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Infection of severe combined immunodeficient
mice, which lack T and B lymphocytes, with
polyomavirus (PyV) induced an acute hemato-
logical disorder leading to the death of the mice
by 2 weeks postinfection. The disease was
characterized by a dramatic decrease in mega-
karyocytes, multiple hemorrhages, anemia,
thrombocytopenia, splenomegaly, a massive my-
eloproliferation and splenic erythroproliferation
with a defect in maturation of the myeloid ele-
ments similar to that in acute leukemia. This
pathology in severe combined immunodeficient
mice is very different from that of the well-
characterized tumor profiles induced by PyV in
normal newborn or nude mice. Viral Tand capsid
(VPI) antigens and viralgenome were detected in
some ceUs in the spleen, but not in the majority of
theproliferating myeloid cells. This suggests that
the myeloproliferation is induced by some indi-
rect mechanism, such as secretion ofgrowthfac-
tors or cytokines by virus-infected ceUs, rather
than by direct transformation by PyV. Neither the
spread ofPyV, its replication in different organs,
nor the pathogenesis or the time of death were
altered by depleting natural kiler ceUs in vivo by
anti-natural killer cel antibodies. Analysis ofthe
spleen leukocyte population indicated that the
ceUs expressed high levels of class I major his-
tocompatibility complex antigens and were
resistant to lysis by activated natural killer
ceUs. (AmJ Pathol 1994, 144:359-371)

The dramatic increase in tumor incidence in immu-
nodeficient patients provides evidence for the impor-

tance of immune surveillance in preventing tumor
development. Epidemiological data show high fre-
quencies of malignancies in genetically immunode-
ficient patients, in people receiving immunosuppres-
sive therapy, or in patients with acquired immune
deficiency syndrome (AIDS).1,2 Interestingly, the pre-
dominant tumors observed in immunodeficient
people are of a different spectrum than those in the
general population and are mainly tumors of the skin,
Kaposi sarcomas, or hematological malignancies,
such as lymphomas and leukemias. Other charac-
teristic features of these opportunistic tumors are
marked aggressiveness and a tendency for quick dis-
semination. Although some lymphomas are associ-
ated with Epstein-Barr virus, the etiology of the over-
whelming majority of tumors and leukemias is
unknown.3 In this report we show that, in mice ho-
mozygous for the severe combined immune defi-
ciency (scid) mutation (hereafter referred to as SCID),
polyomavirus (PyV) infection causes an acute hema-
tological disorder resembling a malignancy. This pa-
thology is very different from that of the well-
characterized tumor spectrum induced by PyV in
normal newborn or adult nude mice, and this phe-
nomenon may thus be similar in many ways to the
opportunistic tumors discussed above.

PyV infection of mice is an excellent model to ana-
lyze the role of the immune system in oncogenesis.
Whereas immunocompetent mice infected as adults
are resistant to tumor induction, newborn mice in-
fected with PyV develop a wide variety of tumors of
mesenchymal and epithelial origin.4 In adult athymic
nude mice, a more narrow spectrum of tumors is
induced, ie, mammary adenocarcinomas with close
to 100% incidence and short latency in females and
mainly osteosarcomas in males.5'6 Transfer of sple-
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nocytes from adult immunocompetent mice immu-
nized with PyV into PyV-infected female nude mice
prevented the development of mammary tumors and
arrested the growth of one already established tu-
mor, demonstrating the importance of T cells in this
system.6

Our present study was designed initially to inves-
tigate the role of natural killer (NK) cells in the anti-
viral and anti-tumor host response to PyV. The patho-
genesis of PyV infection was examined in SCID mice
and in SCID mice pretreated with antibodies that
depleted NK cells in vivo. Although SCID mice lack
functional T and B cells,7 they have a normal NK cell
response.8'9 To our surprise, PyV infection in SCID
mice led to a very rapid, lethal disease associated
with a myeloproliferation that was not influenced by
NK cells. The experiments reported here raise
important questions on the pathogenic mechanism
of virus-induced neoplasia in immunodeficient
hosts and on the contribution of different compo-
nents of the immune system to the resistance to
tumor development.

