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Cytolytic yd T-cells and IFNy-producing
CD4-lymphocytes characterise the early
response to MTBVAC tuberculosis

vaccine
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Infection with Mycobacterium tuberculosis (Mtb) can produce a wide spectrum of clinical
manifestations, ranging from active tuberculosis (TB) to asymptomatic latent infection. Although CD4
T-cells are key immune effectors to control TB, early after infection, the innate immune response must
play a role in tackling the disease. Here, we performed in-depth analyses of the acute immune
response to MTBVAC, a candidate vaccine engineered from Mtb with the aim of protecting adults from
pulmonary TB disease, still a major global challenge. scRNA-seq shows expansion of CD4* and
cytotoxic yd T-cells, data confirmed by flow cytometry. CD4 T-cells exhibited lower HLA-DR and
higher L-selectin expression, compared to BCG-stimulation, indicating differential activation or
dynamics. Importantly, MTBVAC-activated yb T-cells had a unique cytotoxic CD16"GZMB™
phenotype, reminiscent of effector cells found in Mtb positive individuals controlling infection. IFN-y
and TNF-a were released in cultures, while IL-17A/F were almost undetectable.

Despite the discovery over a century ago of Mycobacterium tuberculosis
(Mtb), tuberculosis (TB) epidemics are still a major global health problem,
according to WHO, mainly due to the lack of identification of infected
persons and, therefore, lack of preventive therapy'. In addition, the COVID-
19 pandemic disrupted TB services, resulting in an estimated half a million
excess TB deaths between 2020 and 2022. Since the decrease in TB deaths
was only 19% between 2015 and 2022, far below the WHO End TB Strat-
egy’s 2025 milestone of a 75% reduction. Therefore, effective immunization
against pulmonary TB remains an urgent need to eliminate this persistent
infectious disease. The only licensed vaccine for TB is bacillus Calmette-
Guérin (BCG), an attenuated bacterial strain derived from Mycobacterium
bovis’. BCG protects against primary infection and several extrapulmonary
manifestations of Mtb infection, like meningeal and miliary TB in children
and infants’. However, BCG is less efficient in the prevention of pulmonary
TB, in particular in adults’. For this reason, a global effort on the

development of new TB vaccines is ongoing, with several candidates
entering clinical trials’. Besides its use as TB vaccine, BCG is the standard of
care therapy for non-muscle invasive bladder cancer, preventing progres-
sion in nearly 70% of patients’.

MTBVAC is, unlike most TB vaccines that are based on M. bovis, a live-
attenuated vaccine engineered from Mtb to eliminate two independent
virulence genes, phoP and fadD26. This design was conceived to create, in a
safe background, a genetically stable variant of Mtb that might lead to more
specific and longer lasting immune responses’. MTBVAC has proven to be
safe and effective, in animal models and clinical trials®’. Orthotopic mouse
models of bladder cancer indicate a greater therapeutic effect of MTBVAC
compared to BCG". Currently, MTBVAC is being tested in Phase 3 efficacy
trials, in newborns from TB-endemic countries.

It has been estimated that 90% of infections result in a latent TB
infection (LTBI), where there is immune control of Mtb, as compared to
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active TB disease'"'* which is contagious in adults. Concurring with the

broad spectrum of TB’s clinical manifestations'’, many immune aspects are
involved in TB control and clearance, and not all are completely
understood'?, for example, the relationship between T lymphocyte activa-
tion and progression of the disease is unclear'*. CD4 T-cells secrete IFN-y,
TNF-a, and/or IL2 which can activate macrophages and CD8 T-cells, for
anti-bacterial activity. Non-donor restricted T-cells, such as NKT cells, yo
T-cells and mucosal associated invariant T-cells (MAITSs), as well as Natural
Killer (NK) and other innate-like lymphocytes (ILCs), present in the airways
of humans, can also play important roles in TB as first defence immune
agents. NK cell activation and proliferation are involved in TB latency"’,
while y§ T-cells can play pleiotropic roles, ranging from effector IFN-y-
producing cells to suppressor IL-17 secretion'*"”. A CD8" CD16" subtype of
effector memory y8 T-cells has been described in South African adolescents
with latent Mtb infection'®. In contrast, patients with active pulmonary
disease have more circulating IL-17-producing y§ T-cells than healthy
donors", perhaps suggesting a role for IL-17 in pathology.

With respect to the immune response generated by MTBVAC, eva-
luation of cytokine-producing CD4 T-cell populations has been measured
in both non-human primate experiments and in individuals included in
clinical trials from week 4 after immunization™*’. However, the study of the
initial interactions of MTBV AC with human innate lymphocytes has not yet
been evaluated in detail. Data on human monocytes 24 h after exposure to
the vaccine revealed release of the pro-inflammatory cytokines IL-1{, IL-6
and TNF-a”'. Understanding these early interactions may help to gain
insight into the processes involved in the success of this TB vaccine, as well as
to predict events like resistance, elimination and/or tolerance of the
mycobacteria.

Here, we studied in detail the proliferation and phenotype of lym-
phocytes expanded after co-culture of human peripheral blood mono-
nuclear cells (PBMC) with MTBVAC. Besides the Thl CD4 T-cell
population, a subpopulation of effector y§ T-cells with an IFN-y and
cytotoxic profile clearly proliferated. From the anti-cancer perspective,
MTBVAC did not stimulate a predominant NK cell response, however,
cytotoxicity of MTBVAC-primed PBMC against bladder cancer cells was
observed, as well as a clear NK cell degranulation. Previous in vivo research,
together with these data, suggests that MTBVAC vaccine might eliminate
tumours using mechanisms other than NK cell cytotoxicity.

