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Abstract
Vaccines consisting of synthetic peptides representing cytotoxic T-lymphocyte (CTL) epitopes have long been considered 
as a simple and cost-effective approach to treat cancer. However, the efficacy of these vaccines in the clinic in patients with 
measurable disease remains questionable. We believe that the poor performance of peptide vaccines is due to their inability 
to generate sufficiently large CTL responses that are required to have a positive impact against established tumors. Peptide 
vaccines to elicit CTLs in the clinic have routinely been administered in the same manner as vaccines designed to induce 
antibody responses: injected subcutaneously and in many instances using Freund’s adjuvant. We report here that peptide vac-
cines and poly-ICLC adjuvant administered via the unconventional intravenous route of immunization generate substantially 
higher CTL responses as compared to conventional subcutaneous injections, resulting in more successful antitumor effects 
in mice. Furthermore, amphiphilic antigen constructs such as palmitoylated peptides were shown to be better immunogens 
than long peptide constructs, which now are in vogue in the clinic. The present findings if translated into the clinical setting 
could help dissipate the wide-spread skepticism of whether peptide vaccines will ever work to treat cancer.
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Introduction

The field of tumor immunotherapy has dramatically changed 
the way cancer is treated today. In particular, antibodies 
that function as immune checkpoint inhibitors (ICIs) have 
achieved remarkable success in the clinic [1–4]. Unfortu-
nately, this success is limited to a low proportion of patients 
and to specific cancer types. The effectiveness of ICIs 
depends on the existence of antigen-specific T cells at the 
tumor site, which in many instances are scarce or absent [5, 
6]. In view of this, cytotoxic T-lymphocyte (CTL)-inducing 
cancer vaccines have the potential of broadening the appli-
cability and increasing the effectiveness of ICIs.

Amongst various types of therapeutic cancer vaccines, 
those composed of synthetic peptides have gained popu-
larity for their low cost and ease of manufacturing. The 
first examples of peptide vaccines contained CTL epitopes 
from self-tissue differentiation antigens (e.g., melanosomal 
gp100 and MART1/MelanA [7]), cancer/testis antigens (e.g., 
MAGE and NY-ESO-1 [8, 9]), or oncogenic viral proteins 
(e.g., HPV16-E7 [10]). Regrettably, these vaccines failed to 
induce CTL responses of sufficient magnitude and quality 
necessary to demonstrate a substantial therapeutic effect, 
generating skepticism that these vaccines would ever work 
[7]. The failure of these vaccines targeting conventional 
tumor antigens was attributed to immune tolerance to self-
antigens [7] and to peptide size, where small minimal pep-
tide epitopes that could be presented by non-professional 
antigen-presenting cells would also induce tolerance [11]. 
Recent advances in genomic sequencing have facilitated 
the discovery of mutational-derived CTL epitopes (neoan-
tigens), which supposedly will not be subject to immune 
tolerance when injected as long-peptides (LPs [12–14]). Per-
sonalized LP vaccines utilizing patient specific neoantigens 
have recently shown some glimpse of success in the clinic in 
early stage melanoma patients [15]. Nevertheless, the mag-
nitude of CTL responses generated by these vaccines, com-
pared to how the immune system responds to viral infections 
is substantially lower, questioning whether these vaccines 
will be effective against more advanced cancer stages.

Peptide-based cancer vaccination approaches in the 
clinic utilize strategies originally developed for generating 
antibody responses such as subcutaneous (s.c.) injections 
and the use of depot-based adjuvants such as incomplete 
Freund’s adjuvant (IFA). Although this approach is suc-
cessful in generating protective antibody titers, it is clearly 
ineffective and perhaps detrimental at generating substan-
tial CTL responses [16]. In view of these problems, we 
have advocated that developing optimized peptide vacci-
nation strategies that generate strong CTL responses such 
as those that occur during viral infections should be a 
research priority [17].

The immunogenicity of cancer vaccines depends on many 
factors including peptide composition, immune adjuvants, 
and the generation of memory T cells capable of respond-
ing to vaccine boosts that enable further T-cell expansion. 
Although research has been done to optimize the peptide 
composition and formulation [10, 17, 18] and selecting 
potent adjuvants [19–22], less attention has been paid to 
address the impact of the route of administration of pep-
tide-based vaccines. Herein, we established that the route 
of vaccine administration has a significant impact on the 
potency and antitumor efficacy of peptide-based vaccines. 
Our results show that systemic intravenous (i.v.) vaccination 
is far superior to the conventional s.c. vaccination route at 
inducing large T-cell responses in mice. Peptide vaccines 
administered i.v. promote the systemic dissemination of anti-
gen throughout the lymphoid system for delivery to large 
numbers of antigen-presenting cells (APCs) allowing effi-
cient recruitment of the low number of antigen-specific CTL 
precursors into the immune response. These findings could 
have a significant impact in the success of therapeutic pep-
tide vaccines that target both conventional tumor antigens or 
mutationally-derived neoantigens.

