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ABSTRACT

Bacillus Calmette-Guérin (BCG), the nonpathogenic Mycobacterium bovis strain used as tuberculosis
vaccine, has been successfully used as treatment for non-muscle invasive bladder cancer for decades,
and suggested to potentiate cellular and humoral immune responses. However, the exact mechanism of
action is not fully understood. We previously described that BCG mainly activated anti-tumor cytotoxic NK
cells with upregulation of CD56 and a CD16" phenotype. Now, we show that stimulation of human
peripheral blood mononuclear cells with iBCG, a preparation based on BCG-Moreau, expands oligoclonal
v6 T-cells, with a cytotoxic phenotype, together with anti-tumor CD56™9" CD16* NK cells. We have used
scRNA-seq, flow cytometry, and functional assays to characterize these BCG-activated yS T-cells in detail.
They had a high IFNy secretion signature with expression of CD27" and formed conjugates with bladder
cancer cells. BCG-activated yé T-cells proliferated strongly in response to minimal doses of cytokines and
had anti-tumor functions, although not fully based on degranulation. BCG was sufficient to stimulate
proliferation of yd T-cells when cultured with other PBMC; however, BCG alone did not stimulate
expansion of purified y8 T-cells. The characterization of these non-donor restricted lymphocyte popula-
tions, which can be expanded in vitro, could provide a new approach to prepare cell-based immunother-
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Introduction

The attenuated strain of Mycobacterium bovis, Bacillus
Calmette-Guérin (BCG), was developed in 1921 as a vaccine
against tuberculosis (TB), by passaging the pathogenic strain
in vitro for 15 years.1 Since then, BCG has been used as
a vaccine for TB and, in the last decades, it has been also the
therapy of choice for non-muscle invasive bladder cancer.” The
immune responses activated by Mycobacterium tuberculosis
(Mtb) and BCG have been studied extensively, and a number
of benefits have been attributed to BCG vaccination. However,
there are still many questions regarding the quality and dura-
tion of protection from infection and disease, as well as the
mechanism of action of BCG, both as a vaccine and as bladder
cancer immunotherapy.” An extra level of complication arises
from the fact that many different sub-strains of BCG were
generated during the distribution worldwide of the early BCG
cultures generated at the Pasteur Institute,*” so that not all
BCG strains have the same molecular profile, and it is not
unreasonable to expect disparities in the interaction of differ-
ent sub-strains with the host. Indeed, phenotypic differences
among BCG sub-strains have been described in vivo, both in

terms of attenuation level and protective efficacy against tuber-
culosis challenge.®

Several factors, aside from the existence of different BCG
sub-strains, contribute to the controversies on the efficacy of
BCG as a TB vaccine, including that the methods used to define
TB immunity are not always equivalent, and that the duration
of immunity is not clear.” Before 2001, the tuberculin skin test
was the preferred parameter to define TB immunity, measuring
the delayed-type hypersensitivity (DTH) response 48-72 hours
after intradermal injection of tuberculin-purified protein deri-
vative (PPD). However, this parameter does not distinguish
between Mtb and BCG exposure.® A more recent extended
method, is the interferon-y release assay (IGRA), which mea-
sures effector T-cell responses against either PPD or other
antigens, such as early secretory antigenic target-6 (ESAT-6)
and culture filtrate protein 10 (CFP-10), present in several
mycobacteria, but not in BCG.” It is important to note that
the T-cell response does not always correlate with protection
from infection and disease, and that evidence for the involve-
ment of the innate immune response after BCG and Mtb
exposure is accumulating.” In fact, CD4 T-cells account for
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only a third of the cytokine-expressing lymphocytes in response
to in vitro BCG stimulation, followed by NK cells, y8 T-cells and
mucosal-associated invariant T-cells (MAIT) cells.!® Moreover,
in vivo, latent tuberculosis is associated with enhanced cytotoxic
responses, mostly mediated by CD16" NK cells, which are
decreased during active disease.'' Previous work from our
laboratory characterizing NK cell activation after in vitro expo-
sure to BCG revealed the generation of a CD56™€" CD16"
population that proliferated in response to an initial wave of
monocyte-derived cytokines released to the culture (referred to
as CD56™" to avoid confusion with peripheral blood immature
CD56"8M cells).!? Further, neonatal BCG vaccination as well as
BCG re-vaccination of Mtb-infected adults has been associated
with increased frequencies of IFNy-producing BCG-reactive NK
cells that persisted at least 1 year after vaccination.'” This could
be reminiscent of the new concept of trained immunity, which
suggests non-peptide/MHC specific protection to infections
through reprogramming of innate immune cells for example,
by epigenetic changes in monocytes or HCMV-exposure-related
phenotypic changes in NK cells."*"'® Together with persistent
NK cells, CD3"CD56" NKT-like cells were also described in
BCG-vaccinated individuals.'® In this case, CD1 or other innate
T-cell markers were not explored. However, it has been shown
that infants vaccinated with BCG generate unconventional
CD47CD8™ [double-negative (DN)] T-cells, together with CD4
T-cells and NK cells, that produced IFNy.” Although not inves-
tigated in that trial, these DN T-cells might be y§ T-cells,
another type of innate lymphocytes responding to pathogen-
derived molecules, that express few combinations of rearranged
TCRs."””"" In fact, y§ T-cells can be expanded in vitro using
mycobacterial products.'®

