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Abstract

Vaccines are among the most effective tools for combatting the impact and spread of infectious
diseases. However, the effectiveness of a vaccine can be diminished by vaccine inequality,
particularly during severe outbreaks of infectious diseases in resource-poor areas. As seen in
many developing countries that lack adequate healthcare infrastructure and economic resources,
the acquisition and distribution of potentially life-saving vaccines may be limited, leading to
prolonged suffering and increased deaths. To improve vaccine equity, vaccine design must take
into consideration the logistics needed to implement a successful vaccination drive, particularly
among the most vulnerable populations. In the manuscript titled “Exploiting Pre-Existing CD4* T
Cell Help from Bacille Calmette-Guérin Vaccination to Improve Antiviral Antibody Responses”
published in the Journal of Immunology, the authors designed a recombinant subunit vaccine
against the Ebola virus (EBOV) glycoprotein that can harness the pre-existing T helper cells from
prior BCG vaccination. As a recombinant subunit vaccine adjuvanted with alum, this approach
has many features that make it well suited for the design of vaccines for developing nations, such
as relative ease of production, scalability, and distribution. In addition, the high prevalence of
BCG immunization and natural immunity to mycobacteria in many regions of the world endow
such vaccines with features that should increase potency and efficacy among populations residing
in such regions. As a result of using the helper activity of pre-existing BCG-specific Th cells

to drive antibody responses, a lower vaccine dose is needed, which is a major advantage for
vaccine manufacture. Furthermore, the BCG-specific Th cells also stimulate immunoglobulin class
switching to IgG isotypes that have strong affinities for activating Fc-gamma receptors (FCyRs).
Taken together, we propose that the design of subunit vaccines with intrastructural help from
BCG-specific Th cells can improve protection against viral infection and represents a vaccine
design that can be generally adapted to other emerging viral pathogens for the control and
prevention of infection in many developing countries.
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Commentary

As the human population continues to expand and its footprint dominates the planet,
disease outbreaks will become more intense and frequent. Although vaccination is one

of the most effective methods against the devastation inflicted by infectious diseases, its
unequal distribution, especially in developing and low resource continues to present a major
limitation. This was clearly evident in the recent Coronavirus Disease 2019 (COVID-19)
pandemic, in which the Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2)
killed an estimated 7 million individuals worldwide, particularly with a higher burden
afflicted in low-income countries [1,2]. It was estimated that distribution of the COVID-19
mRNA vaccine throughout the population in developed nations was achieved within 1 year,
whereas for poorer countries there was approximately 3 years of lag time [3,4], undoubtedly
inflicting millions of more deaths than it was necessary. In terms of infectious disease
control, this issue of vaccine equity is a major concern, especially for the less wealthy
nations. To minimize vaccine inequality and to rapidly stop the spread of deadly diseases,
increased effectiveness in vaccine distribution is essential. In this regard, subunit vaccines
remain one of the simplest forms of vaccines that are easily mass-produced and have
stability without the need for low-temperature storage, which are both important features
for improving logistics in vaccine distribution. However, a major drawback for subunit
vaccines is the requirement for a strong adjuvant in the vaccine formulation to increase

the immunogenicity and efficacy of the vaccine. Enormous efforts have been invested in
adjuvant development to discover and produce adjuvants that elicit strong and protective
immune responses [5,6]. This has been a major challenge in vaccine design, particularly
because many strong adjuvants also induce unwanted side effects and may not be suitable
for use in mass vaccination of human populations [7]. There is currently just a handful

of FDA-approved adjuvants available for vaccine formulation in humans [8], and many of
these do not elicit protective immune responses when formulated with subunit vaccines and
require adjustments in dose and formulation to be compatible with different antigens [9].
We have studied the possibility of using the activities of pre-existing mycobacteria-specific
helper T cells (Th) to address this problem [10]. Our previous studies took advantage of
BCG Th cells, which are already present in BCG-vaccinated individuals, and increased the
immunogenicity of the subunit vaccine, in this case, an Ebola virus glycoprotein, by adding
BCG CD4™" T cell (Th) epitopes to the immunogen. This recombinant subunit vaccine
containing the BCG Th epitopes (Th vaccine) is able to rapidly expand and recruit the
pre-existing BCG-specific memory Th cells to provide the intrastructural help needed to
shape the outcome of the antibody response without the need for complex adjuvants. Here
we summarize the design of this vaccination strategy with respect to BCG vaccination, the
types of antibodies elicited by the vaccine, and methods to further improve this vaccine
strategy.