Materials and methods

Mice and cell lines

C57BL/6 (WT-B6) and B6-Ly5.1 (CD45.1) mice were 
used throughout this work. TnTR1 TCR-transnuclear mice 
 (Trp1455–463 specific CTLs in a RAG-KO background) 
were described [23]. Transgenic mice that express the TCR 
specific for  gp10025–33 (pmel-1 mice) [24], or  Ova257–264 
restricted TCR (OT-1 mice) were purchased from The Jack-
son Laboratory. Trp1-KO B6 mice were generated in our 
facility by breeding F1 mice of TRP-1 TCR Bw RAG mice 
(Jackson Laboratory Stock No. 8684) with WT-B6 mice, 
with each other and selecting for Trp1 deficient (brown 
coat),  RAG1+, and Trp1-TCR − mice. B16F10 murine 
melanoma was obtained from the American-Type Culture 
Collection.

Peptides, antibodies, and reagents

Synthetic peptides used in this study were purchased from 
A&A Laboratories (San Diego, CA): minimal  Trp1455–463/9M 
(TAPDNLGYM), long  Trp1455–473/9M (LP-Trp1; TAPDN-
LGYMYEVQWPGQEF), palmitoylated  Trp1455–463/9M 
(pam-Trp1;  pam2KMFVTAPDNLGYM), long human 
 gp10018–33 (LP-hgp100; LLAVGATKVPRNQDWL), 
minimal  hgp10025–33 (KVPRNQDWL), and palmitoylated 
 hgp10025–33 (pam-hgp100;  pam2KMFVKVPRNQDWL). 
The identity and purity of peptides were determined by the 
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vendor using mass spectrometry analysis and high-perfor-
mance liquid chromatography. All peptides were solubilized 
at 20 mg/ml in DMSO-TFA (99.9%/0.1%) and stored at 
− 80 °C. Poly-ICLC is poly-IC stabilized with poly-l-lysine 
and carboxymethyl cellulose (Hiltonol, Oncovir, Inc.). Rat 
anti-mouse CD40 mAb (clone FGK4.5) was purchased from 
Bio X Cell (West Lebanon, NH). PE-conjugated H-2Db/
Trp1455–463/9M and  hgp10025–33 tetramers were provided 
by the NIH Tetramer Core Facility at Emory University 
(Atlanta, GA, USA). Fluorochrome-labeled antibodies were 
purchased from Thermo Fisher Scientific (San Diego, CA, 
USA).

Immunization protocol

Mice received adoptive transfers via the tail vein of vari-
ous numbers (as indicated in the figure legends) TnTR1 
or pmel-1 CTLs and 1 day later were immunized with one 
single injection of one of the following vaccines: TriVax 
(containing 120 µg pam peptide or 200 µg LP, 100 µg anti-
CD40 mAb, and 50 µg poly-ICLC) or BiVax (peptide and 
50 µg poly-ICLC). In some experiments, mice received a 
booster dose with the same vaccine formulation. Endog-
enous CTL responses were measured in mice not receiving 
CTL-adoptive transfers.

Evaluation of cellular immune responses

For measuring antigen-specific CTL responses, either 
peripheral blood samples (~ 3 to 5 drops) taken from the 
submandibular vein, or splenocytes were stained with FITC-
anti-MHC class II mAb, PerCP Cy5.5-anti-CD8a mAb, PE-
conjugated tetramers, APC-anti-CD45.2 mAb or Thy1.1 
mAb were also included to differentiate endogenous CTL 
responses from the ACTs. Fluorescence was measured using 
an LSR II flowcytometer (BD Biosciences) and analyzed 
using FlowJo software (Ashland, OR, USA). Results are 
presented as % antigen-specific CTLs in blood or spleen or 
total CTL numbers per spleen.

Evaluation of in vivo antigen presentation 
after vaccination

OT-1 mice were vaccinated with pam-Trp1/TriVax through 
the intravenous, intramuscular, or subcutaneous route. 
24 h later, lymph nodes (inguinal, mesenteric, axillary) 
and spleens were harvested, and cells from these organs 
were used as antigen-presenting cells in the EliSpot assay. 
TnTR1 cells, previously preactivated with CD3/CD28 beads 
(Thermo Fisher) and human IL-2 (50 IU/ml, PeproTech) for 
1 week, were used as effector CTLs in the EliSpot assays. 
IFN-γ EliSpot assays were performed as described [22].

