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Abstract
Tumor-associated antigens (TAAs) have been tested in various clinical trials in cancer treatment but the patterns of spe-
cific T cell response to personalized TAA immunization remains to be fully understood. We report antigen-specific T cell 
responses in patients immunized with dendritic cell vaccines pulsed with personalized TAA panels. Tumor samples from 
patients were first analyzed to identify overexpressed TAAs. Autologous DCs were then transfected with pre-manufactured 
mRNAs encoding the full-length TAAs, overexpressed in the patients’ tumors. Patients with glioblastoma multiforme 
(GBM) or advanced lung cancer received DC vaccines transfected with personalized TAA panels, in combination with low-
dose cyclophosphamide, poly I:C, imiquimod and anti-PD-1 antibody. Antigen-specific T cell responses were measured. 
Safety and efficacy were evaluated. A total of ten patients were treated with DC vaccines transfected with personalized TAA 
panels containing 3–13 different TAAs. Among the seven patients tested for anti-TAA T cell responses, most of the TAAs 
induced antigen-specific CD4+ and/or CD8+ T cell responses, regardless of their expression levels in the tumor tissues. No 
Grade III/IV adverse events were observed among these patients. Furthermore, the treated patients were associated with 
favorable overall survival when compared to patients who received standard treatment in the same institution. Personalized 
TAA immunization-induced-specific CD4+ and CD8+ T cell responses without obvious autoimmune adverse events and 
was associated with favorable overall survival. These results support further studies on DC immunization with personalized 
TAA panels for combined immunotherapeutic regimens in solid tumor patients.
Trial registration ClinicalTrials.gov, NCT02709616 (March, 2016), NCT02808364 (June 2016), NCT02808416 (June, 2016).
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Introduction

Dendritic cell (DC) vaccine against tumor antigens is a 
promising cancer immunotherapeutic approach [1, 2]. 
Clinical studies have used different types of tumor antigens 
loaded into DCs to treat cancer patients. Autologous DCs 
pulsed with tumor cell lysates were tested in many clinical 
trials and produced some promising efficacy results [3–6]. 
A major advantage of tumor cell lysates as tumor antigens is 
that they contain both tumor-associated antigens (TAA) and 
tumor specific-antigens (TSA, neoantigens), however, pro-
curement of sufficient amount of tumor tissues in advanced 
stage cancer patients is difficult to achieve. To circumvent 
this hurdle, DC vaccines loaded with more defined TAA in 
the form of synthesized peptides, DNAs or mRNAs were 
tested in clinical studies. Immunization with autologous DCs 
transfected with mRNA encoding full-length prostate-spe-
cific antigen (PSA) induced PSA-specific T cell responses 
and significant PSA decrease in prostate cancer patients [7]. 
Furthermore, DCs transfected with mRNAs encoding four 
full-length TAAs were combined with anti-CTLA4 antibody 
ipilimumab to treat advanced melanoma. The combination 
was safe and resulted in a 51% 6-month disease control rate 
and 38% overall tumor response [8].

Recently, neoantigen-based cancer vaccines have received 
intense attention [9, 10]. Clinical studies show that neo-
antigens delivered through DCs or other means induce 
potent antigen-specific T cell response and favorable clini-
cal responses in melanoma and GBM patients [11–15]. 
Although very promising, two major issues need to be 
resolved before its wide application: low occurrence rate 
of neoantigens among total tumor mutations and lengthy 
time taken to identify and apply to cancer patients. These 
two issues can be resolved by combining neoantigen and 
TAA treatment. In a recent clinical trial, Hilf et al. first 
immunized GBM patients with TAA-based cancer vaccines 
and then followed with neoantigen-based cancer vaccines 
[14]. This group of patients had a median overall survival of 
29.0 months, compared favorably to 14.6 months by stand-
ard treatment [16]. Together, the above clinical studies sug-
gest that continued development of cancer vaccines based 
on TAAs and neoantigens is needed to improve treatment 
efficacy.