Results

Proliferation of CD4" and y6 T-cells after culture of PBMC

with MTBVAC

PBMC from three healthy donors were incubated with either MTBVAC or
BCG-Moreau RJ strain (iBCG), without exogenous addition of cytokines
and, 7 days later, cells were recovered for either single cell RNA sequencing
(scRNA-seq) or FACS analyses. A first scRNA-seq analysis of this dataset
was done including paired data obtained in parallel for iBCG” and
MTBVAC (Quality control in Supplementary Fig. 1). Large proportions of
activated lymphocyte populations, mainly CD4 and yd T-cells, were iden-
tified 7 days after exposure to both vaccines (Fig. 1a, Supplementary Fig. 2),
and these data were confirmed by flow cytometry (Fig. 1b, Supplementary
Fig. 3) and in proliferation experiments (Fig. 1c). Initial inspection indicated
a similar lymphocyte population distribution with both vaccines. Interest-
ingly, compared to iBCG, more CD4 T-cells and less y§ T-cells expanded
with MTBVAC. Although CD8 T-cells and NK cells were minority popu-
lations, the scRNA-seq data indicated that, together with CD4 and y8 T-
cells, they had clear cytotoxic and effector potential, as shown by expression
of GZMB, TNFSF10, FASLG, IFNG (Supplementary Fig. 2).

Although in the initial sScCRNA-seq analysis cell groups converged in the
same cluster based on sharing a certain number of genes, this does not mean
they are 100% identical”. Indeed, when scRNA-seq data of MTBVAC-
stimulated PBMC were studied individually in depth to gain detailed insight
into this immune response (Fig. 2; quality criteria Supplementary Fig. 1), 12
clusters defined by differential gene expression were identified and anno-
tated (Fig. 2a, b, Supplementary Fig. 4). MTBVAC-stimulated PBMC

yielded 3 clusters of CD4 T-cells (clusters 2, 3,4) and 3 clusters within a large
v T-cell population (clusters 1, 6, 8).

CD4 T-cell phenotypes after 7-day exposure to MTBVAC
Cytokine-producing CD4 T-cells are thought to play a key role in the control
of Mtb infection. Thus, differential gene expression of the three distinct CD4
T-cell clusters (C2: naive, C3: memory, C4: activated) that were present
following MTBVAC co-culture was analysed (Fig. 2). As previously
described for other mycobacteria, the phenotype of the activated CD4
population (C4) expanded with MTBVAC corresponds mainly with Thl,
with increased RNA transcripts for CXCR3, IENG and lytic granule com-
ponents, as well as CCL5 (Fig. 3a). Further analysis of the activated Th1
cluster of CD4 T-cells revealed 2 clear subpopulations (Fig. 3b-d): SC1,
enriched in IL7R and AQP3 (aquaporin-3), consistent with a memory, less
activated subpopulation; while SC2 had markers consistent with a potent
Th1 activation, displaying a strong expression of molecules like IFNG, CSF2,
IL26 or TNF, but not IL17A.

Since there were similarities in the cell populations in MTBVAC and
iBCG-stimulated PBMC, detailed analyses of the differences between the
effector populations were carried out. For CD4 T-cells, the main differences
between the two vaccines occurred in MHC class II gene expression
(Fig. 3e): HLA-DP, DQ, DR and DM were less expressed after MTBVAC
stimulation, while SELL [L-selectin (CD62L)] transcripts were only found in
CD4 T cells activated by culture with MTBVAC, but not BCG. These
findings could reflect differences in CD4 T cell activation after exposure to
either MTBVAC or iBCG.

The phenotype of activated CD4 T-cells was confirmed by flow cyto-
metry (Fig. 3f, g; Supplementary Fig. 5). As expected, the CD25 activated
subset was negative for CD62L and expressed HLA-DR, while the CD62L-
positive population was negative for HLA-DR and CD25. Moreover, a clear
increase of CXCR3 was observed in activated CD4 T-cells after stimulation
with both vaccines, iBCG and MTBVAC.

Altogether, MTBVAC stimulation activated a CD4 T-cell population
with strong expression of MHC-II, presumably proliferating after antigen
encounter, and homing molecules like CXCR3.

MTBVAC stimulates CD16"'GZMB" cytolytic yé T-cells
expressing CD62L

y8 T-cells have been proposed to play important roles in Mtb control**. In
fact, three distinct yd T-cell clusters (C1, C6, C8) (Fig. 2a) were observed to
proliferate actively after MTBVAC stimulation. scRNA-seq analysis of the
y0 T-cell population obtained after a 7-day incubation of PBMC with
MTBVAC showed that these cells were mainly Vy9V$§2 (TRDV2, TRGV9)
(Fig. 2b). Further in-depth analyses revealed 7 subclusters (Fig. 4a, Sup-
plementary Fig. 6a), many of them expressing CD27 (Fig. 4b). Moreover, a
marked expression of IFN-y was found, especially in SC3, which represents
an active subpopulation (IL2ZRA*IFNG") (Fig. 4c). CD27" IFNy" y8 T-cells
have been described as pro-inflammatory with anti-tumour capacity, as
opposed to suppressor CD27 IL17A™ y§ T-cells'®. As expected from the
CD27* IFNy" phenotype, MTBVAC-primed y8 T-cells did not express
IL17A. In line with this, both TB vaccines, BCG and MTBVAC, stimulated
y6 T-cells to express high levels of cytotoxic molecules like GZMM, GZMB
and GNLY, proinflammatory chemokines like CCL5 (RANTES), and
receptors like CXCR3 (Fig. 4d). Despite these similarities, transcriptomic
analysis of y§ T-cells also identified some differences between MTBVAC
and BCG-activated PBMC: MTBVAC stimulation led to more cells
expressing molecules like HAVCR2 (TIM3) and TNFRSF9 (4-1BB), albeit
at low levels. These molecules have been associated with either T-cell acti-
vation or exhaustion in different contexts®°. So, while a low TIM3
expression could denote some level of exhaustion, proinflammatory and
activation markers would argue against this possibility for yd T-cells. [IFNG
and GZMB were expressed in higher levels in MTBVAC while GZMM was
slightly lower than in BCG-primed cells. In contrast, BCG-stimulated cul-
tures showed a higher expression of genes related with type I IFN responses
(e.g. ISG20, IFITM1). These findings indicate that activation of y§ T
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Fig. 1 | MTBVAC selectively enhances proliferation of CD4 and y3 T-cells.

