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The ubiquitous protozoan parasite Toxoplasma gondii is a major cause of morbidity and mortality in neonates
and immunocompromised hosts. Both acute invasion and reactivation of latent infection result in an inflam-
matory reaction with lymphocytes, macrophages, and neutrophils. The mechanisms responsible for triggering
the local host response to toxoplasmosis are not fully understood. Infection of monolayers of human HeLa
epithelial cells and fibroblasts with 7. gondii resulted in a marked increase in the expression of interleukin-8
(IL-8)-specific mRNA and secretion of the proinflammatory and chemoattractant cytokines interleukin-8
(IL-8), GROa, and MCP-1. Host cell invasion and lysis were required for this response, as tachyzoite lysates
alone had no effect on IL-8 secretion. IL-8 release was dependent on the release of soluble host cell factors:
IL-1o in HeLa cells and an additional mediator in fibroblasts. HT-29 epithelial cells, which lack IL-1a or
another IL-8-inducing activity, did not release IL-8 after infection, although they were efficiently infected with
T. gondii and increased IL-8 secretion in response to added IL-1c. These data suggest that proinflammatory
chemokine secretion is an important host cell response to toxoplasmosis and that the release of IL-1a and

other mediators from lysed host cells is critical for this chemokine response.

Toxoplasma gondii is one of the most common parasitic
infections worldwide, causing life-threatening encephalitis in
the immunocompromised host and congenital infections in
newborns. After patients ingest infective tissue cysts or oocysts,
released tachyzoites first invade and multiply in intestinal ep-
ithelial cells (5), and then spread to regional lymph nodes,
leading to hematogenous and lymphatic dissemination (2).
Tachyzoites can invade any nucleated mammalian cell in an
active process requiring release of the contents of specific
parasite organelles followed by formation of a parasitophorous
vacuole and inhibition of phagosome-lysosome fusion (23).
Tachyzoites divide rapidly within the specialized vacuole, re-
sulting in lysis of the host cell, subsequent invasion of adjacent
cells, and dissemination. Early lesions are characterized by
necrotic areas containing tachyzoites surrounded by acute in-
flammation. In latent infection, tachyzoites convert to slowly
growing bradyzoites, which can persist in tissues for life with-
out eliciting an inflammatory response. Upon profound dete-
rioration in immunity, however, reactivation of chronic (latent)
infection can occur, eliciting an inflammatory reaction consist-
ing of lymphocytes, macrophages, and neutrophils (2, 3, 24).

T lymphocytes, natural killer (NK) cells, and activated mac-
rophages have been shown to play important roles in resistance
to T. gondii infection (13, 14, 26). In murine models, depletion
of both CD4* and CD8™ T lymphocytes causes reactivation of
chronic infection (12). NK cells are also critical, as SCID mice,
without functional T cells, survive acute 7. gondii infection for
at least 2 weeks (15). NK cells are capable of lysing parasite-
infected cells and releasing cytokines, a key effector mecha-
nism in controlling acute toxoplasmosis (14, 15, 29). Gamma
interferon (IFN-y) activation of macrophages is particularly
important, as infection is uniformly fatal in IFN-y knockout
mice (27, 30). Both interleukin-12 (IL-12) and tumor necrosis
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factor alpha (TNF-a) act synergistically to induce IFN-y re-
lease, which limits parasite replication (11, 17, 27).

In addition to the resistance conferred by macrophages and
T cells, neutrophils also play a role in host resistance to T.
gondii. Neutrophils can phagocytose and kill opsonized Toxo-
plasma (32). In vivo support comes from the finding that mice
deficient in inducible nitric oxide synthase (iNOS) succumbed
to acute infection following depletion of neutrophils (28).
Thus, it appears that neutrophils contribute to acute resistance
against this parasite and might account for the ability of iNOS
knockout mice to control infection in the apparent absence of
macrophage killing function. Neutrophils might scavenge in-
fected cells, secrete toxic products, or produce chemokines re-
quired for the recruitment of other effector cell populations (18).

Chemokines are a group of chemotactic polypeptides that
are key mediators of leukocyte activation and chemotaxis (1,
20). They are divided into groups of related families based on
the arrangement of cysteine residues in their amino-terminal
domain (4, 22). The C-X-C or B-chemokines, of which IL-8 is
a prototype, are primarily involved in the recruitment and
activation of neutrophils, although they may attract other leu-
kocyte populations (20). The C-C or B-chemokines (e.g.,
MCP-1) attract different leukocyte subsets, including mono-
cytes, macrophages, and T cells (20). Because chemokines are
important chemoattractants for neutrophils, macrophages, and
T cells, which accumulate at the site of 7. gondii infection, the
present study investigated the potential role of chemokines in
mediating the initial inflammatory response after acute 7. gon-
dii infection.