Several clinically significant questions regarding TAA-
based cancer vaccine remain largely unknown. Given that 
TAAs are overexpressed at different levels in tumor tissues, 
which TAAs should be chosen for patient immunization in 
personalized treatment? Are TAA overexpression levels cor-
related with TAA-based vaccine-induced antigen-specific T 
cell responses? Does the number of TAAs used in immuni-
zation impact each antigen’s capability to induce antigen-
specific T cell responses? We conducted clinical trials to test 

personalized TAA-based DC vaccines in lung cancer with 
brain metastasis and GBM in a specialized brain disease hos-
pital, Guangdong 999 Brain Hospital. To prepare for the tri-
als, we first assayed the expression pattern of ~ 100 reported 
TAAs and several known immunosuppressive factors in the 
tumor microenvironment (TME) in preserved tumor sam-
ples. We pre-manufactured GMP quality mRNA for 87 full-
length TAAs that appeared in our assays. Upon identification 
of overexpressed TAAs in individual patient’s samples, the 
patients received 3–16 infusions of DCs transfected with 
3–13 different TAAs. To maximize induction of anti-TAA-
specific T cell responses, the patients also received low-dose 
cyclophosphamide for regulatory T cell depletion [17, 18], 
poly I:C for enhancing anti-tumor immunity [14, 19–21] 
and imiquimod for increasing DC maturation and function 
[22–24]. In addition, four lung cancer patients also received 
anti-PD-1 Nivolumab treatment. To our surprise, most of 
the immunized TAAs induced antigen-specific CD4+ and/or 
CD8+ T cell responses regardless of their expression levels 
and the number of immunized TAAs. The patients are asso-
ciated with favorable survival with the combined treatment. 
These results suggest that further development of personal-
ized TAA-based cancer vaccines is warranted for combina-
tion regimen in cancer immunotherapy.

Materials and methods

Clinical trial design

Personalized TAA-based DC vaccine trials of solid 
tumors (newly diagnosed GBM NCT02709616; recurrent 
GBM NCT02808364; lung cancer with brain metastasis 
NCT02808416) were established in Jinan University Affili-
ated Guangdong 999 Brain Hospital. These were open-label 
single center and one arm phase I trials. The treatment pro-
tocols were approved by the hospital’s ethical committee. 
All trial treatments were strictly adhered to the guidelines of 
the Declaration of Helsinki and had written consent from the 
patients. Patients were recruited in March, 2016 to October, 
2017 and the follow-up was up to June, 2019. A total of ten 
patients including five non-small cell lung cancer (NSCLC) 
with brain metastasis and five GBM patients were recruited 
to the study (Table 1). The survival time of 13 lung can-
cer and 28 GBM patients (Table S1) who received stand-
ard treatment by the same physician team during the last 
3 years was used as a comparison. The primary objective of 
the trials was to test the safety of personalized TAA-based 
DC vaccine trials with the secondary objective to investi-
gate CD4+ and CD8+ T cell responses to TAA-based DC 
vaccines. To enhance antigen-specific T cell induction to 
TAAs, low-dose cyclophosphamide for regulatory T cell 
depletion and poly I:C as well as imiquimod as immune 
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adjuvants were incorporated into the trial design. Moreover, 
immune checkpoint inhibitor anti-PD-1 was concurrently 
used in four lung cancer patients as prescribed by physi-
cians. The patients were evaluated every 3 months for treat-
ment response and disease progression using RECIST1.1 for 
lung cancer patients and iRANO criteria for GBM. Adverse 
events were evaluated and reported using CTCAE v4.

Measurement of mRNA expression of TAA and TME 
immunosuppressive factors

Total RNAs were extracted from tumor samples, obtained 
by resection or biopsy, and reverse transcribed. The cDNAs 
were analyzed by quantitative polymerase chain reaction 
(qPCR) for the expression of TAAs and TME immunosup-
pressive factors. All reactions were performed in triplicates. 
The primers for the tested TAA genes are listed in Table S2. 
The mRNA expression levels of TAAs and TME immuno-
suppressive factors in the tumor samples were compared 
with those in either para-tumor biopsies or pooled samples 
of normal tissues and shown as mean fold changes.

