously described [31–36]. Repli-

cating virus present in viral stocks was quantified using

serial dilutions on NIH-3T3 cell (ATCC CRL 1658)

monolayers.

Intranasal inoculation with HV-68

Groups of 6-week-old C57BL/6 mice and B6.129P2-

IL10tm1cgn (IL-10-/-) mice (Jackson Laboratory, Bar

Harbor, ME) were bred and housed under specific pathogen-

free conditions. Intranasal inoculations with HV-68 were

performed as previously described [31–36]. Briefly, mice

were anesthetized and allowed to aspirate, via the nasal pas-

sages, 20 ml of inoculum containing 6,000 plaque-forming

units of HV-68. Groups of control mice were mock-treated

using intranasal exposure with a similar amount of UV-killed

virus. Mice were allowed to recover from the anesthesia prior

to being returned to their cages. Mice were given food

and water ad libitum and were housed in isolation cages

throughout the experimental period.

Survival following HV-68 infection

Groups of IL-10-/- mice (n = 6) were weighed and

monitored for activity following mock treatment or infec-

tion with HV-68. Following weighing, an assessment of the

activity–inactivity continuum was made. Continual loco-

motion, rearing, or grooming movements for 15 s were

scored as 4. Movement for 10 of 15 s was scored as 3.

Movement for 5 of 15 s was scored as 2. No movement for

15 s was scored as 1. Mice were considered moribund and
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euthanized as a humane endpoint when they had lost 20%

of their body weight when compared to controls and also

had an activity score of less than 2.0. Statistical signifi-

cance in survival analyses (i.e., moribund as defined above)

were performed using Kaplan–Meier survival curves.

Colonic disease scores, cholangitis, and liver

histopathology

Intestine and liver tissue were removed for histological

analyses 2 months following mock treatment or HV-68

infection. Tissues were fixed in 10% neutral buffered for-

malin, imbedded, sectioned at 5 lm, and stained with

hematoxylin and eosin for light microscopic examination.

Colon sections were scored for colonic disease similar to

that previously described [40]. For scoring, grade 0 rep-

resented no change from normal tissue, grade 1 had a few

foci of mononuclear infiltrates with limited epithelial cell

hyperplasia, grade 2 lesions were frequent with mild epi-

thelial cell hyperplasia, grade 3 lesions involved frequent

large areas of mucosa with submucosa involvement, grade

4 lesions had severe inflammation including ulcers with

marked epithelial cell hyperplasia. At least three colon

segments were scored for each mouse, and the average

colonic score was determined for each group.

Cholangitis was defined as clear obstruction of bile flow

out of the gallbladder as observed following euthanasia.

Bacterial colony counts present in liver tissue

Liver tissue (25 mg) was taken from each mouse following

euthanasia and homogenized in 0.5% Triton X-100. Dilu-

tions of each homogenate were plated onto Luria agar

plates, and the plates incubated in reduced O2 for 48 h.

Bacterial colonies were counted to quantify viable bacteria

present in liver tissue.

Several bacterial colonies were selected from each plate

for identification using API-20 strips (Fisher, Fair Lawn,

NJ).

Leukocytosis, splenomegaly, and isolation of splenic

leukocytes for quantification of viral burden

Groups of mice (n = 4–6) were killed 2 months following

mock treatment or infection with HV-68. Blood was col-

lected, red blood cells lysed, and total white blood cell

counts performed using a Coulter Counter (Coulter, Miami,

FL).

Spleens were removed, weighed, and single-cell sus-

pensions made for quantification of infectious and latent

virus burdens. Single-cell suspensions were made by

pressing tissue through a 30-gauge wire mesh screen, fol-

lowed by hypotonic lysis. Splenocytes were washed, and

the pellet resuspended in RPMI-1640 with 1% fetal calf

serum. Total leukocytes were counted using a Coulter

Counter.

