
JOURNAL OF VIROLOGY, Mar. 1993, p. 1424-1432 Vol. 67, No. 3
0022-538X/93/031424-09$02.00/0
Copyright C) 1993, American Society for Microbiology

Adult Mouse Kidneys Become Permissive to Acute Polyomavirus
Infection and Reactivate Persistent Infections in Response

to Cellular Damage and Regeneration
ISABELLA A. ATENCIO,1 F. F. SHADAN,1 X. J. ZHOU,2 N. D. VAZIRI,2 AND LUIS P. VILLARREAL'*

Department of Molecular Biology and Biochemistry, 1 Division of Nephrology, 2
University of California at Irvine, Irvine, Califonia 92715

Received 24 September 1992/Accepted 7 December 1992

Kidneys of newborn (but not adult) mice are normally highly permissive for polyomavirus (Py) infection and
readily establish persistent infections. We have proposed that ongoing cellular differentiation, which occurs in
newborn mice, may be necessary for a high level of in vivo Py replication (R. Rochford, J. P. Moreno, M. L.
Peake, and L. P. Villarreal, J. Virol. 66:3287-3297, 1992). This cellular differentiation requirement may also
be necessary for the reactivation of a persistent Py kidney infection and could provide an alternative to the
accepted view that reactivation results from immunosuppression. To examine this proposal, the ability of adult
BALB/c mouse kidneys to support primary acute Py infection or to reactivate previously established persistent
Py infections after kidney-specific damage was investigated. Kidney damage was induced by both chemical
(glycerol, cisplatin, or methotrexate) and mechanical (through renal artery clamping to produce unilateral
renal ischemia) treatments. We also examined the effects of epidermal growth factor (EGF), which enhances
the rate of kidney regeneration, on Py replication. Using histopathologic techniques, in situ hybridization for
Py DNA, and immunofluorescence for Py VP1 production, we established that both chemical damage and
damage through renal artery clamping of adult kidneys promoted high levels of primary Py replication in these
normally nonpermissive cells. This damage also promoted the efficient reactivation of Py replication from
persistently infected kidneys, in the absence of immunosuppression. EGF treatment significantly increased
acute Py replication and also reactivation in damaged kidneys. These results support the view that ongoing
cellular division and differentiation may be needed both for high levels of acute Py replication and for
reactivation of persistent infections in vivo.

Murine polyomavirus (Py), like most DNA viruses, has an
acute and persistent stage of infection. The acute stage
involves a high level of Py replication in the lungs, skin, bone
surfaces, salivary glands, and kidneys when mice are in-
fected within 1 day after birth (17). The kidney of the
newborn mouse is thought to be a main target for Py, and
virus replication here peaks at 6 days postinfection and then
rapidly declines to a persistent state during which nondefec-
tive, episomal viral DNA is stably maintained at about one
copy per cell (17, 45). The precise mechanism of reactivation
is not known, nor is it known whether various families of
DNA viruses have common strategies or mechanisms for
reactivation. A prevailing view is that immune suppression
plays a major role in reactivation (for reviews, see references
20 and 41).
Although it has been known for some time that the kidney

of the newborn mouse is much more permissive than adult
kidney tissue for Py replication, few explanations for this
observation have been proposed or tested. One such un-
tested view is that newborn mice are more permissive
because they are not fully immunocompetent and that in an
adult a functional and rapid immune response limits the
primary infection. That some adult tissues can be infected
(mammary gland, skin, and bone) would appear to argue
against this view, unless the putative rapid immune response
can protect in an organ-specific manner (56). Also, a primary
infection with Py shows maximal viral DNA replication at 6
days postinfection, before the Py-specific antibodies can be
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detected (17). In addition, kidneys of nude adult mice remain
nonpermissive for Py replication, establishing that the T-cell
component of the immune reaction does not contribute to
the nonpermissive state of these kidneys (12). There is,
therefore, reason to believe that the immune response may
not be the main determinant which limits the ability of Py to
replicate in adult kidneys.
A similar question of the involvement of the immune

system in the reactivation of persistent Py infections can be
raised. Although the reactivation of DNA virus production
during immunosuppression has been seen after kidney (21,
22) and bone marrow (2) transplantations, during treatment
for malignancies (37, 42, 51), in patients with AIDS (28), or
in the case of kidney-tropic human Py (BK virus [BKV] and
JC virus [JCV]) infection during pregnancy (11), there re-
main some difficulties with the association of reactivation to
immunosuppression. It is puzzling, for example, that persis-
tent BKV infections, which are highly prevalent in the
human population, reactivate in only a fraction of immuno-
suppressed patients (1, 22, 29, 42). In addition, these reac-
tivated infections will resolve after 2 to 3 weeks despite
continued immune suppression (2). Also, BKV reactivation
is far more common than JCV reactivation after bone
marrow transplantation (2), yet both BKV and JCV remain
latent in the kidneys after a primary infection (8). Further-
more, JCV, rather than BKV, is more commonly reactivated
and excreted during pregnancy (11). Particularly striking,
however, is the fact that the patients who show Py reactiva-
tion more frequently have conditions, such as diabetes
mellitus and ureteral stricture, which are associated with
renal damage and with loss of renal function, respectively
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(10, 29). Also, variously induced traumas to the DNA of
latently infected tissue, such as UV light irradiation (for a
review, see reference 55), are generally associated with
reactivation of DNA virus production with no apparent
immunosuppression. The results imply that some determi-
nants of Py reactivation other than immunosuppression
exist.
What then might restrict the replication of Py in adult