Clonality of antigen‑specific CTLs

TCR-Vβ repertoire analysis was examined using a TCR-
Express™ clonality detecting kit (BioMed ImmunoTech, 
Alachua, FL, USA). Briefly, cDNA was prepared from 
flowcytometer-sorted CD8 T cells from naïve WT-B6 mice 
or  Trp1455  tetramer+ CTLs from mice that received pam-
Trp1 TriVax (7 days before the analysis). The primary PCR 
amplification was performed using Vβ chain primer pre-
coated plates, followed by nested PCR amplification using 
Vβ chain primer pre-coated plates. The PCR products were 
separated by electrophoresis on high-resolution 4% agarose 
gels and detected with ethidium bromide. In some instances, 
PCR products were purified from gel bands and sequenced 
by PCR.

Identification of the precursor frequency 
of antigen‑specific CD8 T‑cell numbers

The numbers of precursor antigen-specific CD8 T cells were 
enumerated by counting  Trp1455–463  tetramer+ CD8 T cells 
in the spleens and lymph nodes (inguinal, mesenteric, and 
axillary) of WT-B6 and Trp1-KO mice. The accuracy of this 
method was confirmed by mixing pmel-1 CD8 T cells and 
TnTR1 CD8 T cells in different ratios (1:0.3–1:0, Supple-
mental Fig. 3). The percentage of  Trp1455–463  tetramer+ CD8 
T cells was reliable only when the percentage was > 0.05%.

Therapeutic tumor model

WT-B6 mice were inoculated s.c. with B16F10 (3 × 105/
mouse) and 7 days later mice received 1 × 105 TnTR1 cells 
i.v. followed by pam-Trp1/TriVax or LP-Trp1/TriVax admin-
istered by various routes. A booster immunization was given 
12 days later. The tumor growth was monitored every 2–3 
days. Results are presented as the mean tumor size (area in 
 mm2) ± SD.

Statistical analyses

All experiments were repeated at least twice to ensure repro-
ducibility. Statistical significance to assess numbers of anti-
gen-specific CD8 T cells and surface markers’ expression 
were performed using Student’s t tests or one-way ANOVA 
as appropriate. Results are presented as mean ± SD (*< 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001, and ns = not 
significant). For the therapeutic tumor model, a two-way 
ANOVA was used to evaluate significance between treat-
ment groups. Statistical analyses were performed using 
GraphPad Prism (v7).
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Results

The impact of route of administration of the vaccine 
on T‑cell responses

In previous studies, we reported that peptide vaccines 
administered with poly-ICLC adjuvant (TLR3 and MDA5 
agonist) in a prime-boost protocol-induced vast CD8 T-cell 
responses that lead to significant antitumor effects in mice 
[17, 25–27]. Amphiphilic peptides such as those conju-
gated with palmitic acid chains (pam peptides), which 
self-assemble into nanoparticles, were more immuno-
genic than minimal peptide epitopes or long peptides (LPs) 
[17]. In these studies, there was an indication that the vac-
cines injected intravenously (i.v.) elicited stronger CTL 
responses as compared to the same vaccines administered 
via the subcutaneous (s.c.) or intramuscular (i.m.) routes. 
However, the mechanism by which the i.v. administered 
vaccines elicited enhanced antitumor effects and induced 
larger CTL responses remained unclear. We hypothesized 

that i.v. immunizations disseminate the peptide through-
out the lymphoid organs allowing the recruitment of the 
majority of low numbers of antigen-reactive CTL precur-
sors into the response and that expansion into large CTL 
numbers would be required for an effective antitumor 
effect. To ensure that the precursor frequency of antigen-
specific cells was similar among different animals, we used 
adoptive transfers of low numbers (10,000 cells) of naive 
antigen-specific CTLs from TCR-transnuclear TnTR1 
mice specific for the  Trp1455–463 epitope [23] into WT-B6 
mice followed by i.v., i.m., or s.c. immunizations with an 
amphiphilic (palmitoylated) Trp1 peptide (pam-Trp1) in 
combination with poly-ICLC and costimulatory anti-CD40 
mAb (pam-Trp1/TriVax). Seven days after a single vacci-
nation, the total numbers of TnTR1 CTLs were quantitated 
in spleens. Intravenous vaccinations were clearly more 
efficient in expanding antigen-specific CTLs as compared 
to s.c. vaccines (Fig. 1a). Although i.m. immunizations 
were less efficient (~ threefold) than i.v. injections, these 
were still tenfold better than s.c. vaccinations. The expan-
sion of the adoptively transferred TnTR1 CTLs required 
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Fig. 1  Systemic vaccination is superior to subcutaneous immuniza-
tion. a Congenic CD45.1 WT-B6 mice received 10,000 naïve TnTR1 
CTLs followed by vaccination with pam-Trp1/TriVax administered 
i.v., i.m., or s.c. and numbers of TnTR1 cells (CD45.2+) in spleens 
were measured 7 days after the vaccination. b Similar experiment 
to (a) except mice was vaccinated with pam-Trp1/BiVax. c WT-B6 
mice were vaccinated with pam-Trp1/TriVax administered i.v., i.m., 
or s.c. and numbers of endogenous Trp1 specific CTLs in spleens 
were measured 7 days after the vaccination. d WT-B6 mice (Thy1.2) 