The BCG Vaccine

Bacille Calmette-Guérin (BCG), the only approved vaccine against Mycobacterium
tuberculosis (Mtb), the etiological agent of human tuberculosis (TB), was developed in
the late 19t century by Drs. Albert Calmette and Camille Guérin [11] and has been
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administered to people throughout the world since 1924. Although the efficacy of the BCG
against adult pulmonary TB remains controversial [12], it has been generally accepted that
the vaccine does offer protection against childhood meningitis and miliary forms of TB
[13]. On this basis, BCG is administered to approximately 100 million people every year
as part of the universal vaccination policy for countries with high risk to TB infections
[14]. With this extensive BCG vaccine coverage (>95% in many developing countries),
many individuals have pre-existing BCG-specific memory helper T cells (Th). By providing
BCG Th epitopes that correspond to immunodominant BCG antigens, the Th vaccine

can rapidly recall the BCG specific memory Th cells in BCG vaccinated individuals to
provide intrastructural help and potentially supplement weak viral Th responses that could
limit antibody responses (Figure 1). As a result, the recruitment of BCG Th cells allows
the induction of antibody responses with a significantly lower dose of the Th vaccine,
which translate to reduced manufacturing demands and cost for mass production of the
vaccine. BCG vaccination is a potent inducer of an inflammatory response that results

in predominantly a Thl subset [15] where IFN-y is known to activate antibody 1gG class-
switching [16]. These BCG Thl cells induce antibodies with a range of effector functions,
particularly those with 1gG isotypes that favor binding to activating Fc receptors (FCyRs).
Thus, the subunit Th vaccine design is able to take advantage of pre-existing BCG specific
Th1 cells to lower vaccine dose and produce IgG class-switched antibodies that potentially
carry out antibody-mediated effector functions.

Besides being used as a TB vaccine, BCG is also used to treat other diseases and infections
not related to tuberculosis. A clinically important example is the use of the BCG vaccine
as immunotherapy to treat non-muscle invasive bladder cancer [17,18]. A broader protection
against infectious disease other than TB has also been attributed to BCG vaccination,
including malaria [19], neonatal sepsis [20], and viral infections [21,22]. The specific
mechanism of these off-target effects by BCG against other infections is not clear but it

is often thought to involve trained immunity, which is the reprogramming of hematopoietic
stem cells of the innate immune system through epigenetic changes. This constitutes a less
specific form of immunological memory in which, after returning to basal levels following
the initial stimulation by BCG, a subsequent stimulation by a different pathogen will induce
a stronger response characterized by increased expression of proinflammatory cytokines,
activation markers, and toll-like receptors [23-25]. However, many recent studies failed to
show that trained immunity from BCG vaccination protects against COVID-19 [26-28].
Thus, while there are hints in many studies supporting the role of trained immunity in
protection against various non-tuberculous diseases, the evidence is not strong enough to
motivate changes in any current vaccination strategies [29,30]. The inconsistency of the
protection conferred by trained immunity against different diseases may reflect the short
duration of the memory of the innate immune response, the lack of specificity, and the
mismatch between the innate and adaptive immunity activated by different pathogens. For
example, if a major part of the trained immunity effect of BCG is the increased expression
of activating FcryR on NK cells, this may only be effective against certain viral infections
that induce the corresponding antibody isotype with high affinity to the Fc receptor. Since
the increase in FcyR expression on innate immune cells is in part due to the effects of
IFNy [31], the IFN-y provided by the expansion of BCG Th1 cells by the Th vaccine may
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be involved in increasing the FcyR expression on innate cells while promoting IgG class-
switching. These effects could synergize to promote antibody-mediated effector functions,
including antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular
phagocytosis (ADCP), which are mechanisms that protect against certain viral infections.

