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We tested the virulence in mice of Toxoplasma gondii RH strain tachyzoites containing various copies of the
chloramphenicol acetyl transferase-herpes simplex virus thymidine kinase fusion sequence (CAT-HSTK).
Tachyzoite isolates containing >five copies of the fusion sequence were not lethal to female CD-1 outbred or
BALB/c inbred mice, at doses up to 106 parasites, while the parental RH strain caused 100% mortality within
2 weeks at doses as low as 10 parasites. Mice infected with CTK11, an isolate containing five copies of the fusion
sequence, showed no overt symptoms of disease and were protected from lethal challenge with the parental RH
strain. The CTK11 isolate showed no difference in growth rate, the rate of host cell invasion, or extracellular
viability in cell culture compared with parental RH parasites, demonstrating that the CAT-HSTK fusion
protein does not affect the normal viability of this isolate. B11, B11C, and D1 isolates contained one or two
copies of the CAT-HSTK coding sequence, were not sensitive to thymidine in cell culture, and caused 100%
mortality in CD-1 outbred mice in <12 days. A fourth isolate, D1C, contained seven copies of the CAT-HSTK
fusion sequence and was sensitive to exogenous thymidine (50% inhibitory concentration 5 5.5 mM). Mice
infected with D1C showed no symptoms of disease and survived beyond 90 days, thus correlating increased
CAT-HSTK gene copies with thymidine sensitivity in cell culture and attenuated virulence in mice. BALB/c
mice containing a targeted disruption of the gamma interferon gene (gko) were also susceptible to infection
with CTK11 parasites but could be rescued by administration of subcutaneous thymidine once each day for 5
or 10 days following infection. These results suggest that the attenuation of CAT-HSTK1 isolates in mice is
directly due to active thymidine kinase that likely alters the pyrimidine biosynthetic pathway in these parasites.

Toxoplasma gondii is a protozoan parasite that proliferates
in a wide range of vertebrate hosts. Infections in humans are
generally asymptomatic, although this microorganism remains
an important cause of morbidity and mortality among individ-
uals immunosuppressed due to AIDS (27–29). Similarly, a
primary infection acquired during pregnancy can also lead to
serious neurological disorders of the infant and neonatal death
(32). T. gondii tachyzoite isolates can be divided between
strains exhibiting a dose-dependent virulence in mice (50%
lethal dose [LD50] 5 102 to 105 parasites) and acutely virulent
strains that cause mortality at doses of #102 parasites (20). The
rate of tachyzoite replication is one determinant of virulence
(23), and fast-growing strains are often acutely virulent in mice,
where rapid parasite multiplication overwhelms host immune
defenses. Tachyzoite isolates that demonstrate dose-depen-
dent virulence in mice undergo a comparatively slower rate of
replication. This slow-growth phenotype has been correlated
with the capacity to differentiate (5, 21) and form tissue cysts
that can recrudesce and become fully proliferative if the host
immune system is compromised (29).

Transmission of toxoplasmosis to humans can occur via di-
rect contact with oocysts or the consumption of meat products
contaminated with viable tissue cysts (12). Thus, the effective
vaccination of domestic livestock remains pertinent to the pre-
vention of T. gondii infections in humans. Mouse models dem-
onstrate the induction of protective immunity to T. gondii
following vaccination with purified p30 (SAG1), a tachyzoite

surface protein (6, 22). However, live tachyzoite strains that
confer some level of immunity against subsequent infections
are more common but not without problems (9, 38, 40). Live
strains have been used to vaccinate both cats (T-263) (17, 18)
and sheep (S48) (7, 8, 39). Additionally, the temperature-
sensitive mutant TS-4 confers protection in mice and has been
proposed for vaccination in swine (13–15). A live T. gondii
vaccine for livestock requires strains that are unable to form
tissue cysts and whose growth is strictly limited. Current vac-
cine strains are blocked from cyst formation (S48 and TS-4) yet
remain fully proliferative and, thus, pathogenic to some mam-
malian hosts (14, 26). Little research effort has been focused on
strains whose growth is attenuated in animals.