a PBMC clusters. PBMC from 3 healthy donors were incubated with either iBCG or
MTBVAC for 7 days. scRNA-seq analysis allowed identification of 4 clusters of activated
lymphocytes, highlighted in the UMAP plot (left). The frequency of these clusters within
the total of iBCG or MTBV AC-activated cells is shown in bar plots (right); mean + SD are
depicted. Dots represent each healthy donor in a different colour. b Lymphocyte acti-
vation by FACS. PBMC from 11 healthy donors, depicted in different colours, were

incubated with either iBCG or MTBVAC. After a week, cells were recovered, and the
different subsets analysed by flow cytometry. Scatter plots show mean + SD. Statistical
analysis was done by paired sample t-test (*p < 0.05, **p < 0.01, ***p < 0.001,

k%D <0.0001) comparing % of activated cells with each vaccine against % on basal
condition, D0, and between vaccines. ¢ Activated lymphocytes proliferation. Profiles of
lymphocyte subsets after one week of co-culture were analysed by flow cytometry. Data
from a representative healthy donor are shown.
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a. MTBVAC scRNA-seq on D7
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Fig. 2 | scRNA-seq analysis of MTBVAC-stimulated PBMC. a PBMC clusters. The
MTBVAC-primed dataset from 3 healthy donors was analysed and clusters anno-
tated using the FindClusters function from Seurat R package (see Materials and
Methods). UMAP plot represents the 12 clusters identified. Selected clusters are
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lymphocytes after stimulation with non-pathogenic mycobacteria can
initiate a proinflammatory response and participate in homeostasis reg-
ulating infiltration of CD8 T-cells”*.

Since individuals from TB endemic regions that control the infection
have an expanded population of CD8" y8 T-cells expressing the low affinity
IgG receptor FcyRIII (CD16) that may help to control bacteria'®, we also
evaluated these markers. FCGR3A was found in 21.2% of MTBVAC-
primed yd T-cells (Fig. 4e, f, Supplementary Fig. 6b), which is remarkable
since, usually, this transcript is expressed at low levels in this subset. Y8
T-cells expressing FCGR3A contained more markers of a cytotoxic profile,
such as GNLY, GZMB, CX3CR1 (Fig. 4f). In contrast, iBCG priming
resulted in a lower percentage of y§ T-cells expressing FCGR3A (14.4% in
iBCG). Flow cytometry of y§ T-cells expanded after MTBVAC co-
incubation confirmed that nearly 40% of y8 T-cells expressed significantly
more CD16 (Fig. 4g) than those activated after BCG (20%). A small CD8 " y8
T-cell population (mainly CD8a") was also identified after incubating
PBMC with either iBCG or MTBVAC vaccines (Supplementary Fig. 6¢c-e).

Besides expression of cytotoxic and proinflammatory molecules, the
entire yd T-cell population was activated, as cells had upregulated expres-
sion of CD25, HLA-DR and CXCR3 by flow cytometry (Fig. 4g). These yd
T-cells also expressed several NK receptors (Supplementary Fig. 4a), like
NKG2D, but no PD1 expression was found (Fig. 4g). It is also intriguing that
secondary lymphoid homing molecules have very different expression
levels: while CD62L was increased in the whole y§ T-cell population, CCR7
was almost absent (Fig. 2b). Interestingly, in a bovine model, y8 T-cell skin
egress and migration into lymph nodes was proposed to be mediated by
CD62L expression, independently of CCR7”.

In aggregate, a differentiated effector population loaded with cytolytic
molecules, consistent with the CD16"GZMB" cytolytic y8 T-cells identified
in individuals that controlled Mtb infection'®, was also found in MTBVAC-
expanded PBMC. These cells can respond through antibody (via CD16) and
NKG2D-mediated cytotoxicity and may have the capacity to home to
secondary lymphoid organs. However, whether this population can be
maintained over time after vaccination is as yet unknown.

After MTBVAC co-culture, NK and CD8 T-cell percentages
decrease, but these populations are activated

In contrast to CD4 and y§ T-cells, the proportion of CD8 T lymphocytes
and NK cells clearly decreased after MTBVAC stimulation of PBMC
(Fig. 1¢). Nevertheless, although the number of CD8 T-cells identified was
low, an obvious cluster of cytotoxic CD8 T-cells (C10) could be dis-
tinguished from another of naive CD8 T-cells (C5) (Fig. 2). High levels of
GZMB and CCL4 defined the cytotoxic CD8 T cell cluster (Supplementary
Fig. 7a) which also clearly expressed the transcription factors ZNF683, a
marker of tissue resident memory, as well as ZEB2, the chemokine receptor
CX3CRI, the integrin ITGB1 and the innate molecules KLRD1 and KLRG1,

the latter associated with terminal differentiation of effector cells”. These
cells were similar to the ones identified in iBCG cultures, but expressed more
DDXG5, further confirming an effector activation phenotype’, and less
ITGA4 (CD49d), present in virtual memory cells (Supplementary Fig. 7b).
CD38 was also low in MTBVAC-primed cultures. Although expression of
this marker usually occurs after T cell activation, a CD38/CD203/CD73 axis
can also diminish T-cell functions®>*. In fact, other data indicate that low
CD38 expression discriminates reprogrammable T-cells from PD1™ dys-
functional subsets®. So, MTBVAC-stimulated PBMC contain activated
cytotoxic T-cells that are less likely to be exhausted.

