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Abstract
Background—Invasive fungal infections cause considerable morbidity and mortality in
neutropenic patients. White blood cell transfusions are a promising treatment for such infections, but
technical barriers have prevented their widespread use.

Methods—To recapitulate white blood cell transfusions, we are developing a cell-based
immunotherapy using a phagocytic cell line, HL-60. We sought to stably transfect HL-60 cells with
a suicide trap (herpes simplex virus thymidine kinase), to enable purging of the cells when desired,
and a bioluminescence marker, to track the cells in vivo in mice.

Results—Transfection was stable despite 20 months of continuous culture or storage in liquid
nitrogen. Activation of these transfected cells with retinoic acid and dimethyl sulfamethoxazole
enhanced their microbicidal effects. Activated transfected killer (ATAK) cells were completely
eliminated after exposure to ganciclovir, confirming function of the suicide trap. ATAK cells
improved the survival of neutropenic mice with lethal disseminated candidiasis and inhalational
aspergillosis. Bioluminescence and histopathologic analysis confirmed that the cells were purged
from surviving mice after ganciclovir treatment. Comprehensive necropsy, histopathology, and
metabolomic analysis revealed no toxicity of the cells.

Conclusions—These results lay the groundwork for continued translational development of this
promising, novel technology for the treatment of refractory infections in neutropenic hosts.

Neutropenia is a major risk factor for invasive candidiasis [1–3] and aspergillosis [1,4–7]. The
primary predictor of survival of neutropenic patients with these infections is the duration of
neutropenia [8–10], suggesting that exogenous replacement of phagocytes could be an effective
treatment [11]. Although neutrophil transfusions have shown promising results [12,13],
daunting technical difficulties have prevented their general availability. For example,
harvesting a sufficient number of neutrophils to mediate a protective effect (≥1 × 1011

neutrophils/day in infected patients) [14–16] is difficult to achieve [11,17]. Also, ex vivo
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neutrophils undergo rapid apoptosis, and they very quickly lose their ability to chemotax and
kill microorganisms [17]. This loss of microbicidal activity is particularly severe for killing
fungal pathogens, such as Candida organisms, compared with smaller bacterial organisms
[18]. Therefore, despite the promising results of neutrophil transfusion at major transplant
centers [19], they remain experimental.

To garner the therapeutic benefit of neutrophil transfusions but avoid the aforementioned
technical obstacles, we are developing an immortal, phagocytic cell line to provide protection
to neutropenic mice until their own phagocyte counts are restored. We have found that HL-60
cells, a human phagocytic cell line, can be activated by exposure to a combination of retinoic
acid (RA) and dimethyl sulfamethoxazole (DMSO), which results in differentiation of the cells
toward a neutrophil phenotype [20,21]. This activation enhances the microbicidal capacity of
the cells and diminishes their replication. These cells markedly improved the survival of
neutropenic mice with disseminated candidiasis.

Continued preclinical development of this strategy required establishment of redundant
protective mechanisms to ensure its safety as it moves toward clinical testing. To provide a
critical layer of safety, we sought to stably transfect the cells with a suicide trap to enable the
cells to be purged from infected neutropenic hosts when desired. Furthermore, we sought to
use a luminescence marker to enable tracking of the cells in real time in vivo in infected,
neutropenic mice. In the present study, we report that such activated transfected killer (ATAK)
cells, with a stably integrated suicide trap and bioluminescence marker, protected neutropenic
mice from lethal invasive yeast and mold infections. Furthermore, the cells were purged from
surviving mice, and no evidence of toxicity was found by comprehensive toxicology protocols.

Materials and Methods
Cells and culture

HL-60 cells (American Type Culture Collection) were cultured and activated as described
elsewhere [20,21]. In brief, cells were activated for 3 days by incubation in the presence of
1.3% (vol/vol) DMSO and 2.5 μmol/L RA. For harvesting, cells were centrifuged at 250 g,
washed in phosphate-buffered saline (PBS), and resuspended at the appropriate concentration.