kidneys and the reactivation of persistent infections? Some
adult kidneys have been observed to replicate high levels of
wild-type and enhancer-variant Py in tubular epithelial cells
(45). In all of these cases, though, permissive adult mice
were clinically ill, severely runted, and showed considerable
histopathologic changes and cellular infiltration of the kid-
neys (45). The inflammation and cellular damage seen in
these mice could, by killing cells, induce cellular regenera-
tion and differentiation, possibly making these adult kidneys
permissive for Py replication. We have accordingly pro-
posed that ongoing cellular differentiation may be required
for high levels of in vivo Py replication (39, 45, 53). If so, the
permissiveness of newborn kidneys and lack of kidney (but
not mammary, skin, or bone) permissiveness in most adult
mice might also be explained. It is known that newborn
mouse kidneys are relatively immature and actively differ-
entiate tubule epithelial cells (7, 16, 30), whereas adult
kidneys are rather quiescent (6). Thus, if in vivo Py replica-
tion requires ongoing cellular differentiation, most newborn
(but not adult) kidneys would be permissive. Also, those
organs of the adult mouse that remain permissive to acute Py
replication, such as the mammary gland, skin, and bone (56),
are all nonquiescent tissues that are continually renewing
(34, 38, 50). A similar explaination could also apply to the
reactivation of persistent Py infection of kidneys. The induc-
tion of kidney cell division and differentiation might also be
needed for high-level reactivated Py replication. In this case,
damage to persistently infected organs could lead to cell
regeneration and differentiation to allow virus replication.
Some evidence for this view does exist. For example, JCV is
associated with progressive multifocal leukoencephalopathy
(PML). Reactivation of JCV virus in the glial cells of the
brains of patients with AIDS can lead to PML, but in these
instances the PML is also associated with neuropathological
findings which include intracerebral lesions and gliosis (28).
Yet a high incidence of PML is not seen in patients who are
immunosuppressed for other reasons (49).
There are, however, some problems with the above pro-

posal. It has been well established that expression of Py or
simian virus 40 large T-antigen induces cellular DNA syn-
thesis in cell culture (18, 25). It has been proposed that this
activity is involved in compelling the host cell to enter the S
phase in preparation for the replication of virus (see refer-
ence 54 for early reviews). The view is, therefore, that
T-antigen is a trans-dominant activator of cellular DNA
synthesis. Why should it be required for cells to be already
differentiating to replicate Py if T-antigen can induce cellular
DNA synthesis? Yet T-antigen expression in vivo is not
uniformly associated with increases in cellular or viral DNA
synthesis. Transgenic mice can express Py T-antigen in
various tissues (testes [3, 4], lens [27], and pancreas [40]),
yet these tissues remain nonhyperplastic for months. Along
these lines, we have observed that acute infection of new-
born mice with Py does not appear to induce cellular DNA
synthesis beyond that already present in the newborn (39),
so it seems possible that some additional controls exist in
vivo which may prevent the induction of cellular DNA
synthesis by Py seen in culture. In addition, Py T-antigen

expression alone is not sufficient to drive Py DNA replica-
tion, because Py DNA replication is often cis restricted by
the tissue-specific enhancer sequences (43-46). Also, numer-
ous cell lines which are capable of differentiating in culture
(erythroblastoma, neuroblastoma, myoblasts, embryonal
carcinoma, and stem cells) become much more permissive to
Py replication after differentiation (13, 19, 26, 33, 35, 52), but
all replicate Py poorly when cell division is high prior to
terminal differentiation. Thus it seems possible that there is
some general feature of the host cell's differentiation state
which is also involved in high levels of Py replication and
this feature could be an important determinant in vivo.

In this report we examined whether the in vivo permis-
siveness of adult kidney tubule epithelial cells both to
high-level acute and persistent-reactivated Py replication
depends on ongoing cellular regeneration and differentiation.
To test this view, we damaged both healthy, uninfected adult
mouse kidneys and healthy persistently infected mouse
kidneys by injecting the nephrotoxic agents glycerol and
cisplatin or the immunosuppressive agent methotrexate. We
also induced ischemic kidney damage unilaterally through
renal artery clamping (30) and examined the ability of these
treatments to affect acute Py replication or reactivation of
persistent infection. The effect on Py replication of the
presence or absence of epidermal growth factor (EGF)
(which enhances tubule DNA synthesis and regeneration
[30]) was also examined. Both renal toxicity and renal artery
clamping of adult mice kidneys resulted in high levels of
acute Py replication and persistent Py reactivation, mainly in
the areas and cell types of the kidneys which were most
damaged. EGF often increased the fraction of cells permis-
sive for high levels of Py replication.

MATERIALS AND METHODS

Persistently infected mice. BALB/c mice (Bailey strain)
were obtained from Jackson Laboratories and bred in the
University of California, Irvine, animal care facilities. Ani-
mals were maintained and handled in accordance with
National Institutes of Health guidelines for laboratory ani-
mal care. Mice were persistently infected as newborns with
Py after injection with 109 PFU of Py intraperitoneally (i.p.)
as previously described (17). Only full-sized healthy-appear-
ing mice were used for further analysis.
Timing of acute Py infection. To ensure that Py virus would

be present to possibly infect actively regenerating cells,
adult mice were inoculated with 109 PFU of Py by i.p.
injection after kidney damage but 1 day before the maximum
amount of cellular damage was induced by each treatment.
Py replication was then assayed 6 days after infection. The
time required for maximal kidney damage to be achieved by
each treatment is indicated below under "EGF administra-
tion." Variations in the times after infection needed for
maximal Py DNA replication confirmed that the 6-day time
point gave maximal levels of Py DNA replication (data not
shown).

