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Herpesvirus saimiri is capable of transforming T lymphocytes of various primate species to stable growth in
culture. The interaction of the T-cellular tyrosine kinase p56’* with the transformation-associated viral protein
Tip has been shown before to activate the kinase and provides one model for the T-cell-specific transformation
by herpesvirus saimiri subgroup C strains. In contrast to other primate species, squirrel monkeys (Saimiri
sciureus) are naturally infected with the virus without signs of lymphoma or other disease. Although the
endogenous virus was regularly recovered from peripheral blood cells from squirrel monkeys, we observed that
the T cells lost the virus genomes in culture. Superinfection with virus strain C488 did not induce growth
transformation, in contrast to parallel experiments with T cells of other primate species. Surprisingly, p56*
was enzymatically inactive in primary T-cell lines derived from different squirrel monkeys, although the T cells
reacted appropriately to stimulatory signals. The cDNA sequence revealed minor point mutations only, and
transfections in COS-7 cells demonstrated that the S. sciureus Ick gene codes for a functional enzyme. In S.
sciureus, the tyrosine kinase p56'* was not activated after T-cell stimulation and enzymatic activity could not
be induced by Tip of herpesvirus saimiri C488. However, the suppression of p56* was partially released after
administration of the phosphatase inhibitor pervanadate. This argues for unique species-specific conditions in
T cells of S. sciureus which may interfere with the transforming activity and pathogenicity of herpesvirus

saimiri subgroup C strains in their natural host.

Herpesvirus saimiri (HVS; saimiriine herpesvirus type 2) is a
T-lymphotropic member of the gamma-2 subfamily of herpes-
viruses (rhadinoviruses). The natural host of HVS is the squir-
rel monkey (Saimiri sciureus), a New World primate species.
Squirrel monkeys become infected by HVS early in life. The
virus persists lifelong and can be easily isolated from periph-
eral blood mononuclear cells (PBMC) by cocultivation with
permissive epithelial cells (owl monkey kidney [OMK] cells).
As far as is known, neither acute nor persistent infection of
squirrel monkeys with HVS induces any signs of disease. In
contrast, the virus causes acute peripheral T-cell lymphoma
after experimental infection of other New World monkeys,
such as common marmosets (Callithrix jacchus), cottontop
tamarins (Saguinus oedipus), and owl monkeys (Aotus trivirga-
tus) (reviewed in reference 16). Even in Old World monkeys,
such as rhesus monkeys (Macaca mulatta) or cynomolgus mon-
keys (Macaca fascicularis), HVS strain C488 was shown to
induce acute T-cell leukemia after experimental infection (1,
35).

HVS strains have been assigned to three subgroups (A, B,
and C) based on their pathogenicity in various hosts and on
their genomic sequences at one end of the nonrepetitive L-
DNA segment (46, 47). Individual squirrel monkeys can be
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simultaneously infected with HVS strains from more than one
subgroup. In comparison, subgroup B strains have the weakest
transformation capability. They induce lymphomas only in cer-
tain New World monkey species but not in common marmo-
sets. In contrast, subgroup A strains are highly oncogenic in
most of the New World monkey species tested and they are
able to transform T cells from marmosets and tamarins to
interleukin-2 (IL-2)-independent growth in vitro. However, as
stated above, neither subgroup A nor subgroup B strains trans-
form human or rhesus monkey T cells in vitro nor do they
cause lymphomas in Old World monkeys. Only subgroup C
strains, especially strain C488, are able to transform human T
cells to stable IL-2-dependent growth in culture (4). These
findings suggest differences in the transformation mechanisms
between the HVS subgroups. Accordingly, the subgroups differ
in their transforming genes in the variable transformation-
associated genome region. Human T cells infected with HVS
strain C488 do not produce virus particles after transforma-
tion, while virus-transformed T cells from New World monkeys
usually are semipermissive; i.e., they are transformed and re-
lease virus particles without synchronous cell lysis (14). Human
T cells retain many of the functional features of the parental
cells after transformation by HVS C488, such as functional
expression of T-cell receptor and coreceptor molecules and
major histocompatibility complex-restricted reactivity to their
specific antigen (6, 10, 51, 61). However, the transformed cells
and the parental cells differ in the following aspects. Irrespec-
tive of the cytokine profile of the parental cells, HVS-trans-
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formed T lymphocytes secrete Th1 cytokines, including gamma
interferon (10). HVS-transformed human T cells are hyperre-
sponsive to CD2 ligation (50). Similarly to human T-cell leu-
kemia virus-transformed T cells, the Src family kinase Lyn is
aberrantly expressed and enzymatically active (15, 65).

The transformation-associated genes in subgroup C viruses,
stpC (saimiri transformation-associated protein) and fip (ty-
rosine kinase-interacting protein), are located at one end of
the genomic HVS L-DNA and are transcribed into a bicis-
tronic mRNA. These genes encode the only viral proteins
known to be constitutively expressed in HVS-transformed hu-
man T cells (5, 14). While deletion of these genes does not
affect the lytic replication of the virus, both stpC and tip are
necessary for the transforming activity of HVS (11, 37). The
protein StpC is a small cytoplasmic phosphoprotein of 102
amino acids and 21 kDa (28, 29). Rodent fibroblasts trans-
fected with stpC form foci in culture and tumors in nude mice
(31). Mice with an stpC transgene develop epithelial tumors
(53). StpC was shown to directly associate with cellular Ras,
leading to activation of the Ras pathway and to activation of
the p42 mitogen-activated protein ERK kinase (30). Moreover,
the binding of StpC to tumor necrosis factor receptor-associ-
ated factors and subsequent activation of NF-kB have been
described (39). The association of StpC with both Ras and
tumor necrosis factor receptor-associated factors were shown
to be essential for the transforming functions (30, 39). Thus,
stpC-mediated transforming activity is not specific for T cells
(31, 53).

