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The need for novel vaccination strategies to control tuberculosis (TB) is
underscored by the limited and variable efficacy of the currently licensed
vaccine, Bacille Calmette-Guerin (BCG). SigH is critical for Mycobacterium
tuberculosis (Mtb) to mitigate oxidative stress, and in its absence Mtb is unable
to scavenge host oxidative/nitrosative bursts. The MtbAsigH (4sigH) isogenic
mutant induces signatures of the innate immunity in macrophages and pro-
tects rhesus macaques from a lethal Mtb challenge. To understand the immune
mechanisms of protection via mucosal vaccination with 4sigH, we employed
the resistant cynomolgus macaque model; and our results show that AsigH
vaccination significantly protects against lethal Mtb challenge in this species.
AsigH-vaccinated macaques are devoid of granulomas and instead generate
inducible bronchus associated lymphoid structures, and robust antigen-
specific CD4" and CD8" T cell responses, driven by a hyper-immune, trained
immunity-like phenotype in host macrophages with enhanced antigen pre-
sentation. Correlates of protection in AsigH-vaccinated macaques include gene
signatures of T cell activation, IFNG production, including IFN-responsive,
activated T cells, concomitant with IFNG production, and suppression of IDO*
Type I IFN-responsive macrophage recruitment. Thus, AsigH is a promising
lead candidate for further development as an antitubercular vaccine.

Despite impressive gains in the worldwide control of HIVY, tuberculosis
(TB) remains a major global infectious disease of humanity, causing >
1.3 million deaths annually?. Although Bacille Calmette-Guerin (BCG) is
licensed for TB prevention, its effectiveness against adult pulmonary
TB is limited®. Novel vaccination strategies are therefore necessary to
contain TB. Robust and enduring T cell immunity is imperative to
control TB*. Due to the absence of major Mycobacterium tuberculosis

(Mtb)-encoded T cell antigens, BCG elicits a narrower range of
responses, compared to Mtb®. Live replicating Mtb bacilli with rational
attenuation express protective antigens absent from BCG, generating
long-lasting immune responses towards a wider antigenic repertoire®.
One such candidate, MTBVAC (AphoP/AfadD26), is in advanced human
testing”®. Attenuated Mtb vaccines devoid of key virulence/detox-
ification factors hold promise for protecting against TB.
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Oxidative stress is a primary challenge encountered by Myco-
bacterium tuberculosis (Mtb) during its pulmonary pathogenesis. SigH
protects Mtb against oxidative’' and nitrosative stress", heat shock',
acidic pH", phagocytosis'", hypoxia' and cell wall disruption”. In the
absence of SigH, Mtb is susceptible to host stress with significantly
reduced survival and pathogenicity in lungs’, even after immuno-
suppression due to SIV co-infection”. Relative to Mtb, AsigH-infected
macrophages induce apoptosis and autophagy”. Aerosol infection of
rhesus macaques with AsigH results in strong innate immune and
adaptive T cell responses, conferring protection against Mtb™.

To unravel the mechanisms underlying the protection conferred
by mucosal vaccination with AsigH, we conducted experiments using
the more resistant, cynomolgus macaque species. Our results show
that mucosal vaccination with AsigH recruit T cells expressing IFNG to
the airways and lungs, priming an IFNG- rather than a Type I IFN-
responsive phenotype in macrophages.

Results
Mucosal AsigH is an effective vaccine in cynomolgus macaques
25 cynomolgus macaques underwent challenge with 100 CFU of Mtb
CDC1551 via aerosol 8 weeks post-vaccination (Fig. 1a), resulting in
positive tuberculin skin tests in 17/25 animals. Two unvaccinated, four
BCG-vaccinated and two AsigH-vaccinated CMs did not respond to TST
(Table S1). Antigen-specific intracellular cytokine staining (ICS) how-
ever confirmed that all CMs that did not respond to TST were positive
for Mtb infection, mounting robust Mtb-specific T cell responses in the
lung after challenge, comparable to those from TST-positive macaques
(Fig. S1a). Importantly, none of the 25 animals displayed any signs of
active infection or disease, such as dyspnea, anorexia, pyrexia or body
weight loss (Fig. S1b), perturbation in serum C-reactive protein (CRP)
(Fig. Slc), or other peripheral blood attributes associated with the
development of TB disease in macaques®, i.e., A/G (Fig. S1d) and
neutrophil/lymphocyte (N/L) (Fig. Sle) ratios, during the vaccination
phase. Furthermore, thoracic CXRs obtained post-vaccination for all 16
vaccinated animals were also normal (Fig. S1f). At weeks 3 and 5 post
vaccination, bacilli were recovered from more A4sigH- than BCG-
vaccinated CMs, indicating that the mutant strain might persist longer
than BCG in lungs before being eventually cleared. Seven weeks after
vaccination, the levels of AsigH recovered from BAL were however
comparable with BCG (Fig. S1g) (P=0.2339). At this stage, no bacilli
could be recovered from 7/9 AsigH-vaccinated and 7/7 BCG-vaccinated
CMs. The number of bacilli recovered from the two AsigH vaccinated
CMs were barely above the lower limit of detection.

After challenge with a high dose of Mtb CDC1551, signs of infection,
e.g., elevated serum CRP levels (Figs. S1h, i), reduced serum A/G ratios
(Fig. 1b), increased frequency (Fig. S1j) and number (Fig. S1k) of neu-
trophils and elevated blood N/L ratios (Fig. 1c) were observed in
unvaccinated CMs. In comparison, animals in the two vaccinated groups
exhibited significantly lower serum peak and endpoint CRP levels
(Figs. S1h, i) and significantly higher A/G ratios (Fig. 1b). While neutrophil
levels decreased in both vaccinated groups relative to unvaccinated
animals, the reduction in the BCG- but not the 4sigH- vaccinated groups
was significant (Figs. 1c, Fig. Slj, k). Significantly more granuloma
involvement was observed after Mtb challenge in the unvaccinated,
relative to the vaccinated groups by the analysis of CXR scans (Fig. 1d).

Elite protection by mucosal vaccination with 4sigH

relative to BCG

Significantly lower Mtb CFUs were recovered from the BALs of AsigH-
vaccinated animals relative to unvaccinated and BCG-vaccinated
macaques, at 3, 5 and 7 weeks after Mtb challenge (weeks 11, 13 and
15 post-vaccination) (Fig. 1e), as well as at the at the endpoint (Fig. S1l).
While the difference between the unvaccinated and the BCG-
vaccinated CMs was significant at weeks 3 and 5 time-points
(P=0.0005, week 3; P=0.00052, week 5), that between

unvaccinated and 4sigH-vaccinated, and more importantly between
BCG- and 4sigH-vaccinated CMs was highly statistically significant at
these times (P<0.0001 for all comparisons, two-way ANOVA with
Tukey’s multiple comparison correction). Significantly reduced Mtb
burdens were also obtained from the lungs, lung-derived granulomas,
lung-draining bronchial lymph nodes (BrLN), spleen, liver and kidneys
(Figs. 1f-h, Fig. SIm-o) of AsigH-vaccinated macaques, relative to the
two other groups. Thus, the lung Mtb burden in CMs vaccinated with
AsigH was >four-logs lower than in unvaccinated (P<0.0001), and -
three-logs lower than in BCG-vaccinated (P<0.0001) animals. In
comparison, mucosal BCG vaccination resulted in a significant
(P=0.0049), but smaller (-~1-log) reduction in lung bacillary burden
compared to the unvaccinated group (Fig. 1f). Bacilli could be recov-
ered from lesions obtained from only 1/9 AsigH vaccinated macaques
but were present in granulomas isolated from 9/9 unvaccinated and 5/
7 BCG vaccinated animals. The mean CFU burden in the lung granu-
lomas for 4sigH-vaccinated CMs was three-logs lower (P < 0.0001) than
unvaccinated and two-logs lower (P<0.0001) than BCG-vaccinated
animals (Fig. 1g). AsigH vaccination caused BrLNs to be sterile, with
5-logs lower Mtb burdens than unvaccinated macaques (Fig. 1h). Extra-
pulmonary sites - spleen, liver and kidneys—of 4sigH vaccinated ani-
mals were sterile, while significantly higher (2-3-logs) Mtb burdens
were present in that of unvaccinated or BCG-vaccinated macaques
(Figs. SIm-o0). Vaccination with 4sigH resulted in a significantly greater
frequency (>75%) of lung lobes to be sterile (i.e., devoid of culturable
Mtb), relative to BCG-vaccinated (~25%) or unvaccinated (0%) maca-
ques (Fig. S1p). These results are supported by the analysis of CXR
scans at the endpoint which show significantly lower granulomatous
pathology in the vaccinated, relative to the other two groups (Fig. 1d).

