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A B S T R A C T

Lessons can be learned for treating inflammatory diseases such as rheumatoid arthritis (RA) from next gen-
eration approaches for development of universal influenza vaccines. Immunomodulation of inflammatory dis-
eases, rather than ablation of cytokine or cellular responses, can address the root cause of the disease and
provide potential cure. Like influenza, there are different antigenic ‘strains’ and inflammatory T cell responses,
Th1 or Th17, that drive each person's disease. As such, next generation vaccine-like antigen specific therapies for
inflammatory diseases can be developed but will need to be customized to the patient depending upon the
antigen and T cell response that is driving the disease.

1. Introduction

The next generation of vaccines will extend beyond antimicrobial
targets to include antigen specific therapy for cancer and autoimmune
and inflammatory diseases, such as rheumatoid arthritis (RA). Whereas
vaccines prevent disease, these antigen specific therapies will provide
treatment for ongoing diseases. Many of the lessons for developing
these new therapies can be obtained from the approaches that are being
used to solve the problems with prevention and treatment of influenza.
Tissue damage, new antigen responses and excess inflammatory cyto-
kine production during infection and inflammatory disease cause and
exacerbate the subsequent disease [1,2].

Billions of dollars are spent on therapies to ameliorate but not cure
or prevent the symptoms of influenza and RA in the form of cold re-
medies, NSAIDs, and for RA, ablative therapies to curtail the pathogenic
inflammatory response. For influenza, prevention is still better than
therapy and the best means of preventing influenza disease is vacci-
nation. Unfortunately, paraphrasing the title for a recent article in the
journal “Science”, the flu vaccine suffers from mediocrity [3] (discussed
below) with the hope that next generation vaccines that are in devel-
opment will remedy the problems of the current vaccines. We propose
that better prevention of influenza and treatment of RA requires at-
tention to activating the appropriate T cell responses that promote
protection and modulate rather than initiate unwanted inflammatory
responses. Next generation vaccines must:

1. Demonstrate beneficial activity towards the disease
2. Block or modulate disease driving responses, whether microbial or

immunological, to cure rather than just treat symptoms
3. Act through antigen specific responses
4. Allow assay for efficacy.
5. Drive appropriate modulation of immune response by up and/or

down regulation of appropriate T cells and cytokines.

2. Influenza

Unlike measles, mumps, rubella and smallpox, for which vaccina-
tion is sufficient to elicit protection against all strains of the virus, in-
fluenza requires annual immunizations due to the numerous strains of
virus and its propensity to create new strains through mutation or re-
assortment of the genomic strands of the human and animal strains of
virus. The annual ‘flu’ shot is meant to provide this protection by eli-
citing protective antibodies to the prevalent strain of virus but the
manufacture of these vaccines begins a year in advance of adminis-
tration based on an epidemiologic prediction of the predominant an-
nual influenza strains. In addition, most of the commercial vaccines are
adapted to and produced in fertilized eggs which can select for avian
traits and antigenicity. Only some of the vaccines remain as human
viruses during production in human tissue culture cells or by genetic
engineering (Table 1).

The annual vaccine is tested by evaluating antisera generated by test
batches of the vaccine using a surrogate marker of efficacy,
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hemagglutinin inhibition (HI), as per recommendations of the FDA's
Center for Biologics Evaluation and Research (CBER) [4,5], rather than
protection from infection. HI tests the ability of antibodies to block the
binding of the virion glycoprotein (hemagglutinin (HA)) to ery-
throcytes. Evaluation of next-generation of influenza vaccines is likely
to require other means of evaluation since HI is not suitable to evaluate
other immunogens (e.g. neuraminidase (NA)) or the positive and ne-
gative aspects of newer vaccines that incorporate adjuvants (e.g. Fluad)
and elicit T cell responses [6].

The challenge for the next generation of influenza vaccines is to
alleviate the need for annual immunizations with a universal vaccine
that will elicit protections against most influenza A strains and possibly
an immunotherapy that will rapidly elicit protection from disease even
after exposure to the virus [7]. A promising approach focuses the im-
mune response on less variable, shared regions of the HA molecule.
Even this approach may be frustrated since annual immunization re-
inforces and focuses the antibody response generated towards the ear-
liest and antigenically most dominant viral HA experienced by the in-
dividual at the expense of more recent and potentially more pathogenic
strains of the virus, a phenomenon called original antigenic sin [8].