BCG activation of non-peptide/MHC-mediated innate
responses might be responsible for some of the beneficial
qualities attributed to BCG, including its role in the elimina-
tion of bladder cancer. In fact, we have previously reported the
activation of anti-tumor NK cells, with cytotoxic capacity
against bladder cancer cell lines, after in vitro culture of per-
ipheral blood mononuclear cells (PBMC) with BCG.">*° The
activation of NK cells occurred from day 5 in culture and was
associated with the release of cytokines such as IL2, IL12, IL23,
MIP-1pB, and IFNy. NK activation and proliferation were
accompanied by upregulation of CD56. So, a CD56™¢" popula-
tion was generated, also expressing CD16 and markers of
mature NK populations like CD94 and KIR. Activation mar-
kers, such as CD69 (transiently) and CD25 also were observed
and a significant increased expression of CD16, KIR, CD57,
and CD94 was found. To distinguish these cytokine-activated
anti-tumor NK cells from immature CD56""8"¢ cells, normally
found in low percentages of peripheral blood, we refer to BCG-
activated NK cells as CD56"8", Unconventional CD56"8" NK
cells with potent anti-tumor responses have also been
described after stimulation with IL15,%' and activated NK
cells have been found in peripheral blood of BCG vaccinated
infants,?? while adult vaccination led to NK cells able to secrete
pro-inflammatory cytokines.*

Besides NK cells, other innate immune populations have
also been shown to develop anti-tumor responses after myco-
bacteria exposure, in particular, MAIT and y§ T-cells. Thus,
many efforts are being made to obtain innate effector cells from

peripheral blood to include in new immunotherapy regimes.**
For example, BCG, M. vaccae, and M. obuense induced y§
T-cell anti-tumor effector responses, indirectly via a specific
subset of circulating DCs (secreting IL12, IL1B, and TNFa).”” It
is well documented that mycobacterial-derived phosphorylated
non-peptidic compounds activate potently unconventional
lymphocytes.”® In particular, human Vy9/V82-expressing
T-cells respond to isopentenyl pyrophosphates (IPP) pro-
duced, among others, by bacteria. These cells require the asso-
ciation of butyrophilin to the phosphoantigen to bind the non-
variable region of the TCR.*” Thus, y§ T-cells are regarded as
HLA-independent T-cells.”* However, y§ T-cells generated in
the presence of different stimuli can include subpopulations
with either a pro-tumorigenic or effector/memory polarization
with different surface markers, cytokine production capacity,
and effector functions.”® '

Since not all the ways to stimulate the innate immune
response with BCG are understood and because different sub-
strains can generate differential protection against
tuberculosis,”> we decided to study, at a single cell level, the
repertoire of innate lymphocytes generated after incubation of
PBMC with BCG in vitro. We have used single-cell RNA
sequencing (scRNA-seq) to define detailed phenotypes that
could help to understand the functional capacities of BCG-
activated lymphocytes, and to develop new in vitro systems for
expansion of the desired anti-tumor population. Here, we have
studied in parallel the activation exerted by two preparations of
BCG and analyzed in depth their phenotype and functional
capacities. We discovered that a population of effector innate
NK and y8 T-cells can be expanded in vitro by co-culture of
PBMC with BCG, followed by a IL12, IL15, IL21 cytokine
combination cocktail in minimal doses and a short stimulation
with IL18. The exact composition of the effector population
varied depending on the sub-strain of BCG used, but a potent
anti-tumor response was generated by these innate lymphocyte
cultures.

Methods

For detailed methods, see Supplementary Material.

Cells, BCG sub-strains, and reagents

Bladder cancer cell lines, J82, T24, and RT-112, and the ery-
throleukemia K562 cell line were previously described.'”

BCG-Tice (OncoTICE, MSD) and ImunoBCG (iBCG,
Biofabri, Spain) aliquots were reconstituted in RPMI 10%
DMSO and stored at —80°C. PBMCs from bufty coats of
healthy donors were obtained from the Regional Transfusion
Center (Madrid). For BCG stimulation, experiments were per-
formed as previously described.'” For experiments with
enriched cultures of y§ T-cells, the TCRy/d + T-cell Isolation
Kit human was used (130-092-892, Miltenyi Biotec).

scRNA-seq

For scRNAseq, library pools were sequenced at 650 pM in
paired-end reads on a P3 flow cell using NextSeq 2000
(Ilumina) at the Genomics Unit of the National Center for



Cardiovascular Research (CNIC, Madrid, Spain). R code
related to the main scRNA-seq figures can be found at
https://github.com/algarji/BCG_scRNA-seq. scRNA-seq data
are available at Gene Expression Omnibus (GEO)
(GSE203098)

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?&acc=
GSE203098.

Results

BCG-Tice and iBCG stimulate different lymphocyte
populations

We described recently that different sub-strains of BCG can
stimulate NK cells, upregulating CD56 and leading to anti-
tumor functional activities.'>** To explore in detail the lym-
phocyte activation capacity of two BCG strains with clear
differences in certain major antigens, we used two vaccine
preparations: BCG-Tice (Oncotice) and BCG-Moreau
(imunoBCG, iBCG). PBMC from healthy donors were stimu-
lated for 1 week with BCG and analyzed by flow cytometry. In
general, the pattern of size changes and complexity of lympho-
cytes was similar for both BCG sub-strains, as shown by
changes in FSC/SSC (Figure la) which parallels the presence
of activation markers, such as CD69, CD25 (Supplementary
Figure 1A, B). However, while the percentage of activated
lymphocytes increased from day 6 in Oncotice-activated
PBMC, this population was already visible by day 5 in iBCG-
activated cells, suggesting a faster response (Figure 1b).
Further, iBCG led to the proliferation of an activated CD3"
population, mainly lacking CD4 and CD8, which was pheno-
typed as a y§ T-cell population (Figure 1c, d, e), as well as NK
cells. In contrast, no significant expansion of y§ T-cells was
observed in Oncotice cultures.