received 10,000 naïve pmel-1 CTLs (Thy.1.1) followed by vaccina-
tion with pam-hgp100/TriVax administered i.v., i.m. or s.c. and num-
bers of pmel-1 cells (Thy1.1+) in spleens were measured 7 days after 
the vaccination. Results in (b) are presented as individual mice (each 
symbol) with the mean ± SD for each group. Numbers below each 
group represent the average CTL expansion (total numbers of CTL 
in spleen/number of CTLs adoptively transferred). These experiments 
were repeated 2–3 times with similar results
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peptide antigen, because poly-ICLC and αCD40 alone 
failed to expand the cells (Supplemental Fig. 1). Further-
more, using pam-Trp1/BiVax (consisting solely of pam-
Trp1 and poly-ICLC), the i.v. and i.m. routes elicited a 
360- and 190-fold CTL expansion, respectively, while the 
s.c. vaccines failed to expand the TnTR1 CTLs (Fig. 1b). 
To compare the impact of route of vaccine administra-
tion in expanding endogenous  Trp1455–463-specific CTLs, 
WT-B6 mice were vaccinated with one single dose of pam-
Trp1/TriVax administered either i.v., i.m., or s.c. Similarly, 
the i.v. and i.m. administered vaccines were more effective 
than the s.c. vaccine at inducing and expanding the CTL 
response (Fig. 1c). Similar findings were obtained when 
comparing the three modes of vaccine administration 
using CTLs from pmel-1 TCR transgenic mice specific 
for the melanoma  gp10025–33 epitope using pam-gp100/
TriVax immunizations (Fig. 1d). Notably, the expression 
of the exhaustion markers PD-1, KLRG1, and LAG3 in 

the pmel-1 CTLs from mice vaccinated s.c. was higher as 
compared to the CTLs from mice vaccinated i.v. or i.m. 
(Supplemental Fig. 2a).

Not all long peptides are similarly immunogenic

It has been reported that vaccines using LPs are more effec-
tive than vaccines using the minimal peptide epitopes, 
because they force antigen presentation to T cells by profes-
sional antigen-presenting cells such as dendritic cells, pre-
venting the induction of T-cell tolerance or anergy [11]. In 
this respect, the pam peptides used in our studies behave like 
LPs, but their amphiphilic nature allows them to self-asso-
ciate into nanoparticles, which could potentially affect their 
immunogenicity. Indeed, both pam-Trp1 and pam-gp100 
peptides were considerably more efficient as compared to 
the corresponding LPs in promoting the expansion of TnTR1 
and pmel-1 CTLs after i.v. TriVax immunization (Fig. 2a, b). 
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Fig. 2  Amphiphilic peptides are more immunogenic than long pep-
tides. a Congenic CD45.1 WT-B6 mice received 10,000 naïve TnTR1 
CTLs followed by vaccination with pam-Trp1/TriVax or LP-Trp1/
TriVax and numbers of TnTR1 cells (CD45.2+) in spleens were 
measured 7 days after the vaccination. b WT mice received 10,000 
naïve pmel-1 cells followed by vaccination with pam-hgp100/TriVax 
or LP-hgp100 TriVax and numbers of pmel-1 cells (Thy1.1+) in 
spleens were measured 7 days after the vaccination. c CD45.1 
WT-B6 mice received 10,000 naïve TnTR1 CTLs followed by vac-

cination with LP-Trp1/TriVax administered i.v., i.m., or s.c. and 
numbers of TnTR1 cells (CD45.2+) in spleens were measured 7 
days after the vaccination. d CD45.1 WT-B6 mice received 10,000 
naïve TnTR1 CTLs followed pam-Trp1/BiVax or LP-Trp1/BiVax and 
numbers of TnTR1 cells (CD45.2+) in spleens were measured 7 days 
after the vaccination. Results are presented as individual mice (each 
symbol) with the mean ± SD for each group. Numbers below each 
group represent the average CTL expansion. These experiments were 
repeated 2–3 times with similar results
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On a cell per cell basis, no major phenotype and functional 
differences were observed between the CTLs derived from 
pam peptide or LP immunizations (Supplemental Fig. 2b, 
c). LP vaccines have been traditionally administered via the 
s.c. route [11, 13, 15]; thus, we compared the three modes 
of vaccine administration using LP-Trp1 for their ability to 
expand adoptively transferred TnTR1 CTLs. As with pam 
peptides, the i.v. and i.m. administrations of LP-Trp1/TriVax 
were significantly more effective as compared to the s.c. vac-
cines (Fig. 2c). Moreover, when comparing pam-Trp1 and 
LP-Trp1 i.v. vaccines using BiVax, pam-Trp1 was approxi-
mately 18-fold more effective than LP-Trp1 at inducing CTL 
expansion (Fig. 2d). So far, these results indicate that i.v. and 
i.m. vaccinations using amphiphilic pam peptides or LPs 
are more effective as compared to the traditionally used s.c. 
route of vaccine administration.