Vaccination with 4sigH led to reduced lung pathology

Gross pathology analysis at necropsy demonstrated greater involve-
ment in granulomatous and inflammatory pathology in the lungs of
unvaccinated animals (Fig. 1i) relative to BCG-vaccinated (Fig. 1j) and
AsigH-vaccinated (Fig. 1k) animals. Sub-gross histopathology analysis
revealed that animals vaccinated with both 4sigH (Fig. 1n) and BCG
(Fig. Im) had significantly fewer lung lesions, as well as reduced
oedema, pneumonia, and generalized foci of inflammation upon
challenge with Mtb, relative to unvaccinated CMs (Fig. 11). Morpho-
metric quantification of lung pathology showed that both the BCG-
(Fig. 1p) and 4sigH-vaccinated (Fig. 1q) groups had significantly lower
pathology (P<0.0001) compared to unvaccinated animals (Fig. 10),
with no detectable difference between the two vaccinated groups
(Fig. 1r). The frequency of cellular inflammation (Fig. 1s) and necrosis
(Fig. 1t) in the lung sections of unvaccinated CMs was also significantly
higher than both vaccinated groups. The lungs of unvaccinated CMs
were heavily involved in granulomatous pathology (Fig. 10), consistent
with a mean >15% lung pathology score (Fig. 1r). Most of these lesions
were highly circumscribed, confluent, and centrally necrotic (Fig. 10).
Non-necrotic lesions were occasionally present in the vicinity of larger
necrotic lesions in this group. Vaccinated macaques were character-
ized by a greater degree of normal lung space and smaller granulomas
(Fig. Im, n, p, q). BCG-vaccinated CMs harbored non-necrotic lesions
more frequently than unvaccinated controls (Fig. 1m, p). The lungs of
all but one 4sigH vaccinated macaques did not harbor any granulomas.
The lung lesions observed in the few 4sigH vaccinated CMs, were non-
necrotic, with abundant lymphoid follicles (Fig. In, q). Lung sections
from AsigH vaccinated CMs had a significantly greater frequency of
lymphoid follicles in the lungs (Fig. 1u). Lymphoid follicles - iBALT
(inducible bronchus-associated lymphoid tissue)—are critical for pro-
tection from TB induced by AsigH™.

Characterization of post Mtb challenge immune responses
The frequencies of T cell populations (CD3*, CD4" and CD8") and B
cells were indistinguishable in the BAL of all three groups after Mtb
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challenge across multiple timepoints (Fig. S2a-d). Lung-homing
(CCRS") phenotype was significantly elevated in AsigH-vaccinated
animals (Fig. S2e-g). The frequencies of Ki67" T cells were higher in
the BAL of 4sigH-vaccinated animals at week 3. No changes were
detected in the frequencies of effector, memory or naive CD4" or
CD8" T cells in BAL post Mtb challenge (Fig. S2h-m). Antigen-specific
CD4" and CD8" T cell populations did not express significantly dif-
ferent levels of IFNG, TNF-a, GZMB or IL17 in responses to Mtb Cell-
wall (CW) (Fig. S2r-y).

CD3* CD4*

CcD3*

1x10°
5x10%

CD3* CCR5* CD4* CCR5*

CD3* CXCR3* CD4* CXCR3*

BCG

AsigH

n
CD4* CCR6* CD8* CCR6*
Week 3| |
Week 5| gg
Week 7,
BCG AsigH
r
CD4* EFF CD4* MEM
4 Week 3 9%
3 Week 5 94
1 Week 7, 92
BCG AsigH
u v

CD4* MEM CCR5*

CD4* EFF Ki67*
Week 3 80
Week 5 60
Week 7,

Yy 4
CD8* MEM CCR7* CD4* MEM KI67*
Week 3| g 431
Week 5 ‘4 2
Week 7| §-2 | 1] 5

BCG

BCG AsigH AsigH

Fig. 2 | AsigH promotes lymphocytic immune responses in BAL post-

vaccination. Absolute counts of CD3" (a), CD4" (b), and CD8' (c) T cells and B cells
(d), in BAL at weeks 3, 5, and 7 post-vaccination time-point in BCG- ( )
or 4sigh- (e al) vaccinated CMs. Each column represents an individual macaque
(n=5). Frequencies of CCR5" and CXCR3" - CD3" (e, i), CD4" (f, j), and CD8" (g, k)
T cells and B cells (h) in BAL. Frequencies of CCR6" CD3" (I), CD4* (m) and CDS8" (n)
T cells in BAL. Frequencies of CXCR3"CCR6" CD4" (0) and CD8" T cells in BAL (p);

Vaccination with 4sigH induces strong T cell responses in

the BAL

Significantly greater absolute numbers as well as frequencies of CD3"
(Figs. 2a, Fig. S3a), CD4" (Figs. 2b, Fig. S3b) and CD8" (Figs. 2c, Fig. S3¢)
T cells and B cells (Figs. 2d, Fig. S3d) were present in the airways of
AsigH- relative to BCG vaccinated CMs, showing peak at week 3 post
vaccination and followed by a gradual decline over time. A vast
majority of CD3" (Figs. 2e, Fig. S3e), CD4" (Figs. 2f, Fig. S3f), and CD8"
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homing phenotype (CCR5"), with higher frequencies post-vaccination
in the BAL of 4sigH- relative to BCG vaccinated CMs which increased
over time; indicating that a superior immune response was elicited by
AsigH vaccination. This was accompanied by relatively much lower
frequencies of CCR7* CD3" (Fig. S4a), CD4" (Fig. S4b) and CD8"
(Fig. S4c) T and B cells (Fig. S4d). Inall T cell populations 4sigH- relative
to BCG vaccination resulted in increased early SLO homing marker
expression in the CD4" compartment (indicative of iBALT formation)
(Fig. S4b). AsigH vaccination also resulted in the significantly greater
recruitment of Thl - CXCR3*/CD3" (Figs. 2i, Fig. S3i), CD4" (Figs. 2j,
Fig. S3j), CD8' (Figs. 2k, Fig. S3k), Th17 - CCR6'/CD3" (Figs. 21, Fig. S31),
CD4" (Figs. 2m, Fig. S3m) and CD8" (Figs. 2n, Fig. S3n) and Th1/Th17
(Th*) - CXCR3"CCR6"/ CD4" (Figs. 20, Fig. S30) and CD8" (Figs. 2p,
Fig. S3p) T cells to the BAL. CXCR3 expression in T cells increased over
time, while CCR6 expression showed a peak at week 5 and declined at
week 7. The frequencies of CD69" (activated) CD3" (Fig. S4e), CD4"
(Fig. S4f), and CD8" (Fig. S4g) T cells and B cells (Fig. S4h) were not
impacted by vaccination. Fewer CD3" (Fig. S4i), CD4" (Fig. S4j), and
CD8" (Fig. S4k) T cells and B cells (Fig. S4l) displayed proliferative
(Ki67") phenotype, significantly higher frequencies were generally
observed for the A4sigH- relative to BCG vaccinated CMs. The fre-
quencies of BAL CD3" (Fig. S4m), CD4" (Fig. S4n) and CD8" (Fig. S40)/
HLA-DR" T cells were lower than the CD69" subpopulations with no
significant differences in the two vaccination groups. The over-
whelming majority of CD4" T cells in the BAL were memory cells
(>90%) and their frequency was significantly increased by AsigH-,
relative to BCG-vaccination (Fig. 2r, Fig. S3r) across multiple time-
points. In contrast, significant changes were not observed for effector/
naive subpopulations after AsigH-, relative to BCG-vaccination
(Fig. 2q, s, Fig. S3q, s). The memory phenotype distribution was dif-
ferent for CD8" T cells-with 20-40% exhibiting effector and 60-80%
memory phenotype with very few naive cells. Most effector CD4"
(Fig. 2t, Fig. S3t) and CDS8" (Fig. S4p) T cells were CD69", and the
frequency of the CD4"'CD69"* subpopulation (Fig. 2t, Fig. S3t) increased
significantly after AsigH-, relative to BCG-vaccination. Fewer effector
CD4" (Figs. 2u, Fig. S3u) and CD8" (Fig. S4q) T cells were Ki67* than
CD69", but the frequency of the CD4'Ki67" subpopulation increased
after AsigH-, relative to BCG-vaccination (Fig. 2u, Fig. S3u). In the
memory CD4* and CD8" T cell subpopulations, CCR5" (Figs. 2v, w,
Fig. S3v, w), CCR7" (Figs. 2x, y, Fig. S3x, y) and Ki67" (Figs. 2z, a’,
Fig. S3z, a’) phenotypes increased significantly, while CD69" did not,
(Figs. S4r, s) after AsigH-, relative to BCG-vaccination. Thus, the fre-
quencies of effector and memory CD4*/CD8" T cells were significantly
altered in the BAL by 4sigH, relative to BCG-vaccinated CMs.