The expansion of CD3™ y8 T-cells induced by co-culture of
PBMC with iBCG, consistently occurred, although in different
proportions, in a total of 35 experiments, performed with 33
donors (Figure 1f). On average, resting PBMC had 3.1% CD3"
v8 T-cells (ranging between 0.1 and 12.7) while the proportion
changed to 5-66% after 7 days in culture with iBCG (aver-
age = 18.7%; n = 35). Taking into account the total cell number,
an increase between 2 and 179-fold was observed (8-fold
increase in average) (Supplementary Figure 1C). The percen-
tage of NK cells obtained in Oncotice-activated PBMC cultures
at day 7 was in general slightly higher than with iBCG
(Figure 2a, b). Interestingly, both sub-strains produced a clear
increase in CD56 expression on NK cells surface, indicating the
activation of the NK population. Around one-third of yé
T-cells also expressed the NK marker CD56, a feature already
described for certain subpopulations of these non-
conventional T-cells.** Treatment with BCG slightly increased
the percentage of CD4 vs CD8 T lymphocytes cells, but only
a very small proportion of yd T-cells expressed either CD4 or
CD8 (Figure 2c). Clonality of the y§ T-cell population gener-
ated upon iBCG-activation was analyzed sequencing TCR y
and & chains, according to’>>° (See Methods and
Supplementary Figure 2), revealing no evidence of clonal
expansion, although the majority of TCRs identified used the
Vy9V82 chains (Supplementary Figure 3). Interestingly,
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however, several TCRy8 CDR3 sequences identical to those
described as associated with high anti-tumor reactivity or other
pathogen infections were found.***

Although y8 T-cells had already been reported to respond to
BCG co-incubation, the repertoire of yd T-cells activated by
different stimuli can express completely different phenotypes
and functional capacities.%"38 Thus, to understand the anti-
tumor immune activity stimulated by BCG and the possibility
of expanding immune effector cells that contribute to the
elimination of solid tumors, it was necessary to carry out an in-
depth characterization of the yd T-cells obtained in co-cultures
with iBCG and their tumor recognition capacity.

iBCG stimulates the proliferation of activated CD27" IFNy-
producing y& T lymphocytes

In order to perform an unbiased characterization of the
detailed phenotype of the population of y8-CD3" cells and
other immune cells activated by BCG, scRNA-seq analyses of
iBCG- and Oncotice-stimulated PBMC from three healthy
donors were performed.

After quality control evaluation (Supplementary Figure 4A,
B, C), the transcriptome was analyzed. Clustering analysis
followed by two-dimensional  Uniform  Manifold
Approximation and Projection (UMAP)*® allowed the defini-
tion of 12 distinct clusters (Figure 2d, Supplementary
Figure 4D). These clusters were defined on the basis of differ-
ential gene expression between all cells, and the markers used
for annotation are shown in Figure 2e and Supplementary
Figure 5. As observed in our initial flow cytometry experi-
ments, inspection of the transcriptome revealed a y§ T-cell
population clearly expanded in iBCG-activated cells, while
NK cells, TEM, and CD4 T-cells expanded more in Oncotice-
activated PBMC. Expression of specific NK markers both in
scRNA-seq and flow cytometry analyses confirmed a similar
NK activation and phenotype (Supplementary Fig. 6, 7).
Besides NK and y§ T-cells, other lymphocyte populations
were also identified in BCG-activated cultures by scRNA-seq,
including proliferating of CD4 T-cells and CD8 TEM, mainly
found in PBMC treated with Oncotice (Figure 2d, e¢). CD8
TEM had an effector phenotype, as shown by the presence of
granzymes, perforin, and the cytotoxicity-related molecules
GNLY (granulysin) and FGFBP2 (the secretory protein
Ksp37) (Supplementary Figure 7C). A small number of mono-
cytes, B cells, and plasma cells were also identified in our initial
analyses (Figure 2d, e).

Pseudobulk analysis showed that PBMC from the three
donors stimulated with iBCG had very consistent differential
expression of the genes encoding TCR gamma and delta
chains, TRDV2 and TRGV9 (Figure 2f). Closer inspection of
iBCG-activated cells showed high expression of CD27
(TNFRSF7), a T-cell costimulatory molecule member of the
TNF-receptor superfamily that has been described in a subset
of IFNy-producing y8 T-cells*” and related with long-term
maintenance of T-cell immunity.*' Other abundantly
expressed genes identified included CCL5 (RANTES), gran-
zymes (GZMK, GZMA), and a number of NK receptors
[KLRBI1 (CD161), KLRC1 (NKG2A), KLRD1 (CD94), and
KLRK1 (NKG2D)]. All these markers, which were
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Figure 1. Incubation with iBCG leads to expansion of y§ T-cells. PBMC from healthy donors were incubated with the sub-strains of BCG iBCG or Oncotice at a 6:1 ratio
(total bacteria to PBMC). At the indicated days of culture, cells in suspension were recovered from the co-culture and analyzed by flow cytometry. a. Lymphocyte
activation. The percentage of lymphocyte activation was determined at day 7 by identifying the resting and activating lymphocyte regions by FSC vs SSC (left panels).
For activation markers see Supplementary Figure 1. The percentage of activated lymphocytes and standard deviation, from 16 independent donors, is plotted in the
right panel. b. Time course of lymphocyte activation. PBMC were analyzed after five to 9 days in co-culture with BCG. c. Gating strategy for Ixmphocyte
phenotyping. Once the dead cells were eliminated, NK cells were selected within the whole lymphocyte population in a CD3 vs CD56 plot. Activated CD56 i9h NK cells
were gated separately from the rest of CD37CD56" NK cells. The CD3"* region was further analyzed for the expression of the y§ TCR and within each subset, CD4, CD8,
and CD56. In some experiments, CD4 and CD8 expression was directly tested in the CD3* region. d. Lymphocyte proliferation. PBMC were stained with CellTrace™
Violet before the incubation with BCG, and proliferation was analyzed evaluating the amount of dye per cell by flow cytometry in the different populations.
e. Expression of y§ T-cells in PBMC from a representative donor. The y5 T-cell population is shown within CD3* cells. f. Expansion of CD3* y& T-cells in PBMC.
N = 35 experiments with 33 donors. Statistical analysis was done by one-way ANOVA.

overexpressed in iBCG-treated cells (figure 2f) compared with Since our goal was to phenotype the previously described
the rest of the dataset, were captured as a consequence of the BCG-activated immune cell subpopulations that acquire the
great expansion of the y§ T-cell cluster (Supplementary capacity to eliminate tumors, in-depth analysis of single cell
Table 1). differential gene expression was done to further characterize