Systemic vaccination disperses antigen 
throughout the immune system

The ability of systemic immunization to expand CTL 
responses could be explained by its capacity to deliver the 
antigen to large numbers of antigen-presenting cells (APCs) 
allowing the recruitment of a maximum number of naïve T 
cells scattered throughout the lymphoid system. To test the 
ability of systemic immunization to disseminate the antigen 
throughout the body, APCs isolated from spleens and dif-
ferent lymph nodes from mice injected (i.v., i.m. or s.c.) 
with pam-Trp1/TriVax were used to stimulate TnTR1 cells 
in vitro using an EliSpot assay. Pam-Trp1/TriVax given i.v. 

or i.m. was more efficient than s.c. vaccination in deliver-
ing antigen to APCs in spleen and some of the lymph nodes 
tested, with the exception of inguinal lymph nodes (Fig. 3a). 
When the pam peptide and poly-ICLC were administered 
separately using pam-Trp1/BiVax either via i.v. or i.m. 
routes, it became apparent that while i.v. peptide adminis-
tration was more efficient than i.m. injection for promoting 
CTL expansion, the adjuvant was equally effective when 
administered i.v. or i.m. (Fig. 3b). Similar findings were 
observed using pam-gp100/TriVax (Fig. 3c).

Intravenous vaccination effectively recruits low 
number of antigen‑specific CTLs

In most instances, the naïve precursor frequency of tumor 
antigen-specific CTLs is very low [28]. In view of this, an 
efficient vaccination strategy should stimulate and expand 
the majority of these cells. Thus, we assume that systemic 
vaccination should be capable of recruiting most antigen-
specific naïve T cells into the immune response. To test this 
hypothesis, we initially estimated the precursor frequency 
of  Trp1455–463 reactive CTLs in WT-B6 mice using two dif-
ferent methods. First, we evaluated the ability of different 
numbers of adoptively transferred TnTR1 cells to gener-
ate a response of a similar magnitude to the endogenous 
CTL response to pam-Trp1/TriVax in the same host. The 
assumption was that when ~ 50% of the CTLs expanded 
by TriVax were derived from the TnTR1 cells and ~ 50% 
from the endogenous repertoire, the number of naïve TnTr1 
cells injected into the mice would be close to the number 
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Fig. 3  Systemic vaccine induces APC-T-cell interactions at various 
sites. a OT-I mice were vaccinated with pam-Trp1/TriVax adminis-
tered i.v., i.m., or s.c. and 24 h later, the cells from vaccinated mice 
were collected (inguinal, mesenteric, and axillary lymph nodes, and 
spleen) and cocultured with TnTR1 CTLs. The reactivity to the Trp1 
epitope was examined using an IFN-γ ELISPOT assay. b CD45.1 
WT-B6 mice received 10,000 naïve TnTR1 CTLs followed by pam-
Trp1 peptide and poly-ICLC administered i.v. or i.m. as shown and 
numbers of TnTR1 cells (CD45.2+) in spleens were measured 7 days 

after the vaccination. c WT-B6 mice received 10,000 naïve pmel-1 
cells followed by pam-gp100 peptide, poly-ICLC/antiCD40 adminis-
tered i.v. or i.m. as shown and numbers of pmel-1 CTLs (Thy1.1+) 
in spleens were measured 7 days after the vaccination. Results are 
presented as individual mice (each symbol) with the mean ± SD for 
each group. Numbers below or above each group represent the aver-
age CTL expansion. These experiments were repeated 2–3 times with 
similar results
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Fig. 4  Intravenous vaccination is able to recruit low numbers of 
antigen-specific CTL precursors. a CD45.1 WT-B6 mice received 
200–2000 naïve TnTR1 CTLs followed by vaccination with pam-
Trp1/TriVax administered i.v and percentages of TnTR1 cells 
(CD45.2) and endogenous responses (CD45.1) were assessed in the 
Trp1 tetramer + populations. b Number of Trp1  tetramer+ CTL pre-
cursors in naïve WT-B6 and Trp1-KO splenocytes. c, d OT-I mice 

