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Areas of interest
◦ Meditation

◦ Gene expression
◦ Bioinformatics

◦ Immunology
◦ Signalling pathways
◦ Covid-19
◦ Multiple Sclerosis

INTRODUCTION

Benefits of yoga and meditation
◦ Reducing stress

◦ Anxiety
◦ Fatigue
◦ Depression
◦ Chronic pain
◦ Inflammatory bowel disease

◦ Cardiovascular disease

Previous studies
◦ Epigenetics, gene expression, biomolecules and neurotrophins in response to yoga, Tai-chi, Qigong, QMT, pranayama,
mindfulness and MBSR (Venditti et al., 2020)
◦ Mindfulness, relaxation response, other MBI with with physical component; 81% of the studies found a reduction in the
inflammation related genes and/or transcription factors (Buric et al., 2017)
◦ Differential expression relating to immune function and energy efficiency were most apparent in transcendental
meditation group all 49 genes associated with inflammation were downregulated, while genes associated with antiviral
and antibody components of the defense response were upregulated (Wenuganen et al., 2021)
◦ Meditation group showed 61 differentially methylated sites (DMS) in genes mostly associated with immune cell
metabolism and ageing and in binding sites for several transcription factors involved in immune response and
inflammation, among other functions in comparison to people engaging in leisure activities (Chaix et al., 2020)

Limitations of the previous studies
1.

Cross-sectional studies (evaluating only one time point)

2.

Done on highly experienced meditators

3.

Small sample sized

4.

Tested on handpicked nonspecific biomarkers

5.

Confounded with different lifestyle and diet

Need for the study
1.

Unbiased gene expression analyses

2.

Different time points

3.

Large sample size

4.

Controlling factors like diet and lifestyle

5.

To show that meditative practices reflect significant differences in the intrinsic transcriptional
networks rather than altered expression of a few genes

METHODOLOGY

Ethics and CTRI
▪ This study was reviewed and approved by the Institutional Review Board (IRB) of the Indiana

University School of Medicine (IRB #1801728792). The genome-wide transcriptome analyses
part of the study was also reviewed and approved by the IRB of the University of Florida (IRB
#201802368)

▪ This study was registered at clinicaltrials.gov (NCT04366544) and complied with the Consolidated
Standards of Reporting Trials

Inclusion

Exclusion

▪ at least 18 y of age

▪ inability to read or comprehend the consent form

▪ at least 1 y of meditation experience

▪ subjects with medical conditions in which a blood
draw would be contraindicated (e.g., severe
anemia)

▪ active use of marijuana, opioids, or related drugs
▪ use

of

antibiotics

or

probiotic/prebiotic

supplements within 60 d of enrollment
▪ participants living outside the country

Recruitment
▪ Invitation letters with study information, including a link to the online survey, were sent

electronically to all registrants 2 to 3 mo prior to the program
▪ A study information sheet at the beginning of the online survey.
▪ 1) survey-only participation (no blood sampling)
▪ 2) survey and blood sampling (requiring two blood samples prior to the Samyama program and
two blood samples upon completion of the program)
▪ 3) no participation.

Preparatory training
▪ Sixty days before the program

▪ Dietary restrictions including vegan diet and elimination of substances such as garlic, onion, chili,
eggplant, asafoetida, coffee, tea, alcohol, cigarettes, and other stimulants
▪ Intake of minimum 50% natural foods; and focus on “living” and uncooked foods

▪ A daily yoga and meditation practice of 1 to 2 h per day before the retreat.

Yoga (1 – 2 hours per day)
▪ Hata yoga (Surya Kriya and Yogasanas; asanas, or postures, meant to knead and strengthen the body),

▪ Kriyas (Shakti Chalana Kriya and Shambhavi Mahamudra; combinations of posture, breath, and sound that are
meant to purify and enhance the flow of one’s energies while simultaneously increasing general stability)
▪ Shoonya (conscious nondoing meant to bring stillness and stimulate the release of physical, mental, and
emotional blocks)
▪ Pranayama (Sukha Kriya; regulation of breath, meant to facilitate overall stability, balance, and steady

attention)
▪ Ardha Siddhasana (an asana in which one sits cross legged with the heel of the left foot placed at the
foundational junction of one’s energy channels, meant to help participants sit in stillness with spine erect for
longer durations).