Nephrotoxic agents and renal clamping. Uninfected adult
mice older than 30 days and healthy, persistently infected
mice were injected with 200 ,ul of 50% glycerol intramuscu-
larly, 7 mg of cisplatin (i.p.) (Bristol Laboratories) per kg, or
80 mg of methotrexate (i.p.) (Sigma) per kg to induce various
levels of severity of renal damage or with methotrexate to
suppress the immune reaction (14, 47, 48). Unilateral isch-
emic renal injury was induced by clamping one renal artery
for 30 min followed by profusion of the kidney (30).
EGF administration. EGF (20 ,ug; Sigma) was adminis-
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tered i.p. to half the treated mice 1 day before the occurrence
of maximum tissue damage. The times for maximum induced
tissue damage were 2 days for glycerol, 4 days for cisplatin,
4 days for methotrexate, and 2 to 3 days for renal ischemia,
as shown previously (14, 30, 32, 47).

Hematoxylin and eosin staining. After sacrifice of the mice,
kidneys were removed by dissection and cryogenically pro-
tected by saturation in a solution of 19% sucrose in phos-
phate-buffered saline (PBS) at 4°C. The kidneys were em-

bedded in optimal cutting temperature Tissue-Tek (OCT)
from Miles, Inc., and cut into 10-,um sections. The sections
were adhered to silane-treated slides by ethanol fixation for
5 min before being stained with hematoxylin and eosin.

In situ hybridization. Py DNA probe was chemically
labeled with horseradish peroxidase obtained from Digene,
Silver Spring, Md. Mouse kidneys, removed by dissection,
were cryostatically protect by saturation in 19% sucrose in
PBS overnight at 4°C. The kidneys were then embedded in
OCT and sectioned into 10-,um slices onto silane-treated
slides. The sections were fixed and permeabilized by 100%
ethanol for 5 min and then were air dried. In situ hybridiza-
tion of the horseradish peroxidase-conjugated Py probe and
color development of the substrate diaminobenzidine were

performed according to the protocol from Digene, as de-
scribed by us previously (45).

Detection of VP1 by immunofluorescence. Mouse kidneys,
removed by dissection, were cryostatically protect by satu-
ration in 19% sucrose in PBS overnight at 4°C. The kidneys
were then embedded in OCT and cut into 10-jim sections
onto silane-treated slides. The sections were fixed and
permeabilized by 100% methanol for 15 min, followed by
rehydration in PBS for 10 min. One percent bovine serum
albumin was applied for 15 min to block nonspecific adsorp-
tion. The primary antibody to VP1 was a rabbit anti-mouse
antibody, a gift from Robert Garsea, Harvard University,
and was applied to the section in a 1:200 dilution overnight in
a humidified chamber. One percent bovine serum albumin
was used as a blocker and was applied to the sections for 15
min. The slides were rinsed in PBS. The secondary antibody
was a goat anti-rabbit immunoglobulin G conjugated to
fluorescein isothiocyanate and was applied in a 1:100 dilu-
tion.

RESULTS

Cytopathology of treated, persistently infected kidneys in
the presence of EGF. Hematoxylin and eosin staining of
kidney sections after the various damage-inducing treat-
ments is shown in Fig. 1. The unclamped kidney tissue
shown (panel A) was from a Py-infected but nonpermissive
adult mouse. This section is indistinguishable from that of
uninfected mouse kidney or from persistently infected
healthy adult mice and served as the noncytopathic control
for the appearance of normal adult kidney tissue (45). The
sections shown in Fig. 1 were from acute infected mice, but
very similar or identical histologic features were seen from
similar sections from persistently infected mice (not shown).
The most cellular damage and necrosis was seen with
ischemia (panel B). Glycerol treatment also induced consid-
erable necrosis and tissue damage (panel C). Hypertonic
glycerol causes tubular necrosis by inducing rhabdomyoly-
sis, myoglobinuria, and renal ischemia (48). Both clamping
and glycerol treatments induced cytopathologic changes in
both the cortical and medullary tubules. Although cisplatin is
nephrotoxic to the cortical tubules and interstitial cells, only
slight damage was visible (panel D). Cisplatin-treated kid-

neys have been shown to have toxicity confined to the
tubules in the cortex, as well as the interstitial cells, so a less
damaged appearance relative to glycerol-treated kidneys is
not unexpected (31). As expected, little if any pathologic
changes were seen after methotrexate treatment (36) (panel
E).

In situ hybridization for Py DNA. Py DNA replication was
examined by in situ hybridization, as shown in Fig. 2. Figure
2 is from a persistently infected mouse, but identical in situ
hybridization results were obtained from acutely infected
mice (not shown). As expected, no Py replication was seen
in the unclamped, Py-inoculated, EGF-treated adult kidney
(Fig. 2A) (45). In contrast, a high level of Py replication was
seen in the ischemic kidney of the same animal (panel B). A
number of tubular epithelial cells in both the cortex and
medulla showed high levels of Py DNA by in situ hybridiza-
tion, establishing that an asymmetric acute Py infection or
reactivation had occurred only in the clamped kidney. The
locations of Py DNA replication appeared to correspond to
the cell type and regions of the kidney undergoing regener-
ation. In addition, the high level of Py replication seen in the
tubular epithelial cells of this ischemic kidney is similar to
that seen during the acute phase of kidney infection in
newborn mice (39, 45). Both primary Py DNA replication
and reactivation were also seen at high levels in the tubules
in the cortex and medulla of the kidneys of the glycerol-
treated mice (panel C). Lower, but still significant levels of
Py DNA were seen in the cortical tubules and interstitial
cells after cisplatin administration (panel D), although in
some experiments, a high level of Py replication occurred
(data not shown). With the administration of methotrexate,
which is an immunosuppressive agent with little nephrotox-
icity, only a very few cells showed evidence of primary Py
infection or reactivation of persistent Py infection (panel F).
We had previously established that most healthy persis-

tently infected kidneys will have very low levels of Py DNA
(about 1 copy per cell) (17, 45). This level is below the level
of sensitivity of our in situ hybridization technique (greater
than 10 copies per cell), and as expected, no Py DNA was
detected in the unclamped persistently infected kidney (Fig.
2A) (45).