We have developed CTK11, a tachyzoite strain that ex-
presses the herpes simplex virus thymidine kinase (HSTK)
(31). The alteration of pyrimidine biosynthesis renders the
parasite susceptible to increased levels of thymidine in cell
culture and stops parasite growth at the G1-S boundary of the
cell cycle (31). In this study, we demonstrate that strains ex-
pressing thymidine kinase are avirulent in mice, and the degree
of attenuation in gko mice can be further modulated by the
addition of exogenous thymidine. Vaccination of mice with
HSTK1 strains protects against a lethal challenge from viru-
lent RH strain parasites.

MATERIALS AND METHODS

Parasite strains and cell culture. CTK11 is an RH strain tachyzoite that
expresses a fusion of the chloramphenicol acetyltransferase and herpes simplex
virus thymidine kinase (CAT-HSTK1) coding sequences (31). pCAT-GFP is a
parental RH strain tachyzoite that expresses a fusion of the chloramphenicol
acetyltransferase and green fluorescent protein coding sequences (CAT-GFP)
(35). The parental RH, RH/DHXGPRT knockout (11), and pCAT-GFP
tachyzoite strains were provided by David Roos (University of Pennsylvania,
Philadelphia). All tachyzoite strains were maintained by serial passage in human
foreskin fibroblasts (HFF) according to standard methods (33). HFF cells were
grown in Dulbecco’s modified Eagle medium (Gibco BRL, Grand Island, N.Y.)
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supplemented with 10% (vol/vol) newborn calf serum (Hyclone Laboratories
Inc., Logan, Utah).

Chemicals. Ganciclovir [CYMEVENE (or CYTOVENE); 9-(1,3-dihydroxy-2-
propoxymethyl) guanine] was obtained from the Roche Research Centre
(Hertfordshire, United Kingdom). Thymidine [1-(2-deoxy-b-D-ribofuranosyl)-5-
methyluracil], mycophenolic acid, and chloramphenicol were purchased from
Sigma (St. Louis, Mo.). Thymidine stock solutions to treat mice were 100 mg/ml
in phosphate-buffered saline (PBS) and were sterile filtered.

Experimental infections in mice. Female CD-1 outbred mice, BALB/c inbred
mice, and BALB/c mice containing a targeted disruption of the gamma inter-
feron (IFN-g) gene (gko) (10) were used for experimental infections. Parasite
inoculum (101 to 106 parasites) was purified from tachyzoite-infected HFF cell
monolayers by filtration through a 3-mm-pore-size polycarbonate membrane
(Nucleopore, Pleasanton, Calif.). At the appropriate parasite doses, 5 to 10 mice
were infected by subcutaneous (s.q.) inoculation and monitored until death or
for 90 days. Some IFN-g knockout mice were also treated with exogenous
thymidine following infection with parasites. Single, 20-mg (in 200 ml of PBS)
doses of thymidine were administered s.q. once each 24 h for 5 or 10 days, and
mice were monitored until death or at least for 90 days. To ensure that surviving
mice were infected, serum was analyzed by using immunofluorescence, and titers
of .1:100 were considered confirmation of a Toxoplasma infection.

Comparing parasite growth rate, invasion, and extracellular viability. To
measure replication rates, HFF monolayers infected with tachyzoites at mid-log
growth (4 to 32 parasites per vacuole) were filter purified and passed into fresh
HFF cultures (25-cm2 T flask) as previously described (21). Replication rate was
evaluated by using the average vacuole size at 12-, 24-, 36-, and 48-h intervals
(average number of tachyzoites per vacuole based on a minimum of 50 randomly
chosen vacuoles, 5 to 10 fields at 403 magnification).

