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ABSTRACT Analysis of the antitumor immune response
after gene transfer of a foreignmajor histocompatibility complex
class I protein, HLA-B7, was performed. Ten HLA-B7-negative
patients with stage IV melanoma were treated in an effort to
stimulate local tumor immunity. Plasmid DNA was detected
within treated tumor nodules, and RNA encoding recombinant
HLA-B7 orHLA-B7proteinwas demonstrated in 9 of 10 patients.
T cell migration into treated lesions was observed and tumor-
infiltrating lymphocyte reactivity was enhanced in six of seven
and two of two patients analyzed, respectively. In contrast, the
frequency of cytotoxic T lymphocyte against autologous tumor in
circulating peripheral blood lymphocytes was not altered signif-
icantly, suggesting that peripheral blood lymphocyte reactivity is
not indicative of local tumor responsiveness. Local inhibition of
tumor growth was detected after gene transfer in two patients,
one of whom showed a partial remission. This patient subse-
quently received treatment with tumor-infiltrating lymphocytes
derived from gene-modified tumor, with a complete regression of
residual disease. Thus, gene transfer with DNA–liposome com-
plexes encoding an allogeneic major histocompatibility complex
protein stimulated local antitumor immune responses that fa-
cilitated the generation of effector cells for immunotherapy of
cancer.

Although melanoma is treatable in its early stages, recurrent or
metastatic lesions are resistant to standard forms of therapy.
Melanoma is among the fastest increasing malignancies in its
incidence rates and the most lethal of all primary cutaneous
neoplasms. An intriguing aspect of melanoma is its inherent
immunogenicity. Depending on the treatment, 10–20% of these
tumors respond to some form of immunotherapy (summarized in
ref. 1), but approaches involving administration of cytokines
andyor adoptive T cell transfer have shown limited efficacy in
metastatic disease. Recently, molecular genetics has progressed
to the extent that it can be applied more readily to the treatment
of human malignancy. Several human gene transfer protocols
have been designed to monitor safety, toxicity, gene expression,
and the immune response to tumors based on animal models that
have used genes encoding cell surface antigens, immunomodu-
latory cytokines, or T cell costimulatorymolecules to enhance the
immune response to tumors.
We have developed a gene transfer approach for the treatment

of human malignancies that uses the immunogenicity of a trans-
plantation antigen to stimulate immune reactivity. This approach
relies on direct gene transfer into tumors in vivo. Expression of a
gene encoding a foreign histocompatibility protein (class I)
signals the immune system to respond to the transplantation
antigen, and more importantly, this stimulation leads to immune
recognition of the unmodified tumor cells (2). In animal models,

this approach has led to a significant reduction in tumor growth
and complete regression in some cases (2). A major advantage of
this approach is thatDNAcan be introduced directly into growing
tumors. In contrast to other gene transfer strategies for cancer,
direct gene transfer eliminates the need to remove cells from the
patient and propagate them in the laboratory. This approach also
reduces the delay between the time of diagnosis to initiation of
treatment. Modifications of the plasmid and lipid have subse-
quently been made to improve gene delivery and expression,
including addition of the b-2 microglobulin gene to allow syn-
thesis of both chains of the class I major histocompatibility
complex (MHC) genes in tumor cells that are unable to express
this gene product. In addition, a cationic lipid formulation that
improves transfection efficiency was developed (3, 4). In this
study, we describe a human clinical study to evaluate the safety
and efficacy of gene expression of this DNA–liposome complex
and to further characterize the immune response to progressive
melanomas.

MATERIALS AND METHODS
Clinical Protocol and Study Design. Ten patients with stage

IV melanoma unresponsive to all standard treatments were
enrolled based on guidelines of the clinical protocol (5) and
admitted to the Clinical Research Center. Informed written
consent was obtained according to The Committee to Review
Grants for Clinical Research and Investigation Involving Hu-
man Beings of the University of Michigan Medical School, the
Recombinant DNA Advisory Committee of the National
Institutes of Health, and the Food and Drug Administration.
The borders of a cutaneous tumor nodule were identified for