The other transformation-associated protein, Tip, is a 40-
kDa phosphoprotein of 256 amino acids. Whereas the N-ter-
minal portion is variable between different virus strains of
subgroup C, two sequence motifs are well conserved which
mediate the association with the T-cellular Src family tyrosine
kinase p56'“*: a Src homology domain 3 binding region (SH3B)
and a C-terminal Src kinase homology domain (5, 15, 32, 33).
A hydrophobic C-terminal domain anchors the molecule at the
inside of the plasma membrane (42). Besides its interaction
with p56'“*, Tip has been reported to associate with the mRNA
export factor Tap, a homolog of yeast Mex67p (19, 34, 66).
Coexpression of Tip and Tap induced aggregation in Jurkat
leukemia cells (66). Finally, phosphorylated Tip binds to and
activates STAT factors (22, 43). An inducible Tip transgene
caused lymphomas in mice, underlining the oncogenic poten-
tial of this molecule from subgroup C strains of HVS (62).

Lck is a 56-kDa member of the Src family of nonreceptor
protein tyrosine kinases, and its expression is restricted to T
cells, NK cells, and B1 cells. The p56'* sequence is highly
conserved in mammals. In T-cell development and activation,
p56/* is necessary for the phosphorylation of target molecules
and for their recruitment to the T-cell receptor complex (60,
64). Mutations in the Ick gene can cause loss of p56* activity,
followed by immunodeficiency in vivo (18). In most experimen-
tal approaches, the binding of Tip leads to the activation of
p56'* and to the phosphorylation of Tip in vitro (24, 42, 65)
and in vivo (43). Moreover, increased phosphorylation of other
p56'* target proteins, such as Zap70 (54) and STAT1 and
STATS3 (22, 43, 44), was observed. Tip-transfected Jurkat cells
showed NF-«B activation (66). These facts support the concept
that the Tip-Lck interaction is decisive for the T-cell-specific
growth-transformation by HVS. In contrast, other observations
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argue against the relevance of this interaction for transforma-
tion. First, Tip-overexpressing Jurkat cells showed a reduced
level of tyrosine phosphorylation (33). Second, a Tip point
mutant (Y114) displayed enhanced p56'* binding and further
decreased tyrosine phosphorylation (20). Finally, HVS C488
with a mutated SH3B motif of Tip was still able to transform
marmoset T cells in vitro and to cause disease in vivo, whereas
no Tip-Lck interaction was detectable (12). On the other hand,
each of the two Lck-binding motifs of Tip, SH3B and the
C-terminal Src kinase homology domain, have recently been
shown to be sufficient for Lck binding and activation (23).
Moreover, both Tip and StpC are necessary for the induction
of IL-2 expression and NF-kB activation in Molt-4 leukemia T
cells (49). Whereas the knowledge of how T cells are trans-
formed by HVS is growing, it is not understood how the T cells
of the natural host, S. sciureus, escape transformation by HVS.
In this report, we describe results that may link the two ques-
tions for HVS strains of subgroup C: enzymatic p56'* activity
is strongly suppressed in T cells from S. sciureus monkeys.

MATERIALS AND METHODS

Blood samples. Blood samples were obtained from 11 specimens of three
different squirrel monkey (S. sciureus) colonies at the German Primate Center,
Gottingen, Germany, from humans, from common marmosets (C. jacchus), from
cottontop tamarins (Saguinus oedipus), and from rhesus monkeys (M. mulatta).
The PBMC were prepared by direct centrifugation of EDTA-treated blood (1 to
2 ml). The erythrocytes were lysed by treatment with ACK buffer (0.15 M NH,Cl,
10 mM KHCO3, 0.1 mM Na,EDTA [pH 7.3]) for 5 min, followed by extensive
washing in phosphate buffered saline.

Cell culture and stimulation. Fresh PBMC were stimulated at a density of 2 X
10%ml with 4 pg of phytohemagglutinin (PHA; Murex, Gropburgwedel, Ger-
many) or concanavalin A (ConA; Sigma, Taufkirchen, Germany) per ml. T cells
were cultivated in 45% RPMI 1640 medium, 45% Panserin 401 (PAN, Aiden-
bach, Germany), 10% fetal bovine serum, glutamine, and gentamicin. IL-2 (Pro-
leukin; kindly donated by Chiron, Ratingen, Germany) was added to T cells from
humans and squirrel monkeys at 50 IU/ml or from cottontop marmosets at 10
1U/ml (final medium concentration). T cells of each individual monkey were
cloned by limiting dilution in microtiter plates in the presence of irradiated (120
Gy) human feeder cells (10° cells/well). T-cell clones and lines were further
amplified by periodic restimulation with mitogen and feeder cells every other
week. Infection and transformation experiments followed published protocols
(13, 48). The surface phenotype of squirrel monkey T cells was analyzed by
utilizing a FACSCalibur flow cytometer (Becton Dickinson, Heidelberg, Ger-
many) with monoclonal antibodies directed against CD2 (CB219 [see reference
17] and T910; Dako, Glostrup, Denmark), CD3 (LT3; a gift from A. Filatov,
Moscow, Russia), CD4 (MT310; Dako), CD8 (MT1014; a gift from E. Rieber,
Dresden, Germany), CD25 (2A3), and HLA-DR (L.243; both from Becton Dick-
inson).

The T cells were allowed to rest for at least 10 days before stimulation
experiments. They were then incubated at 2 X 10* to 5 X 10* cells/well in a final
volume of 200 pl in 96-well round-bottom plates. Where indicated, 5 X 10*
irradiated (120 Gy) human PBMC per well, 5 X 10* L428 cells per well, 2 ug of
PHA per ml, or 0.1% (vol/vol) packed sheep erythrocytes were added. After 24 h,
50 pl of supernatant was removed for the determination of IL-2, and after 48 h,
[*H]thymidine (1 pCi/well) was added and the mixture was incubated for a
further 16 h. Cells were harvested, and thymidine incorporation was determined
by liquid scintillation counting. For the determination of IL-2, 50 pl of culture
supernatant was added to 100 pl of a suspension of the murine indicator cell line
CTLL (2.5 X 10* cells/ml) in flat-bottom wells. After 12 to 24 h, 1 uCi of
[*H]thymidine was added, the mixture was incubated for a further 24 h, and
[*H]thymidine incorporation was determined.