Personalized DC vaccine generation and therapy

Peripheral blood mononuclear cells (PBMCs) were obtained 
via leukapheresis and further purified by density gradient 
centrifugation. PBMCs were cryopreserved and thawed for 
each DC vaccine preparation a week before the vaccination. 
PBMCs were suspended for 2 h at 2 × 108 in 30 ml AIM-V 
media (invitrogen) in T-175 cell culture flasks. After 2 h 
incubation in a 37 °C, 5% CO2 humidified incubator, adher-
ent cells were harvested and cultured in 30 ml AIM-V con-
taining 800 IU/ml GM-CSF and 500 IU/ml IL-4 to induce 
immature DC (iDC). On day 6, iDCs were harvested by 

enzyme-free cell stripper buffer (Gibco), divided into equal 
portions, transfected with the individual TAA-mRNAs and 
pooled after maturation. For each DC infusion, 3–7 dif-
ferent TAAs were used. iDCs suspended in PBS buffer at 
5 × 106/100 μl were mixed with TAA-mRNA at 5 μg/106 
cells and pulsed using a Gene Pulser Xcell Electroporation 
System (Bio-Rad) in a 4-mm cuvette. The TAA-transfected 
iDCs were matured in AIM-V contained 800 IU/ml GM-
CSF, 500 IU/ml IL-4, 160 ng/ml IL-6, 5 ng/ml IL-1β, 5 ng/
ml TNF-α and 1 µg/ml PGE2 for 18 h and pooled for injec-
tion. All cytokines were purchased from R&D Systems. 
PGE2 was purchased from Sigma. The TAA-transfected 
mature DCs (mDCs) were analyzed for quality assurance 
and achieved high maturity (Table S3). All patients received 
a low-dose cyclophosphamide (200 mg/m2) treatment 24 h 
before each vaccination to deplete regulatory T cells [17, 
18]. The TAA-specific DC vaccines were infused back to 
patients by intradermal injection and intravenous infusion at 
1:5 ratio. Immune adjuvants such as imiquimod was applied 
on the skin for 5 days, beginning 2 days before vaccination, 
and poly I:C at 50 μg/kg was injected intramuscularly every 
2 days, beginning at the day of vaccination, for 2 weeks 
after each DC vaccination. The personalized TAA-specific 
autologous DC vaccination can be achieved within 7 days 
from the time of tumor biopsy or resection (day 1). Autolo-
gous DC culture was initiated on day 1. A high throughput 
qPCR assay to identify overexpressed TAAs was performed 
on days 2–4. All mRNAs encoding full-length TAAs were 
pre-manufactured in a GMP facility. Patient-specific TAAs 
were chosen to electroporate into iDC on day 6. The TAA-
transfected iDC was induced to undergo maturation for 
16–20 h and mDCs were injected into patients on day 7. 
Patients received DC vaccines at an interval of 2–4 weeks.

Table 1   Patient characteristics and treatment

MGMT O6-methylguanine-DNA methyltransferase, ALK anaplastic lymphoma kinase, RT radiotherapy

Patient Disease/stage Age Gender Organ metastasis Mutation Prior lines of treatments

BT001 NSCLC/IV 45 M Lung, bone, brain EGFR Exon 19 deletion RT/targeted
BT045 NSCLC/IV 45 F Lung, bone, liver, brain No mutation RT
BT051 NSCLC/IV 50 M Lung, lymph node, brain, Liver, 

pancreas, adrenal gland
No mutation RT/Chemo

BT077 NSCLC/IV 59 M Lung, brain ALK +  RT/targeted
BT079 NSCLC/IV 68 F Lung, brain ALK +  RT/chemo/targeted

