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Abstract: Currently, many peptide vaccines are undergoing clinical studies. Most of these
vaccines were developed to activate cytotoxic T cells; however, the response is not robust.
Unlike vaccines, anti-cancer antibodies based on passive immunity have been approved as a
standard treatment. Since passive immunity is more effective in tumor treatment, the
evidence suggests that limited B cell epitope-based peptide vaccines may have similar activity.
Nevertheless, such peptide vaccines have not been intensively developed primarily because
humoral immunity is thought to be preferable to cancer progression. B cells secrete cytokines,
which suppress immune functions. This review discusses the possibility of therapeutic
antibody induction by a peptide vaccine and the role of active and passive B cell immunity
in cancer patients. We also discuss the use of humanized mice as a pre-clinical model. The
necessity of a better understanding of the activity of B cells in cancer is also discussed.

Keywords: cancer vaccine; passive immunity; B cell epitope

1. Introduction

While a long history of cancer research has clarified many of the mechanisms underlying cancer
immunoediting, a T cell-based peptide vaccine that results in cytotoxic T cell activation is not considered
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an effective component of anti-cancer therapy [1,2]. The mechanisms by which the immune response is
reduced by cancer are being studied intensively. In contrast, passive immunity conferred by therapeutic
antibody treatment, which involves the transfusion of specific antibodies, is effective against several
types of cancers. One representative is Herceptin (Trastuzumab), which is now given to breast cancer
patients overexpressing Her2. Compared to passive immunization, quality of life might be improved by
active immunization, which would lead to the production of anti-cancer T cells and antibodies; however,
clinical tests have failed to report sufficient responses in a wide variety of patient populations. Recently,
T cell exhaustion and immune checkpoint molecule expression have been studied as candidates that
cause peptide vaccines to be ineffective. In particular, immune checkpoints in the early naive and late
effector phases may suppress cancer cell rejection. If these checkpoints are removed, then rejection may
occur without further induction of antigen-specific T effector cells or antibodies. If so, then a tumor
antigen-specific immune reaction may already be poised. Otherwise, B cell epitope-based vaccines may
help to induce anti-cancer effects in patients overexpressing Her2. In this review, we will discuss this issue.

2. Peptide Vaccines Induce Specific Cytotoxic T Cells

Regarding patient selection, major histocompatibility complex MHC restriction is critical for small
peptides. Several algorithms to predict the affinity of peptides to human and mouse MHCs are currently
available. We used the following three algorithms: SYFPEITHI, developed by Rammensee H. G. et al.
(http://www .syfpeithi.de/) [3], BioInformatics and Molecular Analysis Section (BIMAS), an HLA class
I and class II epitope-prediction algorithm based on a database developed by Parker K. C. et al.
(http://www-bimas.cit.nih.gov/molbio/hla_bind/) [4] for HLA class I prediction and on Immune Epitope
Database (IEDB) and, an analysis resource developed for HLA class II prediction by
Peters B. et al. (http://www.immuneepitope.org/) [5]. Peptides predicted to have the highest affinity to
an adequate MHC might not always activate specific T cells because high-affinity T cells can be removed
by negative selection in the thymus, as Her2 is an auto-antigen. Thus, affinity prediction must be further
developed before it can be used to select peptides for cancer vaccines.

Although many cancer vaccines have shown therapeutic benefits in several recent clinical trials, the
vaccines did not cause striking tumor regression [6—10]. Since many review articles have discussed
peptide vaccines [11-13], we will briefly summarize these vaccines here. Peptide vaccines were
developed primarily to induce killer T cell activation using class I-restricted peptides presented on
antigen-presenting cells such as dendritic cells (DCs). DCs were developed from patient bone marrow
hematopoietic cells, and the peptides were pulsed on the DCs. Alternatively, a cancer antigen-derived
peptide was emulsified with adjuvants, such as Freund’s incomplete adjuvant (IFA), and injected
subcutaneously. As shown in Figure 1A, the peptide is taken up and presented by dendritic cells in vivo.
The adjuvant helps to activate the DCs. Thereafter, the peptide antigen-presenting DCs activate peptide-
specific helper T (Th) cells via the class II major histocompatibility complex (MHC). Simultaneously,
the DCs cross-present the peptide antigens on the class | MHC and activate cytotoxic T (Tc) cells.

