Pre prints.org

Article Not peer-reviewed version

The Cellular and Transcriptomic Early
Innate Immune Response to BCG
Vaccination in Mice

Liya G. Kondratyeva : , Olga A. Rakitina, Victor V. Pleshkan , Alexey |. Kuzmich, Irina A. Linge ,
Sofia A. Kondratieva , Eugene V. Snezhkov, Irina V. Alekseenko , Eugene D. Sverdlov

Posted Date: 4 November 2024
doi: 10.20944/preprints202411.0136.v1

Keywords: trained immunity; BCG; innate immunity; vaccination; transcriptome; RNA-seq

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/625809
https://sciprofiles.com/profile/1167672
https://sciprofiles.com/profile/1149337
https://sciprofiles.com/profile/1149867
https://sciprofiles.com/profile/1660968
https://sciprofiles.com/profile/1713551
https://sciprofiles.com/profile/1539116
https://sciprofiles.com/profile/982816

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 November 2024 d0i:10.20944/preprints202411.0136.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
The Cellular and Transcriptomic Early Innate
Immune Response to BCG Vaccination in Mice

Liya G. Kondratyeva 2%, Olga A. Rakitina 1, Victor V. Pleshkan 12, Alexey I. Kuzmich 1,
Irina A. Linge 3, Sofia Kondratieva ?, Eugene V. Snezhkov ?, Irina V. Alekseenko 12
and Eugene D. Sverdlov 2

! Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry of the Russian Academy of Sciences, Moscow
117997, Russia; liakondratyeva@yandex.ru

2 National Research Center “Kurchatov Institute”, 123182 Moscow, Russia

3 Central Tuberculosis Research Institute, Moscow 107564, Russia

* Correspondence: liakondratyeva@yandex.ru

Abstract: It is established that BCG vaccination results in the development of both a specificimmune
response to mycobacterial infections and a nonspecific (heterologous) immune response, designated
as trained immunity (TRIM), to other pathogens. We hypothesized that local BCG immunization
may induce early immune response of bone marrow and spleen innate immunity cells. The early
transcriptomic response of various populations of innate immune cells, including monocytes,
neutrophils, and natural killer (NK) cells, to BCG vaccination was examined. To this end, C57Bl/6]
mice were subcutaneously immunized with 10° CFU of BCG. Three days following BCG
administration, the three cell populations were collected from the control and BCG-vaccinated
groups by FACS. All cell populations obtained were utilized for the preparation and sequencing of
RNA-seq libraries. The analysis of FACS data revealed an increase in the proportion of splenic NK
cells and monocytes 3 days post-vaccination. Transcriptomic analysis revealed deregulation of
genes associated with regulation of immune response (according to Gene Ontology terms) in NK
cells, monocytes, and unsorted bone marrow. Two NK cell-specific immune ligands (Tnfsf14 and
5100a8) and two bone marrow-specific immune receptors (C5arl and Csf2rb) were identified among
differentially expressed genes. No alterations were identified in neutrophils in either the percentage
or at the transcriptomic level. Thus, in this study we demonstrated that BCG vaccination provides
the early increase in the proportion of murine bone marrow and spleen immune cell populations,
as well as the transcriptomic alterations in monocytes, NK cells, and non-sorted bone marrow. This
early innate immune response may be beneficial for enhancing TRIM.

Keywords: trained immunity; BCG; innate immunity; vaccination; transcriptome; RNA-seq

1. Introduction

Epidemiological studies have demonstrated that BCG vaccination significantly reduces infant
mortality, which cannot be solely explained by a decrease in tuberculosis incidence [1]. The capacity
of BCG vaccination to provide nonspecific (heterologous) protection against respiratory infections
was substantiated by randomized clinical trials in adults [2—4]. These and other data indicated that
innate immunity and relevant cells, such as monocytes, are involved in this protection [5,6]. The long-
lasting functional changes in monocytes are linked to transcriptional, epigenetic, and metabolic
reprogramming of innate immune myeloid cell precursors in individuals vaccinated with BCG [7]
and represent what has been termed "trained immunity" (TRIM). There is evidence that TRIM is at
least partially responsible for how BCG vaccination confers protection against viral infections [8-10].

TRIM results in enhanced responsiveness of immune cells to secondary stimuli, providing
protection against reinfection in a T/B-cell-independent manner [11]. It is orchestrated by distinct
signaling pathways, metabolic alterations, and epigenetic rewriting in both circulating myeloid cells
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and bone marrow progenitors [10]. In the case of BCG, there is also evidence that TRIM can be
developed through NK cells [12].

In the process of TRIM development, the alterations in intracellular metabolite levels determine
the activity of histone modification enzymes. In particular, significant alterations occur in glycolysis,
oxidative phosphorylation (OXPHOS), the tricarboxylic acid cycle (TCA cycle), and lipid metabolism
systems, leading to alterations in the metabolite levels and subsequent epigenetic alterations. The
induction of trained immunity is also influenced by DNA methylation in innate immune cells. It has
been demonstrated that individuals vaccinated with BCG and who have successfully developed
trained immunity exhibit a noticeable reduction in DNA methylation in promoters of the genes the
function of which is associated with immunity, when compared to non-susceptible individuals [13].
This particular epigenetic change indicates the activation of immunity-related gene expression. Thus,
metabolic and epigenetic processes involved in the development of trained immunity are closely
interrelated. BCG-induced TRIM directly impacts the adaptive immune response. For example, BCG-
trained monocytes produce pro-inflammatory mediators such as TNF, IL-1p, and IL-6, exhibit
increased expression of MHC-II and costimulatory molecules (CD80/CD86), and elevated aerobic
glycolysis levels [14,15]. Increased expression of these proteins results in altered T cell plasticity. For
example, the balance between Thl and Th2 phenotypes may be shifted towards cytotoxic Thl
response, and the balance between Treg and Th17 phenotypes — towards activation of inflammatory
reactions via Th17. At the same time, the enhanced production of IFN-y by Thl cells and IL-17 by
Th17 cells may mutually influence the function of innate immune cells. The mutual interaction
between trained and adaptive immunity is also supported by the study [16], which showed that BCG
vaccination prevents antibody-dependent enhancement of infection following vaccination against
respiratory syncytial virus (RSV) through induced trained immunity and T-cell alterations. In
contrast to the RSV vaccine alone, which promotes macrophage tolerance and suppresses their
functions upon secondary pathogen stimulation, the combination of RSV vaccination with BCG
prevents this tolerance by creating trained macrophages that can rapidly reactivate in response to
subsequent stimuli [16]. IFN-y-dependent induction of trained immunity in tissue-resident
macrophages has also been demonstrated [15] The administration of BCG as a priming booster prior
to acellular pertussis vaccine vaccination in a sample of healthy volunteers in a randomized clinical
trial [17] demonstrated that BCG-induced trained immunity enhances production of pertussis-
specific antibodies, Th1 responses to pertussis, and general memory B-cell response two weeks post-
immunization. This observation positively correlated with an increase in the production of trained
immunity biomarkers, including IL-13 and IL-6, thereby confirming the modulation of both trained
and adaptive immunity. Therefore, BCG induces lasting changes in the immune system, which are
linked to the heterologous response to infections, both at the level of innate trained immunity and in
terms of heterologous responses of the adaptive immune system [18].