MGMT expression by IHC Concurrent treatment

BT030 GBM/Primary 45 M  +  Surgery/Chemo/RT
BT044 GBM/Primary 18 M  +  +  +  Surgery/Chemo/RT
BT063 GBM/Primary 37 M - Surgery/Chemo/RT
BT056 GBM/Recurrent 55 F  +  Surgery
BT057 GBM/Recurrent 28 M  +  +  +  Surgery
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TAA constructs and GMP quality mRNA production

Psp73-gp96ss-TAA-LAMP1-A64 plasmids were constructed 
as described previously [25]. Full-length TAAs were fused 
with a LAMP1 domain to enhance MHC class II antigen 
presentation. Plasmids were all linearized by digestion with 
SpeI-HF (NEB) and used as templates in in vitro transcrip-
tion reactions. The in vitro transcription was performed 
with T7 RNA polymerase (mMESSAGE mMACHINE 
T7 Transcription kit; Ambion) according to the manufac-
turer’s instructions. The transcribed RNA was purified after 
TURBO DNase (Ambion) digestion on RNeasy columns 
(Qiagen) according to the manufacturer’s instructions. RNA 
quality was verified by the Agilent 2100 Bioanalyzer, and 
the levels of endotoxin contamination were below 0.25 EU/
μg. RNA concentration was measured by Nanodrop. Pre-
manufactured TAA-mRNAs were confirmed for their protein 
expression after transfection into 293 T cells or human DCs 
by western Blot analysis. The manufactured TAA-mRNAs 
were stored at − 80 °C in aliquots. For a fast turnaround and 
timely treatment, we have generated pre-manufactured GMP 
quality mRNAs encoding 87 different full-length TAAs.

Detection of TAA‑specific T cells

PBMCs collected at different times plated at a rate of 5 × 105 
cells/well in 48-well plates were co-cultured with autologous 
TAA-pulsed-mDC at 10:1 ratio in the presence of 10 ng/ml 
IL-7 (R&D). On day 3, IL-2 (R&D) was supplemented into 
the media at a concentration of 100 IU/ml and fresh IL-2 and 
IL-7 were then supplied every 3 days. PBMCs were cultured 
in RPMI-1640 medium supplemented with non-essential 
amino acids, l-glutamine, HEPES, β-Mercaptoethanol, 
sodium pyruvate, penicillin/streptomycin (Gibco), and 10% 
FBS (Gibco). On day 12, non-adherent T cells were col-
lected as effector T cells and restimulated with TAA-mDCs 
for 6 h in RPMI-1640 with 10% FBS and Golgistop (BD). 
TAA-specific T cells were determined using intracellular 
staining of IFN-γ and TNF-α. The in vitro stimulated T cells 
were stained with LIVE/DEAD-AmCyan, and a panel of 
cell surface markers including CD3-FITC, CD4-PE/Cy7, 
and CD8-PerCP, followed by fixation/permeabilization and 
then stained with PE-anti-IFN-γ and APC-anti-TNF-α.

Statistical analysis

Data were shown as mean ± standard error of the mean 
(SEM). Statistical analyses were performed with Prism 7.0 
(GraphPad Software Inc, USA) software. A p value of < 0.05 
was considered statistically significant.

Results

Heterogeneous expression of TAAs and TME 
immunosuppressive factors in lung cancer tumor 
samples