Taken together, these data indicate that a small subset of non-
exhausted effector CD8 T-cells can be clearly defined in cultures responding
to MTBVAC stimulation.

Two subclusters of NK cells could also be identified in scRNA-seq, both
with cytotoxic features and expressing molecules consistent with a CD56*™
phenotype (Fig. 5a, b). However, SC2, expressing both IL2RA and IFNG
(Supplementary Fig. 7c), represents a more active subset than SC1. SC2 also
expressed FASLG, TNFRSF18, CSF1 and IL21R, and so are NK cells with
great potential to kill target cells (Fig. 5¢). Comparison between MTBVAC
and BCG-primed NK cells revealed only small differences (Fig. 5d). Notably,
although GZMB was strongly transcribed in NK cells from both cultures, its
expression was even stronger after MTBVAC-stimulation. Taken together,
these features of NK cells indicate that they might potently kill target cells.

Functional capacities of MTBVAC-stimulated cultures

The range of cytokines produced by PBMC, after a 7-day co-culture with
MTBVAC, were studied by analysing mRNA transcripts in the different cell
populations identified in scRNA-seq, and these experiments were com-
plemented by Luminex analyses of a panel of effector and suppressor
cytokines secreted into tissue culture supernatants of MTBVAC- and iBCG-
stimulated PBMC (Fig. 6).

Consistent with the observation that MTBVAC stimulation led to
expansion of mainly IFN-y-producing lymphocyte populations, the pre-
sence of this cytokine was clearly detected in supernatants, while IL-2 and
IL-4 were almost undetectable. TNF-a and IL-6 were also produced by
MTBVAC-activated PBMC (Fig. 6a), while IL-17A and IL-17F were only
detected in extremely low concentrations. These data confirmed the scRNA-
seq analyses, in which the secretion of each cytokine can be associated to the
producing cell subcluster (Supplementary Fig. 8a). Feature-plots of the
cytokines secreted by activated CD4 T-cells, revealed high levels of IFNG,
CSF2 (GM-CSF) and IL26 transcription (Fig. 3d). Interestingly, IL26 has
been described to have anti-microbial function and bind mycobacteria
derived lipoarabinomannan (LAM)”. On the other hand, TNF and IL21
were only expressed in low amounts by CD4 cells and IL17A was virtually
absent. As mentioned before, y8 T-cells also transcribed high levels of IFNG,
TNF and IL15 (Supplementary Fig. 8b).
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Taken together these data confirm the secretion of cytokines expected BCG has been used for decades as therapeutic agent against bladder

from a majority Thl CD4 T-cell population, such as IFN-y and TNF-a.  cancer and NK cells activated with BCG are very efficient killing tumours via
However, the concentration of these factors was enhanced by the con- NKG2D?. Therefore, it was of interest to test whether MTBVAC could have
tribution of a specialized effector yd T-cell population. some role as a cancer therapeutic. We confirmed that MTBVAC-primed
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Fig. 3 | Characterisation of MTBVAC-stimulated CD4 T-cells. a Violin plots.
Violin plots show expression level of signature markers for the CD4 clusters (2, 3, 4)
(x-axis) identified in Fig. 2. b-d Activated CD4 T-cell analysis. UMAP plot of cluster
4 from Fig. 2 (b) identified two subclusters ( , SC2). The 10 most differentially
expressed genes of SC1 and SC2 are shown in a heatmap (c). Feature plots highlight
the expression of IFNG, CSF2, IL26, TNF, IL21 and IL17A within activated CD4
T-cells (d). e CD4 T-cell differences after exposure to vaccines. iBCG and MTBVAC-
stimulated CD4 T-cells were analysed by differential marker expression (x-axis) in a
dot plot. The average expression level and percentage of cells expressing a particular

marker is shown using colour density and dot size respectively. f, g Activation
markers by FACS. Representative plots show HLA-DR, CD62L, CD25 and CXCR3
markers within CD3" TCRy$"® CD4 T-cells from PBMC on DO (f) and on PBMC
one week after incubation with MTBVAC (g). Gating strategies are shown for both
resting and activated states. For activated PBMC (g), the frequency of selected
populations is plotted in either bar graphs or scatter plots (# = 5; mean + SD). For the
CD4" CD62L"# HLA-DR" CD25" subpopulation, a scatter plot shows the frequency
against basal state, D0, and between vaccines compared by a by paired sample t-test
(ns: p > 0.05) for the 5 healthy donors, depicted in different colours.

NK cells increased NKG2D cell surface expression (Supplementary Fig. 9a).
Killing assays using MTBV AC-primed PBMC, as effectors, against several
bladder cancer cell lines as target cells (Supplementary Fig. 9b-d) revealed
that, although the levels of tumour target lysis were in general low, they
could be related to the percentage of NK cells present in the cultures at day 7.
Degranulation experiments showed that NK cells (Fig. 7a), and to a lesser
extent y§ T-cells (Supplementary Fig. 10a), were the main subpopulation
degranulating against K562 control target cells. However, degranulation was
generally weak against bladder cell lines. On the other hand, intracellular
staining at day 7 showed that NK cells released low or no IFN-y and TNF-a
after recognition of K562 and bladder cancer cells (Fig. 7b, ¢; Supplementary
Fig. 10D, c). These experiments indicate that BCG stimulates anti-tumour
NK cells slightly more efficiently than MTBVAC.