Candida albicans SC5314 [21,22], a well-characterized clinical isolate that is highly virulent
in animal models, was serially passaged 3 times in yeast peptone dextrose broth (Difco) and
washed twice with PBS. Inocula of Aspergillus fumigatus AF293 (a gift of P. Magee) were
prepared by growth on Sabouraud dextrose agar plates for 2 weeks at 37°C Conidia were
collected by flooding the plates with sterile PBS containing 0.2% (vol/ vol) Tween 80.
Infectious inocula were prepared by counting in a hemacytometer.

Construction of lentiviral transfer plasmids
Lentiviral constructs were created using the backbone plasmid RRL-SIN (UCLA vector core;
from Luigi Naldini). Based on this backbone plasmid, 2 plasmids were created for stable
transfection of HL-60 cells: plenti-RRL-CMV-TK-SV40-NEO and plenti-RRL-hRluc-IRES-
Pure. To generate the plenti-RRL-hRluc-IRES-Pure (8847-bp) construct, the 936-bp human
luciferase reporter gene (hRluc) was cloned by polymerase chain reaction (PCR) with the
phRL-CMV Vector (Promega) template. The hRluc gene was subcloned into the pIRES vector
(Clontech) between NheI and XhoI. The puromycin resistance gene (600 bp) (Pure) was
subcloned from pLKO.1 (Sigma) into phRluc-IRES between XbaI and SalI. hRluc-IRES-Pure
was further subcloned into the SpeI and SalI of lentivirial vector pRRL.sin.cPPT.hCMV.MCS.

To generate the plenti-RRL-CMV-TK-SV40-Neo (9230-bp) plasmid, the 1131-bp herpes
simplex virus (HSV)-thymidine kinase (TK) gene was cloned by PCR from the pAD-HSV-
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TK vector (Aldevron) and introduced into the XbaI and NotI site of pIRES to generate the
pIRES-TK-SV-Neo (neomycin resistance gene) construct. TK-SV40-Neo was subcloned into
the XbaI and BamH1 site of the lentivirial vector pRRL.sin.cPPT.hCMV.MCS. The Neo gene
was driven by the SV40 enhancer/early promoter. All PCR products were confirmed by DNA
sequencing.

Lentivirus production and stable transfection
Lentivirus was produced by transient cotransfection of 293T cells with lentiviral transfer
plasmids and 3 lentiviral packaging plasmids (provided by Luigi Naldini): pMDLg/p (encoding
gap-pol), pMD.G (encoding VSV-G pseudotype envelope), and pRSV-Rev (encoding rev).

Packaged virus was harvested from supernatant of the 293T transfected cells. HL-60 cells were
incubated overnight at 37°C with packaged virus and Polybrene (Invitrogen) at a final
concentration of 6 μg/mL. Cells were washed and incubated in fresh medium for 48 h with
G418 (1 mg/mL) and/or puromycin (0.5 μg/mL), to select stable gene-transfected HL-60 cells.

In vitro killing
To quantify the candidacidal effect of HL-60 cells, our previously described killing assay was
utilized [21]. In brief, 8 × 104 phagocytes were cocultured with 4 × 103 C. albicans (20:1 ratio)
for 4 h at 37°C in RPMI + 10% pooled human serum (Sigma). At the end of the incubation,
the cultures were sonicated, serially diluted, overlaid with yeast peptone dextrose agar, and
incubated overnight at 37°C Colony-forming units were counted to assess the killing of C.
albicans, compared with control cultures of the fungus alone.

HL-60 cell irradiation
HL-60 cells were irradiated with gamma rays by exposure to cesium chloride (Cs-137)
(irradiator model 143-45; JL Shepherd & Associates) in the blood-bank at Harbor-University
of California Los Angeles Medical Center. Radiation doses were confirmed using
thermoluminescent dosimetry chips (Global Dosimetry Solutions). Careful dosimetry mapping
confirmed a mean delivered dose (± standard deviation) of 2182 ± 241 rads.

In vitro suicide trap activity
HL-60 cells transfected with HSV TK or empty plasmid were exposed in vitro to varying
concentrations of ganciclovir (GCV; Western Medical Supply). Media were changed every 2
days. Cell viability was determined by trypan blue exposure followed by counting on a
hemacytometer.

In vitro luminescence and fluorescence
Fluorescence of HL-60 cells transfected with green fluorescent protein (GFP) was confirmed
by flow cytometry performed using a FAC-SCalibur II, with gating on size and density to
isolate viable cells. In vitro luminescence was confirmed using a luminometer (Berthold) and
coelenterazine substrate (Goldbio).