Quantification of infectious virus was performed as

previously described [31–36]. Briefly, isolated splenic

leukocytes were pulse sonicated (Vibra Cell, Newtown,

CT) to release intracellular virus. After sonication, lysates

were centrifuged at 2,500g to remove cellular debris.

Limiting dilutions of the lysates were then placed on NIH-

3T3 monolayers for 1 h followed by washing and over-

laying with 0.15% agar (Difco, Detroit, MI) in RPMI-1640

with 30% fetal calf serum (FCS). After 5 days, overlays

were removed, and cell monolayers were stained with

crystal violet. Plaque-forming units were quantified in

duplicate at several serial dilutions of lysate to assure

accuracy.

Quantification of latent virus was performed as previ-

ously described [31–36] using an infectious-centers assay.

Briefly, limiting dilutions of isolated splenic leukocytes

were placed onto monolayers of NIH-3T3 cells. After 24 h,

an agar overlay supplemented with medium and calf serum

was added and allowed to incubate in culture for 5 days.

The monolayers were then fixed and stained with crystal

violet, and the number of infectious centers was counted in

duplicate for several dilutions of cells for each experi-

mental condition.

FACS analysis of splenic leukocyte populations

The phenotypic characterization of splenocytes was per-

formed using a FACSCalibur instrument (BD, Franklin

Lakes, NJ) and CellQuest software as previously described

[33]. Briefly, splenocytes were isolated as described above,

washed with PBS and resuspended in 10% nonimmune

rabbit serum (Zymed, San Francisco, CA), and FcBlock

(anti-mouse CD16/CD32, BD Biosciences, San Jose, CA)

for 20 min at 4�C. FITC-conjugated anti-mouse CD3, anti-

mouse B220, anti-mouse CD11b, or anti-mouse CD11c

antibodies (BD Biosciences) were added to separate ali-

quots of cells, and incubated for 30 min at 4�C in the dark.

Control samples were prepared using isotype-matched,

irrelevant antibodies that were fluorochrome-conjugated

(BD Biosciences). Cells were washed three times, resus-

pended in PBS, and kept at 4�C in the dark until FACS

analyses were performed. For each sample, data from

10,000 volume-gated viable cells were collected.

Statistical analyses

Results were tested statistically by one-way ANOVA or

Student’s t test whenever appropriate and were determined

to be statistically significantly when P \ 0.05 was

obtained.
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Results

IL-10-/- mice succumb to HV-68 infection

To investigate the ability of HV-68 infection to exacerbate

inflammatory bowel disease in IL-10-/- mice, groups of

6-week-old deficient mice (n = 6) were mock-treated or

infected with HV-68. To our surprise, approximately

2–3 months following treatment, the infected IL-10-/- mice

began to succumb (Fig. 1) to what appeared to be a lethal

wasting disease. Conversely, the mock-treated IL-10-/-

mice appeared relatively normal. This result was consistent

with previous reports of IL-10-/- mice on the C57BL/6

background, which are relatively resistant to developing

colitis and have little overt disease at approximately

4 months of age [40].

Exaggerated clinical disease in IL-10-/- mice infected

with HV-68

To begin to understand the significant differences in sur-

vival observed in our initial studies, we documented

differences in the inflammatory responses of these mice

using a variety of parameters. For these studies, groups of

6-week-old C57BL/6 or IL-10-/- mice (n = 4–6) were

mock-treated or infected with HV-68. At 2 months post-

treatment, mice were weighed and then euthanized to

evaluate the extent of disease. Figure 2 shows that, at the

time of euthanasia, IL-10-/- mice had significant reduc-

tions in total body weight when compared to all other

groups of mice. This was consistent with our initial

observation of a lethal wasting disease.

A gross splenomegaly and leukocytosis were also

observed in IL-10-/- mice infected with HV-68.