As an alternative to antibody protections to influenza, T cell re-
sponses target the infected cell rather than the free virus, are not as
strain dependent, can prevent influenza disease, should provide broader
coverage against the annual virus and can be more long lasting [9]. The
live attenuated influenza vaccine (LAIV) and adjuvanted influenza
vaccines, such as Fluad, elicit T cell responses but these vaccines still
require annual immunizations because the primary protection is eli-
cited by strain specific antibody. Taking lessons from “Mother Nature”,
the antigens included in a T cell inducing influenza vaccine would be
the ones that normally elicit strong T cell responses during infection.
These would include the matrix (M1), membrane (M2e) and nucleo-
protein (NP) viral proteins that are present within the infected cell. The
vaccine may take on any of the following forms, protein, peptide, DNA
or RNA, hybrid virus vaccine or adoptive transfer of antigen stimulated
DCs or T cells [9]. Peptide vaccines offer the opportunity to deliver a
mixture of antigenic determinants capable of eliciting defined responses
in individuals with different MHC specificities.

In addition to protecting against influenza disease, T cell responses
are also responsible for eliciting some of the symptoms of an influenza
infection by activating inflammatory responses [1]. These in-
flammatory responses are driven by Th17 and Th1 T cell responses.
Th17 responses are induced by TGFβ plus IL6 or IL23 and characterized
by the production of interleukin 17 (IL17), IL22 and TNFα and promote
neutrophil and other inflammatory reactions while Th1 responses are
induced by IL12 and characterized by the production of interferon γ
which activates cytolytic CD8 T cells and macrophages to promote
antimicrobial and inflammatory responses. The challenge for a next
generation influenza T cell vaccine would be to present the T cell an-
tigenic proteins or their parts (peptide epitopes) in a manner that elicits
an optimal T cell protective but not inflammatory response to elicit
protections against many strains of the virus in the broadest population.

The Flu-v (sponsored by Seek Group) [10,11] and multi-epitope
fusion protein Multimeric-001 (M-001) (NCT03058692 sponsored by
BiondVax) [12–15] vaccines are two examples of T cell immunogens
developed as universal influenza vaccines. Both of these vaccines are
undergoing clinical phase II b studies. Since antibodies are often not
elicited by T cell vaccines, the vaccines were evaluated by alternative
surrogate markers of efficacy including cytokine production, such as
IFNγ, IL12p70; T cell markers indicative of activation, such as CD107a
(for activated T and NK cell activity); production of the T cell effector
molecules perforin and Granzyme B (for CTL activity); in addition to
protection in animal models.

Combining the peptide approach with adoptive transfer of dendritic
cells (DC), Boonnak et al. [16] evaluated a therapeutic vaccine con-
sisting of DCs matured in the presence of a heteroconjugate J-LEAPS
peptide. The J-LEAPS-DCs elicited T cell protection in mice as late as

2 days after initiation of disease and modulated inflammatory responses
in a timeframe that was too short to elicit antibody. The LEAPS peptide
vaccines consist of an immune cell binding ligand (ICBL) attached to an
antigenic peptide containing at least one T cell epitope. The ICBL
promotes and directs the nature of the immune response to the peptide.
The J-ICBL elicits Th1 responses [17–19] whereas the G or DerG-ICBLs
elicits Th2 and Treg responses [17,20,21]. J-LEAPS vaccines have been
tested in other mouse models and elicit protective responses to lethal
challenge with HSV-1 [22–24] and prevention and therapy for murine
HER-2neu positive tumors [25], encephalomyocarditis and RA [26,27]
by eliciting IFNγ driven T cell responses. The J-LEAPS vaccines are
sufficient to activate and promote the maturation of mouse and human
precursors to become DCs that promote Th1 responses [28]. When
matured with a J-LEAPS vaccine incorporating a peptide from the gD
protein of HSV-1, adoptive transfer of the resultant JgD-LEAPS-DCs was
sufficient to elicit protection from lethal challenge with HSV-1 [29].