For intracellular fluorescence staining of TK and hRluc expression, HL-60-tk-hRluc cells were
fixed and permeabilized with Fix-Perm Buffer (BD Pharmingen) and stained with mouse anti-
HSV TK monoclonal antibody (Bioworld Consulting laboratories) or isotype control antibody,
followed by a fluorescein isothiocyanate goat anti-mouse immunoglobulin (Ig) G secondary
antibody (Sigma-Aldrich), and with mouse anti-Renilla luciferase monoclonal antibody
(Millipore) or isotype control antibody, followed by phycoerythrin (PE)-goat anti-mouse IgG
secondary antibody (Sigma-Aldrich). Cells were quantified by flow cytometry, with gating by
size and density on viable cells. For immunofluorescence confocal microscopy, antibodies
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were labeled with Alexa Fluor 488 in lieu of fluorescein isothiocyanate or Alexa Fluor 568 in
lieu of PE, for superior confocal images (both from In-vitrogen). The samples were transferred
to slides, sealed with nail polish, and observed under a confocal laser scanning microscope
(Olympus).

In vivo experiments
Female BALB/c mice (body weight, 18-20 g) were obtained from the National Cancer Institute
(Frederick, Maryland). Mice were made neutropenic by a single intraperitoneal injection of
cyclophosphamide (230 mg/kg), resulting in 7 days of neutropenia, as described elsewhere
[20,21,23]. For the aspergillosis model, a second dose of cyclophosphamide was administered
on day 3 after infection. As well, for the aspergillosis model, cortisone acetate (250 mg/kg;
Sigma-Aldrich) was given by subcutaneous injection with both doses of cyclophosphamide.
For the aspergillosis model, mice were treated daily with 5 mg in 0.2 mL of ceftazidime sub-
cutaneously to prevent bacterial superinfection.

Mice were infected via the tail vein with 0.2 mL of PBS containing blastoconidia of C.
albicans ∼32 h after cyclophosphamide injection, as described elsewhere [22]. Our standard
inhalational model of aspergillosis was used [24,25]. In brief, mice in the aerosolization
chamber were exposed for 1 h to A. fumigatus AF293 conidia aerosolized with a small-particle
nebulizer (Hudson Micro Mist; Hudson RCI). Immediately after exposure, 3 mice were
euthanized, and lungs were homogenized and quantitatively cultured to confirm the infectious
inoculum.

After activation of HL-60 cells for 3 days in DMSO/RA, infected neutropenic mice were treated
with 1.5 × 107 ATAK cells (∼7.5 × 108 cells/kg) or placebo in 0.25 mL of PBS administered
intraperitoneally ∼1 h after infection on day 0 and again on days 2, 4, and 6 after infection. To
confirm that ATAK cells expressed luciferase in vivo, whole-mouse imaging was performed
using an in vitro imaging system (IVIS; Caliper Life Sciences). The day after treatment with
ATAK cells or control, 3.5 mg/kg coelenterazine in 5% ethanol/PBS was administered
intravenously via the tail vein. The mice were anesthetized using inhaled isofluorane, and
luminescence was measured using IVIS. Some mice were also treated with GCV at a dose of
5 mg/kg administered intraperitoneally on days 16 and 18 after infection (during the second
week after neutrophil recovery).

All procedures involving mice were approved by the institutional animal use and care
committee, in accordance with guidelines for animal housing and care established by the
National Institutes of Health.

Toxicology testing
Mice were euthanized 3 months after resolution of neutropenia. Complete necropsies with
histopathological evaluation were conducted by Charles Rivers Laboratories Pathology
Associates. The gross examination included evaluation of the carcass and musculoskeletal
system; all external surfaces and orifices; the cranial cavity and external surfaces of the brain;
and thoracic, abdominal, and pelvic cavities, with their associated organs and tissues. Brain,
heart, lung, liver, spleen, kidney, sternum with bone marrow, and all gross lesions from all
animals were fixed in formalin, embedded in paraffin, sectioned, stained with hematoxylin-
eosin, and examined by a board-certified veterinary pathologist.