Materials and Methods

Mice and Virus Inoculations

The newly developed C57BL/6JSz scidlscid mice,
which were created by continual backcrossing of
the scid mutation onto the C57BL/6J background
for 12 generations, were bred in a research colony
at The Jackson Laboratory (Bar Harbor, ME) and
shipped when 4 to 6 weeks old to the University of
Massachusetts Medical Center. C.B17 scidlscid
mice were bred and maintained in microisolator
cages in the Department of Animal Medicine at the
University of Massachusetts Medical Center and
were used when 4 to 6 weeks old. The mice were
inoculated intraperitoneally with 2 x 105 to 2 x 106
50% tissue culture infectious dose (TCID50) PyV
strain A2 (kindly provided by Dr. Michele M. Fluck).
The infected animals were euthanized at various
times postinfection by cervical dislocation and nec-
ropsied. Spleen, liver, lung, bone marrow, and kid-
ney tissues, as well as other organs showing gross
abnormality, were fixed in 10% buffered formalin for
histology. Spleen samples were frozen in Tissue-Tek
optimal cutting temperature compound (OCT, Miles,
Inc., Elkhardt, IN) for immunohistochemistry, and
samples from different organs were taken for DNA
preparations.

NK Cell Depletion in Vivo

To deplete NK cell activity, C57BL/6JSz scidlscid
mice, which express the alloantigen NK1.1, were in-
jected intraperitoneally with 100 p1 of a previously
determined optimal dilution of an ammonium sulfate
cut of an ascites preparation of a monoclonal anti-
body to NK1.110, or with 20 pg of an ammonium sul-
fate cut of another preparation of the same mono-
clonal antibody. C.B1 7 scidlscid mice, which do not
express the NK1.1 alloantigen, received an intra-
peritoneal injection of 10 pl of antiserum to asialo
GM1 (Wako Chemicals USA, Dallas, TX). The anti-
NK1.1 or asialo GM1 injections were repeated
weekly. The effectiveness of NK cell depletion was
tested in every experiment at day 6 or 7 postinfec-
tion by using spleen cells from three to four mice
per group in cytotoxicity assays with conventional
NK target cells (YAC-1) in vitro.

Histopathology and Immunocytochemistry

Formalin-fixed tissues embedded in paraffin were
sectioned and stained in standard Harris hematoxy-
lin and eosin. Alternatively a naphthol chloroacetate
stain was performed to identify cells of myeloid ori-
gin.11 Smears of peripheral blood were stained with
Wright-Giemsa. For immunocytochemistry, frozen,
OCT-embedded blocks were cut into 5-p sections,
fixed in acetone, and stained with the peroxidase-
anti-peroxidase procedure (DAKO Co. Carpinteria,
CA), using either rabbit anti-PyV VP1 or brown Nor-
wegian rat anti-PyV small, middle, and large T
antigen-specific primary antiserum (generous gifts
from Dr. Tom L. Benjamin). The slides were counter-
stained with hematoxylin.

Electron Microscopy

The spleen was excised, immediately transferred
into 3% glutaraldehyde in 0.1 mol/L cacodylate
buffer, and rapidly trimmed into 1-mm3 blocks. The
latter were further fixed for a total of 5 hours,
washed in cacodylate buffer, and postfixed in 2%
osmium tetroxide in cacodylate buffer. After rinsing
in maleate buffer, the specimens were stained en
bloc with 1.5% uranyl acetate in maleate buffer, de-
hydrated in graded alcohols, and embedded in
Epon. One-micron-thick sections were cut to identify
the area of interest; thin sections were cut on an
LKB Ultrotome Nova, stained with uranyl acetate
and lead citrate, and examined with a Philips 301
electron microscope.
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Virus Titration

PyV strain A2 stocks were grown on NIH 3T3 cells.
The virus titers were assayed by serial dilutions on
UC1-B cells (murine whole embryo fibroblasts ob-
tained from the American Type Culture Collection)
and expressed as TCID50. The recovery of infec-
tious virus from spleens and kidneys removed from
mice at day 7 postinfection was done by homog-
enizing the organs in serum-free Dulbecco's mini-
mum essential medium, incubating them with 0.1
mg/ml collagenase at 37 C for 30 minutes, and then
with 0.1 mg/ml elastase for an additional 30 min-
utes. The homogenates were then frozen and
thawed three times to free the virus, centrifuged to
remove cell debris, and the supernatant was used
for virus titration.

Southern Blots

DNA was prepared from frozen organs (liver, lung,
kidney, spleen) following published protocols.12 Two
to 10 pg of undigested DNA or DNA cut with EcoRI,
which cuts once and therefore linearizes PyV strain
A2 genome, was subjected to electrophoresis on
0.8% agarose gels, transferred to nitrocellulose pa-
per by vacuum blotting,13 baked, prehybridized, hy-
bridized, washed, and exposed to autoradiography
as described.14 PyV strain A2 cloned in pAT153
plasmid was kindly provided by Dr. Michele M.
Fluck, and it was 32P-labeled by random priming for
use as a hybridization probe.