However, the duration of TRIM, as well as the time required for TRIM development, remains
unclear. According to some data, TRIM can last for several months to over a year due to the presence
of long-lived trained macrophages and/or myeloid precursors in the bone marrow [19]. In the case of
listeriosis, TRIM can persist for extended periods, with studies showing protection up to 9 weeks
post-training [20]. It was also shown that BCG vaccination induces long-lasting effects on both TRIM
and heterologous Th1/Th17 immune responses, lasting up to 1 year [21]. TRIM induced by {3-glucan
one week before infection confers prolonged protection against lethal Listeria monocytogenes
infection [20]. It is noteworthy that TRIM is particularly significant in newborns and infants, whose
adaptive immunity is still developing [22]. For a deeper understanding of the mechanisms ultimately
leading to TRIM, it is also important to identify the initial molecular and cellular events that trigger
the reprogramming of innate immune cells. In this study, we aimed to evaluate the early response of
innate immunity cells to subcutaneous BCG vaccination. To this end, we have vaccinated healthy
C57Bl/6] mice with either BCG or phosphate buffer saline (as a control), and analyzed the immune
cell composition of the bone marrow and spleen, as well as the transcriptomic changes in neutrophils,
monocytes and NK cells. The findings obtained within our study can provide deeper insight into the
mechanisms underlying the development of trained immunity.
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2. Materials and Methods

2.1. Animals and Vaccination Procedure

C57Bl/6]JCit mice (female, 6-8-weeks old, hereinafter referred to as C57Bl/6]) were used
throughout the study. C57BL/6] mice were bred and maintained under conventional conditions with
water and food provided ad libitum at the Animal Facilities of the Central Tuberculosis Research
Institute (Moscow, Russia), according to the guidelines of the Russian Ministry of Health, National
Institutes of Health Office of Laboratory Animal Welfare (OLAW). The studies using mice were
reviewed and approved by the Animal Care and Use Committee of the Central Institute for
Tuberculosis, Moscow, Russia (protocol 1 from 03 March 2022). All animal manipulations were
performed according to the recommendations of the European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Scientific Purposes, Council of Europe (ETS
123).

Mycobacterium bovis/BCG culture (Medgamal, Russia) was used for vaccination of animals. Two
weeks prior to administration to experimental animals, BCG were cultivated in Middlebrook 7H9
Broth (Millipore Sigma, UK) liquid medium with Middlebrook ADC Growth Supplement (HiMedia
Laboratories Pvt. Limited, India) in an incubator at 37°C. To determine the concentration of
mycobacteria in the culture, a series of fivefold dilutions of the suspension was applied as 20 pl drops
to Petri dishes with Dubos agar (Dubos, Difco, USA). After the drops dried, the petri dishes were
covered and incubated at 37°C. After 3-4 days of incubation, cultures were microscopically examined
at x20 magnification in an inverted microscope, the smallest dilution with non-adherent BCG
microcolonies was selected, and at least 500 microcolonies were counted with a total area of counted
fields of view > 5% of the total area of the dried drop. The concentration of mycobacteria in the filtrate
was expressed as number of colony-forming units per ml (CFU/ml) and calculated using the
following formula: CFU/ml = Nx(D2/d2/n)x(1000/V)x E. In this equation, N is the number of counted
microcolonies in all fields of view, D is the diameter of the dried dilution drop in mm, d is the
diameter of the field of view in mm, n is the number of fields of view, V is the initial drop volume in
pl, and F is the dilution factor. After determination of mycobacterial concentration, BCG cultures
were resuspended in PBS at a concentration of 107 CFU/ml.

Mice were subcutaneously vaccinated with 106 CFU of Mycobacterium bovis/BCG in 100 ul of
phosphate-buffered saline (PBS), mice in the control group were subcutaneously injected with 100 pl
of PBS. Three days following BCG administration, vaccinated and control animals were sacrificed
under isoflurane anesthesia, by exsanguination and subsequent cervical dislocation, after which
spleen and bone marrow were collected for further analysis. Downstream cell isolation for each tissue
proceeded immediately.