Tumor heterogeneity represents a tremendous challenge 
for precision immunotherapy. To prepare for personalized 
TAA-pulsed DC vaccine-based immunotherapy, we first 
analyzed the expression pattern of TAAs and TME immu-
nosuppressive factors in tumor samples from lung lesions 
of NSCLC patients. Biopsy samples from advanced stage 
cancer patients are often limited in size. For practical rea-
sons, we used a high throughput qPCR assay to quantify 
the mRNA expression of these genes. The expression lev-
els of the tested genes were compared with those in para-
tumor lung tissues from 21 lung cancer patients who did 
not receive immunotherapy. TAAs had a highly variable 
expression pattern. Among the shown TAAs, XAGE-1b was 
highly expressed in six tumor samples while Trag-3 was only 
overexpressed in one tumor sample (Fig. S1A). Tumors from 
patients S2 and A11 showed overexpression of most of the 
TAAs while tumors from majority of the patients showed 
overexpression of only a few TAAs (Fig. S1A). Among the 
seven tested TME immunosuppressive factors, TDO1 was 
the most upregulated in primary lung cancer lesions (Fig. 
S1B). We then assayed TAAs and TME immunosuppressive 
factors in eight NSCLC brain metastatic samples. Several 
TAAs, including MUC1, IGF2BP3 and Stat3, were highly 
upregulated in these brain metastatic samples (Fig. S1C). 
Interestingly, IDO1 was the most overexpressed immu-
nosuppressive factor in the lung cancer brain metastatic 
samples (Fig. S1D). These data are consistent with critical 
roles of Stat3 and IDO1 in promoting tumor proliferation 
and metastasis [26, 27]. Additional analysis on the expres-
sion of TAAs and TME suppressive factors in GBM tumor 
samples was performed and also showed expression vari-
ability (described elsewhere [28]). Together, these results 
demonstrate high degree of expression heterogeneity of 
TAAs and TME immunosuppressive factors in individual 
cancer patients and suggest that tumor vaccination requires 
personalization to better target the specific TAAs. Based on 
the analysis, we prepared 87 pre-manufactured GMP quality 
full-length mRNA TAAs for rapid application of DC vaccine 
immunization.

Patient characteristics and treatment

Ten patients (5 NSCLC and 5 GBM) were enrolled for this 
study and treated with DC vaccines transfected with person-
alized TAA-mRNA panels. All five NSCLC patients were at 
stage IV with brain and other organ metastasis and received 
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prior RT, chemotherapy and targeted therapy (Table 1). The 
status of the five lung cancer patients was PD at the time of 
enrollment. During the study, these five patients received 
either DC vaccines alone (BT001) or combination therapy 
with anti-PD-1 (Nivolumab) during the course of treatment 
(BT045, BT051, BT077 and BT079) (Table 2). Among 
the five treated GBM patients, three were newly diagnosed 
and two were recurrent (Table 1). The GBM patients also 
received concurrent standard treatments (Table 1). The ten 
patients received 3–16 DC vaccine infusions (Table 2). The 
selection of TAAs for treatment was based on the following 
criteria: (1) the TAA expression was at least > twofold of that 
expressed in para-tumor tissues or pooled samples of nor-
mal tissues. (2) There were published reports demonstrating 
identification of anti-TAA-specific CD4+ or CD8+ T cells in 
cancer patients. (3) Low relative expression of the TAAs in 
normal human tissues as reported in the Gencode site (www.
genco​degen​es.org). The number of individual TAAs used for 
patient immunization was between 3 and 13 (Tables 2 and 
3). For each TAA, the number of immunizations delivered 
through DC vaccines ranged from 3 to 7 times (Table 3). In 
addition, cyclophosphamide, poly I:C and imiquimod were 
incorporated into the treatment regimen as described in the 
clinical trial design. 

Dynamic changes of TAA expression in different 
lesions during disease progression

Two patients (BT001 and BT030) underwent multiple biop-
sies during the course of their disease progression. As dis-
ease progressed, more TAAs were upregulated (Fig. 1a, b). 
In lung cancer patient BT001, 17 TAAs from CDCA1 to 
Prame as well as SGT-1 as listed were strongly upregulated 
in vertebral metastasis site 2 when compared to his primary 

lung lesion (Fig. 1a). Moreover, ~ 80% of the tested TAAs 
in GBM patient BT030 were strongly upregulated by recur-
rence in three samples (Fig. 1b). The expression of TME 
immunosuppressive factors also exhibited dynamic patterns. 
The overall expression of these factors was downregulated 
in lung cancer vertebral lesions from patient BT001 while 
upregulated in recurrent GBM lesions from patient BT030 
(Fig. 1c, d). These results suggest that personalized TAA-
based immunization needs to be evolved to match the TAA 
changes during disease progression in long-term treatment. 
It should be noted that the TAAs used for treating these two 
patients were chosen based on their expression levels in the 
primary lesions.