The ability of parasite strains to invade a new host cell was compared by using
immunofluorescence. HFF cells grown in 8-well chamber slides were inoculated
with '105 tachyzoites and allowed to invade 1 h. Slides were washed three times
in PBS, fixed by using 3% paraformaldehyde in PBS, and treated 10 min in
acetone at 4°C. The slides were incubated with antitachyzoite mouse antiserum
for 1 h in a humid chamber, washed three times in PBS, and treated for 1 h with
secondary fluorescein-conjugated anti-mouse IgG (Sigma) antibody diluted 1:64
in PBS. Slides were washed four times in PBS, mounted in a solution containing
2.5% (wt/vol) diazabicyclo(2.2.2.7)octane, and evaluated by using an Olympus
BX60 epifluorescence microscope. Parasites that had invaded host cells were
enumerated by using the average number per 20 randomly selected fields.

To determine relative parasite survivability outside of the host cell, tachyzoites
were filter purified as described above, diluted, and allowed to incubate in
normal 1% Dulbecco modified Eagle medium (DMEM) at 37°C. Aliquots con-
taining 150 and 300 parasites were removed at various time intervals (1, 2, 4, 8,
12, and 24 h) and plated in a fresh HFF monolayer. Survivability was evaluated
by percent plaque formation after 7 days compared to control parasites plated
directly and without extended incubation outside the host cell.

Preparation of TK1 parasites with variable copies of the ptubCAT-HSTK1

plasmid construct. The pdhfrCAT-HSTK1 plasmid used to transform RH strain
tachyzoites and select for CTK11 has been previously described (31). A new
plasmid containing the CAT-HSTK1 coding sequence under the control of
the tubulin promoter sequence was constructed by first removing the tubulin
promoter sequence from the plasmid ptubROPI-GFP (35) with a single
HindIII-BglII restriction endonuclease digest. This sequence was used to replace
the HindIII/BglII-liberated dihydrofolate reductase (DHFR) promoter from the
original pdhfrCAT-HSTK1 plasmid. The new ptubCAT-HSTK plasmid contains
both the HXGPRT (11)- and CAT (24)-positive selectable markers. RH/DHXG-
PRT tachyzoites were electroporated by using 50 mg of the ptubCAT-HSTK1

plasmid (31, 33), and stable transformants were selected in medium containing
25 mg of mycophenolic acid/ml as previously described (11). Mycophenolic acid
is 100% lethal to RH/DHXGPRT parasites; thus, tachyzoites resistant to selec-
tion must contain at least one stable copy of the ptubCAT-HSTK plasmid.
Drug-resistant parasites were subsequently cloned by limiting dilution in 96-well
plates (33), and selected clonal isolates were then screened for increased sensi-
tivity to ganciclovir. The growth of RH/DHXGPRT tachyzoites is not inhibited
by ganciclovir (50% inhibitory concentration [IC50], .5 mM), but more copies of
the CAT-HSTK fusion sequence will render the parasite increasingly sensitive to
lower concentrations of this drug (31). Isolates with variable sensitivities to
ganciclovir were subsequently cultured in 20 mM chloramphenicol to select
tachyzoites in which the CAT-HSTK fusion sequence was duplicated at least
once (31, 35), and the population was cloned again as described above.

To determine gene copy, genomic DNA was isolated from tachyzoites by
phenol extraction as described previously (34). Genomic DNA (3 mg) was di-
gested overnight with BglII restriction endonuclease, and the fragments were
separated by agarose gel electrophoresis (0.8%) and then transferred to nitro-
cellulose. A PstI/NotI fragment from ptubCAT-HSTK1 plasmid corresponding
to the DHFR-thymidylate synthase (DHFR-TS) 39 untranslated sequence was
32P-labeled via nick translation and used as a probe (35). Following overnight
hybridization (42°C) in a 50% formamide solution (1), nitrocellulose blots were
washed three times in 23 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) containing 0.1% sodium dodecyl sulfate (SDS) at room temperature (10
min each) and then twice in 0.13 SSC containing 0.1% SDS at 42°C (30 min
each). The CAT-HSTK gene copy number was estimated based on comparison

of the hybridization signal between clones before and after selection in 20 mM
chloramphenicol, and the single endogenous copy of DHFR-TS (31, 35). Hy-
bridization signal strength was quantified by using a molecular imager FX (Bio-
Rad, Hercules, Calif.) that integrates the area under the density curve for each
band and expresses the result in units of optical density (OD) 3 millimeters.