Quantitation, cell type specificity, and EGF dependence of
Py replication. Cells positive for Py DNA by in situ hybrid-
ization appeared in regions corresponding to the regions of
maximum histopathologic change for each treatment. Be-
cause the histopathologic changes were focal, positive cells
were counted within regions showing damage and tabulated
as shown in Tables 1 and 2. One cluster of cells positive for
hybridization represents two or more adjacent positive nu-
clei within one 100x field. As a control, EGF treatment
alone, without ischemia or chemical damage, was also
examined. Cells positive after acute Py infection with and
without EGF are shown in Table 1. EGF treatment with Py
inoculation in the absence of any renal damage was also
tabulated as a control. No centers of Py replication were
observed in the histologically normal undamaged but Py-
inoculated adult mouse kidney. In contrast, a high number of
Py replication centers were seen in the ischemic kidney from
the same mouse, as well as in toxically injured kidneys from
the other treatments in other mice. The numbers of replica-
tion centers were considerably increased by EGF treatment
after renal artery clamping; glycerol or cisplatin induced
injury but methotrexate was much less efficient. The effect of
EGF was often cell type specific and varied with the type of
damage. EGF significantly increased the fraction of cells
permissive for high levels of Py replication in the medulla of
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FIG. 1. Hematoxylin and eosin (40x objective) staining of kidney sections from a mouse persistently infected with Py, which had been
treated with EGF. Shown is the right kidney (A) from a mouse which underwent unilateral renal ischemia in the left kidney (B). Sections of
kidney from persistently infected mice treated with glycerol (C), cisplatin (D), and methotrexate (E) are also shown.

the glycerol-treated kidney and the clamped kidney, while
having no effect on the cells in the medulla of the cisplatin-
and methotrexate-treated kidneys. In addition, EGF in-
creased Py replication in the cortex of cisplatin- and glycer-
ol-treated kidneys as well as in the clamped kidney.

Table 2 shows the effect of kidney damage and EGF
treatment on the reactivation of Py DNA replication from
persistently infected mouse kidneys. No reactivation of Py
replication was seen in the absence of either ischemia or
toxic injury, regardless of EGF administration. Reactivation
was clearly apparent after both ischemic and toxic renal

injury. The cell type specificity for Py reactivation, as for the
acute infection, varied with the specific treatment. Glycerol-
treated and clamped ischemic kidneys both showed the
tubule epithelial cells to be permissive and the interstitial
cells to be nonpermissive in both the cortex and medulla.
With cisplatin-treated mice, tubular and interstitial cells
which were permissive for reactivated Py replication were
primarily in the cortex and the outer strip of the outer
medulla. Reactivation, as in the acute infection, was often
focal. As in the acute infection, the number of positive
replication centers was significantly increased by EGF treat-
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FIG. 2. In situ hybridization (40x objective) and diaminobenzidine staining of kidney sections from a mouse persistently infected with Py,
which had been treated with EGF. Shown is the right kidney (A) from a mouse which underwent unilateral renal ischemia in the left kidney
(B). Sections of kidney from persistently infected mice treated with glycerol (C), cisplatin (D), and methotrexate (E) are also shown.

ment following ischemia or cisplatin- or glycerol-induced
injury but differed as to whether the medulla (renal ischemia
or glycerol treatment) or cortex (renal ischemia or cisplatin
or glycerol treatment) was involved. The greatest levels of
Py reactivation we observed were in the cortex of mice
treated with cisplatin plus EGF. These same mice had
relatively little reactivation in the medulla of the kidney. In
the ischemic model, reactivation was roughly equal in the
medulla and cortex and was also enhanced by EGF. Like-
wise, administration of EGF increased reactivation in both
the cortex and medulla in the glycerol-treated renal injury

model. Methotrexate treatment induced the least reactiva-
tion, albeit above background levels, with little or no EGF
effect.
VP1 detection by immunofluorescence. To determine

whether the acute and persistent reactivation of high levels
of Py DNA replication which we observed were also leading
to virus production, equivalent to those sections shown in
Fig. 1, sections from nephrotoxin-treated and clamped kid-
neys were stained with fluorescent antibody against VP1, as
described in Materials and Methods. The results are shown
in Fig. 3. The kidney sections shown in Fig. 3 are from

J. VIROL.



DAMAGED KIDNEYS REPLICATE AND REACTIVATE POLYOMAVIRUS 1429

TABLE 1. Effect of kidney damage on acute Py replication
in adult mouse kidneys

No. of positive No. of clusters in':
Treatment' signals in":

Cortex Medulla Cortex Medulla

PY-EGF 0 0 0 0
PY +EGF 0 0 0 0

PY +IC -EGF 20 12 5 3
PY +IC +EGF 80 276 20 23

PY +G1 -EGF 53 20 2 3
PY +G1 +EGF 55 345 11 23

PY +CP -EGF 38 3 8 1
PY +CP +EGF 63 5 15 2

PY +MT-EGF 3 5 1 2
PY +MT +EGF 3 0 1 0

aShown are the effects on Py replication of renal ischemia by renal artery
clamping (IC) or by glycerol (Gl), cisplatin (CP), or methotrexate (MT)
treatments.

b Number of cells positive for in situ hybridization in each of the treat-
ments.

c Clusters represent two or more cells positive for in situ hybridization
within the microscopic field (10Ox).

persistently infected mice, but identical results were ob-
tained from acutely infected mice (not shown). The produc-
tion of VP1 was confirmed and correlated with the areas and
cell types of the kidney sections seen by in situ hybridiza-
tion, indicating that complete virus production also occurred
in these mice.