Vaccines against Viral Pathogens

The induction of neutralizing antibodies is generally considered the gold standard in
vaccine development against viral pathogens. However, the generation of such antibodies
often requires more extensive vaccine design and compositions, including the use of more
complex adjuvants [32]. Furthermore, neutralizing antibodies focus mainly on the receptor
binding sites (RBS) of viral glycoproteins as targets [33], therefore limit the number of
epitopes available on the immunogen. Antibodies that mediate effector functions through
their Fc domain can bind to any surface exposed targets, including epitopes outside of the
RBS, which significantly increases the availability of epitopes on the immunogen to initiate
cytolytic killing of infected cells by innate immune cells such as macrophages, neutrophils,
and NK cells. It is well established that CD4* T cells promote CD8* T cell immunity [34].
Cytolytic CD8* T cells specific for the viral epitopes can also be enhanced as part of the
antiviral response by the Th vaccine through the help provided by BCG-specific CD4* Th
responses recruited by the BCG-specific Th epitopes in the Th vaccine. Thus, the Th vaccine
approach not only promotes antibody-mediated effector killing of infected cells through
1gG class-switching and upregulation of FcyR, but also enhances the adaptive immunity

of anti-viral CD8" T cells responses, making this a powerful multifaceted vaccine that can
enhance the cytolytic functions of both the innate and adaptive immune systems.

Improving BCG Th1l Responses

Many countries throughout the world lack a robust health care infrastructure to effectively
control the spread of TB, especially through the use of expensive and prolonged TB drug
treatments [35]. The only alternative method is implementing universal BCG vaccination to
control, to some extent, TB infections [36]. Although the BCG-specific Thl cells induced
by the BCG vaccine are important for the control of Mtb infection, they alone are not
sufficient to fully suppress disease or clear the infection [37]. Numerous efforts have been
made to develop a TB vaccine or a vaccination strategy that can outperform the century-old
suboptimal BCG vaccine. Many, if not all, of these TB vaccination strategies, such as

BCG revaccination [38], administration of BCG through the intravenous route [39], or
using attenuated Mtb mutants [40-44] resulted in increased immunogenicity, particularly
with respect to the Th1 response toward mycobacterial antigens, which will enhance the
potency of the BCG-dependent Th vaccine. The pipeline of TB vaccine research for the next
few decades will most likely remain focused on enhancing the cellular immunity against
Mtb [45,46], strategically putting the Th vaccine in a position to maximize the impact of
capturing pre-existing T cell help for vaccinating against viral pathogens.

BCG has been used for many years as immunotherapy for treatment of non-muscle-invasive
bladder cancer with a success rate of approximately 40% [47]. To improve the efficacy of
BCG against bladder cancer, other immunotherapy approaches are included in the treatment,
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including monoclonal antibody therapy [48]. Preclinical studies in mice have shown
synergistic antitumor effects on murine ascitic hepatoma cells by using BCG to improve the
antibody therapy through activation of ADCC [49]. However, clinical trials (NCT00006352,
NCTO00003023) targeting various cancers (neuroblastoma, sarcoma, and small cell lung
cancer) showed no impact on the outcome of disease responding to combination of
monoclonal antibody therapies and BCG treatment [50]. More recently, several clinical
trials (NCT03504163, NCT03711032, and NCT02138734) have been initiated to evaluate
treatment of bladder cancers using monoclonal antibody therapy (pembrolizumab) or
immunotherapy (ALT-803, an IL-15 superagonist] [51] together with BCG treatment. The
Th vaccine, although it was initially designed to target viral antigens, could be easily
modified by replacing the immunogen with a tumor antigen. This could provide a potent
method for stimulating anti-tumor antibody responses to improve cancer immunotherapies.

Discussion

The broad activities of the Th vaccine design described here include the increase in antibody
titers to inhibit entry of pathogens into the host cell, the induction of 1gG isotypes that
activate Fcy receptors to recruit effector functions against viral infections, and the ability of
BCG-specific CD4™ T cells to support enhanced anti-viral CD8* T cell responses. The Th
vaccine design can be easily adopted to target a range of pathogens and diseases, which may
be especially relevant during outbreaks when rapid production and distribution of vaccines
is of key importance. Thus, the most apparent applications of the BCG driven Th vaccine
design that we describe here are currently in the area of targeting endemic or emerging

viral pathogens. Some obvious targets of current interest for this approach include the
glycoprotein of Ebolavirus, the protein E of Zika virus, and the hemagglutinin of Influenza
viruses. However, other possibilities for this vaccine strategy can be envisioned, including
the augmentation of antibody dependent immune responses against tumors or a wider range
of microbial pathogens. The fusion of weakly immunogenic antigens with BCG epitopes
may be an effective strategy for increasing the levels and duration of antibody responses
against key antigens identified as the “Achilles heel” of some of the stealthiest infectious
microbes. Examples of interest in this regard could be the RH5 antigen of Plasmodium
falciparum [52] and OspA protein of Borrelia burgdorferi [53].

