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Purpose: LV305 is a modiﬁed, third-generation, nonreplicating, integration-deﬁcient lentivirus-based vector designed
to selectively transduce dendritic cells in vivo. LV305 induces
expression of the New York Esophageal Squamous Cell Carcinoma-1 (NY-ESO-1) cancer testis antigen in dendritic cells,
promoting immune responses against NY-ESO-1–expressing
tumors. This phase I study evaluated the safety, immunogenicity, and preliminary efﬁcacy of LV305 in patients with
sarcoma or other solid tumors.
Patients and Methods: Adults with previously treated,
advanced, NY-ESO-1–positive solid tumors and limited
tumor burden were eligible. LV305 was administered every
3 weeks by intradermal injection in four dose cohorts (Cohort
1: 108 vector genomes (vg) x 3 doses; Cohorts 1A, 2, and 3: 108
vg, 109 vg, 1010 vg x 4 doses).
Results: Thirty-nine patients were enrolled: 3 patients
each in Cohorts 1, 1A, and 2, and 30 patients in Cohort

3. No dose-limiting toxicities were observed. Tumor types
included sarcoma (n ¼ 24), ovarian (n ¼ 8), melanoma (n ¼
6), and lung cancer (n ¼ 1). All treatment-related adverse
events were grade 1 or 2. Common treatment-related
adverse events were fatigue (49%), injection site reactions
(46%), and myalgia (21%). The disease control rate was
56.4% in all patients and 62.5% in sarcoma patients. One
patient with synovial sarcoma achieved a partial response
lasting >36 months. Anti–NY-ESO-1-speciﬁc CD4þ and/or
CD8þ T cells were induced in 57% of evaluable sarcoma
patients. Induction of an anti–NY-ESO-1 immune response
was associated with improved 1-year survival in an exploratory analysis.
Conclusions: This ﬁrst-in-class, ﬁrst-in-human study of
LV305 demonstrated a favorable safety proﬁle, induction of
antigen-speciﬁc responses, and potential clinical activity in
patients with advanced cancer.
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Successful solid tumor immunotherapy requires activation
of a broad population of T cells that recognize tumor cells. T
cells are activated by antigen-presenting cells, including dendritic cells (DC). DCs are uniquely equipped to process and
present antigen to T cells in the context of MHC along with
costimulatory molecules, and are effective for stimulating na€ve
T cells. The engineering of therapeutic technologies that selectively activate DCs and induce them to process and present
tumor-speciﬁc antigens to CD8þ T cells could be an important
step toward the development of more effective solid tumor
immunotherapies (1).
Modiﬁed, third-generation, lentivirus-based vectors (LV) are
a novel approach for in vivo DC-targeted vaccination. Unlike
many other viral vectors, LV can transduce nondividing DCs,
thus inducing the de novo transcription of the encoded antigen.
Cytoplasmically expressed antigens can be directly presented to
the immune system via MHC-I molecules for induction of
CD8þ T cells; this direct presentation is hypothesized to be
up to 105 times more efﬁcient than the loading of exogenous
antigens onto MHC class I via cross-presentation (2). Furthermore, the RNA of LV is able to trigger toll-like receptor (TLR3,
TLR7/TLR8) signaling which stimulates the maturation of DCs,
increases their expression of costimulatory molecules (e.g.,
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CD40, CD80, CD86), upregulates MHC Class II expression,
and improves the interactions of DCs with T cells (3, 4). Thus,
LV may be more effective at inducing T-cell responses than
immunotherapeutic approaches that rely on exogenous antigens and cross-presentation.
The New York Esophageal Squamous Cell Carcinoma-1 [NYESO-1 (CTAG1B)] expressing LV305 is derived from the
ZVex platform, which was engineered to deliver antigenencoding gene(s) selectively to DCs in vivo. The envelope
protein of ZVex is derived from the Sindbis virus envelope
glycoprotein which interacts with the DC-speciﬁc, C-type lectin
receptor DC-SIGN (CD209). ZVex is a third-generation LV that
is replication-incompetent and integration-deﬁcient due to
extended deletion of the vector backbone and integrase inactivation (5). These redundant molecular safety features make
persistence and integration of the vector very unlikely and