DISCUSSION

We have previously proposed that permissive in vivo
infections of mouse kidneys with Py require that the host

TABLE 2. Effect of kidney damage on reactivation of
persistently infected adult mouse kidneys

No. of positiveNof oitv No. of clusters in':
Treatment" signals inb:

Cortex Medulla Cortex Medulla

-EGF 0 0 0 0
+EGF 0 0 0 0

+IC -EGF 53 16 4 3
+IC +EGF 73 60 8 5

+G1-EGF 15 7 2 1
+G1 +EGF 108 102 10 9

+CP -EGF 106 5 5 2
+CP +EGF 143 5 19 2

+MT -EGF 4 5 2 1
+MT +EGF 9 5 4 1

a Shown are the effects on Py replication of renal ischemia by renal artery
clamping (IC) or by glycerol (Gl), cisplatin (CP), or methotrexate (MT)
treatment.

b Number of cells positive for in situ hybridization in each of the treat-
ments.

c Clusters represent two or more cells positive for in situ hybridization
within the microscopic field (lOOx).

tubule epithelial cells may need to be actively differentiating
or regenerating (39, 45, 53). This proposal implies that in
vivo (as opposed to in cell culture) acute infection with Py
may not compel host cell division in preparation for Py
replication and that exogenous stimulation may be needed to
make kidney cells permissive. In this report, we have
examined a direct prediction of this proposal and induced
kidney injury with various agents to allow regeneration of
tubular epithelial cells. Such a situation should make the
kidney cells permissive for Py replication or reactivation if
host cell division and differentiation are required.
Damaged adult kidneys become permissive to Py replica-

tion. In the absence of any kidney damage, none of the
examined cells in adult mice was permissive for high levels
of acute Py replication, consistent with the normally nonper-
missive nature of these cells. Acute Py replication of adult
kidney cells appeared to occur only after renal cellular
damage and regeneration. In the ischemic animal, Py repli-
cation was unilateral in only the clamped, ischemic kidney
and not in the normal kidney. The ischemic mouse model
results appear to be strong evidence for a primary role of
cellular division and differentiation in making host cells
permissive for high levels of Py replication. Although the
uremia which may follow renal damage could subsequently
suppress T-cell immunity, uremia is absent in the ischemic
model and any possible immunosuppression should not be
unilateral. Also, there was a rough correlation between the
types of renal cells injured by each treatment (medullary and
cortical tubules for glycerol treatment and renal artery
clamping and cortical and interstitial cells for cisplatin treat-
ment) and the cells which became permissive for high levels
of Py replication. Cisplatin has been shown in mice to
produce morphologic alterations of the S1, S2, and S3
segments of the proximal tubule as well as interstitial fibrosis
(31). We observed both tubular and interstitial cells permis-
sive for Py replication, primarily in the cortex and the outer
strip of the outer medulla, after cisplatin treatment. In
newborns, Py usually replicates in the tubular epithelial
cells, not interstitial cells (45), so it appears that cisplatin
induced adult interstitial cells to be permissive. It may be
that the variability in cell type effects and EGF effects is
related to the susceptibility of specific cells to the specific
treatments employed. Glycerol treatment and ischemic renal
injury both affect the tubule epithelial cells more than
interstitial cells in both the cortex and medulla (30, 48),
which corresponded to where cells allowed Py replication.
That treatment with methotrexate, a potent immunosuppres-
sive agent with little nephrotoxicity, yielded only a very
small number of cells permissive for Py also argues against
the view that the immune response restricts the permissive-
ness of adult kidneys to Py replication.
The role of EGF in renal cellular differentiation is inferred

both by the role it plays in enhancing tubular cell regenera-
tion after renal insult (30) and by the lack of EGF and tubular
cell terminal differentiation in polycystic kidney disease of
mice (23, 24). Polycystic kidneys have proximal tubular
enlargement with an increase in the tubule mitotic index
during the first week after birth, and epithelial hyperplasia is
characteristic of this disease (23), implying a role for EGF in
kidney epithelial maturation not mitosis. In vitro, the termi-
nal differentiation, but not growth, of normal urothelial cells
is also EGF dependent (15). In the ischemic mouse model,
EGF has been shown to enhance the regeneration of tubule
cells primarily in the medulla (30), which is where we
observed the greatest increase in the fraction of cells per-
missive for Py after EGF treatment. A strong EGF effect on
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FIG. 3. Immunohistochemistry (40x objective) for VP1 production in kidney sections from a mouse persistently infected with Py, which
had been treated with EGF. Shown is the right kidney (A) from a mouse which underwent unilateral renal ischemia in the left kidney (B).
Sections of kidney from persistently infected mice treated with glycerol (C), cisplatin (D) and methotrexate (E) are also shown.

acute Py replication by these specific cell types after renal
damage and differentiation adds further support to the idea
that Py replication becomes permissive in cells in response
to cellular differentiation.
These results, if they can be generalized, may also explain

why newborn mouse kidneys are permissive to Py replica-
tion. The first week after birth, mouse kidneys are immature
and produce actively differentiating tubule epithelial cells.
Dubensky et al. have in fact reported that newborn kidneys
have a notable ridge of tubular precursor cells that differen-
tiate into tubule epithelial cells and that this ridge is also the
most active site for Py DNA replication (16). In the adult

mouse, those tissues that remain permissive to Py replica-
tion (skin, bone, and female mammary gland) also maintain
an elevated rate of differentiation relative to the kidney and
salivary gland. These observations are therefore consistent
with ongoing host cell division and differentiation being
necessary for in vivo Py replication.
Damaged adult kidneys reactivate persistent Py infections.