Thymidine kinase assay. Thymidine kinase activity was measured in tachyzoite
protein extracts made by using the M-PER extraction buffer (Pierce, Rockford,
Ill.), with added protease inhibitors (10 mg [each] of antipain, pepstatin A,
chymostatin, and leupeptin/ml, 1 mM 1,10-phenanthroline, and 1 mM phenyl-
methylsulfonyl fluoride). Protein content was determined by using the Pierce
bicinchoninic acid protein assay kit. Kinase activity was evaluated by the ability
of extracts to phosphorylate [3H]thymidine over a 30-min period and measured
via scintillation based on the binding of radioactive thymidine-monophosphate to
DE81 ion-exchange paper (Whatman, Maidstone, United Kingdom).

RESULTS

Expression of thymidine kinase in tachyzoites attenuates
virulence in mice. CTK11 tachyzoites express thymidine kinase
and are very sensitive to low levels of exogenous thymidine
(IC50 5 2.3 mM) (31). To explore the effects of thymidine
kinase on the virulence of CTK11 parasites in mice, we in-
fected female CD-1 outbred mice and compared the time-to-
death with those for the parental strain, RH/DHXGPRT, and
pCAT-GFP, an independent isolate containing multiple copies
of an unrelated CAT-fusion sequence (35). CTK11 parasites
were not lethal at doses up to 106 (Fig. 1), while the parental
RH/DHXGPRT and pCAT-GFP strains (Fig. 1) caused 100%
mortality within 11 days at doses as low as 10 parasites. Serum
titers for surviving mice were .1:4,000 at 30 days postinfection,
and mice monitored beyond 90 days showed no symptoms of
disease. Forty-five days postinfection, 10 mice initially immu-
nized with 1,000 CTK11 parasites were able to successfully
survive a subsequent challenge with 200 tachyzoites of the
virulent parental RH strain—a dose that causes 100% mortal-

FIG. 1. The relative times-to-death of mice infected with CTK11, RH/
DHXGPRT (RH/KO), and pCAT-GFP (GFP3) were compared. Female CD-1
mice (groups of five) were inoculated s.q. with various parasite doses, and
mortality was monitored over 90 days. Tachyzoites of CTK11 are avirulent, and
mice infected with doses as high as 106 parasites survived indefinitely, showing no
symptoms of disease. RH/DHXGPRT and pCAT-GFP tachyzoites were virulent
and caused 100% mortality within 2 weeks at parasite doses as low as 10. All
surviving mice showed serum titers to T. gondii antigens of .1:4,000, indicating
that they were infected.
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ity in #12 days (21). Identical results were obtained by using
female BALB/c inbred mice (data not shown).

Tachyzoites of CTK11 show no measurable defect in growth
rate, invasion, or extracellular viability. Growth rate is one
determinant of tachyzoite virulence (21). Thus, a slow-growth
phenotype, resulting from the insertion of one or more copies
of the CAT-HSTK fusion sequence, could account for the
decreased virulence of CTK11 parasites in mice. We compared
the growth rates of CTK11 with the parental RH/DHXGPRT
and pCAT-GFP strains. Tachyzoite cultures were purified and
plated onto a fresh HFF cell monolayer, and parasite growth
was measured by using the average number of parasites per
vacuole at 12-h intervals. The parental RH/DHXGPRT strain
(Fig. 2A), pCAT-GFP (Fig. 2A), and CTK11 parasites (Fig.
2A) all had similar growth characteristics, replicating on aver-
age once every 7 h. For each strain, growth ultimately lysed the
host cell, beginning at '48 h, when vacuoles contained 64 to
128 parasites.

