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What is “Systems Immunology”?


•  Big data?

•  “-omics”?

•  Computation? Informatics?

•  High throughput/content screens?

•  Mechanistic modeling?





Kumari et al., 2012


Oyler-Yaniv et al., 2017




What is “Systems Immunology”?


•  A mindset rather than any single approach:


–  Embracing complexity to learn how components 
interact/coordinate/regulate to drive emergent 
properties.


–  Data-driven rather than reductionist in nature




Systems Immunology Across Scales:


Organismal Level	 Tissue Level	 Cellular Level	 Sub-cellular Level	

Gene expression	

Shotgun proteomics	
Single-cell analysis	

High-content microscopy	

Phenotype data	

Clinical data	

Cytokine quantification	

Phospho-flow	

Metabolomics	



Projects vary widely in scope:


Mechanistic Modeling	 Data Mining	

Goal: mathematically formalize 

understanding of a simple system	

Goal: extract information 

from large data sets	



•  What parameters govern the frequency of a cell population?


•  How do T cells reach a homeostatic number without 
reaching their carrying capacity?




•  Why does this paradoxical effect of IL-2 (and many other 

signaling ligands) exist?




Simple, first-order kinetics of 

cell population size are unstable 


X = cell number

α = cell death rate

β = cell proliferation rate


Hart et al., Cell, 2014
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Adding in the effect of a secreted regulator:


X = cell number

α  = cell death rate

β = cell proliferation rate

c = concentration of cytokine

I0 = external cytokine supply

β1 = cytokine production rate by cells

f(c) = cytokine consumption rate by cells
γ = rate of cytokine decay
 Hart et al., Cell, 2014
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Testing the model:

In vitro activation of CD4 T cells


Hart et al., Cell, 2014
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Autocrine production of IL-2 is required for 
“homeostatic” behavior


Hart et al., Cell, 2014




IL-2 regulates T cell proliferation and death 

in fundamentally different ways


Hart et al., Cell, 2014


Cooperative, or “ultrasensitive”

Hill coefficient  = 1.7




IL-2 regulates T cell proliferation and death 

in fundamentally different ways


Hart et al., Cell, 2014


Cooperative, or “ultrasensitive”

Hill coefficient  = 1.7


Linear

Hill coefficient  = 1




These model parameters can create 

a “bistable” system


Hart et al., Cell, 2014


stable point


stable point




•  What is the differentiation pattern of CD8 T cells during an 
immune response?







•  What is the differentiation pattern of CD8 T cells during an 
immune response?







•  Signaling through the T cell receptor triggers a well-defined 
phosphorylation cascade.


•  Can we model signal transduction using single cell data?


•  Is TCR signaling impacted by the state/context of the T cell?




Flow 

Cytometry


The diversity of immune cells has prompted 
development of single-cell technologies
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Mass

Cytometry


Replacing light with mass enables significantly more multiplexing.




A new powerful experimental tool for “systems immunology”

at multiple levels of molecular and cellular function.




The primary data at the population level


Mingueneau et al., Nat. Immunol. (2013) 




Conditional density analysis reveals information 
transfer through signal transduction
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•  Healthy human bone marrow contains individual cells at all 
stages of B cell development in a “snapshot.”


•  Can single-cell data help clarify this trajectory?




Organizing individual cells according to their 
developmental time


Developmental trajectories are often non-linear.




Organizing individual cells according to their 
developmental time: "

The Wanderlust algorithm




Applying the method to human "
bone marrow B cells




Identification of early B cell progenitor subsets




Identification of early B cell progenitor subsets




IL-7 requirement in mice vs. humans


J. Exp. Med. (1980)


Imm. Rev. (2005)




Which B cell subset responds to IL-7?




Derivative analysis reveals B cell checkpoints




Derivative coordination points represent "
pro- and pre-B cell transition points






Significant variability across individuals in cytokine 
gene transcript levels




Specific gene expression patters "
correlated with ethnicity




Identifying a SNP in an enhancer of IL-2 that 
regulates expression upon TCR stimulation




Identifying a SNP in an enhancer of IL-2 that 
regulates expression upon TCR stimulation






Immune cell proliferation is sustained from outside 
the tumor during effective immunotherapy


Tumor Microenvironment
 Draining Lymph Node


Red nodes are subsets with increased proliferation after therapy.








Immune cell signaling is highly correlated across 
animals after infection




These relationships can be simplified into a "
model that changes during infection




Depleting neutrophils augments B cell signaling 
during Salmonella infection








T cells and B cells become activated "
after vaccination




Development of a multiscale model incorporating 
different data types
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A DC activation network associates with "
a T cell activation network




Associations of TCA, nucleotide and 
phosphatidylinositol metabolism across data types




Predictors of adaptive immune response strength




Sterol metabolism as a central hub "
of immune coordination




Sterol metabolism as a central hub "
of immune coordination




Inositol phosphate metabolism is highly associated 
with numerous aspects of the immune response




25 healthy humans vaccinated with yellow fever vaccine




Luminex, flow cytometry and gene expression longitudinally




EIF2AK4 (GCN1), regulator of the integrated stress 
response, is a strong predictor of CD8 T cell responses 




GCN2 regulates autophagy in DC, which promotes 

cross-presentation to CD8 T cells.




Healthy individuals vaccinated with trivalent inactivated or 
live-attenuated influenza vaccine




TLR5 induction is correlate with strong responses 
to the vaccine






Adjuvanted
Not Adjuvanted




•  Single-cell genomics



•  T and B cell repertoire analysis


•  MHC (neo)epitope prediction


•  Deconvolution of gene expression data


•  Mining public datasets


Additional Topics of Current Interest


Riaz et al., Cell, 2017




•  Large data sets require (a) simplification or (b) lots of 
time


  


•  Integrative models of immune function don’t exist 
(yet…)


  


•  Complexity is exciting but intellectually daunting


•  Some observations are difficult to study 
mechanistically


•  New technologies may not have a “gold standard” for 
comparison or analysis


•  New experimental designs or data combinations often 
require new analytical strategies


Challenges with Systems Immunology




Email: Matthew.Spitzer@ucsf.edu


Questions?