Strong airway T cell responses after AsigH vaccination are
antigen-specific

CD4" T cells in the BAL of A4sigH-vaccinated CMs expressed sig-
nificantly higher levels of IFNG, upon recall stimulation with CW
(Figs. 3a, Fig. S5a) or EC (Figs. 3k, Fig. S6a), at multiple-to-all timepoints
analyzed. The peak levels of antigen specific CD4", IFNG responses in
the BAL to 4sigH vaccination were in the range of 20-30% for CW and
8-10% for EC, much higher than unstimulated (2-5%) (Fig. S6b) but
lower than positive controls (40-50%) (Fig. Sé6c). In general, CW (Fig. 3,
Fig. S5) generated responses with larger magnitude than EC (Figs. 3,
Fig. S6) in our hands, indicating a wider antigenic repertoire of the
AsigH induced T cell responses. CD4" T cells in the BAL of AsigH-vac-
cinated CMs also expressed significantly higher levels of TNF-a at all
time-points studied upon recall stimulation with CW (Figs. 3b, Fig. S5b)
and at different time-points upon stimulation with EC (Figs. 3lI,
Fig. S6d). The simultaneous expression levels of IFNG/TNF-a in
response to CW (Figs. 3¢, Fig. S5¢) and EC (Figs. 3m, Fig. S6e) was also
significantly higher in the BAL from 4sigH- relative to BCG-vaccinated
macaques. Significantly higher expression of GZMB was observed on
CD4" T cells after stimulation with CW (Figs. 3d, Fig. S5d), while

differences approached statistical significance between the two
groups upon stimulation with EC (Figs. 3n, Fig. Sef). Significantly
higher frequency of CD4" T cells in the BAL of 4sigH- relative to BCG-
vaccinated macaques also expressed IL17 during the early week 3 but
not the later time-points upon stimulation with CW (Figs. 3e, Fig. S5e),
but not EC (Figs. 30, Fig. S6g). Comparable results were obtained for
antigen specific CD8" T cells - significantly higher frequency of CD8"
T cells in the BAL of 4sigH- relative to BCG-vaccinated macaques
expressed IFNG (Figs. 3f, Fig. S5f, Fig. 3p, Fig. S6h), TNF-a(Figs. 3g,
Fig. S5g, Fig. 3q, Fig. S6i), or both (Figs. 3h, Fig. S5h, Fig. 3r, Fig S60),
upon recall stimulation with CW or EC at some-to-all timepoints ana-
lyzed. Differences upon stimulation of CD8" T cells for GZMB and IL-17
expression with either CW (Figs. 3i, j, Fig. S6j, 1) or EC (Figs. 3s, t, S6k,
m) were not statistically different between the two groups. Aerosol
vaccination of CMs with 4sigH therefore, not only induces significantly
higher Mtb-specific CD4" T cell responses, but additionally also indu-
ces strong antigen-specific CD8" T cell responses, resulting in
enhanced antigen specific wide-spectrum cytokine expression.

In-depth characterization of post-vaccination responses in the
airways

We compared responses in BAL at pre-vaccination baseline (Group 1)
to 3 weeks post-vaccination in BCG- and 4sigH vaccinated (Groups 2,
3), unvaccinated/3 weeks post Mtb challenge (Group 4) and BCG- and
AsigH vaccinated/3 weeks post-Mtb challenge (Groups 5, 6) by
scRNAseq (Fig. S7a). We identified 20 major populations of cells in BAL
(Fig. S7b), including 13 of myeloid and four of lymphoid origin. Due to
the significant induction of B and T cell responses in the BAL of 4sigH
vaccinated CMs (Figs. 2-3, Figs. S3-6), we focused our analyzes on
these cells. The 10 different clusters of lymphocytes (identified by
reclustering) included: two CD4" T cell (CO, C3), three CD8-NK cell -
CD8a"/NK (Cl), CD8b*/NK (C2) and CD8ab™-NK (C4), T cell doublets
(C5), T cells expressing proliferation markers (C6), B cells (C7), Yo
T cells (C8) and T cells expressing IFN response markers (C9)
(Fig. 4a-c). Significantly higher frequencies of clusters Cl1 (Fig. 4e), C2
(Fig. 4f), C6 (Fig. 4j), C7 (Fig. 4k) and C9 (Fig. 4m) were present in the
BAL of 4sigH- (Group 3), relative to BCG-vaccinated (Group 2) maca-
ques (Fig. 4d-m). Supervised hierarchical clustering of the top genes
expressed in each of these clusters (Fig. 5a), across samples, revealed
the different states that lymphocytes exist in the airways. CO expressed
Thi, T cell effector function, activation, trafficking, apoptosis genes
(KLRB1, CD2, LTB, LCK, CD52 and CRIP and TSPO) at significantly
higher levels in AsigH-vaccinated, relative to BCG-vaccinated samples
(Figs. 5a, b, Supplementary data 1). C1 expressed cytolysis, lysosomal
processing and T cell development? genes (GZMB, CTSD and CD74 at
significantly higher levels in A4sigH-vaccinated, relative to BCG-
vaccinated samples (Figs. 5a, ¢, Supplementary data 1). The expres-
sion of cytolytic markers GZMA, GZMB, GZMK, PRF1, KLRK1, KLRBI1,
KLRD1, CTSB, CTSD and NKG7 was induced in C2 (Fig. 5a, d) to sig-
nificantly higher levels in the BAL of AsigH- compared to BCG-
vaccinated animals (Figs. 5d, Supplementary data 1). The genes sig-
nificantly induced in the BAL of 4sigH relative to BCG vaccinated CMs
in C6 (Figs. 5e, Supplementary data 1) included ACTGI (required for T
cell activation/proliferation). The expression of IRF family transcrip-
tion factor, IRF-8, induced by IFNG, was strongly expressed to higher
levels in the B cell cluster, C7 (Fig. 5f, Supplementary data 1), in the BAL
of AsigH- relative to BCG-vaccinated CMs. IRF8 governs B cell lineage
development and activation and their organization into B cell follicles.
Other characteristics of C7 included induced expression of BLK (BCR
signaling and development), BANK1 (B-T cell cross talk), CD74 (B cell
proliferation, migration and adhesion), CD79B (B cell antigen), HLA-
DRA (B cell activation), IGHM (IgM isotype), MEF2C, MS4A1 and TCF4
(B cell proliferation, germinal center development). Mucosal vaccina-
tion with 4sigH induces significantly higher levels of B cell follicles.
Depletion of B cells led to inferior activation of lung T cells and
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reversed AsigH-induced vaccine protection in RMs?. The strong
impact of IFNG stimulation was best observed in cluster C9, where IFN-
responsive T cells (T-IFNs)* were present in significantly higher fre-
quency in AsigH- relative to BCG-vaccinated BAL samples (Figs. 4m),
and expressed higher levels of IFIT3, IF16, ISG15, OAS2, HERC6, MX1,
MX2, HERCS, IFIT5, IRF2, IRF7, IRF9 and ISG15 (Fig. 5g). ISG15, a small
ubiquitin-like modifier (SUMO) which targets many proteins for
degradation and ultimately inhibits the Type I IFN response®, while
IFITS also negatively regulates Type I IFN. Type I-IFNs and IFNG are
critical for establishing cell-autonomous antimicrobial immunity, but
the latter functions predominantly as a macrophage-activating
cytokine”. Type I IFN responses require STAT1 transcription, while
Thl responses promoted by IFNG are driven via STAT1 phosphoryla-
tion. Accordingly, the expression of STATI, and the frequency of cells
expressing it, were lower in the BAL of AsigH-, relative to BCG-
vaccinated CMs (Fig. 5g). 4sigH vaccination therefore caused the

recruitment of lung-homing, Th1/Thl+ Thi17 T cells to the lung (Figs. 2,
Fig. S3-4), which express IFNG in an antigen-specific manner (Figs. 3,
Figs. S5-6). This resulted in IFNG mediated regulation of the T cell
response after AsigH vaccination. Significantly greater interaction
score was obtained for interactions between C9 and Cl1 (Fig. S7g), C9
and Cé6 (Fig. S7h) and C9 and C7 (Fig. S7i) after AsigH vaccination as
compared to cognate interactions after BCG vaccination (Fig. S7d-f).
Thus, 4sigH vaccination not only invokes a significantly higher level of
IFNG-expressing CD4" T cell response, but also CD8" T cell/cytolytic
response, suggesting altered antigen-presentation by vaccination with
this mutant via the mucosal route. Our results identify a strong impact
of antigen-specific IFNG expression leading to T cells maturation to an
activated, IFN-responsive T cell state, which results in enhanced T cell -
B cell cooperation and stronger cytolytic T cell responses in the lungs.