Tachyzoites with a reduced capacity to invade a new host cell
will not readily colonize tissue and thus may be more suscep-
tible to the pressure of sustaining extracellular viability for an
extended period. We compared the ability of each strain to
invade a host cell, using immunofluorescence to evaluate the
number of parasites that can invade a new cell within 1 h.
CTK11 and pCAT-GFP invaded an average of 10 6 2.21 and
10.45 6 3.10 new cells, while the parental RH/DHXGPRT
strain invaded 12 cells per field (64.43). The average number
of new cells invaded was not significantly different (P 5 0.20),
suggesting that the decreased virulence observed for CTK11
tachyzoites in mice is not the result of an invasion mechanism
compromised by the presence of the CAT-HSTK fusion se-
quence.

To investigate the comparative viability of CTK11 for ex-
tended periods outside a host cell, tachyzoites were purified,
diluted, and allowed to stand in normal 1% DMEM at 37°C. At
subsequent time intervals, 150 and 300 parasite aliquots were
plated in separate culture flasks at 37°C, and viability was
measured by plaque formation after 1 week. The parental
RH/DHXGPRT, pCAT-GFP, and CTK11 strains all remained
equally viable after 1 h, when $94% of the parasites from each

strain plated were able to form plaques (Fig. 2B). After 2 h,
'75% of parasites from each strain formed plaques, but via-
bility continued to decline, until by 8 h, ,10% of all parasite
strains were still able to form plaques. Thus, the attenuation of
CTK11 in mice, in contrast to the sustained virulence of the
parental RH/DHXGPRT and pCAT-GFP strains, is not likely
the result of decreased tachyzoite viability outside the host cell.

Tachyzoites expressing active thymidine kinase are sensitive
to exogenous thymidine. To confirm the correlation of
tachyzoite thymidine kinase activity and the observed attenu-
ation of virulence in mice, we developed new CAT-HSTK1

isolates and examined the relationship between gene copy
number, thymidine kinase activity, and attenuated virulence.
RH/DHXGPRT tachyzoites were transfected with the ptub-
CAT-HSTK construct, selected in 50 mM mycophenolic acid,
and cloned as previously described (33). Following initial se-
lection in mycophenolic acid, the B11 and D1 isolates contain
one and two copies of the CAT-HSTK1 coding sequence,
respectively (Fig. 3), and cell extracts demonstrated minimal
levels of thymidine kinase activity (Fig. 3, 11,000 and 24,000
cpm/mg/min). These isolates were subsequently cultured in 20
mM chloramphenicol to select parasites containing duplicated
copies of the CAT-HSTK fusion sequence (31, 35) and cloned
as described above. B11C gained one additional copy of the
insert (Fig. 3) and an approximately-threefold-increase in thy-
midine kinase activity (Fig. 3, 34,000 cpm/mg/min). We esti-
mate that D1C has seven copies of the CAT-HSTK insert (Fig.
3) and observed a .sixfold increase in thymidine kinase activ-
ity (Fig. 3, 149,000 cpm/mg/min). B11, B11C, and D1 isolates
were all sensitive to ganciclovir, but not to thymidine, in cell
culture (data not shown). D1C was very sensitive to low levels
of thymidine (IC50 5 5.5 mM), indicating that a higher CAT-
HSTK copy number can be correlated with increased thymi-
dine kinase activity and suggesting that a threshold level of
thymidine kinase is necessary for parasite sensitivity to thymi-
dine.