TAA‑specific T cell responses

To examine TAA-specific T cell responses, we stimulated 
peripheral T cells taken at different time points during the 
in vitro treatment with mRNA TAA-pulsed autologous DCs 
and assayed intracellular production of IFN-γ and TNF-α for 
antigen-specific CD4+ and CD8+ T cells. Antigen-specific 
CD4+ or CD8+ T cell responses were induced for most of 
the TAAs regardless of their expression levels in tumors 
(Table 3 and Fig. 2). Among the tested seven patients, anti-
gen-specific CD4+ or CD8+ T cell responses were induced 
to all immunized TAAs in four patients (BT051 13 TAAs, 
BT077 9 TAAs, BT030 3 TAAs, BT057 3 TAAs). In the 
other three patients, patient BT001 had responses to 7 of 10 
TAAs while patient BT079 had responses to 7 of 9 TAAs. 
Patient BT063 had antigen-specific T cell responses to 1 
of 3 TAAs. Interestingly, Survivin, a commonly identified 
TAA, induced three different types of responses: antigen-
specific CD8+ T cell response in patient BT051 (6.1-fold 
overexpression), antigen-specific CD4+ T cell response in 

Table 2   Immunotherapy and clinical outcomes

Anti-PD-1 administration: single dose × number of infusions

Patient Number of DC 
infusion

Number of 
immunized

Combination therapy OS (month) Response Adverse effect times

I/II III/IV

NSCLC
 BT001 8 10 – 27 PR 2 (skin rash) 0
 BT045 6 12 Anti-PD-1 (100 mg × 4) 8 PR 1 (fever) 0
 BT051 16 13 Anti-PD-1 (100 mg × 9) 17 PR 0 0
 BT077 8 9 Anti-PD-1 (100 mg × 6) 15 PR 0 0
 BT079 12 9 Anti-PD-1 (100 mg × 8) 89 PR 0 0

GBM
 BT030 6 3 – 27 1 (fever) 0
 BT044 8 8 – 8 0 0
 BT063 4 3 – > 30 0 0
 BT056 5 8 – 19 0 0
 BT057 3 3 –– 11 0 0

http://www.gencodegenes.org
http://www.gencodegenes.org
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patient BT057 (193.9-fold overexpression), and both CD4+ 
and CD8+ T cell response in patient BT077 (9.9-fold over-
expression) (Table 3). Although overexpressed at similar 
levels, several TAAs induced antigen-specific responses in 
one patient but not the other patient: CD133 (BT030/Yes; 
BT063/No), and Sox11 (BT030/Yes; BT001/No). Further-
more, antigen-specific T cell responses were enhanced as the 
number of immunizations increased (Fig. 2B). Furthermore, 
there appeared to be some correlation between the percent 
of the immunized TAAs that induced antigen-specific T cell 
responses and clinical outcomes (Table S4). Together, these 
results demonstrated that personalized TAA immunization-
induced antigen-specific T cell responses to a majority of the 

