
Host Species Barriers to Jaagsiekte Sheep Retrovirus Replication and
Carcinogenesis

Marco Caporale,a,b Henny Martineau,c,f Marcelo De las Heras,d Claudio Murgia,b Robert Huang,b Patrizia Centorame,a

Gabriella Di Francesco,a Luigina Di Gialleonardo,a Thomas E. Spencer,e David J. Griffiths,f Massimo Palmarinib

Istituto Zooprofilattico Sperimentale dell’Abruzzo e del Molise G. Caporale, Teramo, Italya; Medical Research Council-University of Glasgow Centre for Virus Research,
Glasgow, Scotland, United Kingdomb; The Royal Veterinary College, North Mymms, Hertfordshire, United Kingdomc; Facultad de Veterinaria, Universidad de Zaragoza,
Zaragoza, Spaind; Center for Reproductive Biology, Department of Animal Sciences, Washington State University, Pullman, Washington, USAe; Moredun Research Institute,
Edinburgh, Scotland, United Kingdomf

Understanding the factors governing host species barriers to virus transmission has added significantly to our appreciation of
virus pathogenesis. Jaagsiekte sheep retrovirus (JSRV) is the causative agent of ovine pulmonary adenocarcinoma (OPA), a
transmissible lung cancer of sheep that has rarely been found in goats. In this study, in order to further clarify the pathogenesis
of OPA, we investigated whether goats are resistant to JSRV replication and carcinogenesis. We found that JSRV induces lung
tumors in goats with macroscopic and histopathological features that dramatically differ from those in sheep. However, the ori-
gins of the tumor cells in the two species are identical. Interestingly, in experimentally infected lambs and goat kids, we revealed
major differences in the number of virus-infected cells at early stages of infection. These differences were not related to the num-
ber of available target cells for virus infection and cell transformation or the presence of a host-specific immune response toward
JSRV. Indeed, we also found that goats possess transcriptionally active endogenous retroviruses (enJSRVs) that likely influence
the host immune response toward the exogenous JSRV. Overall, these results suggest that goat cells, or at least those cells tar-
geted for viral carcinogenesis, are not permissive to virus replication but can be transformed by JSRV.

Jaagsiekte sheep retrovirus (JSRV) is the causative agent of a
transmissible lung cancer (ovine pulmonary adenocarcinoma

[OPA]) of the domestic sheep (Ovis aries) (1–6). The envelope
(Env) glycoprotein of JSRV functions as a dominant oncoprotein,
and its expression is sufficient to induce cell transformation in
vitro (7–13) and in vivo (14, 15) via the induction of several signal
transduction pathways, including phosphatidylinositol 3-kinase
(PI-3K)/Akt and Ras–MEK–mitogen-activated protein kinase
(MAPK) (10, 11, 16–18). The oncoprotein of JSRV is therefore a
structural protein, rather than a nonstructural protein as in almost
all other oncogenic viruses. This constitutes an evolutionary par-
adox, since abundant JSRV replication appears to be entirely de-
pendent on tumor development in the host, a unique paradigm
for oncogenic viruses.

Several studies of JSRV support the notion that this virus has
found a unique strategy for survival during evolution. Experimen-
tal infection of young lambs but not adult animals results almost
invariably in the induction of lung adenocarcinoma after a short
(several weeks to months) incubation period (5, 19). On the other
hand, in naturally occurring OPA, lung adenocarcinoma develops
slowly after a long incubation period (20). Interestingly, high lev-
els of JSRV antigens are found only in the lung tumor cells in both
experimentally induced and naturally occurring OPA cases (21–
23). An apparent inconsistency is that in the field, the majority of
JSRV-infected animals do not have macroscopically or micro-
scopically detectable lung neoplasms and viral nucleic acids are
detectable in lymphoid cells rather than in the lungs (20). How-
ever, we have recently shown that the target cells for JSRV produc-
tive infection and transformation are rare for most of the life span
of the host (24). Although JSRV can infect a variety of cell types
(21, 25), abundant viral replication and cell transformation occur
predominantly, if not exclusively, in lung alveolar proliferating
cells (LAPCs) (characterized by the expression of the type II pneu-

mocyte marker SPC� and the proliferation marker Ki67�), a di-
viding precursor of the type 2 pneumocyte lineage (24). These
cells are abundant in young lambs during postnatal development
(hence the age-related susceptibility to JSRV infection) or in
adults as a result of damage to the bronchioalveolar epithelium,
when LAPCs become active in order to repair the injury. JSRV
preferentially infects dividing cells (a property shared with most
retroviruses), and indeed, in vivo the virus does not infect mature
type II pneumocytes (24). In addition, the JSRV long terminal
repeats (LTRs) (where the retroviral promoter and enhancer are
located) have been found to be preferentially expressed in cell lines
derived from type II pneumocytes and Clara cells as opposed to
other cell lines (26). Thus, it appears that JSRV has only a small
window of opportunity to infect the cell targets of viral carcino-
genesis and this occurs in a minority of naturally infected animals
(20).

Interestingly, sheep infected with JSRV (with or without clini-
cal OPA) do not mount a humoral or cellular response against the
virus. The apparent immunological tolerance of sheep toward
JSRV appears to be due to the presence in the genome of small
ruminants of transcriptionally active endogenous retroviruses
(enJSRVs) highly related to JSRV (27–32). It is likely that the
abundant expression of enJSRVs during ontogeny makes sheep
tolerant toward their exogenous counterpart (31, 33, 34). Notably,
enJSRVs play a number of additional biological functions in their
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host, since they are essential for the reproductive biology of sheep
and interfere with the replication of related exogenous viruses (27,
35–39).