We compared the virulence of B11 and D1 isolates with the
virulence of B11C and D1C in female CD-1 outbred mice
(dose 5 103 parasites). B11 (Fig. 4), D1 (Fig. 4), and B11C
(Fig. 4) tachyzoites, which are not sensitive to thymidine in cell

FIG. 2. (A) The growth rate of CTK11 was similar to that of RH/DHXGPRT (RH/KO) and pCAT-GFP (GFP3) tachyzoites in cell culture. Each strain doubles
approximately once every 7 h and begins lysis of the host cell by 48 h. Growth was determined each 12 h postinoculation by using the average number of parasites per
vacuole, determined from a minimum of 50 randomly selected vacuoles. (B) The parental RH/DHXGPRT (gray bar), pCAT-GFP (black bar) and CTK11 (white bar)
strains all remained equally viable outside the host cell. Tachyzoites were filter purified and allowed to stand in normal 1% DMEM at 37°C. At 1-, 2-, 4-, 8-, and 12-h
intervals, duplicate 150 and 300 parasite aliquots were plated in separate culture flasks at 37°C, and viability was measured by plaque formation after 1 week. Following
1 h outside the host cell, $94% of the parasites were able to form plaques, and by 2 h, '75% of parasites still formed plaques. However, the viability of each strain
declined steadily, until by 8 h, ,10% of the parasites from each strain were able to form plaques.
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culture, caused 100% mortality in 12 days or less. However,
mice infected with the thymidine-sensitive D1C isolate (Fig. 4)
survived this infection beyond 90 days (serum titers .1:4,000).
Together, these results confirm the positive relationship be-
tween thymidine sensitivity and the attenuation of virulence in
mice.

The virulence of CTK11 parasites in gko mice can be mod-
ulated by using exogenous thymidine. IFN-g knockout mice
(gko) mice are unable to control tachyzoite infections even
with avirulent strains (21). Tachyzoites of CTK11, RH/DHXG-
PRT, and pCAT-GFP strains were lethal to gko mice, and the
time-to-death was correlated with the relative virulence ob-
served in CD-1 and BALB/c mice reported above. RH/DHXG-
PRT (Fig. 5A) and pCAT-GFP (Fig. 5A) tachyzoites killed gko
mice within 11 days, whereas mice inoculated with CTK11
survived an additional week. scid mice infected with CTK11
survived 23 days on average (data not shown). Although the
growth rate of CTK11 in cell culture is similar to that for the
parental RH and pCAT-GFP strains, the extended time-to-
death suggests that these parasites grow more slowly in gko
mice.

Since CTK11 replication can be progressively inhibited in
culture by increasing levels of thymidine (31), we predicted
that serum thymidine levels could also be modulated to affect
the growth of CTK11 in mice. We infected gko mice with 250
CTK11 tachyzoites and then treated each animal with a course
of thymidine administered s.q. once daily for 5 or 10 days
postinfection (20 mg/200 ml of sterile PBS). Eight of 10 mice
treated with thymidine for 5 days following infection survived
$90 days (Fig. 5B), while 100% of infected mice treated for 10
days (Fig. 5B) survived. Thus, the virulence of CTK11 parasites

in gko mice could be abrogated by the administration of daily
thymidine injections.

DISCUSSION

We have demonstrated that tachyzoite isolates expressing
sufficient thymidine kinase are avirulent in mice. Female CD-1
outbred mice were able to survive infections of 106 CTK11
tachyzoites with no overt symptoms of disease. Identical results
with BALB/c inbred mice suggest that the observed attenua-
tion is independent of host genetic factors (3, 36, 41). The
pCAT-GFP isolate (34) is derived from the parental RH/
DHXGPRT strain and contains multiple copies of the CAT
coding sequence. The acute virulence of pCAT-GFP in mice
(Fig. 1) suggests that the attenuation of CTK11 cannot be
attributed to the CAT sequence or to CAT activity in these
parasites. Additionally, there is no significant difference (P 5
0.20) in a comparison of the ability of CTK11 to invade new
host cells, and decreased extracellular viability does not suffi-
ciently explain the avirulent phenotype in mice, since each
strain remains equally viable outside host cells. The replication
rate of CTK11 is similar to that observed for the parental
RH/DHXGPRT and pCAT-GFP strains. Thus, it is not likely
that insertion of one or more copies of the CAT-HSTK fusion
sequence alone gave rise to a phenotype that attenuates the
virulence of CTK11 independently of the demonstrated activ-
ity of thymidine kinase.