Acute Mtb infection leading to TB disease strongly induces Type |
IFN expression in pDCs®. This in turn leads to Type I IFN-priming of
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Fig. 4 | scRNAseq in BAL cells reveals lymphocytic enrichment. a tSNE visuali-
zation of re-clustered lymphocytes (all conditions together). b Bubble plot and c.
violin plot depicting expression of canonical marker genes used for identification
of lymphocyte populations. d-m Comparison of nine identified lymphocyte

clusters between the BCG ( ) or AsigH (te al) -vaccinated groups
showing cluster O (d), cluster 1 (e), cluster 2 (f), cluster 3 (g), cluster 4 (h), cluster 5
(i), cluster 6 (j), cluster 7 (k), cluster 8 (I), and cluster 9 (m). Data is presented as
mean + SEM and P-values are derived from Mann-Whitney U test.

macrophages to express high levels of immunoregulatory molecules,
e.g., IDO*, IDO is a potent immunoregulator expressed at very high
levels in NHP* and TB human®® granulomas on Mac-IFNs and mediates
suppression of anti-TB T cell activities™. Within myeloid clusters

(Fig. 6a—c), the Mac-IFN cluster (C9, expressing IFI27, ISG15 and IFI6)
(Fig. 6d) had a lower frequency of IDO* cells, in the BAL of AsigH-
relative to BCG-vaccinated macaques. The expression of several ISGs,
including TYMP, IFITS5, IFIT3, IFIT2, IFI6, GBP2 and CXCL10 occurred to
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Fig. 5 | scRNAseq - hierarchical cluster and detailed analysis of individual
lymphocyte clusters with significant differences between the BCG- and 4sigH-
vaccinated groups. a Hierarchical clustering of top genes from the nine clusters
identified as lymphocytes. b-g Bubble plots highlighting six key lymphocyte
clusters (CO, C1, C2, C6, C7, C9) show the expression of selected significant markers
within each cluster, illustrating differences in expression levels between the BCG
(lavender) or 4dsigH (te q])—vaccination groups three weeks post-

vaccination. The color of each dot indicates the normalized expression level, while
the dot size represents the percentage of cells within that cluster expressing the
corresponding gene. To identify cluster-specific markers, we compared the gene
expressions of each cluster against all other clusters combined using Wilcoxon
rank-sum tests, with Bonferroni correction for multiple hypothesis testing with
adjusted p-value threshold of 0.05.
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a higher level and in a greater frequency of cells in the BAL of AsigH
(Group 3), relative to BCG-vaccinated (Group 2) macaques (Fig. 6d).
This response was driven by T cell generated IFNG, as pDCs after 4sigH
vaccination expressed comparable levels of Type I IFN signature rela-
tive to BCG vaccination (C13) (Fig. 6e). While the overall expression of
ISGs was most highly induced by Mtb infection at week 3 (Group 4),
AsigH vaccination (Group 3) resulted in higher expression than BCG

00 05 10 15 20
Normalized Enrichment Score

vaccination (Group 2) (Figs. 6f, Fig. S7c). The pathways, genes for
which were enriched the 3-week Mtb infection relative to the com-
parable AsigH vaccination time-point included TNFA Response
(Fig. 6h). However, when comparing the two vaccination groups at
week 3, IFNG Response was one of two pathways enriched after AsigH
vaccination (Fig. 6g). Hence, our results show that vaccination with
AsigH results in significantly greater induction of IFNG from T cells,
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Fig. 6 | scRNAseq - hierarchical cluster and analysis of individual myeloid
clusters with significant differences between the BCG- and 4sigH-vaccinated
groups. a tSNE visualization of reclustered myeloid cells (all conditions together).
b Bubble plot and (c) violin plot depicting expression of canonical marker genes
used for identification of myeloid cell populations. d-e Bubble plots focused on
two key myeloid clusters, Mac-IFN and pDCs, show the expression of selected
significant markers within each cluster, highlighting differences in expression levels
across various groups. Cluster-specific markers were identified using Wilcoxon

rank-sum tests, with Bonferroni correction for multiple hypothesis testing. Para-
meters: only.pos = TRUE, min.pct = 0.25, logfc.threshold = 0.25. f Expression of IFN-
related genes across groups. g-h Significant Hallmark pathways showing differ-
ences in Mac-IFN cluster between groups 3 vs 2 (g) and groups 3 vs 4 (h) in cluster
Mac-IFN. Pathway analyzes are based on permutation test for independence from
the fgsea R package using the Molecular Signatures Database (MSigDB) for human
hallmark gene sets. Benjamini-Hochberg corrections for multiple hypothesis test-
ing with FDR < 0.05.

leading to a balanced IFNG/Type I IFN response in the lungs, corre-
lating with elite control of Mtb infection. BCG vaccination on the other
hand, fails to induce broad IFN responses (IFNG from T cells and Type |
IFN from pDCs), while pathogenic Mtb infection results in unbalanced
expression of Type I IFN signaling from pDCs. During active pulmonary
TB, IDO expression in the lung compartment is limited primarily to a
subset of interstitial macrophages (Mac-IFNs)®. IDO expression in the
lungs of 4sigH infected lungs is significantly lower than during active
TB*, and the frequency of Mac-IFNs is significantly lower in AsigH-
vaccination relative to Mtb infection at week 3. Expression of IDO is
known to occur on DCs in many other contexts, including in lung
granulomas formed in infections other than TB, e.g., L. monocytogenes.
However, the expression of IDO was not detected on DCs in active TB*.
Here, we detected that maximal IDO expression in BAL occurred on a
DC cell cluster (Cluster 16) that expressed TMEM176A-B*/, required by
DCs for optimal antigen-presentation to T cells®, particularly cross-
presentation required for MHC I/CD8" T cell responses and for the
inhibition of inflammasome activation. These cation ion channel
transporters are expressed on Type 3 DCs (cDC3s), localized in
endosomes and phagosomes and are critical for their acidification.
Phagosomal acidification is a critical bacterial control mechanism, but
Mtb is known to subvert it in a redox stress response-dependent
manner*, including via SigH expression®. These results suggest that
AsigH may be processed differentially by the phagosomal system
compared to Mtb.

Comparison of the phenotype of AsigH and Mtb in human
macrophages (HM®s)

Since our data suggested that AsigH was differentially processed by
host macrophages, we sought to investigate its immunogenicity in
IFNG-activated host macrophages (HM®s), which not only phagocy-
tose and harbor Mtb but can present mycobacterial antigens to CD4"
and CD8' T cells enabling anti-TB immunity**®, Growth profiles in
HM®s confirmed the highly attenuated phenotype of 4sigH compared
to Mtb (Fig. 7a). We used RNAseq to dissect the immune responses of
HM®s to Mth CDC1551 and AsigH”. Gene expression data analyzed
using Reactome and KEGG workflow® showed that unlike Mtb, AsigH
induced up-regulation of genes associated with Antigen Processing
and ER-Phagosome sorting in addition to many other pro-
inflammatory gene modules consistent with mediating anti-TB
immunity (Fig. 7b-c). Thus, the expression of antigen processing
genes ATGS5 (Fig. 7d) and ATG?7 (Fig. 7e) was induced to significantly
higher levels in the cells infected with 4sigH, relative to Mtb. Interest-
ingly, the expression of IFNG-stimulated genes GBP1 (Fig. 7f) and GBP2
(Fig. 7g) was also induced in 4sigH, relative to Mtb-infected macro-
phages. Immunogenicity of whole cell TB vaccines depends on their
ability to induce antigen presenting cells like M®s to secrete Thl type
cytokines, degrade in phago-lysosomes and present peptide epitopes
to T cells in vitro®*™*.. Since AsigH-infection led to an enrichment of
antigen processing, ER-phagosome modules and ATG genes in Mds
compared to Mtb CDC1511 (Fig. 7b-g), we determined whether 4sigH
induces autophagy in M®s and enhances antigen presentation. Con-
focal image analysis indicated that significantly more 4sigH colocalized
with the ATG8/LC3 autophagy marker than Mtb CDC1511 (Fig. 7h, i). We
have earlier optimized an ex vivo assay where murine and human APCs

infected with BCG or Mtb rapidly present Ag85B derived epitopes to
CD4 T cells specific for Ag85B*. In this assay, AsigH infected Mds
showed a robust Ag85B epitope presentation to F9A6 CD4 T cells
(Fig. 7j). Importantly, siRNA knockdown of beclinl, a key autophagy
initiator reduced antigen presentation (Fig. 7k). Because 4sigH upre-
gulates ATGs in M®s (Fig. 7b-h), we suggest that it is a hyper-
immunogenic mutant in human M®s with an ability to activate cyto-
kine secretion, autophagy and enhancing antigen processing. These
results provide a rationale for the excellent protection shown by AsigH,
and the mechanism by which superior T cell responses are elicited by
its vaccination.