treatment as measured before, during, and after treatment.
Staging was performed by computerized tomography immedi-
ately before the procedure. Group I (n 5 3) received a total of
three injections of '0.6 ml of DNA–liposome complex [3 mg of
DNA:4.5 nM dimyristyloxypropyl-3-dimethyl-hydroxyethyl am-
monium (DMRIE)ydioleoyl phosphatidylethanolamine
(DOPE)] biweekly into the tumor (9 mg cumulative dose). Group
II (n 5 3) received three injections of 30 mg of DNA:4.5 nM
DMRIEyDOPE biweekly within the same nodule (90 mg cumu-
lative dose). Group III (n5 3) was injected three times biweekly
with 100 mg of DNA:148.5 nM DMRIEyDOPE, and Group IV
(n 5 3) was treated similarly with 300 mg of DNA:450 nM
DMRIEyDOPE. All patients received a total of three treatments
with a 2-week interval between treatments. Patient 1 received
three courses of treatment (groups I, II, and III) with an interval
of 9 weeks between escalations, and patient 2 received two
treatments (groups I and II) with an interval of 8 weeks.
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Vector Production, Preparation, and Administration of DNA–
Liposome Complex. A eukaryotic expression vector plasmid
encoding HLA-B7 and b-2 microglobulin was prepared by inser-
tion of an HLA-B7 gene cDNA, an internal ribosome entry site,
and b-2 microglobulin into a plasmid using the Rous sarcoma
virus enhancerypromoter and bovine growth hormone polyade-
nylylation site as described (5, 6). Batch preparations of clinical
grade DNA and the DMRIEyDOPE cationic liposome were
kindly provided by Vical (San Diego).
For gene transfer, a 22-gauge needle was used to inject the

DNA–liposome complex, which was prepared as follows. Ten
minutes before delivery, 0.1 ml of plasmid DNA (0.05–50
mgyml) in lactated Ringer’s solution was added to 0.1 ml of
DMRIEyDOPE liposome solution (0.15–15 mM). The DNA–
liposome solution (0.6 ml) was injected into each nodule under
sterile conditions at the bedside after administration of local
anesthesia (1% lidocaine) using a 22-gauge needle.
Biochemical andHemodynamicMonitoring.Tomonitor the

potential toxicities of the DNA–liposome treatment, biochem-
ical, hematological, and hemodynamic parameters were eval-
uated. Vital signs and cardiac rhythm were monitored, and
subjective complaints of patients were sought and recorded.
Analysis of HLA-B7 Gene Expression. To confirm recombi-

nantHLA-B7 gene expressionwithin treated tumor nodules, core
needle biopsy samples of the injected tumor were analyzed after
the gene transfer procedure. Genomic DNA was isolated from
biopsy material (7), and PCR for HLA-B7 gene was performed
with two primers [sense, 59-CAG CTG TCT TGT GAG GGA
CTG AGA TGC AGG-39 (HLA-B7); antisense, 59-TTC CAA
GCG GCT TCG GCC AGT AAC GTT AGG-39 (CITE A)] to
generate a 310-bp fragment (see Fig. 1 A and C). For the RNA
analysis, these primers were used after reverse transcription with
oligo(dT). For analysis of plasmid in blood, the same set of
primers was used. RNA was analyzed by PCR after DNase
digestion and incubation with reverse transcriptase as described
(8). In some cases, Southern blot hybridization of PCR products
from the RNA analysis was performed with a probe to internal
sequence, derived by digestion of pHLA-B7, described above,
with PvuII and BglII by standard methods (9). The control, 293
cells transfected with plasmids in vitro, was used to establish the
conditions for DNase digestion (see Fig. 1B). Under these
conditions, no PCR signal was detected in the absence of reverse
transcription.
Cytotoxic T Lymphocyte (CTL) Frequency of Tumor-

Infiltrating Lymphocytes (TIL) and Peripheral Blood Mononu-
clear Cells Specific for Autologous Tumor. Limiting dilution
analysis (LDA) was adapted (10) to quantify autologous tumor-
specific CTL in the peripheral blood of patients, as well as in TIL
populations derived from tumor before and after HLA-B7 gene
transfer. Dilutions of responder cells were added to round-
bottomed microtiter plates along with 2 3 105 irradiated (4000
cGy) autologous tumor cells per well in DMEM complete me-
dium containing 10% human serum and supplemented with 20
units of rIL-2 per ml (final volume 5 200 ml). After a 7-day
incubation, cytolytic activity was assessed by adding 2 3 103
51Cr-labeled tumor target cells to each microwell. After a 4-hr
incubation, 150 ml of supernatant was removed from each well,
and the supernatants were assayed for released 51Cr in a com-
puterized gamma counter.Microcultures are considered cytolytic
if observed chromium release is greater (mean1 3 SD) than the
chromium release observed in control wells that lack responder
cells. Specificity of the CTL detected by this assay has been
verified by parallel LDA stimulated by autologous tumor but
overlaid with allogeneic tumor targets.
Minimal estimates ofCTL frequency are obtained according to

the Poisson distribution equation as the slope of a line relating the
number of responder cells per microwell (plotted on a linear x
axis) and the percentage of microwells that failed to develop
cytolytic activity (plotted on a logarithmic y axis) (11). The slope

of this regression line is determined by computer using x2

minimization analysis, as described by Taswell (12).
Tumor Preparation and Establishment of TIL Cultures.