The specific effect of thymidine kinase activity on the viru-
lence of CAT-HSTK1 tachyzoites in mice was demonstrated
directly by using clonal isolates that differ in thymidine sensi-
tivity. Following selection in mycophenolic acid, B11 and D1
isolates, as well as B11C, after further selection in chloram-

FIG. 3. Isolates with multiple copies of the CAT-HSTK coding sequence
have higher levels of thymidine kinase (TK) activity. Southern analysis and
densitometry comparing a single-copy DHFR-TS gene control was used to quan-
tify gene copy number. The hybridization signal strength was evaluated auto-
matically using a model Quantity One (Bio-Rad) molecular imager FX to plot an
intensity curve for each band in the analysis, integrate the area under the curve,
and express the result in units of OD (OD 3 millimeters). Thymidine kinase
activity was determined from lysates as described previously. B11 and D1 isolates
contain one copy (black bar, 3,262 OD 3 mm) or two copies (black bar, 6,955
OD 3 mm) of the CAT-HSTK1 coding sequence following selection in myco-
phenolic acid (Myc). Lysates demonstrate minimal levels of thymidine kinase
activity (gray bars, 11,000 and 24,000 cpm/mg/min). After selection in chloram-
phenicol (Chlor), B11C contains two copies of the CAT-HSTK insert (black bar,
6,155 OD 3 mm) and an approximately-threefold-increase in thymidine kinase
activity (gray bar, 34,000 cpm/mg/min). D1C has '7 copies of the insert (black
bar, 21,769 OD 3 mm) and an .sixfold-increase in thymidine kinase activity
(gray bar, 149,000 cpm/mg/min).

FIG. 4. Tachyzoite isolates containing multiple copies of the CAT-HSTK1

coding sequence and comparatively high levels of thymidine kinase activity are
avirulent in mice. B11, B11C, and D1 isolates contain one or two gene copies and
a commensurate level of thymidine kinase activity but remain virulent in female
CD-1 outbred mice, causing 100% mortality within 11 days. The D1C isolate
contains seven copies of the CAT-HSTK insert and a .6-fold-higher thymidine
kinase activity, and mice survived infection beyond 90 days, showing no symp-
toms of disease. All doses were 103 parasites, and serum titers from surviving
mice were .1:4,000, confirming a tachyzoite infection.
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phenicol, had one or two copies of the CAT-HSTK fusion
sequence and minimal thymidine kinase activity but were not
sensitive to thymidine. In CD-1 outbred mice, these strains
cause 100% mortality in 11 days or less (Fig. 4). D1C were
extremely sensitive to thymidine (IC50 5 5.5 mM), and infected
mice survive indefinitely. Thus, it appears that a threshold level
of thymidine kinase activity is required to attenuate the viru-
lence of tachyzoites in mice.