received 20–20,000 TnTR1 naïve CTLs followed by vaccination with 
2 doses of pam-Trp1/TriVax (administered 21 days apart) injected 
i.v. and percentages of TnTR1 cells in blood were measured 7 days 
after each vaccination. Results are presented as individual mice (each 
symbol) with the mean ± SD for each group. Numbers below the 
tetramer + gates represent the percentage positive CD8 T cells. These 
experiments were repeated 2–3 times with similar results
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of naïve  Trp1455–463-reactive CTLs in the host. Using this 
approach, we estimated that the precursor frequency of naïve 
 Trp1455–463-reactive CTLs in WT-B6 mice is between 1000 
and 1500 cells per mouse (Fig. 4a). It is possible that the 
endogenous and adoptively transferred anti-Trp1 CTLs pro-
liferate at the same rate. In this case, the endogenous pre-
cursors would display a diverse TCR repertoire, with vari-
ous affinities for the antigen. To validate these findings, we 
measured the number of  Trp1455–463 tetramer-binding CD8 
T cells in naïve WT-B6 mice and Trp1-knockout (Trp1-KO) 
mice. The sensitivity of the tetramer analysis was tested by 
mixing various numbers of TnTR1 CTLs with purified CD8 
T cells from pmel-1 mice, where we estimated that it was 
possible to accurately detect a low frequency of  Trp1455–463 
tetramer positive cells between 0.1 and 0.03% of the total 
CD8 cells (Supplemental Fig. 3a, b). Using this method, 
we assessed that the spleens of naive WT-B6 and Trp1-KO 
mice contain approximately 1500  Trp1455–463-specific CD8 
T cells (Fig. 4b). Overall, these results indicate that a single 
dose of pam-Trp1/TriVax administered i.v. is sufficiently 
effective to stimulate and expand ~ 1500 cells to ~ 10 × 106 
cells (~ 6600-fold) in a 7-day period, assuming that all the 
naïve T-cell precursors were stimulated. This level of expan-
sion is similar to the results obtained with adoptive transfers 
of TnTR1 CTLs (Figs. 1a, 2a). This result together with 
the finding that the precursor frequency between WT-B6 
and Trp1-KO mice was not different indicates that there is 
no immune tolerance to this particular CD8 T-cell epitope 
derived from a melanosomal protein in B6 mice.

To further evaluate the ability of the i.v. route of immu-
nization using pam-Trp1/TriVax to recruit low numbers of 
CTLs, we performed adoptive transfers of various numbers 
of TnTR1 CTLs into TCR transgenic OT-I mice to avoid 
competing endogenous CTL responses to  Trp1455–463 and 
the effects of homeostatic proliferation, which would occur 
if the experiment was performed in RAG deficient mice. 
As shown in Fig. 4c, d, the i.v. vaccine administered in a 
prime-boost protocol was able to generate substantial CTL 
responses in mice that received as few as 20 TnTR1 cells. 
Altogether, these findings demonstrate that peptide vaccines 
administered via the unconventional i.v. route are more 
effective in generating substantial CTL responses perhaps, 
because these are able to recruit larger numbers of precur-
sor CTLs into the response as compared to the conventional 
s.c. route of administration. In addition, our results indicate 
that pam peptides are markedly more efficient in eliciting 
these responses as compared to the more commonly used 
LPs, even in circumstances when both are administered via 
the i.v. route.

The large endogenous CTL response obtained with pam-
Trp1/TriVax could be explained by two different mechanisms: 
one potential scenario is that the vaccine efficiently stimulates 
and expands a small proportion of the pool of naïve CTL 

precursors (e.g., 5% of the 1500 cells), which would generate 
an oligoclonal response. The second scenario is that a large 
proportion of the CTL precursors are effectively recruited into 
a polyclonal response. To distinguish between these two pos-
sibilities, we performed TCR clonality assays on flow cytom-
etry sorted tetramer positive CTLs from pam-Trp1/TriVax 
immunized mice. This high-resolution gel electrophoresis 
assay (Fig. 5a) based on PCR products identifies 22 different 
TCR-Vβ family members and can also differentiate lengths 
of the CDR3-Jβ region, making it possible to assess whether 
more than one clone exists for each TCR-Vβ type (Fig. 5a, b). 
A large diversity of TCR-Vβ chain usage was clearly evident 
within the Trp1 tetramer positive population, where most of 
the TCR-Vβ families were found to be represented in the pool 
of antigen-specific CTLs (Fig. 5c, d). Moreover, in the major-
ity of the TCR-Vβ family members, more than one clonotype 
was present. In addition, when single bands were analyzed for 
CDR3 and Jβ sequences, further TCR diversity was observed 
(Fig. 5e). Thus, these results indicate that the i.v. vaccine 
generates a highly polyclonal CTL response resulting from 
the stimulation of a large number of the naïve CTL precursor 
repertoire.

