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Abstract

Prophylactic efficacy of two different delivery platforms for vaccination against Mycobacterium
avium (M. avium) were tested in this study; a subunit and an RNA-based vaccine. The

vaccine antigen, 1D91, includes four mycobacterial antigens: Rv3619, Rv2389, Rv3478, and
Rv1886. We have shown that ID91+GLA-SE is effective against a clinical NTM isolate, M.
avium 2-151 smt. Here, we extend these results and show that a heterologous prime/boost
strategy with a repRNA-1D91 (replicon RNA) followed by protein ID91+GLA-SE boost is
superior to the subunit protein vaccine given as a homologous prime/boost regimen. The
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repRNA-1D91/1D91+GLA-SE heterologous regimen elicited a higher polyfunctional CD4* Tyl
immune response when compared to the homologous protein prime/boost regimen. More
significantly, among all the vaccine regimens tested only repRNA-1D91/ID91+GLA-SE induced
IFN-y and TNF-secreting CD8* T cells. Furthermore, the repRNA-1D91/1D91+GLA-SE vaccine
strategy elicited high systemic proinflammatory cytokine responses and induced strong 1D91
and an Ag85B-specific humoral antibody response a pre- and post-challenge with M. avium
2-151 smt. Finally, while all prophylactic prime/boost vaccine regimens elicited a degree

of protection in beige mice, the heterologous repRNA-1D91/ID91+GLA-SE vaccine regimen
provided greater pulmonary protection than the homologous protein prime/boost regimen. These
data indicate that a prophylactic heterologous repRNA-1D91/ID91+GLA-SE vaccine regimen
augments immunogenicity and confers protection against M. avium.

Introduction

Pulmonary lung disease caused by nontuberculous mycobacteria (NTM), is an intensifying
health threat. NTM infections can often lead to chronic disease as current treatment options
are lengthy, induce toxic side effects, and can lead to incomplete treatment or reinfection[1].
One of our goals is to develop a vaccine for NTM, which could be used either as a
prophylactic vaccine in people with specific known risks for pulmonary lung disease, or as
an adjunct to drug treatment, enabling a reduction in treatment time and associated severe
side-effects.

Despite garnering less attention than the more well-known mycobacteria, Mycobacterium
tuberculosis (M.th), NTM cause significant morbidity and financial health burden in certain
regions of the world, including the United States[2]. It is not surprising that NTM, which
are ubiquitous in water and soil[3, 4], along with physiologically- or immune-compromised
hosts and perpetual exposures, are causing an increase in infection incidences globally[5]. In
the U.S., NTM pulmonary disease (NTM-PD) is predominantly caused by Mycobacterium
avium complex (MAC), however Mycobacterium abscessus and Mycobacterium kansasii
also represent NTM strains that are identified in patients diagnosed with this disease[6-8].

Unfortunately, NTM infections are still hard to diagnose, which can lead to inadequate
treatment regimens[9, 10]. Even when appropriately diagnosed, patients have to undergo
lengthy, complex, and sometimes poorly tolerated drug regimens over many months to
years. The current recommendation for treating pulmonary MAC infection is a 12 month
regimen of rifampin, ethambutol and clarithromycin or azithromycin[11], which is only
successful in about 50-70% of individuals[12]. Furthermore, individuals with emphysema,
cystic fibrosis, bronchiectasis, and rheumatoid arthritis are predisposed to NTM pulmonary
disease[8, 10, 13, 14] and treatments for inflammatory diseases including anti-TNFa
therapies such as Infliximab, Etanercept, and Adalimumab are added risk factors for both
NTM and M.t5[13, 15, 16]. Many bacterial factors also complicate the treatment of NTM
infections, particularly with antibiotics, including the bacterial cell wall, multiple drug efflux
mechanisms[17-20], and biofilm formation, all of which allow NTM to survive in the
host[21-23]. Furthermore, recurrent infections with new strains of mycobacteria or relapse
of infection caused by the original organism occur[24]. While new drug strategies, such as
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liposomal amikacin, have helped[25], they are not likely to eliminate NTM infection and
disease[26]. Improved therapeutic options with long-term protection are needed for patients
with treatment of refractory NTM lung disease caused by MAC and in those with inherited
or acutely acquired host risk factors.

An alternative approach for improved therapies against NTM disease is host-directed
therapy, through the design and development of candidate vaccines against NTM. By
including a host-directed vaccine approach as an adjunct to drug treatment, this could

lead to a reduction in the incidence of disease and a decrease in the severe side

effects associated with prolonged drug treatment[27, 28]. The evaluation of new vaccine
candidates for pulmonary NTM is hampered by the lack of defined correlates of protection
and an incomplete understanding of immune responses required for induction of long-
lasting immunity. We hypothesize that ID91 is a promising candidate for studying these
mechanisms. The ID91 vaccine contains proteins that are virulence factors and are produced
under different conditions in the host: of the four M.b proteins include Rv3619 (esxV, EsX
family), Rv2389 (produced under hypoxia, resuscitation factor D), Rv3478 (PE/PPE family
member), and Rv1886 (Ag85B, mycolyl-transferase). The recombinant fusion protein, 1D91,
combined with a synthetic TLR4 agonist adjuvant [glucopyranosyl lipid adjuvant formulated
in an oil-in-water stable nano-emulsion (GLA-SE)], affords robust protection against M.
avium 2-151 smt infection in both wildtype C57BL/6 and immunocompromised Beige
mice[29].

The current M.tbvaccine pipeline heavily relies on a host response that includes CD4+

T helper 1 (Ty1) type responses. While the correlates of protection against either M.zb or
NTM are not fully understood[30, 31], there is ample evidence shown from our group and
others to suggest that IFN-y-producing CD4+ T cells alone are not sufficient for protective
efficacy[32—35]. The vaccine development field targeting mycobacterial infections has also
demonstrated the significance of CD8+ T cells, particularly in M.tb infection control[36—
41], however this cell population remains an underappreciated target for vaccine-induced
efficacy. Recently, Darrah et al. showed that intravenous immunization with BCG induced
robust protection in 9 out of 10 macaques, and unlike the groups that received BCG through
other routes of immunization, elicited both CD4+ and CD8+ T cell IFN-y, TNF, IL-2, or
IL-17 cytokine responses[42]. We hypothesize that both CD4+ and CD8+ T cells will be
important drivers of protection against NTM, similar to that required for vaccine-mediated
protection against M.tb.

