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influences whole-body immune parameters (assessed via mass cytometry). 
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What is the problem? 
 

How does the brain influence the immune system? Can we harness this connection to treat disease? A 
swath of studies have demonstrated that stress or fatigue can exacerbate sickness or promote disease 
development1. Reciprocally, the placebo effect and the health benefits of meditation are real2,3. These 
phenomena illustrate bi-directional control of the immune system by the brain. However, exactly how 
discrete parts of the brain modulate immunity remains largely unknown.  
 
This knowledge gap is largely due to lack of targeted studies on neural circuits controlling immunity, low 
precision or limited scope in immune measurements, and poor communication between neuroscientists, 
psychiatrists, immunologists, and clinicians, who use highly specialized language in their respective 
fields. Here, we aim to overcome these obstacles through a multidisciplinary effort using state-of-the-
art techniques (deep brain stimulation, mass cytometry, and optogenetics). Deep brain stimulation 
(DBS) is a powerful strategy to treat a variety of CNS diseases using brief and sustained stimulation 
protocols targeting specific brain regions deemed defective in each disorder. DBS allows for stimulation 
controlled with high temporal precision and within subject comparisons (pre- and post-DBS), making it 
ideal. 
 
Mass cytometry is a combination of inductively coupled plasma mass spectrometry and time-of-flight 
spectrometry (a.k.a.“CyTOF”). The power of this technique is in how it measures antibody binding of a 
target epitope: through isotope-conjugation. Unlike fluorophore-conjugated antibodies, which show a 
wide distribution of excitation and emission spectra, isotope-conjugated antibodies each have their own 
unique time-of-flight ‘signature’, with little or no overlap. This allows many more analytes (>40) to be 
examined at the single cell level in comparison to older techniques like flow cytometry (~10 max). The 
antibody panel we plan to use in the proposed studies includes those against 14 intracellular proteins 
and 25 surface markers, providing a true ‘birds eye view’ of the immune system before and after DBS 
(Fig. 1). Building on these findings, our team will move onto mouse models, using optogenetics to ‘back-
translate’ and dissect the circuit mechanisms underlying brain control of immunity. 

 
Specific Aims (SA) 
 
SA1: To evaluate the effects of DBS on 
human innate and adaptive immunity. 
 
This aim will generate a large dataset 
directly assessing how precise 
stimulation of different brain areas 
influences the phenotype of all major 
blood immune cell populations. These 
include all granulocytes (neutrophils, 

eosinophils, basophils) and agranulocytes from the myeloid and lymphoid lineages (monocytes, 
dendritic cells, T cells, B cells, and natural killer (NK) cells). Because of the power of mass cytometry, 
we are able to examine >40 protein markers at the single cell level simultaneously. This lets us not only 
see alterations in cell population dynamics, but also complex changes in intra-cellular signaling 
cascades at baseline and in response to cytokine stimulation (e.g., STAT1, NFkB, ERK1/2, MAPK, 
among others…). We predict that DBS will influence immunity depending on probe location, with specific 
interest in the effects of subthalamic nuclei stimulations, which activate the sympathetic nervous system 
to putatively influence immunity4. In this pilot experiment we will enroll ~10 patients from a cohort of 
Parkinson’s patients with DBS electrodes in the subthalamic nucleus and a cohort of epilepsy patients 
with implants in different cortical areas. 
 
SA2: To repeat and refine our human results using mouse models, allowing for cell-type specific neural 
manipulations.  