The protective anti-influenza J-LEAPS vaccines incorporated CD8 T
cell epitopes containing peptides from the M2e or NP proteins [16]. J-
LEAPS vaccine conjugates that incorporated CD4 T cell or antibody
inducing epitopes from HA were not effective. The mice were analyzed
for survival and symptomatology, daily weight changes, and on day 5
post administration, the presence of virus and antigen specific CD4 and
CD8 T cells in lung tissues and 12 different cytokines in lung homo-
genates. In contrast to the mice protected by JM2e-LEAPS-DC or JNP-
LEAPS-DC which had reduced levels of IL1b, TNFα, IL4 and IL6, the
control and mice immunized with JHA-LEAPS-DCs exhibited in-
flammatory pathogenesis characterized by cytokines consistent with a
human cytokine storm. This vaccine approach would require persona-
lized vaccine development but would allow a rapid treatment response
after exposure to a broader spectrum of influenza A viruses.

Licensure of T cell eliciting vaccines for influenza will require sig-
nificant changes in vaccine philosophy and the parameters for de-
termining efficacy. Alternates to HI must be developed as surrogates of
protection and to determine appropriate dosing. The task may become
easier since the broader antigenic efficacy of these vaccines could ob-
viate the need for the development and annual testing of influenza
vaccines.

3. Rheumatoid arthritis

RA, T1D, psoriasis and other inflammatory diseases are driven by
dysregulated cell mediated immune responses. Th1 or Th17 responses
are the primary drivers with antibody and the B cells that are making
antibody contributing to the disease process. B cells can play a reg-
ulatory role and modulate inflammation [30,31] but they are excellent
antigen presenting cells that present a focused repertoire of peptides to
activate T cells and promote the inflammatory response [32]. In-
flammatory responses can be monitored by the presence of acute phase
(TNFα, IL1, IL6), Th1 (IL12, IFNγ, IL2, and TNFβ) and Th17 (IL23, IL17
and IL22) related cytokines in serum or an unbalanced ratio of Th1 and
Th17 to Treg or Th2 cells and their respective cytokines, TGFβ and IL10
and IL4 and IL10 [33].

Current therapy for autoimmune and inflammatory disease is tar-
geted at limiting or alleviating inflammation or symptoms rather than
addressing the cause of the pathogenic immune response. For RA and
psoriasis, treatment includes inhibition or ablation of immune cells
with methotrexate, steroids or DMARDS (disease-modifying anti-rheu-
matic drugs) that block inflammatory cytokine functions with kinase
inhibitors, monoclonal antibodies or soluble receptors (e.g. etanercept,
sekukinumab) (Table 2).

The development of next generation antigen specific therapy for
autoimmune and inflammatory diseases will build on improved un-
derstanding of the antigen specificities and immune responses that are
driving the pathogenesis [34]. The next generation of RA therapies
should progress away from inhibition and ablation towards modulation
therapy to increase regulatory and decrease inflammatory responses
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(see Table 2). Unlike antiviral vaccines, the antigen specific therapy for
RA will incorporate a therapeutic immunogen that represents a self-
antigen recognized by T cells (e.g. collagen or proteoglycan) rather than
a foreign antigen that elicits antibody. Activation of regulatory re-
sponses can be obtained by various means as reviewed in Rosenthal
et al. [34] Antigen specific therapy will depend upon progress that has
been made towards identifying the responsible antigens, the im-
munological disease process, the potential for protective responses and
the immunological means to regulate these processes.

An antigen specific therapy should focus on the relevant auto-
antigen(s) and the disease driving inflammatory T cell response rather
than ablate responses that are important for certain immune protec-
tions. For RA, T1D and MS, some disease related T cell antigens have
been identified [34]. The challenge is to activate therapeutic rather
than inflammatory responses to these antigens. Special approaches are
required to activate the beneficial regulating/modulating T cells (Treg
or TR1 cells) and other T cells (including humoral response promoting
Th2 cells) that can provide treatment. An additional problem for an-
tigen specific therapy is that different approaches may be required for
modulating the disease driving T cell response since the inflammatory
response driving disease, whether Th1 or Th17, may be different in
different individuals (as demonstrated in animal studies) [34].