Figure 3a shows significant increases in spleen weights in

these mice compared to all other groups. Representative

photomicrographs (Fig. 3b) show the dramatic increase in

the size of spleens isolated from IL-10-/- mice infected

with HV-68. This splenomegaly was also accompanied by

a marked leukocytosis as mock-treated IL-10-/- mice had

white blood cell counts of 2.2 (± 0.09) 9 106/ml compared

to 6.9 (± 0.65) 9 106/ml.

FACS analysis of CD3?, B220?, CD11b?, and

CD11c? cells in the spleens of IL-10-/- mice infected

with HV-68 showed significant increases in the number of

each of these subpopulations when compared to all other

groups (data not shown). However there were no signifi-

cant differences in the percentage of cells in each

subpopulation when comparing groups, suggesting that all

subpopulations were expanded proportionally.

A significant leukocytic infiltration into the livers of

IL-10-/- mice infected with HV-68 was also observed.

Figure 4 shows representative histology from the liver

sections of treated mice, demonstrating increased mono-

nuclear cell infiltration in infected IL-10-/- mice. These

mice also had a significantly higher incidence of cholan-

gitis than control groups. In one experiment, all six

IL-10-/- mice infected with HV-68 had obvious gall-

bladder obstruction, while only one of six mock-treated

IL-10-/- mice had such an obstruction.

Finally, significant increases in colonic disease were

observed in IL-10-/- mice infected with HV-68 when

compared to mock-treated mice (Fig. 5a). Microscopic

inspection of colon sections typically showed grade 3 to

grade 4 lesions [40], with large areas of the mucosa and

submucosa showing inflammation and epithelial cell

hyperplasia. While some inflammation could be seen in

mock-treated IL-10-/- mice at this age (i.e., 3.5 months),

it was much less severe than virally infected mice.

Figure 5b shows representative photomicrographs of the

Fig. 1 Survival in HV-68-infected IL-10-/- mice. Groups (n = 6)

of 6-week-old IL-10-/- mice were mock-treated (Mock) or infected

with murine gammaherpsesvirus 68 (HV-68). A moribund nature as a

humane survival endpoint was determined over time

Fig. 2 Loss of body weight in HV-68-infected IL-10-/- mice.

Groups of 6-week-old normal C57BL/6 mice (C57) or IL-10-deficient

mice (IL-10-/-) were mock-treated (Mock) or infected with murine

gammaherpesvirus 68 (HV-68) as indicated. Two months after

infection, body weights were determined. Results are presented as

mean values (±SD). The asterisk indicates a statistically significant

difference when compared to all other groups of mice. This study was

repeated twice with similar results
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gross intestinal pathology observed in these mice. Thickening

of the bowel wall in response to the inflammatory response

was readily visible in IL-10-/- mice infected with HV-68.

Infectious and latent viral burden in IL-10-/- mice

infected with HV-68

One possible explanation for the exacerbated inflammatory

response in IL-10-/- mice infected with HV-68 might be

the reactivation of latent virus during developing disease.

The persistent presence of infectious virus can result in

systemic inflammation and death if uncontrolled, as occurs

in interferon alpha/beta receptor-deficient mice [41].

Therefore we questioned whether the levels of infectious

virus or latent viral burden were significantly different in

these groups of mice. As illustrated in Fig. 6, no significant

differences in infectious virus (Fig. 6a) or latent viral burden

(Fig. 6b) were observed when comparing IL-10-/-

mice and C57BL/6 mice. Therefore differences in viral

burden could not explain the exacerbated inflammation

observed.

Fig. 3 Splenomegaly in HV-68-infected IL-10-/- mice. Groups

of 6-week-old normal C57BL/6 mice (C57) or IL-10-deficient mice

(IL-10-/-) were mock-treated (Mock) or infected with murine

gammaherpesvirus 68 (HV-68) as indicated. Two months following

infection, mice were euthanized and spleen weights were determined.