Serum samples from those same mice were collected at 2 time points (2 weeks after resolution
of neutropenia and again 3 months after resolution of neutropenia). Comprehensive
metabolomic analysis of the serum was conducted by Metabolon by use of liquid
chromatography/gas chromatography mass spectroscopy and proprietary in silica technology,
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to perform global biochemical profiling, analyzing and identifying every metabolite present in
serum and the biochemical pathways resulting in synthesis of those metabolites. Metabolite
fingerprints were compared between treated and control mice, to identify any differences.

Statistics
Kaplan-Meier curves underwent pairwise comparison with the nonparametric log-rank test.
Other statistical comparisons were made using the Mann-Whitney U test. In addition, t tests
were used for metabolomics comparisons.

Results
Stable transfection of HL-60 cells with fluorescence and luminescence markers and a suicide
trap

HL-60 cells were transfected with a myeloid-active lentivirus containing GFP as a reporter to
determine transfection efficiency. After 48 h, GFP expression was confirmed by fluorescence
microscopy (Figure 1). According to flow cytometry, 199% of cells were transfected (Figure
2A). To evaluate genetic stability, the transfected cells were continuously cultured for 20
months in the absence of selective pressure, after which time 199% of cells still expressed GFP
(Figure 2B). Furthermore, cells frozen for 20 months in liquid nitrogen were thawed and
evaluated for GFP expression, and 199% of such cells were fluorescent (Figure 2C).

After confirming successful transfection of HL-60 cells with the GFP-lentiviral construct, we
performed sequential transfection with TK and luciferase by the same lentiviral vector.
Reverse-transcriptase (RT)–PCR was used to confirm TK and luciferase (hRluc) gene
messenger RNA expression from the transfected cells (Figure 3A). Expression at the protein
level of both genes was confirmed by flow cytometry (Figure 3B) and by dual-color confocal
microscopy (Figure 3C) after intracellularly staining the cells with anti-TK and antiluciferase
antibodies.

In vitro functions of transfected ATAK cells
To confirm that transfection of the cells did not alter their microbicidal capacity, we conducted
in vitro C. albicans kill assays with unactivated or activated HL-60 cells (ATAK cells) dually
transfected with HSV TK and luciferase. ATAK cells demonstrated a 3-fold increase in
candidacidal capacity versus transfected but unactivated HL-60 cells (Figure 4A), as we have
previously seen with untransfected, activated HL-60 cells [20, 21]. Hence, dual transfection
did not abrogate the candidacidal capacity of the cells after activation.

The function of the suicide trap was determined by exposure of 105 transfected, unactivated
HL-60 cells or ATAK cells grown in media with or without 25 μmol/L of GCV (which is below
the ∼30-mmol/L and ∼60-mmol/L serum concentrations achievable in transplant patients
treated with oral valganciclovir and intravenous ganciclovir, respectively [26,27]). After 4 days
of exposure, GCV considerably decreased the viability of transfected, unactivated HL-60 cells
(Figure 4B). As previously described, activation (which results in differentiation toward an
end-differentiated neutrophil phenotype) also reduced viability of cells even in the absence of
GCV. The combination of activation and exposure to GCV resulted in a >95% reduction in
cell viability by 4 days.

Irradiation of 105 cells resulted in prolonged viability in the presence of GCV (Figure 4C),
likely by preventing cellular replication, thereby protecting the cells from the effect of the
GCV. For example, nonirradiated ATAK cells not exposed to GCV had 25% viability by day
4 of culture (Figure 4B), versus the 75% viability of irradiated ATAK cells not exposed to
GCV by day 4 of culture (Figure 4C). Furthermore, irradiated cells exposed to 25 μmol/L GCV
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for 4 days had a viability of ∼40%, compared with the previously discovered viability of !5%
after 4 days of exposure of unirradiated cells to the same concentration of GCV (compare
Figure 4B with 4C). Nevertheless, by 8 days, viability of irradiated cells exposed to ≥=25
μmol/L GCV was 0%. The effect of the suicide trap was confirmed because activated, irradiated
cells not exposed to GCV had 10% viability by day 8 versus 0% viability in the presence of
GCV (Figure 4C).

Finally, as an added measure of precaution, we sought to ensure that the suicide trap was
functional with a cell dose that was in excess of the treatment dose for mice. Irradiation plus
25 μmol/L GCV also resulted in 100% cell death by 11 days of culture, when the starting
inoculum of cells was increased 4000-fold to 4 × 108 cells (∼30-fold greater than the dose
administered to infected, neutropenic mice).