Recently, during the COVID-19 pandemic, RNA-based vaccines have been employed to
address the needs of a rapid turnaround for vaccine development as well as reducing
costs, both of which are attractive for designing vaccines targeting global populations.
RNA vaccine platforms known for stimulating CD8+ T cell response have not been
leveraged for NTM vaccines. However, a recent study reported that that exhaustion

of CD8+ T cells increased bacterial burden in patients with NTM lung disease[43],
which prompted us to evaluate this approach. Previous studies have demonstrated robust
humoral and cellular responses, including CD8+ T cell responses, induced by replicon
RNA (repRNA) vaccines delivered via multiple modalities[44-47]. Additionally, a recent
study from our group has shown that both CD4+ and CD8+ proliferative responses
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were generated, with a bias to a higher frequency of CD4+ T cells after protein
vaccination and a CD8+ biased T cell response following an ID91-repRNA vaccination
(https://doi.org/10.1101/2022.02.23.481669, bioRxiv). Furthermore, the subunit platform,
or a combined platform approach with both RNA and protein, are protective against

M.thb H37Rv, providing proof-of-concept that the repRNA-ID91 vaccine can contribute to
generating a protective immune response against mycobacterial infections (https://doi.org/
10.1101/2022.02.23.481669, bioRxiv).

While homologous prime/boost strategies, which are repeated administrations of the same
vaccine, have been proven to be effective in augmenting humoral responses[48, 49], they
appear to be relatively less efficient at enhancing cellular immunity, likely because prior
immunity to the vaccine tends to prematurely sequester robust antigen presentation and
the generation of diverse inflammatory signals for T cells. One strategy to overcome

this limitation has been the heterologous prime/boost approach, which is the sequential
administration of vaccines using different antigen delivery systems, like recombinant

live vectors, DNA or RNA vaccines, or adjuvanted subunit vaccines. Indeed, previous
studies have demonstrated improved effector T cell responses following heterologous prime/
boost compared to homologous strategies for pathogens such as HIV, malaria, and even
tuberculosis[50-55]. However, vaccine design against NTM has not yet capitalized on this
coordinated effort to control bacterial burden and disease by engaging multiple arms of the
innate and adaptive immune system. Therefore, in this study we evaluated repRNA-1D91
given as a homologous prime/boost or a heterologous prime/boost strategy with a protein/
adjuvant vaccine candidate, to determine which regimen induces an optimal protective
response against M. avium challenge in mice.

Material and Methods

Preclinical Animal Model

Male and female C57BL/6 bg/bg (beige) mice were bred in-house and used for experiments
at 4-6 weeks of age. Mice were housed at the Seattle Children’s Research Institute (SCRI)
biosafety level 3 (BSL-3) animal facility under pathogen-free conditions and were handled
in accordance with experimental protocols that were approved by the SCRI Institutional
Animal Care and Use Committee (IACUC). All methods were carried out in accordance
with relevant guidelines and regulations with respect to animal welfare. Mice were infected
using an aerosol challenge with 104 CFU of M. avium 2-151 smooth transparent (smt)
(obtained from Dr. Diane Ordway at Colorado State University, Fort Collins, CO) using

a Glas-Col aerosol infection chamber. Twenty-four hours post challenge the lungs of

three mice were homogenized and plated on Middlebrook 7H10 agar (Fisher Scientific)

to confirm and quantify the delivery of M. avium 2-151 smt.

Vaccines and adjuvants

Cohorts of mice were immunized intramuscularly (i.m.) two times four weeks apart in
a homologous or heterologous prime/boost vaccine regimen, with the final immunization
occurring 4 weeks before challenge with M. avium 2-151 smt.

Tuberculosis (Edinb). Author manuscript; available in PMC 2024 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rais et al.

Page 5

Mice received either saline alone, or vaccinations containing 0.5 pg/dose of 1D91
recombinant fusion protein combined with 5.0 pg/dose GLA-SE, as previously
published[29, 56, 57]. A separate cohort of mice were immunized with 1.0 pg/dose of 1D91
replicon RNA (repRNA-1D91) formulated in LION™ delivery system[45]. Homologous or
heterologous vaccine regimens were administered using the doses and regimens outlined
above. A separate cohort of mice were immunized once intradermally (i.d.) with 104 CFU of
bacillus Calmette-Guérin (BCG) (Pasteur strain, AERAS) 8 weeks before challenge; mice
received 50 pl at the base of the tail.

Bacterial burden

At 24 hours and 6-weeks post infection with M. avium 2-151 smt, 3 mice total or 7 mice
per group, respectively, were euthanized and bacterial counts were enumerated as described
previously[29]. Briefly, mice were euthanized with CO,, and lung, spleen, and liver tissues
from infected animals were isolated and homogenized in 5 mL of either RPMI + FBS
(lung) or PBS + 10% Tween-80 (spleen and liver) (Sigma-Aldrich, St. Louis, Missouri,
USA) using an Omni tissue homogenizer (Omni International, Kennesaw, GA, USA). Serial
dilutions of homogenate were prepared in PBS + 10% Tween-80 and aliquots were plated
on Middlebrook 7H10 agar plates and subsequently incubated at 37 °C and 5% CO», for 2-3
weeks before colonies were counted. Bacterial burden, indicated as colony forming units/mL
(CFU/mL), was calculated per organ and is presented as Logq values. Reduction in the
bacterial burden was calculated as the difference in mean Logyg values between the groups
assessed as shown.

