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Abstract

Cancer vaccines can induce robust activation of tumor-specific CD8+ T cells that can destroy

tumors. Understanding the mechanism by which cancer vaccines work is essential in designing

next-generation vaccines with more potent therapeutic activity. We recently reported that short

peptides emulsified in poorly biodegradable, Incomplete Freund’s Adjuvant (IFA) primed CD8+ T

cells that did not localize to the tumor site but accumulated at the persisting, antigen-rich

vaccination site. The vaccination site eventually became a T cell graveyard where T cells

responded to chronically released gp100 peptide by releasing cytokines, including interferon - γ

(IFN-γ), which in turn upregulated Fas ligand (FasL) on host cells, causing apoptosis of Fas+ T

cells. T cells that escaped apoptosis rapidly became exhausted, memory formation was poor, and

therapeutic impact was minimal. Replacing the non-biodegradable IFA-based formulation with

water-based, short-lived formulation in the presence of immunostimulatory molecules allowed T

cells to traffic to tumors, causing their regression. In this review, we discuss recent advances in

immunotherapeutic approaches that could enhance vaccine-primed immune cells fitness and

render the tumor microenvironment more accessible for immune cell infiltration.

1. Introduction

Cancer vaccines given to treat established tumors have shown some therapeutic efficacy, yet

challenges remain. Tumor regression has been rare1,2 despite the presence of vaccination-

induced circulating tumor-specific CD8+ cytotoxic T cells (CTLs) in the peripheral blood of

patients with cancer3. While peptide vaccines can induce successful T-cell priming,

therapeutic success may require other essential features of vaccine-primed T cells, including

attaining expansion to sufficient numbers, function and memory formation and traffic to -

and long-term survival in the hostile tumor microenvironment.
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CD8+ CTLs recognize their target antigens as small protein fragments presented by Major

Histocompatibility Complex I (MHC–I) molecules on the surface of antigen presenting cells

(APCs). The principle behind peptide-based vaccination is that the peptide epitope, the exact

MHC-I binding antigenic fragment, in the vaccine will be taken up by APCs such as

dendritic cells (DCs) that then travel to the vaccine draining lymph node (VdLN) and

present the antigen to circulating antigen-specific CD8+ T cells. In this approach optimal

DC activation and migration to the VdLN is crucial and can be supported by co-

administration of immunostimulatory agents such as Toll-like receptor ligands and CD40

agonist antibodies4. Thus activated, DCs can present otherwise nonimmunogenic peptides in

an immunogenic fashion to T cells, promoting their activation in turn.

Peptide vaccines currently used to treat patients of cancer are formulated as water-in-oil

emulsions of antigen in mineral oil, IFA, with mannide monooleate as a surfactant5. It is

widely believed that IFA causes local inflammation and forms a poorly biodegradable depot

that protects the antigen from degradation as it is slowly released6,7. As such, IFA has been

in the forefront as an adjuvant of choice in many clinical trials. In United States alone, 86

federally registered IFA-based cancer vaccines trials have been completed and currently 39

trials are active (www.ClinicalTrials.gov).

2. Understanding the mechanism of adjuvanticity of IFA

2.1. Background

Despite the widespread use of IFA in several vaccines to treat various maladies such as

colorectal cancer, prostate cancer, pancreatic cancer, glioblastoma, leukemia, anemia, renal

cell carcinoma, liver cancer, esophageal cancer, breast cancer, lung cancer, ovarian cancer,

gastric cancer, melanoma, HIV and malaria, its mechanism of action remains poorly

understood. While the explanation for the unexpectedly low therapeutic outcome1 of

peptide/IFA-based cancer vaccines likely lies in part with tumor-induced immunoregulatory

cells and factors8-10, we recently addressed the possibility that IFA-based vaccines may

have intrinsic properties that limit their efficacy11, resulting in only rare therapeutic benefit

and instead causing inflammatory reactions at vaccine injection sites.