2.2. Cell Suspension Obtainment

To obtain cell suspension from spleen and bone marrow, the organs were washed with 5 ml PBS,
homogenized with a flat pestle, then passed through a cell filter (70 um, Cell Strainer), centrifuged at
250 g and 4°C for 7 min. To remove erythrocytes, the cell pellet was resuspended in 1 ml Red Blood
Cell Lysing Buffer Hybri-Max (Sigma-Aldrich, St. Louis, MO, USA), incubated for 1 min at room
temperature, after which 14 ml PBS was added. Cells were resuspended and centrifuged at 250 g and
4°C for 7 min. The precipitate was then resuspended in 5 ml of cold PBS, centrifuged again at 300 g 4
C for 5 min. The cells were resuspended in 1 ml of cold PBS, after which the number of cells in the
resulting suspension was determined through Trypan Blue staining using an automatic cell counter
Countess II FL (Invitrogen; Thermo Fisher Scientific Inc. Waltham, Massachusetts, USA). For further
staining and FACS, 1 million bone marrow cells and 1 million spleen cells were resuspended in FACS
buffer (1% fetal bovine serum and 2 mM EDTA in PBS). Additionally, 1 million unsorted bone
marrow cells were collected.
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2.3. Antibody Staining, Flow Cytometry and Cell Sorting

In order to exclude non-specific cell staining, we first incubated the cell suspensions with
blocking anti-mouse CD16/CD32 antibodies (Mouse BD Fc Block™, Pharmingen, San Diego, CA) for
10 minutes at room temperature, and then — with conjugated antibodies against CD45 (PerCP/Cy5.5
dye, Cat.Ne 103132 Biolegend, USA), CD11b (FITC dye, Cat.Ne 101217, Biolegend), NK1.1 (PE dye,
Cat.Ne156504, Biolegend), Ly6G (APC dye, Cat.Ne127613, Biolegend), and Ly6C (APC/Cyanine? dye,
Cat. Ne 128025, Biolegend) on ice in the dark for 30 min. To exclude the dead cells, we also stained the
cell suspensions with DAPI (Bio-Rad, USA). Besides that, Fluorescence Minus One (FMO)-controls
for each used antibody were prepared for better gating during cell sorting. After the staining, cells
were washed twice with FACS buffer (4°C, 500g, 7 min) and filtered through a 40 um Cell Strainer.

Cell population analysis and FACS were performed using BD FACSAria III (BD Biosciences)
sorter, BD FACSDiva (BD Biosciences) software and FlowingSoftware (University of Turku, Finland).
The parameters of the cell sorter were first adjusted according to the sample staining and FMO-
controls. After the adjustment of the parameters, the gates containing target cell populations
(Monocytes CD45+CD11b+Ly6C+, Neutrophils: CD45+CD11b+Ly6G+, NK-cells: CD45+CD11b-
NK1.1+) were set. To estimate the statistical significance of the differences between populations from
control and BCG-vaccinated mice, the Mann-Whitney test was used. The p-values < 0.05 were
considered significant. For both Control and BCG vaccinated groups of C57Bl/6] mice, cell
suspensions from 3 bone marrow and 3 spleen samples were sorted and further processed for RNA
isolation and sequencing.

2.4. RNA Isolation and Sequencing

The workflow of preparation of samples for RNA sequencing and further data analysis is
presented in the Figure 1. The sorted 300,000 neutrophils, 50,000 monocytes, 50,000 NK cells, as well
as 1 million unsorted bone marrow cells of each mouse, were collected by centrifugation and lysed
using ExtractRNA reagent (Evrogen, Moscow, Russian Federation). The cell lysates were stored at
=70 °C until RNA extraction. RNA was extracted with RNA Clean & Concentrator™-5 (Zymo
Research, Irvine, CA, USA). DNase I treatment was performed in-column during the extraction. The
total RNA was quantified using Qubit RNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA) and Invitrogen Qubit Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The quality
of the extracted RNA was determined using TapeStation 2200 (Agilent Technologies, Santa Clara,
CA, USA) with Agilent High Sensitivity RNA ScreenTape (Agilent Technologies). rRNA depletion
was performed using NEBNext rRNA Depletion Kit v2 (Human/Mouse/Rat) with RNA Sample
Purification Beads (New England BioLabs, Ipswich, MA, USA). The NEBNext Ultra II Directional
RNA Library Prep Kit for Illumina with Sample Purification Beads (New England BioLabs) and a
NEBNext Multiplex Oligos for Illumina (Unique Dual Index UMI Adaptors RNA Set 1, New England
BioLabs) were used for the preparation of libraries.

Finally, the resulting 24 individually indexed RNA-seq libraries (3 x Bone Marrow-Control, 3 x
Bone Marrow-BCG, 3 x Neutrophils-Control, 3 x Neutrophils-BCG, 3 x Monocytes-Control, 3 x
Monocytes-BCG, 3 x NK-Control, 3 x NK-BCG) were mixed in equimolar amounts, the final mixture
was analyzed with Agilent High Sensitivity DNA ScreenTape (Agilent Technologies). The median
fragment length of the pooled fragments was 357 b.p., distributed between 200 and 700 b.p. The
sequencing was performed with an Illumina NovaSeq 6000 System (Illumina, San Diego, CA, USA,
SP-type, pair-end reads, 150 bp).
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Figure 1. RNA-Seq experiment and sequencing analysis workflow.
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2.5. RNA-seq Data Analysis

The sequencing data was uploaded to the Galaxy web platform, and analysis of the data was
conducted using the public server available at usegalaxy.org. The quality of raw reads of 24 samples
was assessed using the MultiQC tool [23]. The reads were trimmed using CutAdapt tool [24]. The
reads were further aligned to murine reference genome (GRCm38/mm10) via HISAT2 [25], counted
with featureCount tool [26] (GENCODE vM23, GRCm38.p6 was used as the reference transcriptome)
and normalized with DESeq2 [27]. Raw sequencing data and DESeq2 normalized counts have been
deposited in NCBI's Gene Expression Omnibus [28] and are accessible through GEO Series accession
number GSE261448 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE261448). The full
description of the data is also available at [29].

The pathway enrichment analysis was performed using the Metascape web platform [30] and
visualized with REVIGO [31]. Ligand-receptor analysis was performed based on the GO terms
corresponding to the differentially-expressed genes (DEGs, p-adj < 0.05; TPM > 5; FC > 1.5 or FC <
0.6).