Luciferase activity in dually transfected ATAK cells was confirmed after exposure of the cells
to coelentrazine substrate. Compared with untransfected control HL-60 cells, ATAK cells
transfected with luciferase alone, luciferase and GFP, or luciferase and TK generated markedly
increased luminescence, as detected by IVIS and by a quantitative luminometer (2.9 × 107, 2.3
× 107, and 2.9 × 107 rlu/s vs. 1199 rlu/s for untransfected negative control cells, respectively)
(Figure 4D).

In vivo functions of ATAK cells
Neutropenic mice were infected intravenously with a sublethal inoculum of C. albicans (103

blastospores) and treated with irradiated ATAK cells. Mice were injected with the luciferase
enzyme substrate coelentrazine at 24 h after the first dose of ATAK cells (day 1 after infection)
and at 24 h after the last dose (on day 7 after infection, which is the day after neutrophil recovery
begins [20]), and they were imaged with IVIS. GCV was administered intraperitoneally to mice
on days 16 and 18 after infection, and mice were imaged with IVIS again 3 months after
infection.

After administration of coelentrazine, mice were sedated with inhaled isofluorane and imaged
for 5 min in the IVIS system. Control mice received substrate but had not been injected with
ATAK cells. After the first dose of treatment, mice injected with ATAK cells had intense,
diffuse luminescence signal, compared with control mice (Figure 5A). After recovery from
neutropenia began, the signal intensity of ATAK cells began to decrease (Figure 5B), consistent
with the cells being rejected by the reconstituting immune system. At 3 months of follow-up,
luminescence signal in the treated mice was not greater than background in the control mice
(Figure 5C).

We tested the efficacy of the transfected ATAK cells as treatment for disseminated candidiasis
and inhalational aspergillosis in our standard neutropenic mouse model. Neutropenic mice
were infected intravenously via the tail vein with a lethal inoculum of C. albicans or infected
in an inhalation chamber with A. fumigatus and treated with irradiated ATAK cells. Negative
control mice received saline injection. ATAK cells significantly improved the survival of
neutropenic mice infected with either organism (Figure 6).

In vivo toxicology evaluation of the ATAK cells
The mice described above, which were made neutropenic and infected with a sublethal
inoculum of C. albicans, treated with ATAK cells or saline control, serially imaged, and treated
with GCV, were followed for 3 months. No deaths occurred during follow-up; there was no
difference in gross appearance, behavior, or body weight between the mice (data not shown);
and no tumors were evident on gross inspection.

Lin et al. Page 6

J Infect Dis. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Serum was obtained at 2 weeks and at 3 months after resolution of neutropenia, and the mice
were then shipped to Charles Rivers Laboratories Pathology Associates for formal toxicology
evaluation. At necropsy, there were no gross or microscopic findings attributed to the
administration of ATAK cells, and no leukemic cells were found in the bone marrow or in any
organ. In addition, serum metabolomic profiles were compared between ATAK- and placebo-
treated mice at 2 weeks and 3 months after infection. The technology used to generate these
profiles establishes a metabolic “fingerprint” of toxicity profiles by identifying metabolic
pathways known to be activated in specific organs during organ toxicity. The technology is
more sensitive than histopathological evaluation of tissue, because it can detect biochemical
evidence of tissue injury significantly (ie, days) before the onset of tissue injury visible in a
histopathological section [28–30]. Furthermore, the technology is extremely broad, being able
to identify toxicity in every organ in the body.

Metabolomic analysis of serum from the ATAK- or placebo-treated mice found 323
compounds, 220 named and 103 unnamed, of which only 13 were present in differing amounts
between ATAK-treated and placebo-treated mice (Table 1). Hierarchical cluster algorithms
were unable to separate the groups into discrete pathways differing between ATAK-treated
and placebo-treated mice (Table 1); this finding would be expected if the metabolites were
generated by toxic metabolic pathways. The small differences in these metabolites between
groups, the fact that some metabolites were higher in the placebo group and some were higher
in the ATAK group, and the fact that the metabolites were randomly distributed from among
diverse metabolic pathways rather than being clustered within individual pathways indicate
that they do not reflect organ-system toxicity.