Histopathology and image analysis

Lung accessory lobes were collected from infected mice 6 weeks after M. avium 2-151
smt challenge and were perfused and stored in 10% normal buffered formalin. Fixed
lungs were embedded in paraffin at the University of Washington Histology and Imaging
(Seattle, WA, USA) as previously described[29]. Paraffin embedded lungs were sent to
Dr. Brendan Podell, a boardcertified veterinary pathologist at Colorado State University.
Lungs were processed and sections were H&E-stained and scanned at 20X magnification
using a Vectra Polaris slide scanner (Akoya Biosciences, Marlborough, MA). Visiopharm
software (Horsholm, Denmark) was used for image analysis as previously published[58].
For each tissue section, a region of interest (ROI) was generated at a low magnification
with a custom tissue detecting algorithm using decision forest training and classification
to differentiate tissue versus background based on color and area. Lesions were identified
within tissue ROI’s at a high magnification with an additional custom-made algorithm using
decision forest training and classification based on staining intensity, color normalization
and deconvolution, area, and morphological features. Percent lesion calculations were
integrated into the same algorithm and calculated from tissue area and lesion area as
designated by the ROI and lesions detected.

Multiplex Cytokine analysis

Serum samples were collected from terminal bleeds immediately following euthanasia 1-
week after the boost immunization and 6-weeks after infection with M. avium. Circulating
cytokines were measured using the Meso Scale Discovery (MSD) mouse V-PLEX
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Proinflammatory Panel (Meso Scale Discovery, Rockville, MD) that included the following
analytes: IFN-y, IL-1p, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, TNF-a, and KC/GRO

(a neutrophil-activating protein that shows hematopoietic activity). Serum was added in a
1:2 dilution to plates pre-coated with cytokine-specific antibodies following manufacturer’s
instructions. Concentrations of each of the cytokines were determined for all experimental
samples using the MSD Discovery Workbench analysis software (Meso Scale Discovery,
Rockville, MD). Values below the limit of detection of the assay were assigned a value half
that of the lowest standard. The levels of IL-4 and IL-12p70 were below limit of detection
for all animals at both time points. The results are reported in pg/ml as the means from
duplicate wells.

Antibody ELISAs

Serum samples were diluted 1:100 and added to plates coated with 2 ug/mL of ID91 or
Ag85B as previously described[29]. After an overnight incubation, plates were exposed

to HRP-conjugated Total IgG, 1gG1, or 1IgG2c¢ antibodies (Southern Biotech, Birmingham,
AL). Plates were then developed with tetramethylbenzidine (TMB) substrate (KPL/Seracare,
Milford, MA) and stopped with 1 N H,SO,4 (Fisher). Plates were read on a SpectraMax iD3
microplate reader (Molecular Devices, San Jose, CA) at 450nm with 570nm background
subtraction. Reciprocal dilutions corresponding to endpoint titers (EPT) were determined
with GraphPad Prism 9.4.1 (GraphPad Software, San Diego, CA) with a cutoff value of
saline treated serum control wells +2SD.

Flow Cytometry

Intracellular flow cytometry (ICS) was performed on splenocytes 1-week post boost
immunization. Samples were lysed, incubated, washed, and stimulated as previously
described[29, 58]. Briefly, cells were stimulated with media alone, 10 pg/mL of recombinant
ID91, 10 pug/mL of ID91 component proteins (Rv1886, Rv3619, Rv3478, Rv2389), or

1 pg/mL phorbol myristate acetate (PMA) (Calbiochem) + 1 pg/mL ionomycin (Sigma-
Aldrich, St. Louis, Missouri, USA) and incubated at 37 °C. Culture media stimulations
also contained fluorescently labeled anti-mouse CD107a (1D4B, BioLegend). After two
hours of incubation, 1 pg/uL of GolgiPlug (BD Biosciences) was added and samples

were incubated at 37 °C for an additional 10 h. Samples then remained at 4°C until
staining. After stimulation, samples were stained for markers of interest using fluorescent
conjugated antibodies. Primary surface staining included: anti-mouse CD4 (clone RM4-5,
BiolLegend), CD8 (clone 53-6.7, BioLegend), CD44 (clone IM7, eBiosciences), and 1
ug/mL of Fc receptor block anti-CD16/CD32 (clone 93, eBioscience) in PBS with 1%
bovine serum albumin (BSA). Cells were then washed with PBS/BSA and fixed using BD
Biosciences Fix/Perm reagent for 20 min at RT. Intracellular staining was performed in
Perm/Wash (BD Biosciences) reagent with anti-mouse IFN-y (clone XMGL1.2, Invitrogen),
IL-2 (clone JES6-5H4, eBioscience), TNF-a (clone MP6-XT22, eBioscience), and CD154
(PerCP-710, clone MR7, eBioscience) for 15 min at RT. All antibodies were used at

1:100 dilution. Samples were acquired on a LSRII flow cytometer (BD Biosciences)

with FACSDiva software (BD Biosciences). Gating strategies were based on our previous
publications[29, 56, 59] (and shown in Supplementary Fig 1), and analysis was performed
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using FlowJo v10.6.1 (BD Biosciences) and SPICE (National Institutes of Health, http://
exon.niaid.nih.gov/spice).

Statistical Analysis

Circulating cytokine levels and humoral immune responses at both post-boost and
post-challenge timepoints were compared between groups using two-way ANOVA with
Dunnett’s multiple comparisons test. Bacterial burden, single-cytokine-producing T cells
and polyfunctional-cytokine-producing T cells were assessed using a one-way ANOVA with
Dunnett’s multiple comparisons test between vaccinated groups and saline control. All the
above analyses were performed using GraphPad Prism 9.4.1 (GraphPad Software, San Diego
CA, United States).

Significant differences are labeled accordingly in the figures where *p < 0.05, **p < 0.01,
***n < 0.001 and ****p < 0.0001, as previously described by our group[29, 58].