enable safe parenteral injection compared with other thirdgeneration LV currently used for ex vivo gene transfer in cellbased therapies.
LV305 induces the expression of full-length NY-ESO-1
protein (5–7), which is a highly immunogenic cancer testis
antigen expressed in up to 40% of non–small cell lung, ovarian,
and melanoma cancers, and in greater than 70% of certain
sarcoma subtypes [e.g., synovial sarcoma (SS) and myxoid/round
cell liposarcoma (MRCL); refs. 8–11]. NY-ESO-1–directed vaccination has obtained some promising clinical results in early phase
I/II studies, and adoptive cell therapy has resulted in partial
responses (PR) in 60% of NY-ESO-1–expressing sarcomas in
small phase I trials (12). In preclinical studies, a single immunization with LV305 transduced DCs in vivo, generated multifunctional CD8 T-cell responses, and controlled the growth of NYESO-1–expressing murine tumors (7).
This ﬁrst-in-human phase I study examined the clinical
safety, immunogenicity, and preliminary efﬁcacy of LV305 in
patients with advanced sarcoma or other solid tumors expressing NY-ESO-1.
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Patients
Eligible patients were 18 years of age with locally advanced,
relapsed, and/or metastatic cancer with low tumor burden as
deﬁned in Supplementary Table S1. During screening, tumor
expression of NY-ESO-1 was determined by IHC (performed by
Mosaic Laboratories) on tumor samples collected prior to screening using mouse monoclonal antibody E978 (Sigma). Eligible
NY-ESO-1 expression was deﬁned as 5% and later amended to
include any tumor cell–speciﬁc positivity (as determined by a
central lab pathologist) to allow enrollment of lower-expressing
tumor types. Patients were not required to have HLA typing to
determine eligibility.
During dose escalation, eligible NY-ESO-1–positive tumor
types included sarcomas (any subtype), melanoma, non–small
cell lung cancer (NSCLC), ovarian cancer (including fallopian
tube carcinoma), and breast cancer. During expansion at the
maximum safe dose, tumor types included sarcomas (SS and
MRCL subtypes), melanoma, NSCLC, ovarian cancer (including
fallopian tube carcinoma), and urothelial carcinoma of the urinary tract.
Eligible patients must have had an inadequate response,
relapse, and/or unacceptable toxicity with one or more prior
systemic, surgical, or radiation cancer therapies, except patients
with NSCLC and breast cancer who must have two or more prior
therapies. Inadequate response was deﬁned as having persistent
disease or 50% risk of recurrence per investigator assessment
despite standard or curative intent treatment. An Eastern Cooperative Oncology Group performance status of 0 or 1, life expectancy of 6 months, and electrocardiogram without evidence of
clinically signiﬁcant arrhythmia or ischemia were required.
Exclusion criteria included prior treatment with other NY-ESO1–targeting agents, uveal melanoma, unstable brain metastases,
signiﬁcant immunosuppression from corticosteroids or other
immunosuppressive medications, signiﬁcant autoimmune disease, myocardial infarction within 6 months or New York Heart
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LV305 is a novel lentiviral-based cancer vaccine that induces
expression of the New York Esophageal Squamous Cell Carcinoma-1 (NY-ESO-1) cancer testis antigen in dendritic
cells. LV305 was derived from the ZVex platform, which is a
third-generation, replication-incompetent, and integrationdeﬁcient lentiviral vector engineered to deliver antigenencoding gene(s) selectively to dendritic cells in vivo. To our
knowledge, this is the ﬁrst lentiviral vector directly injected
into patients as a cancer vaccine. In this ﬁrst-in-human study,
LV305 was well-tolerated in patients with advanced solid
tumors, with only grade 1 or 2 treatment-related adverse events
(AE) reported and no treatment-related serious AEs. LV305
effectively induced CD4þ and CD8þ T-cell responses against
NY-ESO-1–expressing tumor cells, as measured by biological
and molecular assays, and these immune responses were
associated with potential clinical beneﬁt. These results demonstrate the feasibility and potential therapeutic impact of
direct injection of a dendritic-cell tropic lentiviral vector into
patients as a cancer vaccine.