2. 2. Peptide/IFA vaccination site as a T cell sink and graveyard

Whereas vaccination with the minimal gp100 peptide epitope emulsified in IFA is capable

of priming tumor-specific T cells, primed T cells become sequestered at the vaccination site

rather than tumor site. In addition, the injection site turns into a “graveyard” for terminally

differentiated apoptotic T cells (Fig. 1). We confirmed that sequestration of tumor-specific

CD8+ T cells at the vaccine injection site requires persistence of antigen in IFA, as vaccines

consisting of antigen and water failed to trap T cells at the vaccination sites11. Tumor-

specific CD8+ T cells retained at the vaccination sites were strikingly dysfunctional as

evidenced by reduced secretion of proinflammatory cytokines (IFN-γ) and expression of

inhibitory surface markers, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),

lymphocyte activation gene 3 (LAG-3), programmed death 1 (PD-1) and hepatitis A virus

cellular receptor 2 (HAVCR-2 also referred as Tim-3) (Fig. 1). Furthermore, we observed

IFN-γ-driven accumulation of host CD11bhiGr-1intLy6Chi inflammatory myeloid cells that
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upregulated FasL and PDL-1 at the vaccination site (Fig. 1). A similar subset of myeloid

cells has recently been shown to cause T cell tolerization after closely associating with

tumor specific CD8+ T cells in splenic marginal zone of tumor-bearing mice12. These

findings help to explain why several IFA-based vaccines that successfully prime blood

tumor–specific responses in mice and humans often fail to promote robust tumor

regression12.

2.3. Clinical observations

Accumulating data from clinical trials point to IFA-based peptide vaccines causing

reactogenicity (tissue inflammation), sequestration and deletion of primed T cells at

vaccination sites. Patients with melanoma vaccinated with Melan A/MART-1 peptide

emulsified in IFA in combination with Toll-like-receptor 9 agonist, CpG developed

inflammatory reaction at the old vaccination site after a recall vaccination11,12, suggesting

that the old vaccination site is still potent enough to attract activated T cells, which in turn

produce more chemokines thereby causing more effectors T cells to join them and creating a

highly inflammatory environment. Carl June and colleagues reported that >90% of patients

of myeloma developed skin rejections following infusion of co-stimulated autologous T

cells in combination with peptide emulsified in Montanide, TLR-3 agonist Poly-ICLC and

GM-CSF13. Similarly, repeated vaccination of patients with Acute Myeloid Leukemia

(AML) with leukemia-associated antigens (PR1 and WT1) peptides in IFA resulted in short-

lived expansion of high-avidity tumor-specific CD8+ T cells followed by their deletion.

Interestingly, low-avidity tumor-specific CD8+ T cells continued to expand, resulting in

poor clinical outcome in all patients14. These observations lead us to speculate that the low-

avidity tumor-specific CD8+ T cells surviving from earlier vaccination site and VdLN

preferentially expanded and localized to and inflamed, persisting, peptide-rich vaccination

sites rather than tumor sites as shown in (Fig. 1).

2.4. Short vs long peptide: all IFA-based vaccines are not equal

Not all peptide epitopes behave the same when formulated in IFA. Recent studies show that

vaccination with synthetic long peptides (~20-mer) may be a promising solution for the

many shortcomings of (9–12-mer) minimal epitope peptide vaccines15. Long gp100 peptide

is presented by rare DCs in the VdLN only, while short gp100 peptide is presented by

multiple VdLN cell types including ubiquitous B cells11,16. The presence of MHC Class II-

restricted helper epitopes in the long peptides can result in the stimulation of CD4+ T helper

cells that express CD40L, which interacts with CD40 or the immature DC, resulting in

maturation of the DC and upregulation of costimulatory molecules, such as CD8615. Indeed,

we found that long peptides induced minimal T cell sequestration at the vaccination site, no

rapid contraction of the T cell response and superior antitumor activity. Together this data

suggests the need for efficient dendritic-cell targeting to induce potent T-cell response. A

clinical study of peptides (~20-mer) derived from the HPV-16 E6 and E7 viral oncoproteins

administered in IFA showed clinical responses in 74% and complete response in 47%