Analysis of granuloma-specific immune responses post-
challenge

AsigH vaccination protects against lethal TB challenge by recruiting
IFNG expressing CD4" and cytolytic CD8" T cells to the lungs, while
limiting the pathogenic impact of Type | IFN primed macrophages. We
specifically compared immune responses in dematricized granulomas
to understand the impact of vaccination on their function. The fre-
quency of CD4" T cells within lung granulomas was significantly higher
in the 4sigH vaccinated, compared to either unvaccinated, or BCG-
vaccinated group (Fig. 8a). The frequency of naive CD4" T cells was
significantly lower in 4sigH-, relative to BCG-vaccinated lung granulo-
mas (Fig. 8b). The granulomas of 4sigH-vaccinated group harbored a
greater frequency of memory CD4" T cells, relative to the BCG-
vaccinated group (Fig. 8c). Within the memory CD4"* T cell pool, sig-
nificantly greater frequency of activated (CD69") cells were present in
the AsigH-, relative to the BCG-vaccinated group (Fig. 8d). The pro-
liferative capacity was comparable across the vaccinated groups, but
significantly lower than unvaccinated macaques (Fig. 8e), indicating
that the lower Mtb burdens in the lung granulomas after AsigH vacci-
nation create the generation of a CD4" memory pool with an activated-
but a non-proliferative profile. Within the effector pool, again the
frequency of activated (CD69") CD4" T cells was significantly higher
after AsigH, relative to the BCG-vaccination (Fig. 8f), although the
activation levels were the highest in the unvaccinated CMs, likely
reflecting the greater antigenic burden in that group. Within the par-
ental CD4" T cell pool as well, the frequency of activated (CD69") T cells
were higher after AsigH vaccination relative to the other two groups
(Fig. 8g), despite several logs lower Mtb burdens in the lungs, indi-
cating superior activation of T cell responses by vaccination with the
mutant strain. While the frequencies of CD8", and naive CD8" T cells
were significantly lower in the AsigH- relative to the BCG-vaccinated
group (Fig. 8h, i), the CD8" memory pool and activation was sig-
nificantly higher after AsigH, relative to BCG vaccination (Fig. 8j, k).
Within this fraction, significantly higher frequencies of activated
(Fig. 81) and comparatively higher but statistically non-significant lung
homing (CCRS5") (Fig. 8m) cells were also present after AsigH-, relative
to BCG-vaccination. Similarly, within the effector CD8" T cell pool,
significantly higher frequencies of activated (Fig. 8n) cells were also
present after AsigH-, relative to BCG vaccination. These results show
the elite level of T cells responses elicited by AsigH vaccination com-
pared to BCG. Furthermore, significantly higher frequencies of B cells
(Fig. 80) with CD69" (Fig. 8p) and CCR5"* (Fig. 8q) phenotype were
present in granulomas obtained from A4sigH- relative to the BCG-
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vaccinated group. Granuloma derived B cells in both the vaccinated
groups displayed comparable proliferative capacity which was sig-
nificantly lower than unvaccinated groups (Fig. 8r). To further under-
stand the differences between protective and permissive granulomas
from the lungs of macaques, we employed the cyclic immuno-
fluorescence (CyCIF) multilabel spatial biology staining (Akoya Bios-
ciences) (Fig. 9). Representative lung sections from unvaccinated,
BCG-vaccinated and 4sigH-vaccinated macaques each, were studied
using a panel of 27 protein markers (Fig. S9a-b), antibody staining for
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which were either already validated or optimized specifically for this
study (Fig. S8a, Table S3). We focused our analyzes on unvaccinated-
(as a representative of progressive, high Mtb burden containing
granulomas) and 4sigH vaccinated- (as a representative of protective,
low Mtb burden containing granulomas) sections. Using Akoya’s pro-
prietary StarDist nuclear segmentation on DAPI staining, we identified
891,314 single cells in unvaccinated- (Fig. S9c-f) and 646,055 in AsigH
vaccinated sections (Figs. S9g-j). The lung section from the unvacci-
nated macaque was characterized by granulomas with extensive
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Fig. 7 | AsigH is hyperimmunogenic and upregulates genes associated with anti-
TB immunity in human macrophages. CD14 bead purified human macrophages
(HM®s) were pooled from two donors and three pools were infected with AsigH
(teal) and CDC1551 Mtb (re ) (MOI=1) for 4 hours. a On days indicated HM®s
were lysed and plated for CFU counts on 7H11 agar. b-¢ Two pools (n=3M and
n=3F each) of donor derived HM®s were infected as above and subjected to
RNAseq at 18 hours post infection (Novogene USA). Heatmaps show fragments per
kilobase million (FPKM). Data were analyzed using Reactome and Kyoto encyclo-
pedia of genes and Genomes (KEGG) workflows followed by GSEA analysis. Reac-
tome analysis of 4sigH induced genes vs. those induced by Mtb shown and enriched
gene modules are highlighted. TRIzol lysates of preparations from panel-a were
used for RT-PCR analysis using primers (Table S4) for ATGS (d), ATG7 (e), GBPI (f),
GBP2 (g) genes. Uninfected samples are shown in .

h-i labeled live AsigH and Mtb were phagocytosed into
HM®s followed by immunofluorescent labeling using monoclonal antibody (mab)

to microtubule associated loath chain-3 biomarker of autophagosomes (ye d) or
isotype. Colocalization was acquired using an N90 Nikon fitted with Metaview
software. Fifty HM®s in triplicates per organism were counted blind for coloca-
lizing phagosomes and averaged from two independent experiments. j Three pools
(n=2/pool) of HLA-DR1+ HM®s were infected with 4sigH and Mtb (MOl =1)
washed, and one set lysed immediately to plate for CFU counts. Replicate set was
overlaid using (1:1) F9A6 CD4" T cell hybridoma that secretes IL-2 upon recognition
of Ag85B derived peptide epitope. IL-2 in the supernatant collected at 48 and

72 hours post overlay was measured using sandwich ELISA. k Replicate antigen
presentation assay was done using HLA-DR1+ HM®s in which beclinl has been
knocked down 24 hours earlier using a siRNA probe (Origene, USA). Data is pre-
sented as mean = SEM and P-values are derived from multiple Mann-Whitney tests
(one-way) with multiple hypothesis correction by false discovery rate method of
Benjamini, Kreiger and Yekutielli (two stage step up).