Discussion
To garner the therapeutic benefit of neutrophil transfusions but avoid the technical obstacles
to their widespread adoption, we have developed a strategy that uses a single, immortal,
phagocytic cell line to provide protection to neutropenic hosts until their own phagocyte counts
are restored. To ensure the safety of our cell line strategy, it was necessary to integrate multiple,
redundant protective mechanisms to prevent leukemic engraftment. The first protective
strategy is activation with DMSO and RA, which diminishes cellular replication [20]. Second,
irradiation with ∼2000 rads further inhibits replication of cells [20]. Such a dose is used for
lymphocyte-contaminated blood products before infusion in neutropenic patients to prevent
graft-versus-host disease [31]. A lower dose of radiation (1000 rads) has already been used in
human patients receiving allogeneic immortal natural killer cells in a clinical trial [32]. Finally,
we have achieved a critical, additional layer of protection: stable integration of an inducible
suicide trap into the cells. We used as our suicide trap the HSV TK gene (tk). GCV-induced
suicide of malignant cells transformed with tk has been shown to eliminate >99% of tumor
mass in animal models [33], and tk-mediated gene therapy for malignancies has already been
used in several clinical trials [33–37], underscoring the practicality and clinical relevance of
this technique.

Because the tk suicide trap works by blocking DNA replication in cells that are dividing, the
trap spares nonreplicating cells. Instead, the trap serves as a final safety layer that can be used
to purge any rare cells that escape activation and irradiation and persistently replicate, thereby
preventing engraftment in susceptible hosts by rare escape variants. We confirmed the function
of the suicide trap in vitro, and we confirmed that mice treated in vivo with GCV had total
purging of the cells. It was difficult to compare purging by GCV in vivo, because even mice
not treated with GCV had no residual luminescence signal at long-term follow-up (data not
shown).
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The purging of cells from mice not treated with GCV was likely the result of the murine immune
response to the cells after marrow reconstitution. In this context, the host immune response to
the cells also serves as an additional safety layer, helping to ensure that the cells are not able
to engraft.