The finding of CD27 expression, together with expression of ~the subpopulations containing a productive y§ TCR chain
granzymes already indicated that the expanded population had combination (Figure 3a, b). Six different subclusters were
cytotoxic or pro-inflammatory capacity instead of regulatory, identified and annotated according to differential markers
IL17-producing yd T-cell characteristics. The LAG3 that and bibliography (Supplementary Table 1). The great majority
appears in many anti-tumor populations could be inhibitory of y§ cells robustly expressed TRDV2 and TRGV9 genes,
but also released from the cell surface.*? including subcluster 3 presenting some markers previously
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Figure 2. Lymphocyte populations after incubation with BCG. PBMC from healthy donors were incubated with the sub-strains of BCG iBCG or Oncotice at a 6:1 ratio
(total bacteria to PBMC). After 7 days in culture, cells in suspension were recovered and analyzed. a-c. Flow cytometry. The percentage and standard deviation of the
different lymphocyte subpopulations, analyzed by flow cytometry, before and after BCG incubation are plotted. Total lymphocytes (a), NK cells with high or dim CD56
expression (b) and T-cell subpopulations, including y8 T-cells (c) are plotted. This figure includes data from 16 independent donors. d-f Transcriptomic. For scRNA-seq
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annotated for the TRDV1 population,*” such as FGFBP2 or
detectable expression of FCGR3A. However, in this case, this
population may reflect a TRDV2 memory-like identity given
the expression of KLF2 or SELL. Pseudotime analysis further
supported the subcluster annotation, as the trajectory plot
separated two main branches enriched in differentiated/resting
(subclusters 1, 2, 3) and activated/effector (subclusters 4, 6) Y8
T-cells, respectively (Figure 3c, d). Subcluster 5, and the
remaining cells with proliferative capacity, helped to define
the start of the trajectory. As mentioned above, and as already
described in mice and human systems, most y6 T-cells
expanded in the presence of iBCG expressed NK receptors,
such as NCR3 (NKp30), KLRK1 (NKG2D) and several mem-
bers of the lectin-like receptors (KLR family) (Figure 3e).
Comparison of the effector and the well-defined classical
TRDV2 subclusters in a volcano plot showed that the effector
v8 T-cell subpopulation differentially increased the expression
of TNF, IFNG, GZMB and chemokines (CCL4L2, CCLA4,
CCL3L1, CCL3), but also the early activation marker CD69
(Figure 3f). Thus, this subcluster was consistent with early/
intermediate activation, since the late activation marker
CD25 (IL2RA), together with HLA-DR and -DQ molecules,
were mainly detected in subcluster 4. Further, cytotoxicity NK
receptors were enriched in the effector y8 T-cell subcluster, in
particular FCGR3A (CD16) and NCR3 (NKp30). Interestingly,
the orphan receptor KLRC4 (NKG2F) was expressed in most
iBCG stimulated y§ T-cells.

Next, the possible functional capacities of y§ T-cells gener-
ated in the context of iBCG stimulation were explored.
Analysis of transcription factors revealed an IFNy signature
in y§ T-cells with the absence of IL17-related transcription
factors (Figure 3g), as characterized by STAT5b, TBX21
expression vs. low STATS3, SOX13.4* Further, yS T-cells
could contribute to cytotoxic activity as they expressed mole-
cules such as GZMA (granzyme A) and PRF1 (perforinl)
together ~with increased TNFSF10 (TRAIL), LTA
(Lymphotoxin a), and FASLG (Fas-ligand) in the activated
and effector y§ T-cell subclusters (Figure 3h, Supplementary
Table 2). Moreover, when cytotoxic signatures were compared
at single cell level between the different clusters, y§ T-cells, and
NK cells typically shared similar enrichment scores (Figure 3i).

Expression of NK receptors and cytotoxic molecules on y3
T-cells was confirmed by flow cytometry analyses (Figure 4).
As shown before, the percentage of y§ T-cells was greatly
increased in iBCG treated cultures and around 30% of this
population expressed CD56 (Figure 2). Within the CD56" y§
T-cells, around 70% had the low-affinity Fcy receptor CD16"
(FcyRIIIA) on their surface. In contrast, CD56-negative y8
T-cells mainly lacked CD16 expression (Figure 4a).
Confirming the transcriptional analyses showing gene

expression of NKG2D and NCR3 (NKp30), the proteins were
also present at the surface of most y§ T-cells. Interestingly, the
fluorescence intensity of NKG2D increased greatly in the co-
culture with iBCG, although in some donors only
a subpopulation expressed this receptor. CD94/NKG2A pro-
teins were also abundant on the cell surface of the majority of
yS T-cells, as were CD27 and the cytolytic granule markers
granzyme A and perforin (Figure 4b).

In order to understand the requirements of y§ T-cells to
proliferate in the presence of iBCG, experiments were per-
formed comparing PBMC with purified yd T-cells. Isolated
yS T-cells did not expand after BCG stimulation; however,
residual y§ T-cells remaining in PBMC after depletion could
still proliferate in response to BCG (Figure 4c). When super-
natants from BCG-activated cultures were added to autologous
unstimulated PBMC, y8 T-cells from only one donor expanded
(Figure 4d). These data suggest that contact with other popula-
tions of leukocytes is required for potent iBCG stimulation of
vS T-cells.

Taken together, all these data reveal that after iBCG-
activation of PBMC, a y§ T-cell subpopulation expands, mainly
Vy9/V§2, expressing CD27 and NK receptors, with cytotoxic
and IFNy-producing capacities, and no evidence of regulatory
v T-cell components. These activated effector y8 T-cells could
contribute to tumor elimination, and so their functional capa-
cities were evaluated next.

BCG activation leads to differential patterns of cytokine
secretion

The capacity of y8 T-cells to eliminate tumors was directly eval-
uated, firstly, identifying the cytokines released in vitro; second, by
checking their ability to form conjugates; and finally, in tumor cell
recognition assays.