Samyama meditation
◦ “Mind and body are unified in focus on the present moment”

◦ Seated meditation
◦ Attention on the breath with eyes fully or partially open
◦ Passively observing thoughts in addition to watching the breath

◦ April 2018
◦ Isha Institute of Inner Sciences (McMinnville, TN)

◦ More than 10 hours of meditation per day
◦ Participants completed 8 days in complete silence
◦ Strict vegan diet
◦ Regular sleep wake cycle
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Blood Sampling
◦ ∼10 mL peripheral blood taken at four time points

◦ T1 and T4 were collected at home by an in-home phlebotomist or at an Isha Center group
meditation by study personnel. The remaining samples were collected at the Isha Institute of Inner
Sciences before/after the meditation retreat.
◦ Individuals who did not submit baseline blood samples were allowed to participate at T2 and T3
(but not T4).
◦ Peripheral blood was collected in PAXgene tubes and frozen before RNA extraction. Samples were
stored frozen at -80 °C until analysis was performed.

Gene expression

Gene expression = Transcription + translation

wikipedia

PAXgene blood RNA
tubes incubated
overnight at room
temperature

Samples randomized

RNA extraction and
purification
estimation
Reverse transcription
&
DNA sequencing
Mapped to human
transcriptome and
quantified using STAR
aligner

To determine where on the human
genome our reads originated from, we will
align our reads to the reference genome
using STAR (Spliced Transcripts Alignment
to a Reference).

Teaching material from hbc training

biocorecrg.github.io

◦ Cellular deconvolution
◦ Cell type proportion estimates
◦ Differential expression analysis

◦ 4 time points – pairwise comparison of all 6 permutations and combinations

Miao and Zhang 2016

◦ batch and cell type composition corrected data

(B) Heatmaps are depicting the expression of the top ten genes (rows) across samples (columns) for six different time point
comparisons (red corresponds to gene up-regulation and blue to down-regulation). Mean gene expression levels are shown as
a bar plot. (Top and Bottom) The top 10 genes up-regulated at T3 (after meditation) and T4 (3 mo after meditation) are shown.

1649 differentially expressed genes

44% (719) genes altered at T3
30% (496) genes altered at T4
In comparison to T1 and T2

116 genes altered only in T3
Top 10 DE genes (IFIT1, HERC5, MX1, XAF1, IFIT3, IFI6, IFI44L,
RSAD2, ISG15, IFITM3) in T3 alone were directly related to
immune response including antiviral defense function influence of
meditation intervention on the genetic make-up of blood cells with
the early wave–associated immune-related changes

(C) Boxplot represents the variability in the
expression levels of the top two genes upregulated at T3 (Top) and T4 (Bottom).

58 genes altered only in T4
Several up-regulated genes involved in catalytic activity (CAD, FADS1, FAXDC2, MAP2K3, PGLYRP1, and
UCK1), localized to the mitochondrial membrane (CISD2, NDUFAF1, and MRPS18A), and involved in
translation elongation factor activity (ELOF1 and ELOB)

Cold Spring Harbor Laboratory

Guglielmi, 2018
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Weighted gene coexpression network analysis
(WGCNA)
◦ A bioinformatics application for exploring the relationships between different gene

sets (modules), or between gene sets and clinical features (Langfelder and Horvath,
2008)
◦ For understanding the modular network structure of the transcriptome, to organize the

meditation-related transcriptional changes in an unbiased manner. WGCNA permits the
identification of modules of highly coexpressed genes whose grouping reflects shared
biological functions and key functional pathways and key hub genes within the modules
and has been widely applied to understanding disease-related transcriptomes

(D) Hierarchical clustering of WGCNA module eigengenes. (E) Module-trait associations. Each row corresponds to
a module eigengene and column to a trait. Each cell contains the corresponding correlation and P value. Red
and blue color denote positive and negative correlation with gene expression, respectively.