The route of vaccine administration determines 
the magnitude of antitumor effects

Next, we evaluated the impact of route of vaccine adminis-
tration on the therapeutic antitumor effects of peptide-based 
vaccines. WT-B6 mice bearing 7-day established B16 mela-
nomas were adoptively transferred with naive TnTR1 CTLs 
followed by 2 doses of Pam-Trp1/TriVax (14 days apart). 
Although s.c immunization was able to slightly slow the rate 
of tumor growth, the antitumor effect of i.v. vaccination was 
significantly more effective (Fig. 6a). The i.m. administered 
vaccine elicited an intermediate antitumor effect. The large 
difference in the antitumor effects between different routes 
of immunization correlated with the magnitude of the CTL 
responses generated in the tumor-bearing mice by the vaccines 
(Fig. 6b). Finally, we compared the antitumor efficacy of Pam-
Trp1/TriVax with LP-Trp1/TriVax administered either i.v. or 
s.c. While both pam-Trp1 and LP-Trp1 had similar antitumor 
efficacies when administered s.c., the i.v. pam-Trp1 peptide 
exhibited a significantly higher antitumor effect as compared 
to the i.v. LP-Trp1 vaccine (Fig. 6c).

Collectively, the overall results show that the systemic 
administration of palmitoylated peptide-based vaccines is 
essential to recruit, activate, and expand low number of anti-
gen-specific cells and exert maximal antitumor effects.
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Discussion

The low effectiveness of therapeutic vaccines using con-
ventional tumor-associated antigens (TAAs) in their abil-
ity to elicit substantial CTL responses and generate clini-
cal responses has been attributed in great part to potential 
immune tolerance, since these antigens are also expressed 
by normal tissues (e.g., melanosomal antigens such as 
Trp1 and gp100). One strategy to overcome tolerance has 
been to utilize subdominant CTL epitopes by focusing on 
intermediate MHC-binding peptides, which contain a non-
canonical anchor residue and modify the epitope sequence 
to generate a heteroclitic immunizing peptide. For exam-
ple, the HLA-A2 CTL epitopes  gp100209, ITDQVPFSV 
and  gp100280, YLEPGPVYA were modified at the subop-
timal MHC-binding anchor to make the heteroclitic vari-
ants  gp100209/2M, IMDQVPFSV and  gp100280/9V, YLEPG-
PVYV, which were used to immunize melanoma patients, 

where some levels of immune responses were detected [29]. 
In the present studies, we modified the sequences of two 
subdominant H-2Db CTL epitopes,  Trp1455, TAPDNLGYA 
and  gp10025, EGSRNDQWL to produce the heteroclitic 
epitopes  Trp1455/9M, TAPDNLGYM and  gp10025/1K/2V3P, 
KVPRNDQWL to produce the peptide vaccines. In spite of 
heteroclitic peptides being more immunogenic than the cor-
responding natural sequences, clinical antitumor responses 
in vaccine trials have been in general suboptimal, raising 
doubts that tolerance can be circumvented with the use of the 
modified peptide vaccines. However, the results presented 
here and previous work by our group demonstrate that pep-
tide vaccination using heteroclitic melanoma epitopes is 
effective in treating mice with established tumors, but to 
obtain optimal therapeutic effects (i.e., rejections), vaccina-
tion must be followed with either PD-1 blockade or sus-
tained IL-2 administration [17, 30]. Furthermore, no signifi-
cant differences in the  Trp1455 CTL precursor frequencies 

Fig. 5  Systemic immunization induces large diversity of poly-
clonal antigen-specific T cells. a Example showing the capacity of 
the high-resolution agarose gels to distinguish different sizes of oli-
gonucleotides. b TCR-Vβ chain usage of CD8 spleen T cells from 
WT-B6 mice (note diffuse bands). c WT-B6 mice received pam-Trp1/
TriVax and 7 days later Trp1 tetramer + spleen CTLs were sorted and 

TCR-Vβ chain usage was examined. d WT-B6 mice received pam-
Trp1/TriVax and TCR-Vβ chain usage was examined 15 months later 
as in (c). e CDR3 and Jβ gene sequences from PCR products of gel 
bands excised from 2 mice immunized as described in (c). Results 
presented in (b–d) are from individual mice, representative of 4 mice 
in each treatment group
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between WT-B6 and Trp1-KO mice were observed (Fig. 4b), 
indicating that the precursor frequency of these CTLs is not 
reduced in mice expressing the Trp1 antigen. In addition, 
the present results indicate that the therapeutic effect of the 
vaccine requires a vast CTL response, which was achieved 
with systemic immunizations using amphiphilic peptides.