Since yd T-cells have been shown to have either cytotoxic
activity or pro-tumorigenic potential depending on the differ-
ential expression of either IFNy or IL17A,”%*****" the secre-
tion of a panel of cytokines, including IFNy and IL17A, but
also IP10, IL6, IL8, IL10, IL12, IL2, IL4, IL17F, 1L22, TNFaq,
IL13, was analyzed by Luminex in several experiments of co-
culture of PBMC with BCG (Figure 5a) (Supplementary
Figure 8). IFNYy, together with IL6 and TNFa were the soluble
factors found at higher concentrations in the supernatants
analyzed, while IL4 and IL22 were almost absent. IL8 was
present even in untreated cultures. The relative secretion of
IFNy, IL6, TNFa, and IL17A vs IL17F were also tested in
comparison with activation of the different lymphocyte popu-
lations in the cultures. Principal component analysis (PCA)
revealed a higher weight for IL17A in Oncotice treated PBMC,
while IFNy had a stronger weight for iBCG treated PBMC

analysis, three donors were used. Individual data are shown in Supplementary Figure 4D. After quality control (see Materials and Methods, Supplementary Figure 4), raw
data from 6383 iBCG-treated PBMC (51% of the pool) and 6097 of Oncotice-treated PBMC (49% of the pool) were combined. Twelve single clusters of lymphocyte
subpopulations were identified. d. Lymphocyte clusters. UMAP plots represent the 12 clusters identified across the PBMC from 3 donors, stimulated either with iBCG or
Oncotice, as indicated (left). The same clusters are expressed as percentage in bar graphs (right), showing the average of the three donors. Individual values are shown
in Supplementary Figure 4D. Differences in the proportion of yd T-cell cluster between iBCG and Oncotice were significant (paired sample t-test, *p < .05). e. Cluster
annotation. The graph represents the mean standardized expression values per variable (blue color intensity, as indicated) and the fraction of cells (diameter of the
circle) expressing the transcript of the indicated genes (x-axis) within each cluster (y-axis). The cluster labels were added manually. f. Heat-map. Heat-map represents
the scaled mean expression values of differentially expressed genes across the samples per treatment, showing each donor (sample #1, 2, 3) and treatment (iBCG and

oncotice) in different colors.
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(Figure 5b). However, IL17F was much more abundant (aver-
age >500 pg/ml) in BCG-activated cultures than IL17A (aver-
age <25 pg/ml). Interestingly, a correlation could be found
between IL17A production and proliferation of CD4 T-cells
in these cultures (Figure 5c¢), while increased IFNy correlated
with y§ T-cell expansion.

Thus, these data confirm that BCG exposure leads to the
release of cytokines related to a pro-inflammatory anti-tumor
phenotype.

IFNy-producing yd T lymphocytes form conjugates with
tumor cells and contribute to their killing

Most BCG-activated NK and y8 T-cells contained perforin
and granzymes as shown in scRNA-seq analysis and con-
firmed by flow cytometry (Figures 3, 4). Thus, the interac-
tion of these effectors with tumor target cells was evaluated
in conjugate formation and degranulation assays. PBMC
from healthy donors stimulated with either iBCG or
Oncotice for 7 days were used as effector cells against dif-
ferent bladder cancer cell lines (J82, T24, RT-112). The
capacity of the effector cells to form conjugates with tumor
cells was measured by flow cytometry (Figure 6a, b, c). Both
NK and y8 T-cells were able to form conjugates with bladder
cancer cells, while CD3" T-lymphocytes did not. The capa-
city of lymphocytes to release cytotoxic granules was mea-
sured by the expression of surface LAMP1 (CD107a)
(Figure 6d, e). Except in certain donors, y§ T-cells displayed
only low degranulation capacity, which was not significantly
different from that of non-activated cells. Since tumor killing
could use different mechanisms and y§ T-cells expressed
FasL, lymphotoxin and TRAIL, specific cytotoxicity experi-
ments were performed looking at the release of calcein from
target cells (specific lysis = target release — spontaneous/max
release — spontaneous) (Figure 6f). In these experiments,
where the ratio of NK cells to targets was kept constant,
the killing of bladder cancer target-cells increased signifi-
cantly when using BCG-activated cultures compared to
unstimulated PBMC. Because two types of effector cells are
combined, it is not possible to evaluate the contribution of
y8 T-cells. Since in individual donors with similar percen-
tages of NK cells, a higher fraction of y§ T-cells does not
seem linked to a higher cytotoxicity, we can anticipate that,
in this system, most probably NK cells have the predominant
anti-tumor cytotoxic activity. In order to investigate the role
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of y8 T-cells in direct cytotoxicity, the culture of these cells
after isolation should be investigated.

BCG-activated effector cells can be expanded in culture
and recognize tumor cells

In order to study the role of y§ T-cells in more detail, we
optimized a method for cytokine-driven expansion of BCG-
stimulated lymphocytes. Then, we performed experiments to
evaluate the functional capacity of these subpopulations
in vitro. Combinations of IL12, IL15, IL18, and IL21 have
proven to stimulate NK and y8 T-cell proliferation and cyto-
toxic activity.** Moreover, IL15 has been shown to upregulate
the expression of CD56 on y§ T-cells with potent cytotoxic
activity. Since our objective was to expand effector cells with-
out causing cell exhaustion, minimal concentrations of cyto-
kines, known to expand NK cells in vitro while maintaining
function,*® were used. In these experiments, PBMC were cul-
tured for a week with BCG, followed by a further incubation
with low-doses of IL12, IL15, and IL21. As IL18 is known to
promote cytotoxic activity, a low concentration of this cytokine
was added to the culture 24 h prior to assay the cytotoxicity
(Figure 7a). During the first week in culture, the different
lymphocyte populations expanded as previously shown.
Addition of cytokines, followed by a further week in culture,
doubled cell numbers and, remarkably, the majority of cells
expanding in these cultures were innate effector lymphocytes
that maintained the phenotype acquired by BCG-activation
(Figure 7b). PBMC from five, out of eight donors, resulted in
an increase of y§ T-cells above 100-fold. Cells expanded under
these conditions were used as effector in degranulation and
cytotoxicity assays, confirming that they kept their capacity to
eliminate bladder cells (Figure 7c, d).