Results

Study design

In order to evaluate the efficacy of both the homologous and heterologous prime/boost
vaccine strategies with our repRNA-1D91 vaccine candidate and adjuvanted ID91+GLA-SE
subunit protein vaccine candidate against M. avium challenge, we employed the use of

the beige mouse model that has been previously established in our group[29]. Since NTM
infection and disease burden are more pronounced in immunocompromised populations,

the beige mouse strain was used as the representative susceptible mouse model. Indeed,
beige mice have been considered the standard mouse model for slow-growing NTM, and are
extremely susceptible to MAC infection due to reduced bactericidal activity of granulocytes,
decreased neutrophil recruitment, deficiency in NK cells, and minor defect/delay in humoral
responses[60-66]. In this study we used our preclinical vaccine candidate, ID91, a fusion of
four M.tb proteins: Rv3619 (esxV; ESAT6-like protein), Rv2389 (RpfD), Rv3478 (PPEGO)
and Rv1886 (Ag85B), as (1) it has already been proven to be effective against an NTM
clinical isolate, (2) ID91 antigens formulated in GLA-SE were verified to be immunogenic
in beige mice [29], and (3) thorough protein homology analysis indicated that protein
percent identity ranged between 88% and 85% for both Rv3619/esxV and Rv1886/Ag85B,
respectively, while Rv2389 (RpfD) and Rv3478 (PPE60) have 49% and 47% protein percent
identity, respectively, when compared to the M.avium homolog[29]. Also, using the IEDB
database to predict CD4+ T cell epitopes, we have previously shown an overlap in the
predicted MHCII binding peptides between M.tband M. avium peptides that can be seen

in mice with an H2-1AB allelic background and in humans, particularly with Rv3619 and
Rv1886, as expected based on the high sequence identity with M.avium[29, 67]. Therefore,
ID91 was included as a fusion protein formulated with GLA-SE (ID91+GLA-SE), and a
replicon-RNA (repRNA) [44] formulated in LION™, which is an RNA delivery technology
based on HDT Bio’s proprietary LION™ formulation (repRNA-1D91), that was designed for
use in this study (Fig 1A). Since anti-vector immunity has been detrimental for promising
RNA vaccine candidates, partnering the repRNA with lipid-based delivery formulations
provides stability and protection from RNAses and removes the requirement for viral
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delivery. To evaluate the performance of ID91 fusion protein + GLA-SE and repRNA-ID91,
beige mice were immunized with both vaccine candidates in homologous or heterologous
prophylactic prime/boost strategies two times, four weeks apart (Fig 1B). Vaccine induced
preliminary immunogenicity was assessed one week post boost immunization. Four weeks
post boost, mice were aerosol challenged with clinical isolate M. avium 2-151 smt and
vaccine induced protection was assessed six weeks post infection (Fig 1C).

Prophylactic Immunogenicity and Protective Efficacy

Systemic Proinflammatory Response—RPrior reports have shown that infection with
NTM leads to infection of macrophages, monocytes, and dendritic cells and a subsequent
decrease in TNF-a,, IFN-y, and other proinflammatory cytokines[68—71]. Conversely, there
is an increase in 1L-10 production which promotes intracellular NTM survival within the
host[72]. Therefore, we first evaluated vaccine-induced circulating IFN-y, TNF-a, IL-1p,
IL-2, IL-6, KC/GRO, IL-10, and IL-5 levels in serum samples collected 1-week post

boost immunization and 6-weeks post M. avium challenge from cohorts of mice that

were immunized with the homologous or heterologous prophylactic prime/boost vaccine
strategies and then challenged with a LDA of M. avium 2-151 smt (Fig 2A-H). One week
after the second immunization, we observed a significant increase in circulating IL1-p and
IL-6 levels in beige mice immunized with both the homologous ID91+GLA-SE (green dots)
and heterologous repRNA-1D91/ID91+GLA-SE (orange dots) vaccine strategies (Fig 2C,
E). Interestingly, we also observed a significant increase in circulating 1L-10 levels in the
serum of both the BCG (gray dots) and homologous ID91+GLA-SE immunized groups

(Fig 2G). Six weeks post challenge with M. avium, we observed a significant increase in
circulating IFN-y, TNF-a, IL-2, and KC/GRO levels in beige mice immunized with both
the homologous ID91+GLA-SE and heterologous repRNA-1D91/ID91+GLA-SE vaccine
strategies (Fig 2A, B, D, and F). However, the heterologous vaccine regimen elicited 1 to 2-
fold higher circulating levels of proinflammatory cytokines (IFN-y, TNF-a,, and IL-2) than
the homologous regimen. Furthermore, only the heterologous repRNA-1D91/ID91+GLA-SE
vaccine strategy led to a significant increase in circulating I1L-6 levels post M. avium
challenge. No significant changes were observed in circulating IL-5 levels post boost or post
challenge in any of the groups. These data indicate that the heterologous RNA prime/protein
boost vaccine strategy elicits a strong ex vivo systemic proinflammatory response both
post-boost and post-challenge with M. avium.

Humoral Immune Response—As antibody-mediated responses could play a role in
protection against M. avium, we next evaluated humoral vaccine immunogenicity and
protection in cohorts of mice that were immunized with the homologous or heterologous
prophylactic prime/boost vaccine strategies and then challenged with M. avium 2-151 smt
(Fig 3). Serum samples were collected 1-week post boost immunization and 6-weeks post
M. avium challenge and assessed for ID91 -specific and Ag85B-specific humoral immune
response (Ag85B is included as a component of the ID91-based vaccine platform and

is expressed by BCG). At both timepoints, beige mice immunized with the homologous
ID91+GLA-SE (green dots) or heterologous repRNA-1D91/ID91+GLA-SE (orange dots)
vaccine strategies demonstrated the most robust ID91 -specific (Fig 3A-C) and Ag85B-
specific (Fig 3D-F) total 1gG, 1gG1, and IgG2c antibody responses, whereas the other
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vaccine regimens induced much weaker or non-existent ID91- and Ag85B-specific humoral
responses. Interestingly however, the heterologous vaccine regimen induced stronger
trending 1gG1 responses to both antigens post M. avium challenge. These data indicate

that the heterologous RNA prime/protein boost strategy induces a higher magnitude ID91-
and Ag85B-specific humoral response both post-boost and post-challenge with M. avium.