Discussion

To date, there is limited characterization of human cellular immunity
generated in response to MTBVAC while more detailed immune profiling
has been done in animal models. This paper presents in-depth evaluation of
the lymphocyte subpopulations stimulated early after stimulation with the
new live-attenuated MTBVAC vaccine, demonstrating that a particular
effector and memory response is generated. Comparison with BCG was
done to unveil any molecular differences that could allow each vaccine to
affect certain aspects of the various pathogenic manifestations of Mtb
infection. To address this, we analysed the phenotype of PBMC 7 days after
co-incubation with either MTBVAC or iBCG. The results demonstrate that,
although CD4 T-cells and yd T-cells proliferate after leukocyte activation
with BCG and MTBVAG, the phenotypic and functional features of these
cells can be very different. Innate cells from MTBVAC cultures, in particular
v8 T-cells, display a phenotype consistent with that found in young donors
controlling Mtb infection in endemic countries, that is, CD16*GZMB*
effectors. The expression of GZMB, along with other maturation and acti-
vation markers such as GNLY, HAVCR2 (TIM3), IL2RA, TNFRSF9
(4-1BB), and the entire set of secreted cytokines (IFNG, TNF, CSF2, IL15,
etc.) suggests that these yd T-cells, while still maintaining CD27 expression,
are sufficiently activated to give rise to a functional and effector response.

This in vitro study provides important insights into the acute immune
response generated by exposure of human peripheral blood to MTBVAC.
The most interesting findings are those related to the proliferating innate
lymphocytes, mainly y§ T-cells and NK cells, together with the substantial
CD4 T-cell response.

Focussing first on innate responses, previous studies in TB patients
have shown that innate immune cells change during progression to disease
and clearance. Roy Chowdhury et al.” studied, in a highly endemic area, a
cohort with low rate of active TB in young children and adults, indicating
that these individuals could control Mtb infection. Although a spectrum
between donors with complete bacterial clearance and other donors with
active control of subclinical disease could have been included in that study,
the data clearly identify a CD8+ yd T-cell subset with attenuated TCR
mediated responses, but expressing CD16. The presence of CD16, a low
affinity receptor of IgG, allows yd T-cells to mediate antibody-dependent
cellular cytotoxicity (ADCC)". In this population, a reduced frequency of
NK cells was also associated with active disease”’. Vy9V82 T-cells have
previously been described to expand in the PBMC of BCG-vaccinated
individuals, after secondary stimulation with Mtb lysates”. Here we show

that the active population of MTBVAC-stimulated y§ T-cells have con-
siderable cytotoxic potential, as shown by the high expression of granzymes
and granulolysin, with a proinflammatory CD27" IEN-y" phenotype and
with the possibility to have a stronger capacity to perform ADCC, from the
greater upregulation of CD16" than BCG stimulated cells. Importantly, the
single cell resolution transcriptomics and flow cytometry data were very
consistent, strongly supporting all conclusions. Initially, the finding of CD16
on yd T-cells was surprising. However, CD16 upregulation has been pre-
viously described, in other contexts. For example, CD16" activated yd
T-cells were also described after stimulation with bacterial pyrophosphate
antigens and cytokines™. Other CD16" y8 T-cells were from V81 and V83
subsets™, but the y§ T-cells expanded in cultures described here are mainly
V82", In patients clearing Mtb"’, CD8*CD16" cytotoxic y§ T-cells, had
effector-memory features, with low expression of CCR7, CD27, CD28,
CD62L, and CD127 and preferential expression of certain NK receptors,
compared with the CD8 negative subset. Many of these markers were also
found in MTBVAC-primed yd T-cells, suggesting that the use of an Mtb-
based vaccine can activate immune responses that could help to control
infection better than M. bovis-based vaccines. However, it would be of great
interest to evaluate the presence of this population in vaccinated individuals
and how persistent they are in time. In this context, it is interesting to note
that the CD8" y8 T-cells described by Chowdhury et al. are increased in a
range of chronic or persistent inflammatory conditions, suggesting that the
degree of antigen persistence and chronic stimulation may be key factors
influencing the induction of distinct y§ T-cell effector programs. Addi-
tionally, it has also been reported that cytokine receptor pathways and Jak/
Stat signalling are upregulated in Mtb infected macrophages, whereas M.
bovis infection leads to enhanced macrophage apoptosis*. Thus, we spec-
ulate that differences in macrophage cytokine release after MTBVAC or
BCG infection might also influence subsequent y§ T-cell expansion and
differentiation. This hypothesis is consistent with our observation that
MTBVAC-primed cultures released pro-inflammatory cytokines corre-
sponding to effector phenotypes.

Initially, a panel of cytokines designed to detect factors released in the
context of CD4 activation, suggested a Thl versus regulatory response.
However, this panel did not enquire on cytokines sharing the gamma chain
with IL-2, like IL-15 and IL-21. scRNA-seq demonstrated strong tran-
scription of IL-15, but not IL-21. Detection of high concentrations of TNF-a
and IFN-y, again suggest activation of effector lymphocytes and is consistent
with previous data demonstrating that Vy9/V62 T-cells expanded with IL-
15 secrete TNF-a and IFN-y, and that IL-21 impaired this secretion.
Regarding regulatory suppressor aspects, the lack of IL-17A in MTBVAC
cultures illustrates another advantage of using a non-pathogenic Mtb-
derived vaccine. In mice, TB infection leads to IL-17 production in lung“
and, in patients with active pulmonary disease, IL-17 is produced by per-
ipheral blood y§ T-cells"”. It has been suggested that an IL-17 increase in
disease, promoted by antigen and IL-1B, IL-6, IL-23, and TGF-$*, could be
responsible for the formation of granulomas in pulmonary TB. Cytokines
regulate immune cell activation, proliferation, and cytotoxic function. So, it
seems likely that the cytokine and granule protein differences identified
would be linked. Many cytokines, such as IL-2, IL-15, and IFN-y, enhance
the expression and release of granule proteins like perforin and granzymes,
which are crucial for target cell killing. Although IL-2, IL-15 and IL21 share
the common cytokine-receptor y-chain (yc), in adaptive responses they can
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Fig. 4 | Characterisation of MTBVAC-stimulated y§ T-cells. a—f scRNA-seq.