Gene ontology enrichment analysis

➢ Immune function
➢ Protein targeting
➢ Localization

➢ oxidative stress
➢ Cell cycle regulation

(F and G) A scatter plot of gene significance (GS) for T3 versus the module membership (MM) in the turquoise
(Top) and brown (Bottom) module. Intramodular analysis of the genes found in these two modules contains
genes that have a high correlation with meditation, with P < 1.3e65 and correlation >0.8. Heatmaps are
depicting the expression of top 25 hub genes (rows) across samples (columns) for four time points (red
corresponds to gene up-regulation and blue to down-regulation) in the turquoise (Top) and brown (Bottom)
module. Mean gene expression levels are shown as a bar plot. Hub genes have a high GS and MM value with T3

Diet, sleep and gene expression
◦ 25 vegetarian diet–specific genes were compared with T2 and T3 samples – no significant changes
found
◦ Survey results : A vegan diet was reported in 90.3% (176/195) of participants at T2
◦ Changes in T3 were not due to the vegan diet since T1 or T2 versus T3 changes were not observed in the
T1 versus T2 comparison.

◦ The expression levels of all the genes involved in the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway circadian rhythm (hsa04710) before and after meditation were examined and found to be non
significant

A transcription factor (TF) (or sequence-specific DNA-binding factor) is a protein that
controls the rate of transcription of genetic information from DNA to messenger RNA, by
binding to a specific DNA sequence.

Leiz et al., 2021

◦ NetBID (Network-based Bayesian Inference of
Drivers) analysis

◦ SJARACN (Scalable solution of ARACNe algorithm–
Algorithm for the Reconstruction of Accurate
Cellular Networks) algorithm
◦ 90 drivers with significant differential activity
(DA) compared with T3 versus other time points
(A) Volcano plot displaying top drivers [TFs or signaling factors (SIG)]
with significant DA in T3 when compared with other time points. The
red dots represent the up-regulated drivers; the green dots represent
the down-regulated drivers after meditation

Gene Set Enrichment Analysis

Positively regulated target genes of the upregulated DA drivers tended to have higher foldchange expression values in T3 compared with

other time points.

(B) GSEA plot shows the significance of top DA drivers with their expression and
regulation of their target genes. Positively regulated target genes (orange) of
the up-regulated DA drivers (red) tend to have higher foldchange expression
values in T3 than other time points. The opposite pattern is observed for the
targets regulated by the down-regulated DA drivers (blue). The number of
target genes for each driver (Left) and DA and DE values (Right) are shown

(F) Biological function enrichment of the target genes of top 15 DA drivers against curated hallmark gene sets from MSigDB. (G) Subnetwork
of the reverse engineered meditation-specific regulatory network showing up-regulated DA drivers directly associated with IFN-alpha and
gamma response. Nodes correspond to genes and edges to mutual information (MI). Edge size corresponds to MI value. Larger nodes
correspond to differential expression (Z-score). Node color represents up-regulation (red) or down-regulation (blue). Bar plot depicting the
gene expression levels at different time points (Left to Right; T1 to T4), showing consistent elevation at T3 for all drivers.

Interferon alpha and gamma response and other direct immune-related categories

Interferon
◦ Interferons were first described as an antiviral factor that interferes with viral replication in
mammalian cells

◦ They are secreted from infected cells and activate innate immune response that promotes not only
cytokine production but also natural killer cell functions and antigen presentation
◦ They are important modulators of the immune response.
◦ Antiviral and antiproliferative effect of IFNs (a And β) is confirmed on the different cells, viruses and
tumors in vivo and in vitro

Chin et al., 2017

Kopitar-Jerala 2017, Mahmutovic 2004

Sequence-based TF-binding site (TFBS) enrichment analysis for both turquoise and
brown coexpression modules

TFBS enrichment and convergent pathway analyses. (A) Dot plot showing 51 enriched TFs for the brown (Top) and turquoise (Bottom) module.
The dot's size corresponds to the raw enrichment score obtained from the Clover algorithm, and the color of the dot corresponds to
enrichment significance. Highlighted names of the over-represented TFs denote their presence in the brown (green) or turquoise (red) module

16 TFs (31%) that were strongly associated with IFN signaling, which included signal transducer and
activator of transcription 1 and 2 (STAT1, STAT2) and several IFN genes: IRF1, 2, 3, 7, 8, and 9 (Fig. 3A
and Dataset S7). Notably, three of these over-represented TFs (STAT1, STAT2, and IRF7) are present in
the turquoise module
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(C) PPI network represented by the genes from both turquoise and
brown modules along with overrepresented TFs and all drivers with
significant DA. Significantly enriched functional pathways (corrected
P value < 0.05 from Fisher's exact test) in the PPI network are shown.
Nodes correspond to genes and edges to PPI. Larger nodes
correspond to differential expression (Z-score). Node color represents
up-regulation (red) or down-regulation (blue). Nodes with
highlighted border (green) correspond to enriched or driver TFs.