Upon reviewing the literature, there are relatively few examples of
immunomodulating but not ablating vaccine therapies developed for
RA. Potential approaches for antigen specific therapy for RA include co-
administration of antigen and an immunosuppressive treatment, such
as IL4, IL10, or a DNA plasmid encoding these cytokines [35]. Other
suggestions are administration of apoptotic cells that expose tolerizing
structures with covalently affixed peptide or protein autoantigens
[36,37], or use of biodegradable poly (lactic-coglycolic acid) nano-
particles [38]. De Groot et al. have proposed use of immunomodulatory
peptides, such as peptides within immunoglobulin called Tregitopes
[39], linked to the antigen peptide to activate the appropriate response.
A DNA vaccine that expresses chicken type II collagen was therapeutic
and induced increased serum levels of regulatory cytokines in a col-
lagen induced rat model of RA [40]. Dendright has experimented with
other means for modulating inflammatory responses. They used NFκB
inhibitors and autologous cells with a proteoglycan (PG) peptide an-
tigen to promote a dendritic cell-like therapy [41]. More recently, their
DEN-181 vaccine is a nanoparticle-based immunotherapy containing
calcitriol and collagen II peptide antigens (peptide 259–273 (Proline
273 Hydroxyproline substitution)) designed to regulate activated im-
mune cells and is in phase 1b studies [42].

Taking a lesson from the J-LEAPS DC influenza vaccines [16],
therapeutic LEAPS peptide antigen specific therapies for inflammatory
diseases were developed to specifically modulate Th17 or Th1 in-
flammatory responses [26,27]. CEL-2000, a J-LEAPS vaccine similar to
those that provide protection against HSV-1 [22–24] and therapy for
HER-2 antigen bearing breast cancer tumors [25], promotes IFNγ re-
sponses that modulate the Th17 inflammatory response [26,27]. In
contrast, CEL-4000, a derG-LEAPS vaccines, provides antigen specific
cessation of Th1 driven disease progression [21].

For RA, the efficacy of CEL-2000 and CEL-4000 LEAPS vaccines
was demonstrated by therapeutic cessation of disease progression in
their respective mouse models and modulation of T cells and serum
cytokines away from inflammation and towards a healthier balance.
CEL-2000 consists of a J-LEAPS vaccine incorporating a peptide from
collagen type II [27] whereas CEL-4000 consists of a derG-LEAPS vac-
cine incorporating a peptide from proteoglycan (PG) [21]. CEL2000
administration to mice with ongoing RA disease in the CIA model re-
duced levels of Th17 cytokines (IL17, TNFα, IL1 and IL23) that drive
disease by increasing levels of the immunomodulating IL10, IL12 and
IFNγ cytokines. CEL4000 reduced levels of Th1 and Th17 cytokines by
increasing levels of IL4, IL10, and TGFβ cytokines and FOXP3 expres-
sing Tregs in the GIA model of disease in which Th1 responses drive
disease. To date, there does not appear to be any untoward effects of the

CEL-2000, CEL-4000 or other LEAPS antigen specific therapies.

4. Conclusion

The advantages of an immunomodulating Next Generation antigen
specific therapy approach rather than ablative approach to treating RA
are presented in Table 2. Current therapeutic approaches for rheuma-
toid arthritis block, inhibit or kill the pathways, cytokines or cells that
promote inflammatory processes with small molecule inhibitors,
monoclonal antibodies or soluble hybrid receptors. The ablation of
these important processes does not provide a universal therapy for
everyone but does increase risk to infection and other side effects. In
contrast, the experimental antigen specific therapies described above
act by selectively increasing (up arrow) modulatory/regulatory cyto-
kines and cells while decreasing (down arrow) Th1 (IFNγ) or Th17
(IL17, IL22, TNFα, IL1 or IL23) cytokines and cells. As with all treat-
ments, these antigen specific therapies must be proven safe and de-
monstrate that they do not elicit or exacerbate autoimmune responses
in the recipient. The potential of antigen specific therapies for RA will
become more evident as they progress beyond animal studies and
through human trials.