central necrosis, and higher frequency of myeloid cells in the rim
adjoining the necrotic area (Fig. 9a, b). These granulomas were not
only positive for high levels of CD68, CD163, CD206 and IDO, but also
for IDO* cells that did not express any of the above myeloid markers
(Fig. 9c). We attribute this signal, which was only present in the
unvaccinated sample, to MDSCs, which we have earlier shown to
express IDO in the context of Mtb infection but which are lineage
negative cells*’. The lung section from the 4sigH vaccinated macaque
was characterized by granulomas with limited necrosis and significant
iBALT (Fig. 9d-f). Intensely CD20, CD19 and CD21 (all B cell markers)
positive iBALT from these lung samples were organized in B celland T
cell zones akin to LNs. In fact, significant colocalization correlation was
observed between B cell markers PAX5, CD20, CD21, CD19 with each
other and this correlation was much stronger in the AsigH vaccinated,
protected (Fig. 9i), relative to the unvaccinated, permissive (Fig. 9g)
granulomas. The expression of CD3e, CD4, and CD8 was most strongly
correlated with ICOS, FoxP3, CD45 and HLA-A in the vaccinated section
(Fig. 9i). On the contrary, the correlation between B cell and T cell
markers was reduced in the unvaccinated sample (Fig. 9g). 29 different
phenotypes were identified in the unvaccinated section (Fig. 9h), while
27 phenotypes were identified in the 4sigH-vaccinated section (Fig. 9j).
The two additional phenotypes in the unvaccinated sample (Fig. 9h)
included an abundant cell type - unidentified IDO* cells which are
likely MDSCs. The expression of CCR2 correlated with SMA, suggesting
that CCR2/CCL2 are required for the interaction between macro-
phages and smooth muscle cells to initiate and amplify the migration
and proliferation of the latter, during inflammation**. In protective
granulomas from 4sigH vaccinated CMs, the most prominent module
was the B cell module (Fig. 9i), which was present in B cells as well as
proliferating B cells, again highlighting the strong B cell follicle
response generated by 4sigH; followed by the T cell module which was
present in both ICOS™- T helper and T cytotoxic cell populations in the
lung granulomas. Other T cell populations such as helper and cyto-
toxic T cells, or proliferating- helper and cytotoxic T cells, or granzyme
B* - helper and cytotoxic T cells, or CCR2'- helper and cytotoxic T cells
were positive for markers CD3e, CD4, CD8, HLA-A, CD45 and ICOS and
exhibited greater correlation in the 4sigH vaccinated (Fig. 9i) com-
pared to unvaccinated (Fig. 9g) samples. Greater frequency of cyto-
toxic (Fig. 9k) and helper T cells (Fig. 91) as well as proliferating B cells
(Fig. 9m) were present in the lungs of 4sigH vaccinated compared to
unvaccinated samples, by CyCIF. Many T cell populations (helper and
cytotoxic T cells, or proliferating-, granzyme B*-, or CCR2*- or helper
and cytotoxic T cells) clustered with endothelial cells, proliferating
endothelial cells and CD31'PCK" endothelial cells. CD31 (PECAM-1) is an
efficient signaling molecule mainly distributed in vascular endothelial
cells, is negatively correlated with lung injury*and has diverse roles in
angiogenesis, platelet function, apoptosis, thrombosis, mechanosen-
sing of endothelial cell response to fluid shear stress, and negative
regulation of multiple stages of leukocyte migration through venular

walls*®, including monocytes, neutrophils*” and NK cells*®. The inhibi-
tion of neutrophil recruitment by CD31 is mediated by IFNG*’, which
we have shown is highly induced in 4sigH-vaccinated lungs. Overall, in
the granulomas of 4sigH vaccinated macaques, two of the largest
cellular populations were CD31" - (30%) and CD31 - endothelial cells
(28%) (Fig. S9a, b). The two important myeloid cell populations which
clustered together were CD163'/CD68'/CD206'/Vimentin® alveolar
macrophages and CD163"/CD68"/Vimentin’/IDO" macrophages, while
two other populations, M2 macrophages (CD163'/CD68") and less well
characterized macrophages (CD68") clustered away from this module.
Next, we performed neighborhood analysis to identify which sub-
populations of cells interacted with which others. 20 cellular neigh-
borhoods were identified in the granulomas of A4sigH vaccinated
macaques (Fig. 9n, o, S9¢, d). CD31" endothelial cells and endothelial
cells formed neighborhoods with many other cellular subpopulations
due to their higher frequency. CD31" endothelial cells associated with
epithelial cells, other endothelial cells and proliferative endothelial
cells. These cells also associated with cytotoxic T cells. B cells primarily
associated with T helper cells. Since we have previously identified B cell
follicles as involved in AsigH vaccination induced protection from TB in
RMs, we studied if greater B cell follicles were present in 4sigH vacci-
nated, relative to unvaccinated CMs as well. Comparatively more B cell
populations (B cells, proliferative B cells) were present in the lungs of
AsigH vaccinated (Fig. 90, S9f), relative to unvaccinated CMs (Figs. 9n,
S9e). These cells organized in iBALT to a comparatively greater extent
(Fig. 90, S9f). On the contrary, the permissive granulomas from
unvaccinated/Mtb infected CMs were characterized by greater influx
of myeloid cells (Fig. 9a) including IDO" MDSCs (Fig. 9c). The fre-
quency of cells staining for structural markers, e.g., smooth muscles,
epithelial and endothelial cells was greater in the unvaccinated relative
to 4sigH vaccinated lungs. We identified that most cells in a macaque
TB granuloma were of non-immunocytic origin. Increased frequencies
of structural cells are likely associated with greater granuloma for-
mation in the unvaccinated group. Interestingly, the one structural cell
population which was more frequent in the AsigH vaccinated lung was
pCK'CD31" (Fig. oh).

Discussion

BCG, the only vaccine licensed for the prevention of TB, has recently
been shown to induce impressive immune responses and protection in
macaques via the intravenous route of vaccination®. Intradermal vac-
cination with BCG, however, is unable to protect globally against adult
pulmonary TB®. Furthermore, BCG is not safe in individuals with HIV
infection and is particularly contraindicated in infants with HIV>.
Clearly, novel anti-tubercular vaccines beyond BCG are needed to save
millions of human lives. Ideally, the new vaccine(s) will be safe,
immunogenic and highly effective (in the range of >75% protection
from disease). Candidates to replace BCG include DNA®, subunit®,
viral®®> and whole-cell live (recombinant BCG or attenuated Mtb)**
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Fig. 8 | Granuloma associated T and B cell profiles. In the three groups of CMs
[unvaccinated (strawberry), BCG ( )- and 4sigH-vaccinated
te al)], post-Mtb infection, shown are the frequencies of lung granuloma derived
CD4" T cells (a), expressed as percentage of all CD3" cells. Frequency of lung
granuloma derived naive (b) and memory (c) CD4" T cells, expressed as percentage
of the parental population. Within the memory CD4" T cell pool, shown are the
frequencies of CD69" (d) and KI67* (e). Within the effector CD4" T cell pool, shown
is the frequencies of CD69" (f). The frequency of CD69" (g) is also shown for the
parental CD4" T cell pool. Frequencies of lung granuloma derived CD8" T cells (h),
expressed as percentage of all CD3" cells. Frequency of lung granuloma derived

naive (i) and memory (j) CD8' T cells, expressed as percentage of the parental
population. Frequencies of lung granuloma derived CD8" CD69" T cells (k),
expressed as percentage of parental population. Frequency of lung granuloma
derived CD8" memory CD69" T (I) and CD8" memory CCR5" (m) T cells, expressed
as percentage of the parental population. Frequency of lung granuloma derived
CDS8" Effector CD69" T cells (n), expressed as percentage of the parental popula-
tion. Frequency of lung granuloma derived B cells (o) is shown along with CCRS*
(p), CD69" (q) and KI67* (r) B cells, expressed as percentage of the parental
population. Data is presented as mean + SEM and P-values were calculated by one-
way ANOVA with Tukey’s correction.
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vaccines. rBCG complemented with RDI%, overexpressing Ag85B°°, or
encoding a listeriolysin®, provide better protection than the parental
vaccine. Clearly, live-replicating mycobacterial vaccines have the
potential to replace BCG. Attenuated Mtb engender more effective T
cell responses relative to rBCGs as they express the full complement of
Mtb antigens, some of which are important for immune
recognition®®”. Rationally attenuated, live replicating Mtb are most

likely to afford durable protection, as these express the full comple-
ment of protective antigens that are not present in BCG and other
classes of vaccines®. CD4" T cell responses to Mtb in macaques and
humans share antigen dominance, suggesting that vaccines which
elicit protection in the former are likely to also protect the latter'®,
Candidates with a track record of safety and efficacy in the relevant
NHP model should be prioritized for further development.
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Fig. 9 | Comparison of spatial lung granuloma architecture and the impact of
AsigH-vaccination by multiplexed imaging. a CyCIF staining image from a
representative lung section from an unvaccinated, Mtb challenged macaque,
showing staining with the most prominent markers in this group: CD68 - red, HLA-A
- pink and HLA-DR - orange, IDO—green and nuclear stain DAPI - blue. b Staining of
a lung section from the same group with all 27 antibodies. ¢ IDO+ (ZT'€€11) cells
in this section which do not exhibit the expression of classical myeloid (CD68,
CD163, CD206) markers, and which are lineage (CD45) negative, interact with cells
positive for structural markers—Collagen IV (pink), E-cadherin (re d) and
vimentin ( ). d CyCIF staining image from a representative lung section from
a AsigH vaccinated, Mtb challenged macaque, showing staining with the most

prqminent markers in this group: CD20 (pink), CD4 ( ), CD19
(plnk) and PAXS5 ( ) and nuclear stain DAPI (h] 1 @)- e Staining of the
same section with all 27 antibodies. f Intense staining of the section with iBALT
markers clearly delineates B cell-T cell zones. g-h Comparative characterization of
correlation matrices from CyCIF staining of unvaccinated (g) and 4sigH -vaccinated
(h) lung sections. i-j Identification of cellular phenotypes based on protein
expression results from CyCIF in unvaccinated (i) and 4sigH -vaccinated (j) lung
sections. Frequency of various subpopulations of cytotoxic (k) and helper T cells
(1), B cells (m) in unvaccinated (strawberry) and 4sigH -vaccinated (teal)
lung sections. Comparison of cellular neighborhoods in unvaccinated (n) and 4sigH
-vaccinated (o) lung sections.