Patients and Methods
Study design and oversight
A phase I, open-label trial of LV305 was conducted to evaluate
the safety and tolerability of LV305 administered intradermally
(ID) in patients with locally advanced, relapsed, or metastatic
cancers expressing NY-ESO-1.
Secondary objectives included evaluation of immunogenicity.
Exploratory objectives included evaluation of responses every
8 weeks by immune-related response criteria (irRC) modiﬁed to
use RECIST (v1.1), duration of response, progression-free survival
(PFS), time to progression, and biomarkers. Three escalating
doses of LV305 in four cohorts were assessed using a 3þ3
sequential dose-escalation design, with expansion at the maximum safe dose.
The trial was conducted in accordance with the ethical principles in the Declaration of Helsinki, International Conference on
Harmonization guidelines for Good Clinical Practice, and the
code of Federal Regulations. The protocol was reviewed by the
National Institutes of Health Recombinant DNA Advisory Committee and followed their approved guidelines and was approved
by local Institutional Review Boards and Biosafety Committees.
All patients provided written, informed consent. This trial is
registered on Clinicaltrials.gov (NCT02122861).
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Association Grade III or IV heart failure, inadequate organ function (marrow, hepatic, renal), and clinically signiﬁcant infection.
Study treatment
LV305 (1 mL per dose) was administered ID once every 3 weeks
using a MicronJet needle (Nanopass Technologies Ltd.). Each
1 mL dose was divided into 8 separate injections of 125 mL each;
two 125 mL injections were administered to each upper arm and
two 125 mL injections were administered to each thigh. Patients
were enrolled in one of four cohorts: Cohort 1 received 1  108
viral genomes (vg) x 3 doses, Cohort 1A received 1  108 vg x 4
doses, Cohort 2 received 1  109 vg x 4 doses, and Cohort 3
received 1  1010 vg x 4 doses. Concurrent treatment with
corticosteroids or immunosuppressive medications (e.g., methotrexate, cyclosporine, azathioprine) was prohibited.

Immune response assessments and criteria for induced
responses
Baseline tumor biopsies were obtained from all patients to
screen for presence of NY-ESO-1 expression on tumor specimens
by IHC. Posttreatment biopsies for exploratory biomarker analysis were optional in patients with accessible tumors. Peripheral
blood samples were collected for immunologic testing at baseline
and on days 14, 28, 63, and 84. These samples were processed into
plasma and PBMC over Ficoll gradients and stored cryogenically
for immunologic testing. Leukapheresis (1.5 to 2 blood volume
process) were collected on each patient before and after treatment.
PBMCs isolated from leukapheresis samples were cryopreserved
for immunologic testing and exploratory biomarkers.
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T-cell receptor beta variable chain sequencing and statistical
analysis
T-cell receptor beta (TCRb) repertoire in baseline and posttreatment PBMC were evaluated by TCRb chain sequencing of
complementarity-determining region (CDR)3 on PBMC and
tumor biopsies. Immunosequencing of the CDR3 regions of
human TCRb chains was performed using the ImmunoSEQ Assay
(Adaptive Biotechnologies). Extracted genomic DNA was ampliﬁed in a bias-controlled multiplex PCR, followed by highthroughput sequencing. Sequences were collapsed and ﬁltered
in order to identify and quantitate the absolute abundance of each
unique TCRb-CDR3 region for further analysis as previously
described (17–19).
Statistical analyses of TCRb sequencing results
P
Shannon's Entropy, H, is deﬁned as  N
i¼1 pi log 2 ðpi Þ, where pi
is the proportional abundance of clone i, and N is the total
number of unique TCR receptor rearrangements. Clonality is
related to Shannon's Entropy and deﬁned by 1  logH N , where
2