The observed time-to-death for IFN-g knockout (gko) mice
infected with CTK11 tachyzoites was 1 week longer than that
for mice infected with the parental RH/DHXGPRT (Fig. 5A),
and scid mice survived an additional 2 weeks (data not shown).
The extended time-to-death is likely due to a slower rate of
CTK11 replication in animals. The levels of endogenous thy-
midine in mouse serum are 1 to 2 mM (19), but concentrations
can reach 10 mM in some tissues (25), a level sufficient to slow
or inhibit CTK11 growth (IC50 5 2.3 mM) (31). In cell culture,
the growth of CTK11 is unaffected by existing thymidine levels
because HFF host cells are growth arrested and cultured in
thymidine-free media, suggesting that cell culture contributes
little to intracellular thymidine nucleotide pools. Tachyzoites
lack the kinases to salvage thymidine nucleosides, but active
HSTK in CAT-HSTK1 parasites serves to phosphorylate ex-
ogenous thymidine as well as other nucleoside analogues.
While the mechanism of thymidine action in Toxoplasma has
not been determined, the effect of high levels of thymidine on
animal cells has been published previously (2, 4). Similarly, we
speculate that increased dTTP levels that result from the pres-
ence of an active thymidine kinase lower the affinity of ribo-
nucleotide reductase for the pyrimidine diphosphates CDP
and TDP. This quickly depletes dCTP pools during DNA syn-
thesis and slows or stops cell growth (16, 30). In immunocom-
petent mice, the slower CTK11 replication that results from
endogenous thymidine is sufficient to allow immunity to con-
trol proliferation without the administration of exogenous thy-
midine. However, gko and scid mice are not immunocompe-
tent, and as a result, even slow-growing parasites cause
eventual mortality. Since CTK11 tachyzoites are sensitive to
thymidine, raising serum thymidine levels in gko mice infected
with CTK11 should ultimately stop parasite growth and pre-
vent mortality. Indeed, gko mice were fully protected by treat-

ment with exogenous thymidine (Fig. 5B), further demonstrat-
ing the relationship between parasite sensitivity to thymidine
and avirulence in mice.

The transmission of toxoplasmosis occurs primarily via con-
sumption of contaminated meat products, and thus vaccination
of commercial livestock would likely reduce the incidence of
human infection. Vaccination in animals with live tachyzoite
strains has achieved some success; however, the global efficacy
of this strategy is, in part, limited, since candidate strains re-
main fully proliferative and pathogenic to some hosts (15, 26).
We have developed a strategy to attenuate tachyzoite prolif-
eration by transfecting parasites with the HSTK gene. The
observed attenuation is dramatic, and mice that routinely suc-
cumb to fewer than 10 parental RH parasites (21) survive
indefinitely when they are infected with HSTK1 parasites at
doses up to 106. Moreover, the degree of attenuation can be
directly controlled in animals, as observed for infected gko
mice following the administration of thymidine nucleosides.
Even parasite isolates expressing low levels of thymidine kinase
remain sensitive to ganciclovir, a commercially available drug
that targets HSTK, making HSTK1 strains labile in response
to effective drug treatment. Additionally, the parental RH is
unable to produce competent tissue cysts (37), and there is no
evidence of cyst formation among mice infected with high
doses of HSTK1 parasites, suggesting that this modification
does not promote cyst formation (data not shown). Infected
mice show no symptoms of disease and are fully protected
from subsequent challenge with a lethal dose of the parental
RH strain. Thus, HSTK1 tachyzoite strains represent a poten-
tial model vaccine candidate unable to persist or continuously
proliferate but capable of affording mice complete protection
from challenge with a virulent strain.
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FIG. 5. (A) Comparative mortality of gko mice infected with CTK11, RH/DHXGPRT (RH/KO), and pCAT-GFP (GFP3) tachyzoites. RH/DHXGPRT and
pCAT-GFP caused mortality within 11 days, as expected; however, gko mice did not succumb to CTK11 until day 18. (B) Administration of exogenous thymidine in
gko mice can further attenuate the virulence of CTK11. One hundred percent of gko mice infected with CTK11 succumbed within 18 days (A), but 80% of mice infected
with CTK11 and then administered 20 mg of thymidine in PBS (s.q.) once daily for 5 days survived this infection indefinitely (CTK111), and 100% of mice survived
when treated for 10 days (CTK1111). RH/DHXGPRT strain tachyzoites caused 100% mortality within 11 days regardless of thymidine treatment (RH/KO1). All mice
were inoculated s.q. (groups of 5 or 10) with doses of 250 parasites.
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