Mtb is continuously exposed to stress during its life cycle®. Stress-

response pathways help Mtb survive and persist in the wake of host
mechanisms of sterilization. Inactivation of key stress regulators is
therefore a potential strategy to generate vaccine candidates. A Mtb
mutant in stress regulator PhoP* is attenuated and efficacious relative
to BCG in mice, guinea pigs (GPs) and NHPs and is safe in humans® ., A
double knock-out strain of Mtb based on this mutant is in advanced
clinical testing®. Vaccination with AsigE, another stress response
mutant, also protects from Mtb infection®. Therefore, Mtb mutants
deficient in the ability to respond to in-vivo stress appear to generate
protective immune responses against TB. Our work demonstrates that
the inability to scavenge intra-phagocytic or intra-granulomatous redox
stress by an Mtb strain leads to stronger, protective immune responses.
The effectiveness of both 4sigH and MTBVAC, the vaccine candidate
containing a deletion in phoB, suggests that the pathogen has evolved
to interfere with the acquisition of optimal responses to this pathogen.
Here we tested the efficacy of the AsigH mutant, which has already
demonstrated a protective phenotype in rhesus, in the cynomolgus
macaque model of aerosol infection and provide mechanistic under-
standing of its effectiveness. Cynomolgus are more resistant to Mtbh
infection, and therefore more closely resemble the human population
than rhesus macaques. Our current study thus provides a paradigm
towards developing vaccines based on the attenuation of the Mtb stress
response, that may have the potential to prevent TB disease. These data
support the further clinical development of AsigH for use as a vaccine in
humans. Aerosol vaccination with AsigH focusses protective responses
directly at the sites of infection, i.e., the lungs and lung-draining lymph
nodes, as opposed to systemically.

SigH regulates responses’ to multiple stress conditions including
phagocytosis, heat-shock®®, nitrosative stress”, low-pH”, enduring
hypoxia'® and cigarette smoke®’. SigH is a bon-a-fide virulence factor of
Mtb - macaques control infection with the AsigH in an elite fashion,
with significantly reduced lung and extra-thoracic CFU and
pathology®®. Hence, transcriptional programs regulated by SigH are
important for Mtb to survive in lungs, which is supported by transcript
analysis of bacilli recovered from phagocytes” and granulomas’.
Strains of Mtb with duplicated sigH allele have enhanced pathogenicity
of lungs™. Similarly, multiplication of sigH decreases the protective
efficacy of BCG in animal models™. Deletion of sigH is therefore
strongly linked to the development of protective immune responses.
Mucosal vaccination with 4sigH protects against lethal TB challenge in
rhesus?” as well as cynomolgus macaques (this study) and this pro-
tection is significantly better than comparable BCG vaccination. While
significant differences were not observed the total lung pathology,
including inflammation and necrosis, between the two vaccinated
groups due to the use of the resistant cynomolgus model, greater
iBALT responses in the 4sigH group contributed to the higher than
baseline lung pathology observed in this group. The protected animals
were characterized by the presence of strong classical—adaptive (T
and B cell) - responses including antigen-specific responses post-
vaccination. It should therefore be possible to protect against lethal
Mtb infection in the setting of human lungs by invoking such classical
responses. The inability of AsigH to scavenge redox stress mounted by

infected phagocytes is linked to its inability to prevent phago-
lysosomal fusion, leading to efficient antigen-presentation, including
cross-presentation, likely leading to robust, antigen-specific T cell
responses that are protective including MHC I restricted responses.
The rapid control of 4sigH relative to Mtb™® likely results in the miti-
gation of oxidative stress responses. Oxidative stress can enhance
cysteine modifications on T cell antigens, impairing intracellular
events involved in antigen processing and presentation to T cells” and
negatively impacting the host immune response’. Improved antigen-
presentation to T cells during mucosal vaccination with AsigH results
in significantly higher levels of IFNG production by lung CD4* and CD8"*
T cells relative to BCG. The lung environment is thus characterized by
optimally balanced protective IFNG responses, with potentially
pathogenic Type 1 IFN responses”. In contrast, infection of macaque
(and possibly human) lungs with the pathogenic Mtb results in over-
exuberant Type I IFN production from pDCs, which are efficiently
recruited to lung granulomas®. This results in contrasting immune
responses. Pathogenic Mtb induces a primary response with sig-
nificantly high expression of ISGs and inflammatory genes, amplifying
the impact of Type I IFN. This can in turn inhibit IFNG response”.
Mucosal 4sigH vaccination balances this response in favor of IFNG,
resulting in the recruitment of lung homing, activated, proliferating,
IFNG-responsive, memory CD4" and CD8" T cell responses (Figs. 2-3).
Under these conditions IRFS8, the expression of which is induced to
higher levels by AsigH vaccination in pDCs (Fig. 5k), can cooperate with
BCL6 to induce lymphoid follicles?. Such follicles, enriched in B cells,
are critical for AsigH-induced protection against TB*. B cells in these
follicles enhance cytokine production and strategically localize T(FH)-
like cells via interactions between programmed cell death 1 (PD-1) and
its ligand PD-L1 and mediate Mtb control®, resulting is even more
robust memory T cell responses. The role of IFNG-responsive T cells
(T-IFNs), a unique population of T cells, in mediating protection
against TB via 4sigH vaccination is clear. Significantly higher induction
of IFNG following AsigH vaccination, and the ensuing recruitment of T-
IFNs, as well as proliferative, activated, and cytotoxic T cells to the
lungs, is responsible for the activation of IFNG-responsive macro-
phages in the same compartment, correlating with lower Mtb CFUs and
pathology (Fig. 1). Thus, our work shows that classical adaptive
immune responses - IFNG expressing CD4" and CD8" T cells, Th1/Th17
T cells, IFN-responsive T cells, and B-T cell cooperation within lym-
phoid follicles, correlate with elite protection against TB. Our results
also suggest that AsigH vaccination results in the efficient elicitation of
Th1(IFNG/TNF-a) as well as Th17 (IL17) responses, correlating with the
control of Mtb challenge. T cells exist in a continuum of effector states -
resting, activation, IFN-responsive and proliferative”. Interpretation of
our flow cytometry and scRNAseq results shows that mucosal AsigH
vaccination invokes the recruitment of T cells that are pushed from
resting to activated, IFN-responsive and proliferative end of the spec-
trum. During infection T cells express two major modules: cellular
cytotoxicity and cytokine expression®. Our results show that mucosal
AsigH vaccination modulates the phenotype of lung T cells (both CD4*
and CD8') to enhanced cellular cytotoxicity and cytokine expression
phenotype.
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Despite our promising early results, including the elicitation of
protection against TB by AsigH in two different NHP species, further
development of this attenuated strain is needed before it can be used
in human trials as a potential anti-TB vaccine’®”’. Combining mutations
to enhance the safety of Mtbh strains is a proven strategy’® and
recommended by the Geneva Consensus on live-attenuated Mtb based
TB vaccines’. We propose to increase the safety of AsigH and evaluate
if the immunogenicity and efficacy of the parent vehicle is retained by
generating multiple double or triple knock outs (DKO, TKO) each of
which includes the 4sigH deletion. These strains should progressively
be evaluated in-vitro, and in animal models to determine safety relative
to the parental strain including in the setting of HIV co-infection. BCG
vaccination results in disseminated disease in the HIV infected, parti-
cularly infants”. Macaques provide a platform to study Mtb/HIV co-
infection®**® including in the presence of ART*"*2, The 4sigH single KO
was completely safe upon SIV co-infection”, indicating that mutants
based on 4sigH may be safe for use in humans. DKO/TKO in the 4sigH
must however also be evaluated in the NHP Mth/SIV co-infection
model, including in the presence of ART and chronic immune activa-
tion. Another potential limitation of our study is that it did not evaluate
the durability of protective responses, although we show that pro-
tection is mediated by memory T cells, and these responses should
prove to be durable. This however remains to be tested. Eventually our
proposed studies will generate human-ready live attenuated Mth
mutants in sigH, via the elicitation of classical, IFNG-producing CD4"
and CDS8" T cell responses which instruct macrophages to limit Mtb.
Importantly however, mucosal vaccination with AsigH results in
impressive protection observed in the macaque model, comparable to
that observed with IV BCG". Interestingly, immune correlates of pro-
tection from IV BCG and 4sigH vaccination in macaques appear to be
shared®.