If the lack of cellular regeneration and differentiation re-
stricts acute Py replication, it seems logical to also expect a
similar restriction on the reactivation of persistent Py infec-
tions. Although it has long been thought that immunosup-
pression was the most important determinant in restricting
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Py reactivation, there has been very little direct examination
of this view. The very same treatments that damaged the
adult mouse kidney and made it permissive to acute Py
replication were seen by us to also lead to efficient reactiva-
tion of persistent infections. Thus, reactivation of persistent
infections appears to be under similar restrictions as the
acute adult kidney infection. That Py reactivation in the
ischemic mouse was unilateral to only the ischemic and not
the normal kidney of the same animal appears to be strong
support for the view that cellular regeneration and differen-
tiation and not depressed immunity are the more important
determinants of reactivation. Moreover, treatment with
methotrexate, a potent immunosuppressive agent with little
nephrotoxicity, also yielded the smallest number of cells
which reactivated Py, further arguing against an immune
restriction to Py reactivation.
The generality of our Py results to other persistent viral

infections is currently unknown. It has been established that
papillomavirus DNA replication and virus production also
appear to be activated from a low-copy episomal state to a
high level of DNA replication with the terminal differentia-
tion of basal cells to keratinocytes, so a relationship of DNA
viral replication to host cell differentiation is not unique to
Py (5, 9). That wild-type Py replication is also induced by the
terminal differentiation of keratinocytes (2a), myoblasts (19,
35), erythroblasts (13), neuroblasts (13), embryonal carci-
noma cells (33, 52), and embryonal stem cells (26) may
indicate a general relationship between host cell differentia-
tion (but not necessarily mitosis) and the activation of Py and
other DNA virus replication. If so, this has important
implications for the management of persistent infections by
Py and possibly other DNA viruses, because conditions
which lead to cellular damage and subsequent regeneration
could be most important for the reactivation of persistent or
latent DNA viruses. We have proposed a theoretical frame-
work for this relationship (53) and suggest that our current
results support such a linkage of host cell division and
differentiation to Py replication.

ACKNOWLEDGMENTS

We thank S. Hirst, J. P. Moreno, and C. R. P. Delaney for
excellent technical assistance.

This work is supported by NIH grant GM 36605 (L.P.V.), by the
Organized Research Unit on the Molecular Biology of Animal
Viruses at the University of California, Irvine, and by the University
of California Cancer Research Institute. I. A. Atencio is supported
through an NIH minority supplemental grant to GM 36605. F. F.
Shadan is supported by the MSP scholarship of the University of
California, Irvine.

REFERENCES
1. Arthur, R. R., K. V. Shah, S. J. Baust, G. W. Santos, and R.

Saral. 1986. Association of BK viruria with hemorrhagic cystitis
in recipients of bone marrow transplants. N. Engl. J. Med.
315:230-234.

2. Arthur, R. R., K. V. Shah, P. Charache, and R. Saral. 1988. BK
and JC virus infections in recipients of bone marrow trans-
plants. J. Infect. Dis. 158:563-569.

2a.Atencio, I. A. Unpublished observations.
3. Bautch, V. L., S. Toda, J. A. Hassell, and D. Hanahan. 1987.

Endothelial cell tumors develop in transgenic mice carrying
polyoma virus middle T oncogene. Cell 51:529-537.

4. Bautch, V. L., S. Toda, J. A. Hassell, and D. Hanahan. 1989.
Tissue specificity of oncogene action: endothelial cell tumours
in polyoma middle T transgenic mice. IARC Sci. Publ. 96:255-
266.

5. Bedell, M. A., J. B. Hudson, T. R. Golub, M. E. Turyk, M.
Hosken, G. D. Wilbanks, and L. A. Laimins. 1991. Amplification

of human papillomavirus genomes in vitro is dependent on
epithelial differentiation. J. Virol. 65:2254-2260.

6. Bertrand, L., N. Briere, and J. Ferrari. 1988. Comparison
between mouse kidneys of pre- and postnatal ages maturing in
vivo and in serum-free organ culture. Comp. Biochem. Physiol.
B 91:763-769.

7. Briere, N., L. Bertrand, and J. Ferrari. 1989. Developmental
profile of DNA synthesis and hydrolase activities in human fetal
kidney. Clin. Biochem. 22:385-388.

8. Chesters, P., H. Heritage, and D. McCance. 1983. Persistance of
DNA sequences of BK virus and JC virus in normal human
tissues and in diseased tissues. J. Infect. Dis. 147:676-684.

9. Chow, L. T., H. Hirochika, M. H. Nasseri, S. M. Stoler, S. M.
Wolinsky, M. T. Chin, R. Hirochika, D. S. Arvan, and T. R.
Broker. 1987. Human papillomavirus gene expression. Cancer
Cells 5:55-72.

10. Coleman, D. V., S. D. Gardner, A. M. Field, K. A. Porter, and
T. E. Starzl. 1973. Human polyomavirus infection in renal
allograft recipients: virus-induced obstruction of the ureteric
and cystic duct in allograft recipients. Br. Med. J. Transplant.
Proc. 5:95-98.