Conclusion

The Th vaccine design provides the flexibility for constructing vaccines that could be
especially applicable for vaccination of populations with high prevalence of pre-existing
immunity to BCG or other mycobacteria, such as often found in many developing countries.
The Th vaccine is uniquely applicable to scenarios requiring rapid induction of antibody
responses, such as during disease outbreaks caused by highly transmissible emerging viral
pathogens. By incorporating the immunodominant BCG Th epitopes for recruitment of
BCG-specific Thl cells, the immunogenicity of the Th vaccine is increased to significantly
reduce the effective vaccine dose and provide adjuvant effects that favor 1gG class-switching
important for mediating effector functions such as ADCC. The simplicity and adaptability of
the Th vaccine design has the potential to vaccine production more affordable, facilitate
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distribution, and significantly level the inequality of vaccine availability that currently
remains a major barrier in global prevention of infectious diseases.

Funding

Supported by NIH Grant 7R01 Al137344.

References

1.

Duroseau B, Kipshidze N, Limaye RJ. The impact of delayed access to COVID-19 vaccines in low-
and lower-middle-income countries. Front Public Health. 2022;10:1087138. [PubMed: 36711400]

. Levin AT, Owusu-Boaitey N, Pugh S, Fosdick BK, Zwi AB, Malani A, et al. Assessing the

burden of COVID-19 in developing countries: systematic review, meta-analysis and public policy
implications. BMJ Glob Health. 2022;7(5):e008477.

. Bayati M, Noroozi R, Ghanbari-Jahromi M, Jalali FS. Inequality in the distribution of Covid-19

vaccine: a systematic review. Int J Equity Health. 2022;21(1):122. [PubMed: 36042485]

. Hunter DJ, Abdool Karim SS, Baden LR, Farrar JJ, Hamel MB, Longo DL, et al. Addressing

Vaccine Inequity - Covid-19 Vaccines as a Global Public Good. N Engl J Med. 2022;386(12):1176-
9. [PubMed: 35196425]

. Awate S, Babiuk LA, Mutwiri G. Mechanisms of action of adjuvants. Front Immunol. 2013;4:114.

[PubMed: 23720661]

. Pulendran B, P SA, O’Hagan DT. Emerging concepts in the science of vaccine adjuvants. Nat Rev

Drug Discov. 2021;20(6):454-75. [PubMed: 33824489]

. Petrovsky N. Freeing vaccine adjuvants from dangerous immunological dogma. Expert Rev

Vaccines. 2008;7(1):7-10. [PubMed: 18251687]

. Facciola A, Visalli G, Lagana A, Di Pietro A. An Overview of Vaccine Adjuvants: Current Evidence

and Future Perspectives. Vaccines (Basel). 2022;10(5):819. [PubMed: 35632575]

. Wang ZB, Xu J. Better Adjuvants for Better Vaccines: Progress in Adjuvant Delivery Systems,

Modifications, and Adjuvant-Antigen Codelivery. Vaccines (Basel). 2020;8(1):128. [PubMed:
32183209]

10. Ng TW, Wirchnianski AS, Wec AZ, Fels JM, Johndrow CT, Saunders KO, et al. Exploiting

11.

12.

13.

Pre-Existing CD4(+) T Cell Help from Bacille Calmette-Guerin Vaccination to Improve Antiviral
Antibody Responses. J Immunol. 2020;205(2):425-37. [PubMed: 32513849]

Hawgood BJ. Albert Calmette (1863-1933) and Camille Guerin (1872-1961): the C and G of BCG
vaccine. J Med Biogr. 2007;15(3):139-46. [PubMed: 17641786]

Mangtani P, Abubakar I, Ariti C, Beynon R, Pimpin L, Fine PE, et al. Protection by BCG

vaccine against tuberculosis: a systematic review of randomized controlled trials. Clin Infect Dis.
2014;58(4):470-80. [PubMed: 24336911]

Trunz BB, Fine P, Dye C. Effect of BCG vaccination on childhood tuberculous meningitis and
miliary tuberculosis worldwide: a meta-analysis and assessment of cost-effectiveness. Lancet.
2006;367(9517):1173-80. [PubMed: 16616560]

14. World Health O. BCG vaccine: WHO position paper, February 2018 - Recommendations. Vaccine.

15.