The role of BCG-stimulated cytokine-expanded y& T-cells
was evaluated next. PBMC from three healthy donors were co-
incubated with iBCG for 7 days and, then, y§ T-cells were
purified from the culture and further grown with low doses
of cytokines. Surprisingly, y8 T-cell purification, which yielded
95% purity in unstimulated PMBC, was not so efficient after
BCG-activation and some NK cells also appeared in the
selected population. For this reason, the percentages of y§
T-cells at the beginning and after the cytokine culture are
shown for each donor. Overall, the number of y§ T-cells
increased, and moderate degranulation was observed in
response to co-culture with bladder cancer cells.

Figure 4. Flow cytometry expression of NK receptors and cytotoxic molecules in BCG-activated yd T-cells. PBMC from healthy donors were incubated with the sub-
strains of BCG iBCG or Oncotice at a 6:1 ratio (total bacteria to PBMC). After 7 days in culture, cells in suspension were recovered and analyzed by flow cytometry. The
percentage of cells expressing each marker and standard deviation are plotted in black. Gray bars represent the average percentage of the CD3*TCRy8" subset in the
lymphocyte gate. a. NK Receptors in y§ T-cells. The graphs represent the percentage of y5 T-cells, positive for the indicated marker (black), within the yd TCR gate of
total lymphocytes. In certain cases, the relative fluorescence intensity (RFl) is shown to analyze the different levels of expression, since the whole population was positive
for these markers. An RFl >1 means above the Ig control (RFI = MFI sample/MFI IgG, where MFI is mean fluorescence intensity). b. Granzyme A and perforin in yé
T-cells. N = 6 healthy donors in each case, except for CD27 (seven donors). c. Purified y8 T-cells. y& T-cells were negatively selected from 20 - 106 PBMC. Either purified
y6 T-cells or the remaining PBMC (y8 T-cell-depleted, PBMC [-yd cells]) were co-cultured with iBCG for 7 days and analyzed by flow cytometry. The yé T-cell number
before (D0) and after iBCG culture (D7) are depicted, together with average and standard deviation. For comparison, the activation obtained for each donor after co-
culture of PBMC with iBCG was also analyzed. Data from four healthy donors, each one depicted with a different symbol, are shown (purity after y6 T-cell selection >
95%). d. y8 T-cells grown with supernatant from iBCG-stimulated cultures. Supernatants from the experiment in C were recovered, centrifuged at 10,000x g to
eliminate any remaining bacteria, and used to feed a second culture of autologous PBMC. After 1 week in culture, cells were characterized by flow cytometry. The graphs
show the percentage of yd T-cells expanded in each condition. For comparison, a second co-culture of PBMC with iBCG was also set for each donor.
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Figure 5. Cytokines released to PBMC cultures after 7-day exposure to BCG. a. Luminex analysis. PBMC from six healthy donors were incubated with iBCG or Oncotice
as indicated. After 7 days in culture, cell supernatants were recovered for luminex analysis and cells were analyzed by flow cytometry. Cytokine concentrations and
standard deviations are depicted in the upper row. Statistical analysis of each treatment with the untreated condition was done by one-way ANOVA. For comparison,
flow cytometry data indicating activation and proliferation in the culture from three representative donors (high vs low activation levels) are represented in the three
bottom rows: graphs show the percentage of lymphocyte populations obtained at day 7 for each treatment, the percentage of y& T-cells, CD3* excluding y§, and the
percentage of populations that proliferated with each treatment (measured by CellTrace™ Violet staining), as indicated. b. PCA biplot. Representation of the loadings
of principal components. iBCG and Oncotice-treated PBMC were included as separate variables. c. Correlation of cytokine production and cell population
proliferation. Scatter plot representing the Pearson correlation between parameters (cytokine concentration and cell population that proliferated as measured by
CellTrace™ Violet staining). Pink: iBCG; Blue: Oncotice. R and P values were obtained in R using the ggpubr package.
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Figure 6. Effector function of PBMC after 7-day exposure to BCG. PBMC from healthy donors were incubated with iBCG or Oncotice as indicated. After 7 days in culture,

cells were recovered for their use as effector in functional assays to enquire the recognition and killing of target cells (the bladder cancer cell lines T24, J82, RT-112; K562
cells were used as NK positive control target). a, b, c. Conjugate formation between effector and target cells. BCG-treated cells were incubated for 5-20 min with
CellTrace™ Violet-dyed target cells at 37°C (except negative control, kept at 4°C). Conjugate formation was measured for double T-cells stained by lymphocyte markers
(either CD3*TCRyS*, CD56" for NK cells or CD3*TCRy8~ for CD3™, presumably TCRap) and violet dye. Statistical analysis was performed using one-way ANOVA
comparing each condition with the untreated culture (¥, p < .05; **, p < .01; ns, non-significant). d, e. Degranulation. The functional capacity of activated NK cells, as
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These results demonstrate that induction with BCG, fol-
lowed by culture in minimal doses of cytokines, allows the
expansion of anti-tumor lymphocytes, with NK and y§ T-cell
populations contributing to the specific killing of bladder can-
cer cell lines. These combinations of effector immune cells
could provide the basis for new strategies for generation of
adoptive cell therapy. Further improvement of this protocol
would be required to obtain high cell numbers of cytotoxic cells
in all donors.