Thus, small ruminants represent a fascinating system with
which to investigate the interaction between retroviruses and their
hosts. OPA has been found almost exclusively in the domestic
sheep and in farmed European moufflons (Ovis orientalis; a prim-
itive ancestor of the domestic sheep readapted to feral life in some
Mediterranean islands) (1). A few reports on the natural occur-
rence of OPA in goats (Capra hircus) in the 1960s contained little
information on the disease and did not distinguish between alve-
olar epithelization and adenocarcinoma (40, 41). Later, more-
convincing studies described OPA in goats at very low incidence
(42, 43). Two separate studies have investigated the experimental
transmission of OPA in goats in the 1980s using lung secretions
from OPA-affected animals as an inoculum. Experimental trans-
mission of OPA in a single goat kid (of the three originally inocu-
lated) was reported by Sharp et al. (44). Tustin and colleagues (45)
reproduced tumor lesions in 2 of 6 inoculated goat kids, although
the inoculum was contaminated with a small-ruminant lentivirus.

In this study, we investigated whether goats display a degree of
resistance to JSRV replication and cell transformation, in order to
further clarify the pathogenesis of OPA and understand host spe-
cies barriers to virus transmission.

MATERIALS AND METHODS
Cells and virus production. 293T cells, 293-GP cells, and H322/oH2 cells
were grown in Iscove’s modified Dulbecco’s medium with 10% fetal bo-
vine serum at 37°C and 5% CO2. H322/oH2 cells were generated by trans-
duction of parent NCI-H322 cells (a human adenocarcinoma cell line;
HPA Cell Culture Collection) with a murine leukemia virus (MLV) vector
(LNCX2) expressing ovine hyaluronidase 2 (HYAL-2), the cellular recep-
tor for JSRV (13). Stably transduced cells were selected in 500 �g/ml G418
(Sigma) and used as a polyclonal population. Virus for neutralization
assays was produced by transfection of 293-GP, a packaging cell line ex-
pressing MLV Gag and Pol, with pLNCX-LacZ (a plasmid encoding a
transfer vector and beta-galactosidase) and either pCMV3JS21-�GP (12)
(encoding the JSRV Env) or pVPACK-10A1 (Stratagene) (encoding the
MLV Env) using Fugene HD reagent (Promega). Supernatants were col-
lected 48 and 72 h posttransfection, clarified by centrifugation (5 min,
350 � g), filtered (0.2 �m), and ultracentrifuged (2 h, 80,000 � g) before
being resuspended at a 10� concentration in serum-free medium and
stored at �80°C until use. Viral titers were expressed as LacZ focus-form-
ing units (FFU) per ml.

208FJSRV21 cells derive from the 208F rat cell line (46) and stably
express the JSRV21 infectious molecular clone under the control of the
human cytomegalovirus immediate early promoter as previously de-
scribed (5, 47). For the production of infectious virus, cells were cultured
in 2-liter rolling bottles (Corning) using Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal calf serum at 37°C, 5% CO2, and 95%
humidity. Cell culture supernatant containing infectious JSRV was col-
lected every 12 h for 3 days. Virus was then concentrated (200-fold) by
ultracentrifugation as described above and resuspended in TNE buffer
(100 mM NaCl, 10 mM Tris, and 1 mM EDTA). Various virus prepa-
rations were pooled into a single stock, aliquoted, and stored at �80°C
until use.

In vivo studies. Animal experiments were carried out at the Istituto
Zooprofilattico Sperimentale dell’Abruzzo e Molise G. Caporale
(Teramo, Italy) (studies A, B, and C) or at Texas A&M University (study
D). Animal studies were carried out in accordance with local and national
approved protocols regulating animal experimental use (protocol no.
3315/10) in Italy and by the Institutional Animal Care and Use Commit-

tee of Texas A&M University in the United States. Prior to experimental
infections, all animals were anesthetized with sodium pentobarbital.

Study A. In study A (long-term study), 4 lambs and 4 kids (2 days old)
were inoculated intratracheally with 1.5 ml of JSRV virus stock, while 2
lambs and 3 kids, used as negative controls, were inoculated with unin-
fected cell culture medium. Blood from these animals was collected at the
time of virus infection and at 14, 30, 60, 90, 120, and 150 days postinoc-
ulation (p.i.). Animals were euthanized at 5 months p.i. when two lambs
showed signs of respiratory distress. At necropsy, animals were examined
for the presence of macroscopic lesions and tissues were collected from
seven distinct anatomical regions of the lungs: the cranial part of the left
cranial lobe, caudal part of the left cranial lobe, left diaphragmatic lobe,
right diaphragmatic lobe, right middle lobe, right cranial lobe, and acces-
sory lobe.

Study B. In study B (short-term study), in order to facilitate the de-
tection of infected cells, animals were inoculated into the accessory bron-
chus of the cranial lobe by fiber-optic bronchoscopy. Four lambs and four
kids (2 days old) were inoculated with 1.5 ml of virus stock, while one
lamb and two kids were used as mock-infected negative controls and
inoculated with uninfected cell culture medium. All animals were eutha-
nized 9 days p.i. At postmortem, tissues were collected from 8 distinct
anatomical regions of the cranial lobe, fixed in 10% buffered formalin,
and embedded in paraffin.