MATERIALS AND METHODS

Human cell lines. The human colon adenocarcinoma cell line HT-29 (ATCC
HTB 38) and HeLa cervix epithelioid carcinoma cells were obtained from the
American Type Culture Collection (Rockville, Md.) and were grown in Dulbec-
co’s modified Eagle’s medium (DME, Irvine Scientific, Santa Ana, Calif.) sup-
plemented with 10% fetal calf serum (FCS; Sigma Chemical, St. Louis, Mo.) and
1% penicillin-streptomycin-amphotericin B. Primary human foreskin fibroblasts
(from Mark Sawyer [University of California, San Diego] or the American Type
Culture Collection) were subcultured initially in DME supplemented with 10%
FCS and 1% penicillin-streptomycin-amphotericin B at 37°C in 5% CO,-95% air
until confluent and maintained subsequently with 2% FCS.
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T. gondii tachyzoites. T. gondii RH tachyzoites were cultured in primary human
foreskin fibroblast cultures as described above in 2% FCS. Following cell lysis, 7.
gondii tachyzoites were harvested, centrifuged, washed twice with phosphate-
buffered saline (PBS), and resuspended in DME prior to inoculation into cell
cultures. Direct cell counts were determined in a hemocytometer.

Infection protocol. Epithelial cells or fibroblasts were seeded into 24-well
plates (Corning Costar Corp., Cambridge, Mass.) and grown to confluence.
Fibroblasts required 3 to 7 days to reach 100% confluence, whereas HeLa and
HT-29 cells became confluent within 1 to 3 days. When monolayers were con-
fluent, the medium was removed and 10? to 10° washed tachyzoites in DME
supplemented with 2% FCS and antibiotics were added. Controls included wells
in which DME alone was added to the cell cultures following removal of the
original medium. Cultures were incubated at 37°C for 6 to 72 h. Supernatants
were removed, filtered through a 0.22-pm-pore-size filter to remove tachyzoites
and debris, and stored at —80°C prior to performance of the assays.

The number of viable cells in the monolayer was determined by washing the
cultures three times with PBS and detaching the monolayer with trypsin-EDTA.
Cells were centrifuged at 1,000 rpm for 10 min and resuspended in 0.25% trypan
blue in PBS, and the viable cells were counted. To confirm infection of HT-29
cells, infected monolayers were washed three times with PBS and detached with
trypsin-EDTA. Host cells were disrupted by passage through a 27-gauge needle,
and the number of released tachyzoites was determined by phase-contrast mi-
Croscopy.

Cytokine assays. Cytokine concentrations in culture supernatants and cell
lysates were determined by enzyme-linked immunosorbent assay (ELISA) using
the following pairs of capturing and detecting antibodies: goat anti-human IL-8
(R&D Systems Inc., Minneapolis, Minn.) and rabbit anti-human IL-8 (Endogen,
Inc., Cambridge, Mass.); goat anti-human GROa (R&D Systems) and mono-
clonal mouse anti-human GROa«a (R&D Systems); goat anti-human MCP-1
(R&D Systems) and rabbit anti-human MCP-1 (Genzyme Corp., Boston, Mass.);
goat anti-human ENA-78 (R&D Systems) and monoclonal mouse anti-human
ENA-78 (R&D Systems); and goat anti-human IL-la (R&D Systems) and
monoclonal mouse anti-human IL-1a (Genzyme Corp.). Peroxidase-labeled goat
anti-rabbit immunoglobulin G (IgG) and light chains (Biosource International,
Camarillo, Calif.) or peroxidase-labeled goat anti-mouse IgG and light chains
(Biosource International) were used as secondary antibodies. Sensitivities of the
ELISAs were 50 pg/ml for IL-8, GROa and MCP-1, 100 pg/ml for ENA-78, and
10 pg/ml for IL-1c.