3. Results

3.1. The Bone Marrow and Spleen Immune Cell Composition Following Subcutaneous BCG Vaccination

The available data on the time required for TRIM development suggests that TRIM is usually
induced between 7 and 14 days after the BCG vaccination [20]. We investigated the early changes in
the innate immune response of mice 3 days following vaccination, when the pathogen-induced
immune response just starts evolving into TRIM. Immunophenotyping of bone marrow and spleen
cells was performed 3 days following subcutaneous BCG vaccination. Samples of murine bone
marrow and spleen were collected 3 days following subcutaneous BCG injection or subcutaneous
PBS injection as a control. The samples were stained using a panel of antibodies that enabled the
differentiation of populations of monocytes, neutrophils, and natural killer (NK) cells, and analyzed
by flow cytometry (the gating strategy is presented in Figure 2A). Briefly, gates for populations of
alive, doublet-free and debris-free cells were initially established. Then, among them, a population
of CD45-positive leukocytes was distinguished, which was subdivided into two subpopulations: (i)
CD11b-positive myeloid cells and (ii) NK1.1-positive NK cells. The population of myeloid cells was
further divided into subpopulations of Ly6C-postitive monocytes and Ly6G-positive neutrophils. As
a result, the percentages of NK cells, monocytes, and neutrophils in the bone marrow and spleen 3
days following BCG vaccination were evaluated (Figure 2B,C).

The analysis revealed a slight increase in the percentage of splenic monocytes (p <0.05) and NK
cells (p < 0.05), Figure 2B, 3 days following BCG vaccination compared to PBS-injected mice. In
contrast, no statistically significant changes were observed in the percentages of splenic neutrophils
and bone marrow innate immune cell populations 3 days following BCG vaccination compared to
the control (Figure 2B,C).
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Figure 2. The analysis of murine bone marrow and spleen immune cell populations following BCG
vaccination. A. An example of the gating strategy for bone marrow sample: first, a debris-free and
DAPI-negative (live cells) cell population was isolated. Then, among them, a population of leukocytes
(CD45+) was distinguished, which was subdivided into two subpopulations: CD45+ CD11b+
(myeloid cells) and CD45+ NK1.1+ (NK cells) immune cells. The population of myeloid cells (CD45+
CD11b+) was further divided into subpopulations of monocytes (CD45+ CD11b+ Ly6C+) and
neutrophils (CD45+ CD11b+ Ly6G+). B and C. Changes in the proportions of innate immune cell
populations in the spleen (B) and bone marrow (C) 3 days following subcutaneous BCG vaccination.
The percentage of neutrophils, monocytes, and NK cells was calculated relative to the total number
of leukocytes in the samples. Bars representing mean among 5 mice per group +S5.D. * p <0.05 (Mann-
Whitney test).
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3.2. The Transcriptomic Response of Innate Immune Cells 3 Days Following BCG Vaccination

To gain a deeper understanding of the impact of BCG vaccination on innate immune cells, we
have obtained the samples of murine neutrophils, monocytes, and NK cells 3 days following BCG
vaccination using FACS and subjected them to RNA sequencing (Figure 1). The samples of non-
sorted bone marrow cells were also collected for each mouse and subjected to RNA sequencing.

3.2.1. RNA-seq Data Quality Assessment

In total, 1,418,200,000 double-end 150 b.p. reads were obtained. The fastq files were analyzed
with FASTQC tool [32], the resulting report indicated acceptable sequencing quality for all 24
samples. The mean number of paired-end reads per library was 57 million. The quality parameters
of the obtained RN A-seq libraries are presented in the Table 1.

The reads were subsequently aligned to the murine reference genome (GRCm38/mm10) via
HISAT?2 [25] tool. The successfully aligned reads were then counted with featureCount tool [26]
(GENCODE vM23, GRCm38.p6 was used as the reference transcriptome) and normalized with
DESeq?2 [27]. The obtained read counts were converted into Transcripts Per Million (TPM) values and
averaged over the triplicates. The percentage of successfully aligned reads for each library is
presented in the Table 1.

Table 1. Data quality parameters for each sample.

Total number of Uniquely Mapped

Sample Assigned reads, %

paired-end reads, mln Reads, %
1 NK-Control 65162 324 83.7 44.2
2 NK-BCG 48 924 684 72.4 39.1
3 NK-Control 46 873 566 84.6 42.5
4 NK-BCG 64 495 716 58.6 28.6
5 NK-Control 55 366 344 82.9 46.5
6 NK-BCG 74519 736 85.1 43.5
1 Neutrophils-Control 62 399 420 86.6 51.9
2 Neutrophils -BCG 40 533 212 85.6 50.3
3 Neutrophils-Control 33291 886 87.5 52.4
4 Neutrophils-BCG 50 416 772 85.2 51.8
5 Neutrophils-Control 62 632 742 85.9 49.9
6 Neutrophils-BCG 96 455 090 74.9 45.1
1 Monocytes-Control 60 950 058 83.2 52.5
2 Monocytes-BCG 82245 150 80.2 50.4
3 Monocytes-Control 43105930 79.2 52.2
4 Monocytes-BCG 29940 714 82.8 51.6
5 Monocytes-Control 55015 316 83.6 52.7
6 Monocytes-BCG 61 669 888 83.6 49.5
1 Bone Marrow-Control 63 168 828 40.1 21.2
2 Bone Marrow-BCG 81364 514 38.8 17.8
3 Bone Marrow-Control 67 743 872 53.5 28.5
4 Bone Marrow-BCG 65372 628 36.8 21.1
5 Bone Marrow-Control 66 961 914 35.9 24.8
6 Bone Marrow-BCG 39 376 158 42.0 18.3

To confirm the phenotype of isolated cell populations (NK cells, neutrophils, monocytes) and
quality of cell sorting, we analyzed the expression level of genes corresponding to surface markers of
the targeted populations, which were used for cell sorting. The results are presented in the
Supplementary Figure 1. The expression of genes was estimated using the transcripts per million
(TPM) method proposed by Galaxy.
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As anticipated, the sorted neutrophils and monocytes exhibited high expression levels of the
Ptprc (pan-leukocyte antigen CD45) and Itgam (myeloid cell marker CD11b) genes. The expression
level of their specific markers Ly6g (neutrophil marker Ly6G) and Ly6c1/2 (Monocyte marker Ly6C)
corresponded with the respective population, thereby confirming the phenotype of sorted cell
populations. The phenotype of sorted NK cells was also confirmed, since elevated expression of the
Ptprc and Klrb1lb/c (NK cell marker NK1.1) was observed.