Cellular Immune Responses—Next, to determine vaccine mediated ID91-specific
CD4+ Th1 immune responses, splenocytes were isolated from immunized cohorts one
week post boost immunization and restimulated ex vivo with ID91 fusion antigen or

ID91 component antigens (Rv1886, Rv3619, Rv3478, Rv2389). These cells were then
stained and evaluated by flow cytometry for CD4+ TH1 responses (Fig 4). In response to
ID91 stimulation, we observe that the activation marker CD154 is significantly elevated in
mice immunized with both the homologous ID91+GLA-SE (green dots) and heterologous
repRNA-1D91/1ID91+GLA-SE (orange dots) vaccine strategies compared to the saline (blue
dots) group (Fig 4A). When assessing Tyl cellular immunity, both vaccine regimens also
elicited a robust CD4+ Tyl response, including production of IFN-y and TNF-a cytokines.
However, only the heterologous vaccine regimen induced a significantly higher frequency of
IL-2 producing CD4*CD44" cells compared to the saline group (Fig 4A). Furthermore,
polyfunctional ID91-specific CD4+ T cells expressing two or more cytokines (which
included the CD154 activation marker and/or three cytokines including IFN-y, IL-2 and
TNF-a) were significantly increased in both the homologous ID91+GLA-SE (green dots)
and heterologous repRNA-1D91/ID91+GLA-SE (orange dots) immunized groups compared
to the other vaccine strategies (Fig 4B), although only the heterologous vaccine regimen
induced triple Tyl cytokine-expressing (IFN-vy, IL-2 and TNF-a) CD4+ T cells (Fig 4B).
Interestingly, when stimulated with ID91 component antigens, the homologous protein
prime/boost vaccine regimen only induced CD4+ TH1 responses to Rv1886 and Rv3619
(Fig 4C-D), while the heterologous repRNA-1D91/ID91+GLA-SE vaccine regimen elicited
robust CD4+ Tyl immune responses to all four ID91 component proteins (Fig 4C-F).

Since CD8+ T cells represent an underappreciated target for mycobacterial vaccine-induced
efficacy endpoints, and the repRNA vaccine platform has been shown to induce CD8+ T
cell responses, we next assessed vaccine-induced 1D91-specific CD8+ immune responses in
splenocytes isolated from immunized cohorts one week post boost immunization following
ex vivo stimulation with ID91 (Fig 5). Significantly, only the heterologous repRNA-1D91/
ID91+GLA-SE vaccine strategy (orange dots) elicited robust CD8+ cytokine responses,
including production of IFN-y and TNF-a cytokines (Fig 5A). Furthermore, polyfunctional
ID91-specific CD8+ T cells expressing two or more cytokines (including CD154 and/or
three cytokines including IFN-vy, IL-2 and TNF-a) were also significantly increased in

the heterologous repRNA-1D91/1D91+GLA-SE (orange dots) immunized group compared
to the other vaccine strategies (Fig 5B). Interestingly, none of the vaccine strategies

induced triple cytokine-expressing (IFN-y, IL-2 and TNF-a) CD8+ T cells. We also did
not observe any changes in CD4+ or CD8+ CD107a expression, a marker of CD8+

T cell degranulation, between groups (data not shown). Although we did not observe
significant CD8+ cytotoxicity measured by CD107a, the significant CD8+ T cell cytokine
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data indicates that the heterologous RNA prime/protein boost strategy is the most effective
regimen for generating both CD4+ and CD8+ immune responses.

Prophylactic Pulmonary Protection

Six-weeks following aerosol M. avium 2-151 smt infection, a cohort of seven mice

per group were assessed for bacterial burden within the lung, spleen, and liver as the
primary endpoints for protective efficacy. Interestingly, while all vaccine strategies induced
significant prophylactic protection as observed by a reduction of bacterial burden in the
lung, spleen, and liver of beige mice compared to the saline group (Fig 6A-C), the
heterologous repRNA-1D91/ID91+GLA-SE vaccine regimen provided greater pulmonary
protection in beige mice compared to the homologous protein prime/boost regimen, as
shown by a significant decrease in bacterial load in the lung (7.550 Log1g CFU vs. 8.038
Logig CFU, respectively; Fig 6A).

We next evaluated pulmonary immunopathology six-weeks post M. avium 2-151 smt
infection, including the assessment of lung lesions, using Visiopharm software and a novel,
custom-made algorithm using decision forest training and classification (at Colorado State
University) to detect areas of inflammation on H&E stained sections from the accessory lung
lobes (Fig 7A-F). This high throughput workflow incorporates the entire accessory lobe in
the unbiased analysis for a more progressive and reproducible scoring system. Consistent
with the reduction in bacterial burden, all prophylactic prime/boost vaccine strategies

led to decreased lung immunopathology as shown by a significantly lower percentage of
pulmonary lesions in all vaccinated groups compared to saline (Fig 7G).

To summarize, these data indicate that while the homologous ID91+GLA-SE prime/boost
strategy demonstrates prophylactic protection against M. avium 2-151 smt aerosol challenge
as published previously[29], the heterologous repRNA-1D91/ID91+GLA-SE prime/boost
vaccine strategy further augments prophylactic immunogenicity and confers pulmonary
protection post M. avium 2-151 infection by triggering a robust systemic proinflammatory
response, inducing strong antigen-specific humoral immune responses, eliciting robust
ID91-specific Tyl CD4+ and CD8+ immune responses, and reducing M. avium bacterial
burden in the lung.

Discussion

NTM including M. avium can cause pulmonary and extra-pulmonary infections, and since
these bacteria exist in the environment it makes contraction of the disease prevalent in both
immunocompetent and immunocompromised individuals[24, 73]. Once the host is infected,
NTM promote their survival through the reduction of inflammatory cytokines necessary for
inducing appropriate innate and adaptive immunity, such as IL-12, while also promoting
immunosuppressive cytokines, such as 1L-10, which enhances intracellular survival[68, 74,
75]. Not surprisingly, immunocompromised individuals tend to develop a more severe form
of the diseaseand while most NTM infections can be treated with antibiotics, the treatment
is often complicated by adverse side effects[76], antibiotic resistance, and lack of new

drug candidates[77]. The development of a therapeutic vaccineused as an adjunct to drug
treatment , would be advantageous to patients. Previous studies have shown that BCG
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and the ID91+GLA-SE vaccine provide partial immunity to M. avium infections through
cross-reactive immunity, resulting in a robust immune response via an increase in production
of proinflammatory cytokines and adaptive T cell immunity[29, 78, 79]. However, new
vaccine strategies and platforms are required for the induction of an optimal cellular immune
response against M. avium infection, ultimately leading to protection against pulmonary
lung disease.