Figure 1: Experimental workflow for human DBS and CyTOF. (1) DBS stim (2) blood draw. (3) After 

CyTOF cells are gated and (4) dimensionality is reduced. (5) Cell types identified (T-cell example), 

and (6) further classified, and (7) expression of intracellular signaling pathways are examined. 
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To complement SA1, we plan repeat the findings from our human DBS studies using optogenetic 
techniques in mouse models. DBS has a number of advantages compared to pharmacological or other 
surgical techniques, namely tight temporal control and region-specific targeting of the stimulation probe. 
However, this restricts the conclusions that can be drawn because most brain areas are comprised of 
a heterogenous mix of cells that perform different or opposing computations. Using mice, we can 
overcome this problem using cre-lox recombination in tandem with adeno-associated viral vectors. By 
delivering cre-dependent optogenetic transgenes to specific brain regions expressing cre recombinase 
in a subset of neurons, we can achieve cell-type specific millisecond control of neural ensembles to 
assess their influence on immunity. This will allow us to uncover the circuit mechanisms responsible for 
brain-stimulation induced changes in the immune system. In the unlikely event that our results from SA1 
fail to reject the null hypothesis, we will target neural populations that are known players in sensing and 
responding to inflammatory stimuli (e.g., multiple hypothalamic nuclei). 

Project Plan/Timeline 
During the first part of the project, resources will 
be devoted to enrolling subjects, collecting 
baseline and post-DBS blood samples, and 
fixation of samples for later mass cytometric 
analyses. Following sample acquisition, 10 
samples will be run (in duplicate) at a time. To 
reduce inter-sample variability, samples will be 
pooled using a barcoding technique allowing all 
experiments to be done in a single tube. CyTOF 
will be run (10-20 samples/day) through months 
8-9 of the project period. Cell populations will be 

gated in ImmuneAtlas, followed by dimensionality reduction using custom scripts in R. Upon analysis 
of the human data, a subset of nuclei will be targeted in complementary mouse surgeries using 
optogenetic transgenes to activate (ChR2), inhibit (GtACR2.0), or label (eYFP; control) specific neural 
populations. Following stimulations, blood samples will be collected and processed for CyTOF with a 
similar antibody panel to that used in our human study. The time course for these experiments depends 
on the effect size observed in the human data, lending to an a priori power analysis to calculate mouse 
sample sizes. Mouse data will be analyzed in a similar fashion to the human study counterpart. 
 
Potential Impact 

 
This proposal blends three disparate research areas (clinical DBS + high dimensional mass cytometry+ 
cell-type specific circuit mapping) to reveal new insights into CNS control of immunity. An investigation 
of brain immune crosstalk has never been completed at this scale. If our hypotheses are supported, 
these findings could have wide-reaching consequences for a variety of psychiatric and immune 
pathologies. An immunostimulatory effect, specifically on myeloid derived suppressor cells (MDSCs), 
would offer a novel way to treat a myriad of diseases. Indeed, this mechanism has been demonstrated 
to elicit cancer suppression in mice via stimulation of dopaminergic cells in the ventral midbrain5. 
Alternatively, an immunosuppressive effect of DBS would be useful in treating a wide variety of 
inflammatory diseases, including autoimmune disorders, depression, and neurodegenerative 
conditions.Finally, these studies could lead to the creation of new techniques to augment existing 
immunotherapies, which are fraught with unwanted side effects.  
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Budget : Total Cost = $25,324.74 

 

Product Quantity Price 

Cytokines/Stimulants   

Recombinant human GM-CSF 10µg $328.10 

Recombinant human IFNα 20µg $319.58 

Recombinant human IL-1β 20µg $289.33 

Recombinant human IL-2 10µg $173.34 
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Recombinant human IL-4 5µg $142.55 

Recombinant human IL-6 10µg $170.54 

Recombinant human TNFα 50µg $195.00 

PMA/ionomycin (Cell Stimulation Cocktail) 100µL $231.75 

Ultra-pure Lipopolysaccharide (LPS) 1mg $210.45 

   

Equipment   

2mL cryovials 250 $112.41 

FACS tubes 1000 $72.12 

FACS tube caps 2000 $98.44 

Sodium heparin blood draw tubes 100 $41.48 

2mL deep well blocks (96-well) 50 $115.75 

Cap pads for deep well blocks 50 $316.50 

96-channel aspirator 1 $2,329.23 

96-well PCR plates for barcode plate prep 25 $55.42 

0.1µm filters 100 $251.49 

0.2µm Bottle-top filter units 12 $145.03 

Optogenetic fiber optics  20 $800 

   