RNA extraction and reverse transcription-PCR (RT-PCR) analysis of IL-8
mRNA levels. Tissue culture flasks (25 cm?; Corning Costar Corp.) were seeded
with HeLa or HT-29 cells and grown to confluence. Washed tachyzoites (5 X
10°) were then inoculated into each flask, and cultures were incubated for 8, 24,
or 48 h. Uninfected monolayers were used as controls. Total cellular RNA was
extracted by an acid guanidium thiocyanate-phenol-chloroform method (6).
RNA was quantified by determining the optical density at 260 nm, and the
integrity was confirmed by gel electrophoresis. Reverse transcription, PCR am-
plification, and quantitation of IL-8 mRNA were performed as described previ-
ously (16), using internal RNA standards. For each experiment, 1 pg of total
cellular RNA was used. PCR products were electrophoresed and visualized by
ethidium bromide staining, and photographs of the gels were taken with Polaroid
665 film. Band intensities were quantified by densitometry (GS-670 imaging
densitometer; Bio-Rad Instruments, Hercules, Calif.), and the number of IL-8
transcripts was derived by determining the point at which the number of standard
RNA transcripts was equivalent to the number of cellular target RNA transcripts
(16).

Preparation of cell lysates and supernatants. Tachyzoites were released from
host cell monolayers by using a 27-gauge needle, separated from cell debris by
filtration through 3.0-wm-pore-size Nuclepore filters, and resuspended in PBS.
Tachyzoite lysates were prepared by three freeze-thaw cycles followed by soni-
cation for 15 to 20 s in a Fisher Sonic Dismembrater (model 300).

Supernatants of uninfected monolayers were collected 48 h after fresh medium
was added to the confluent monolayers. Supernatants of infected monolayers
were collected after the monolayers were infected with 5 X 10° tachyzoites/25-
cm? flask, incubated for 48 h, and filtered to remove live tachyzoites prior to
inoculation on fresh monolayers.

Lysates of uninfected monolayers were prepared by growing fibroblasts or
HeLa cells to confluence in 25-cm? tissue culture flasks. Cell monolayers were
washed with PBS, removed by scraping, suspended in fresh medium, and subse-
quently sonicated on ice for 5 s. The lysates were added to uninfected monolayers
in an amount equivalent to approximately twice the number of cells as the
monolayer to which they were added. Lysates of infected monolayers were
prepared in a similar manner after the monolayers were infected with 5 X 10°
tachyzoites/flask and incubated for 48 h.

To test for an IL-8-inducing activity released by extracellular tachyzoites,
purified tachyzoites were incubated at a concentration of 10%/ml of DME for 4 h
at 37°C, and the tachyzoites were removed by filtration. The supernatants were
then added to fresh fibroblast monolayers in 24-well plates and incubated for
24 h, and secreted IL-8 was detected by ELISA. Controls included fibroblasts
incubated with DME alone or stimulated with IL-1a (20 ng/ml).
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FIG. 1. Increased IL-8 secretion by human fibroblasts in response to infec-
tion with T gondii. (A) IL-8 secretion. Fibroblast monolayers in 24-well plates
were infected with 2.5 X 10° tachyzoites/well (@) or left uninfected for controls
(O). Supernatants were collected at the indicated times, and IL-8 concentrations
were determined by ELISA. The increase in IL-8 secretion following 7. gondii
infection was significant at 48 and 72 h (P < 0.05, Student’s paired ¢ test). (B)
Viable cell counts. The number of viable cells in the fibroblast monolayers was
determined by trypan blue dye exclusion following detachment of the cells with
trypsin-EDTA. Values are reported as the percentage of uninfected monolayers
at each time point (mean * standard error of the mean; n = 4 to 6).

RESULTS

T. gondii infection induces the release of chemokines by
human fibroblasts and HeLa epithelial cells. To characterize
the factors which may elicit the acute inflammatory infiltrate
detected in acute and reactivation toxoplasmosis (3, 24), we
evaluated the release of chemokines, which are potent che-
moattractants and activators of neutrophils and macrophages.
We first assessed the chemokine response in a primary human
fibroblast cell line, which has not been transformed for long-
term culture propagation. Monolayers of primary human fi-
broblasts were infected with 7. gondii, and secretion of the
prototypic neutrophil chemoattractant IL-8 was determined by
ELISA. As shown in Fig. 1A, T. gondii-infected fibroblasts
secreted >900-fold more IL-8 than uninfected controls. A
small increase in IL-8 secretion was first observed at 8 h postin-
fection, and maximal IL-8 production was seen in the period
between 24 and 48 h after infection. Although IL-8 levels
continued to increase over the 72-h period of the experiment,
absolute levels of IL-8 production decreased in the 48- to 72-h
period compared to the 24- to 48-h period after infection. This
decrease probably was not due to decreased IL-8 production
per cell but rather was related to a decrease in the numbers of
viable fibroblasts remaining in the culture at 48 and 72 h after
infection due to 7. gondii-induced cell lysis (Fig. 1B). Both the
magnitude of the IL-8 response (Fig. 2) and the extent of cell
lysis (data not shown) were related to the size of the initial
inoculum.