Study C. Two healthy 4-day-old kids were euthanized, and lung sam-
ples from 8 anatomical distinct regions were collected postmortem, fixed
in 10% buffered formalin, and embedded in paraffin for further analysis.

Studies D. Mature does were observed daily for estrus (designated day
0) using vasectomized bucks. All does exhibited at least two estrous cycles
of normal duration. At estrus, some does were bred to intact bucks at 12 h
and 24 h postestrus. Cyclic and pregnant does were assigned randomly to
be ovariohysterectomized (n � 4 does/day) on days 5, 11, 15, and 23 of the
cycle or pregnancy (the latter time point only in pregnant does) (day 0 �
mating). At hysterectomy, the uterus was trimmed free of cervix and ovi-
duct. Several sections (�0.5 cm) from the midportion of each uterine
horn were fixed in fresh 4% paraformaldehyde in phosphate-buffered
saline (PBS) (pH 7.2). Samples were frozen in liquid nitrogen and stored
at �80°C for RNA extraction.

Virus neutralization assays. The presence of neutralizing antibodies
against JSRV in infected animals was assessed by neutralization assays as
follows. H322/oH2 cells were seeded in 48-well plates at 5 � 104 cells per
well. The next day, sheep and goat sera (heat inactivated at 56°C for 30
min) were mixed at a 1:10 dilution with 100 to 150 infectious units of
MLV-LacZ vectors in a total volume of 50 �l and incubated for 30 min at
37°C. The virus-serum mixtures were then added to H322/ovH2 cells with
200 �l medium and 4 �g/ml Polybrene for 4 h before removing and
replacing with 500 �l of fresh medium. Two days postinfection, cells were
fixed with 1% glutaraldehyde solution and stained for beta-galactosidase
activity as described previously (48). Assays were performed in triplicate
in at least 2 independent experiments. A reduction of infectivity of 50% or
greater was taken as evidence for neutralizing activity of the tested sera.

Histopathology, immunohistochemistry, and immunofluorescence.
Each tissue specimen was divided into two samples in order to be fixed in
either immunohistochemistry zinc fixative (BD PharMingen), a zinc-
based fixative, or 10% buffered formalin. The use of a zinc-based fixative
favors in some cases the subsequent detection of ovine cellular markers in
fixed tissues (49). Tissues were then embedded in paraffin, and tissue
sections were deparaffinized, hydrated, and stained with hematoxylin and
eosin using standard procedures.

Immunohistochemistry was performed as previously described (23,
24, 49). JSRV was detected using antibodies against the viral matrix or Env
as already described (15, 39, 50). Mouse monoclonal antibodies employed
to detect cell markers were purchased from Serotec unless stated other-
wise. The following antibodies raised against the following ovine mole-
cules were used: CD4 (44.38, Th cells), major histocompatibility complex
(MHC) class II (VPM54), gamma interferon (IFN-�) (CC302), WC1 an-
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tigen (CC15, �	 T cells), and CD8 (SBU-T8, cytotoxic T cells; kindly gifted
by John Hopkins, University of Edinburgh). Slides were processed using
the EnVision Plus system (Dako) as recommended by the manufacturer.

Immunofluorescence was carried out as previously described (24).
Primary antibodies used were polyclonal rabbit anti pro-Sp-C (Seven
Hills Bioreagents), bovine CC-10 (24), Ki67 (Dako Agilent Technologies),
JSRV Env (15), and appropriate secondary antibodies conjugated with
Alexa-488 or Alexa-555 (Molecular Probes). Negative controls, for both
immunohistochemistry and immunofluorescence, included the analysis
of samples with no primary antibodies or with normal serum or unre-
lated monoclonal antibodies. After the addition of tyramide signal
amplification (TSA) (Perkin-Elmer Life Science Products), slides were
mounted with medium containing 4=,6-diamidino-2-phenylindole
(DAPI) (Vectashield, Vector Laboratories). Images were analyzed using
confocal microscopy (TCS SP2; Leica), and images were analyzed and
merged using Image-pro Analyzer 7 software (MediaCybernetics). Anal-
ysis of proliferation of type II pneumocytes and Clara cells in healthy
4-day-old goat kids (study C above) was performed by counting, respec-
tively, SP-C/Ki67 and CC-10/Ki67 doubly positive cells from samples col-
lected from 10 lung sections. Numbers of doubly positive cells were nor-
malized to the sectioned area using Image-pro Analyzer 7 software. The
number of CC10/Ki67 doubly positive cells was determined by analyzing
100 terminal bronchioli for each animal.

In situ hybridization. Localization of enJSRV RNA was performed
essentially as previously described from uterine sections collected from
cyclic and pregnant does (31). After deparaffinization and rehydration,
uterine sections were hybridized with an ovine JSRV env radiolabeled
antisense or sense cRNA probe generated from linearized plasmid tem-
plate (DD54) using in vitro transcription with [
-35S]UTP (3,000 Ci/

nmol; Amersham-Pharmacia) as already described (31, 51). Autoradio-
graphs were prepared using Kodak NTB-2 liquid photographic emulsion.
Slides were kept at 4°C for up to 1 week and developed in Kodak D-19
developer. Slides were then counterstained with Harris’ modified hema-
toxylin in acetic acid (Fisher) and dehydrated before the addition of a
coverslip. Photomicrographs were taken under bright-field and dark-field
illumination using a Carl Zeiss Axioplan2 microscope fitted with a
Hamamatsu chilled 3CCD camera.