H
log2 N

is also known as Pielou's evenness (20). Clonality values

range from 0 to 1 and describe the shape of the immune repertoire's frequency distribution: clonality values approaching 0
indicate a very even distribution of frequencies, whereas values
approaching 1 indicate an increasingly asymmetric distribution in
which a few clones are present at high frequencies. Richness of a
repertoire was calculated using the Daley–Smith Estimate (R
package: preseqR, v3.0.1), which combines a rational function
approximation with Good and Toulmin's nonparametric empirical Bayes power series estimator (21, 22). The potential association between TCR clonality and overall survival (OS) was analyzed using the Kaplan–Meier method.
Exploratory analyses
PFS and OS were evaluated using the Kaplan–Meier method
and compared using a log-rank test stratiﬁed by disease type. The
OS rates at 1-year are presented, with P values for difference in
1-year OS calculated using Z statistics of difference in survival
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Clinical assessments
Adverse events (AEs) were assessed regularly during treatment,
and AE severity was graded per NCI Common Terminology
Criteria for Adverse Events v.4.03. During dose escalation, a
dose-limiting toxicity (DLT) was deﬁned as any treatmentrelated grade 3 AEs that occurred during the 28 days following
the ﬁrst dose of LV305, with the exception of alopecia, vomiting or
diarrhea controlled by optimal anti-emetics or anti-diarrheals,
grade 3 fatigue, asymptomatic grade 3 laboratory AEs, or grade 3
systemic reactions (e.g., fever, headache, inﬂuenza-like symptoms, myalgia, malaise, nausea) that returned to baseline or grade
1 within 3 days. Data were reviewed by an independent data
monitoring committee for DLT during the speciﬁed time period
for each dose cohort and then for all patients at least quarterly
thereafter.
Tumor imaging and clinical assessments were performed by the
investigator at screening (baseline) and then every 8 weeks until
disease progression. After progression, long-term follow-up was
conducted every 12 weeks for any serious AEs (SAE) possibly
related to LV305, disease status, and survival. The presence or
absence of detectable LV305 genome in peripheral blood mononuclear cells (PBMC) was assessed and monitored for up to 2 years
from ﬁrst dose of LV305.
Tumor response was assessed by the investigator using
irRC (13, 14) modiﬁed to incorporate RECIST v 1.1 criteria (15).
The objective response rate was calculated as the proportion of
patients with complete response (CR) or PR, and the disease
control rate (DCR) was calculated as the proportion of patients
with CR, PR, or stable disease (SD) for a minimum of 2 months
from start of therapy. Clopper–Pearson exact 95% conﬁdence
interval (CI) was provided.

Details of the criteria for preexisting and induced antibody
and T-cell responses have been published previously (16).
For this study, plasma was analyzed for the presence of anti–
NY-ESO-1 antibodies using an ELISA with recombinant NY-ESO1 protein; a titer >1:100 was considered positive. The induction of
anti–NY-ESO-1 antibody response was deﬁned for this study as a
4-fold increase in the titer or the presence of a newly positive
response after the ﬁrst dose of LV305. Anti–NY-ESO-1 CD4þ and
CD8þ T-cell responses were measured by IFNg detecting enzymelinked ImmunoSpot (ELISPOT) using isolated CD4þ and CD8þ
T cells from PBMCs expanded in vitro with a NY-ESO-1 peptide
pool (20-mer peptides, 10-mer overlap) and considered positive
if there were >50 spot-forming units/50,000 cells observed for
NY-ESO-1 peptides and a 2-fold increase in spot-forming units
compared with a negative control. The induction of an anti–NYESO-1 CD4þ or CD8þ T-cell response was deﬁned as de novo
positive or 2-fold rise in the number of spot-forming units on
the ELISPOT assay after the ﬁrst dose of LV305. In addition, a
FACS-based intracellular cytokine staining (ICS) assay for IFNg or
TNFa after stimulation with NY-ESO-1 peptide pool was used,
and staining 2-fold above the baseline value was considered
positive for T-cell responses.
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rates/square root of sum of variance. HR and its 95% CI were
calculated using a stratiﬁed Cox model stratiﬁed by disease type.

Results
Baseline demographics and disease characteristics
Screening for NY-ESO-1 expression was performed on previously collected tumor samples from patients with eligible tumor
types; the percentages of NY-ESO-1–positive specimens in
screened patients are presented by tumor type in Supplementary
Table S2; the highest percentages were seen in patients with

All patients
(n ¼ 39)
56 (25–75)
15 (38)/24 (62)
13 (33)
6 (15)
5 (13)
8 (21)
6 (15)
1 (3)
1 (3)
4 (10)
34 (87)
11 (28)
15 (38)
2 (5)
3 (8)
19 (49)
2.9 (0.5–18.2)
4.8 (0.7–66)

26 (68)
32 (84)
9 (23)
15 (38)
4 (10)
11 (28)
9 (23)
9 (23)
21 (54)
41.9 (18.3)