We must acknowledge that next generation antigen specific thera-
pies for RA will need to be customized for the antigen and immune
response, Th1 or Th17, causing disease in each patient. This will require
new, improved and standardized approaches for assessing the efficacy
of RA antigen specific therapies for each individual. In the long term,
success may be monitored by reduction in anti-CCP or other disease
related antibody levels. A more timely test would assay T cell function
by evaluating specific cytokine responses of an individual patient to a
vaccine therapy in a manner similar to the IFNγ release assays for
Mycobacteria tuberculosis [43]. For these tests, patient blood cells are
challenged with M. tuberculosis antigen and IFNγ production is assayed.
Increased levels of specific serum cytokines (IL10, TGFβ) with reduc-
tion in the levels of inflammatory cytokines (IL1, IL6, TNFα, IL12, IL23,
IL17, IL22, INFγ) upon challenge with teh appropriate RA antigen in
this assay would provide a relatively rapid indication of efficacy.

5. Summary

T cell antigen specific therapy represents the Next Generation for
immunoprotection and immunotherapy. It provides the means for
therapy by increasing the appropriate and decreasing the im-
munopathogenic responses rather than generic ablation of potentially
helpful cytokine and cellular responses. For influenza A, a T cell vaccine
would offer a more universal, less strain dependent protection. For
therapy for RA and other autoimmune diseases, antigen specific T cell
immunomodulatory therapies would provide the opportunity for per-
sonalized medicine that treats the cause of disease rather than just the
symptoms.

Acknowledgments

Research reported in this publication was supported by the National
Institute of Arthritis, Musculoskeletal and Skin Diseases (NIAMS) of the
National Institutes of Health (NIH) of USA under award number R44
AR063504-02A1 for DH Zimmerman.

The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of
Health, CEL-SCI Corporation or Roseman University of Health Sciences
College of Medicine.

Work effort

DHZ conceived of the idea and concept behind this paper, as well as
prepared the title, first draft, initial organization, tables, collaborated
with KSR on editing, reorganization of subsequent versions, literature

D.H. Zimmerman, et al. International Immunopharmacology 74 (2019) 105729

5



search and selection.
KSR worked on concept, content, organization, writing, wordsmi-

thing, collaborated with DHZ on editing of subsequent versions, lit-
erature search and selection.

RC worked on bibliography, reference manager and editing with
others.

JC worked on literature search and selection for specific areas and
editing with others.

Declaration of Competing Interest

DHZ, RC and JC are employees of CEL-SCI, stockholders and in-
ventors of one or more LEAPS patents, DHZ is as well an officer of CEL-
SCI. KSR is an inventor of one or more LEAPS patents and has no other
conflict.

References

[1] D. Damjanovic, C.L. Small, M. Jeyananthan, S. McCormick, Z. Xing,
Immunopathology in influenza virus infection: uncoupling the friend from foe, Clin.
Immunol. 144 (2012) 57–69.

[2] I.B. McInnes, G. Schett, The pathogenesis of rheumatoid arthritis, N. Engl. J. Med.
365 (2011) 2205–2219.

[3] J. Cohen, Why is the flu vaccine so mediocre? Science 357 (2017)
1222–1223 (80-.).

[4] J.P. Weir, M.F. Gruber, An overview of the regulation of influenza vaccines in the
United States, Influenza Other Respir. Viruses 10 (2016) 354–360.

[5] U. S. Food and Drug Administration, Guidance for Industry Clinical Data Needed to
Support the Licensure of Seasonal Inactivated Influenza, U.S. Department of Health
and Human Services Food and Drug Administration Center for Biologics Evaluation
and Research, 2007.

[6] E.J. Erbelding, et al., A universal influenza vaccine: the strategic plan for the na-
tional institute of allergy and infectious diseases, J. Infect. Dis. 218 (2018)
347–354.

[7] R. Nachbagauer, F. Krammer, Universal influenza virus vaccines and therapeutic
antibodies, Clin. Microbiol. Infect. 23 (2017) 222–228.