To activate Lck, primary T cells from different species were washed three times
in serum-free medium and adjusted to 107 cells/ml. The T cells from S. sciureus
were documented by PCR to be free of HVS; the T cells from the other species
had not been infected. Stimulation was started with the addition of preheated
(37°C) serum-free medium supplemented with 10 mM pervanadate and incuba-
tion for 5 min. The reaction was stopped with ice-cold phosphate-buffered saline,
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followed by centrifugation. Cells were lysed immediately or shock frozen in liquid
nitrogen and stored at —70°C before use.

Cells of BWd{-neo and BWd¢-Tip, a murine thymoma cell line transfected
with a control vector or a Tip expression vector, were grown in complete Iscove’s
medium with 10% fetal bovine serum, glutamine, and gentamicin in the presence
of G418 at 1 mg/ml (65). COS-7 cells were grown in RPMI medium with 10%
fetal bovine serum, glutamine, and gentamicin.

Immunoprecipitation, phosphotransferase assay, and immunoblotting. Be-
fore biochemical analysis, S. sciureus T cells were shown to be free of HVS
genomes by sensitive PCR. For immunoprecipitation, T cells were lysed in TNE
buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 2 mM EDTA, 1% Triton X-100)
supplemented with 1 mM sodium orthovanadate (Na;VO,), 5 mM NaF, and 10
pg each of aprotinin and leupeptin (Sigma) per ml for 30 min on ice. Lysates
were cleared at 13,000 X g for 15 min, and the protein concentration in the
supernatant was determined by the bicinchoninic acid assay (Pierce, Rockford,
IIL.). Rabbit anti-Lck serum (kind gift of A. Tsygankov, Philadelphia, Pa.), 5 pl/
mg of protein, was added, and the mixture was incubated for at least 1 h at 4°C
to precipitate Lck. This was followed by incubation with 50 pl of a 10% (vol/vol)
suspension of Staphylococcus aureus particles (Pansorbin; Calbiochem, Bad So-
den, Germany) for 1 h. The immunoprecipitates were washed five times in TNE
buffer and split for in vitro phosphotransferase assays and immunoblotting.

Cells of the transfected murine thymoma line BW3{-Tip served as a source of
the viral protein Tip. These cells, as well as those of the mock-transfected line
BW&(-neo, were lysed as described above. These cells contain only minimal
levels of endogenous Lck (65), which was depleted by immunoprecipitation as
described above. Since Tip is abundantly expressed by BW&(-Tip, the coprecipi-
tation of Tip with the few molecules of endogenous Lck did not measurably
deplete Tip from the lysates. S. aureus particles with bound Lck which had been
precipitated from human or monkey T-cell lysates (200 pg of protein) were
added to the Lck-depleted lysates of BW(-Tip or BWa¢-neo cells (100 pg of
protein), and the mixture was incubated for 30 min at 4°C to allow interaction of
primate Lck with Tip and then washed five times in TNE buffer.

For in vitro phosphotransferase assays, the immunoprecipitates were washed
once in kinase buffer (20 mM morpholinepropanesulfonic acid [MOPS; pH 7.0],
5 mM MnCl,). The pellets were then incubated for 5 min at room temperature
in 25 pl of a kinase assay mixture containing 1 uM ATP (Roche Diagnostics,
Mannheim, Germany) and 10 pCi of [y-*>P]JATP (Amersham Pharmacia Bio-
tech, Freiburg, Germany). The phosphotransferase reaction was stopped with 40
wl of sample buffer (62.5 mM Tris [pH 6.8], 2% sodium dodecyl sulfate [SDS],
10% glycerol, 5% B-mercaptoethanol). Samples were then incubated for 30 min
at room temperature and microcentrifuged. Supernatants were boiled for 5 min
before separation by SDS-8% polyacrylamide gel electrophoresis. Gels were
dried and exposed to a PhosphorImager screen (Molecular Dynamics, Sunny-
vale, Calif.) or to Kodak Biomax MR film.

For immunoblots, cell lysates or immunoprecipitates were separated by
SDS-8% polyacrylamide gel electrophoresis and transferred to enhanced-chemi-
luminescence nitrocellulose membranes (Amersham Pharmacia Biotech). Blots
were incubated for 1 h at room temperature in blocking buffer (Tris-buffered
saline [pH 7.4], 4% bovine serum albumin, 0.5% Tween 20), followed by incu-
bation with an anti-Lck monoclonal antibody (3AS; Santa Cruz, Santa Cruz,
Calif.) diluted in blocking buffer with 0.1% sodium azide. After washing in
Tris-buffered saline containing 0.5% Tween 20, blots were incubated with goat
anti-mouse immunoglobulin coupled to horseradish peroxidase (Dako) in block-
ing buffer for 1 h. After washing, the bands were visualized with enhanced-
chemiluminescence reactions (Amersham Pharmacia Biotech).

DNA analysis and transfections. The /ck cDNA was amplified by using the
primers HF633 (5'-CCA-GGG-TTC-GGG-CTC-CAG-GCT-ATT-C-3'; central
position, upstream orientation), HF634 (5'-GAG-CAG-AAC-GGC-GAG-TG
G-TGG-AAG-G-3'; central position, downstream orientation), HF646 (5'-AT
G-GGC-TGT-GGC-TGC-AGC-TCA-3'; N terminal), and HF647 (5'-AGG-CT
G-AGG-CTG-GTA-CTG-GGC-3"; C terminal). In order to clone the lck cDNA
from S. sciureus T cells, polyadenylated RNA was purified with magnetic oli-
go(dT) beads (Dynal, Hamburg, Germany). A cDNA library was constructed
with reverse transcription and second-strand synthesis using the Marathon sys-
tem (BD Clontech, Heidelberg, Germany). With the primers HF633 and HF634,
overlapping 5" and 3’ products were obtained by rapid amplification of cDNA
ends. The primers HF646 and HF647 were taken from a partial DNA sequence
derived from the products of rapid amplification of cDNA ends and PCR. By
using these primers, precisely the entire open reading frame was amplified and
cloned into plasmid vectors. The entire cDNA sequence was determined from
both DNA strands with the dye deoxy terminator method by primer walking
using an ABI 377 sequencer.