Abbreviation: NA, not applicable.
Other sarcoma subtypes included leiomyosarcoma (n ¼ 2) and rhabdomyosarcoma (n ¼ 1), solitary ﬁbrous tumor (n ¼ 1), and Ewing sarcoma (n ¼ 1).
b
Among patients with nonsarcoma tumor types, high expression (50%) was
detected in 50% of melanoma patients (3/6) and the only NSCLC patient; the
remaining 3 melanoma patients had low (<1%) expression. All patients with
ovarian cancer had NY-ESO-1 expression in 5% of tumor cells, including 5 with
expression <1%.
c
Includes any tumor-speciﬁc positivity up to <25%.
d
All patients had prior therapy with at least one of the following: surgery,
radiation, systemic anticancer therapy; patients with no prior systemic anticancer therapies had prior local radiation and/or surgery.
e
NED was determined by investigator assessment of baseline imaging. If there
were no measurable target lesions nor any evidence of nontarget lesions,
investigators made assessment of NED.
f
Sum of target lesion diameters; 19 patients (11 with sarcoma) classiﬁed as NED or
with only presence of nontarget lesions were excluded.
a
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Cohort
2
(N ¼ 3)
0
3 (100)
3 (100)
0

Cohort
3
(N ¼ 3)
0
3 (100)
3 (100)
0

0
0
Grade 1

0
4 (15)
0
0
Grade 2 Grade 3

12 (31)
18 (46)
6 (15)
4 (10)
2 (5)
3 (8)
3 (8)
2 (5)
2 (5)
2 (5)
2 (5)
2 (5)
2 (5)
2 (5)

7 (18)
0
2 (5)
0
1 (3)
0
0
0
0
0
0
0
0
0

Expansion
(N ¼ 27)
0
27 (100)
22 (81)
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0

All
patients
(N ¼ 39)
0
39 (100)
34 (87)
0
4 (10)a
0
Any
Grade
19 (49)
18 (46)
8 (21)
4 (10)
3 (8)
3 (8)
3 (8)
2 (5)
2 (5)
2 (5)
2 (5)
2 (5)
2 (5)
2 (5)
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Table 1. Baseline demographics and disease characteristics
Sarcoma
patients
(n ¼ 24)
Median (range) age, years
47 (25–72)
Male/female gender, n (%)
11 (46)/13 (54)
Diagnosis, n (%)
SS
13 (54)
MRCL
6 (25)
5 (21)
Other sarcomaa
Ovarian
N/A
Melanoma
N/A
NSCLC
N/A
Stage at diagnosis, n (%)
II
1 (4)
III
2 (8)
IV
21 (88)
NY-ESO-1 expressionb, n (%)
5%
0
4 (17)
>5%–25%c
>25%–50%
2 (8)
>50%–75%
2 (8)
>75%–100%
16 (67)
Median (range) time since diagnosis, years 3.4 (0.5–13.4)
Median (range) time since last treatment, 4.9 (0.7–66)
months
Prior therapy, n (%)
Radiation
21 (88)
Systemic anticancer therapy
20 (83)
Number of prior systemic anticancer therapies, n (%)
0 linesd
4 (17)
1 line
10 (42)
2 lines
3 (13)
3 lines
7 (29)
Tumor status at study entry, n (%)
NEDe
6 (25)
SD
5 (21)
Evidence of any tumor growth
13 (54)
Mean tumor burden at study entryf, mm
45.3 (18.9)

Table 2. Summary of AEs
Cohort Cohort
1
1A
n (%)
(N ¼ 3) (N ¼ 3)
Any DLT
0
0
Any AE
3 (100) 3 (100)
Any tmt-rel AE 3 (100) 3 (100)
Grade 3 tmt- 0
0
rel AE
SAE
0
0
tmt-rel SAE
0
0
Treatment-related AE in 2
patients, n (%)
Fatigue
Injection site reactionb
Myalgia
Nausea
Stomatitis
Headache
Bilirubin conjugated increased
Malaise
Pyrexia
Diarrhea
Blood creatinine increased
Arthralgia
Paresthesia
Nasal congestion

Abbreviation: Tmt-rel, treatment-related.
a
SAEs were grade 3 small intestinal obstruction (n ¼ 2), grade 3 abdominal pain,
and grade 3 hypoxia.
b
Number of unique patients who experienced one or more of the following AE:
injection site pruritus (n ¼ 10 patients), injection site reaction (n ¼ 7 patients),
injection site pain (n ¼ 5 patients), and injection site erythema (n ¼ 4 patients).