During the early studies of tumor antigens, immunologists did not have any information regarding T
cell exhaustion. Therefore, many peptide vaccines were developed to activate only killer T cells
in vivo. After their insufficient function was revealed, next-generation peptide vaccines were developed
based on new concepts. In Japan, several clinical tests are now ongoing or have recently been completed,
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although none has passed phase III clinical trials. The next-generation peptide vaccines include
multivalent longer peptides with class I and class Il MHC epitopes, multi-peptide vaccines consisting of
class I and class II epitopes, a peptide cocktail, and hybrid peptides. In clinical tests, their efficacy was
somewhat limited, although the reason was not strictly noted. Clinical trials from 2008-2012 that
examined next-generation peptide vaccines were reviewed by Yamada et al. and newer information is
provided by Li et al. [14,15].
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Figure 1. Anti-cancer pathways. (A) Apoptotic tumor cells are digested by dendritic cells
(DCs). The tumor antigens are presented by class Il MHCs and activate tumor-specific helper
T (Th) cells. Tumor-associated antigens are also cross-presented by class I MHCs. Class I
MHC-presented antigens activate cytotoxic T (Tc) cells, and Th cells support this activation.
As a result, Tc cells can attack tumor cells. (B) Passively induced monoclonal anti-tumor
antibodies recognize tumors which express high level of tumor-associated antigens on their
surface, leading to opsonization. The opsonized tumor cells are injured by NK cells and
neutrophils through antibody-depended cell cytotoxicity (ADCC). (C) A peptide vaccine
with highly limited epitopes induces Th activation. Following peptide antigen presentation
by class I MHCs on DCs, Th cells are activated and signal B cells to secrete peptide-specific
antibodies. The antibodies may induce ADCC similarly to passive humoral immunity.

For breast cancer peptide vaccines, Mittendorf et al. reported that the clinical trials of peptide vaccine
immunoadjuvant therapy (E75 and GP2; the epitope peptide is shown in Figure 2) were effective for
recurrence prevention [16]. These peptides are basically class I HLA-restricted peptides that activate
killer T cells in the patients. However, the vaccine trials showed that the activation of only killer T cells
could not maintain efficiency without a booster, while the activation of helper T cells helped to maintain
efficiency for longer periods. The dosing is also extremely important for obtaining the highest efficiency.
The mechanisms of these phenomena can be explained by the above-mentioned hypothesis. However,
curiously, lower Her2 expression such as Her2 1+ and Her2 2+ was preferable for peptide vaccination.
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The patients with Her2 expression at the 3+ level required Herceptin treatment together with peptide
vaccination [17]. This finding suggests that effective antibody secretion by the peptide instead of
Herceptin administration may be effective for tumor suppression. Activation of cellular immunity
without enhancing immune-suppressive secretion of cytokines such as interleukin-10 (IL-10) would be
a better option.
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Figure 2. The structures of Her2 and the Her2 peptide vaccine epitopes. The structures of
Her2 and the breast cancer vaccine epitopes are shown, as reviewed by Roscoski Jr [18].

3. Why Can Peptide Vaccines Not Fully Induce Cellular Immunity to Reject Established
Cancerous Conditions?

Although peptides may activate T cells in vitro, an immune regulation system called ‘cancer immune
escape’ may act soon after activation, preventing complete rejection [19,20]. Recently, peptide vaccine
was reported to induce CD8 T cell exhaustion at the site of injection of Freund’s incomplete adjuvant
(IFA) [21,22]. As Hailemichael reported, peptide/IFA vaccination primed tumor-specific CD8 T cells,
which did not accumulate in tumors but accumulated at the persisting, antigen-rich vaccination site.
Once at the vaccination site, the primed T cells became dysfunctional and underwent antigen-driven,
interferon-y (IFN-y)- and Fas ligand (FasL)-mediated apoptosis, resulting in hyporesponsiveness to
subsequent vaccination. The primary reason for this response might be the use of FIA, but no definite
answer has been obtained. One of the most frequently-used adjuvants is GM-CSF, a white blood cell
growth factor [23,24]. Immunization with these peptides may require a different adjuvant to prevent
negative effects.