Tumor specimens were obtained from the operating room
under sterile conditions and processed as described (13). TIL
cell cultures were established in X-Vivo-15 (BioWhittaker)
media supplemented with 10% human AB serum (Sigma) and
6000 units of interleukin (IL) 2 (Aldesleukin Proleukin, Chi-
ron) per ml of media at 2.53 105 nucleated cells per ml in Life
cell 3000 tissue culture bags (Baxter Health Care, Fenwall
division). By day 7, lymphocyte proliferation was evident, and
the culture was diluted 1:2 every 2 or 3 days with X-Vivo-15
supplemented with IL-2 without serum for 21 days.

RESULTS
Ten patients who satisfied the entry criteria of the protocol (5)
were included for study in the General Clinical Research
Center at the University of Michigan Medical Center. The
prior treatments and history of these patients are presented in
Table 1. In each case, these patients exhibited progressive
disease (stage IV) unresponsive to all conventional forms of
therapy. The gene transfer procedure was well-tolerated in
each patient, with no acute complications.
A sample of the treated tumor nodules was obtained by a

core needle biopsy 1–3 days after the second or third intratu-
moral injection of HLA-B7 DNA–liposome complexes. This
tissue was analyzed for the presence of plasmid DNA and
mRNA encoding HLA-B7 and b-2 microglobulin, and
HLA-B7 expression. In 8 of 10 treatments, the plasmid DNA
was detected within the injected nodule (Fig. 1A).
Expression of recombinant HLA-B7 and b-2 microglobulin

mRNAwas analyzed in transduced tumors. In seven of nine tumor
biopsies, RNA coding for HLA-B7 was detected by PCR after
incubation with reverse transcriptase but not in its absence (Fig.
1B). In one of the two cases in which mRNA was not detected
(patient 3), an inhibitor of the PCR was present (data not shown).
In representative cases, blood samples obtained immediately be-
fore and multiple times after injection were analyzed for the
presenceof plasmidDNAbyPCR. In thesepatients, plasmidDNA
was not detected at any time in the blood after gene transfer by
PCR (sensitivity, 2 pgyml), even as early as 5 min after injection
of doses of DNA up to 300 mg per injection (Fig. 1C).
HLA-B7 protein expression was detected in biopsy tissue by

immunochemical staining using a monoclonal antibody against
this gene product. The recombinant protein was detected by these
methods at frequencies ranging from 1% to 10% of tumor cells
near the site of injection (data not shown). Failure to detect DNA
in two patient biopsy samples was related to inhibition of the
PCR, and HLA-B7 was immunohistochemically detected in
tumor cells of these patients. In patient 3, cross-reactivity of the
monoclonal antibody to an endogenous HLA-B haplotype, B40,
did not allow definitive confirmation of protein expression,
although the recombinant mRNA was readily detected (Fig. 1B;
Table 1).
Analysis of serum biochemical parameters revealed no abnor-

malities induced by gene transfer in these patients, including
serum markers of liver, renal, pancreatic, and cardiac function
(data are available upon request). No changes from baseline in
any of the serum biochemical parameters were found in the acute
3- to 7-day period, and no significant abnormalities found up to
2 months after the initial injection. In addition, myocardial
abnormalities were not detected by analysis of creatine phos-
phokinase or its isoenzymes in the serum of treated patients, and
no electrocardiographic changes or arrhythmias were noted.
Similar to a previous study in humans with DNA–liposome
complexes (15), no increases in anti-DNA antibodies were de-
tected in patients, and there was no clinical evidence of autoim-
mune phenomena, as indicated by changes in antinuclear anti-
bodies, C-reactive protein, or other immunologic markers. These
data support the previous observations that DNA is not highly
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immunogenic in vivo in humans (15) and an immune response to
DNA–liposome complexes is unlikely to limit in vivo gene transfer
with this vector or other forms of DNA.
To determine whether gene transfer of a foreign MHC gene