Since T. gondii also invades epithelial cells in vivo and in
vitro (5, 10, 19), we next determined the cytokine response of
infected HeLa epithelial cells. These cells are readily infected
by T. gondii, and they have been previously shown to have
well-defined cytokine responses to infection with other invasive
pathogens (7, 8, 25). Infection of HeLa cells with T. gondii also
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FIG. 2. Relationship of T. gondii inoculum size and cumulative IL-8 secre-
tion. Fibroblast monolayers in 24-well plates were infected with 10° to 10°
tachyzoite/well and incubated for 48 h. IL-8 concentrations are shown as
means * standard errors of the means (n = 4).

markedly increased IL-8 production >60-fold at 48 h postin-
fection (Fig. 3). Similar to fibroblasts, maximal IL-8 secretion
by HeLa cells in response to 7. gondii infection was observed at
higher inocula (10° tachyzoites/well), which also resulted in
significant cell lysis (Fig. 3). Moreover, at a lower inoculum
(2.5 X 10°), maximal IL-8 secretion was not observed until 72 h
postinfection, indicating that the time of maximal IL-8 secre-
tion is dependent on the initial 7. gondii inoculum.

To investigate whether infection with 7. gondii elicits secre-
tion of cytokines other than IL-8, we determined the levels of
three additional chemokines, GROa, MCP-1, and ENA-78, in
supernatants from infected and control cultures. As shown in
Table 1, the GROa response was very similar to that observed
with IL-8; at 48 h after infection, infected HeLa cells secreted
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FIG. 3. Time dependence of maximal IL-8 secretion on the T. gondii inocu-
lum. HeLa cell monolayers in 24-well plates were infected with 2.5 X 10° (V) or
1 X 10° (@) tachyzoites/well, or left uninfected as controls (O), and incubated for
8 to 72 h. (A) IL-8 secretion. IL-8 concentrations were determined by ELISA.
Data points represent means * standard errors of the means (n = 4). IL-8
secretion at 48 and 72 h was significantly increased above controls (P < 0.02,
Student’s paired ¢ test). (B) Viable cell counts. The number of viable cells in the
monolayers was determined by trypan blue dye exclusion following detachment
of the cells with trypsin-EDTA. Values represent the means * standard errors of
the means of three or more determinations.
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TABLE 1. Release of chemokines in response to infection
with T. gondii*

Chemokines secreted (pg/ml) Ratio,
Cell type Chemokine infected/
Control +T. gondii control
Fibroblasts GRO« 5114 1,753 + 512 34
IL-8 262 = 106 26,946 + 6,106 103
MCP-1 833 £ 75 21,763 = 6,176 26
HeLa cells GRO« 165 £ 41 23,400 = 2,990 142
IL-8 286 + 39 6,327 = 1,600 22
MCP-1 37,656 2,034 89,644 * 14,969 24

“ Confluent monolayers of fibroblasts and HeLa cells in 24-well plates were
infected with 2.5 X 10° T. gondii tachyzoites/well and incubated for 48 h. Culture
supernatants were collected, and levels of GROq, IL-8, and MCP-1 were deter-
mined by ELISA. Values represent the means * standard errors of the means
(n = 4 to 6). Secretion of all chemokines in infected cultures was significantly
increased over that in uninfected controls (P < 0.02 by Student’s paired ¢ test).

>100-fold-higher levels and fibroblasts secreted >30-fold-
higher levels of GROa compared to uninfected controls. In-
fected fibroblasts also released significantly higher levels of
MCP-1 compared with uninfected controls. Uninfected HeLa
cells had significant baseline production of MCP-1, which dou-
bled with infection by T. gondii. Neither cell line produced de-
tectable levels of ENA-78 before or after infection with 7. gondii.

T. gondii infection of HeLa epithelial cells increases IL-8
mRNA expression. We next investigated whether increased
IL-8 secretion after T. gondii infection was paralleled by in-
creased IL-8 mRNA expression. Infection of HeLa cells with
T. gondii increased IL-8 mRNA levels at 24 and 48 h after
infection, as determined by RT-PCR analysis (Fig. 4). This
finding was confirmed by quantitative RT-PCR using internal
RNA standards, which showed a 50-fold increase in IL-8
mRNA levels at 24 h after infection (8 X 10* transcripts/ug of
total RNA after infection versus 1.6 X 10° transcripts/pg of
RNA in controls). In contrast to IL-8, levels of the mRNA for
B-actin were not affected by 7. gondii infection of HeLa cells
(Fig. 4).