women with vulvar intraepithelial neoplasia17. Tumor regressions were associated with the

generation of HPV-specific, IFN-γ-producing CD4+ and CD8+ T cells. Vaccination with

long peptides induced strong antigen-specific T-cell response with long lasting memory and

tumor regression in mouse models18. Long gp100 peptide is presented by rare DCs in the
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VdLN only, while short gp100 peptide is presented by multiple VdLN cell types including

ubiquitous B cells11,16. The presence of MHC Class II-restricted helper epitopes in the long

peptides can result in the stimulation of CD4+ T helper cells that express CD40L, which

interacts with CD40 or the immature DC, resulting in maturation of the DC and upregulation

of costimulatory molecules, such as CD8615. Indeed, we found that long peptides induced

minimal T cell sequestration at the vaccination site, no rapid contraction of the T cell

response and superior antitumor activity. Together this data suggests the need for efficient

dendritic-cell targeting to induce potent T-cell response.

3. Towards enhanced tumor-trafficking of vaccine-primed T cells

The use of peptide vaccines to activate the immune system to cause the rejection of

established tumor remains an intensely studied approach. Recently, there has been

unprecedented evidence that T cells can efficiently attack and kill large tumors and that their

antitumor activity can be enhanced19-21. Here, we focus on how the current and next-

generation peptide-based cancer vaccine approaches could benefit from increased

understanding of T cell biology and the tumor microenvironment - and highlight clinically

available approaches that improve immune cell tumor-trafficking leading to enhanced tumor

rejection.

3.1. Replacing IFA and addition of immunostimulatory agents

The first major issue we, therefore, addressed was replacing the persistent IFA with a less

persistent formulation, saline. However, when we simply replaced IFA with saline we

observed no T cell priming, likely due to a lack of any adjuvant activity by saline. We then

added a costimulatory vaccine cocktail, called covax, consisting of toll-like receptor 7

(TLR7) agonist (imiquimod cream), agonistic anti-CD40 antibody, and IL-2. Concurrent

vaccinations with gp100 peptide emulsion in IFA and covax induced strong T cell priming;

however, the majority of vaccine-primed T cells still remained sequestered at the

vaccination site and with negligible anti-tumor activity. In contrast, vaccination with gp100

peptide in saline and covax induced slightly weaker T cell expansion; however, these T cells

did not become sequestered at the vaccination site and reached the tumor, thereby

suppressing tumor growth.

The triple combination of a TLR7 agonist, CD40 agonist and IL-2 was critical for the

induction of effective anti-tumor immunity as we recently reported11. However, most

clinical trials of peptide or protein vaccines thus far have used IFA and TLR agonist22 or

TLR agonist and anti-CD4023 or IL-21, but never this powerful triple combination (covax).

If the murine system is at all predictive of human T cell responses, the full potential of anti-

tumor T cell responses will not be unlocked until multiple synergistic immunostimulators,

which by themselves may prove quite weak, are combined24. While adding

immunostimulatory agents can boost the activity of cancer vaccines22,23,25, IFA-based

vaccines may be a special case26. The addition of covax to IFA-based vaccine increased

numbers and survival of circulating T cells, but it did not overcome their entrapment at the

vaccination site. As a result, we observed increased reactogenicity and tissue damage at the

vaccination site, while tumor growth remained unimpeded consistent with clinical data.
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Conversely, adding covax to water-based vaccine caused no reactogenicity but strongly

boosted the priming of T cells, which trafficked to the tumor and suppressed its growth. We

also confirmed that T cell entrapment at the vaccination site correlated with local antigen

peptide presentation, which lasted a few days after vaccination with gp100 in saline vs. more

than 3 months after vaccination with gp100 in IFA. This suggests that the duration of

antigen presentation could be manipulated through the choice of an adjuvant, and it should

neither be too-short (causing poor priming) nor too-long (causing T cell sequestration,

dysfunction and tissue damage).