In this study, we evaluated both a homologous and a heterologous prime/boost strategy with
our repRNA-ID91 vaccine candidate and adjuvanted ID91+GLA-SE subunit protein vaccine
candidate against M. avium 2-151 smt challenge in immunocompromised Beige mice. The
M. avium 2-151 smt strain was used due to its ability to establish a persistent pulmonary
infection in the mouse model and importantly since it is a clinical isolate. The mouse model
was able to provide resolution for deciphering vaccine-induced protection against pulmonary
disease. Furthermore, the vaccine-induced mechanisms of control/resistance can be pursued
in this mouse model due to its C57BL/6 genetic background[62, 80].

The data presented here provides the first report of the evaluation of a replicon RNA-based
vaccine strategy in the context of NTM infection and disease, and the efficacy of this
platform when used in a heterologous prime/boost regimen. A significant advantage of
RNA vaccine platforms is their ability to stimulate antigen-specific CD8+ T cells and
antibody responses, which both aid in the control of intracellular infections. As a result, a
heterologous strategy combining protein and nucleic acid vaccines is a promising approach
for inducing protective immunity through CD4+ and CD8+ T cell-mediated immune
responses[81, 82]. We observed that the heterologous repRNA-1D91/ID91+GLA-SE prime/
boost vaccine strategy significantly reduced pulmonary bacterial burden in Beige mice

and all the single immunological endpoints (proinflammatory cytokine levels, total IgG,
1gG1, IgG2c antibody titers, Tyl CD4+ or CD8+ T cells) trended with this protective
efficacy. It is also of significant importance to note that of the two heterologous vaccine
strategies evaluated, the repRNA-1D91 prime/ID91+GLA-SE boost vaccine strategy was the
only successful regimen to induce these robust cellular and humoral immune responses
both pre- and post M. avium infection. This indicates that the order in which the

vaccines are administered play a key role in establishing immunogenicity and ensuing
protection. Interestingly, a similar phenomenon was previously observed with heterologous
immunization using a RNA prime and subunit vaccine boost against Lesshmania donovani
(L. donovani) wherein this vaccine regimen protected mice by significantly reducing

L. donovani parasites in the liver compared to the saline injected group[83]. While

the mechanism of protective efficacy of the repRNA-ID91 prime and ID91+GLA-SE

boost regimen is currently unknown, we hypothesize that there is early generation of
vaccine-specific CD8+ T cells following a repRNA-ID91 prime immunization which are
subsequently maintained with robust ID91-specific Tyl CD4+ T cells after boosting with
ID91-GLA-SE.

Inflammatory cytokines influence the outcome of mycobacterial infection by affecting the
macrophage bactericidal capacity (IFN-y, TNF-a), granuloma formation and maintenance
(TNF-a, IL-1pB), differentiation of T cells (IL-2), increased (IL-6) and decreased (IL-10)
effector responses in target T cells and macrophages[84—88]. Indeed, the heterologous
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repRNA-ID91/ID91+GLA-SE prime/boost vaccine strategy elicited strong circulating
proinflammatory cytokine responses hoth pre- (IL1-p and IL-6) and post-challenge with

M. avium (IFN-y, TNF-a, IL-2, IL-6). Interestingly, while IL-10 levels increased after BCG
and homologous ID91+GLA-SE immunization, no significant changes were observed with
IL-10 in the heterologous repRNA-1D91/ID91+GLA-SE immunized group. Neutrophils
have also been implicated in the control of mycobacterial infections as they may play an
important role in the transition from innate to adaptive immune responses by producing
critical cytokines and chemokines[31, 89-93]. For example, neutrophils from M. avium
infected mice have been shown to produce TNF-a, IL-12, and IL1-B, and have a putative
role in early host responses[94]. To this end, we observed that the heterologous repRNA-
ID91/ID91+GLA-SE prime/boost vaccine strategy led to a significant increase in circulating
KC/GRO levels, a chemokine responsible for activating and recruiting neutrophils during
inflammation, following M. avium infection. It is unclear at this point whether neutrophils
play a protective role as a result of this strategy.

Several functional attributes of antibodies could potentially play a role in protection against
mycobacteria infection, including antibody-dependent cellular cytotoxicity (ADCC) and
antibody-dependent cellular phagocytosis (ADCP)[31, 95, 96]. A recent study showed that
M.tb specific IgM, IgA, and 1gG1 antibodies in the bronchoalveolar lavage fluid (BAL)
negatively correlated with mycobacteria bacterial burden in macaques[97]. In our study, we
observed robust ID91- and Ag85B-specific total 1gG, 1gG1, and 1gG2c¢ antibody responses
in the serum of heterologous repRNA-1D91/ID91+GLA-SE immunized mice both pre- and
post-challenge with M. avium. The 1gG1 antibody subclass is able to neutralize bacterial
toxins, opsonize capsular polysaccharides for phagocytosis, and activate the complement
membrane-attack complex for bacterial lysis[98-103]. The 1gG2c subclass, alternatively, has
an added advantage due to their high capacity to bind to all activating Fcy-receptor (FcyRs),
leading to a maximal activation of innate immune effector cells, such as monocytes,
macrophages, and neutrophils[104-108]. The heterologous repRNA-1D91/ID91+GLA-SE
prime/boost vaccine regimen induced the strongest magnitude of IgG1 and 1gG2c responses
to both ID91 and Ag85B antigens following M. avium infection. This knowledge highlights
the need to understand how vaccine-mediated humoral changes can be leveraged both
prophylactically and therapeutically in humans and preclinical models[109, 110].