IL-8 response to 7. gondii infection requires live tachyzoites.
Increased cytokine secretion has also been reported after in
vitro infection of epithelial cells by fungi and protozoa other
than T. gondii, including Entamoeba histolytica and Aspergillus
fumigatus (31, 33). For these pathogens, soluble products were
found to be important for stimulating IL-8 release. Lysates of
E. histolytica stimulated IL-8 secretion from human colonic
epithelial cells in the absence of cell-cell contact (33), while
released serine proteases of A. fumigatus induced the produc-
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FIG. 4. Increased IL-8 mRNA expression after 7. gondii infection of HeLa
cells. Monolayers of HeLa cells in 25-cm? tissue culture flasks were infected with
5 % 10° T. gondii tachyzoites and incubated for the indicated periods. Total RNA
was extracted, and levels of IL-8 and B-actin transcripts were determined by
RT-PCR. Twenty microliters of each PCR mixture was electrophoresed and
stained with ethidium bromide. As a negative control, RNA was omitted from
reverse transcription and PCR amplification (No RNA).
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TABLE 2. Effect of blocking IL-1a activity on IL-8 secretion by T.
gondii-infected HeLa cells and fibroblasts®

IL-8 secreted (pg/ml)

Stimulus Inhibitor
added added HeLa cells Fibroblasts

None None 291 = 15 26 =4

T. gondii None 16,336 = 3,024 14,436 = 2,833
Anti-IL-1a 244 + 147 8,641 = 1,724
Goat IgG 12,930 + 915 15,794 £ 3,668

IL-1a None 23,979 + 7,051 48,117 + 4,335
Anti-IL-1a 363 =32 212 + 64
Goat IgG 26,079 = 7,816 52,106 = 11,210

¢ Confluent monolayers of HeLa cells and fibroblasts in 24-well plates were
infected with 5 X 10° T. gondii tachyzoites/well. Goat antibodies against human
IL-1a (20 pg/ml; R&D Systems) or normal goat IgG (20 pg/ml) was added at the
start of the cultures and was present throughout the 72-h period. Parallel unin-
fected cultures were stimulated with IL-1a (20 ng/ml) for 24 h. Culture super-
natants were collected, and IL-8 concentrations were determined by ELISA.
Goat anti IL-1a antibodies did not interfere with the IL-8 ELISA (8). Values
represent means * standard errors of the means (n = 4).

tion of IL-8, IL-6, and MCP-1 in epithelial cells (31). There-
fore, we investigated the ability of soluble cellular components
of Toxoplasma to stimulate IL-8 secretion. Monolayers of fi-
broblasts were either infected with 5 X 10° viable tachyzoites/
well or exposed to an equivalent number of sonicated tachyzoites.
After 24 to 48 h of incubation, infection with live tachyzoites
resulted in a 25- to 100-fold increase in IL-8 secretion (Fig. 1).
In contrast, when the same number of sonicated tachyzoites
were added to the fibroblast cultures, IL-8 secretion did not
increase (data not shown). To rule out the possibility of active
secretion of an IL-8-inducing activity by extracellular tachy-
zoites themselves, tachyzoites were incubated for 4 h at a
concentration of 10°/ml of DME, which is at least 1,000-fold
higher than would be seen extracellularly in 24-h cultures.
When the supernatants were added to fresh fibroblast mono-
layers for 24 h, a small increase in IL-8 was detected (0.56
ng/ml versus <0.05 ng/ml in unstimulated controls). This value
was less than 10% of the stimulation induced by infection with
the same number of live tachyzoites at 24 h (mean of 6.0
ng/ml). Therefore, it appears that infection by intact, viable
tachyzoites is the primary factor in eliciting an increase in IL-8
production.

IL-1a is the principal mediator of 7. gondii-induced IL-8
secretion in HeLa cells but not in fibroblasts. Since maximal
IL-8 secretion in response to T. gondii infection was observed
at inocula which caused substantial lysis of fibroblasts and
HeLa cells, we hypothesized that components of these host
cells released during lysis may mediate the IL-8 response. Such
a mechanism was previously described for infection with two
other cytolytic pathogens, E. histolytica and Chlamydia tracho-
matis, where IL-1a was identified as the crucial mediator of
increased cytokine production after infection (8, 25). To test a
role of IL-1a in mediating the 7. gondii-induced IL-8 response,
monolayers of fibroblasts and HeLa cells were infected with T.
gondii in the presence or absence of antibodies against IL-1a to
block any potential IL-1a activity that may be released during
the infection. As shown in Table 2, anti-IL-1a antibodies com-
pletely (>98%) blocked the IL-8 response of HeLa cells to 7.
gondii infection. In contrast, increased IL-8 production by 7.
gondii-infected fibroblasts was decreased by only 40% by ad-
dition of antibodies against IL-1«, although the same antibod-
ies fully blocked IL-la-induced IL-8 secretion by these cells.
Furthermore, no additional inhibition was achieved with higher
concentrations of anti-IL-1a antibodies (up to 100 pg/ml).