Fig. 1   Heatmap of mRNA expression of TAAs and TME immuno-
suppressive factors in serial tumor samples from patients BT001 and 
BT030. The mRNAs of the indicated TAA and TME immunosup-
pressive factors in tumor samples from lung and brain were assayed 
by qPCR in triplicates. Lung para-tumor tissue from biopsy was used 
as the control for comparison for patient BT001 and pooled normal 
brain tissues were used as controls for comparison for patient BT030. 
The mRNA expression levels of the measured genes were expressed 
as mean fold changes. a Expression of TAAs in tumor samples from 

patient BT001. Three tumor samples are from lung (Lung lesion), 
vertebral metastasis (metastasis 1 and 2) at day 376, 682, 701 after 
diagnosis. b Expression of TAAs in tumor samples from patient 
BT030. Four tumor samples are from newly diagnosed GBM and 
recurrences at day 0, 326, 453, 584 after diagnosis. c Expression of 
TME immunosuppressive factors in tumor samples from patient 
BT001 as in (a). d Expression of TME immunosuppressive factors in 
tumor samples from patient BT030 as in (b). Color bar and number 
represent fold changes

Fig. 2   TAA-specific T cell responses from patients BT077 (NSCLC) 
and BT057 (GBM). PBMCs collected at the indicated time were 
stimulated with autologous DCs transfected with the correspond-
ing TAA-mRNAs for 12 days and restimulated for 6 h. T cells were 
stained for intracellular expression of TNFα and IFNγ. Mock repre-
sents DCs without antigen transfection as background for T cell stim-
ulation. a FACS profiles of antigen-specific CD8+ T cell responses 
after 2- or 4-doses of TAA-pulsed DC vaccination in patient BT077. 
b Kinetics of antigen-specific CD4+ and CD8+ T cell responses 
against TAAs after DC immunization in patient BT077. c FACS pro-
files of CD8+ T cell responses after the 3 immunizations of TAA-
pulsed DC cells in patient BT057. d Kinetics of antigen-specific 
CD4+ and CD8+ T cell responses against TAAs after DC immu-
nization in patient BT057. Mock represents mock-transfected DCs 
as a control. Two-way ANOVA with Bonferroni test: ***P < 0.001, 
**P < 0.01, *P < 0.05

▸
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TAAs and T cells’ response to specific TAA varied among 
patients.

Treatment responses

Immunization with overexpressed TAAs may induce autoim-
mune responses by cross-reactive T cells. All adverse events 
were Grade I/II consisting of local skin reactions and flu-
like low fevers without treatment (Table 2). No Grade III/
IV adverse events occurred during the course of the treat-
ment. All five NSCLC patients assessed at 3 months after 
the initiation of immunotherapy demonstrated PR. Four of 
the five patients also received combination therapy with anti-
PD-1. The overall survival time ranged from 8 to 89 months 
since the diagnosis of their diseases (Table 2). The median 
survival time was 17 months for the lung cancer patients and 
19 months for the GBM patients (Fig. 3). Over the course of 
the trial, 13 lung cancer patients with brain metastasis and 28 
patients with GBM received standard treatment (RT/chemo/
targeted/surgery) by the same medical team (Table S1). In 
the NSCLC control group, anti-PD-1 mAb treatment was 
not used in their standard treatment because it was yet to 
be approved in the Chinese market. The median survival 
time for these two groups of patients was 7 and 11 months, 
respectively, (Fig. 3). Patients who received immunotherapy 
had favorable outcome compared to patients who received 
standard therapy at the same institution. These preliminary 
results need to be confirmed in large randomized trials.

Discussion

In this report, we conducted clinical trials to investigate 
antigen-specific T cell responses to DC vaccines transfected 
with personalized TAA panels in solid tumor patients. To 
prepare for the clinical trials, we analyzed some previously 
preserved tumor samples from NSCLC and GBM patients, 
identified overexpressed TAAs and manufactured GMP 
quality mRNAs encoding full-length TAAs. Although a 
few previous clinical trials using TAA-based cancer vac-
cination showed some clinical efficacies, a majority of the 

studies reported suboptimal clinical results [29, 30], sug-
gesting the need to further develop and optimize TAA-based 
tumor vaccines.