Recently, the use of neoantigen cancer vaccines has 
been proposed as an alternative strategy to the use of 
TAAs to circumvent the potential immune tolerance and 
improve antitumor efficacy [13, 15, 31]. Although initial 
clinical studies with LP vaccines showed promising results 
preventing recurrences in melanoma patients after surgical 
resections, the magnitude of the immune responses was 
not substantial, requiring in vitro antigen stimulation of 
the blood lymphocytes to detect T-cell activity [15]. Thus, 
the potential clinical benefit of these vaccines in more 
advance disease stages would be questionable based on our 
results indicating that the antitumor effects correlate with 
the magnitude of the CTL response (Fig. 6). In these stud-
ies, LP mixtures containing predicted CD8 epitopes were 
administered with poly-ICLC via the s.c. route. Based on 
the results presented here in mice, we predict that sys-
temic (i.v.) vaccination using pam-peptide constructs 

would generate far greater CTL responses that could be 
effective even in patients with evidence of disease. We are 
cognizant of potential safety concerns regarding the i.v. 
administration of antigenic peptides and poly-ICLC, which 
could deter the implementation of this vaccination strategy 
in the clinic. There are reports of LP vaccines inducing 
IgG-mediated anaphylactic reactions in mice when repeti-
tively administered in solution, which was avoided by IFA 
emulsification [32]. However, by design, these LPs con-
tained strong CD4 T-helper cell epitopes resulting in the 
induction of robust anti-peptide IgG antibody responses. 
Thus, one should ensure that any i.v. administered peptide 
in combination with strong adjuvants such as poly-ICLC 
should lack T-helper epitopes to avoid this complication. 
There are also concerns with respect to the i.v. injections 
of poly-ICLC due to reported toxic reactions especially 
when administered at high doses, which are diminished 
when the drug is injected i.m [33–36]. As we have shown 
here, CTL responses induced by pam peptide i.v. immu-
nization were similar when poly-ICLC was administered 
i.v. or i.m., indicating that antigen and adjuvant can be 
administered separately and that one can decrease poten-
tial toxicity of i.v. poly-ICLC injections.

Fig. 6  Route of vaccine administration dictates the antitumor effects 
of peptide vaccines. CD45.1 WT-B6 mice were inoculated s.c. with 
3 × 105 B16F10 melanoma cells and 7 days later, when tumors were 
measurable the mice received 10,000 TnTR1 CTLs followed by 2 
doses of pam-Trp1/TriVax administered i.v, i.m or s.c. a Mean tumor 
sizes in each group (n = 10 mice). b Percentages of TnTR1 CTLs in 

blood from (a) at day 25. c Similar experiment as in (a), but com-
paring the antitumor effects of pam-Trp1/TriVax and LP-Trp1/TriVax 
administered either i.v. or s.c. (n = 10 mice). Results in (b) are pre-
sented as individual mice (each symbol) with the mean ± SD for 
each group. These experiments were repeated 2–3 times with similar 
results
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Collectively, the present results show that the route of 
vaccine administration and the amphiphilic nature of the 
synthetic peptide bear huge impact on the immunogenicity 
and the antitumor effects of peptide-based vaccines in mice. 
We hope that these findings will be considered by clinical 
researchers when designing vaccine trials in human cancer 
patients.
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Supplemental Figure 1 T cell expansion is antigen mediated.  CD45.1 WT-B6 mice received 

10,000 TnTR1 CTLs followed by vaccination with Pam-Trp1/TriVax, poly-ICLC/aCD40 (no 

peptide), or left untreated and numbers of TnTR1 CTLs in spleens were measured 7 days after 

vaccination. Results are presented as individual mice (each symbol) with the mean ± SD for each 

group. 
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Supplemental Figure 2 Exhaustion marker expression and function of CTLs from vaccinated 

mice. a Mice were vaccinated as shown in (Figs. 1d) and surface expression of PD-1, LAG-3 

and KLRG1 was assessed. b-c Mice were vaccinated as shown in (Fig. 2b), the surface 

expression of PD-1, LAG-3 and KLRG1 was assessed and functional activity was determined by 

IFNg EliSpot using B16F10 tumor cells, EL4 and peptide (gp100)-pulsed EL4 cells. Results are 

presented as individual mice (each symbol) with the mean ± SD for each group. 
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Supplemental Figure 3  Detection limit of Trp1 tetramer+ 

CD8 T cells. a Purified CD8 T from pmel-1 mice (1 X 106) 

were mixed with various numbers of purified TnTR1 CD8 T 

cells (0 to 3 x 105) and the actual percentage of TnTR1 cells 

was determined in each dilution using Trp1tetramer staining. 

b Linear regression analysis between actual percentage and 

the predicted percentage of TnTR1 CD8 T cells is shown. 