To confirm a role of IL-1a in mediating the IL-8 response to
T. gondii infection, we directly determined IL-1a levels in the
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supernatants of infected HeLa cells and fibroblasts. 7. gondii
infection of HeLa cells increased IL-1a levels in the superna-
tants at 48 h after infection in a dose-dependent manner. Thus,
after infection with 2.5 X 10°, 5 X 10°, and 10° tachyzoites/well,
IL-1a levels were 39 = 12, 95 = 35, and 197 = 24 pg/ml,
respectively, whereas uninfected control cells had <10 pg/ml in
the supernatants. These data support a key role for IL-1a in
mediating 7. gondii-induced IL-8 secretion in HeLa cells. In
contrast to HeLa cells, IL-1a appeared to play a minor role in
the induction of IL-8 by T. gondii in fibroblasts (Table 2).
Consistent with this finding, only low levels of IL-la (<10
pg/ml) were detected in supernatants of 7. gondii-infected fi-
broblasts.

Release of an IL-8-inducing activity from 7. gondii-infected
fibroblasts. Because IL-1a release played a minor role in me-
diating the IL-8 response to 7. gondii infection in fibroblasts,
we next determined whether infected fibroblasts released an
IL-8-inducing activity other than IL-1a or if the IL-8 response
of these cells was a direct response to infection. For these
experiments, 48-h supernatants from infected and control cells
were tested for the ability to induce IL-8 secretion in cultures
of uninfected fibroblasts (test cultures). Since the 48-h super-
natants already contained substantial levels of IL-8 (Fig. 1),
which could confound the assessment of additional IL-8 pro-
duction, we stimulated the test cultures with 48-h supernatants
for only a short period (2 h), sufficient to activate increased
IL-8 expression (25). The supernatants were then removed by
repeated washing, fresh medium was added, and IL-8 secretion
by the test cultures was determined after an additional 6 h of
incubation. This approach allowed us to assess IL-8 production
by fibroblasts in the absence of any IL-8 from the original 48-h
supernatants (the latter was confirmed by the observation that
<100 pg of IL-8/ml was detected in the final washes used to
remove the original supernatants). Using this approach, we
found that 48-h supernatants from uninfected control fibro-
blasts had no significant effect on IL-8 secretion, whereas su-
pernatants from 7. gondii-infected fibroblasts increased IL-8
secretion by the test cultures >10-fold (Table 3). The IL-8-
inducing activity present in the supernatants from infected
fibroblasts could not be blocked by addition of antibodies
against IL-1B or TNF-a and was blocked by only approxi-
mately 30% after addition of antibodies to IL-1a (Table 3).

To determine whether a preexisting activity was present in
fibroblasts or if the IL-8-inducing activity was induced during
the course of infection, lysates of uninfected and infected fi-
broblasts were added to fresh fibroblast monolayers. Greater
than 5-fold stimulation of IL-8 secretion could be induced by
uninfected fibroblast lysates, while >10-fold induction was de-
tected after addition of lysates from infected cells. As with
supernatants, the activity was not blocked by antibodies to
IL-18 or TNF-a but was partially inhibited by antibodies to
IL-1a (although not to a statistically significant extent) (Table
3). No additional effect was seen when all three antibodies
were used in combination. These results suggest that a bioac-
tive factor other than IL-1e, IL-1B, or TNF-« was upregulated
and released from fibroblasts during infection with 7. gondii
and was important for stimulating IL-8 production.