Flow Cytometry Analysis

The following primary antibodies were used for the
characterization of spleen cells of infected and un-

infected SCID mice: goat anti-mouse immunoglobu-
lin G (IgG), fluorescein isothiocyanate-conjugated
(Jackson Immuno Research, Westgrove, PA); rat
anti-mouse Thyl.2 (J1J) IgM; J 1d, a rat anti-mouse
IgG1 recognizing a B cell and granulocyte marker;
CZ1, a rat anti-mouse IgM detecting a sialated
modification of CD45RB15; rat anti-mouse class 11
IgG2b; rat anti-mouse class IgG2a (obtained from
the American Type Culture Collection); and rat anti-
mouse Mac-1 IgG2b phycoerythrin conjugate
(Boehringer Mannheim Corp., Indianapolis, IN).
Fluorescein isothiocyanate-conjugated goat anti-
mouse or goat anti-rat IgG (Fisher Scientific, Malv-
ern, PA) was used as a second antibody, when nec-

essary. Five x 105 to 106 cells were first incubated
with normal mouse serum (1:10 dilution) and then
stained with the reagents, followed by fixing with

1.1% paraformaldehyde before analysis by flow cy-
tometry using a Beckton Dickinson Flow Cytometer.

Cytotoxicity Assays

A standard microcytotoxicity assay with spleen leu-
kocyte effector cells was used with 51chromium-
labeled YAC-1, L929, or spleen leukocyte targets in
quadruplicates with four to five different effector to
target cell ratios.16 The assays were run for 4 hours.

Results

Mortality of PyV-lnfected SCID Mice

Figure 1 shows the survival curves of 47 C57BL/6
SCID and 18 C.B17 SCID mice injected intraperito-
neally with 2 x 105 to 2 x 106 TCID50 PyV strain A2.
All of the inoculated animals died by day 16 postin-
fection. There was no appreciable difference be-
tween the survival time of mice with or without NK
cell depletion (mean survival time of C57BL/6 SCID
mice 14 days, of C.B17 SCID mice 13.7 days, of NK
cell-depleted C57BL/6 SCID mice 13.8 days, and of
NK cell-depleted C.B17 SCID mice 14.2 days, re-
spectively). Neither the genetic background (C.B17
or C57BL/6) nor the sex of the mice influenced the
survival (Figure 1, A and B). Reduction of the virus
dose by five orders of magnitude delayed the time
of death by up to 7 days.

Pathology and Histopathology

One to 2 days before death, the mice developed
pathological changes, including inactivity, ruffled
fur, coolness to touch, weight loss, and multiple
hemorrhagic skin lesions (Figure 2A). Analysis of
the pathology and histopathology of the animals
sacrificed when moribund revealed a complex he-
matological disorder (Figures 2 and 3). There was a
striking splenomegaly, which was more pronounced
in C.B17 SCID mice than in C57BL/6 SCID mice.
The weight of the spleen from uninfected C57BL/6
SCID mice was 27 ± 3 mg, from day 14 PyV-
infected C57BL/6 SCID mice 81 ± 6 mg, from unin-
fected C.B17 SCID mice 50 ± 6 mg, and from day
14 PyV-infected C.B17 SCID mice 233 ± 47 mg.
These values represent the average of the data of
four to six mice in each group. Hemorrhagic lesions
of the skin, and occasionally of other organs (eg, in-
testine, liver, etc.) were observed (Figure 2, A and
C) and peripheral blood smears at day 14 postin-
fection indicated a marked thrombocytopenia and
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Figure 1. Surnvival of SCID mice inifected with
iPyV. A: C57BL16 SCID niice (allftmales) with
or without in vivo NK cell depletion were in-
jected intraperitoneally with 2 X 105 to 2 X

_________ I \106 TGID5o PyV strain A2. PyI' infected mice5(n2); NK cell-depleted, PyVV-infected mnice(n 22). B: C.B1 7 SCID mice (eight niales anid
JOfeniales) uith or uithout NK cell dcepletionz

A A^ k iI uwere inijected intraperitoneally uith 2 X 105 to
12 13 14 15 16 17 18 2 X JQO' TCID50 PyV strain A2. PyV-infected

muice (n 13); NK cell-depleted, PyV-infected
OST INFECTION iniice(n 5)

polychromatophilia (Figure 2D), consistent with
hemorrhage and compensatory erythropoiesis. The
platelet number in peripheral blood samples of day
14 PyV-infected SCID mice was 101,600 ± 56,600/
pl, whereas in uninfected SCID mice it was
1,570,000 ± 245,200/pl (average values of data ob-
tained from three mice per group).