a UMAP plot represents yd T-cell subclusters from the 3 healthy donors of Fig. 2.
b Violin plot showing expression of CD27 for each y§ T-cell subcluster. ¢ Feature
plot of IFNG and IL2RA markers in y§ T-cells. d Dot plot of markers (x-axis)
discriminating y8 T-cells from iBCG and MTBVAC experiments. The average
expression level and percentage of cells expressing a particular marker are shown
using colour density and dot size respectively. e Violin plots comparing the
expression of FCGR3A in yd T-cells from MTBVAC and iBCG cultures. f FCGR3A
expression in y§ T-cells from MTBVAC cultures: UMAP highlighting y8 T-cells
with positive values of FCGR3A (left) and volcano plot of differentially expressed
genes between y3 T-cells expressing (POS) or not expressing (NEG) FCGR3A
(right). Genes with a Log2FC > 0.58 and a Bonferroni adjusted p-value < 0.05 are
marked in red. g y§ T-cell phenotype by FACS. PBMC from 5 healthy donors were
incubated with either iBCG or MTBVAC for a week and cells were analysed by flow
cytometry. For each marker, representative histograms and MFI scatter plots
(mean * SD), with each donor represented in different colour, are shown. Statistical
analysis of % of expression against expression on basal condition, D0, and between
vaccines was done by paired sample t-test (*p < 0.05, **p < 0.01, ***p < 0.001,
kD < 0,0001).

have competing activities***. The panel of cytokines measured by Luminex
in PBMC cultures stimulated with MTBVAC, included only factors released
in the context of CD4 activation, to distinguish Th1 from regulatory events.
Thus, the only member of the common gamma chain family tested was IL-2,
which was found in low levels. RNA-seq revealed that IL15 transcript was
present in y§ T-cells. This would suggest an enhanced response of innate vs
regulatory lymphocytes, and particularly the potentiation of cytotoxic
capacity”™ and proliferation**’. Indeed, the phenotype of cells harvested
7 days after stimulation correspond to cytotoxic cells with a high proportion
of innate immune lymphocytes.

About the genes differentially expressed in y§ T-cells, both HAVCR2
(TIM3) and TNFRSF9 (4-1BB) have been associated with T cell activation,
inhibition or exhaustion in different contexts****. For example, in Mtb
infection TIM3 could mediate activation against galectin-9-expressing
macrophages™. Thus, further studies are needed to determine its role in the
context of vaccination. Moreover, analysing peripheral blood of vaccinated
individuals (BCG and MTBVAC) could shed light on the roles of specialized
y0 T-cell populations in Mtb control.

The other major population expanded in MTBVAC co-cultures is a
Th1-like CD4 T-cell population, secreting IFN-y, CSF2, IL-26 and TNF-a
and expressing CXCR3. The main difference in CD4" T-cell responses
elicited by the two vaccines, iBCG and MTBVAC, was the higher expression
of MHC class II genes after co-culture with iBCG and the transcription of
SELL (CD62L) in MTBVAC-stimulated cells. RNA expression of HLA-
DRBI1 by non-naive CD4 T-cells is increased in patients with active TB at
diagnosis, before the start of anti-TB therapy. HLA-DR has been suggested
to indicate cells that divided after antigen encounter™. In flow cytometry,
HLA-DR positive cells were clearly activated (CD25" CD62L"%), while
CD62L" lymphocytes expressed neither CD25 nor HLA-DR. Since this is a
dynamic process that we have studied at a single time point, it is difficult to
know whether this would imply earlier or simply a differential pattern of
activation. In any case, a higher activation profile of CD4 T-cells (DR*
CD25" CD62L"®) by MTBVAC compared to BCG cultures was detected. It
is tempting to speculate that, besides the activation profile of CD4 and CD8
T-cells, y§ T-cell activation by these vaccines could also enhance the gen-
eration of tissue-resident memory lymphocytes, as reported in murine
models”. In fact, the observation of populations of CD4 T-cells with low
expression of KLF2 and SIPR1 and higher levels of ITGAE (CD103) would
be consistent with this idea. Likewise, enhanced expression of ZNF683
(Hobit), found in CD8 T-cells, is another indicator of tissue resident
memory lymphocytes (Supplementary Fig. 11).

As is seen for BCG, culture of PBMC with MTBVAC yielded cytotoxic
effector NK cells, however the functional data indicate that MTBVAC-
stimulated NK cells showed clear degranulation against a very good NK
target, the K562 cell line, and were less reactive against bladder cancer cells.
However, clear cytotoxicity of tumour cells was elicited by PBMC. This fact,
together with data in murine models, where MTBVAC was able to eliminate
bladder cancer in conditions in which BCG did not work™, implies that
other mechanisms could be involved in recognition of tumours by
MTBVAC-primed cells.

Altogether, MTBVAC stimulates an effective early immune response
from the first week of interaction with PBMC with the generation of effector
lymphocyte populations including CD4 and y8 T-cells, with phenotypes
consistent with those observed in individuals that can control mycobacterial
infections and populations of tissue resident memory.

Finally, this study presents potential limitations: comparison of early
activation of PBMC using either MTBVAC and BCG was performed, a
dynamic process that could imply transient activation of certain immune
populations. Thus, analysis at other time points between day 0 and 7 would
be informative. Also, all the experiments were done in vitro, using healthy
donor PBMC and not drawing blood from vaccinated individuals. To
strongly conclude that MTBVAC elicits a particular, beneficial innate
population activation, identification of these subsets should be studied in
vaccinated donors and related to TB protection.
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Materials and methods

BCG and peripheral blood

PBMC from bufty coats of healthy donors were obtained from the Regional
Transfusion Centre, Madrid, with informed consent from the participants
and with the ethical permission and experimental protocols approved by
local and CSIC bioethics committees. All methods were carried out in
accordance with biosafety guidelines and regulations authorized by
CNB-CSIC.