11. Coleman, D. V., M. R. Wolfendale, R. A. Daniel, N. K. Dhanjal,
S. D. Gardner, P. E. Gibson, and A. M. Field. 1980. A prospec-
tive study of human polyomavirus infection in pregnancy. J.
Infect. Dis. 142:1-8.

12. Demengeot, J., J. Jacquemier, M. Torrente, D. Blangy, and M.
Berebbi. 1990. Pattern of polyomavirus replication from infec-
tion until tumor formation in the organs of athymic nu/nu mice.
J. Virol. 64:5633-5639.

13. De Simone, V., and P. Amati. 1987. Replicative cis advantage of
polyomavirus regulatory region mutants in different murine cell
lines. J. Virol. 61:1615-1620.

14. Denes, L., B. Szende, G. Hajos, L. Szporny, and K. Lapis. 1990.
Selective restoration of immunosuppressive effect of cytotoxic
agents by thymopoietin fragments. Cancer Immunol. Immu-
nother. 32:51-54.

15. Dubeau, L., and P. A. Jones. 1987. Growth of normal and
neoplastic urothelium and response to epidermal growth factor
in a defined serum-free medium. Cancer Res. 47:2107-2112.

16. Dubensky, T. W., R. Freund, C. J. Dawe, and T. L. Benjamin.
1991. Polyomavirus replication in mice: influences of VP1 type
and route of inoculation. J. Virol. 65:342-349.

17. Dubensky, T. W., and L. P. Villarreal. 1984. The primary site of
replication alters the eventual site of persistent infection by
polyomavirus in mice. J. Virol. 50:541-546.

18. Dulbecco, R., L. H. Hartwell, and M. Vogt. 1965. Induction of
cellular DNA synthesis by polyoma virus. Proc. Natl. Acad.
Sci. USA 53:403-410.

19. Felsani, A., R. Maione, L. Ricci, and P. Amati. 1985. Coordinate
expression of myogenic functions and polyoma virus replica-
tion. Cold Spring Harbor Symp. Quant. Biol. 50:753-757.

20. Fiala, M., J. D. Mosca, P. Barry, P. A. Luciw, and H. V. Vinters.
1991. Multi-step pathogenesis of AIDS--role of cytomegalovi-
rus. Res. Immunol. 142:87-95.

21. Gardner, S. D., A. M. Field, D. V. Coleman, and B. Hulme.
1971. New human papovavirus (B.K.) isolated from urine after
renal transplantation. Lancet i:1253-1257.

22. Gardner, S. D., E. F. MacKenzie, C. Smith, and A. A. Porter.
1984. Prospective study of the human polyomaviruses BK and
JC and cytomegalovirus in renal transplant recipients. J. Clin.
Pathol. 37:578-586.

23. Gattone, V. H., J. P. Calvet, B. D. Cowley, Jr., A. P. Evan, T. S.
Shaver, K. Helmstadter, and J. J. Grantham. 1988. Autosomal
recessive polycystic kidney disease in a murine model. A gross
and microscopic description. Lab. Invest. 59:231-238.

24. Gattone, V. H., II, G. K. Andrews, F. W. Niu, L. J. Chadwick,
R. M. Klein, and J. P. Calvet. 1990. Defective epidermal growth
factor gene expression in mice with polycystic kidney disease.
Dev. Biol. 138:225-230.

25. Gershon, D., P. Hausen, L. Sachs, and E. Winocour. 1965. On
the mechanism of polyoma virus-induced synthesis of cellular
DNA. Proc. Natl. Acad. Sci. USA 54:1584-1592.

26. Gorman, C. M., P. W. Rigby, and D. P. Lane. 1985. Negative

VOL. 67, 1993



1432 ATENCIO ET AL.

regulation of viral enhancers in undifferentiated embryonic stem
cells. Cell 42:519-526.

27. Griep, A. E., T. Kuwabara, E. J. Lee, and H. Westphal. 1989.
Perturbed development of the mouse lens by polyomavirus large
T antigen does not lead to tumor formation. Genes Dev.
3:1075-1085.

28. Hall, W. W., P. M. Farmer, H. Takahashi, S. Tanaka, Y.
Furuta, and K. Nagashima. 1991. Pathological features of virus
infections of the central nervous system (CNS) in the acquired
immunodeficiency syndrome (AIDS). Acta Pathol. Jpn. 41:172-
181.

29. Hogan, T., E. Borden, A. McBain, D. Walker, and L. Padgett.
1980. Human polyomavirus infections with JC virus and BK
virus in renal transplant patients. Ann. Intern. Med. 92:373-378.

30. Humes, H. D., D. A. Cieslinski, T. M. Coimbra, J. M. Messana,
and C. Galvao. 1989. Epidermal growth factor enhances renal
tubule cell regeneration and repair and accelerates the recovery
of renal function in postischemic acute renal failure. J. Clin.
Invest. 84:1757-1761.

31. Jones, T. W., S. Chopra, J. S. Kaufman, W. Flamenbaum, and
B. F. Trump. 1985. cis-diamminedichloroplatinum (II)-induced
acute renal failure in the rat. Correlation of structural and
functional alterations. Lab. Invest. 52:363-374.

32. Kellett, R., C. J. Bowmer, M. G. Collis, and M. S. Yates. 1989.
Amelioration of glycerol-induced acute renal failure in the rat
with 8-cyclopentyl-1,3-dipropylxanthine. Br. J. Pharmacol. 98:
1066-1074.

33. Kryszke, M. H., J. Piette, and M. Yaniv. 1987. Induction of a
factor that binds to the polyoma virus A enhancer on differen-
tiation of embryonal carcinoma cells. Nature (London) 328:254-
256.