RESULTS
JSRV induces lung tumors in both goats and sheep but with dif-
ferent macroscopic and histological features. Initially, we as-
sessed whether JSRV was able to induce tumors in goat kids as
reported for older studies (45). Four lambs and four goat kids were
inoculated intratracheally with JSRV21. At 5 months postinocula-
tion (p.i.), two JSRV-infected lambs showed respiratory clinical
signs (audible breathing and progressive dyspnea) and mild ca-
chexia, suggesting that they had developed pulmonary lesions. At
this stage, none of the goat kids or the mock-infected lambs
showed any clinical signs. All animals were then euthanized and
subjected to necropsy. Pulmonary lesions were observed in all
JSRV-infected animals of both species, but there were clear mor-
phological differences between the lesions developed by lambs
and goat kids (Fig. 1). All four of the infected lambs developed
tumors that were diffusely infiltrative, especially within the
cranioventral lobes. Specifically, there was marked consolidation
of cranioventral lung lobes, which were diffusely purple to gray in

FIG 1 Macroscopic appearance of lung tumors induced by JSRV in lambs and goat kids. (A) Lungs from experimentally infected lambs at 5 months postinfection
show extensive tumor lesions (some indicated by arrows), purple to greyish in color, infiltrating different lobes of the lungs. (B) Cross-section of lungs from an
infected lamb reveals extensive infiltration of the neoplasm throughout the organ. (C) Lungs from an experimentally infected goat kid show well-circumscribed
pale small nodules (arrows indicate some of them) well delimitated from the surrounding healthy pulmonary parenchyma. (D) Higher-magnification picture of
lesions from an infected kid.
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color and firm to cut. The infiltrative nature of the neoplasms
resulted in an indistinct border between neoplastic and normal
lung tissue (Fig. 1A and B).

Conversely, lungs from infected goat kids contained multi-
focal, well-circumscribed pale firm nodules (�1 cm in diameter),
which were located predominantly within cranioventral lobes.
Lung tissue surrounding these nodules was of normal color and
consistency (Fig. 1C and D). The confined nature of the pulmo-
nary lesions may explain why the function of the organ was not
compromised.

Histological examination of multiple lung sections from in-

fected lambs revealed a neoplasia with the classic appearance of a
bronchioloalveolar carcinoma. This was characterized by prolif-
erating epithelial cells, forming tumor nodules with an acinar or
papillary pattern in close proximity to one another and infiltrating

FIG 2 Histopathology of lung sections collected from lambs and goat kids
experimentally infected with JSRV. (A) Tissue section (stained with hematox-
ylin and eosin) collected from the lungs of an experimentally infected lamb
showing the presence of numerous neoplastic foci (indicated by arrows) in
close proximity. (B) Tissue section (stained with hematoxylin and eosin) col-
lected from the lungs of an experimentally infected goat kid with a well-iso-
lated expanding neoplastic nodule (indicated by arrows). (C) Immunohisto-
chemistry of lung section from an experimental infected lamb (same as panel
A) showing labeling of JSRV Env in tumor cells (characterized by the intracy-
toplasmic brown color). (D) Immunohistochemistry of lung section from an
experimental infected goat kid (same as panel B) showing labeling of JSRV Env
in tumor cells. (E and F) Immunohistochemistry of lung section from an
experimental infected lamb (E) or goat kid (F) showing labeling of JSRV Gag in
tumor cells. (G and H) Immunohistochemistry of lung section from an exper-
imental infected goat kid shows expression in a few cells (see arrows) infiltrat-
ing the tumor expressing MHC-II (E) or CD8 (F) cell markers.

FIG 3 JSRV more readily infects lung cells in experimentally infected lambs
than in goat kids. (A to D) Immunohistochemistry of JSRV Env� cells in lung
sections collected from experimentally infected lambs (A and B) and kids (C
and D) 9 days postinfection. JSRV-infected cells are characterized by dark
intracytoplasmic brown staining. (E) Box-and-whisker plot showing the num-
ber of JSRV Env� clusters per animal as detected by immunohistochemistry in
four lambs and four goat kids at 9 days postinfection. Data represent analysis of
8 lung sections for each animal. (F) Box-and-whisker plot showing the total
number of JSRV Env� cells per animal as detected by immunohistochemistry.
Lung sections (n � 8) were analyzed for each animal (as with panel E). (G)
Graph indicating the number of clusters in infected lambs and goat kids
formed by either 1 to 2, 3 to 4, 5 to 9, or more than 10 JSRV Env� cells.
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adjacent alveoli (Fig. 2A). In contrast, histological examination of
sections from infected goat kids showed large, well-circumscribed
nodules of bronchioloalveolar carcinoma compressing the sur-
rounding normal parenchyma (Fig. 2B). These lesions were well

demarcated from healthy parenchyma but not surrounded by a
significant inflammatory cell infiltrate. Indeed, by immunohisto-
chemistry, we determined that as shown previously for OPA le-
sions in sheep (49), there were relatively few cells surrounding or
infiltrating the tumors and they were MHC-II-expressing cells and
in some cases a few CD8 T and �/	 T cells (Fig. 2G and H and not
shown). As expected, JSRV Env and Gag were expressed at high
levels in the neoplastic cells of tumors in both experimentally in-
fected lambs and goat kids (Fig. 2C to F). Mock-infected animals
(2 lambs and 3 kids) showed no macroscopic or microscopic le-
sions in the lungs (data not shown).