16.

2018;36(24):3408-10. [PubMed: 29609965]

Marchant A, Goetghebuer T, Ota MO, Wolfe I, Ceesay SJ, De Groote D, et al. Newborns develop
a Thl-type immune response to Mycobacterium bovis bacillus Calmette-Guerin vaccination. J
Immunol. 1999;163(4):2249-55. [PubMed: 10438968]

Snapper CM, Paul WE. Interferon-gamma and B cell stimulatory factor-1 reciprocally regulate Ig
isotype production. Science. 1987;236(4804):944-7. [PubMed: 3107127]

17. Jiang S, Redelman-Sidi G. BCG in Bladder Cancer Immunotherapy. Cancers (Basel).

2022;14(13):3073. [PubMed: 35804844]

18. Redelman-Sidi G, Glickman MS, Bochner BH. The mechanism of action of BCG therapy for

bladder cancer--a current perspective. Nat Rev Urol. 2014;11(3):153-62. [PubMed: 24492433]

J Cell Immunol. Author manuscript; available in PMC 2023 November 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ng and Porcelli

Page 7

19. Berendsen ML, van Gijzel SW, Smits J, de Mast Q, Aaby P, Benn CS, et al. BCG vaccination is
associated with reduced malaria prevalence in children under the age of 5 years in sub-Saharan
Africa. BMJ Glob Health. 2019;4(6):e001862.

20. Aaby P, Roth A, Ravn H, Napirna BM, Rodrigues A, Lisse IM, et al. Randomized trial of BCG
vaccination at birth to low-birth-weight children: beneficial nonspecific effects in the neonatal
period? J Infect Dis. 2011;204(2):245-52. [PubMed: 21673035]

21. Kaufmann E, Khan N, Tran KA, Ulndreaj A, Pernet E, Fontes G, et al. BCG vaccination provides
protection against IAV but not SARS-CoV-2. Cell Rep. 2022;38(10):110502. [PubMed: 35235831]

22. Moorlag S, Arts RJW, van Crevel R, Netea MG. Non-specific effects of BCG vaccine on viral
infections. Clin Microbiol Infect. 2019;25(12):1473-8. [PubMed: 31055165]

23.Chen J, Gao L, Wu X, Fan Y, Liu M, Peng L, et al. BCG-induced trained immunity: history,
mechanisms and potential applications. J Transl Med. 2023;21(1):106. [PubMed: 36765373]

24. Kleinnijenhuis J, Quintin J, Preijers F, Joosten LA, Ifrim DC, Saeed S, et al. Bacille
Calmette-Guerin induces NOD2-dependent nonspecific protection from reinfection via epigenetic
reprogramming of monocytes. Proc Natl Acad Sci U S A. 2012;109(43):17537-42. [PubMed:
22988082]

25. Vierboom MPM, Dijkman K, Sombroek CC, Hofman SO, Boot C, Vervenne RAW, et al. Stronger
induction of trained immunity by mucosal BCG or MTBVAC vaccination compared to standard
intradermal vaccination. Cell Rep Med. 2021;2(1):100185. [PubMed: 33521699]

26. Gong W, An H, Wang J, Cheng P, Qi Y. The Natural Effect of BCG Vaccination on COVID-19:
The Debate Continues. Front Immunol. 2022;13:953228. [PubMed: 35898508]

27. Pittet LF, Messina NL, Orsini F, Moore CL, Abruzzo V, Barry S, et al. Randomized Trial of BCG
Vaccine to Protect against Covid-19 in Health Care Workers. N Engl J Med. 2023;388(17):1582—
96. [PubMed: 37099341]

28. O’Neill LAJ, Netea MG. BCG-induced trained immunity: can it offer protection against
COVID-19? Nat Rev Immunol. 2020;20(6):335-7. [PubMed: 32393823]

29. Netea MG, Joosten LA, Latz E, Mills KH, Natoli G, Stunnenberg HG, et al. Trained immunity:
A program of innate immune memory in health and disease. Science. 2016;352(6284):aaf1098.
[PubMed: 27102489]

30. Geckin B, Konstantin Fohse F, Dominguez-Andres J, Netea MG. Trained immunity: implications
for vaccination. Curr Opin Immunol. 2022;77:102190. [PubMed: 35597182]