MRCL (93%) and SS (68%–76%). A total of 39 patients were
enrolled. The majority of enrolled patients had sarcoma (62%;
n ¼ 24); other tumor types enrolled were ovarian (21%; n ¼ 8),
melanoma (15%; n ¼ 6), and NSCLC (3%; n ¼ 1; Table 1). The
most common sarcoma subtypes enrolled were SS (n ¼ 13) and
MRCL (n ¼ 6). Eighty-seven percent of all enrolled patients had
stage IV disease, and 28% had 3 prior systemic anticancer
therapies (Table 1).
NY-ESO-1 expression was high (>50% of tumor cells by IHC;
n ¼ 18) or moderate (>25%–50% of tumor cells by IHC; n ¼ 2) in
83% of sarcoma patients (20/24; Table 1). Among patients with
other tumor types, high expression was detected in 50% of
melanoma patients (3/6) and the only NSCLC patient. Ovarian
cancer had the lowest NY-ESO-1 expression levels, with expression in 5% of tumor cells in all enrolled subjects.
DLT and AEs
Twelve patients received LV305 during dose escalation, 3
patients in each dose cohort. No DLTs were observed, and the
MTD was not reached. Enrollment was expanded to enroll 27
additional patients at the highest dose level tested, 1  1010 vg x 4
doses.
Thirty-four patients (87%) experienced at least one treatment-related AE. The most common were fatigue (49%),
injection site reaction (46%, includes the terms injection site
pruritus, injection site pain, injection site erythema, and injection site reaction), and myalgia (21%; Table 2). All treatmentrelated events were grade 1 or 2 in severity. No grade 3
treatment-related AE and no treatment-related SAE were
observed. Thirty patients (77%), including 20 of 24 (83%)

Clin Cancer Res; 25(19) October 1, 2019

5811

Somaiah et al.

sarcoma patients, completed all planned therapy, and no
patients discontinued due to AE.
Seventy-four percent of patients had at least 1 evaluable posttreatment assessment for the persistence of the LV305 genome;
49% had 2 or more assessments, 38% were tested at approximately 12 months, and 26% were tested 22 months after
baseline (including 2 patients at >3 years). The presence of
LV305 genome was not detected in any patient at any timepoint
on study.

Figure 1.
LV305-induced immune responses and correlation with OS. A and B, The proportion of patients with induction of anti–NY-ESO-1 immune responses are
summarized in A for all patients with samples available for analysis (n ¼ 38) and B for sarcoma patients (n ¼ 24). C, One-year OS rates and P values by
preexisting antibody, induced antibody, preexisting T-cell, or induced T-cell responses. Both induced antibody and T-cell responses are signiﬁcantly associated
with survival rate at 1 year. D, Kaplan–Meier curves summarizing OS by the presence or absence of baseline immunity and treatment-induced immune responses
(based on antibody or T-cell positivity). Green, baseline positive, induction positive (þ,þ); purple, baseline positive, induction negative (þ,); blue, baseline
negative, induction positive (, þ); red, baseline negative, induction negative (, ). A signiﬁcant difference in OS was observed between the þ,þ and ,
groups (P ¼ 0.0137) and between the þ, and , groups (P value ¼ 0.0215). OS was not signiﬁcantly different between the þ,þ and þ, groups (P value ¼
0.520) or between the , þ and ,  groups (P value ¼ 0.0215).
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Immune responses
The presence of anti–NY-ESO-1 T-cell responses was evaluable in 85% of patients, and the presence of anti–NY-ESO-1
antibodies in plasma was evaluable in 97%. Preexisting anti–
NY-ESO-1 T-cell responses were detected at baseline in 36%
of patients (39% of sarcoma patients), and anti–NY-ESO-1

antibodies were present at baseline in 42% of patients (39%
of sarcoma patients). Figure 1A summarizes LV305-induced IR
in all patients, and Fig. 1B summarizes LV305-induced IR in all
sarcoma patients. LV305-induced CD4þ or CD8þ T cells were
detected by ELISPOT and/or ICS in 52% of patients (57% of
sarcoma patients) at 1 timepoint on study, and 18% at 2
timepoints. The survival rate at 1 year was 94.1% in patients
with induction of anti–NY-ESO-1 T cells versus 62.5% in those
without T-cell induction (P ¼ 0.0181), and 91.7% in patients
with preexisting anti–NY-ESO-1 T-cells versus 71.4% in those
without (P ¼ 0.1105; Fig. 1C and D). LV305-induced anti–NYESO-1 antibodies were detected by ELISA in 8% of patients (4%
of sarcoma patients). The survival rate at 1 year was 100% in
patients with induction of anti–NY-ESO-1 antibody versus
77.1% in those without antibody induction (P ¼ 0.0013), and
93.8% in patients with preexisting anti–NY-ESO-1 antibody at