could alter the T cell response to tumors, immunohistochemical
analysis was performed. Tumor biopsy samples were analyzed for
the presence of infiltrating T cells before treatment or after gene
transfer. Immunostaining with aCD3 in tumor nodules revealed
a 77-fold increase in CD31 cells at the margins of tumors relative
to the parenchyma before treatment (Fig. 2A Left). After gene
transfer, a 31-fold or '2-fold increase in TIL in the tumor
parenchyma was detected in patients 1 and 2, respectively (Fig. 3,
P 5 0.0006, P 5 0.037, Student’s t test). This increase was
associated with a diversification of T cell receptor use of TIL
cultures derived from these nodules (16). Interestingly, in cases in
which tumor growth was not affected, this pattern of infiltration
was notmaintained and decreased 6.4-fold as shown, for example,
in patient 1 (Fig. 2A Center vs. Right, P5 0.003, Student’s t test).
In contrast, in patient 2, in whom tumor regression occurred, the
T cell infiltration was essentially unchanged (Fig. 2B Center and
Right, 1.2-fold increase, P5 0.70, Student’s t test), and increasing
inflammation and fibrosis were observed, together with an in-
creased degree of tumor necrosis (Fig. 2C). The finding of
increased infiltration of CD31 cells in treated tumors, together
with increased antitumor CTL (below), suggested that expression
of a foreign MHC gene by direct gene transfer altered the
reactivity of the immune system to tumors in patients.
With regard to tumor growth, one patient receiving treat-

ment to a subcutaneous nodule (patient 2, group I), showed

partial regression of a treated nodule ('50%). In this patient,
at least one metastatic lesion at a distant site, a 3 3 3 cm
inguinal lymph node mass, displayed a similar partial regres-
sion over the same time period. At the same time, three other
distant sites of disease showed no regression in response to
DNA–liposome treatment. When one of these latter tumor
nodules was subsequently treated, reduction in tumor size was
observed, although of lesser degree than the first lesion
(10–20%). Together, these data suggest that introduction of
the HLA-B7 gene may lead in some cases to antitumor effects
at the treatment site and at some distant sites of disease.
The nature of immune cells that infiltrated the tumor in patient

2 after direct gene transfer was investigated further by immuno-
staining for markers of lymphocyte activation. Before direct gene
transfer, there were numerous HLA-DR-positive dendritic cells
in and around melanoma tumor cells; only rare, scattered den-
dritic cells (,10%) expressed either CD80 or CD86 (data not
shown). After gene transfer, the injected melanoma sites con-
tained dendritic cells in and around the tumor that were HLA-
DR-positive, and numerous peritumoral dendritic cells that were
CD80- and CD86-positive were seen (data not shown).
HLA-B7 Gene Transfer Does Not Alter the Frequency of

Circulating Tumor-Specific CTL in Peripheral Blood. LDA
techniques were used to quantify the frequency of autologous
tumor-specific CTL in the peripheral blood of five patients (Table
2). Assays were performed before treatment and at 2 weeks after
the complete course of HLA-B7 gene transfer. In patients 3 and
7, autologous tumor-specific CTL were rare or not detectable in
the peripheral blood by LDA. In patient 6, autologous tumor-

Table 1. Clinical profiles of patients and tumors, and summary of the presence of RNA, recombinant HLA-B7, and increase in CD31 cell
infiltration after gene transfer

Pa-
tient
no.

Pa-
tient
I.D.

Agey
Sex HLA haplotype Previous treatment Site

DNA dose,
mg (group) RNA* HLA-B7†

CD31

infil-
tration

1 G.M. 50yM A2, 19; B352, w6; C4,2;
DR1, 12, 52; DQ1, 3, 7

BCG; chemotherapy;
IL-2; TIL; limb
perfusion with
melphalan, tumor
necrosis factor, and
interferong