PBMC were isolated by centrifugation on Ficoll-HyPaque and cultured
in complete (2 mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM
sodium pyruvate, 100 U/mL penicillin, 100 U/mL streptomycin, 10 mM
Hepes, 50 uM [-mercaptoethanol) RPMI-1640 medium (Biowest) supple-
mented with 5% FBS (Capricorn), 5% HS (Sigma).

BCG-Moreau R] strain (ImunoBCG, iBCG) and MTBVAC vials were
from Biofabri, Spain. Aliquots with a viability of 2.3% and 11.3%, respec-
tively, were reconstituted in complete RPMI-1640 medium 10% DMSO and
stored at —80 °C.

BCG-mediated stimulation

PBMC co-culture with BCG in vitro model was described previously”>****,
Briefly, 10° PBMC/ml were incubated in 24-well plates with or without
mycobacteria at a 6:1 ratio (total bacteria to PBMC). After one week in
culture, cells in suspension and supernatants were recovered for analysis.

Flow cytometry
Cells were washed with PBA [PBS supplemented with 0.5% bovine serum
albumin (BSA), 1% FBS and 0.065% sodium azide] and incubated with

antibodies against surface markers: CD3-PB, CD16-PE/Cy7, CD4-PC5.5,
CD8-APC/Cy7, CD25-PE/Cy7, L-selectin (CD62L)-APC Fire™ 750;
LAMP1 (CD107a)-APC; CD138 (CXCR3)-APC; CD279 (PD1)-APC/
Cy7; TCRyS-FITC; CD314 (NKG2D)-PE/Cy7; CD366 (TIM3)-PE; HLA-
DR-PE (Biolegend); CD56-PC5 (Beckman Coulter). For extracellular
staining, cells were directly incubated with the appropriate conjugated
antibodies at 4 °C for 30 min in the dark. For intracellular staining, after
surface labelling, cells were fixed with 1% p-formaldehyde for 10 min at
RT, permeabilized with 0.1% saponin for 10 min at RT. After staining,
cells were washed in PBA and analysed using CytoFLEX S flow cytometer
(Beckman Coulter). Analysis of the experiments was performed using
Kaluza software.

scRNA-seq

Sample preparation, library generation, sequencing and data analysis have
been previously described”. Library pools from MTBVAC-stimulated
PBMC were sequenced at 650 pM in paired-end reads on a P3 flow cell using
NextSeq 2000 (Illumina) at the Genomics Unit of the Centro Nacional de
Investigaciones Cardiovasculares (CNIC, Madrid).

Cell Ranger (v6.0.2) count was utilized for the alignment and quanti-
fication of raw gene expression data sourced from GEX and HTO FASTQ
files. After that, cells were filtered to retain only high-quality singlets by
removing those with fewer than 200 or more than 5000 features, as well as
those with a mitochondrial content exceeding 10%. Oligo-tagged antibodies
were employed to identify and eliminate doublets, with hashtag counts
normalized using Centered Log-Ratio transformation and demultiplexed
through the HTODemux pipeline.
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Fig. 6 | Cytokine profile after 7-day exposure to vaccines. PBMC from 6 healthy
donors (depicted in different colours) were incubated with either iBCG (Q) or
MTBVAC ([J). After 5,7 and 9 days in culture, cell supernatants were recovered for
cytokine quantification by Luminex. Scatter plots show mean + SD for each

condition. Limits of detection are indicated in grey. Statistical analysis of cytokine
concentration in activated cultures compared to the untreated condition (<>) and
between vaccines on the same day was done by paired sample t-test (*p < 0.05,
#Ep < 0.01, ¥F¥p < 0.001, *F¥p < 0.0001).

The primary R package utilized for data manipulation and visualiza-
tion was Seurat (v4.0.2). Seurat objects were individually analysed or,
otherwise, integrated, and gene expression (GEX) counts were normalized
and log-transformed. Principal component analysis (PCA) was carried out
on variable features, and the initial N principal components, determined
using the ElbowPlot method, were employed for Shared Nearest Neighbor
(SNN) clustering and UMAP visualization.

Cell clustering was conducted at a resolution of 0.5, and the Find-
Markers function was used to investigate cluster-specific characteristics and
conduct overall annotation. To explore differences between clusters, func-
tions such as DotPlot, ViolinPlot, FeaturePlot and DoHeatmap from the
Seurat R package were utilized, along with the matrixplot function from the
Scanpy (v1.9.1) Python toolkit.

Proliferation assays

PBMC were incubated with 2 uM CellTrace™ Violet stain (Invitrogen) for
20 min at 37 °C 5% CO,. Complete RPMI-1640 medium (Biowest) 5% FBS
(Capricorn), 5% HS (Sigma) was then added for 5 min and the cells were
washed once with complete medium before plating in 24-well plates in the

presence of either vaccine. After seven days in culture, cells were recovered
and analysed by flow cytometry.

Cytokine release and intracellular staining
After co-culture of PBMC with vaccine, tissue culture supernatants were
recovered, centrifuged at 200 x gto eliminate cells and stored at —80 °C until
Luminex analysis. Samples were analysed using magnetic Luminex ©
screening assays (R&D Systems) and Luminex®100™ (Qiagen) Luminex
analyser instrument, accordjng to manufacturer’s instructions. Five-
parameter logistic standard curves were generated and concentration
within each sample were interpolated (considering the dilution factor) using
the Bio-Plex Manager™ Software (Bio-Rad). Limits of detection (in pg/ml)
for each measured cytokine (lower — upper) were considered as follows:
IFN-y (1.28 - 20 000); IL2 (0.64 — 10 000); IL4 (0.64 — 10 000); IL6 (0.64 — 10
000); IL17A (1.28 — 20 000); IL17F (32 - 500 000); IL22 (12.8 — 200 000);
CXCLI10 (2.56 - 40 000); TNFa (6.4 — 100 000).