JSRV replication but not oncogenesis is restricted in goats.
Taking into consideration the data presented above, we can con-
clude that in goats, JSRV induces neoplastic lesions that appear to
be more circumscribed than those observed in infected sheep.
This finding could be due to (i) a decreased susceptibility of goat
cells to JSRV-induced transformation, (ii) a reduced ability of the
virus to infect and replicate in the target cells for virus transfor-

FIG 4 Phenotype of JSRV-infected cells in experimentally inoculated goat
kids. (A to C) Confocal microscopy of lung sections from goat kids experimen-
tally infected with JSRV and collected at either 5 months (A) or 9 days (B and
C) postinfection. In panels A and B, immunofluorescence was carried out
using antibodies toward SP-C (shown in red) and JSRV Env (shown in green),
while in panel C, antibodies toward the Clara cell marker CC10 and JSRV Env
were used. Nuclei were stained with DAPI and are shown in blue. Arrows
indicate cells expressing JSRV Env.

FIG 5 Number of proliferating SP-C� and CC10� cells in healthy goat kids.
(A and B) Analysis of proliferating type 2 pneumocytes (LAPCs) was per-
formed by counting SP-C/Ki67 doubly positive cells in 4-day-old goat kids by
confocal microscopy as described in Materials and Methods. Sections (n � 10)
for each animal were analyzed by confocal microscopy, and numbers of doubly
positive cells were normalized to the sectioned area. Results shown are the
average numbers of SP-C� Ki67� cells (� SD) per section for both groups of
animals. (B) Representative image of a lung section from a 4-day-old goat kid
analyzed by confocal microscopy using antibodies toward SP-C (shown in red)
and Ki67 (shown in green). Nuclei were stained with DAPI and are shown in
blue. Note that Ki67 is a nuclear marker, and therefore the positive signal
appears in turquoise in the merged image. Arrows indicate SP-C� Ki67� cells.
(C) Analysis of proliferating Clara cells was performed by counting the num-
ber of CC10� Ki67� cells in 100 terminal bronchioli per each animal. Results
shown are the average numbers of CC10� Ki67� cells (� SD) per 100 terminal
bronchioli for both groups of animals. (D) Representative image of a lung
section from a 2-day-old goat kid analyzed by confocal microscopy using an-
tibodies toward CC10 (shown in green) and Ki67 (shown in red). Nuclei were
stained with DAPI and are shown in blue. Arrows indicate CC10� Ki67� cells.
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mation, or (iii) a difference in the grade of malignancy of the
neoplasm induced in the two different species. To address these
possibilities experimentally, we carried out an additional infection
of newborn lambs (n � 4) and goat kids (n � 4) with JSRV and
analyzed virus infection of lung cells 9 days p.i. We also used 1
lamb and 2 kids as mock-infected controls. In order to facilitate
subsequent virus detection, animals were infected by bron-
choscopy in the accessory bronchus of the cranial lobe of the
lungs. We assessed the presence of JSRV-infected cells by im-
munohistochemistry in 8 sections collected from 8 regions of
the cranial lobe of the lungs to maximize our chances of detect-
ing the relatively small number of infected cells (Fig. 3). For
each section, we quantified both the total number of virus-
infected cells (i.e., expressing the JSRV Env) and the number of
infected isolated “clusters” of Env� cells (Fig. 3A to D). We
scored as an infected “cluster” either an individual Env� cell
surrounded by uninfected cells (Fig. 3B) or multiple Env� cells
grouping together (Fig. 3A, C, and D).

In the four infected lambs, we detected 8.6 times more virus-
positive clusters than in infected goat kids. Indeed, 75% (i.e., 24/
32) of the sections collected from the infected lambs, compared to
only 28% of the sections from goats, contained at least one Env�

cluster. We detected a total of 104 Env� cell clusters in infected
lambs. We counted in each cluster between 1 and 36 infected cells,
for a total of 515 JSRV Env� cells in all the lung sections collected
from the four lambs. On the other hand, in the lung sections
analyzed from goat kids, we counted only 12 Env� cell clusters,
each containing between 1 and 21 infected cells, for a total of 86
virus-positive cells (Fig. 3E).

Interestingly, we noticed that approximately 70% of the 104
Env� clusters in lambs contained 4 or fewer Env� cells (presum-
ably representing recent infection events), while the remaining
30% contained more than 5 Env� cells. Only 13 clusters contained
10 or more cells (neoplastic lesions representing earlier infection
events). In contrast, in infected kids, only approximately 30% of
the clusters were formed by 4 or fewer Env� cells, while the re-
maining 70% clusters contained 5 or more Env� cells. Three clus-
ters contained more than 10 infected cells (Fig. 3F and G).

Characterization of lungs cells infected by JSRV in goat kids.
Our results suggested that the target cells for JSRV infection and

transformation in the lungs of goat kids are somewhat restrictive
to JSRV replication. In previous studies (24, 25), we described that
lung tumors in OPA-affected sheep are formed mainly by type II
pneumocytes. In vivo, JSRV can infect multiple cell types upon
infection, but the cells targeted for transformation are a subset of
proliferating type II pneumocytes (lung alveolar proliferating cells
[LAPCs]) (24). Thus, it was possible that the differences observed
in the phenotypes of OPA tumors in goats and sheep could be due
merely to differences in either the cell type targeted by the virus or
their relative abundances between these two animal species.