Discussion

BCG has been used as a TB vaccine for nearly a hundred years,
and as bladder cancer therapy for many decades. Vaccination
with BCG has been proposed to stimulate a broad-spectrum
immune activation; however, there are still many questions
open to fully understand the immune cell populations gener-
ated in response to BCG. Importantly, the existence of many
BCG sub-strains can affect immunogenicity and add complex-
ity to this topic. Here, to better understand how BCG-activated
PBMC contribute to cancer elimination, an in-depth charac-
terization of these lymphocytes has been performed using flow
cytometry, scRNA-seq and functional assays. We describe the
generation of a y§ T-cell subpopulation, with anti-tumor cyto-
toxic and IFNy-producing capacities, which can be further
expanded, together with NK cells, using combinations of cyto-
kines at minimal concentrations. These findings open the door
to new approaches for the generation of effector lymphocytes
in immunotherapy regimes. Donor heterogeneity and cell
numbers will need to be considered together with cytotoxic
capacity, for further improvement.

The roles of y§ T-cells in cancer are a field of very active
research. Besides their interest as a diverse innate T-cell popu-
lation, these cells have a limited TCR polymorphism and,
therefore, they could be a source of cells for adoptive cell
transfer therapies, even in heterologous settings.'”***
However, depending on the experimental system, peripheral
blood, and tumor infiltrating yd T-cells have been reported to
have either pro-inflammatory or pro-tumorigenic
capacity.”***">! Thus, definition of the phenotype and function
of this cell population is crucial before their use in cellular
immunotherapy. Our data show that BCG can expand, in
a donor-independent manner in different proportions, NK
and yd T-cells with functional capacities appropriate for
tumor elimination, not just hematological but also solid
tumors, such as bladder cancer. In fact, several BCG sub-
strains can have this effect. The y§ T-cells characterized here
are reminiscent of the effector memory Vy982 T-cells with
a restricted CDR3 oligoclonality, previously described in the
context of TB immunity.”® The phenotype of these cells was
skewed toward CD27 expression and IFNy production, which

was shown to define the functional capacities of y§ subsets
both in mice and human models of infection.>”*’

The characteristics of the PBMC activated by iBCG have
been studied in-depth by scRNA-seq and confirmed by flow
cytometry. While only minimal differences in the responding
NK cells were noted when comparing the two BCG strains
used, there was a marked difference in the generation of yd
T-cells. The existence of differences among BCG sub-strains
with regard to interaction with the host is well known, a fact
that is clearly evidenced by our results shown in this study.
However, further research is required to understand at
a molecular level how the small genetic modifications within
the different BCGs, as BCG Tice and Moreau, influence the
generation of the differential cellular immune responses found
here. The receptors expressed by BCG-activated yd T-cells,
CD27 (TNFRSF7) expression, together with granzymes,
TNFSF10 (TRAIL), LTA (Lymphotoxin a), and FASLG (Fas-
ligand) strongly suggested a cytotoxic function for these cells.
This pro-inflammatory effector phenotype was further sup-
ported by the IFNy vs IL17 signature of the transcriptome. As
described in the literature for many y§ T-cell subsets, iBCG-
activated y0 also expressed NK receptors. Thirty percent upre-
gulated CD56 (around 70% of this subset also expressed CD16)
and they had on their surface the strong activating NK recep-
tors NKG2D and NCR3, as well as other members of the lectin
superfamily receptors. The complete phenotype analyzed by
scRNA-seq, together with the cytokine profile confirmed that
the y8 T-cell population proliferating after BCG induction has
a CD27" IFNy proinflammatory non-suppressor phenotype. In
fact, IFNYy, together with IL6 and TNFa were found in high
concentrations in BCG-activated cultures and the cytotoxic
capacity of the cells generated was further evaluated in degra-
nulation, conjugate-formation, and specific cytotoxicity assays.
Each one of these experiments confirmed a different functional
capacity of the lymphocytes generated by BCG co-culture of
PBMC. Altogether, they indicate that BCG stimulates the pro-
liferation of particular subtypes of anti-tumoral innate
lymphocytes.

iBCG-activated yd T-cells can recognize tumor cells by
forming conjugates and increase degranulation against bladder
cancer cells. However, while the CD56" subset was able to
degranulate, y§ T-cells contributed to tumor killing in specific
cytotoxicity assays against bladder cancer cell lines, presumably
via other mechanisms such as TRAIL and FasL.

The nature of ligands stimulating the y§ T-cells in this
system has not been defined, but yd T-cells are known to be
activated by many different molecules, including intermediates
of the cholesterol synthesis pathway, phosphorylated com-
pounds, and bacterial and parasite isoprenoid biosynthesis
products.>'®?® Indeed, these compounds are commonly used
to expand yd T-cells in vitro; the use of micromolar amounts of
isopentyl pyrophosphate (IPP) and IL2 is used to expand