Histopathological studies of the spleen and bone
marrow were performed at 7 and 12 days after in-
fection to determine the morphological effects that

virus infection produced in these organs. Seven
days after infection the spleen showed myeloid hy-
perplasia with an appreciable increase in immature
myeloid precursors (left-shifted maturation) (figure
not shown). Islands of erythroid precursors re-
mained prominent. Megakaryocytes were reduced
in numbers and some showed degenerative nuclear
features. The bone marrow was hyperplastic, with
reduced megakaryocytic and erythroid activity.
Some of the megakaryocytes showed degenerative

Figure 2. Gross and microscopic pathology of PyV-infected SCID nmice. A: Henorrhagic skin lesions on the chest 14 days postinfectioni (approxi-
mately 4x natuiral size). B: Spleens from PyV infected (:14 days post in1fection1) (top) and uninifected (bottom) CB.1 7 SCID mouse (approximately
4x n7atuiral size). C: Histopathologv ofa skin lesion of the ear ofa C57BL SCID molse 14 days after P1yV iiof/ction showving hemorrhage spreading
throughouit the dermis. Bottom: another area of the ear with no pathological changes (H&E, 250X ). D: Peripheral blood smear at dayX 14 postin-
fection shooing polychroniatophilia (Wright-Giemsa staining, 900X). E: Spleen of uninifected SCID niouse, n7aphtol chloroacetate NCA staininig,
u'hich stains cells of the myeloid lineage bright red (285X). F: Spleent at day 12postin,k?ction, n7aphtol chloroacetate staining. The number of cells
staining red is increased compared to the uninfected spleen, anzd the pattern ofstaining is more diffuse, indicating the presence of'inimatiure n7iy-
eloid cells (285x).

7 8 9 10 11

DAYS P



Polyomavirus Infection in SCID Mice 363
AJP February 1994, Vol. 144, No. 2

)

T
..

.... ..
,: :.*:.

::

.s
S: .....

X ts
.. e . v..:;.:.: . h ,,,.j ,.fi.8. : .. ,
+

Qk
i

D
.......

A..Q.



364 Szomolanyi-Tsuda et al
4/P Febriary 1994, Vol. 144, No. 2

Figure 3. Histopatbology ofspleen and bone marrow. A: Uninfected CB. 17 SCID momse spleen, H&E, 200X. B: Spleen ofPyV-infected CB. 17 SCID
mouse at day 12postinfection. The number of megakatyocytes is large/y reduced; in the red pulp, large islands of immature myeloid cells are sur-
rountded by erythroid prectursors (H&E, 200X ). C: Uninfected CB.1 7 SCID mouse bone marrow (H&E, 300X ). D: Bone marrou of PyV-infected
CB. 17 SCID mouse at day 12postinzfection. The highly cellular bone marrou is mnainly composed of immatuire myeloid cells (H&E, 400x).

features. The myeloid series was hyperplastic and
showed markedly left-shifted maturation.

By 12 days after infection there was a progres-
sion in the morphological alterations. The spleen
showed large islands of immature myeloid elements
within the red pulp (Figure 2, E and F, Figure 3, A
and B). These islands of myeloid cells were sur-
rounded by erythroid precursors. Megakaryocytes
were reduced in numbers. The bone marrow (Figure
3, C and D) was nearly 100% cellular and was com-
posed predominantly of immature myeloid ele-
ments. Morphologically, the extent of this myelopro-
liferation resembled an acute leukemic process.

Erythroid and megakaryocytic precursors were
markedly reduced in numbers.

PyV Replication in SCID Mice

Virus Titers in Kidney and Spleen

Levels of infectious virus recovered from kidneys
and spleens of PyV-infected SCID mice at day 7 were
measured by serial dilutions on murine embryonic
fibroblast cells. Kidneys, in addition to skin, bones,
mammary and salivary glands, are major sites of PyV
replication in normal mice infected neonatally with
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this strain, A2.5'17'18 Because the spleens showed
many pathological changes in the infected animals
(Figure 2, F and G, Figure 3, A and B), homogenates
of this organ were also tested for infectious virus. The
results obtained in a typical experiment are shown in
Table 1. High levels of virus were found in the kid-
neys, and even higher (three- to 10-fold) in the
spleens. This is in contrast to the results obtained in
neonatally infected mice with intact immune sys-
tems, where the spleens do not support PyV replica-
tion.17 NK cell depletion did not lead to an increase
in the virus titers, suggesting that NK cells do not
control polyomavirus replication in these organs.
This is consistent with the survival curves (Figure 1),
which were not influenced by NK cells.