A series of virus genes was amplified with the following primer pairs: HVS A1l
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stpA, BB110 (5'-TAG-ACG-TGT-GGA-TCC-ATG-GCA-AGA-GGT-CTA-3")
and BBI155 (5'-CGG-AAT-TCT-TAC-ATT-TTT-TTA-AA-3"); HVS SMHI
stpB, BB170 (5'-GAG-GGC-AAA-CTA-AGC-AAC-GCT-C-3") and BB171 (5'-
GGT-CCG-CTT-CCA-GGT-GGT-TGG-G-3"); HVS C488 stpC, HF39 (5'-GA
G-TTT-CCA-AAA-TGT-ACT-AAG-CTA-AC-3") and HF40 (5'-ACT-AAT-A
AA-AAG-TTC-CAC-ACA-ACT-AAC-3"); HVS orf3, HF740 (5'-CAC-AAC-A
CT-GGT-ATG-TAC-CAA-TG-3") and HF741 (5'-CTG-TGG-AGG-TAA-TG
C-AGA-TAC-3"); HVS orfl3, HF75 (5'-GTG-TAT-CTC-AAA-CTC-AAC-3")
and HF76 (5'-CTT-GTT-TGC-TAT-AAC-TTA-GTG-3'); HVS orf75, HF742
(5'-TGG-CTG-CTA-ACA-GGC-ATG-G-3") and HF743 (5'-AGC-ACG-TTG-
CCC-GAG-ATT-G-3"). PCR products were analyzed in 1% agarose gels. South-
ern blot hybridization of PCR gels was performed if weak or no signals were
detectable after ethidium bromide staining. An orfl3 DNA fragment served as
the hybridization probe after 32P labeling.

For transfections, the human and S. sciureus Ick open reading frames were
cloned into the eukaryotic expression vector pcDNA3 (Invitrogen, Groningen,
The Netherlands). The full-length open reading frame of the herpesvirus tip gene
(5) was inserted into the eukaryotic expression vector pEFBos (52) to generate
pEFBos-Tip. COS-7 cells were seeded to reach 70% confluency after overnight
incubation. They were then transfected with 5 pg of each individual expression
plasmid in the presence of DEAE-dextran. The total amount of DNA was
adjusted to 10 pg by adding empty vector. Cells were harvested for analysis 48 h
after transfection.

Nucleotide seq e accessi ber. The S. sciureus Ick sequence is avail-
able under accession number AJ277921 (EMBL database).

RESULTS

Squirrel monkey T cells lose herpesvirus saimiri genomes in
culture. In order to study the virologic and immunologic fea-
tures of T cells from squirrel monkeys, PMBC were prepared
from EDTA-treated blood samples of 11 specimens from three
different colonies at the German Primate Center, Gottingen,
Germany. A portion of freshly isolated PBMC (approximately
10° cells) was cocultivated with permissive OMK cells, and the
persisting HVS could be isolated from each individual animal.
After a typical cytopathic effect had led to cell lysis, the pres-
ence of virus DNA was demonstrated by PCR for the con-
served genes orf3 and orf75 (Fig. 1A). By DNA PCR for the
respective transformation-associated genes stpA, stpB, and
stpC, we classified nine of the primary isolates in subgroup C,
four in subgroup A, and one in subgroup B (Fig. 1A; Table 1).
Three of the primary isolates yielded signals for both stpA and
stpC, suggesting coinfection with different virus strains in vivo.

The 11 virus isolates were tested for the ability to transform
cottontop tamarin T cells in culture (donors B240 and R178;
see references 36 and 38). All strains behaved similarly to HVS
C488 with respect to simian T-cell transformation. The only
exception was virus isolate 6045, which was assigned to sub-
group B and yielded comparably slowly proliferating T cells. In
all cases, virus DNA was clearly detectable by virus-specific
DNA PCR after stable growth was established at approxi-
mately 2 months after infection (Fig. 1B; Table 1).

Further samples of fresh PBMC were stimulated with the
mitogen ConA and then cultivated in the presence of recom-
binant human IL-2. In parallel, T cells of each animal were
immediately cloned by limiting dilution with mitogen stimula-
tion and irradiated human feeder cells. Every other week, the
primary T cells were restimulated with ConA or PHA in the
presence of feeder cells and amplified in the presence of re-
combinant IL-2. After 6 weeks in culture, all of the T-cell lines
and clones showed strong signals with HVS-specific DNA
PCR. The squirrel monkey T cells were further amplified by
periodic restimulation for several months. After 5 months,
endogenous virus DNA was no longer detectable in the squir-
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FIG. 1. Viruses and T cells from the PBMC of 11 squirrel monkeys.
(A) HVS was isolated from PBMC of 11 monkeys by cocultivation with
permissive OMK cells, as demonstrated by PCR bands for the virus
genes orf3 and orf75. On the basis of subgroup-specific DNA PCR, we
assigned nine of the primary isolates to subgroup C, four to subgroup
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TABLE 1. Subgroup classifications and transforming
capabilities of 11 new HVS isolates

T-cell transformation
S. sciureus Source HVS (S. oedipus)

donor colony subgroup

B240 R178

6045
6051
8907
5746
5747
5753
5947
5945
5952
6661
6355
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“ The parents were from two different colonies.
® The animals were infected by viruses of two different subgroups. The less
predominant subgroup is in parentheses.

rel monkey T-cell lines and clones (Fig. 1C, top). Subsequently,
squirrel monkey T cells were infected with HVS C488 and no
further restimulation was performed. At 6 weeks after infec-
tion, virus DNA was easily detectable after PCR on ethidium
bromide-stained agarose gels (Fig. 1C, second from top). After
14 weeks, only faint virus DNA signals were detectable after
PCR and Southern blot hybridization and no virus-specific
hybridization signals were found after 18 weeks of culture (Fig.
1C, third and fourth from top). Growth transformation was not
achieved in repeated attempts, whereas parallel cultures of
human and cottontop tamarin T cells (B240 and R178; see
references 36 and 38) were readily transformed by C488 to
stable growth.