In order to address these hypotheses, we first performed con-
focal microscopy on lung sections of goats at both late and early
times postinfection. We consistently found that late-stage tumors
induced by JSRV in goats are formed by type II pneumocytes, as
shown by confocal microscopy using antibodies against JSRV Env
and the surfactant protein C (SP-C) (specifically expressed by type
II pneumocytes) (Fig. 4A). Thus, tumors in sheep and goats are
formed by the same cell type. At early time points in goat kids, we
detected JSRV in type 2 pneumocytes and not Clara cells (Fig. 4B
and C), similar to what we had already observed in lambs (24).

We also checked for the relative abundance of LAPCs in lung
sections from goat kids (Fig. 5). The LAPCs are SPC�/Ki67C�

cells abundant in young animals, or in adults after lung injury. We
counted LAPCs in 10 lung sections in healthy goat kids (n � 2).
We were able to identify on average approximately 50 LAPCs per
section, a value essentially identical to what we found in lambs in
a previous study (24). In addition, we also counted the relative
abundance of proliferating Clara cells in goat kids. These cells have
been found to be infected by JSRV in one study but not in others
(24, 25), and it is unclear whether they can contribute to OPA
tumors in rare occasions. On average, we found approximately
100 proliferating Clara cells (characterized by expression of CC10
and Ki-67) per 100 terminal bronchioli, a value very similar to
what we found previously in lambs (24). Thus, the distal respira-
tory tracts of sheep and goats contain the same relative abun-
dances of the target cells for JSRV infection and cell transforma-
tion.

No immune response in kids as result of JSRV infection. We
next investigated whether goats mounted an immune response
toward JSRV that could explain both the reduced number of virus

FIG 6 Neutralization activities of lamb and kid sera against retroviral vectors pseudotyped with JSRV Env. Sera collected prior to infection and at the indicated
times postinfection were tested at a 1:10 dilution against MLV-LacZ vectors pseudotyped with JSRV Env. The infectivity of the serum-treated vector is shown
relative to the infectivity of the untreated vector (100%). Sera were tested in triplicate. Error bars show standard deviations. C1, C2, and C3 are mock-inoculated
control animals.
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infected cells and the more restricted distribution of the neoplastic
lesions observed in experimentally infected kids. Sheep do not
mount a strong humoral or cell-mediated immune response
against JSRV infection (33). The exact mechanism underlying this
apparent tolerance of sheep toward JSRV is not clear, although it is
likely related to the expression, during both ontogeny and adult
life, of the multiple copies of endogenous betaretrotroviruses (en-
JSRVs) present in the sheep genome, which are highly related to
exogenous JSRV (31, 34, 52). Most of the cloned enJSRV loci
entered the host genome after the divergence of the genera Ovis
(including domestic sheep and related species) and Capra (includ-
ing domestic goats and related species) (27), and therefore it was
feasible that domestic goats could be better equipped to respond
immunologically toward JSRV infection.

In a previous study, low-titer neutralizing antibodies to JSRV
were found in some of the lambs experimentally coinfected with
JSRV and ovine lentivirus (53). Thus, we tested sera from the
experimentally infected lambs and goats for the presence of neu-
tralizing antibodies. We used 150 focus-forming units (FFU) of a
retroviral vector expressing LacZ pseudotyped with JSRV Env and
scored sera as positive when they induced plaque reduction of
50%. We found no neutralizing antibodies toward JSRV in any
of the experimentally infected kids. Only one of the experimen-
tally infected lambs had neutralizing antibodies toward JSRV (Fig.
6). In this lamb, neutralizing antibody titers in serum samples
were relatively low (1:10 to 1:20), but they were consistently found
at different time points. In addition, serum samples from this
lamb did not neutralize retroviral vectors pseudotyped with the
MLV envelope used as a negative control, suggesting that this was
a specific reaction (data not shown).

enJSRV expression in goat reproductive tract. Since neutral-
izing antibodies toward JSRV were not detected in experimentally
infected goats, we assessed enJSRV expression in healthy goats by
in situ hybridization in the uterus of cyclic and pregnant does. We
have shown previously that in both cyclic and pregnant sheep,
enJSRVs are highly expressed in the uterus and reproductive tis-
sues (29, 31, 51). In goats, enJSRV RNA was present predomi-
nantly in the luminal epithelium (LE) and in the glandular epithe-
lium (GE) of the endometrium, while no expression was detected
in the endometrial stroma or myometrium (Fig. 7). In pregnant
does, enJSRV RNAs were abundant in the LE on day 11 but de-
clined to almost undetectable levels at day 15. Also, in pregnant
does, expression of enJSRV RNA was most abundant in the glan-
dular epithelium of the upper stroma. Thus, enJSRV expression
patterns in goats appear to be very similar to those observed in
sheep (29, 31, 51).

DISCUSSION

Studies of cross-species barriers to virus transmission have un-
veiled fundamental aspects of virus biology and pathogenesis.
JSRV is the etiological agent of ovine pulmonary adenocarcinoma,
a transmissible lung cancer that has been found in sheep in most
regions of the world (5). OPA was found in goats in the 1960s,
mainly in India (40–43). Some experimental evidence on the in-
duction of OPA in goat kids was also obtained in the 1980s (44,
45). However, there is a paucity of reports of naturally occurring
OPA in goats as opposed to those for sheep. Thus, we evaluated
the pathogenesis of OPA in goats in order to determine whether
domestic small ruminants are differentially susceptible to JSRV
infection and carcinogenesis.