Results in a are presented as mean values (±SD). The asterisk
indicates a statistically significant difference when compared to all

other groups of mice. b Representative photomicrographs of the size

of spleens isolated from mice treated as indicated. This study was

repeated three times with similar results

Fig. 4 Leukocytic infiltration in the liver of HV-68-infected

IL-10-/- mice. Groups of 6-week-old normal C57BL/6 mice

(C57) or IL-10-deficient mice (IL-10-/-) were mock-treated (Mock)

or infected with murine gammaherpesvirus 68 (HV-68) as indicated.

Two months following infection, mice were euthanized and liver

tissue taken for histology. Results are presented as representative

photomicrographs of liver tissue following staining with hematoxylin

and eosin
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Increased viable bacteria in livers of IL-10-/- mice

infected with HV-68

As colitis develops, translocation of bacteria from the

inflamed gut into the portal circulation has been used to

explain some aspects of liver and gall bladder disease in

these patients [42–45]. Therefore we questioned whether

the increased incidence of cholangitis and liver disease in

IL-10-/- mice infected with HV-68 might be associated

with the presence of viable bacteria in liver tissue. For

these studies, liver was taken from mice, homogenized, and

plated onto Luria agar to detect the presence of viable

bacteria. Figure 7 shows the results of one such study

where six of six IL-10-/- mice infected with HV-68 had

viable bacteria in liver, whereas two of six mock-treated

IL-10-/- mice had significantly lower numbers of viable

bacteria.

Identification of selected bacterial colonies present on

Luria plates was performed using API-20 test strips. E. coli,

Enterococcus sp., Bacillus sp., and a gram-negative, non-

lactose-fermenting bacterium whose identity could not be

Fig. 5 Colonic disease in HV-68-infected IL-10-/- mice. Groups

of 6-week-old, normal C57BL/6 mice (C57) or IL-10-deficient mice

(IL-10-/-) were mock-treated (Mock) or infected with murine

gammaherpesvirus 68 (HV-68) as indicated. Two months following

infection, mice were euthanized and colonic disease scores were

determined (a). Results are presented as mean values (±SD). The

asterisk indicates a statistically significant difference when compared

to all other groups of mice. b Representative photomicrographs of

colon and cecum segments from mice treated as indicated

Fig. 6 Quantification of infectious and latent viral burdens in HV-68-

infected mice. Groups of 6-week-old normal C57BL/6 mice (C57) or

IL-10-deficient mice (IL-10-/-) were mock-treated (Mock) or

infected with murine gammaherpesvirus 68 (HV-68) as indicated.

Two months following infection, mice were euthanized and spleens

were removed for quantification of infectious (a) and latent (b) viral

burdens. To quantify infectious virus, splenic tissue was homogenized

and subjected to a plaque-forming cell assay (a). To quantify latent

virus, splenic leukocytes were isolated and subjected to an infectious-

centers assay (b). Results are presented as mean values (±SD). This

study was repeated twice with similar results
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determined were present in the liver homogenates from

IL-10-/- mice and from IL-10-/- mice infected with

HV-68. There were no significant differences in the species

of bacteria present in the liver of the two groups. However

this result could be due to colony selection or to the singular

use of Luria agar plates for bacterial growth.

Discussion

In previous work, we discovered that while IL-10-/- mice

could be readily infected by HV-68, they had less latent

virus than wild-type C57BL/6 mice [36]. We postulated,

based on this [36] and other work [31], that this result was

due to an enhanced, protective IL-12 response in IL-10-/-

mice. Surprisingly, however we also discovered increased

pathophysiology following this acute viral infection of

IL-10-/- mice, suggesting that the presence of this

cytokine helped to limit a destructive viral-induced

inflammation [36]. The increased inflammation following

this acute viral infection caused us to question whether a

sustained inflammatory response accompanied latent viral

infection with HV-68 in this animal model of colitis.