For intracellular cytokine staining, PBMC were co-cultured with target
cells for 6 h at 1:2 E:T ratio at 37 °C, 5% CO,, After 1h of co-incubation,
brefeldin-A (Biolegend) was added to a final concentration of 5 pg/ml. 5h

npj Vaccines| (2025)10:58



https://doi.org/10.1038/s41541-025-01110-3

Article

a. NK degranulation assays

vs. K562 iBCG MTBVAC
s 100+ . 0 307 2 307
Sy s - s .
§ 60 - . 4 20 o — 4 20 — — —
+ — + +
ﬁ 40 g " E ]
S S 10, g B < 10 E
8 201 I g iy & g ogg ........ gl % ..... oo
°\° 0‘ °\° 0 $1 T T -E—D7 °\° 0 $| T T T E—D7
Do o \\VG NO T24 J82 RT112 NO T24 J82 RT112
¥ & -ONOTARGET TARGET TARGET
Hkse62
b. NKIFN-y release assays
vs. K562 iBCG MTBVAC
157 * o 157 15-
o - 2 @
3 3 ns ¥ 3
[¥] o o
x 107 x 10° - = x 10- = BB
4 4 4
> ns * * m
z 59— 4 Z 54
s & e ]
o < R - 45 -©-D0
) 0_ ) ) o_ ? E_D7
Do O A‘?0 NO T24 J82 RT112 NO T24 J82 RT112
¥ QO ONOTARGET TARGET TARGET
S Sksez
c. NK TNF-a release assays
vs. K562 iBCG MTBVAC
20- 20- 20
w * *k ns 2 g
8 154 8 15- ns  ns ns 8 15 ns ns ns
4 X ¥ — — —
4 4 4
% 107 % % 107
s ¢ s
5_
[= = [=
2 S 2 =
0- Ho7
Do O L NO T24 Js2 RT112 NO T24 Js2 RT112
€ &% ONOTARGET TARGET TARGET
K562

Fig. 7 | Effector function of stimulated lymphocytes against bladder cancer tar-
gets. PBMC from 5 healthy donors were incubated with iBCG or MTBVAC. After a
week in culture, cells were recovered and used as effector cells against solid tumour
bladder cancer cells: T24, J82, and RT112 or the positive control NK cell target K562,
as indicated. a Degranulation. Activated PBMC were tested as effector cells (1:2 E:T

ratio) and degranulation measured as surface LAMP-1 (CD107a). Scatter plots show
mean + SD for n =5 (each healthy donor represented in a different colour).

b, c Intracellular IFN-y and TNF-a production by FACS. Dot line shows mean value
on D7 against no target. Statistical analysis compared to basal expression on D0, was
done by paired sample t-test (*p < 0.05, ¥*p < 0.01, ***p < 0.001, ****p < 0.0001).

later, cells were recovered, fixed, permeabilised, and stained using using anti-
IFNy-APC/Cy7 and anti-TNFa-APC (Biolegend) for FACS analysis.

Degranulation experiments

PBMC from healthy donors were used as effector cells. Bladder cancer cell
lines T24,]82, and RT-112 (ATCC) were used as target cells. K562 cells were
used as positive control. 25000 effector were incubated with 50000 target
cells (1:2 E:T ratio), for 2 h as described”. Surface expression of LAMP1
(CD107a) was analysed by flow cytometry.

Cytotoxicity assays

Bladder cancer cell lines T24, J82, and RT-112 (ATCC) were used as target
cells. 10* target cells were plated in 96-well flat-bottom plates in triplicates in a
final volume of 0.2 mL and let to adhere overnight. The next day, cells were
labelled for 1h with medium containing 3 M calcein-AM (Invitrogen),
washed 3 times and incubated in fresh medium for a further hour to release free

dye. Cells were resuspended in complete RPMI-1640 without phenol red
(Gibco) to minimise interference. PBMC were used as effector cells and
incubated with adherent target cells for 3 h at 37 °C and 5% CO, at a 30:1 ET
ratio. Supernatants were recovered, after centrifugation at 270 x g for 5 min to
pellet cells and transferred to a clean opaque plate (clear bottom). Calcein-AM
release was determined by measuring absorbance (excitation wave 485 nm and
emission wave 535 nm), using BioNova® F5 System. Specific lysis was calcu-
lated as the ratio [(value — spontaneous release)/(maximum release— spon-
taneous release)] x 100. Spontaneous release corresponds to labelled target
cells without effector cells. Maximum release was determined by lysing the
target cells in 0.5% Triton X-100 (Invitrogen). In all the experiments, the
spontaneous release was between 20% and 30% of the maximum release.

Statistical analysis
Graphpad Prism 9 software was used for statistical analysis and
representation of the data. Results were generally presented either as
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individual values or as the mean and standard deviation (SD)
(mean * SD), as indicated in the text of in the figure legends. Statisti-
cally significant differences were evaluated with paired parametric
t-tests according to the following criteria: *p <0.05, **p <0.01,
***p <0.001, ****p <0.001. When p>0.05, differences were con-
sidered not significant and, therefore, are not indicated.

Data availability

R code related to the main scRNA-seq figures can be found at GitHub
(https://github.com/algarji/Felgueres MTBVAC). scRNA-seq data from
MTBVAC stimulated PBMC are deposited at Gene Expression Omnibus
(GEO) under the accession code GSE268279. Published scRNA-seq data
from iBCG stimulated PBMC are available at GEO under the accession code
GSE203098.
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