[8] C. Henry, A.-K.E. Palm, F. Krammer, P.C. Wilson, From original antigenic sin to the
universal influenza virus vaccine, Trends Immunol. 39 (2018) 70–79.

[9] P.G. Thomas, R. Keating, D.J. Hulse-Post, P.C. Doherty, Cell-mediated protection in
influenza infection, Emerg. Infect. Dis. 12 (2006) 48–54.

[10] O. Pleguezuelos, S. Robinson, G.A. Stoloff, W. Caparrós-Wanderley, Synthetic
Influenza vaccine (FLU-v) stimulates cell mediated immunity in a double-blind,
randomised, placebo-controlled Phase I trial, Vaccine 30 (2012) 4655–4660.

[11] G.A. Stoloff, W. Caparros-Wanderley, Synthetic multi-epitope peptides identified in
silico induce protective immunity against multiple influenza serotypes, Eur. J.
Immunol. 37 (2007) 2441–2449.

[12] E. Van Doorn, et al., Evaluating the immunogenicity and safety of a BiondVax-
developed universal influenza vaccine (Multimeric-001) either as a standalone
vaccine or as a primer to H5N1 influenza vaccine, Med. (United States) 96 (2017).

[13] J. Atsmon, et al., Priming by a novel universal influenza vaccine (Multimeric-
001)—a gateway for improving immune response in the elderly population, Vaccine
32 (2014) 5816–5823.

[14] Y. Adar, et al., A universal epitope-based influenza vaccine and its efficacy against
H5N1, Vaccine 27 (2009) 2099–2107.

[15] T. Ben-Yedidia, H. Marcus, Y. Reisner, R. Arnon, Intranasal administration of
peptide vaccine protects human/mouse radiation chimera from influenza infection,
Int. Immunol. 11 (1999) 1043–1051.

[16] K. Boonnak, et al., Antigen-activated dendritic cells ameliorate influenza A infec-
tions, J. Clin. Invest. 123 (2013) 2850–2861.

[17] D.H. Zimmerman, et al., Immunization with peptide heteroconjugates primes a T
helper cell type 1-associated antibody (IgG2a) response that recognizes the native
epitope on the 38-kDA protein of Mycobacterium tuberculosis, Vaccine Res. 5
(1996) 103–118.

[18] K.S. Rosenthal, D.H. Zimmerman, J-LEAPS vaccines elicit antigen specific Th1 re-
sponses by promoting maturation of type 1 dendritic cells (DC1), AIMS Allergy
Immunol. 1 (2017) 89–100.

[19] K.S. Rosenthal, P. Taylor, D.H. Zimmerman, J-LEAPS peptide and LEAPS dendritic
cell vaccines, Microb. Biotechnol. 5 (2012) 203–213.

[20] D.H. Zimmerman, K.S. Rosenthal, The L.E.A.P.S. approach to vaccine development,
Front. Biosci. 10 (2005) 790–798.

[21] K. Mikecz, et al., An epitope-specific DerG-PG70 LEAPS vaccine modulates T cell
responses and suppresses arthritis progression in two related murine models of
rheumatoid arthritis, Vaccine 35 (2017) 4048–4056.

[22] K.S. Rosenthal, H. Mao, W.I. Horne, C. Wright, D. Zimmerman, Immunization with
a LEAPS heteroconjugate containing a CTL epitope and a peptide from beta-2-

microglobulin elicits a protective and DTH response to herpes simplex virus type 1,
Vaccine 17 (1999) 535–542.

[23] N. Goel, Q. Rong, D. Zimmerman, K.S. Rosenthal, A L.E.A.P.S. heteroconjugate
vaccine containing a T cell epitope from HSV-1 glycoprotein D elicits Th1 responses
and protection, Vaccine 21 (2003) 4410–4420.

[24] N. Goel, D.H. Zimmerman, K.S. Rosenthal, Ligand epitope antigen presentation
system vaccines against herpes simplex virus, Front. Biosci. 10 (2005) 966–974.