If specific T cells are suppressed as described above, then cancer invasion may be promoted during
cancer immunoediting. Cancer immunoediting allows tumors to eliminate, equilibrate and escape despite
the expression of tumor-associated and tumor-specific antigens [20]. Cancer escape involves the
induction of regulatory T (Treg) cells or accumulation of IL-10 or TGF-f secreted by tumor tissues,
apoptosis induction through FasL signaling to Fas-expressing T cells, and class | MHC downregulation
of tumor cells for evasion of T cell surveillance [25,26]. Recent research has revealed immune
checkpoint molecules such as cytotoxic T lymphocyte-associated protein 4 (CTLA-4) during the early
phase and programmed death 1 (PD-1) during the memory phase [27,28]. CTLA-4 is a homologue of
CD28 and is expressed exclusively on T cells [29,30]. CTLA-4 downregulates the activation of T cells
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in the early phase, but the details of its function are not clear. PD-1 is an immunoglobulin superfamily
protein that downregulates effector phase T cells [31,32]. During the effector phase, continuously
activated T cells express PD-1 and induce anergy or apoptosis when PD-1 binds to programmed death 1
ligand (PD-L1) expressed by tumor cells in the cancer microenvironment [33,34].

Many other mechanisms that reduce the Tc cell-based immune reaction may exist and suppress
anti-tumor effects. These data suggest a new mode of cancer treatment, as described below.

4. Immune Checkpoint Antibodies

Tc cell activity is regulated by the cancer microenvironment. Therefore, inhibition of immune
checkpoints controlling the cancer microenvironment and killer T cell dysfunction has been attempted.
Antibodies against PD-1, CTLA-4 and PD-L1 have been used as molecular targeting agents, as they
inhibit the exhaustion of CD8 T cells infiltrating cancer tissues [28,35-39]. Interestingly, PD-1 expression
by lymphocytes in tumor parenchyma and PD-L1 expression in the tumor invasive margin correlate
positively with the effectiveness of these antibodies, along with CD8 T cell infiltration [40]. This
evidence suggests that when CD8 T cells infiltrate a tumor or the tumor stroma, although the T cells are
induced to be anergic by the PD-1/PD-L1 pathway, the antibody can disturb the interaction of
PD-1/PD-L1 and effectively induce anti-cancer effects. These results suggest that maintenance of
cancer-specific T cell competence is important for enhancing anti-tumor immunity. Many excellent
reviews have been published regarding this issue [32,37,41,42].

Today, several immune checkpoint-blocking antibodies such as Ipilimumab (FDA approved
anti-CTLA-4 antibody, [43]), nivolumab (BMS-936558) (Phase III trial; anti-PD-1 antibody [44,45])
and avelumab (MSB0010718C) (Phase III trial; anti-PD-L1 antibody [46]) were approved or under the
clinical trial, as they can induce high anti-cancer immunity and low side effects. Other candidates
involving not only CD28/CTLA-Ig family members but also TNF superfamily members are under the
clinical trials.

These immune checkpoint antibodies may be highly effective when used in combination with
pre-existing peptide vaccines, while no reports have been published regarding the successful induction
of anti-cancer effects with a simple cancer antigen-related peptide.

5. Anti-Cancer Antibody

In parallel with peptide vaccines, molecular targeting reagents to mobilize antibody-based passive
immunity have been developed, starting with Herceptin and rituximab, which are now standard cancer
treatments that significantly induce anti-tumor effects. The specific antigen of Herceptin, Her2, is
overexpressed not only on breast cancer cells but also in ovarian and lung cancer [47-51]. Herceptin is
a humanized monoclonal antibody that was approved in 1998 and that improved patient survival
significantly. Although the exact mechanism is unclear, Herceptin can inhibit the signaling pathways
involving HIF1a and Erk by masking the Her2 molecule and can react with the innate immune system
via Fc receptors, possibly inducing antibody-dependent cellular cytotoxicity (ADCC) [52], antibody-
dependent cellular phagocytosis (ADCP) [53] and complement-dependent cytotoxicity (CDC) [54].
Herceptin also suppresses Her2 homodimer and heterodimer formation. Moreover, this antibody may
activate natural killer (NK) cells and other components of the immune system, which may be suppressed
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gradually [55] (Figure 1b). NK cells are involved in NK cell-mediated ADCC [56]. NK cells also secrete
a high level of IFN-y, which may help cancer cells to re-express class | MHC molecules. Consequently,
the immune response may shift to Th1-dominated immunity. Clarifying which pathway is involved in
Herceptin therapy has been difficult. Breast cancer progression of patients expressing Her2 at high levels
is suppressed when they are treated with Herceptin.

Following the success of Herceptin, other therapeutic antibodies were developed. Rituximab,
humanized anti-CD20; cetuximab, a chimeric anti-Herl antibody for colorectal cancer [57];
alemtuzumab, a humanized anti-CD52 antibody for chronic lymphocytic leukaemia; and bevacizumab,
a humanized anti-VEGF antibody for colorectal and lung cancer, have all been approved [58].
Pertuzumab, another anti-Her2 monoclonal antibody, was approved by the FDA in 2012 [59,60]. Other
antibodies are currently awaiting approval.