Left thigh 3(I), 30(II), 100(III) 1 11 111

2 A.P. 46yF A1, 3; B8, 27, w6, w4;
C2, 7; DR13, 15

Surgery, radiation,
chemotherapy,
activated primed T
cells, and IL-2

Right lateral thigh,
right gluteal, right
shoulder

3(I), 30(II) 1 ind. 111

3 A.H. 54yM A1, 2; B8, w6; C7; DR1,
15; DQ1, 6, 51

Surgery, chemotherapy,
and IL-2

Left chest 3 2 1 11

4 I.M. 72yF A2, 29; B8, 2, w6; DR3,
2, 52

Surgery Left knee 30 1 1 ND

5 G.L. 40yF A11, 30; B13, 44, w4, w6;
C3, 6; DR2, 7, 53; DQ1,
2, 5, 51

Surgery, and limb
perfusion with tumor
necrosis factor and
interferon a

Right thigh 100 1 ind. 2

6 D.M. 52yF A2, 2; B13, 2, w4; C6,
2; DR7, 8, 53; DQ2, 4

Surgery and interferon Scalp 100 1 1y2 ND

7 F.B. 68yF A23, 24; B13, 44, w4,
w6; C4, 2; DR7, 2, 53;
DQ2, 3

Surgery and radiation Left back 100 1 11 1

8 M.S. 45yF A3, 29; B44, 60; DR7,
13, 52, 53; DQ1, 2

Surgery Right thigh 300 ND 1y2 11

9 G.B. 29yM A3, 26; B18, 62, w6; C3,
5; DQ2; DR52, 53

Surgery and radiation Right neck 300 1 1y2 11

10 J.C. 34yM A1, 11; B44, 2, w4; C5,
2; DR1, 7, 53

Surgery, cisplatinum
therapy, radiation,
Dartmouth regimen,
and chemotherapy

Left chest wall 300 2 ND ND

I.D., Identification; M, male; F, female; BCG, Bacille Calmette–Guérin; ND, not determined; ind., indeterminate.
*RNA was detected by reverse transcriptase–PCR.
†HLA-B7 was detected by immunostaining.
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specific CTL were detectable at a low frequency in the blood
before treatment (1y26,860), and the frequency of these circu-
lating CTL remained unchanged after HLA-B7 therapy (1y26,
909). Patient 9 did show an increase in the frequency of tumor-
specific CTL after HLA-B7 therapy, with a pretreatment fre-
quency of 1y59,553 increasing to 1y14,047; however, the cytolytic
activity of these cells was weak. In contrast, patient 2 had high

frequencies of circulating tumor-specific CTL before (1y6,597)
and after (1y8,654) HLA-B7 therapy. In this patient, who re-
ceived several courses of therapy, the relatively high frequency of
tumor-specific CTL was maintained over an 8-month period of
observation. Hence, in most patients, HLA-B7 gene transfer did
not markedly alter the frequency of autologous tumor-specific
CTL in the peripheral blood circulation.
Effect ofHLA-B7GeneTransfer onLysis of AutologousTumor

by TIL. Two approaches were employed to evaluate the effect of
HLA-B7 therapy on the lytic capacity of TIL toward autologous
tumor for two patients. First, direct lysis of 51Cr-labeled tumor
cells was performed using TIL obtained before and after treat-
ment, with varying effector-to-target ratios. As noted in patient
1, TIL populations generally showed a high degree of specific lysis
of an autologous, but not heterologous, melanoma or natural
killer target cells in vitro (Fig. 3A). When lymphocyte reactivity
was compared before and after gene transfer, TIL obtained from
patient 9 before treatment were not cytolytic for autologous
tumor cells; however, after treatment, TIL obtained from this
patient mediated potent lytic activity (Fig. 3B). A comparable
analysis of patient 2 showed similar results; TIL obtained before

FIG. 1. Gene transfer and expression of foreign MHC gene in
human melanoma. Size markers (in base pairs) are indicated to the
right of each panel. (A) Detection of plasmid DNA in melanoma
nodules after direct gene transfer with the DNA–liposome complex.
Nucleic acids were isolated from injected nodules and analyzed by
PCR (7). Samples were taken at the indicated times, and DNA was
extracted according to standard methods (see below). The sensitivity
of the PCR analysis is '1 copy of recombinant gene per 105 genomes
(14). (B) Confirmation of gene expression in tumor nodules trans-
duced by direct gene transfer with HLA-B7. Recombinant HLA-B7
mRNA was detected by using a reverse transcriptase–PCR technique
of nucleic acids from biopsy samples. Total RNA was incubated in the
presence (1) or absence (2) of reverse transcriptase and analyzed (9).
(C) Analysis of blood samples from three patients receiving the highest
dose of DNA–liposome complex (300 mg of DNA) before treatment
or 5 min after gene transfer as indicated.