We found that JSRV induces lung tumors in goats with mac-
roscopic and histopathological features that differ from those in-
duced in sheep. In experimentally infected lambs, the tumor oc-
cupies extensive areas of the lungs, causing a significant increase in
their volume and consistency. Histologically, lung sections from
infected lambs revealed multiple neoplastic foci coalescing into
each other and involving single or multiple alveoli. On the other
hand, in infected goat kids, lungs were of normal volume and
consistency and tumors appeared as small hard nodules well iso-
lated from the surrounding healthy pulmonary parenchyma.
These differences in the tumor phenotype between the two species
explain why before necropsy only the experimentally infected

FIG 7 Expression of enJSRVs in the goat uterus. In situ localization of enJSRV
RNA expression in the endometrium of pregnant and cyclic does as indicated
in the figure. Cross sections of the endometrium were hybridized with radio-
labeled antisense or sense ovine enJSRV env cRNA probes. Transcripts were
visualized by liquid emulsion autoradiography for 1 week and imaged under
bright-field (left) or dark-field (right) illumination. Numbers indicate the ges-
tational or cyclic day when samples were collected. LE, luminal epithelium;
GE, glandular epithelium; Tr, trophectoderm; sGE, superficial glandular epi-
thelium.
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lambs, and not goat kids, displayed clinical signs of respiratory
distress indicative of reduced lung functionality.

We also found that in goats, as shown previously in sheep, type
II pneumocytes are the cells originating OPA (1, 2, 24). In late-
stage tumors of both animal species, we found high levels of JSRV
expression only in the tumor cells, and we observed a limited
number of infiltrating cells, similar to what we previously de-
scribed for sheep (49). However, we found major differences be-
tween lambs and kids in the numbers of virus-infected cells at the
early stages after infection (9 days p.i.). Indeed, we found that
experimentally infected lambs displayed approximately 10 times
more clusters of JSRV Env� cells than goat kids. Interestingly,
infected lambs possessed on average 20 times more clusters
formed by 1 or 2 isolated JSRV Env� cells than infected goat kids.
Moreover, the numbers of clusters formed by 3 or 4 Env� cells
differed by 10-fold between infected lambs and goats but only by
4-fold for either clusters formed by 5 to 9 Env� cells or for those
with more than 10 Env� cells. It is most likely that clusters formed
by isolated Env� cells represent recent infection events of LAPCs,
while clusters formed by several Env� cells derive from earlier
infection events followed by several rounds of cell division in-
duced by the JSRV oncoprotein. Collectively, these data strongly
support the idea that goat cells (or at least goat LAPCs) are not
permissive for JSRV replication, since there were very few clusters
of Env� cells in kids (especially those formed by isolated Env�

cells). We found no differences in the relative abundances of
LAPCs in healthy lambs or goat kids, demonstrating therefore that
there is no difference in the availability of target cells for viral
infection and subsequent transformation between these two ani-
mal species. In addition, we have also shown that goats, similarly
to lambs, do not mount an immune response against JSRV that
could protect the animals from the infection. Indeed, we found
that enJSRVs are highly active and expressed in the female genital
tract of goats, which is the same as findings for sheep (31, 51).
These data suggest that in goats as well, JSRV proteins are proba-
bly recognized as self-antigens and explain the absence of anti-
body responses after infection.

JSRV possesses a structural protein (its envelope glycoprotein)
that functions as a dominant oncoprotein both in vitro and in vivo
(8, 10, 12–15). Thus, the virus does not need a productive infec-
tion in order to induce cell transformation, but it only needs to
enter a target cell, reverse transcribe its genome, and integrate its
provirus into the cellular DNA to initiate env expression that will
eventually lead to cell transformation.

The lesions observed in experimentally infected goats are strik-
ingly similar to those induced in lambs by a replication-defective
JSRV-based virus (JS-RD) that we developed in a previous study

FIG 8 Model for pathogenesis of OPA lesions in sheep and goats. (A) Young
lambs have many available target cells for JSRV-induced cell transformation
(LAPCs) that are dividing and consequently can be infected and transformed
by the virus. Transformed cells produce infectious virus that can then infect
and transform other target cells, resulting in many satellite and coalescing
lesions giving rise to tumors with an invasive phenotype. This is also known as
the “classic” OPA phenotype. (B) Experimental inoculation of young lambs
with a replication-incompetent JSRV (JS-RD) or goat kids with wild-type
JSRV results in infection and transformation of target cells that do not produce
infectious virus, hence the “expanding” phenotype, where tumor nodules are
derived from a single transformed cell. The tumor phenotype in panel B is
similar to the “atypical” tumor phenotype observed occasionally in adult
sheep.
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(14). JS-RD expresses the viral Env under the control of its own
long terminal repeats, and it was produced, like any other stan-
dard retroviral vector, by transiently transfecting 293T with a
JSRV-based packaging plasmid that provides Gag, Pro, and Pol in
trans and a “vector” deleted of its structural genes with the excep-
tion of env. Thus, JS-RD is phenotypically identical to JSRV but
can express only Env after proviral integration. Lesions induced by
JS-RD appear as well isolated neoplastic foci compressing the sur-
rounding alveoli. These lesions essentially have a morphology
identical to that of those induced in goats by replication-compe-
tent JSRV (Fig. 8). Interestingly, lesions induced in mice by a rep-
lication-defective adeno-associated virus (AAV) vector expressing
the JSRV Env also result in well-isolated adenocarcinomas that
compress the surrounding alveoli with a phenotype similar to that
of JSRV-induced lung tumors in goats (15, 50). Thus, we would
expect the tumor nodules in lambs induced by JS-RD and those in
goats induced by JSRV (like the ones in mice induced by AAV
vectors expressing JSRV Env) to be monoclonal.