31. Fairchild KD, Hudson RG, Douglas SD, McKenzie SE, Polin RA. Effect of gamma interferon on
expression of Fc gamma receptors in monocytes of newborn infants and adults. Clin Diagn Lab
Immunol. 1996;3(4):464-9. [PubMed: 8807214]

32. Rudicell RS, Garinot M, Kanekiyo M, Kamp HD, Swanson K, Chou TH, et al. Comparison of
adjuvants to optimize influenza neutralizing antibody responses. Vaccine. 2019;37(42):6208-20.
[PubMed: 31493950]

33. Rouet R, Henry JY, Johansen MD, Sobti M, Balachandran H, Langley DB, et al. Broadly
neutralizing SARS-CoV-2 antibodies through epitope-based selection from convalescent patients.
Nat Commun. 2023;14(1):687. [PubMed: 36755042]

34. Phares TW, Stohlman SA, Hwang M, Min B, Hinton DR, Bergmann CC. CD4 T cells promote
CD8 T cell immunity at the priming and effector site during viral encephalitis. J Virol.
2012;86(5):2416-27. [PubMed: 22205741]

35. Ejalonibu MA, Ogundare SA, Elrashedy AA, Ejalonibu MA, Lawal MM, Mhlongo NN, et al. Drug
Discovery for Mycobacterium tuberculosis Using Structure-Based Computer-Aided Drug Design
Approach. Int J Mol Sci. 2021;22(24):13259. [PubMed: 34948055]

36. Martinez L, Cords O, Liu Q, Acuna-Villaorduna C, Bonnet M, Fox GJ, et al. Infant
BCG vaccination and risk of pulmonary and extrapulmonary tuberculosis throughout the life
course: a systematic review and individual participant data meta-analysis. Lancet Glob Health.
2022;10(9):e1307-€16. [PubMed: 35961354]

37. Foster M, Hill PC, Setiabudiawan TP, Koeken V, Alisjahbana B, van Crevel R. BCG-induced
protection against Mycobacterium tuberculosis infection: Evidence, mechanisms, and implications
for next-generation vaccines. Immunol Rev. 2021;301(1):122-44. [PubMed: 33709421]

J Cell Immunol. Author manuscript; available in PMC 2023 November 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ng and Porcelli Page 8

38. Nemes E, Geldenhuys H, Rozot V, Rutkowski KT, Ratangee F, Bilek N, et al. Prevention
of M. tuberculosis Infection with H4:1C31 Vaccine or BCG Revaccination. N Engl J Med.
2018;379(2):138-49. [PubMed: 29996082]

39. Darrah PA, Zeppa JJ, Maiello P, Hackney JA, Wadsworth MH 2nd, Hughes TK, et al. Prevention of
tuberculosis in macaques after intravenous BCG immunization. Nature. 2020;577(7788):95-102.
[PubMed: 31894150]

40. Hinchey J, Lee S, Jeon BY, Basaraba RJ, Venkataswamy MM, Chen B, et al. Enhanced priming
of adaptive immunity by a proapoptotic mutant of Mycobacterium tuberculosis. J Clin Invest.
2007;117(8):2279-88. [PubMed: 17671656]

41. Saini NK, Baena A, Ng TW, Venkataswamy MM, Kennedy SC, Kunnath-Velayudhan S, et al.
Suppression of autophagy and antigen presentation by Mycobacterium tuberculosis PE_PGRS47.
Nat Microbiol. 2016;1(9):16133. [PubMed: 27562263]

42. Strong EJ, Ng TW, Porcelli SA, Lee S. Mycobacterium tuberculosis PE_PGRS20 and PE_PGRS47
Proteins Inhibit Autophagy by Interaction with Rab1A. mSphere. 2021;6(4):0054921. [PubMed:
34346699]

43. Ng TW, Saavedra-Avila NA, Kennedy SC, Carreno LJ, Porcelli SA. Current efforts and
future prospects in the development of live mycobacteria as vaccines. Expert Rev Vaccines.
2015;14(11):1493-507. [PubMed: 26366616]

44. Vilcheze C, Porcelli SA, Chan J, Jacobs WR Jr. Sterilization by Adaptive Immunity of a
Conditionally Persistent Mutant of Mycobacterium tuberculosis. mBio. 2021;12(1):e02391-20.
[PubMed: 33468684]