[25] K.S. Rosenthal, S. Stone, G. Koski, D.H. Zimmerman, LEAPS vaccine incorporating
HER-2/neu epitope elicits protection that prevents and limits tumor growth and
spread of breast cancer in a mouse model, J Immunol Res 2017 (2017) 1–8.

[26] D. Cihakova, et al., L.E.A.P.S. heteroconjugate is able to prevent and treat experi-
mental autoimmune myocarditis by altering trafficking of autoaggressive cells to
the heart, Int. Immunopharmacol. 8 (2008) 624–633.

[27] D.H. Zimmerman, et al., CEL-2000: a therapeutic vaccine for rheumatoid arthritis
arrests disease development and alters serum cytokine/chemokine patterns in the
bovine collagen type II induced arthritis in the DBA mouse model, Int.
Immunopharmacol. 10 (2010) 412–421.

[28] P.R. Taylor, C.C. Paustian, G.K. Koski, D.H. Zimmerman, K.S. Rosenthal, Maturation
of dendritic cell precursors into IL12-producing DCs by J-LEAPS immunogens, Cell.
Immunol. 262 (2010) 1–5.

[29] P.R. Taylor, et al., J-LEAPS vaccines initiate murine Th1 responses by activating
dendritic cells, Vaccine 28 (2010) 5533–5542.

[30] E.C. Rosser, C. Mauri, Regulatory B cells: origin, phenotype, and function,
Immunity 42 (2015) 607–612.

[31] C. Ramakrishna, et al., Bacteroides fragilis polysaccharide A induces IL-10 secreting
B and T cells that prevent viral encephalitis, Nat. Commun. 10 (2153) (2019).

[32] J. Yan, B.P. Harvey, R.J. Gee, M.J. Shlomchik, M.J. Mamula, B cells drive early T
cell autoimmunity in vivo prior to dendritic cell-mediated autoantigen presentation,
J. Immunol. 177 (2006) 4481–4487.

[33] K.S. Rosenthal, et al., Rheumatoid arthritis vaccine therapies: perspectives and
lessons from therapeutic ligand epitope antigen presentation system vaccines for
models of rheumatoid arthritis, Expert Rev. Vaccines 14 (2015) 891–908.

[34] K.S. Rosenthal, R. Carambula, D.H. Zimmerman, Why don't we have a vaccine
against autoimmune disease? A review, J. Clin. Cell. Immunol. 10 (2019) 574.

[35] L. Northrup, M.A. Christopher, B.P. Sullivan, C. Berkland, Combining antigen and
immunomodulators: emerging trends in antigen-specific immunotherapy for auto-
immunity, Adv. Drug Deliv. Rev. 98 (2016) 86–98.

[36] R.B. Birge, et al., Phosphatidylserine is a global immunosuppressive signal in ef-
ferocytosis, infectious disease and cancer, Cell Death Differ. 23 (2016) 962–978.

[37] P. Saas, F. Bonnefoy, E. Toussirot, S. Perruche, Harnessing apoptotic cell clearance
to treat autoimmune arthritis, Front. Immunol. 8 (2017).

[38] Z. Hunter, et al., A biodegradable nanoparticle platform for the induction of an-
tigen-specific immune tolerance for treatment of autoimmune disease, ACS Nano 8
(2014) 2148–2160.

[39] Y. Su, R. Rossi, A.S. De Groot, D.W. Scott, Regulatory T cell epitopes (Tregitopes) in
IgG induce tolerance in vivo and lack immunogenicity per se, J. Leukoc. Biol. 94
(2013) 377–383.

[40] S. Xinqiang, et al., Construction and characterization of a novel DNA vaccine that is
potent antigen-specific tolerizing therapy for experimental arthritis by increasing
CD4+CD25+Treg cells and inducing Th1 to Th2 shift in both cells and cytokines,
Vaccine 27 (2009) 690–700.

[41] H. Benham, et al., Citrullinated peptide dendritic cell immunotherapy in HLA risk
genotype-positive rheumatoid arthritis patients, Sci. Transl. Med. 7 (2015)
290ra87.