FIG. 2. Immunostaining of aCD3 and hemotoxylin and eosin staining
of tumor biopsies. Tumor biopsies were obtained before gene transfer
(Left), during the gene transfer protocol (Center), or after completion of
treatment (Right) in patient 1 (A) and patient 2 (B). Staining with aCD3
(left side of each pair) and hematoxylin and eosin (right side of each pair)
is shown. Patient 1 showed a reduced rate of growth without tumor
regression, whereas patient 2 experienced a partial remission. The biopsy
obtained during treatment occurred 29 days after gene transfer in patient
1 (A Center) and 33 days after treatment in patient 2 (B Center). The
posttreatment biopsy was obtained 56 days after gene transfer in patient 1
(A Right) and 114 days after treatment in patient 2 (B Right). Evidence for
necrosis, fibrosis, and inflammation was observed after gene transfer in
patient 2 (C) 114 days (Left) or 148 days (Right) after treatment. For patient
1, the CD3 count per high power field at the tumor margin was 1356 16.7
(Left), and in the tumor was 1.76 1.5 (Left), 53.36 15 (Center), 8.36 5.1
(Right), and for patient 2, CD31 counts per high powered field in the tumor
were 19.5 6 10 (Left), 37.5 6 12.7 (Center), and 44.5 6 15.8 (Right).

FIG. 3. Cytotoxic T cell response of tumor infiltrating lymphocytes
to autologous tumor before and after gene transfer. (A) Specificity of
T cell lysis of autologous melanoma in patient 2. Lysis of autologous
melanoma (M), heterologousmelanoma (E), K562 (Ç), andYAC-1 (e)
target cells were analyzed at the indicated effector-to-target ratios.
Dose response analysis of cytolytic T cell activity from patients 2 (B)
and 9 (C) was performed using autologous melanoma target cells at
the indicated effector-to-target (E:T) ratios before or after gene
transfer of HLA-B7. (C) Upper line (●) represents lymphocytes
derived from an uninjected nodule, whereas the middle line (m) shows
the responsiveness of cells from an injected nodule also derived after
treatment, suggestive of a more generalized immune response. In
addition, the CTL frequency of TIL specific for autologous tumor was
determined by LDA. For patient 9, CTL specific for autologous tumor
increased from 1y26,142 before treatment to 1y7,093 after HLA-B7
gene transfer. For patient 2, the CTL frequency of TIL increased from
an undetectable level to 1y26,412 after treatment.

Table 2. Immunologic effect of HLA-B7 gene transfer on immune
function: Autologous tumor-specific CTL frequency in the
peripheral blood

Patient

CTL frequency

Pretreatment Posttreatment

2 (A.P.) 1y6,597 1y8,654
3 (A.H.) ND ND
6 (D.M.) 1y26,860 1y26,909
7 (F.B.) (Not done) ND
9 (G.B.) 1y59,553 1y14,047

LDA of CTL specific for autologous tumor was performed on
peripheral blood mononuclear cells obtained before treatment and at
2 weeks after the third injection of pHLA-B7. LDAmicrocultures were
stimulated with 104 irradiated autologous tumor cells per well and
supplemented with 40 units of IL-2 per ml. After a 7-day incubation,
CTL activity was detected by adding 51Cr-labeled autologous tumor
cells and assessing 51Cr release. CTL frequencies were determined as
described in the text. ND, Not detectable.
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gene transfer were weakly cytolytic for autologous tumor, and the
lytic activity of posttreatment TIL also increased, although not to
the same extent as patient 9 (Fig. 3 B vs. C).
In addition, the frequencies of CTL precursors within these TIL

populations were determined byLDA. For patient 9, gene transfer
increased CTL precursor frequencies 3- to 4-fold after treatment
(Fig. 3). Likewise, gene transfer increased the CTL precursor
frequency in TIL obtained from patient 2 from an undetectable
level to readily measurable levels (Fig. 3). Hence, the frequency of
CTLprecursor cells paralleled the direct lytic activity of TIL in two
of two evaluable patients, and these activities increased to varying
degrees among these patients. It is of interest that the marked
increase in lytic activity of TIL seen in patient 9 was also accom-
panied by an increase in the frequency of CTL precursors circu-
lating in the peripheral blood. This cytolytic activity was weak,
however, and the relationship between circulating CTL precursors
and the lytic activity of TIL was not observed in patient 2, who
maintained high numbers of peripheral blood CTL precursors yet
a relatively low lytic capacity of TIL.
Adoptive Transfer of TIL in a Responder Patient. Because