In summary, we have developed a platform technology of immortal cells transfected with an
inducible suicide trap that can be activated to provide protection against otherwise lethal
invasive fungal infections in neutropenic mice. Of greatest importance was the confirmation
of considerable efficacy of ATAK cells in treating both disseminated candidiasis and
inhalational aspergillosis in neutropenic mice. Furthermore, no toxicity was observed during
3 months of follow-up, either by cageside evaluations, necropsy, extensive histopathological
evaluation, or a global metabolomics evaluation. These results lay the groundwork for
continued translational development of this promising, novel technology for the treatment of
refractory infections in neutropenic hosts.
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Figure 1.
Fluorescence of HL-60 cells transfected with lentivirus containing green fluorescent protein
(GFP) or not (negative control). A, Differential interference contrast (DIC) and fluorescence
microscopy of individual, transfected cells. The same field of view is shown by DIC above
and fluorescence below. Total original magnification, ×400. GFP+, GFP positive.
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Figure 2.
Fluorescence of HL-60 cells sequentially transfected with 2 different lentiviral constructs. A,
Flow cytometry performed after transfection of green fluorescent protein (GFP)–transfected
or control HL-60 cells, with the percentage of fluorescent cells shown in the right upper
quadrant. Transfection efficiency was >98%. B, Flow cytometry performed >20 months after
continuous culture without selection of cells from panel B, showing stable integration as
evidenced by maintenance of fluorescence in >99% of cells. C, Flow cytometry performed
after rapid thawing of transfected HL-60 cells that had been in liquid nitrogen storage for >20
months, showing minimal loss of fluorescence activity after thawing. GFP+, GFP positive.
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Figure 3.
High level of expression of both the luciferase bioluminescence marker and herpes simplex
virus (HSV) thymidine kinase (TK) suicide trap in dually transfected cells. A, Expression by
reverse-transcriptase polymerase chain reaction (RT-PCR) of luciferase and HSV TK in dually
transfected HL-60 cells or control HL-60 cells. B, Flow cytometry of dually transfected or
control HL-60 cells stained intracellularly for both luciferase and TK protein expression. Flow
was conducted after 2 months of growth in no selection media. C, Confocal microscopy of
dually transfected or control cells stained for expression of luciferase and TK, or visualized by
differential interference contrast optics. cDNA, complementary DNA; DIC, differential
interference contrast; G3PDH, RT-PCR using primers for this as a constitutive control; hRluc,
RT-PCR using primers specific for luciferase; M, molecular weight markers; PE,
phycoerythrin; TK, RT-PCR using primers specific for HSV TK.
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Figure 4.
In vitro effects of activated transfected killer (ATAK) cells. A, Unactivated transfected HL-60
cells were compared with ATAK cells for their ability to kill Candida albicans in vitro. Results
are from 3 experiments, each done in triplicate. Medians and interquartile ranges are shown.
*P< .01 vs. control. B, Viability of unactivated (HL-60) or activated (ATAK) cells transfected
with herpes simplex virus (HSV) thymidine kinase (TK) and cultured for 4 days in normal
media or media plus 25 μmol/L ganciclovir (GCV). C, Viability of ATAK cells after irradiation
with a mean dose (± standard deviation) of 2182 ± 241 rads cultured for 8 days in the presence
or absence of varying concentrations of GCV. Medians and interquartile ranges are shown.
Results are from 3 experiments combined. D, HL-60 cells that were untransfected; transfected
with green fluorescent protein (GFP), thymidine kinase (TK), or hRluc alone; or transfected
dually with GFP-hRluc or TK-hRluc. Cells were activated with dimethyl sulfamethoxazole
and retinoic acid, and luminescence was imaged in tissue culture plate using an in vitro imaging
system (Caliper Life Sciences) and quantified by a luminometer.
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Figure 5.
Activated transfected killer (ATAK) cells are bioluminescent in vitro and in vivo. Mice were
made neutropenic and infected with a sublethal inoculum of Candida albicans. Mice were
treated with irradiated ATAK cells or saline control starting 3 h after infection and repeated
on days 2, 4, and 6 after infection. Mice were imaged with the in vitro imaging system (IVIS;
Caliper Life Sciences) 24 h after the first treatment (A); 24 h after the last treatment, which
was 1 day after neutrophil recovery (B); or 2 months after neutrophil recovery (C). The mice
imaged at 2 months after neutrophil recovery had been treated with ganciclovir (5 mg/kg given
intraperitoneally on days 16 and 18 after infection, which was 1 week after neutrophil
recovery). One saline control mouse (left) and 2 ATAK-treated mice (middle and right) are
shown in each panel and are representative of 5 mice per group. The photon intensity scale
shown is as follows: red→yellow→green→blue.
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Figure 6.
Activated transfected killer (ATAK) cells effectively treat neutropenic mice with disseminated
candidiasis or inhalational aspergillosis. Neutropenic mice were infected intravenously via the
tail vein with Candida albicans (n = 10 mice per group) or in an inhalational chamber with
Aspergillus fumigatus (n = 16 mice per group from 2 experiments). Mice were treated ∼1 h
after infection and again on days 2, 4, and 6 after infection with ATAK cells (1.5 × 107 cells)
or saline placebo. *P< .01 versus control by log-rank test.
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Table 1

Metabolites Differing between Activated Transfected Killer (ATAK)– and Placebo-Treated Mice

Superpathway Pathway Biochemical Ratioa P

Amino acid Phenylalanine and tyrosine metabolism Phenol sulfate 1.45 .04

Valine, leucine, and isoleucine metabolism 3-methyl-2-oxovalerate 0.72 .03

Lipid Bile acid metabolism β-muricholate 0.50 .05

Deoxycholate 0.70 .01

Peptide Fibrinogen cleavage peptide TDTEDKGEFLSEGGGV 0.70 .01

Unidentified Unidentified Y-11835 2.07 .003

Y-11538 0.52 .02

Y-12138 0.52 .02

Y-11327 0.44 .02

Y-14603 2.65 .03

Y-14938 1.26 .04

Y-14588 0.80 .05

Y-12645 1.71 .05

a Ratio of metabolite present in ATAK samples/placebo samples. Numbers >1 denote excess metabolite in ATAK samples, and numbers <1 denote
diminished metabolite in ATAK samples.

J Infect Dis. Author manuscript; available in PMC 2010 June 1.