In the case of non-sorted bone marrow cells, elevated Ptprc gene expression was observed. Since
the bone marrow contains heterogenous populations of hematopoietic and nonhematopoietic cells,
the observed expression level of Ptprc was relatively low compared to the sorted cell populations.
The cellular composition of bone marrow includes a variety of myeloid cells. This was corroborated
by the expression of Itgam gene. Additionally, the bone marrow transcriptomes exhibited the
expression of Ly6g, Ly6cl and Ly6c2 genes, which correspond to monocyte and neutrophil
populations. In turn, the observed Klrb1b/c gene expression was low, which can be attributed to the
migration of mature NK cells outside the bone marrow.

In order to examine the interrelations among populations, we plotted all samples in a two-
dimensional principal component analysis (PCA)-plot based on their gene expression levels (Figure
3A). PCA-analysis revealed general differences between groups of samples: PC1 divided the samples
by sub-types, with myeloid monocytes and neutrophils being clearly separated from lymphoid NK
cells. At the same time, PC2 clearly separated non-sorted bone marrow and sorted cell populations.

To identify differentially expressed genes (DEGs) between BCG-induced and control cells of
each population, we defined genes with an adjusted p-value of less than 0.05 and fold change of
higher than 2 as DEGs (Figure 3B, Supplementary Table 51). Using the DESeq2 approach [27], a total
of 63 DEGs (3 upregulated and 60 downregulated) were identified in BCG-induced unsorted murine
bone marrow cells compared to control non-vaccinated mice; 26 downregulated genes were observed
in BCG-induced monocytes (with no upregulated genes); 70 upregulated and 92 downregulated
genes were identified in BCG-induced NK cells. The gene expression profile of neutrophils did not
differ between BCG-vaccinated and control mice. Thus, NK cells, Monocytes and non-sorted bone
marrow cells exhibited transcriptomic alterations as early as three days following vaccination.
Subsequently, we sought to identify the specific genes that were involved in this response.
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Figure 3. The analysis of transcriptomic data via DESeq2. A. Principal component analysis (PCA) of
the normalized RNAseq data of innate immune cells in response to subcutaneous administration of
BCG. B. Volcano plots of DESeq?2 results based on RNA-seq analysis of BCG-induced innate immune
cells over control. Changes in transcript levels are represented by the log2fc, the log 2 fold change in
normalized read counts between the immune populations derived from BCG-vaccinated and control
mice, as obtained from DESeq2 analysis [27] (x-axis). The statistical significance of the change is
represented as —log 10 P adj (y-axis). Differentially expressed genes (DEGs) are highlighted in red
(upregulated) and blue (downregulated) with significant adjusted p-values (padj < 0.05).


https://doi.org/10.20944/preprints202411.0136.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 November 2024 d0i:10.20944/preprints202411.0136.v1

11

3.2.2. Gene Ontology (GO) and Pathway Enrichment Analyses

The identified differently expressed genes (DEGs) from Bone Marrow, Monocyte and NK cell
samples were subjected to gene ontology (GO) function and pathway enrichment analyses using
Metascape [30].

3.2.3. Transcriptomic Alterations in NK Cells

To determine early changed processes and pathways in NK cells after BCG vaccination, we
analyzed 179 DEGs (p-adjusted < 0.05, FC > 1.5 and FC <0.6). The top 25 GO terms that were enriched
in NK cells upon BCG vaccination are represented in the Figure 4A. Using Metascape, the subclass
of representative terms from gene function analysis was transformed into a network arrangement
(Supplementary Figure 2A). The complete list of enriched GO terms and corresponding enrichment
scores are presented in the Supplementary Table.

The results demonstrated a significant enrichment in GO terms associated with the regulation
of immunological response upon BCG vaccination, including the «inflammatory response», «innate
immune response», «antimicrobial peptides», «neutrophil degranulation», «myeloid leukocyte
activation», «antifungal humoral response», «response to fungus», «response to yeast», «defense
response to bacterium», «<immunoregulatory interactions between a lymphoid and a non-lymphoid
cell», «NF-kappa B signaling pathway», etc (Figure 4A, Supplementary Figure 2A). Another set of
enriched GO terms was associated with metabolic and molecular processes: «production of molecular
mediator involved in inflammatory response», «positive regulation of reactive oxygen species
metabolic process», «iron ion transport», «positive regulation of cytokine production», «positive
regulation of cysteine-type endopeptidase activity», etc (Figure 4A, Supplementary Figure 2A). The
enrichment in general cellular processes was also observed, including «cytoskeleton in muscle cells»,
«positive regulation of phosphorylation», «positive regulation of cell migration», «positive regulation
of cell motility», «positive regulation of locomotion», «modulation of process of another organism»,
«positive regulation of response to external stimulus», etc.

These results indicate the involvement of genes whose expression was altered in NK cells upon
BCG vaccination in metabolic, molecular, and cellular processes, aligning with the mechanisms
underlying the development of TRIM at later timepoints.
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Figure 4. The functional annotation of the revealed DEGs. A. The functional annotation of 162 DEGs
from splenic NK-cells from mice after BCG vaccination was conducted using Metascape web-
platform, resulting in the representation of the top 25 terms in a bar plot based on their p-value (log10
scale). B. The functional annotation of 30 DEGs from Bone Marrow Monocytes from mice after BCG
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vaccination was conducted using Metascape web-platform, resulting in the representation of overall
20 terms in a bar plot based on their p-value (log10 scale). C. The functional annotation of 184 DEGs
from bulk Bone Marrow cells from mice after BCG vaccination was conducted using Metascape web-
platform, resulting in the representation of top 25 terms in a bar plot based on their p-value (logl10
scale).