patient 2 showed evidence of local and systemic responses to
gene transfer of HLA-B7, and TIL cultures showed specific
cytolytic activity against autologous tumors, we explored the
potential for combined immunotherapy and gene transfer in
this patient. Three subcutaneous nodules that received gene
transfer with HLA-B7yb-2 microglobulin DNA–liposome
complex (30 mg of DNA per nodule) were subsequently
removed for TIL isolation and culture. These TIL cultures
mediated tumor-specific lysis of autologous tumor in standard
cytotoxicity assays. In addition, we documented significantly
enhanced release of granulocyteymacrophage colony-
stimulating factor, interferon g, and tumor necrosis factor a in
response to autologous tumor stimulation by TIL derived from
tumors inoculated with DNA–liposome complexes compared
with baseline TIL before gene transfer (Table 3). These TIL
cultures derived from the injected nodules were expanded over
a 3-week interval, and 1011 cells followed by 10 infusions of
IL-2 (180,000 unitsykg at 8-hr intervals). This patient showed
subsequent partial regression of her residual disease, moni-
tored by CT scan of an enlarged inguinal lymph node 2 weeks
after therapy. She was subsequently retreated with the same
TIL, which had been cryopreserved and received 1.1 3 1011
cultured cells plus IL-2 2 months after her initial cell infusion.
After this second treatment, she manifested a complete re-
gression of her residual disease (Fig. 4). This complete remis-
sion has persisted, now more than 21 months after the initial
treatment. It is interesting to note that this patient had a
shorter duration of response to prior treatments with chemo-
therapy and immunotherapy (Table 1).

DISCUSSION
In this report, expression of an allogeneic MHC gene, HLA-
B7, was achieved in patients with melanoma by direct gene

transfer with DNA–liposome complexes. Gene expression was
localized to the site of injection, and no apparent toxicity or
anti-DNA antibodies were associated with this treatment. The
immune response to the malignancy induced by this gene was
characterized, and tumor growth was assessed. In addition, the
potential for combination gene transfer and cellular immuno-
therapy was evaluated. We found that gene expression can be
consistently achieved without toxicity using this method of
gene transfer. In addition, changes in the immune response can
be induced within tumor nodules subsequent to the gene
transfer procedure (Figs. 2 and 3). There were no major
changes in circulating peripheral blood lymphocyte reactivity,
as might be expected from other model systems (17); however,
infiltration of T lymphocytes was observed in six of seven
patients. These TIL manifested improved cytotoxicity (Fig. 3),
and enhanced tumor-specific release of cytokines (Table 3)
and an altered utilization of T cell receptor types (16). Several
studies have reported that this tumor-specific release of cyto-
kines by immune lymphoid cells correlates with therapeutic
efficacy in adoptive transfer systems (18–20) and stimulated us
to evaluate a combined approach to therapy.
Knowledge of the molecular genetics of human cancer has

grown exponentially in recent years. Substantial advances have
occurred in the complementary disciplines of molecular biology,
virology, gene transfer technology, and gene mapping. Together,
this information has led to an improved understanding of the
genetic basis for human cancer and has stimulated interest in
using genetic information to develop new therapies. Although the
original expectation was that gene therapy would be limited in
scope, primarily for the treatment of inherited genetic diseases, it
has become increasingly clear that a variety of acquired diseases,
including common diseases such as cancer, cardiovascular dis-
ease, and infectious diseases show strong underlying genetic
determinants and can be treated by using this approach. Despite
the increased understanding of its molecular basis, many malig-
nancies remain unresponsive to standard treatments. The defi-
nition of tumor-associated genetic mutations, however, has
heightened interest in cancer as a target for gene therapy. Certain
neoplasms, such as melanoma or renal cell carcinoma, are
relativelymore immunogenic, presumably through recognition of
mutant gene products that arise in these cells. Conventional
approaches to immunotherapy have used cytokines, adjuvants, or
adoptive immune cell therapy in animal models (21–24) and in
humans (25–27). More recently, the potential of molecular ge-
netic interventions to improve the efficacy of immunotherapy has
been explored (15, 28, 29).
In this study, a nonviral gene delivery vector was used. There

are several advantages to the use of nonviral vectors for human
gene therapy. Although modified viruses have served as useful
vectors for ex vivo gene transfer, their ability to interact with
endogenous viruses or to recombine has raised concerns
regarding safety issues for in vivo gene transfer. Nonviral
vectors provide a potentially safer alternative for this approach
and include such agents as naked DNA, DNA–liposome, or
gold particle–DNA complexes that can mediate gene transfer

FIG. 4. CT scan of right inguinal
lymph node before and after gene
transfer and TIL adoptive transfer.
Serial sections of the pelvic region
were obtained, and lymph node size
was evaluated before adoptive trans-
fer (Upper) and 9 months after trans-
fer (Lower). A responsive right ingui-
nal lymph node is circled.