LV305 Immunotherapy for Cancers Expressing NY-ESO-1

baseline versus 68.2% in those without (P ¼ 0.0279). Neither
preexisting immunity (Ab or T cells) nor induced IR was
associated with NY-ESO-1 expression in tumor in a logistic
regression model that included immunity as the response
variable and NY-ESO-1 expression as the independent variable
(data not shown).
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Exploratory tumor response assessments
A durable PR was observed in 1 sarcoma patient, and an
unconﬁrmed PR was observed in 1 lung cancer patient. In the
patient with lung cancer, previously undetected lesions were
identiﬁed in the central nervous system (an immune sanctuary
site) within 1 month of the initial observation of PR and were
associated with symptomatic deterioration and discontinuation
from the study. An additional 20 patients (51.3%) had SD, based
on modiﬁed irRC, for a DCR of 56.4%.
Among patients with sarcoma, 1 patient (4.2%; patient no.
006) achieved PR and 14 patients (58.3%) had SD, for a DCR of
62.5% (Fig. 2). The median duration of disease control in these 15
patients was 5.9 months (95% CI, 1.8–16.8 months). Among
patients with SS, the DCR was 53.8%, with a median duration of
9.8 months (95% CI, 0 months–not assessable). In sarcoma
patients who had evidence of any tumor growth tumor at study

entry, as determined by site investigators, 61.5% (8 of 13)
achieved disease control following LV305, compared with
63.6% of patients (7 of 11) who had SD or no evidence of disease
(NED) with high risk of recurrence per investigator assessment.
The sarcoma patient who achieved a PR (patient no. 006)
had evidence of tumor growth at study entry after having received
extensive prior therapies, including multiple tumor-related
surgeries, radiation, single-agent ifosfamide, ifosfamide/adriamycin, trabectedin, and pazopanib. This patient initially had
SD upon completion of all dosing of LV305 with a slow tumor
regression over time resulting in a PR approximately 1.5 years
after completion of LV305 dosing (16). The tumor continued to
regress to a near-CR state, measuring less than 1 cm at
42 months after the ﬁrst dose of LV305 (Fig. 3A). This patient
did not receive any tumor-related treatment after LV305 administration. This patient had both preexisting anti–NY-ESO-1
antibodies and T cells; however, the evidence of tumor growth
at time of enrollment despite extensive prior therapies indicates
the preexisting anti–NY-ESO-1 immune response was inadequate to control the tumor. Following LV305 dosing, the
patient developed an induced and durable anti–NY-ESO-1 IR.
We have previously shown that NY-ESO-1–speciﬁc CD4þ and
CD8þ T cells were induced in this patient (16). TCRb repertoire

Figure 2.
Select baseline characteristics and clinical outcome in patients with sarcoma (N ¼ 24) treated with LV305.
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analysis using PBMC samples collected from this patient at
baseline, day 84, and at 2-year follow-up showed increased
tumor-inﬁltrating lymphocyte (TIL) sequences in PBMC postLV305 dosing, and the tumor NY-ESO-1–speciﬁc sequences
continued to be present 2 years after completion of LV305
dosing (Fig. 3B).
Exploratory PFS and OS analysis
The median duration of follow-up was 27.9 months (range,
3.2–42.4 months). Median PFS was 4.6 months (95% CI, 2.7–
11.7 months) in all patients and 4.6 months (95% CI, 2.5–
8.6 months) in patients with sarcoma (Supplementary Fig.
S1A). Median PFS was 2.8 months, 9.6 months, and 4.6 months
in patients with SS, MRCL, and other sarcoma subtypes, respectively (Supplementary Fig. S1B).
Median OS was 31.1 months [95% CI, 18.8 months–not
available (NA)] in all patients. In patients with sarcoma, the
median OS was 33.9 months (95% CI, 18.8 months–NA) with
OS rates of 83.3% and 66.7% at 12 and 24 months, respectively
(Supplementary Fig. S1C). OS was similar across sarcoma subtypes (Supplementary Fig. S1D).
Sarcoma patients at high risk of recurrence per investigator
assessment with NED at time of enrollment (n ¼ 6) had longer
PFS than patients with SD (n ¼ 5) or evidence of tumor growth
(n ¼ 13) at enrollment; median PFS was 16.6 months (95% CI,
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0.9 months–NA) in patients with NED; 2.6 months (95% CI,
2.2 months–NA) in patients with SD; and 2.8 months (95% CI,
1.7–4.6 months) in those with any evidence of tumor growth.
Median OS was not reached in sarcoma patients with NED at time
of enrollment, and was 31.11 months (95% CI, 7.03 months–
NA) in patients with SD and 27.79 months (95% CI, 16.85–NA)
in those with any evidence of tumor growth.
A post hoc exploratory analysis revealed signiﬁcantly longer
OS in patients with increased T-cell clonality (higher than
median post-/preclonality ratio) in posttreatment PBMC
among all patients (P ¼ 0.0116; Fig. 4A) and sarcoma patients
(P ¼ 0.0184; Fig. 4B), indicating LV305-induced clonal expansion of T-cell anti–NY-ESO-1 responses may be associated
with OS.