3.2.4. Transcriptomic Alterations in Monocytes

To determine early changed processes and pathways in Monocytes following BCG vaccination,
we analyzed all 30 down-regulated genes (p-adjusted < 0.05, FC < 0.6). The top GO terms that were
enriched in monocytes upon BCG vaccination are represented in the Figure 4B, and the network
analysis of the subclasses of these terms is represented in the Supplementary Figure 2B.

The analysis revealed a significant enrichment in GO terms related to various processes involved
in the regulation of immune response upon BCG vaccination, including «regulation of inflammatory
response», «positive regulation of inflammatory response», «leukocyte activation», «positive
regulation of defense response», «neutrophil degranulation»; «cellular transport and endocytosis:
lysosomal transport», «vacuolar transport», «receptor-mediated endocytosis»; «cellular sensing and
response: response to mechanical stimulus», «positive regulation of response to external stimulus»,
«cellular homeostasis and structure: tissue homeostasis», «anatomical structure homeostasis»;
«platelet activation and hemostasis: platelet activation, signaling, and aggregation», and
«hemostasis».

3.2.5. Transcriptomic Alterations in the Non-Sorted Bone Marrow

To evaluate early changed processes and pathways in bulk bone marrow cells after BCG
vaccination, we analyzed 184 DEGs (19 upregulated and 165 downregulated, p-adjusted < 0.05, FC <
0.6 and FC > 1.5). The top GO terms that were enriched in the bone marrow cells upon BCG
vaccination are represented in the Figure 4C, and the network analysis of the subclasses of these terms
is represented in the Supplementary Figure 2C.

The enriched upon vaccination GO terms can be subdivided into 4 categories. The first category,
similar to NK cells and monocytes, was associated with immune system-related processes. It can be
further subdivided into two categories, first being inflammatory response and cytokine regulation
(«inflammatory response», «cytokine production involved in immune response», «cytokine-
mediated signaling pathway», «positive regulation of cytokine production», etc.), and the second
being immune response regulation («regulation of leukocyte activation», «regulation of immune
response», «negative regulation of immune response», «regulation of T cell activation»). The second
category included GO terms associated with cell migration and chemotaxis, including «positive
regulation of cell migration», «positive regulation of leukocyte chemotaxis», «positive regulation of
chemotaxis», «regulation of leukocyte migration», etc. The third category was comprised of GO terms
united by cellular activation and differentiation processes, such as «positive regulation of cell
activation», «positive regulation of leukocyte differentiation», «regulation of myeloid cell
differentiation», «myeloid leukocyte differentiation». Finally, the last category was associated with
metabolic processes and signaling pathways: «adenosine and purine metabolic processes», «insulin
signaling pathway», «toll-like receptor signaling pathway», «glycerolipid and lipid metabolism», etc.

The analysis of the identified categories demonstrated a significant association between the
deregulated processes and the immune system. Many of these processes, such as «inflammatory
response», «cytokine regulation», «cell migration», and «cellular activation», are directly linked to
immune functions and TRIM formation. Additionally, the observed regulation of metabolic
pathways and signaling cascades indicates a coordinated early response of bone marrow to the
administration of BCG, suggesting a proactive engagement of the immune system in the defense
against external stimuli. The intricate interplay of these processes highlights the dynamic nature of
immune activation and underscores the comprehensive immune-modulatory mechanisms involved
in response to immunological triggers such as BCG.
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3.2.6. Analysis of Common Altered Processes

To gain a more comprehensive understanding of the early transcriptomic response of different
immune cells to BCG vaccination, we compared the enriched GO terms in NK cells, monocytes and
non-sorted bone marrow cells following BCG vaccination. The comparison revealed several common
processes (Figure 5A). Four common GO terms were shared between the three cell populations:
«neutrophil degranulation», «leukocyte activation», «positive regulation of response to external
stimulus», and «positive regulation of defense response». Three GO terms were shared between NK
cells and Monocytes: «positive regulation of inflammatory response», «regulation of inflammatory
response», «hemostasis». Finally, 24 terms were shared between bone marrow and NK cells. These
terms were clustered using TreeMap visualization (Figure 5B) from Revigo [31], the majority of terms
was associated with immune response, cytokine signaling, and cell migration (the complete list of
common GO terms can be found in the Supplementary Table).
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Figure 5. The analysis of common altered processes. Venn Diagram represents common processes
were found for DEGs of NK cells, Monocytes and Bone Marrow after BCG treatment. B. TreeMap
visualization of clustered common deregulated processes in NK cells, Monocytes and Bone Marrow
after BCG treatment.

3.2.7. Immune Ligand and Receptor Analysis

The Gene Ontology enrichment analysis revealed that the transcriptomic alterations were
predominantly associated with immune responses, albeit with considerable ambiguity. To identify
the specific genes responsible for these alterations, as well as to better understand the immunity-
related processes that occur upon BCG vaccination, we conducted an analysis of immune ligand and
receptor gene expression. To this end, we selected genes associated with immune response from the
DEGs for each population (NK cells, monocytes, and non-sorted bone marrow cells) and analyzed
their expression in terms of transcripts per million (TPM). The analysis revealed four genes, two of
which were specific to NK cells (Tnfsf14 and S100a8), and two of which were specific to non-sorted
bone marrow cells (C5arl and Csf2rb), as illustrated in Figure 6. No such genes were revealed for

monocytes.
Non-sorted bone marrow NK cells
70 - 180 -
60 - 160
140
s s
50 4
e & 120
§ 40 5100
[72] [2]
8 3 80
g 30 5
x x
(0] (0] 60
gzo % 40
0] o
. g o
0 0 T :
Cbhar1 Csf2rb Tnfsf14 S100a8
m Control mBCG m Control mBCG

Figure 6. Analysis of immune ligand and receptor gene expression. The expression levels were
extracted from the RNA-seq data and presented as mean TPM (transcripts per million) values with
standard deviation bars (y axis) calculated from 3 independent samples. Gene abbreviations: C5arl,
complement C5a Receptor 1; Csf2rb, cytokine receptor common subunit beta; Tnfsf14, tumor necrosis
factor superfamily member 14; S100a8, S100 calcium-binding protein A8.