Moreover, squirrel monkey T cells were tested for their im-
munologic phenotype. In functional assays, S. sciureus T cells
showed normal properties (Fig. 2A and B). The cells respond-
ed with proliferation (Fig. 2A) and IL-2 secretion (Fig. 2B) to
the mitogen PHA in the presence of irradiated human feeder
cells. Some lines, in the most pronounced form, line 6045 (Fig.
2B), responded to irradiated human PBMC without further
treatment and thus appeared to be xenoreactive. Human T
lymphocytes can be stimulated by sheep erythrocytes after in-
fection with HVS C488 (Fig. 2A) but not in the absence of the

A, and one to subgroup B. In three cases, coinfection with virus strains
of different subgroups was detectable. (B) All of the virus isolates were
capable of transforming T cells of two S. oedipus donors (cottontop
tamarins B240 and R178; see references 36 and 38). In the case of
subgroup B virus 6045, the growth rate of the transformed T cells was
reduced in comparison with those of the parallel samples and the C488
positive control. (C) After prolonged culture with repeated restimula-
tions using mitogen and human feeder cells, the T cells from S. sciureus
lost their endogenous HVS, as demonstrated by negative PCR results
for virus DNA, followed by Southern hybridization (samples were
taken 1 day before infection). Subsequently, the cultures were infected
with HVS C488. After 6 weeks, virus DNA was still easily detectable
after PCR on ethidium bromide-stained agarose gels. After 14 weeks,
only faint signals were detectable after Southern blot hybridization
whereas virus-specific hybridization signals were no longer found after
18 weeks of culture. Growth-transformation was not achieved in re-
peated attempts. In contrast, parallel cultures of human and cottontop
tamarin cells were readily transformed to stable growth by C488.



9256 GREVE ET AL.

A30

[] medium
[ feeder cells

feeder cells + PHA
| Il sheep erythrocytes

cpm 10

10

L1

39-HVS 5947 5945 5753 8907

line line clone #G clone #E
human squirrel monkey, non-transformed

B"

nc 8 7

=

E —

a

o

4 41

(=

(8}

#1 #2 #3 5952 5753 5745 6045
line line line line line line line

human squirrel monkey, non-transformed

A M

CD4-FITC CD8-PE CD3-PE
(MT310) (MT1014) (LT3)

FIG. 2. Immunological phenotype of T-cell lines and clones from
squirrel monkeys. (A and B) Human and squirrel monkey T-cell lines
and clones, as well as a human T-cell clone transformed by HVS C488
(39-HVS), were exposed to feeder cells (A, irradiated human PBMC;
B, human Hodgkin’s lymphoma line L428) in the presence or absence
of PHA or to sheep erythrocytes, and their proliferation (A) and IL-2
secretion (B) were determined by measurement of [*H]thymidine in-
corporation. Both human and squirrel monkey long-term T-cell lines,
but not the T-cell clones, showed various degrees of allo- and xenore-
activity, respectively. In contrast to the HVS-transformed human T
cells, none of the primary T-cell cultures proliferated or secreted IL-2
in the presence of sheep erythrocytes. White, medium; grey, feeder
cells; hatched, feeder cells and PHA; black, sheep erythrocytes. (C) As
an example, surface marker staining results are shown for T-cell clones
5747 #3 and 6355 #6 and for polyclonal cell line 6045. The murine
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virus. In contrast to allo- or xenoreactivity, which is usually
caused by T-cell receptor reactivity to foreign major histocom-
patibility complex-peptide complexes, sheep erythrocytes stim-
ulate through the high surface density of ovine CDS58, which
ligates CD2 on the T-cell surface. Human T cells are rendered
hyperreactive to CD2 signals by HVS (15, 50). None of the simian
T-cell lines and clones was stimulated by sheep erythrocytes,
suggesting either that HVS does not induce CD2 hyperreac-
tivity in S. sciureus T cells or that they were free of persisting
virus genomes. The latter was then confirmed by DNA PCR.

Flow cytometry studies are generally hampered by the fact
that only a few monoclonal antibodies directed against human
epitopes are cross-reactive with S. sciureus T cells. The cells
were not recognized by a series of anti-CD3 antibodies, indi-
cating that the cultures were free of contaminating human T
cells. However, the CD3-specific monoclonal antibody LT3
stained squirrel monkey T cells homogeneously. The cells car-
ried either CD8 or CD4 on their surface (Fig. 2C). Moreover,
the cells were positive for CD2, CD25, and HLA-DR (data not
shown).

p56'* from S. sciureus T cells is enzymatically inactive. To
elucidate the molecular reasons for the resistance of S. sciureus
T cells to transformation by HVS, we analyzed the protein
tyrosine kinase p56'%, the interaction partner of the viral pro-
tein Tip. T cells from S. sciureus and humans expressed similar
amounts of p56/* protein (Fig. 3A). To measure p56™* kinase
activity, we subjected Lck immunoprecipitates to in vitro phos-
photransferase assays. Unexpectedly, the S. sciureus T cells
showed very low levels of p56/* kinase activity, if any (Fig. 3B).
This was due to a strong reduction of p56/* kinase activity,
because Western blots revealed similar amounts of human and
squirrel monkey Lck proteins in the precipitates (Fig. 3C). This
effect was reproducibly observed in five T-cell lines from three
squirrel monkeys. Measurements of p56/* activity using rabbit
muscle enolase as an exogenous substrate yielded similar
results (data not shown). We then determined p56“* protein
levels and enzymatic activity in other New and Old World
primate species, C. jacchus (common marmoset), S. oedipus
(cottontop tamarin), and M. mulatta (rhesus monkey). The T
cells from these species can be transformed by HVS in vivo and
in vitro. T cells from all three species had normal amounts and
specific activities of p56* (Fig. 3 and data not shown).