Detection of Viral Genome by Southern Blot
Analysis

The spread and replication of PyV in SCID mice
was further tested by Southern blot analysis of DNA
samples prepared from kidney, spleen, liver, and lung
tissues at day 7 and day 14 following infection. As
Figure 4 illustrates, at day 7 in all four organs tested,
the viral DNA was easily detectable. On blots of gels
with DNA samples digested with EcoRI, which cuts
the circular PyV genome once, the virus-specific sig-
nal was observed as a 5.3-kb band, at a position
equivalent to that of the linear PyV genome, indicating
the presence of nonintegrated PyV in the samples.
The amount of polyomavirus genome was estimated
to be 20 to 100 copies per cell by comparison to
known amounts of cloned viral genomes (data not
shown). The relative amount of viral signal in the dif-
ferent organs slightly varied in individual mice. The
spleen usually contained the strongest, and the lung
the weakest signal.

At day 14 postinfection, all four tissues tested
(kidney, liver, lung, and spleen) contained viral sig-
nal that showed a slight increase in intensity when
compared to day 7 DNA samples. This result sug-
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Figure 4. Detectioni of PyV genome in different organs by Solthertn
blot anal4sis. Five yg of DNA samples isolated from organs of PyV-
infected SCID inice at day 7 postinfectioni wvere digested with EcoRI.
After electrophoresis and transjrr, the blots u'ere probed u'itb 32P-
labeled plasnmid carrying the PyV genome. Lane 1: kidney, lane 2:
liver, lane 3: lIng, lane 4: spleen.

gests that SCID mice are unable to clear polyoma-
virus infection. Consistent with this observation is
the detection of viremia. Co-cultivation of peripheral
blood samples of PyV-infected mice at day 14
postinfection with UClb cells, which are permissive
for PyV replication, demonstrated the presence of
infectious virus in the blood.

Table 1. PIv Titers ofKidney anid Spleen of C57BL SCID
Mice I Week Post-Infection

Mice

#1 Py*
#2Py
#3Py
#4aNKPyt
#5aNKPy
#6aNKPy

PyV titer

TCID50/kidney TCID50/spleen

3.0 x 106
6.0 x 105
3.6 x 106
1.3 x 106
1.8 x 106
3.6 x 106

3.0 x 107
8.0 x 105
1.6 x 107
8.0 x 106
8.0 x 107
8.0 X106

* Py, mice injected with 5 x 106 TCID50 Pyv.
t aNKPy, mice injected with 5 x 106 TCID50 PyV and mAb

aNK1.1.

Detection of PyV-lnfected Cells in the Spleen by
Immunohistochemistry and Electron Microscopy

Frozen sections of the spleen were stained for
the viral capsid antigen VP1, using rabbit anti-PyV
VP1 antibody, and for the T antigens (small, middle,
and large), using a rat anti-T antigen antibody, with
the peroxidase-anti-peroxidase method at different
times following infection. At the earliest time point
tested, day 4, megakaryocytes stained positively for
the PyV-specific early (Tag) or late (VP1) antigens
(Figure 5a). The permissive infection of megakaryo-
cytes 4 days after polyomavirus infection could well
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Figure 5. Immunoperoxidase staining ofspleenfrom PyV-infected SCID mice with PyV-specific antibodies. A: Spleen at day 4postinfection, stained
with VP1-specific monoclonal antibody, 430X. B: Spleen at day 4 postinfection, stained with a small, middle, and large T antigen-specific antise-
rum, 430X. C: Spleen at day 7postinfection, stained with VP1-specific monoclonal antibody, 430X. D: Spleen at day 7postinfection, staine-d with
small, middle, and large T antigen-specific antiserum, 215X.

account for the decrease in megakaryocytes in the
spleen and bone marrow by day 7 and for the fur-
ther decrease in megakaryocytes and subsequent
thrombocytopenia by day 14. At day 7, numerous
cells stained positively with both the T antigen- and
the VP1-specific antibodies (Figure 5b), and by
day 14, the number of cells containing viral signal
increased slightly. The majority of the spleen
cell population, however, did not show detectable
staining with the virus-specific reagents even at day
14, and virtually identical results were seen by in

situ hybridization methods (data not shown). There-
fore, it is likely that the majority of the proliferating
immature myeloid cells did not harbor polyo-
mavirus.