◦ By integrating these three different network
analyses (co-expression, regulatory and PPI), three
critical TFs—STAT1, STAT2, and TRIM22 (tripartite
motif–containing 22)— were found to be DE after

meditation

◦ All three TFs are known to be IFN-induced and play
a role in restricting infection from diverse viruses by
(D) Quantitative PCR validation of three critical upregulated TFs after meditation. Boxplot
representation of the expression levels of three
critical TFs from 10 random individuals for each
time point. Expression levels of HPRT1 are shown
as endogenous control. Paired t test was performed
to calculate the statistical significance (**P ≤ 0.01,
***P ≤ 0.001).

activating immune function

COMPARISON OF TRANSCRIPTIONAL
PROFILES OBTAINED FROM COVID-19
AND MULTIPLE SCLEROSIS SAMPLES

(A) Heatmaps are depicting the expression of the 24 IFN response driver genes (rows) across meditation samples (columns) for two different
time point comparisons, T2 (before meditation) versus T1 (baseline) and T3 (after meditation) versus T2

◦ First, the expression levels of well-established viral infection marker genes (PTX3, CXCL10,
CD46) were examined in both datasets

◦ The expression levels of 24 meditation-associated DA drivers which are hallmark IFN-alpha
and gamma response genes were examined. The comparison of T3 (after meditation) versus
T2 (before meditation) revealed significant up-regulation of these drivers when compared
with T2 versus T1 (baseline)

(B) Heatmaps comparing the expression of the 24 IFN driver genes in COVID-19 samples for two different comparisons: non-ICU COVID-19 patients versus
non-ICU non-COVID-19 patients (Left, mild patients) and ICU COVID-19 patients versus nonICU COVID-19 patients (Right, severe patients).

▪ The comparison of COVID19 patients [non-intensive care unit (ICU)] versus nonCOVID-19 patients

(non-ICU) showed up-regulation of these drivers
▪ The comparison of severe COVID-19 patients (ICU) versus mild COVID-19 patients (non-ICU) revealed
down-regulation of these drivers
▪ This suggests impairment of these 24 critical drivers regulating IFN signaling in severe COVID-19
patients, which are elevated after meditation

(C) Subnetwork of the reverse-engineered meditation-specific and COVID-19–specific regulatory network showing targets of the 24 IFN
drivers directly associated with IFN-alpha and gamma response, displaying dramatic down-regulation in severe COVID-19 patients. Nodes
correspond to genes and edges to MI. Larger nodes correspond to differential expression (Z-score). Node color represents up-regulation (red)
or down-regulation (blue).

97% of these genes were up-regulated after meditation, 76% of these genes
were up-regulated in mild COVID-19 patients, and strikingly, only 31% of IFN
response genes were up-regulated in severe COVID-19 patients (for whom the
majority of the genes were down-regulated)

(D) Heatmaps comparing the expression of the 23 inflammatory response genes in COVID-19 samples for two different comparisons as described in B, displaying
significant up-regulation in severe COVID-19 patients. (

▪ Eight up-regulated DA drivers (ARG1, CD55, HMGB2, IL18R1, IL1R1, IL1R2,
IRAK3, LTF) associated with cytokine and inflammation signaling in COVID-19
regulatory network were also found.
▪ Significant up-regulation of these inflammation related genes in severe
COVID-19 patients compared with mild COVID-19 patients

(E) Heatmaps comparing the expression of the 24 meditation-specific IFN driver genes in multiple sclerosis samples for two different comparisons: MS patients
versus controls (Left) and MS patients after IFN treatment versus MS untreated patients (Right). For all heatmaps, the red color corresponds to gene upregulation and blue to down-regulation. Mean gene expression levels are shown as a bar plot on top of each heatmap. All the heatmaps are supplemented with
density plots showing the distribution of log2 fold change, and the significance of the variability in the expression levels between the two groups are calculated
by a two-sample t-test