The viral transformation-associated protein Tip is a substrate
for p56'*, and binding of Tip to the enzyme increased its specific
activity in several previous studies (24, 42, 43, 65). We tested if this
is also the case with S. sciureus p56'*. However, in contrast to the
Homo sapiens and C. jacchus p56** proteins, the addition of Tip
to S. sciureus p56'* did not enhance the kinase activity and Tip
was not phosphorylated by S. sciureus p56'* (Fig. 3D). p56'*
activity is usually not altered during restimulation. To exclude the
possibility that the specific p56* activity had been downregulated
in response to restimulation of the T cells, we measured the
enzymatic activity at different time points after restimulation. But
unlike p56'* from similarly treated human T cells, S. sciureus

monoclonal antibodies MT301 (CD4), MT1014 (CDS), and LT3 (CD3),
directed against the respective human molecules, were cross-reactive
against their counterparts from S. sciureus.
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p56'“ was inactive during the entire time course experiment (Fig.
4). Thus, the very low specific autophosphorylation level appears
to be a constant feature of S. sciureus pS6~.

The p56'* proteins of humans and S. sciureus are highly
conserved. To obtain more information about the p56'* pro-
tein in S. sciureus, we determined the cDNA sequence of the
squirrel monkey gene. The human and squirrel monkey p56
proteins are highly conserved, with 96% amino acid identity
(Fig. 5). In human p56'*, amino acids essential for the local-
ization, regulation, and activity of the kinase are known. The
autophosphorylation site Y394 and the ATP binding site K273
are important for catalytic activity. Y505 regulates enzyme
activity by intramolecular binding to the SH2 domain. None of
these key amino acids have diverged during H. sapiens and S.
sciureus evolution. The myristoylation and palmitoylation an-
chor residues are conserved, as well as the CD4 or CD8 bind-
ing motif and the serine phosphorylation sites (S42 and S59).

Recombinant S. sciureus p56'* is a functional enzyme. In order
to analyze whether the minor sequence differences between the
human and squirrel monkey p56* proteins are responsible for
the lack of enzymatic activity in monkey T cells, we cloned the S.
sciureus and human p56'“* coding regions into expression vector

onstrated by Western blotting (WB) with a polyclonal antiserum
against the unique domain of human p56'*. (B) By using in vitro
kinase assays (KA), the enzymatic autophosphorylation activity of
p56/* was analyzed from p56'* immunoprecipitates (IP). In contrast
to that in human and marmoset T cells, Lck activity in T cells from
squirrel monkeys was barely detectable. This effect was observed in five
independent T-cell lines from three S. sciureus monkeys. (C) The
respective immunoprecipitates yielded comparable levels of p56/* pro-
tein on Western blots. Here, the heavy chain (hc) of the precipitating
antibodies was detectable as an additional band. (D) Whereas Tip
from HVS C488 was efficiently transphosphorylated in kinase assays as
a substrate of human or common marmoset p56'*, the addition of Tip
to S. sciureus pS6'® immunoprecipitates did not increase the kinase
activity and Tip was not phosphorylated by S. sciureus p56'*. p56'*
autophosphorylation was quantified by densitometry. Relative kinase
activity is indicated at the bottom of panel D.

pcDNA3 and transfected COS-7 cells. In vitro phosphotransfer-
ase assays of lysates of transfected cells revealed that the recom-
binant S. sciureus and H. sapiens p56'“* proteins had similar ac-
tivities (Fig. 6). Cotransfected Tip was coprecipitated with p56/*
and served as a substrate for the recombinant p56* enzymes
from S. sciureus and H. sapiens. In COS-7 cells, activation of Lck
by cotransfected Tip was not always observed. Thus, our results
show that the S. sciureus Ick gene codes for a functional enzyme
that, in principle, is able to interact with Tip in the same way as
that described for human p56'*,

Pervanadate stimulates S. sciureus p56'*. To study whether
the inactive state of p56** in S. sciureus T cells is reversible, we
treated the cells with pervanadate, a potent inhibitor of ty-
rosine phosphatases. The treatment induced p56'“* kinase ac-
tivity (Fig. 7) in human T cells and also in S. sciureus T cells.
This suggests that p56'* activity is suppressed by phosphatases
in S. sciureus T cells.

DISCUSSION

We report here that squirrel monkey T cells lack p56/*

activity, which is in sharp contrast to all of the other primate
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FIG. 4. p56'* activity after restimulation of T cells. The activity and
abundance of p56'“ from human or squirrel monkey T cells were
determined at different time points after restimulation (days 0 to 14).
(A) Whereas p56'* activity was stable after stimulation of human T
cells, the S. sciureus p56'* autophosphorylation signals were faint in all
samples. (B) Western blotting (WB) revealed constant amounts of
protein during the time course after immunoprecipitation (IP). KA,
kinase activity.

species tested. However, the immunological phenotype of
squirrel monkey T cells was comparable to that of normal
human T-cell lines and clones. Peripheral blood cells were
isolated from squirrel monkeys and could be cultivated under
standard conditions. The T cells could be stimulated with mi-
togen to proliferation and cytokine production and expressed
surface molecules which are typical for T cells (Fig. 2).