T. gondii infection of HT-29 epithelial cells that do not con-
tain an IL-8-inducing activity has no effect on IL-8 secretion.
The studies in HeLa cells and fibroblasts suggested that IL-1a
or another IL-8-inducing activity is an important mediator of
the IL-8 response to 7. gondii infection. Based on these find-
ings, we hypothesized that cells that do not express IL-1a or
another IL-8-inducing activity might not respond to 7. gondii
infection with increased IL-8 secretion. To test this, we used
HT-29 human intestinal epithelial cells which were shown pre-
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TABLE 3. Release of an IL-8-inducing activity by 7. gondii-
infected fibroblasts®

Stimulus Source of stimulus Inhibitor IL-8 secreted
added added (pg/ml)
None Control cells None 3527
Supernatant ~ Control cells None 71 =23
T. gondii-infected cells  None 458 = 57°
Anti-IL-1a 257 = 43¢
Anti-IL-1B 396 + 21
Anti-TNF-« 430 = 29
Lysate Control cells None 292 = 101
T. gondii-infected cells None 2,436 = 768"
Anti-IL-lac 1,799 = 851
Anti-IL-18 2,794 = 1,318
Anti-TNF-o 2,419 = 1,159

“ Fibroblast monolayers in T-25 flasks were infected with 5 X 10° 7. gondii for
48 h, resulting in <50% lysis of the monolayer. Uninfected monolayers were
used as controls. Supernatants and lysates of both infected and uninfected fibro-
blast monolayers were collected, filtered to remove free tachyzoites, and added
to fresh, confluent fibroblast monolayers in 24-well plates, with or without goat
antibodies against IL-1a, IL-1B, or TNF-a (20 pg/ml). Addition of normal goat
IgG as an isotype control did not alter IL-8 levels. Following a 2-h incubation
period, monolayers were washed and further incubated with fresh medium for
6 h. IL-8 levels were then determined by ELISA and are expressed as means =+
standard errors of the means (n = 4 to 6).

® Significantly increased over uninfected control cells (P < 0.02 by Student’s
paired ¢ test).

¢ Significantly different from 7. gondii-infected cells without inhibitors (P < 0.02).

viously to neither express IL-1a mRNA nor contain preformed
IL-1a or another IL-8-inducing activity (8, 16). Monolayers of
HT-29 cells were infected efficiently by 7. gondii, as they re-
leased as many tachyzoites as, or even more than, HeLa cells
when incubated with 2.5 X 10° tachyzoites/well for 48 h (data
not shown). Furthermore, 80 to 100% of the HT-29 monolayer
was lysed within 72 h of infection (at inocula of 5 X 10* to 1 X
10° tachyzoites/well). Nevertheless, T. gondii infection had no
effect on IL-8 secretion by HT-29 cells at 24 to 72 h after
infection (354 * 38 pg of IL-8/ml from T. gondii-infected
HT-29 cells versus 393 = 21 pg/ml from uninfected controls;
n = 4). Furthermore, IL-8 mRNA levels in HT-29 cells were
not increased by infection with 7. gondii (data not shown). The
lack of an IL-8 response was not due to an inability of HT-29
cells to upregulate IL-8 secretion since stimulation of control
HT-29 cells with IL-1a or TNF-« resulted in an approximately
200-fold increase in IL-8 production. Furthermore, 7. gondii
infection was not inhibitory for IL-8 secretion of HT-29 cells
since infected and control cells increased IL-8 production to
the same extent after IL-la. and TNF-a stimulation. HT-29
cells also did not secrete increased levels of MCP-1, GRO«, or
ENA-78 in response to 7. gondii infection. Thus, despite effi-
cient infection of HT-29 cells with resultant cell lysis, 7. gondii
infection failed to elicit a chemokine response from these cells
that lack IL-1a or another IL-8-inducing activity.

DISCUSSION

Acute toxoplasmosis causes host cell lysis and an inflamma-
tory infiltrate consisting of lymphocytes, macrophages, and
neutrophils. A similar host response occurs when latent infec-
tion is reactivated in immunocompromised patients with im-
paired cellular immunity, particularly in patients with AIDS.
We have shown that one signal for the observed cellular infil-
trate after T. gondii infection may be the release of proinflam-
matory chemokines from infected cells. Infection of primary
fibroblasts, as well as transformed epithelial cell lines, with 7.
gondii stimulates secretion of the proinflammatory chemokines
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IL-8, GRO«, and MCP-1. Secretion of IL-8 by host cells is
associated with increased IL-8 mRNA expression. The chemo-
kine response is dependent on invasion by live tachyzoites and
subsequent host cell lysis. Furthermore, supernatants or lysates
from T. gondii-infected fibroblasts could elicit significant IL-8
secretion when added to uninfected fibroblasts, and IL-1« re-
lease played a crucial role in mediating the IL-8 response to
infection in HeLa cells.