Methods

NHP study design and infections

All procedures adhered to NIH guidelines and received approval from
the Institutional Animal Care and Use Committees (IACUC) of Texas
Biomedical Research Institute (n=15) or Tulane National Primate
Research Center (n=10). 25 mycobacteria-naive cynomolgus maca-
ques (CMs)**, obtained from the NIAID (n =10) or Envigo, USA (n=15),
were used in this study protocol (Table S1). Specifically, the animals
were either unvaccinated (n=9) or aerosol vaccinated with 1000
Colony Forming Units (CFUs) of BCG (n=7) or 4sigH (n=9), as
described earlier”. 8-weeks post-vaccination, macaques were exposed
to 100 CFU aerosolized Mtb CDC1551 (Fig. 1a). Infection was assessed
through tuberculin skin test (TST) or antigen-specific ICS, while TB
progression was monitored by longitudinal measurements of weight,
temperature, and C-reactive protein (CRP) and bronchoalveolar lavage
(BAL) CFUs, and chest X rays (CXR) as described?* %, Dissemination
was evaluated during necropsy by culturing bronchial lymph node,
spleen, liver, and kidney tissues to measure CFUs. Demographic
information including age, gender, etc., and study specific information
of macaques are provided (Table S1). Animals were euthanized at
12-13 weeks post-challenge.

Sampling

TST was performed 1-3 weeks before challenge and at weeks 3 and 5
post-challenge, as described”*. CXR scans were performed one week
before Mtb infection and 4 weeks post-infection as described” and
scored in a blinded manner by a board-certified veterinary radiologist.
BAL samples were obtained one week before either vaccination or Mth
infection and subsequently every two weeks, as described”** BAL cells
were used for determining bacterial burden and cellular analysis
through flow cytometry, as described”*’. Blood samples were col-
lected one week prior to vaccination or Mtb infection and thereafter on
a weekly basis, for measuring complete blood count, serum chemistry,

including serum C-reactive protein (CRP), and for flow cytometry,
employing the flow panels specified in Table $2°%%",

Tissue bacterial burden and pathology

Tissues were collected and processed as described”. CFUs were
determined per gram of tissue and per mL of BAL fluid. Lung pathology
at necropsy was assessed by a board-certified veterinary pathologist in
a blinded manner, utilizing zinc-formalin-fixed paraffin-embedded
(FFPE) tissues representing all lung lobes using previously described
methods?.

Immune analysis

Different immunocyte populations were quantified and characterized
in whole blood, BAL and lungs using flow cytometry, following estab-
lished protocols®**?%?>% T cell populations and their functionality
were assessed through stimulations and analyzed using flow cyto-
metry (Table S2, Fig. S10), as detailed in prior publications?*>7%*,

Single cell RNAseq

Single-cell RNA sequencing (scRNAseq) was conducted as
described””® on BAL cells obtained at pre- and post-vaccination and
post-challenge time points. The fastq files were aligned against the M.
fascicularis reference genome with cellranger count. Gene set enrich-
ment analysis was performed using fgsea’” using hallmark pathways for
human from msigdbr’® after converting the macaque genes to homo-
logs human genes. Ligand-receptor interaction prediction was per-
formed using SingleCellSignalR”. Several R packages were used to
generate figures and intermediate data preprocessing, such as
ggplot2'® and biomaRt®', pheatmap'®* and stringr'®.

Spatial multiplexed imaging

CyCIF staining was conducted collaboratively with Akoya Biosciences
(Marlborough, MA, USA), following the procedures outlined in pre-
vious studies'®. Antibodies sourced from commercial vendors
(Table S3) were conjugated to custom oligo barcodes (#7000009;
Akoya). Complementary oligo-conjugated fluorophore reporters were
procured from Akoya. FFPE lung section slides were stained overnight
with the initial antibody cocktail, comprising the first 28 antibodies
and fixed in paraformaldehyde (PN# 15710; Electron Microscopy Sci-
ences). A reporter stock solution was prepared as outlined in the
PhenoCycler-Fusion User Guide, incorporating 10X Buffer
(#7000019), Assay Reagent (#7000002), and Nuclear Stain
(#7000003) from Akoya. Individual tubes containing 3 reporters per
cycle were then diluted in the reporter stock solution (Table S3).
Subsequently, a 96-well plate was prepared with 1-well/cycle contain-
ing the corresponding working reporter solution for that cycle. A flow
cell (#240204; Akoya) was assembled onto the slide and PhenoCycler-
Fusion (Akoya) used at the following exposure settings: DAPI-1ms,
ATTO550 channel—150 ms, AF647 channel-150 ms, and AF750 chan-
nel—-150 ms to capture whole slide images of three markers (+ DAPI,
nuclear stain) at a time. The final QPTIFF file encompassing a compo-
site image of all markers was examined using the QuPath software
(https://qupath.github.io/), with individual or collective toggling of
each channel, revealing the spatial expression pattern of the marker(s)
of interest. Data was analyzed using Akoya’s Multiplexed Image Ana-
lysis (MIA) Graphical User Interface, including quality control, filtra-
tion, nuclear segmentation'” and cytoplasm segmentation. To
phenotype various cell populations, the mean fluorescent intensity
(MFI) of each marker was calculated for each cell, considering the
corresponding expression compartment. The normalized MFI
expression for all markers (columns) and cells (rows) from each QPTiff
image were used for unsupervised clustering with Leiden'® algorithm
and GPU-accelerated'* methods to assign phenotypes. Dimensionality
reduction for data visualization was performed using UMAP and tSNE
through the implementations provided by Scanpy'® and Rapids'®.
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Spatial interactions between different cell phenotypes were quantified
using the Cellular Neighborhood method'”’.

Gene expression in human macrophages and ex-vivo antigen-
presentation assay

We investigated the growth and immunogenicity of AsigH compared
to Mtb (CDC1551) in human macrophages (HM®s), using previously
described methods®. HM®s obtained from two healthy donors were
pooled and three pools per group were infected at MOI = 1. HM®s were
lysed and plated for CFU counts on 7H11 agar at 3, 5, and 7 days post
infection. Two pools of HM®s obtained from three donors each were
infected as described above and RNAseq was performed. Data were
analyzed using Reactome, KEGG and Gene enrichment sequence ana-
lysis (GSEA) workflows (Clusterprofile software, Novogene, USA) to
identify multiple differentially expressed genes (DEGs) associated with
the regulation of anti-TB immunity, as described™.

TRIzol (Invitrogen, USA) lysates of preparations described above
were used for RT-PCR analysis using primers (Table S4) for ATGS5 (d),
ATG7 (e), GBPI (f), GBP2 (g) genes.

For ex-vivo antigen-presentation assays, HM®s derived from two
HLA-DR1" healthy human donors were pooled and three pools were
infected with 4sigH and Mtb (MOI =1) for 4 hours. After washing, the
cells were overlaid with F9A6 CD4 T cell hybridoma (kindly provided
by Prof. David Canaday, CWRU, OH), which secretes IL-2 upon recog-
nizing an epitope of Mtb Antigen-85B in the context of HLA-DRI. After
48 and 72 hours, the supernatants were tested for IL-2 using a sandwich
ELISA. The kit for human siRNAs (mixture of duplexes), were pur-
chased from Origene (SR322490). Three pools of M®s were treated
with siRNA and the scrambled control according to the manufacturers’
instructions, and this was followed by addition of Mtb (H37Rv) for 4 h
(MOI of 1). After washing, the cells were overlaid with FOA6 CD4 T cell
hybridoma and the supernatants collected after 24 h were tested for IL-
2 using a sandwich ELISA.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. All data supporting the
findings of this study are available within this manuscript and its
Supplementary Information. Any additional data can be requested
from the corresponding authors upon reasonable request. The
scRNAseq raw data generated in this study have been deposited to the
Gene Expression Omnibus- GEO (NCBI) under accession number
GSE283562. The RNAseq dataset have been deposited in the NCBI
BioProject database under accession number PRJNA1202673. Source
data are provided with this paper.
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