Although the persisting virus could be easily isolated from
fresh peripheral blood cells, we observed a reproducible ten-
dency of the cultivated squirrel monkey T cells to lose the HVS
genomes (Fig. 1). This is in contrast to the stable episomal
persistence of this virus in T cells of a series of closely related
New World monkey and distantly related Old World primate
species. These in vitro culture results raise the question of
whether T cells are really the main reservoir of HVS in squirrel
monkeys. If they are, it is unclear why T cells invariably lose the
viral genomes in vitro. The loss of HVS genomes in long-term
culture could reflect an absence of a virus-induced growth
advantage for virus-infected T cells. Theoretically, this could
be the result of the inactivation of HVS C488 transformation-
associated functions in S. sciureus T cells.

Immunological mechanisms that control the virus in vivo
and may also operate in vitro cannot explain the phenomenon
for the following reasons. First, the S. sciureus cells were ex-
tensively washed initially and then cultured in medium con-
taining fetal bovine serum. Therefore, antiviral antibodies or
other simian serum components cannot play a role. Second, T
cells, which were cloned by limiting dilution immediately after
isolation, also lost the virus with time (Fig. 1C), and these
virus-free T-cell clones could not be transformed by HVS
C488. In contrast, their growth remained fully dependent on
periodic restimulation with the mitogen PHA in the presence
of irradiated human PBMC as feeder cells, as well as on ex-
ogenous IL-2. The limiting-dilution procedure excludes the
possibility that simian NK cells or HVS-specific cytotoxic T
cells were carried over into the culture from the host animal
and caused the loss of the viral genomes by selectively elimi-
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nating the virus-infected T cells. Consequently, cell-autono-
mous mechanisms might confer resistance to S. sciureus T cells
against HVS persistence and transformation. Squirrel monkeys
are the natural host of HVS and tolerate the infection without
developing pathological symptoms (16). Also, squirrel monkey
T cells are the only known primate T cells which are not
transformed in vitro by HVS and which, remarkably, lack Lck
tyrosine kinase activity.

The transformation-associated protein Tip of HVS had been
shown to bind to and activate the T-cellular tyrosine kinase
P56/ (5, 32, 43, 65). The two Tip sequence motifs required for
Lck binding are well conserved among different subgroup C
virus strains (15, 32, 43). This suggested that the direct Tip-Lck
association might contribute to T-cell transformation by HVS.
However, this hypothesis has been controversially discussed
because recombinant HVS subgroup C strains expressing a

mpal CcD4/8 P

1 MGCGCSSHLEDDWMENIDVCENCHYPIVPLDGKATLLFRNGSEVRDPLVR 50
Cherrrer rrrrreerryrerererrrerrrr rer reerr e

1 MGCGCSSHPEDDWMENIDVCENCHYPIVPLDGKGTLLIRNGSEVRDPLVT 50

p SH3
51 YEGSNPPASPLODNLVIALHSYEPSHDGDLGFEKGEHLRILEQNGEWWKA 100
PEETIEEE et et e et e e e et
51 YEGSNPPASPLQDNLVIALHSYEPSHDGDLGFEKGEQLRILEQSGEWWKA 100

SH2
101 QSLTTGQEGFVPENEVAKANSLEPEPWFFKNLSRKDAERQLLAPGNTHGS 150
PEPVETEE e bR bbb e e e e r e g
101 QSLTTGQEGFIPENEVAKANSLEPEPWFFKNLSRKDAERQLLAPGNTHGS 150

151 FLIRESESTAGSFSLSVRDFDONQGEVVKHYKIRNLDNGGEYISPRITES 200

POLLEEE R P e bbb e e e e ey e e e
151 FLIRESESTAGSFSLSVRDFDONQGEVVKHYKIRNLDNGGFYISPRITFP 200

201 GLHELVRHYTNASDGLCTRLSRPCQTQKPQKPWWEDEWEVPRETLKLVER 250

LT TP b bt et e e
201 GLHELVRHYTNASDGLCTRLSRPCQTQKPQKPWWEDEWEVPRETLKLVER 250

ATP ATP
251 LGAGQFGEVWMGYYNEHTKVAVKSLKQGSMSPDAFLAEANLMKQLQHKRL 300
PEPRRPITREIEEED bt e e ettt r el
251 LGAGQFGEVWMGYYNGHTKVAVKSLKQGSMSPDAFLAEANLMKQLQHQRL 300

301 VRLYAVVTEEPIYIITEYMENGSLVDFLKTPSGIKLTINKLLDMAAQIVE 350

PURELE PP e e e et i v et e ey |
301 VRLYAVVTQEPIYIITEYMENGSLVDFLKTPSGIKLTINKLLDMAAQIAE 350

act P
351 GMAFLEERNYIHRDLRAANILVSDTLSCKIADFGLARLIEDNEYTAREGA 400

AR RN AR RN RN AR RN RN R RN
351 GMAFIEERNYIHRDLRAANILVSDTLSCKIADFGLARLIEDNEYTAREGA 400

401 KFPIKWTAPEAINYGTFTIKSDVWSFGILMTEIVTHGRIPYPGMTNPEVI 450

PEVELELETE e e e e et bs et e e e bbbt
401 KFPIKWTAPEAINYGTFTIKSDVWSFGILLTEIVTHGRIPYPGMTNPEVI 450

451 QNLERGYRMPRPDNCPEELYKLMMQCWRERPDDRPTFDYLRSVLEDEFFTA 500
RN R R N e e
451 QNLERGYRMVRPDNCPEELYQLMRLCWKERPEDRPTFDYLRSVLEDFEFTA 500

p
501 TEGQYQPQP 509 ({SLck)
[EEERRRRE
501 TEGQYQPQP 509 (HLck)