The release of chemokines may contribute to the inflamma-
tory infiltrate that accompanies acute or reactivation toxoplas-
mosis. IL-8 and GROa are both chemoattractants for neutro-
phils (20), which accumulate at the site of acute 7. gondii
infection (24). In vitro studies have shown that human neutro-
phils inhibit 7. gondii replication (32). The early pathology of
T. gondii infection in mice mimics human disease with recruit-
ment of neutrophils (5, 19, 27). Neutrophil depletion by the
administration of antigranulocyte antibody markedly dimin-
ished early resistance of mice to Toxoplasma infection (28). In
addition, mice with defective macrophage function from
knockouts of iNOS were able to survive acute, but not persis-
tent, infection as long as their neutrophils were intact (28),
suggesting that neutrophils contribute to acute resistance to 7.
gondii infection.

Increased cytokine secretion in response to infection has
been reported for invasive pathogens other than 7. gondii,
including enteroinvasive bacteria (7, 16), E. histolytica (8),
Cryptosporidium parvum (21), and Chlamydia sp. (25). Two
distinct time courses of cytokine responses are seen following
infection with these pathogens. Infection with invasive enteric
bacteria (e.g., Salmonella spp. or enteroinvasive E. coli) evoked
a rapid (within 2 to 3 h) and transient (lasting 4 to 10 h)
expression and secretion of C-X-C chemokines such as IL-8 (7,
16). Although E. histolytica does not actually invade cells, it
does result in rapid host cell lysis with IL-8 secretion detectable
within 2 to 4 h and maximum release by 4 to 8 h (8). In
contrast, the first detectable IL-8 was not noted until 8 h
following infection with 7. gondii and failed to reach maximum
release until 48 to 72 h. Similarly, upregulated expression and
secretion of IL-8 were first detected 16 to 24 h after C. parvum
infection of epithelial cells (21), while Chlamydia infection of
epithelial cells required at least 48 h to cause a detectable IL-8
response (25). Slow inducers of a host proinflammatory cyto-
kine response, such as 7. gondii, C. parvum, and Chlamydia,
induce little cytoskeletal changes in the host cells during inva-
sion and require a prolonged period of intracellular develop-
ment before lysing the host cell. In contrast, the rapid cytokine
inducers, enteroinvasive E. coli and Salmonella, elicit extensive
membrane ruffling and actin redistribution in host cells (9),
while E. histolytica rapidly lyses and disrupts host cells (8).

Cytokine release by host cells following 7. gondii infection
appeared to require at least three steps: invasion by live
tachyzoites, tachyzoite multiplication resulting in cell lysis, and
a paracrine-acting factor in host cells that can be released upon
lysis. In HeLa epithelial cells, upregulation of IL-8 production
in uninfected neighboring cells is dependent on IL-1a release
from lysed cells. Similarly, lysis of cells by E. histolytica also
evoked an IL-1a-dependent release of IL-8 (8), although non-
IL-1a-dependent mechanisms of IL-8 induction also exist (33).
Thus, amplification of IL-8 release by IL-1a may be a con-
served mechanism of host cell response to infection by lytic
pathogens. An additional host cell factor appears to upregulate
IL-8 production in fibroblasts. Only a relatively small fraction
of the IL-8 response of fibroblasts could be inhibited by anti-
bodies to IL-1a, and no inhibition occurred with antibodies to
IL-1B or TNF-q, other cytokines which can elicit IL-8 secretion
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HT-29 cells, a colonic cell line which lacks preformed IL-1a
or other IL-8-inducing activities (8, 16), failed to induce an
IL-8 response after infection with 7. gondii. Nevertheless,
HT-29 cells secrete IL-8 upon stimulation with exogenous
IL-1a and TNF-a, demonstrating that this cell line is not de-
ficient in inducible IL-8 production (6). In addition, HT-29
cells were not resistant to infection by 7. gondii, based on cell
lysis studies and enumeration of intracellular tachyzoites.

These studies may shed light on the host inflammatory re-
sponse and latency in 7. gondii infection. Cell invasion or the
intracellular presence of 7. gondii alone is not sufficient to elicit
an inflammatory cytokine response. Maximal IL-8 production
in HeLa cells and fibroblasts was delayed for >24 h until
significant cell lysis occurred. Slowly dividing bradyzoites
would not cause cell lysis and thus the subsequent release of
factors such as IL-1la to stimulate secretion of IL-8 by unin-
fected neighboring cells. In addition, certain host cells, such as
HT-29, can be effectively infected by T. gondii, but infection
elicits no inflammatory cytokine response because they lack
appropriate paracrine factors. Induction of the host inflamma-
tory response and the development of latent infection are
likely to be multifactorial, but these studies suggest that release
of IL-1a and other mediators from lysed host cells is critical to
elicit proinflammatory chemokine secretion and provides an
important signaling system to initiate the host inflammatory
response to active 7. gondii infection.
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