Spleen tissues of PyV-infected SCID mice were
studied by electron microscopy. At day 14 postinfec-
tion, cells in the spleen containing viral particles ex-
hibited cytoplasmic and/or nuclear damage, ranging
from mild to severe. These changes included cyto-
plasmic swelling with or without nuclear pyknosis or
lysis; in some cells, the nucleus alone was affected.

toNP77:

-Ahlii



Polyomavirus Infection in SCID Mice 367
A/P Februar 1994, Vol. 144, No. 2

Many infected dying or dead cells were loaded with
viral particles organized in crystalline arrays. A num-
ber of macrophages contained electrondense
phagosomes with viral particles, which either filled
the phagosome or lined the inner surface of its mem-
brane. Some immature cells with abundant, normal-
looking cytoplasm and a few lysosomelike inclusions
were seen to harbor in their nucleus a large number
of viral particles (Figure 6), distributed in a pattern
reminiscent of chromatin. Another feature of these nu-
clei was the condensation of the chromatin into one
to three large clumps.

Spleen Cells of PyV-lnfected SCID Mice Express
High Level of Major Histocompatibility Complex
(MHC) Class I and Low Level of MHC Class 11
Antigens

Surface antigens expressed on spleen cells of
PyV-infected, PyV-infected and NK cell depleted,
and uninfected SCID mice were characterized by
fluorescence-activated cell sorter analysis with a
panel of monoclonal antibodies. As expected for
mice homozygous for the SCID mutation, the sple-
nocytes were mostly Thyl-, IgG-, Jlld+, Mac-1+

Figure 6. Electron micrograpbs ofa PyV-infected spleen cellfrom a C.B17 SCID mouse 14 days postinfection. Top: Immature cell characterized by
abundant cytoplasm andfeuw inclusions. Prominent niucleus u'ith clumps ofcondensed chromatin anid a large numnber of viralparticles ( 7,140X).
Bottom: higher pouwer picture of the viral particles (diameter 40 nm) located betuween the two lower clu.mps of chromatin (51,300X).
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in all three groups of animals. The most interesting
finding was that, whereas spleen cells from unin-
fected SCID mice displayed low class and high
class 11 expression, mice 14 days after PyV infection
showed very high class and low class 11 expres-
sion (Figure 7). Expression of the CZ-1 antigen,
which detects a sialated form of CD45RB ex-
pressed on NK cells, B cells, and most T cells,
was very low after PyV infection, indicating the non-
lymphoid nature of the cells. NK cell depletion in
vivo did not influence these changes in class 1,
class 11, and CZ1 expression (data not shown). It is
important to note that spleen cells obtained from
day 12 to 14 PyV-infected mice consistently had no
NK activity in vitro. The 51Cr release using YAC-1
target cells at an effector to target ratio of 50, in a
4-hour cytotoxicity assay was 14% with uninfected
C57BL/6 SCID mice splenocyte effectors, 44% with
splenocytes from day 6 PyV-infected SCID mice,
and 3.4% with splenocytes from day 13 PyV-
infected SCID mice, showing that there were few
functionally active NK cells present at this final
stage of the disease and/or that the NK cells were

diluted by the myeloproliferation. The decrease of
CZ-1 expression in the spleen cells is consistent
with this finding.

Spleen Cells from Polyomavirus-Infected SCID
Mice Are Resistant to Killing by Activated NK Cells
in vitro

Normal splenocytes are usually relatively resis-
tant to NK cell-mediated lysis, but hematopoietic
precursor cells and specifically myeloid precursor
cells are normally sensitive to regulation by NK
cells.19 High MHC class expression has been
shown to confer resistance to target cells against
NK-mediated lysis,20 and therefore we tested
whether the high MHC class I-expressing spleen
cells from day 14 PyV-infected SCID mice will resist
lysis by highly activated NK cells in vitro. The
sources of highly activated NK cells were spleens
from day 3 lymphocytic choriomeningitis virus-
(LCMV) infected C.B17 scidiscid mice or from day
3 LCMV-infected C3H/HeSnJ mice. These effector
cells showed a high level of cytotoxicity against

Figure 7. MHC class I, MHC class II, and CZ-1 expression on spleen cells ofPyV-infected C.B17 SCID mice. The y axis represents cell number, the x
axis log fluorescence intensity. A, B, and C: Spleen cellsfrom uninfected SCID mice; D, E, and F: spleen cellsfrom PyV-infected SCID mice at day
14 postinftction. A and D were stained with anti-class I; B and E with anti-class II; C and F with anti-CZ-1 antibodies.
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YAC-1 and L929 target cells, but they did not have
any cytotoxic activity against spleen leukocytes har-
vested from day 14 PyV-infected mice (Figure 8).