To address this possibility, we infected young, 6-week-

old IL-10-/- mice with HV-68. By 2 months following

infection, viral latency was established in these mice

(Fig. 6b), and it was difficult to detect the presence of

infectious virus in most animals (Fig. 6a). Therefore we

were surprised to find that IL-10-/- mice harboring this

latent gammaherpesvirus infection succumbed (Fig. 1) to

an inflammatory wasting-like disease characterized by

weight loss (Fig. 2), splenomegaly (Fig. 3), leukocytosis

and leukocytic infiltration of the liver (Fig. 4), cholangitis,

and exacerbated inflammation of the colon (Fig. 5).

Increased colitis correlated with the presence of viable

bacteria in the liver (Fig. 7), suggesting that translocation

of gut flora into the portal circulation may be responsible

for the inflammatory wasting disease observed in the

IL-10-/- mice infected with HV-68.

Based on these results, we suggest that IL-10-/- mice

harboring latent HV-68 represent a chronic model of bac-

terial and viral co-infection that, over time, develops into

an exacerbated, fatal inflammatory response. The relevance

for such a model can be found in patients who experience

gammaherpesvirus-exacerbated diseases whose etiology

is bacterial, including periodontal diseases [7–9] and

inflammatory bowel diseases [16–22]. While it is clear

from these studies in patients that gammaherpesviruses,

like EBV, have been associated with exacerbated inflam-

mation, it is not altogether clear how such a ubiquitous

viral infection can contribute to disease severity.

Previous studies performed in our laboratory suggest a

possible mechanism to explain HV-68-induced exacerbated

disease in IL-10-/- mice. IL-10-/- mice have reduced

viral burdens [36]. This is likely due to the presence of an

increased IL-12-induced T helper type 1 response [36],

which can contribute to the protective host response [31].

While somewhat protective, the host’s IL-12-mediated T

helper type 1 anti-viral response is unable to prevent acute

HV-68 infection from establishing latency [31]. In addi-

tion, this IL-12-mediated host response contributes to the

pathophysiology seen during the mononucleosis phase of

the disease [36]. Therefore while an IL-12-induced T

helper type 1 response can contribute to the protective host

response, it contributes to host-induced pathophysiology as

well. Therefore it appears that infection with this gamma-

herpesvirus results in a dysregulated T helper type 1

response that is only partially protective, but also contrib-

utes to viral-induced pathology.

It has been proposed that the IL-10-/- model of colitis

represents a T helper type 1-mediated disease [46–48].

Furthermore, it has also been suggested that the host

response directed against normal bacterial flora transloca-

ting from the gut is likely one stimulus for activating the T

helper type 1 response in animal models of colitis [49–52].

In the present work, IL-10-/- mice infected with HV-68

had an increased translocation of bacteria from the gut

into peripheral tissues (Fig. 7). Therefore if infection with

HV-68 can dysregulate T helper type 1 responses [31, 36],

an exacerbated inflammatory response may occur as

IL-10-/- mice respond to bacteria translocating from the

gut.

Fig. 7 Quantification of viable bacteria in liver homogenates. Groups

of 6-week-old normal C57BL/6 mice (C57) (n = 4) or IL-10-

deficient mice (IL-10-/-) (n = 6) were mock-treated (Mock) or

infected with murine gammaherpesvirus 68 (HV-68) as indicated.

Two months following infection, mice were euthanized and liver

tissue homogenized in 0.5% Triton X-100. Dilutions of tissue

homogenates were plated onto Luria agar plates and incubated for

48 h. Numbers of bacterial colonies per 25 mg of liver tissue were

counted, and results are presented as colony counts in each individual

animal. Bars represent mean values of these individual determinations
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Based on the work presented here, it will be possible to

utilize this unique model of latent gammaherpesvirus and

bacterial co-infection to address T helper type 1 exacer-

bated inflammatory diseases. Such studies should provide

unique insights into the mechanisms used by gam-

maherpesviruses to dysregulate normal host immune

responses in an effort to maintain viral latency throughout

the life of the host [6].
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