Herceptin, which recognizes only one cancer antigen, is effective in Her2-positive breast cancer
patients likely because the progression of this cancer uniquely depends on overexpression of a single
antigen. Although Her2 is also overexpressed in other cancers such as ovarian cancer, Herceptin is not
always an effective reagent. This evidence suggests that humoral immunity is not always sufficient to
control tumor progression by a single tumor antigen.

6. Why is Herceptin Successful?

To activate B cell-based anti-cancer immunity, the tumor antigen must be expressed on the surface
of cancer cells. In particular, for antibody-based passive immune treatment to be effective, the antigen
should be recognized by specific antibodies. Therefore, the tumor antigens must be expressed in large
quantities. As shown in Figure 3, if the tumor antigen is not expressed on the surface, then no specific
antibodies will be induced in vivo (Figure 3A). Low expression of tumor antigens may induce antibody
binding but may not induce an antibody-mediated response (Figure 3B). Infusion of antibodies against
a tumor antigen induces apoptosis in cells expressing high levels of that antigen (Figure 3C). Patients
with high Her2 expression are responsive to Herceptin because the number of Her2 antibody molecules
bound to the antigen per cancer cell becomes extremely high, inducing signaling to innate cytotoxic cells
and thus cytotoxicity, such as ADCC, ADCP, and CDC. In addition to antibody-mediated cytotoxicity,
strong signaling is reported to induce NK and CD8 T cell functions [61-63].

Thus, such effects may be induced by other antibody-based immunotherapies. To induce cytolytic
activity in antibody-based passive immunotherapy, tumor antigens must be expressed. Similarly, a
B cell epitope-based peptide vaccine using a protein other than Her2 may also require high expression
of tumor antigens (Figure 3D).

A specific antibody that attacks cancer cells induces fundamental anti-cancer effects, which should
make a peptide-based vaccine effective. Since Her2 is closely correlated with carcinogenesis [64],
suppression of the Her2 signal may be particularly important. Tumor antigens that are not involved in
carcinogenesis may have lower efficacy.
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Figure 3. Antigen expression determines the effect of antibody-based passive immunity.
(A) The tumor antigens are not expressed on the surface of cancer cells. Consequently,
antibodies cannot bind to cancer cells, and anti-cancer immunity is not induced. (B) The
tumor antigens are expressed on the surface of cancer cells; however, the antibody response
is not sufficient to induce strong anti-cancer immunity. (C) After infusion of monoclonal
antibodies, enough antibodies bind to cancer cells via cancer antigens to induce anti-cancer
immunity. (D) Immunization with cancer-specific peptides might induce anti-cancer
immunity similar to those produced by monoclonal antibody drugs.

7. B Cell-based Peptide Vaccine

Peptide vaccines with class II HLA epitopes have entered clinical studies because Th cells are
necessary for inducing cytotoxicity of cytotoxic T cells [65,66]; however, most of these studies have not
involved antibody-based vaccines because of the importance of cytotoxic T cell activation in anti-tumor
effects. The humoral immunity induced by peptide vaccines was thought to be supportive in classical
studies of tumor immunity [66,67]; however, carcinomas, which show some response to passive
antibody-based immunotherapy, as in breast cancer, may respond to an antibody-based peptide vaccine
if the peptide is limited to the effective epitope (Figure 1¢). An active peptide-vaccine therapy will increase
patient quality of life by saving time and money, as frequent antibody infusions would not be needed.
However, designing of antibody-based vaccine is difficult even if the antigens are infectious microbes.
The clinical trial of respiratory syncytial virus (RSV) vaccine used an epitope selected strictly to contain
the epitopes of both B cells and T cells. In the clinical trials, the effect of vaccination on RSV did not reach
statistical significance [68,69].

Miller et al. developed B cell-based EGFR (Her1) and Her2 vaccines [70-76]. Her2 is a well-known
antigen that is highly expressed on breast cancer cells in ~20% of patients. As Herl is also highly
expressed on the surface of cancer cells, their recognition by antibodies has promise. These authors
employed computer-aided analysis [77] with crystal structure analysis to identify potential B cell
epitopes in these target proteins, developed ligand-binding domain-specific peptides and demonstrated
that the vaccine inhibits tumor growth in vitro and in vivo.
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We are also developing a B cell epitope-based Her2 peptide vaccine, CH401MAP. While Miller’s
group prepared the vaccines by predicting B cell epitopes of cancer antigens, we determined the epitope
of an anti-Her2 monoclonal antibody, CH401, which was developed by Dr. Imai’s group by epitope
mapping [78,79]. The identified epitope differed from that of Herceptin and other known Her2 antibodies
(Figure 2). CH401 was reported to induce apoptosis in Her2-positive cancer cells [80]. We determined
the epitope and reported that the 20 amino acid multiple antigen peptide (CH401MAP), together with
Freund’s adjuvant, can induce specific antibodies in mice and humanized mice with human immune
cells reconstituted in immunodeficient mice [79,81].