Reagents   

Proteomic Stabilizer 1L $2,248.12 

RPMI 500mL $8.74 

Saponin 50g $82.65 

10X PBS 500mL $42.03 

BSA 50g $266.95 

DMSO 5 - 5mL vials $63.00 

Methanol 4L $14.74 

TOTAL  $9,124.74 

 
10% PD Salary (JCB): ~$6,200 
 
Antibodies: ~$2,000 
 
Helios CyTOF Time: $2,000 
 
Mouse Per Diem: 150 cages x$ 1.09/dayx 365 days= $5,967  
 

 
 
 
 
 
 
 
 
 
 
Investigator Biographies 
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Luis de Lecea, PhD: Dr. de Lecea is professor of psychiatry and behavioral sciences at 
Stanford University. His primary focus is the study of molecular and cellular basis of arousal, 
sleep, and motivated behavior. The de Lecea lab is based on his discovery of several 
neurotransmitters involved in the regulation of behavioral state transitions (i.e.,  hypocretin 
and cortistatin). His group was the first to use optogenetic technology in vivo, demonstrating 
a causal role for hypocretin signaling in sleep-to-wake transitions and wake stability. His 
expertise in optogenetics and circuit mapping will substantially aide in the completion of the 
proposed studies. 
 
Jeremy C Borniger, PhD: Dr. Borniger earned a BA in biological anthropology from Indiana 
University – Bloomington and a PhD in neuroscience from The Ohio State University under 
the guidance of Randy J Nelson, PhD. His recent work describing brain-tumor communication 
in non-metastatic breast cancer was published in Cell Metabolism. As a post-doc in the de 
Lecea Lab, Jeremy is continuing with similar studies and aims to understand the crosstalk 
between the brain and periphery in normal and diseased states. His expertise in brain-body 
cross-talk and small animal surgery will substantially aide in the completion of the proposed 
studies.  
 
Andrew Krystal, MD: Dr. Krystal is a distinguished professor of psychiatry and behavioral 
science at the University of California – San Francisco. He also is vice-chair of the Langley 
Porter Psychiatric Institute and the director of the sleep and mood disorders research 
programs at UCSF. Dr. Krystal has extensive experience in brain stimulation techniques for 
the treatment of mood disorders. Specifically, he developed EEG indices that can be used to 
improve clinical dosing of electroconvulsive therapy for patients with treatment resistant 
depression and creating repetitive transcranial magnetic and transcranial direct current 
therapy stimulation protocols for major depression. His expertise in deep brain stimulation 
techniques will substantially aide in the completion of the proposed studies. 
 
Aric Prather, PhD: Dr. Prather is assistant professor of psychiatry at UCSF. His research 
focuses on the inter-relationship between psychological stress and sleep as dynamic 
predictors of physical and mental health. With specialized training in 
psychoneuroimmunology (PNI), he has ample experience linking psychological stimuli (e.g., 
stress) to aberrant immune phenotypes. His expertise in PNI will substantially aide in the 
completion of the proposed studies. 
 
Brice Gaudilliere, MD, PhD: Dr. Gaudilliere studied Engineering at Ecole Polytechnique 
before completing an MD-PhD degree from the Harvard-MIT Health Sciences and 
Technology program. During his postdoctoral fellowship in Dr. Garry Nolan’s laboratory 
(Stanford University), Dr. Gaudilliere developed and standardized a pipeline to implement 
CyTOF in clinical studies. Dr. Gaudilliere is also a Board Certified Anesthesiologist and works 
clinically in the operating room 25% of his time. His expertise in mass cytometry will 
substantially aide in the completion of the proposed studies. 