45. Porcelli SA, Jacobs WR Jr. Exacting Edward Jenner’s revenge: The quest for a new tuberculosis
vaccine. Sci Transl Med. 2019;11(490):eaax4219. [PubMed: 31043569]

46. Flores-Valdez MA. After 100 Years of BCG Immunization against Tuberculosis, What Is New and
Still Outstanding for This Vaccine? Vaccines (Basel). 2021;10(1):57. [PubMed: 35062718]

47. Pirzada MT, Ghauri R, Ahmed MJ, Shah MF, Nasir 1U, Siddiqui J, et al. Outcomes of BCG
Induction in High-Risk Non-Muscle-Invasive Bladder Cancer Patients (NMIBC): A Retrospective
Cohort Study. Cureus. 2017;9(1):e957. [PubMed: 28168135]

48. Bogen JP, Grzeschik J, Jakobsen J, Bahre A, Hock B, Kolmar H. Treating Bladder Cancer:
Engineering of Current and Next Generation Antibody-, Fusion Protein-, mRNA-, Cell- and
Viral-Based Therapeutics. Front Oncol. 2021;11:672262. [PubMed: 34123841]

49. Komuta K, Kawase I, Ogura T, Masuno T, Yokota S, Hosoe S, et al. Synergistic antitumor
effects of BCG and monoclonal antibodies capable of inducing antibody-dependent cell-mediated
cytotoxicity. Jpn J Cancer Res. 1987,78(2):185-92. [PubMed: 3104261]

50. Giaccone G, Debruyne C, Felip E, Chapman PB, Grant SC, Millward M, et al. Phase I11 study
of adjuvant vaccination with Bec2/bacille Calmette-Guerin in responding patients with limited-
disease small-cell lung cancer (European Organisation for Research and Treatment of Cancer
08971-08971B; Silva Study). J Clin Oncol. 2005;23(28):6854—64. [PubMed: 16192577]

51. Wrangle JM, Velcheti V, Patel MR, Garrett-Mayer E, Hill EG, Ravenel JG, et al. ALT-803, an
IL-15 superagonist, in combination with nivolumab in patients with metastatic non-small cell
lung cancer: a non-randomised, open-label, phase 1b trial. Lancet Oncol. 2018;19(5):694-704.
[PubMed: 29628312]

52. Minassian AM, Silk SE, Barrett JR, Nielsen CM, Miura K, Diouf A, et al. Reduced blood-
stage malaria growth and immune correlates in humans following RH5 vaccination. Med.
2021;2(6):701-19 e19. [PubMed: 34223402]

53. Guibinga GH, Sahay B, Brown H, Cooch N, Chen J, Yan J, et al. Protection against
Borreliella burgdorferi infection mediated by a synthetically engineered DNA vaccine. Hum
Vaccin Immunother. 2020;16(9):2114-22. [PubMed: 32783701]

J Cell Immunol. Author manuscript; available in PMC 2023 November 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ng and Porcelli Page 9

Intrastructural help Th vaccine
(EBOV GP) Bone Marrow Sl

BCG Th1 cells

BCG Thcell
Plasma cells

@ sccThi cel
@ BCG Theell
B 4 19G1
Extrafollicular Vi 1gG2¢
........ T cell zone ¢
Lower affinity

Beell

ﬁ & - Memory Higher affinity

> %3 flwﬂ-gre; _\‘Q | Beells . Bcell

. = asmablasts o
oy /p .""r @@ Lower affinity
ae ¥ i » plasmablast
¢ = A (White Pulp)

‘ Higher affinity
(Red Pulp) plasma cells

Figure 1. A vaccine designed with intrastructural help (recombinant subunit Th vaccine) to
recruit pre-existing BCG Th cellsfor the development of protective antibodies against emer gent
viral pathogens.

To take advantage of the pre-existing mycobacteria-specific T helper (Th) cells in BCG-

vaccinated individuals, who often reside in regions of the world with high prevalence for
emerging viral pathogens, a recombinant viral vaccine was designed in which the viral
immunogen is fused to the mycobacteria Th cell epitope (P25) of Ag85B. Presentation of the
P25 epitope by B cells specific for the viral antigen allows for cognate interactions with P25
Th cells to rapidly and potently promote virus-specific antibody responses. (Figure made in
Biorender.com).
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