Table 3. Effect of gene transfer on cytokine production by TIL in
response to autologous or allogeneic tumor

Patient Therapy

GM-CSF,
pgyml

IFN-g,
unitsyml

TNF-a,
pgyml

Auto Allo Auto Allo Auto Allo

1 (G.M.) Pre 2,614 82 2232 254 2,097 24
Post 3,181 711 1208 1674 2,305 374

2 (A.P.) Pre 879 0 974 27 0 0
Post 26,632 0 2258 0 27,966 0

TIL isolated before (pre) or after (post) gene therapy were assessed
for cytokine production upon stimulation with irradiated autologous
(auto) or allogeneic (allo) tumor cells. After 24 hr, supernatants were
harvested and assessed for cytokine concentration by ELISA.
GM-CSF, granulocyteymacrophage colony-stimulating factor; IFN-g,
interferon g; TNF-a, tumor necrosis factor a.
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into tissues and facilitate uptake by cells in vivo (14, 15, 30).
The inclusion of appropriate regulatory sequences within
plasmid DNA can be used to regulate expression of a variety
of gene products. DNA, liposomes, and other components may
also be stored stably for long periods of time, and the presence
of potential replication-competent viruses in producer cell
lines is eliminated. One mode of nonviral gene transfer is the
injection of plasmid DNA (31). In this method, the expression
of recombinant genes after intramuscular injection is sufficient
to induce the expression of proteins that can be immunogenic
and provide for protective immunity against the expressed
recombinant gene product (32, 33). Plasmid DNA complexed
to liposomes has been employed to transfer genes by injection
or catheter into tissues where they stimulate localized biologic
responses (5, 30, 34). The expression of recombinant gene
products can be achieved locally and may help to avoid
systemic effects. For example, systemic administration of
cytokines in many cases is not well tolerated, but DNA or
DNA–liposome complexes can mediate gene transfer into
tissues and facilitate gene expression locally at higher concen-
trations than would be tolerated systemically.
Expression of HLA-B7 in tumor cells in this study is

intended to stimulate recognition of the foreign transplanta-
tion antigen by the immune system and the release of cytokines
locally which induce a T cell response against the unmodified
tumor. We have previously shown that gene transfer of foreign
MHC initially stimulates a cytolytic T cell response to the
antigen (2, 15). This earlier study made use of a DNA vector
and cationic lipid that differed from those described in this
report. Most notably, the present vector includes an open
reading frame for b-2 microglobulin, needed for surface
expression of class I MHC and often missing in human
melanoma. Approximately 10–20% of melanomas fail to syn-
thesis b-2 microglobulin in vitro (35–36), and this gene product
is required for cell surface expression of class I MHC protein
(37). In addition, the DMRIEyDOPE DNA–liposome com-
plex showed less toxicity in preclinical studies (4) and thus
allowed much higher doses (.100-fold) to be administered in
the present clinical study (2, 15). The previously published
study showed successful gene expression, lack of toxicity, and
tumor regression in one patient on two independent treat-
ments, with both local and distant tumor regression (15). In
this study, despite the 100-fold increase in the maximum dose
of the DNA–liposome complex, no toxicity was observed.
Although additional patients will be required to confirm the

consistency of the anti-tumor immune response, it is encouraging
that some patients in separate clinical studies have shown a
response to treatment. In addition to the patients described here
and previously (15), 7 of 14 patients treated at an independent site
have shown local regression in response to this gene transfer
procedure (E. Hersh, personal communication). Further clinical
studies will be needed to establish the efficacy of this gene
delivery approach for the treatment of melanoma and other
cancers; nonetheless, the present study provides insight into
mechanisms of generating tumor immunity in humans. These
results also suggest that gene transfer approaches can be used in
combination with other immune treatments, such as cytokines or
adoptive T cell therapy. In a preclinical model, we have demon-
strated that in vivo transfer of a foreign MHC gene into a poorly
immunogenic murine melanoma resulted in the induction of
tumor reactive T cells retrievable in the draining lymph nodes and
were capable of mediating tumor regression in adoptive immu-
notherapy (38). The ability to alter local or regional immune
responses by gene transfer and to expand immune effector cells
ex vivo may provide an alternative method to eliminate micro-
scopically residual malignancies and complement current immu-
nologic treatments for melanoma. In addition, it is likely that
genes encoding antiproliferative genes, or inhibitors of angiogen-
esis could also complement immunologic approaches. Taken

together, these data suggest that direct gene transfer warrants
further clinical evaluation to develop its potential to contribute to
the understanding and treatment of human cancer.
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