Upon assaying TAA expression levels in tumor samples 
from patients, we used several criteria to select TAA for 
personalized immunization including a > twofold overex-
pression compared to para-tumor tissues, known capability 
to induce antigen-specific T cells in patients and relative 
low expression levels in normal tissues. To further enhance 
the possibility of antigen-specific T cell induction, we also 
incorporated low-dose cyclophosphamide treatment for reg-
ulatory T cell depletion [17, 18] and poly I:C for enhancing 
anti-tumor immunity [14, 19–21]. In addition, four lung can-
cer patients also received anti-PD-1 Nivolumab treatment. 
The patients received 3–13 different TAAs and 3–16 DC 
vaccine infusions. We made the following observations. (1) 
Antigen-specific T cell responses do not appear to be influ-
enced by the expression levels of TAAs. The immunized 
TAAs had expression levels ranging from 400,099.7-fold 
to 3.1-fold overexpression. Nevertheless, anti-TAA-specific 
CD4+ and/or CD8+ T cells were induced in all patients 
and to most of the immunized TAAs. The immunization-
induced enhanced anti-TAA-specific CD4+ and CD8+ T cell 
responses ranged from 0.1 to 10.0%. Also 0.1% appeared 
to be a small increase in percentage, in many cases it rep-
resented a change from a non-detectable change (0.0%) 
to in the induction of antigen-specific T cells. (2). A large 
TAA panel used in a single patient can still induce antigen-
specific T cell responses to each of the TAAs. In the four 
patients (BT001, BT051, BT077, BT079) who received 
9–13 different TAAs, immunization-induced antigen-spe-
cific T cell responses to most or all of the TAAs in the panel 
were detected, indicating these immunized TAAs did not 
interfere each other’s host responses. This highly efficient 
induction of antigen-specific T cell responses to most of the 
immunized TAAs is likely due to a combination of multiple 
immune activating agents: Treg depletion, polyI:C adjuvant 
activity and the use of anti-PD-1 in lung cancer patients.

Our preliminary data show a favorable objective response 
for the NSCLC patients and overall survival for both NSCLC 
and GBM patients when compared to those who received 

Fig. 3   Overall survival of 
patients in NSCLC with brain 
metastases and GBM. Kaplan–
Meier curves showing survival 
for patients with TAA-mDC 
vaccination or standard treat-
ment. a Lung cancer with 
brain metastases patients. b 
GBM patients. P value (P) was 
calculated using Cox regression 
analysis
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standard treatment by the same physician team. However, 
it should be considered that the sample size is too small to 
draw any firm conclusion. In addition, the favorable response 
in the NSCLC patients receiving TAA-mRNA DCs could be 
at least partially from anti-PD-1 antibody as the patients in 
the control group did not receive anti-PD-1. Therefore, large 
scale clinical trials are needed to validate this approach. 
Nevertheless, recent clinical studies suggest that combined 
use of TAA-based tumor vaccines with other treatment 
modalities produce impressive clinical results. The study 
by Hilf et al. using combined TAA- and neoantigen-based 
tumor vaccines in newly diagnosed GBM patients yielded a 
29.0 months median overall survival in 15 treated patients 
[14]. In contrast, immunization with neoantigen alone in 
eight GBM patients produced a 16.8 months median over-
all survival [15]. Furthermore, autologous DCs pulsed with 
mRNA encoding full-length TAAs induce potent anti-tumor 
T cell responses and exhibit strong clinical therapeutic effi-
cacies [8, 31, 32] and when combined with immune check-
point blockade antibody anti-CTLA-4, TAA-mRNA pulsed 
DC vaccines demonstrate significant treatment efficacy in 
melanoma patients [8]. Thus, our preliminary clinical study 
suggests that personalized cellular vaccine using full-length 
TAAs can be combined with other strategies.

Conclusion

This study demonstrates that TAA expression pattern is 
highly heterogeneous among different patients and personal-
ized TAA-specific autologous DC vaccination can be rapidly 
applied to patient treatment. Furthermore, TAA-specific T 
cell responses to most of the immunized antigens can be 
induced. Our results suggest that further development of 
personalized TAA tumor vaccine is warranted.
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