Discussion
LV305 is the ﬁrst vaccine designed to selectively induce expression of an antigen-encoding gene in DCs in vivo. This ﬁrst-inhuman study of this ﬁrst-in-class agent demonstrates the potential
of a LV vaccine to induce antigen expression in DCs and to
promote IR and tumor responses in patients.
LV305 was administered ID in the outpatient setting and was
well-tolerated with only grade 1 or 2 treatment-related AEs
reported and no treatment-related SAEs. LV305 effectively
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Figure 3.
Tumor regression over time and persistent
immune response in a sarcoma patient treated
with LV305. A, The percent change in tumor size
(sum of longest diameters) over time in the patient
with a PR. A PR was ﬁrst measured approximately
1.5 years after completion of LV305 treatment,
after which the tumor continued to regress to a
near-CR state, measuring less than 1 cm after
42 months of follow-up (on day 1273). B, The
results of TCRb variable chain repertoire analysis
using tumor biopsy and PBMCs collected at
baseline (pre-Tx), day 84 (post-Tx), and at 2-year
follow-up (LTFU) from Patient 1-1. Increased TIL
sequences were detected in PBMC post-LV305
treatment, and these sequences continued to be
present 2 years after treatment.
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induced an anti–NY-ESO-1 IR that was broad, tumor-speciﬁc, and
durable. IR consisted of both anti–NY-ESO-1 antibody and
CD4þ/CD8þ T-cell responses, as measured by cell-based and
molecular assays, with measurable responses ongoing as long as
2þ years after treatment. LV305 was associated with increases of
preexisting immune responses to NY-ESO-1 as well as de novo IR,
suggesting LV305 may act not only to prime, but also to boost IR.
LV305 administration resulted in a greater induction of T-cell
responses than antibody responses, which is not unexpected as
NY-ESO-1 is expressed in relatively low amounts in DC and
presumably not secreted.
The data indicate that LV305-induced anti–NY-ESO-1 IR can
lead to tumor regression over time, as evident in one patient with
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synovial sarcoma who achieved a near-CR. In this patient, a
relatively high level of preexisting T cells was boosted, with the
durability of this T-cell response measured for over 2 years.
Although no objective responses were observed in the other
patients, 62.5% of all sarcoma patients and 61.5% of sarcoma
patients with growing tumor at study entry maintained or
achieved SD. These data suggest that the main mechanism of
action of LV305 in this patient population may be slowing of
tumor growth. A similar observation has been made with the
ex vivo–generated DC-based prostate cancer vaccine sipuleucel-T,
which also expresses a single tumor antigen (23).
In addition, in exploratory analyses, the induction of an anti–
NY-ESO-1 response following LV305 (either a de novo response or
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Figure 4.
OS by TCR clonality ratio in PBMCs. Kaplan–Meier analysis of OS by TCR clonality ratio (posttreatment/pretreatment) is presented for all patients with samples
available for analysis (n ¼ 26; A) and patients with sarcoma with samples available for analysis (n ¼ 19; B) for whom a complete dataset was available. Patients
with a TCR clonality ratio greater than or equal to the median are represented with green lines, and patients with a TCR clonality ratio less than the median are
represented with red lines. The median clonality ratio was 1.025 (range, 0.43–4.37) among all patients and 1.050 (range, 0.43–4.37) among sarcoma patients.
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