Protective mycobacterial immunity includes the induction of Tyl CD4+ T cells. Depletion
of CD4+ T cells may contribute to disseminated extrapulmonary NTM infections, as has
been shown with M.t6[111, 112] and furthermore, in a recent study characterizing the lung
cellular composition of patients with NTM lung disease, M. avium-induced CD4+ T cell
dysfunction was observed with elevated expression of PD-1, CTLA-4, and TIM-3[113, 114].
Elevated M. aviuminduced IL-4+ CD4+ T cells has also been shown to skew immune
responses towards a T2 type response, which may lead to a dampened ability to clear the
mycobacteria[115]. IFN-y-secreting CD4+ T cells play a pivotal role in immune defense
against mycobacteria which has been shown to activate neutrophils and macrophages

to phagocytose and/or kill intracellular pathogens such as NTM[111, 112]. TNF-a is
another prominent cytokine that has been clinically shown to help control NTM infections,
and if inhibited can result in increased risk of infection[13, 15, 16, 116]. In our study,

the heterologous repRNA-1D91/1D91+GLA-SE prime/boost vaccine strategy elicited the
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greatest magnitude of ID91-specific CD4+ Tyl responses, including production of IFN-y,
TNF-a, and IL-2 cytokines one week post boost immunization. This vaccine regimen was
also the only one to elicit robust CD4+ Tyl immune responses to all four ID91 component
proteins. Lastly, the heterologous vaccine strategy also induced significant polyfunctional
CD4*CD44*CD154* Ty1 responses (IFN-y, TNF-a, and/or IL-2). Although we did not
actively look for cytotoxic CD4+ T cells in this study (except for CD107a responses),

our group has previously shown that the GLA-SE adjuvant induces CD4+ cytolytic T
lymphocytes (CTLs) with the ability to kill autologous B cells that present a cognate MHC
class Il peptide complex. Interestingly, this activity did not rely on any of the canonical CTL
mechanisms, including perforin, granzymes, Fas-FasL, or TRAIL-DRS5, but rather the CD4+
CTLs induced cell death by ligating CD40 on target cells via expression of CD154+[117].
These data indicate that the role of CD4+ CTLs in protective immunity should be further
explored in the context of different vaccine strategies against other mycobacteria, including
M. avium.

CD8+ T cells also likely contribute to limiting mycobacterial infections by producing
effector cytokines or recognizing and directly lysing infected cells. Leveraging the
heterologous repRNA-1D91/ID91+GLA-SE prime/boost vaccine strategy, or RNA-based
platform alone, to induce robust CD8+ T cell responses enabled the investigation of different
cellular outcomes, including the elicitation of CD8-biased responses and/or CD8+ and
CDA4+ T cell responses with combined RNA and protein platform strategies. Furthermore,
including a subunit only approach presented a CD4-biased approach as a comparator.
Multiple studies conducted in both humans and preclinical models (mice and NHP)

have delineated a role for CD8+ T cells in the control of mycobacterial infections[118—
120]. CD8+ T cells have been shown to migrate to the site of mycobacteria infection

and can play a unique role in host defense[121-123]. Cytolytic CD8+ T cells produce
IFN-y and cytolytic granules such as perforin and granzyme B, which can help lyse
infected macrophages[124-127]. This ability to distinguish infected cells suggests that the
magnitude of the CD8+ T cell response may represent a sensor of intracellular burden[128,
129]. CD8+ T cells are also able to inhibit mycobacterial growth and induce apoptosis

in infected cells[39]. Interestingly, only the heterologous repRNA-1D91/1D91+GLA-SE
vaccine strategy elicited significant ID91-specific CD8+ cytokine responses, including
production of IFN-y and TNF-a cytokines. Furthermore, it was also the only vaccine
strategy to induce robust polyfunctional CD8*CD44* CD154* IFN-y and TNF-a cytokine
responses.

The primary endpoints for protective efficacy in this study were reduction of bacterial
burden and pulmonary pathology. While all vaccine strategies demonstrated prophylactic
protection against M. avium 2-151 smt aerosol challenge, the heterologous repRNA-1D91/
ID91+GLA-SE vaccine regimen provided greater pulmonary protection in beige mice
compared to the homologous ID91+GLA-SE prime/boost regimen. The main difference
between the two regimens included the induction of enhanced I1D91-specific Tyl CD4+
and CD8+ cellular responses in the heterologous repRNA-1D91/ID91+GLA-SE prime/
boost vaccine group. Surprisingly, despite inducing little to no immune responses in the
assays measured, BCG immunization conferred the greatest protection compared to all
other vaccine strategies, which emphasizes the need for more work in NTM specific
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antigen design and optimization for future vaccine candidates and platforms. Similar to
bacterial burden, all prophylactic prime/boost vaccine strategies led to decreased pulmonary
lesion scores suggesting that the mechanism of protection may be related to maintaining
pulmonary architecture. Although BCG is given safety to infants in many countries, live-
attenuated vaccines are generally not advisable for immunocompromised individuals, which
is the population most significantly impacted by NTM disease. Furthermore, therapeutic
use of BCG vaccination post NTM exposure didn’t seem to protect from NTM lung
disease[130] which makes it a less than ideal approach for treatment against M. avium.
Therefore, we believe that a vaccine platform selection and design against NTM and
specifically M. avium needs to be developed as a safe strategy against this opportunistic
infection.

These studies show that a prophylactic heterologous prime/boost vaccine strategy with
repRNA-ID91 prime followed by protein ID91+GLA-SE boost is superior to the subunit-
protein + adjuvant given as a homologous prime/boost regimen. Compared to the

saline control, the heterologous vaccine strategy elicited higher circulating levels of
proinflammatory cytokines, induced stronger 1D91 and Ag85B antigen-specific 1gG1 and
IgG2c humoral antibody responses, elicited stronger CD4+ Tyl immune responses to 1D91
and all four ID91 component antigens (Rv1886, Rv3619, Rv3478, Rv2389), induced IFN-y
and TNF-secreting CD8+ T cells, and furthermore, provided greater pulmonary protection
in beige mice post M. avium 2-151 smt infection than the homologous ID91+GLA-SE
regimen. The work detailed here demonstrates that two 1D91 vaccine delivery platforms
administered in a heterologous prime/boost strategy is a viable approach for novel
interventions against M. avium infection.