[42] A clinical study to investigate the safety of DEN-181 in rheumatoid arthritis pa-
tients, Available at: https://www.anzctr.org.au/Trial/Registration/TrialReview.
aspx?id=373425.

[43] C. Walton, et al., Ex vivo stimulation assay for T-cell responses for tuberculosis
using LEAPS-peptide heteroconjugates, Curr. Trends Microbiol. 6 (2010) 1–12.

[44] NIAID - Clinical Trial. Two Doses of Multimeric-001 (M-001) Followed by Influenza
Vaccine. NCT03058692. Clinical Trials.gov Available at: https://clinicaltrials.gov/
ct2/show/NCT03058692?term=NCT03058692&rank=1.

[45] E. van Doorn, et al., Evaluation of the immunogenicity and safety of different doses
and formulations of a broad spectrum influenza vaccine (FLU-v) developed by
SEEK: study protocol for a single-center, randomized, double-blind and placebo-
controlled clinical phase IIb trial, BMC Infect. Dis. 17 (241) (2017).

[46] G.P. Kobinger, et al., Assessment of the efficacy of commercially available and
candidate vaccines against a pandemic H1N1 2009 virus, J. Infect. Dis. 201 (2010)
1000–1006.

[47] B. Slütter, L.L. Pewe, P. Lauer, J.T. Harty, Rapid boosting of cross-reactive memory
CD8 T-cells broadens the protective capacity of the Flumist vaccine, J. Immunol.
190 (2013) 3854–3858.

[48] A.L. Suguitan, et al., Live, attenuated influenza A H5N1 candidate vaccines provide
broad cross-protection in mice and ferrets, PLoS Med. 3 (1541–1555) (2006).

[49] A. Cox, S.F. Baker, A. Nogales, L. Martínez-Sobrido, S. Dewhurst, Development of a
mouse-adapted live attenuated influenza virus that permits in vivo analysis of en-
hancements to the safety of live attenuated influenza virus vaccine, J. Virol. 89
(2015) 3421–3426.

[50] C.H. Clegg, et al., Adjuvant solution for pandemic influenza vaccine production,
Proc. Natl. Acad. Sci. 109 (2012) 17585–17590.

D.H. Zimmerman, et al. International Immunopharmacology 74 (2019) 105729

6

http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0005
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0005
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0005
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0010
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0010
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0015
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0015
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0020
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0020
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0025
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0025
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0025
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0025
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0030
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0030
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0030
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0035
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0035
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0040
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0040
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0045
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0045
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0050
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0050
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0050
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0055
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0055
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0055
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0060
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0060
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0060
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0065
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0065
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0065
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0070
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0070
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0075
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0075
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0075
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0080
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0080
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0085
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0085
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0085
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0085
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0090
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0090
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0090
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0095
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0095
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0100
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0100
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0105
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0105
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0105
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0110
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0110
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0110
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0110
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0115
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0115
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0115
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0120
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0120
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0125
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0125
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0125
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0130
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0130
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0130
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0135
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0135
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0135
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0135
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0140
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0140
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0140
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0145
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0145
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0150
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0150
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0155
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0155
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0160
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0160
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0160
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0165
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0165
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0165
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0170
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0170
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0175
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0175
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0175
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0180
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0180
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0185
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0185
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0190
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0190
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0190
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0195
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0195
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0195
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0200
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0200
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0200
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0200
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0205
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0205
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0205
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=373425
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=373425
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0215
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0215
https://clinicaltrials.gov/ct2/show/NCT03058692?term=NCT03058692&rank=1
https://clinicaltrials.gov/ct2/show/NCT03058692?term=NCT03058692&rank=1
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0220
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0220
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0220
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0220
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0225
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0225
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0225
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0230
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0230
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0230
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0235
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0235
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0240
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0240
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0240
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0240
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0245
http://refhub.elsevier.com/S1567-5769(19)31164-6/rf0245

	Lessons from next generation influenza vaccines for inflammatory disease therapies
	Introduction
	Influenza
	Rheumatoid arthritis
	Conclusion
	Summary
	Acknowledgments
	mk:H1_8
	Work effort
	mk:H1_10
	mk:H1_11
	References