In lambs experimentally infected with JSRV, neoplastic foci of
different sizes are adjacent to each other, resulting in large tumors
with a “spreading” or “invasive” appearance. We believe that this
is due to the ability of JSRV, upon infection of LAPCs, to produce
new viral progeny that can then infect and transform adjacent
LAPCs, resulting in multiple tumor foci of polyclonal origin that
subsequently coalesce into larger tumor masses (Fig. 8A). On the
contrary, JS-RD can complete only a single round of replication,
and therefore, infected cells will then expand by cell division, re-
sulting in lesions growing centripetally and compressing the sur-
rounding alveoli (Fig. 8B). We suggest that in the experimental
model of OPA in goats, JSRV behaves essentially as a replication-
defective virus able to transform cells but not produce viable viral
progeny. Thus, all the available data suggest that goat cells are
somewhat restrictive for one or more steps of the JSRV replication
cycle. Only relatively few LAPCs can be infected upon experimen-
tal infection (when animals are infected with a high viral dose),
and there is little spreading infection within the lung, resulting in
isolated neoplastic foci. It is reasonable to expect that under nat-
ural conditions, goats are exposed to relatively low infectious
doses of JSRV and therefore rarely develop lung adenocarcinoma.

Interestingly, two morphological forms of naturally occurring
OPA have been described in the literature as “classical” or “atyp-
ical” depending on the macroscopic appearance of the tumors
(54). Classical OPA, comprising the majority of OPA cases, is
characterized by enlargement of the lungs, development of greyish
extended neoplastic lesions, and production of excess lung fluids.
Instead, the atypical form of OPA is usually present in a subclinical
form of the disease. Lesions consist of a limited number of tumor
nodules that are dry and pale. Occasionally, both classic and atyp-
ical lesions are present in the same cases. It is possible that these
two forms represent different scenarios when LAPCs are either
abundant or scarce in the infected host. LAPCs are abundant only
in lambs during postnatal development or in the adult during
tissue repair (24). JSRV infection at a time when LAPCs are not
abundant in the infected sheep would result in transformation of
isolated cells, giving origin to isolated neoplastic nodules. On the
other hand, JSRV infection coinciding with abundant availability
of LAPCs results in multiple neoplastic foci and productive virus
infection that “seeds” transformation in adjacent LAPCs.

We do not know which step of the JSRV replication cycle is
restricted in goat cells. Unfortunately, there is no tissue culture

system that supports a robust and productive JSRV infection in
order to readily investigate a cellular block for JSRV in goat cells in
vitro. The cellular receptor for JSRV is HYAL-2, a glycosylphos-
phatidylinositol (GPI)-anchored protein that is expressed in a va-
riety of cell types (13, 55, 56). In a previous study, we have shown
using retroviral vectors pseudotyped with JSRV Env that the virus
utilizes both the goat and sheep orthologs of HYAL-2 equally well
(27). Thus, the block in goat cells for JSRV is likely to be after virus
entry, unless there is a role played by a yet-unidentified cellular
coreceptor (57). In theory, any of the replication steps can be
affected by a restriction factor that JSRV might have evolved to
overcome in sheep but not in goats. Several cellular restriction
factors, such as APOBEC3G (aprolipoprotein B editing catalytic
subunit-like 3G), Trim-5/TRIMCyp, tetherin, and others, have
been shown to be effective against retrovirus infections and pro-
vide barriers to cross-species transmission (58).

It could be hypothesized that restriction could be at the post-
transcriptional level, since Env is also expressed efficiently by
JSRV in goat cells. We have previously described a late block in
JSRV replication mediated by an enJSRV locus with a transdomi-
nant Gag protein (27, 28, 35, 36, 38, 39). It is therefore possible
that transdominant enJSRV loci expressed in lung cells are also
present in goats. We cannot exclude that restriction occurs at early
steps of JSRV replication. Thus, Env expression in tumor cells in
goats could be simply the result of few incoming virions that es-
caped an early block. This is feasible considering that experimental
infection of goat kids was carried out with relatively large amounts
of virus.

Interestingly, there is another oncogenic retrovirus, the enzo-
otic nasal tumor virus (ENTV), that is highly related to JSRV and
causes an adenocarcinoma of the ethmoid turbinates in small ru-
minants (59–64). ENTV possesses many features in common with
JSRV. ENTV Env is also a dominant oncoprotein, and the virus
uses HYAL-2 as a cellular receptor (7, 11, 16). Unlike JSRV, ENTV
has been found in two phylogenetically distinct groups that are
commonly associated with nasal tumors in either sheep (ENTV-1)
or goats (ENTV-2) (59, 60). ENTV and JSRV, despite being simple
retroviruses, have an additional open reading frame (orf-x) (65)
that appears to be expressed by a viral spliced mRNA (66). Orf-x
does not appear to be required for virus particle formation or cell
transformation, but there are no known functions for this protein
(9). In future studies, it will be interesting to determine whether
cellular restriction factors from small-ruminant species block
ovine betaretrovirus replication and to assess the role of Orf-X in
virus host species tropism.
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