Moreover, various algorithms were used to predict that the 20 amino acid peptide could be presented
by the HLAs of most Japanese breast cancer patients. A Her2 peptide with such a high ratio of affinity
with the patients” HLAs has never been reported. PBMCs of breast cancer patients responded to this
peptide by secreting various cytokines [82] and retained the ability to secrete CH401MAP-specific
antibodies, although the PBMCs could not enhance specific antibody secretion after peptide
stimulation [83]. From these data, we speculate that this peptide may function as a peptide vaccine
primarily to induce a specific antibody. Because this peptide was also predicted to possess class I HLA
affinity, it may be effective for cytotoxic T cell induction.

8. B Cells and Cancer Immunity

In contrast, an increase in B cells has been reported without a direct correlation with cancer
prognosis [84]. However, the effect of the increase in the B cell ratio on cancer progression is unclear.
Since we reported that the PBMCs of breast cancer patients are rather unresponsive to the Her2 peptide,
the newly developed B cell function may be somewhat reduced by the cancer environment. From the
presented evidence, the patients may need to be selected for maintained B cell function to achieve a B
cell epitope-based vaccine.

An increase in the B cell ratio may indicate thymus malfunction, which induces the suppression of T
cell differentiation. This phenomenon might induce peripheral T lymphopenia, which increases the
relative number of B cells in PBMCs; otherwise, T cells may be actively trapped or killed in the
periphery, resulting in an increase in the relative number of B cells. In this case, lymphocytes may
accumulate in the tumor parenchyma or invasive margin and then undergo apoptosis. Humoral immunity
cannot be fully activated without Th cells; however, anti-tumor humoral immunity may not be reduced
even when cytotoxic T cells are limited in their response. ADCC can be induced by neutrophils and by
NK cells if specific antibodies are produced.

9. Humanized Mouse Model for Peptide Vaccination

Before B cell epitope-based peptide vaccines enter clinical trials, pre-clinical models may be
preferable for evaluating efficacy because the activation level of T cells cannot be easily predicted by
the available algorithms. The therapeutic super-agonist CD28 antibody TGN1412 was developed using
mouse and monkey models and caused antibody-induced cytokine storms in healthy donors in clinical
trials [85]. This accident suggested that risk could not be predicted by the available animal models and
that side effects are an important possibility.
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Humanized mice can be established by transplanting human tissues into severely-immunodeficient
mice, such as NOD-SCID IL2Ry (null) mice (NOG mice; Central Institute for Experimental Animals) [86]
and NSG (Jackson) mice [87]. These mice are used primarily as pre-clinical models. Humanized mice
with human immunity can be established by transplanting human hematopoietic stem cells (HSCs) or
human peripheral blood mononuclear cells (PBMCs) into severely-immunodeficient mice.
Immunization of humanized mice can clarify whether immune-competent cells can react with specific
peptide antigens [88—91]. Although these humanized mice cannot completely mimic human immunity,
some response can be detected [81,92]. We found that CH401MAP could induce specific antibodies in
humanized mice transplanted with human cord blood stem cells. The BLT mouse, which is established
by transplanting human fetal bone, liver, and HSCs, may also show some improvement [93]. The Central
Institute for Experimental Animals and The Jackson Lab have improved upon humanized mouse systems
by expressing additional human genes such as human cytokines and human leukocyte antigens [89].
If the transplantation and maintenance of patient PBMCs become possible, then the function of B cells
may be estimated using these humanized mouse systems. The development of these systems is promising
for the selection of patients for peptide vaccination.

10. Future Views

Peptide vaccines that induce B cell epitope-specific polyclonal antibodies may be useful against
cancers that express high levels of surface tumor antigens and that respond to passive antibody treatment.
These vaccines may be most effective when used in combination with antibodies against immune
checkpoint molecules such as ipilimumab, nivolumab, and avelumab. To evaluate such molecular
targeting treatments, pre-clinical model animals such as humanized mice should be adapted.
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