Future work will focus on further optimizing the repRNA vaccine platform to determine
whether longer intervals between RNA immunizations can enhance protection, and to test
the efficacy of different routes of vaccine administration. Research focused on designing
and developing vaccine candidates against M. aviumand other NTM using NTM-specific
antigens that are immunogenic in humans should also be prioritized to (1) determine
whether these regimens induce long-lived memory immune responses or are protective
against other NTM, (2) test these vaccines in the context of therapy as an adjunct to drug
treatment, and (3) determine if these vaccines can enhance BCG protection in BCG primed
animals, as BCG protection has been known to wane over time. These vaccine strategies can
not only significantly help reduce the NTM disease burden globally, but can also help in the
development of novel vaccine strategies against other mycobacteria.
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Figure 1. Overview of vaccine strategies and experimental design.
(A) Schematic of ID91 replicon RNA (repRNA) formulated in a Lipid InOrganic

Nanoparticle (LION™) delivery system. (B) Prime/boost vaccine strategies received by
each group. (C) Timeline of immunizations and M. avium 2-151 smt aerosol challenge.
Experimental samples were collected at two time-points: D35 (one week post boost
immunization) and D96 (six weeks post M. avium challenge).
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Figure 2. Heterologous RNA prime/protein boost vaccine strategy drives a robust systemic
proinflammatory response both post-boost and post- M. avium challenge.

Circulating proinflammatory cytokine levels were measured in serum samples collected one
week post boost immunization and six weeks post M. avium challenge. (A-H) Concentration
of IFN-y, TNF-a, IL-1p, IL-2, IL-6, KC/GRO, IL-10, and IL-5 (measured in pg/mL)

at both time points. Bars show mean + SEM, dots represent individual mice, n = 3-4/

group. Asterisks indicate statistical significance compared to the saline alone group, where
**p<0.01, ***p < 0.001, and ****p < 0.0001 using two-way ANOVA with Dunnett’s

multiple comparisons test.
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Figure 3. Heterologous RNA prime/protein boost vaccine strategy induces 1D91 and Ag85B
antigen-specific humoral immune responses post-boost and post M. avium challenge.

Serum samples were collected one week post boost immunization and six weeks post M.
avium challenge and were evaluated for: (A-C) ID91 antigen specific Total 1gG (A), 1gG1
(B), and 1gG2c (C) responses; (D-F) Ag85B-specific Total 1gG (D), 1gG1 (E), and 1gG2c
(F) responses. Log1g endpoint titer (EPT) is shown (LOD = limit of detection). Bars show
mean + SEM, dots represent individual mice, n = 3—4/group. Asterisks indicate statistical
significance compared to saline alone cohort, where **p < 0.01, ***p < 0.001, and ****p <
0.0001 using two-way ANOVA with Dunnett’s multiple comparisons test.
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Figure 4. Heterologous RNA prime/protein boost vaccine strategy elicits robust ID91-specific
CD4* T1 immune responses post-boost.

Splenocytes were cultured from all six groups of mice one week post boost immunization
and stimulated with ID91 or ID91 components (Rv1886, Rv3619, Rv3478, Rv2389) ex vivo
and evaluated for CD4* T cell responses by intracellular cytokine staining flow cytometry
including: (A) Percent frequency of CD4*CD44* ID91-specific single-cytokine-producing
cells; (B) 1D91-specific CD4*CD44* polyfunctional Tyl cytokine-producing cells; (C-F)
Percent frequency of CD4+*CD44* Rv1886 (C), Rv3619 (D), Rv3478 (E), and Rv2389 (F)
specific single-cytokine-producing cells. Bars show mean = SEM, dots represent individual
mice, n = 4/group. Asterisks indicate statistical significance, where **p < 0.01, ***p <
0.001, and ****p < 0.0001 using one-way ANOVA with Dunnett’s multiple comparisons
test.
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Figure 5. Heterologous RNA prime/protein boost vaccine strategy is the most effective regimen
for CD8" T cell responses post-boost.

Splenocytes were cultured one week post boost immunization and stimulated with 1D91

ex vivo and evaluated for CD8* T cell responses by intracellular cytokine staining flow
cytometry including: (A) Percent frequency of CD8*CD44* 1D91-specific single-cytokine-
producing cells; (B) 1D91-specific CD8*CD44* polyfunctional cytokine-producing cells.
Bars show mean + SEM, dots represent individual mice, n = 4/group. Asterisks indicate
statistical significance, where **p < 0.01, ***p < 0.001, and ****p < 0.0001 using one-way
ANOVA with Dunnett’s multiple comparisons test.
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Figure 6. All prime/boost vaccine strategies provide prophylactic pulmonary protection against
M. avium in beige mice.

Beige mice were infected with M. avium 2-151 smt by aerosol route four weeks post

final immunization. (A-C) Bacterial burden was assessed by colony forming unit (CFU)

in lung (A), spleen (B), and liver (C) organ homogenates six weeks post challenge. CFU
means were compared between each group using one-way ANOVA with Dunnett’s multiple
comparisons test. Black line and error bars show mean = SEM, dots represent individual
mice, n = 6-7/group. Asterisks indicate statistical significance, where *p < 0.05, **p < 0.01,
***p < 0.001 and ****p < 0.0001.
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Figure 7. All prophylactic prime/boost vaccine strategies decrease lung immunopathology in
Beige mice post challenge with M. avium.

(A-F) Representative images of accessory lung lobes from beige mice immunized with
saline (A), BCG (B)v, repRNA-1D91 (C), ID91+GLA-SE (D), repRNA-ID91 prime/
ID91+GLA-SE boost (E), or ID91+GLA-SE prime/repRNA-ID91 boost (F) after H&E
staining for pulmonary lesions (dark purple). (G) Bars show mean + SEM percent lesion
area, dots represent individual mice, n = 7/group. Asterisks indicate statistical significance,
where ****p < 0.0001 using one-way ANOVA with Dunnett’s multiple comparisons test.
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