3.2. Enlisting chemokine and adhesion molecules

Chemokine receptors are expressed on a variety of immune cells in the tumor

microenvironment, including tumor cells. Therefore, chemokines and adhesion molecules

may serve as a suitable target for manipulating the tumor microenvironment to facilitate

immune cell recruitment and tumor homing27-29. Data from multiple clinical studies suggest

that inadequate recruitment of tumor-specific CD8+ T cells may be a rate limiting factor in

tumor regression8,30 Recent clinical studies show T-cell infiltrate in patients of melanoma

express higher levels of the chemokines CXCL9 and CXCL10 in primary lesions31 and the

CXCR3/CCR5 chemokine ligands is found to be critical for immune mediated tumor-

rejection in patients with metastatic melanoma32. In line with this, observations in mouse

xenograft models suggested that the tumor could be manipulated to support recruitment of

tumor-specific T cells through endogenously produced CXCR3/CCR5 ligands33. Similarly,

pmel-1 transfectant T cells overexpressing CXCR2 preferentially localized to tumor sites

and showed enhanced anti-tumor activity against MC38 tumor model which naturally

expressed CXC- chemokine receptor 2 Ligand (CXCL2)34.

Cancer inflammatory reaction caused by tumor-infiltrating cytotoxic T cells (CTL) results in

the expression of high levels of pro-angiogenic factors by tumors thereby the creation of

immunosppressive environment that limit T cell trafficking and homing of the tumor

microenvironment35. Data from recent gene expression profiling of vascular endothelial

cells in patients with ovarian cancer showed over expression of endothelin B was associated

with the absence of a T cell infiltrate and short patient survival, suggesting that endothelin B

receptor could be manipulated towards improved T cell trafficking36. In another study it was

shown that selective targeted delivery of TNF-α fused with NGR-TNF, a tumor homing

peptide, to tumor vessels induced up-regulation of VCAM-1 and ICAM-2 on the endothelial

lining of tumor vessels37,38, resulting in improved adhesion of T cells expressing the

corresponding VCAM-1 and ICAM-2 receptors. Together these studies suggest that

opportunities may exist for manipulating chemokine expression and tissue adhesion in the

tumor microenvironment to allow activated immune cells to cross over the stromal barrier

and cause tumor destruction.

Finally, our study11 adds one more reason why blood-based immunomonitoring alone, may

not be sufficient to guide our understanding of tumor-specific T cell responses30. And, in

our own study in mice, despite high level of T cells circulating in the blood in response to

gp100/IFA + covax vaccination, few T cells reached the tumor. On the other hand,

vaccination with gp100/saline + covax induced modest T cell level in the blood but the
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majority of these T cells migrated to the tumor causing significant tumor suppression.

Similarly, studies abound where clinical response does not correlate with immune responses

in the circulation3,14,39. As a growing number of clinical studies indicate T cell

accumulation in the center of the tumor and invading margin to have strong correlation with

a favorable clinical outcome in patients with cancer, it would be imperative to actually

implement routine tumor sampling during immunotherapy trials. Some accessible cancers,

such as cutaneous melanoma, allow for biopsies; for less accessible cancers this can be

approached with neoadjuvant trial designs, where immunotherapy is administered before

tumor surgery. Identifying the kinds of therapy-induced immune responses, at the tumor site,

that correlate with clinical outcome can yield valuable clues for the design of next-

generation therapies.
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Fig. 1. Fate of CD8+ T cells primed by IFA-based vaccine
(1) Naive CD8+ T cells travel to antigen-rich and highly inflamed vaccination site and

become primed. (2) Effector CD8+ T cells respond to persistent antigen presentation by

continued expansion and secretion of inflamma tory cytokines (IFN-γ). (3) Activated CD8+

T cells up regulate Fas and other inhibitory surface markers including PD-1, LAG-3, Tim-3

and CTLA-4 in response to antigen, IFN-γ and other inflammatory cytokines; these

conditions also promote accumulation of host cells expressing PD-L1 and FasL. PD-1/PD-

L1 engagement leads to T cell exhaustion; Fas/FasL engagement results in T cell apoptosis.

(4) As a result, very few primed T cells reach the tumor.
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