Discussion
Our study shows that PyV in SCID mice induces an
acute, fatal hematological disorder leading to the
death of the mice by 2 weeks postinfection. The dis-
ease is characterized by a dramatic decrease in
megakaryocytes and platelets, multiple hemor-
rhages, anemia, and a massive myeloproliferation
associated with a defect in maturation of the my-
eloid elements, which is morphologically very simi-
lar to leukemia. This finding is surprising, because
the pathology in SCID mice is entirely different from
any disease known to be caused by PyV in neonatal
and nude mice or in mice transgenic for PyV onco-
genes. This result is reminiscent of clinical observa-
tions showing a high prevalence of a narrow set of
malignancies in immunocompromised patients,
whereas in the immunocompetent population these

% LYSIS
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Figure 8. PyIi1ifected splenocytes are resistantt to Iysis by, high/l ac-

tivated AK cells. Stanidardl 4-bour clytotoxicity, assal was pedrbrmed at
diJ7 renlt elfector to target ratios Evperinmetnt # 1 (solid lines) was per-
fiormed iwith splenocylte efJector cells fromi LCMV infected CB17 SCID
mnice at day 3 postinfection, uisinig YAC-1 cells, L929 cells, and spleen

cells from day 14 PyV -infected C.B1 7 SCID mice as targets. Experi-
ment #2 (dotted line(s) was clone with efjfctor spleen cells from
LCMIV-infectced C3H mice at day, 3 postinfection, with YAC-1 cells,
L929 cells an1d spleen cellsfr-om day 14 PVV-injfcted SCID mice as

targets.

malignancies are extremely uncommon and differ-
ent tumors are predominant. The mouse PyV system
is easy to manipulate and thereby provides an ex-
cellent opportunity to address the important ques-
tion of how the functioning of different components
of the immune system alters disease specificity.

Although productive infection and transformation
are thought to be mutually exclusive in the case of
DNA tumor viruses, the same cell types that support
PyV replication can serve as targets for tumor in-
duction. PyV-induced tumors consist of cells with
three different types of infection: cells containing a
high number of free viral genomes and expressing
VP1 capsid protein (lytically infected cells), cells
containing one or few viral genomes presumably
integrated-and expressing no VP1 (corresponding
to true transformed cells), and cells having a high
copy number of unintegrated genomes, but lacking
VP1, suggesting an unusual postreplicational block
of viral gene expression.21 The regulatory mecha-
nisms operating in these processes are unknown.
The high oncogenic potential of some PyV strains
shows good correlation with their ability to replicate
and spread in different murine target tissues, and
these properties map to the VP1 major capsid pro-
tein.2122 These data suggest that a high level of vi-
rus replication in a given tissue is a prerequisite for
efficient tumor induction. The fact that tumors that
most frequently arise in neonatally PyV-infected
mice are found in the salivary gland, skin, bones,
mammary glands which are predominant sites of
virus replication-supports this concept.4

In adult immunocompetent mice PyV does not
cause pathology and does not reach levels high
enough to be detectable by conventional tech-
niques (Southern blots, plaque assays). In newborn
mice with intact but immature immune systems, vi-
remia develops by day 3, and the virus replicates in
most organs tested, including the skin, bones, and
kidney, where peak virus levels are observed at
days 7 to 8. After the onset of the antiviral immune
response, however, the virus is quickly cleared, with
the exception of a low level of persistent infection in
the kidney and bone.17,18 The pattern of polyomavi-
rus replication is quite different in adult athymic
nude mice. There is no viremic phase of the infec-
tion, the virus replication is more slow, and it is
mainly confined to skin, bone, mammary and sali-
vary glands, and sometimes spleen.17 Polyomavirus
has not been detected in these animals in the kid-
ney, liver, or lung. The narrow set of tumors induced
in these mice (mainly mammary adenocarcinomas
in females and osteosarcomas in males) can be ex-
plained by the restricted replication pattern and by
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the rapid development of these malignancies lead-
ing to the death of the animals before the other,
more slowly growing tumors could appear.