The up-regulated meditation-associated IFN response driver genes were significantly downregulated in MS versus control comparison
Strikingly, the comparison of MS IFN-treated versus MS untreated patients revealed dramatic
up-regulation of these drivers compared with MS untreated versus controls

DISCUSSION

◦ No comprehensive study had previously been conducted to evaluate how meditation impacts biological

processes that are directly involved in disease pathogenesis.
◦ Advanced-level 8-d meditation practice and applied a comprehensive systems genomics approach,
including gene expression profiling combined with multilevel bioinformatic analyses and validation
of network predictions.
◦ Several immune-related and other fundamental cellular pathways were found to be altered after
the meditation retreat
◦ An immunomodulatory function of meditation via the activation of IFN pathways and observed higher
neutrophil relative proportions after meditation, which accompanied the elevated IFN pathway activity.

◦ Gene coexpression network analysis identified up-regulated and down-regulated modules with a
significant correlation with meditation

◦ The up-regulated RNA coexpression network included many previously identified genes known to
regulate the immune system and related pathways, which included IFN signaling

◦ Meditation differentially expresses several genes related to oxidative stress in agreement with a
previous study
◦ The down-regulated module also included genes regulating the cell cycle, suggesting that meditation
may exert effects on cell cycle regulation through transcriptional regulation, in agreement with
previous studies

◦ Long-term effects due to meditation were also observed; 58 genes were DE only in T4 (3 mo after
meditation), consisting of several up-regulated genes involved in catalytic activity, localized to the
mitochondrial membrane, and involved in translation elongation factor.
◦ These results indicate meditation may exert long-term changes in the transcriptional profiles related to
the most fundamental cellular pathways.

◦ However, most of the immune-related up-regulated genes at T3 were reversed at T4, suggesting acute
but not chronic immune activation due to meditation.
◦ By integrating PPIs with the identified networks, a core meditation-specific network highly enriched in

critical pathways was characterised. From this core network analysis, three TFs—STAT1, STAT2, and
TRIM22 were found, which are DE after meditation—regulate several genes enriched for gene sets
related to IFN signaling.

◦ The meditative practice enhanced immune function without activating inflammatory signals. This
suggests that meditation, as a behavioral intervention, may be an effective component in treating
diseases characterized by increased inflammatory responsiveness with a weakened immune system.
◦ These results demonstrate the benefits of early intervention and that activation of the IFN response
can prevent susceptible healthy people from acquiring COVID-19.

◦ Meditation-associated up-regulated IFN-related drivers and their targets were significantly downregulated in severe COVID-19 patients.
◦ Cytokine and inflammation signaling genes, for which we observed significant up-regulation in severe

COVID-19 patients compared with mild patients and no significant changes after meditation.

◦ In MS patients, IFN treatment was the first disease-modifying therapy available, reducing relapse rates
and disease progression

◦ Critical meditation-specific drivers regulating IFN signaling were also elevated in MS patients after
IFN disease-modifying treatment (but not in untreated MS patients)
◦ Taken together, it can be speculated that early and short-term nonpharmacological intervention by
meditation may voluntarily provoke and enhance the immune response before immunotherapy for
many conditions, including MS and COVID-19 vaccination.

Limitations
◦ Non randomized retreat participants, as all interventions (2 mo of prerequisite practices, vegan

diet, and 8 d of Samyama meditation program) are required aspects of the retreat program.

Study highlights
▪ Four time points

▪ Unbiased gene expression analyses
▪ Integration of various networks through bioinformatics
▪ Intensive 8-d Samyama meditation (an advanced Inner Engineering program attended by
∼20,000 participants to date)
▪ A residential meditation retreat including a vegan diet at the Isha Institute of Inner
Sciences (McMinnville, TN)
▪ Analyzed the transcriptomic changes from 388 samples obtained from 106 individuals

Critique
◦ First unbiased large scale genomic study
◦ Large sample size
◦ 4 different time points for analyses

◦ Clear cut methodology
◦ Intervention clearly defined

◦ Several Bioinformatics tools used

Critique
◦ Poorly defined inclusion exclusion criteria
◦ Preparatory practices like asanas and kriyas ? Role in the study ? Supervised or
Unsupervised?

◦ Reversal of changes in T4 not discussed in detail
◦ Inaccurate mention of yoga and meditation as separate entities
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