FIG. 5. Sequence comparison of p56/* proteins from humans and

squirrel monkeys. The S. sciureus pS6/* sequence (SLck) was aligned
with the human counterpart (pirl:jq0152; HLck) by using the GCG
gap program. The p56'* sequences are highly conserved, with 96%
amino acid identity. The major functional sites are not altered (myris-
toylation and palmitoylation [mpal], G2, C3, and C5; CD4 or CDS§
binding motif, C20 and C23; serine phosphorylation sites, S42 and S59;
ATP binding, positions 251 to 259, K273; active center [act], D364;
autophosphorylation, Y394; intramolecular binding to the SH2 do-
main, Y505). p, phosphorylation site.
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FIG. 6. Enzymatic activity of recombinant S. sciureus p56'*. The
p56°* enzymes from humans (HLck) and squirrel monkeys (SLck)
were transiently expressed in COS-7 cells. In vitro kinase assays (KA)
revealed that the recombinant p56/* enzymes of S. sciureus and
H. sapiens had similar activities after immunoprecipitation (IP). Co-
expressed Tip from HVS C488 was coprecipitated with p56'* and
served equally well as a substrate for the recombinant pS6’* proteins
of S. sciureus and H. sapiens. Thus, the S. sciureus Ick gene codes for a
functional enzyme. WB, Western blot.

mutant Tip protein that neither interacts with nor activates
cellular Lck was still able to induce T-cell lymphomas in New
World primates (12), while it did not transform human T cells
in vitro. Some other virus mutants have also been reported to
be able to transform marmoset but not human T cells (21, 39).
There is no information about the behavior of HVS subgroup
C strains in squirrel monkeys. In the natural host, the T cells of
which cannot be transformed by HVS, Tip had no effect on
p56'* activity. In contrast to other primate species, such as
humans, macaques, and common marmosets, p56/°* had poor
or no activity in squirrel monkey T cells and the enzyme ac-
tivity could not be rescued by addition of exogenous Tip pro-
tein (Fig. 3). This observation was made in all of the tested
T-cell cultures from different squirrel monkeys from three col-
onies. The lack of p56™* activity in squirrel monkey T cells
provides a possible explanation for the resistance of squirrel
monkeys to T-cell transformation and pathogenicity by HVS
strains of subgroup C.

The lack of p56"* activity could be caused either by the lack
of a functional enzyme or by the downregulation of p56'*.
Splice mutations of Ick which block p56/* protein expression
are described in the Jurkat derivative JCaM1 and recently also
in an immunodeficient patient (18, 57). However, normal
amounts of p56/* protein were detected in squirrel monkey T
cells (Fig. 3), which also excludes a transcriptional defect.
Other known [ck mutations, such as translocations, deletions,
or insertions, led to constitutive activation of p56*, resulting
in a transforming phenotype (7, 45, 59). Sequencing of the Ick
open reading frame from squirrel monkey T cells predicted a
protein which was almost identical to its human counterpart
(Fig. 5). All of the major functionally characterized residues
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were preserved (56, 63). As expected from the high degree of
sequence conservation, the recombinant S. sciureus p56'* pro-
tein showed normal enzyme activity after transfection into
COS-7 cells (Fig. 6). Thus, p56'* of squirrel monkeys is a fully
functional protein similar to that of other primate species,
including humans, the T cells of which are easily transformed
by HVS C488. This suggests that in the absence of causative
genetic mutations, interaction with or enzymatic activation by
Tip is functionally blocked in p56 from squirrel monkey T
cells.

Therefore, we investigated whether the p56/* activity is sub-
ject to cellular downregulation specifically in squirrel monkey
T cells. Restimulation of S. sciureus T cells with PHA and
feeder cells induced proliferation and cytokine production but
did not rescue p56/* activity either in the short term (data not
shown) or over a 14-day stimulation cycle (Fig. 4). In addition,
we tested the influence of pervanadate, a known inducer of
human and murine p56'* activity that inhibits tyrosine phos-
phatases. Pervanadate led to p56'* activation in human T cells
and also in S. sciureus T cells (Fig. 7). Two phosphatases are
known to dephosphorylate p56/* on Y394 and to deactivate
the enzyme, CD45 and the Csk-associated phosphatase PEP
(9, 27, 58). In addition, Csk phosphorylates the regulatory
residue Y505, resulting in enzymatic inactivation (58). The
tyrosine phosphatase CD45 could not be analyzed because
none of a series of monoclonal antibodies against human
CD45 was cross-reactive to S. sciureus CD45 in flow cytometry
and Western blot analysis. Csk expression levels of humans and
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FIG. 7. p56'* activity from squirrel monkey T cells stimulated by
phosphatase inhibition. S. sciureus and human T cells were treated with
pervanadate (10 mM), a potent inhibitor of tyrosine phosphatases, for
5 min in vitro. This treatment induced Lck kinase activity in S. sciureus
T cells and strongly increased it in the human counterparts (A). West-
ern blots (WB) show equal amounts of Lck protein in the immuno-
precipitates (IP) (B). KA, kinase assay.
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squirrel monkeys were similar, as tested by Western blotting
(data not shown). Thus, Csk is probably not the reason for the
lack of p56/* activity in squirrel monkey T cells.

The lack of p56'* enzymatic activity in immunocompetent
animals with functional T cells appears to be unique to squirrel
monkeys. In other species, p56/* has a pivotal role in T-cell
development and signal transduction. Inactivation of Lck in
transgenic or inducible knockout mice results in an early block
in T-cell development and in severe functional impairment of
the few mature T cells (3, 25, 41). Generally, low p56/* activity
is associated with a loss of T-cell function. In anergic Ty;1 and
T2 cells, as well as in tumor patients, small amounts and low
enzyme activity of p56'* were described (2, 40, 55). Loss of
p56'“* protein was also seen in patients under immunosuppres-
sion (8). Finally, a lack of specific p56'* kinase activity has
been recently described in one patient with idiopathic CD4™
lymphopenia. This patient had normal numbers of CD8" T
cells but only few CD4™ helper cells (26). Thus, it remains an
open question how squirrel monkey T cells can function with-
out p56'* enzyme activity and it is also not known whether
p56/* is active in squirrel monkey thymocytes. The observed
lack of specific p5S6/* activity in T cells of S. sciureus that can
be reversed by phosphatase inhibition suggests a novel regu-
latory mechanism for p56*.
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