4. Discussion

In this study, we evaluated the early response of innate immunity cells to subcutaneous BCG
vaccination using the analysis of immune cell population composition and transcriptomic changes in
neutrophils, monocytes and NK cells derived from murine bone marrow and spleen. To this end, we
have immunized C57BI/6] mice with 106 CFU of BCG or phosphate-buffered saline as a control. Three
days following BCG administration, the three cell populations were collected from the control and
BCG-vaccinated groups by FACS.

Bone Marrow and Spleen Immune Cell Composition

First, we observed a slight increase in the percentage of splenic monocytes 3 days following
subcutaneous BCG vaccination, Figure 2B.
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The adult spleen contains a reservoir of monocytes that can be rapidly recruited in response to
injury or inflammation [33,34]. It has been demonstrated that during inflammation, splenic Ly6C-
high and Ly6C-low monocytes are mobilized into the circulation via Angiotensin-II/AGTR1A-
signaling [35]. According to available data, the vaccination triggers changes in splenic neutrophils,
with immature neutrophils appearing 2 to 3 days post-vaccination, followed by mature neutrophils
on day 3, which are then released from the spleen 24 hours after the challenge [36]. A mouse model
of sepsis and persistent inflammation, immunosuppression, and catabolism syndrome (PICS) also
showed an increase in total neutrophil counts in the spleen by day 8 [37].

The observed in our experiments increase in splenic monocytes may represent the part of the
emergency granulopoiesis induced by BCG vaccination, providing rapid protection against
infections [36].

Second, we observed a slight increase in the percentage of splenic NK cells 3 days following
subcutaneous vaccination (Figure 2B). Spleen, an important secondary lymphoid organ, contains
significant number of NK cells [38,39]. In a study by Dokun et al. [40], the kinetics of the percentage
of splenic NK-cells during viral infection in mice was investigated. The authors demonstrated an
indiscriminate decrease in the total number of NK cells by day 2 following the infection, with a
subsequent increase by day 6. This initial decrease could have been attributed to either cellular
migration or cell death.

It is established that BCG vaccination induces rapid and robust NK cell responses in infants.
Within 24 to 30 hours of stimulation with extracellular BCG, NK cells demonstrate the peak IFN-y
production [41]. The vaccination of newborns with BCG results in significantly higher percentages of
IFN-y-expressing NK cells compared to unvaccinated infants at 5 and 9 weeks of age [15,42]. These
BCG-reactive NK cell responses correlate with increased levels of secreted cytokines, including IL-2,
IFN-y, IL-6, IL-13, and TNF [42]. However, the response varies depending on the site and route of
vaccine administration. While peritoneal NK cell activity is markedly enhanced by intraperitoneal
BCG injection in mice, splenic NK cell activity is suppressed for a period of 5-14 days post-injection
[43].

Our results align with these findings, highlighting a pivotal role of NK cells in the early immune
response to BCG vaccination. This suggests that NK cells may contribute to protection against
tuberculosis and other infections by enhancing innate immune functions.

Finally, we did not detect immediate changes in the percentages of bone marrow innate immune
cell populations, as well as splenic neutrophils, 3 days following BCG vaccination.

Other research has indicated that systemic BCG vaccination induces a myeloid differentiation
bias at the level of hematopoietic stem cells within the bone marrow, resulting in an increased release
of monocytes with enhanced cytokine secretion and pathogen-killing abilities [7]. This
reprogramming at the progenitor cell level in the bone marrow can result in the emergence of trained
monocytes, which can be identified in the circulation of BCG-vaccinated individuals for at least three
months post-vaccination [44]. Furthermore, macrophages derived from the bone marrow of BCG-
vaccinated mice exhibit increased bacterial killing capacity for an extended period post-vaccination
[45]. This enhanced bacterial killing capacity has been associated with distinct gene expression
signatures in macrophages derived from vaccinated mice compared to those from unvaccinated mice
[46].

In conclusion, while the immediate impact on bone marrow monocyte levels may not be evident
shortly after BCG vaccination, the reprogramming of hematopoietic stem cells and progenitor cells
in the bone marrow leads to significant changes at the transcriptomic level, affecting the functional
capabilities of monocytes in the long term.

The Early Transcriptomic Response of Innate Immune Cells to BCG Vaccination

To gain a deeper understanding of the impact of BCG vaccination on innate immune cells, we
have obtained the samples of murine neutrophils, monocytes, and NK cells 3 days following BCG
vaccination using FACS and subjected them to RNA sequencing. The samples of non-sorted bone
marrow were also collected and subjected to RNA-sequencing.
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Firstly, we have identified the differently expressed genes (DEGs) between BCG-vaccinated and
control mice and subjected these genes to gene ontology (GO) function and pathway enrichment
analyses. The gene expression profile of neutrophils did not differ between BCG-vaccinated and
control mice. At the same time, we have identified 179 DEGs in NK cells, 30 DEGs in monocytes, and
184 DEGs in non-sorted bone marrow cells. The GO terms enriched in NK cells upon BCG vaccination
were associated with the regulation of immunological response, metabolic and molecular processes,
and general cellular processes (Figure 4A). In the case of monocytes, most of the GO terms enriched
upon BCG vaccination were associated with the regulation of immune response (Figure 4B). Finally,
the unsorted bone marrow cells following BCG vaccination were enriched in GO terms associated
with immune system processes (inflammatory response and cytokine regulation, immune response
regulation), cell migration and chemotaxis, cellular activation and differentiation metabolic processes
and signaling pathways (Figure 4C).