shown by CD56 upregulation (CD56"9") and the rest of the CD37CD56 NK cells (CD56*) was analyzed separately, as indicated, as well as degranulation activity of y&
T-cells (in Oncotice-treated cells this population was scarce, so its analysis is not shown). 25,000 effector cells (normalizing for NK cells) were incubated with 50000 target
cells (1:2 E:T ratio) and surface LAMP-1 (CD107a) was measured. Statistical analysis was done by one-way ANOVA. f. Specific cytotoxicity. Effector cells were included in
cytotoxicity assays against target cells labeled with calcein-AM. Each symbol represents a different healthy donor (HD). Percentages of NK and y6 T-cells in each culture
are included in a table (right). Pink: iBCG; Blue: Oncotice. Statistical analysis was done by one-way ANOVA.
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Figure 7. In vitro expansion and isolation of innate effector cells by BCG exposure followed by cytokine treatment. a. Cytokine culture experiment design.
PBMC from eight healthy donors were incubated with iBCG (pink) or Oncotice (blue). After 7 days in culture, cells were stimulated with a combination of minimal doses
of IL12 (0.1 ng/ml), IL15 (0.5 ng/ml), IL21 (0.5 ng/ml) (gray). One day before analyses, low-dose IL18 (5 ng/ml) was added. b. Cell numbers. At the end of the incubation
time, cells were counted and the percentage of each population within the live cell gate was analyzed by flow cytometry (left panel). The fold- expansion of CD3* y&
T-cells after 7 and 14 days is shown (right panel). Each symbol represents a different healthy donor (HD) c. Degranulation. PBMC from 6 healthy donors were used as
effector against target cells (the bladder cancer cell lines T24, J82, RT-112; K562 cells were used as NK positive control target), as indicated. The functional capacity of NK
cells and yb T-cells were analyzed separately (in Oncotice-treated cells the latter population was scarce, so its analysis is not shown). 12500 effector cells (normalizing for
NK cells) were incubated with 25000 target cells (1:2 E:T ratio) and surface LAMP-1 (CD107a) was measured. Pink: iBCG; Blue: Oncotice; Grey: minimal dose cytokines,
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Vy9V82 y8 T-cells from peripheral blood. This phosphoanti-
gen can be generated after monocyte incorporation of amino-
bisphosphonates, such as zoledronic acid (ZOL), also used to
activate Vy9V82 T-cells in vitro.”' It is now clear that different
concentrations of phosphoantigens, when combined with par-
ticular cytokines, can give rise to completely different reper-
toires of yd T-cells, in a process that also depends on cross-talk
with other peripheral blood cell populations.**>* For example,
earlier data obtained using nonpathogenic Salmonella engi-
neered to stimulate y§ T-cell production via overexpression
of PP metabolites generated Vy252 cells.”® ZOL together with
IL2 has been used for expansion of CD27" yd T-cells expres-
sing IFNy, TNFa, perforin, granzyme B, FASL, and TRAIL that
only proliferated for 14 days.”* Butyrophilin binding to phos-
phoantigens generated by other cell types could also be
involved in y§ T-cell expansion.sz’55 However, in the work
presented here, we did not test the molecules involved in
stimulation of this subset after BCG co-culture. On the other
hand, neutrophil uptake of ZOL inhibits yd T-cells and, while
IPP-activated y8 T-cells express CD25 and CD69, they do not
proliferate further if they are isolated,? reflecting, again, the
complexity of the system.

Although it was not the goal of this work, the generation of
anti-tumor yd T-cells with BCG could also provide a tool for
emerging cellular therapies. Several methods for the expansion
of y§ T-cells for adoptive cell therapy are under investigation
since a very high number of cells are required.”” In general,
a 10-fold increase in y§ T-cells was obtained when using ZOL
(see Table 1). °' These different methods include, on many
occasions, high doses of cytokines, in general IL2, and in some
cases, the protocol involves depletion of af3 T cells. In the case
of BCG-stimulation, no depletion was done and minimal doses
of cytokines were used, representing a clear advantage, both in
time and expense. It is important to highlight that not all the
donors respond with the same intensity to generate y§ T-cells.
Heterogeneity between donors was explored when treating
PBMC with ZOL+IL2 in Burnham et al.*’ In this paper, non-
expander donors could generate y§ T-cells after the addition of
IL15 and/or IL21. The average expansion with BCG, followed
by minimal doses of cytokines, was around 100-fold, and three
out of eight donors had a 500-fold expansion, suggesting that
the protocol could be improved by adjusting the identity,
timing, or concentration of cytokines. During the preparation
of this paper, a report combining BCG and ZOL was published,
suggesting also an advantage of the inclusion of BCG in the
anti-tumor phenotype of the resulting cells, compared to ZOL
that increased the exhaustion markers CD57, PDI, and
TIM3.’® These markers were not detected in our hands in
BCG-treated PBMC. Another consideration refers to the use

of combinations of NK + y§ T-cells as recently reported””
because they seem to synergize for a good anti-tumor response.
However, it will be important to consider the effects and doses
of the different cytokines in these systems. The use of IL2 can
strongly activate, but also exhaust a number of populations.”®
Moreover, if used in patients, it could cause toxicity. Thus,
other cytokine combinations have been explored, and the
cytokines IL12, IL15, IL18, and IL21 have been shown to
contribute to the cytolytic activity of y§ T-cells, in different
contexts.”” We have also shown here that the use of 10-100
times lower concentrations of these cytokines avoids cell
exhaustion while expanding y8 T-cell and NK cell numbers.

In conclusion, the combination of one-week of iBCG acti-
vation followed by minimal doses of cytokines doubled the
number of PBMC and over 70% of these cells were NK and
vS T-cell effectors with the same anti-tumor properties as the
initial BCG-activated population. Thus, these conditions gen-
erate and expand cytotoxic effector cells whose capacity to
further proliferate in vitro should be explored.
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target as indicated. Statistical analysis was done by one-way ANOVA. d. Specific cytotoxicity. Effector cells were included in cytotoxicity assays against target cells
labeled with calcein-AM. 50000 effector cells (normalizing for NK cells) were incubated with 10000 target cells (5:1 E:T ratio). Pink: iBCG; Blue: Oncotice; Grey: minimal-
dose cytokines. Statistical analysis was done by one-way ANOVA. e. BCG-activation, purification and minimal-dose cytokine expansion of y8 T-cells followed by
degranulation experiments. PBMC from three healthy donors were incubated with iBCG. After 7 days in culture, y6 T-cells were subjected to selection using the MACS
system and 10° cells were stimulated with a combination of low-dose IL12 (0.1 ng/ml), IL15 (0.5 ng/ml), IL21 (0.5 ng/ml) and kept in culture for another week and
analyzed, then, by flow cytometry. Data from three healthy donors, each one depicted with a different symbol, are shown. Because purity of the y& T-cell selection
decreased after BCG-activation, compared to the 95% purity obtained when using fresh cells, the y8 T-cell number before (D0) and after iBCG culture (D7), as well as
those obtained after selection and cytokine activation are depicted separately. The average and standard deviation are shown in each graph. y6 T-cells (average 75%
purity), obtained after BCG-activation and further expansion with low-dose cytokines, were used as effector cells in degranulation assays. The graph represents the

percentage of LAMP-1 (CD107a) measured by flow cytometry.
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