34. Lian, J. B., and G. S. Stein. 1992. Concepts of osteoblast growth
and differentiation: basis for modulation of bone cell develop-
ment and tissue formation. Crit. Rev. Oral Biol. Med. 3:269-
305.

35. Maione, R., A. Felsani, L. Pozzi, M. Caruso, and P. Amati. 1989.
Polyomavirus genome and polyomavirus enhancer-driven gene
expression during myogenesis. J. Virol. 63:4890-4897.

36. Manteuffel-Cymborowska, M., W. Chmurzynska, and B. Grzela-
kowska-Sztabert. 1991. Ornithine decarboxylase induction in
mouse kidney as indicator of renal damage. Differential neph-
rotoxic effect of anticancer antifolate drugs. Cancer Lett. 59:
237-241.

37. Markowitz, R. B., B. A. Eaton, M. F. Fubik, D. Latorra, J. A.
McGregor, and W. S. Dynan. 1991. BK virus and JC virus shed
during pregnancy have predominantly archetypal regulatory
proteins. J. Virol. 65:4515-4519.

38. McCall, C. A., and J. J. Cohen. 1991. Programmed cell death in
terminally differentiating keratinocytes: role of endogenous en-
donuclease. J. Invest. Dermatol. 97:111-114.

39. Moreno, J. P., and L. Villarreal. 1992. Analysis of cellular DNA
synthesis during polyoma virus infection of mice-acute infec-
tion fails to induce cellular DNA synthesis. Virology 186:463-
474.

40. Ornitz, D. M., R. D. Palmiter, A. Messing, R. E. Hammer, C. A.
Pinkert, and R. L. Brinster. 1985. Elastase I promoter directs
expression of human growth hormone and SV40 T antigen genes

to pancreatic acinar cells in transgenic mice. Cold Spring
Harbor Symp. Quant. Biol. 50:399-409.

41. Pepose, J. S. 1991. External ocular herpesvirus infections in
immunodeficiency. Curr. Eye Res. 10(Suppl.):87-95.

42. Reese, J. M., M. Reissing, R. W. Daniel, K. V. Shah, D. V.
Coleman, E. F. MacKenzie, S. D. Gardner, J. M. Poulding, B.
Amer, and W. J. Russell. 1978. Occurrence of BK virus and BK
virus-specific antibodies in the urine of patients receiving che-
motherapy for malignancy. Human polyomavirus (BK) infec-
tion and ureteric stenosis in renal allograft recipients. J. Clin.
Pathol. 31:338-347.

43. Rochford, R., B. A. Campbell, and L. P. Villarreal. 1987. A
pancreas specificity results from the combination of polyoma-
virus and Moloney murine leukemia virus enhancer. Proc. Natl.
Acad. Sci. USA 84:449-453.

44. Rochford, R., B. A. Campbell, and L. P. Villarreal. 1990.
Genetic analysis of the enhancer requirements for polyomavirus
DNA replication in mice. J. Virol. 64:476-485.

45. Rochford, R., J. P. Moreno, M. L. Peake, and L. P. Villarreal.
1992. Enhancer dependence of polyomavirus persistence in
mouse kidneys. J. Virol. 66:3287-3297.

46. Rochford, R., and L. P. Villarreal. 1991. Polyomavirus DNA
replication in the pancreas and in a transformed pancreas cell
line has distinct enhancer requirements. J. Virol. 65:2108-2122.

47. Singh, G. 1989. A possible cellular mechanism of cisplatin-
induced nephrotoxicity. Toxicology 58:71-80.

48. Stein, J. H., M. D. Lifschitz, and L. D. Barnes. 1978. Current
concepts on the pathophysiology of acute renal failure. Am. J.
Physiol. 234:F171-F181.

49. Stoner, G. L., C. F. Ryschkewitsch, D. L. Walker, and H. D.
Webster. 1986. JC papovavirus large tumor (T)-antigen expres-
sion in brain tissue of acquired immune deficiency syndrome
(AIDS) and non-AIDS patients with progressive multifocal
leukoencephalopathy. Proc. Natl. Acad. Sci. USA 83:2271-
2275.

50. Strange, R., F. Li, S. Saurer, A. Burkhardt, and R. R. Friis.
1992. Apoptotic cell death and tissue remodelling during mouse
mammary gland involution. Development 115:49-58.

51. Sugimoto, C., K. Hara, F. Taguchi, and Y. Yogo. 1989. Growth
efficiency of naturally occurring BK virus variants in vivo and in
vitro. J. Virol. 63:3195-3199.

52. Swartzendruber, D. E., and J. M. Lehman. 1975. Neoplastic
differentiation: interaction of simian virus 40 and polyoma virus
with murine teratocarcinoma cells in vitro. J. Cell. Physiol.
85:179-185.

53. Villarreal, L. P. 1991. Relationship of eukaryotic DNA replica-
tion to committed gene expression: general theory for gene
control. Microbiol. Rev. 55:512-542.

54. Weil, R. 1978. Viral 'tumor antigens' a novel type of mammalian
regulator proteins. Biochim. Biophys. Acta 516:301-388.

55. Williams, K. J., B. E. Landgraf, N. L. Whiting, and J. Zurlo.
1989. Correlation between the induction of heat shock protein
70 and enhanced viral reactivation in mammalian cells treated
with ultraviolet light and heat shock. Cancer Res. 49:2735-2742.

56. Wirth, J. J., A. Amalfitano, R. Gross, M. B. Oldstone, and
M. M. Fluck. 1992. Organ- and age-specific replication of
polyomavirus in mice. J. Virol. 66:3278-3286.

J. VIROL.