The analysis of the identified categories demonstrated a significant association between the
deregulated processes and the immune system. The observed regulation of metabolic pathways and
signaling cascades in bone marrow indicates a coordinated early response to the administration of
BCG, suggesting a proactive engagement of the immune system in the defense against external
stimuli. The intricate interplay of these processes highlights the dynamic nature of immune activation
and underscores the comprehensive immune-modulatory mechanisms involved in response to
immunological triggers such as BCG.

Secondly, we conducted an analysis of the expression of immune ligand and receptor genes to
identify the specific genes that may be responsible for the corresponding transcriptomic alterations.
The analysis identified the most significantly altered genes for further examination. Four genes were
revealed: two specific to NK cells (Tnfsf14 and S100a8) and two specific to non-sorted bone marrow
cells (C5arl and Csf2rb), as shown in Figure 6.

Tnfsf14, also designated as LIGHT, exhibits a paradoxical function with respect to inflammatory
processes and immune responses. Several studies demonstrate that LIGHT enhances inflammatory
processes [47-50]. Increased LIGHT expression has been shown to promote the development of colitis
[48], skin inflammation [49], and lung inflammation [50]. Furthermore, LIGHT is predominantly
expressed on activated T cells and activated NK cells [51]. Conversely, other studies indicate that
LIGHT plays a protective role in the prevention of colitis [52,53].

Accordingly, the observed decline in LIGHT expression three days following BCG vaccination
may be attributed to either the attenuation of the initial inflammatory response triggered by
vaccination or the promotion of subsequent inflammation. Based on the transcriptomic analysis
results, it appears more likely that the former scenario applies in this case. Regarding NK cell-specific
LIGHT production, the available data are limited. For instance, the activation of LIGHT production
by NK cells has been observed in tumor-sensing NK cells, leading to the priming of novel antitumor
responses through the interaction of NK-derived LIGHT with its receptor, HVEM (Tnfrsf14), on the
surface of dendritic cells [51]. This interaction accounts for the majority of the immune-stimulating
properties of LIGHT. The HVEM receptor is expressed on the surface of both NK and T cells, and it
serves as an important T cell costimulatory agent, leading to activation, proliferation, and survival.
Another major LIGHT receptor, LTBR, has been demonstrated to play a pivotal role in the
development of T-cell-mediated immunity against infection [54].

5100a8 is a gene that encodes a subunit of the SI00A8/A9 proinflammatory protein. During the
inflammatory process, SI00A8/A9 is released actively and exerts a critical role in modulating the
inflammatory response by stimulating leukocyte recruitment and inducing cytokine secretion [55].
The dysregulation of SI00A8/A9 expression has been associated with severe inflammatory reactions,
such as those observed in critical cases of Coronavirus Disease 2019 (COVID-19), especially during
the initial stages of infection [56]. Transcriptomic analysis has revealed a notable decline in 5100a8
expression in NK cells three days following vaccination, suggesting that the initial inflammatory
response may be suppressed by the third day.

Given the observed suppression of inflammation in NK cells three days following subcutaneous
BCG vaccination, and the effect of LIGHT on T cells, it can be postulated that the suppression of
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Tnfsf14 and S100a8 in NK cells may serve as a connection between innate and adaptive immunity
during the development of the early immune response following BCG vaccination. However, this
hypothesis requires further investigation.

Cbarl is one of the receptors of the complement anaphylatoxin C5a. This complement
contributes to host defense against infection [57]. Activation of C5ar1 has been observed to stimulate
various processes, including chemotaxis, granule enzyme release, intracellular calcium release, and
superoxide anion production. In particular, the interaction of Cb5a initiates the accumulation of
complement and phagocytic cells at sites of infection, as well as recruitment of antigen-presenting
cells to lymph nodes [58]. As evidenced by human single-cell RNA-seq data [59,60], C5ar1 expression
within the bone marrow is predominantly observed in macrophages.

Considering that the site of infection was in the right flank of the mice, it is unsurprising that
there was a reduction in C5ar] expression in the bone marrow on day 3 after BCG vaccination. This
may be attributed to two possible mechanisms: first, macrophages expressing this receptor may
migrate to the site of inflammation; second, the expression of the receptor in macrophages may be
suppressed to prevent overactivation of the immune system.

Csf2rb encodes a common beta chain of type I cytokine receptors, which include receptors for
GM-CSF, IL3 and IL5 [61]. These hematopoietic cytokines play an important role in inflammation.
However, their precise functions are extremely diverse [62], and thus no single conclusion can be
drawn regarding their role in the development of trained immunity. As with the previously described
proteins, the suppression of this gene's expression may be related to the suppression of the early
immune response at day 3 post-BCG vaccination.

Thus, we confirmed that the local BCG immunization elicits early immune response of bone
marrow and spleen innate immunity cells. The insights obtained within our study can provide
valuable information on the mechanisms underlying trained immunity.

5. Conclusions

In this study, we assessed the early response of mice to subcutaneous BCG vaccination by
examining immune cell populations in the bone marrow and spleen, as well as the transcriptomic
alterations occurring in neutrophils, monocytes, NK cells, and non-sorted bone marrow cells. An
increase in the proportion of splenic NK cells and monocytes was observed following vaccination. In
contrast, no alterations were identified in neutrophils, both in terms of cell percentage and at the
transcriptomic level, following BCG vaccination. Transcriptomic analysis revealed the enrichment in
Gene Ontology terms related to regulation of immune response in NK cells, monocytes, and unsorted
bone marrow cells following BCG vaccination. Two NK cell-specific immune ligands (Tnfsf14 and
S5100a8) and two bone marrow-specific immune receptors (CSarl and Csf2rb) were identified.
However, further research is required to elucidate the roles of identified genes and gain a deeper
understanding of the trained immunity phenomenon.
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