Our present study shows that in adult SCID mice,
PyV replicates progressively even in organs that do
not support virus replication in adult athymic nude
mice (kidney, lung, liver). This finding suggests that
an immunological mechanism might be responsible
for the different patterns of replication.

The acute myeloid cell proliferation in SCID mice
described in this report is very surprising because
PyV is not known to be associated with hematologi-
cal malignancies, and, with the exception of Friend
leukemia cell lines in vitro and macrophages in vivo,
cells of the hematopoietic system are not known to
be infectible with PyV.4 The possibility that a retrovi-
rus is activated during the course of the PyV infec-
tion and causes leukemia is highly unlikely, as re-

verse transcriptase assays performed with spleen
cell supernatants from day 14 infected mice were

negative (data not shown). The experiments re-

ported here clearly show that PyV replicates in the
spleen, initially in megakaryocytes and later in other
cells as well. However, the data indicate that high
levels of VP1, T antigens, or viral genome are not
present in the vast majority of the abnormally prolif-
erating cell population. This suggests that the virus
induces this disease via a novel, indirect mecha-
nism and not by direct transformation of the cells by
PyV oncogenes. A plausible hypothetical mecha-
nism could be the production of cytokines and/or
growth factors by PyV-infected cells, which could
trigger massive polyclonal proliferation of one or

more cell types of the hematopoietic system. The
suggestion that PyV-infected cells might be able to
trigger malignant cell proliferation by an indirect
mechanism has precedent. Dawe et al23 described
in PyV-infected mice the emergence of T-cell lym-
phomas in close proximity to salivary lymphoepithe-
liomas; these T lymphomas presumably did not
arise as a consequence of direct virus-induced
transformation, as the cells did not have any detect-
able PyV DNA. We hypothesize that indirect mecha-
nisms of tumor induction by viruses may occur in
immunocompromised organisms. The growing
prevalence of polyclonal lymphomas without c-myc

rearrangement within the AIDS-associated non-

Hodgkin's lymphoma cases, which do not carry

Epstein-Barr virus genome, and therefore do not
seem to arise as a consequence of "direct" transfor-

24mation by Epstein-Barr virus, seems to support
this view.

The very early onset after infection and the highly
acute nature of the disease is also surprising. Retro-

virus vectors expressing the PyV middle T (mT) on-
cogene can cause cavernous hemangiomas start-
ing at 2 to 4 weeks postinfection.5'26 Mice
transgenic for mT also develop endothelial tumors,
or, if mT is linked to mouse mammary tumor virus
promoter, multifocal mammary tumors by 3 weeks of

27,2age. 28 These data indicate that mT can cause

one-step oncogenesis. Acting alone, it has a target
specificity for endothelial cells, and when it is ex-
pressed in high levels, or when it is present in every
cell, as in transgenic animals, the induced malig-
nancies appear quite rapidly. However, in the con-
text of the whole virus there is a much broader tu-
mor spectrum, and longer time is needed for tumor
development. Even in nude mice, the earliest tu-
mors appear at about week 6. In PyV-injected SCID
mice, massive myeloproliferation can be observed
as early as day 7, shortly after the virus replica-
tion reaches high levels. This also might indicate
that the myeloproliferation is triggered by cell
proliferation-promoting substances produced or in-
duced by virus-infected cells rather than by direct
transformation by the virus.

Very few studies have been reported so far inves-
tigating the function of different components of the
immune system in preventing PyV infection or onco-
genesis. Experiments published by Wirth and
Fluck6 provided evidence that T cells have a major
role in the protection against polyomavirus-induced
oncogenesis. Our study shows that NK cells do not
seem to control PyV replication in SCID mice. NK
cells also seem to be incapable of effectively re-
sponding to or controlling the myeloid cell prolifera-
tion in these animals. This conclusion is based on in
vitro cytotoxicity assays, and on the observation
that NK cell depletion does not influence the time
course and the severity of the disease. The fact that
splenocytes have a large increase in MHC class
antigen expression in polyomavirus-infected SCID
mice can be a contributing factor to the inability of
activated NK cells to attack these abnormal prolifer-
ating cells, as high levels of class MHC expression
can protect target cells from NK cell-mediated lysis.
The role of humoral immunity, particularly of the
T-cell independent B-cell response, as well as the
role of yS T cells are not understood in PyV infec-
tion.
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