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q Snyderome re-visited
q MWAS of NAFLD
q PCB Exposure 
q Cross-generation cancer risk
q Memory T cells
q VZV systems immunology

• Metabolomics pathway 
analysis and mummichog

• Examples
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Pathway enrichment test
If	metabolites	 are	known;	red	are	significant	metabolites

intensity

feature

Untargeted metabolomics data
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Search of m/z 190.1065 in HMDB with accurate matching

Uncertainty in matching 
metabolites - features
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Genome-scale Metabolic 
model

Li et al. 2013. PLoS Computational Biology. 9:e10031323

Mummichog bridging 
metabolic models
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2012-03-23 9mummichog

Input feature
list (m/z)

List of tentative
metabolites

Connect neighbors
within i step

subgraphs Activity scores (Ȃ)

i ≤ N

i ++

fuzzy match

clean up

metabolic network

mummichog
modular analysisModule analysis in mummichog

Li et al. 2013. PLoS Computational Biology. 9:e10031323

Pathway analysis in 
mummichog

Li et al. 2013. PLoS Computational Biology. 9:e10031323
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Distribution	of	
permutated	data
(null	 distribution)

Distribution	of	 real	
data	from	 user’s	
significant	m/z	list

Testing module/pathway 
significance in mummichog
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Case study: viral activation of 
immune cells

2012-03-23 11moDC infection

Validation experiment

QA: total ion counts are similar among samples

Monocyte derived dendritic cells (moDC)

+ YF-17D

+ mock

6 hrs
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Li et al. 2013. PLoS Computational Biology. 9:e10031323

Mummichog: viral activation 
of immune cells

Tandem mass spectrometry 
confirmed 9/11 metabolites

Gene expression supported 
GSH/GSSG depletion and 
Arg/Cit conversion

Li et al. 2013. PLoS Computational Biology. 9:e10031323

Experimental validation of 
mummichog prediction
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Li et al. 2013. PLoS Computational Biology. 9:e10031323

Argininosuccinate synthetase 1 
knockdown led to increased 
replication of HSV-1. 
Grady, Purdy, Rabinowitz & Shenk. 
2013. PNAS 110:E5006.

Ravindran et al. 2014. Science 343:313 

Arginine as master regulator 
of viral response

Mummichog demo

mummichog.org
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A few more examples

q Snyderome re-visited
q MWAS of NAFLD
q PCB Exposure 
q Cross-generation cancer risk
q Memory T cells
q VZV systems immunology

Snyderome: personal omics 
(2012)
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Mummichog interpretation of 
Snyder metabolome

Mummichog interpretation of 
Snyder metabolome
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The “N” in systems medicine

GWAS
MWAS

Personalized
medicineEpidemiology

10100 11,000N	=

Deep	
phenotyping

Systems
immunology

MWAS + mummichog
(NAFLD)

Pathway Overlap_s ize
Pathway
_s ize Model p-value

Vitamin E metabolism 9 32 0.00095

Drug metabolism - cytochrome P450 8 34 0.00196

Tyros ine metabolism 15 79 0.00202

Vitamin B2 (riboflavin) metabolism 3 6 0.00229

Purine metabolism 10 51 0.00332

Ascorbate (Vitamin C) and Aldarate 
Metabolism 4 16 0.00773

Vitamin B9 (folate) metabolism 4 18 0.01307

Glutamate metabolism 3 12 0.01834

Methionine and cys teine metabolism 7 42 0.02026

Alanine and Aspartate Metabolism 4 20 0.02159

Biopterin metabolism 3 13 0.02493

Di-unsaturated fatty acid beta-oxidation 3 13 0.02493

His tidine metabolism 4 22 0.03449

Glycine, serine, alanine and threonine 
metabolism 8 53 0.03499

Valine, leucine and isoleucine degradation 7 46 0.03894

Jin, Banton, et al., 2016. The	Journal	of	pediatrics 172:	14
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MWAS of Polychlorinated 
biophenyl

Unpublished	data	removed	

Adapted	 from	Perera F,	Herbstman J,	Reproductive	Toxicology	PMID:	21256208;	Courtesy	Barbara	Cohn	

CHDS: exposure and risk of 
breast cancer

Generation	1	
Genetics	+	Exposure

Generation	2	
risk	of	breast	cancer
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Maternal metabolome associated 
with daughters’ breast cancer (I)

Unpublished	data	removed	

Maternal metabolome associated 
with daughters’ breast cancer (II)

Unpublished	data	removed	
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Exposure 

Monitoring, trace 
analysis, geography 

Internal dose Bioeffect 

High performance metabolomics 

Figure	Courtesy:	Doug	Walker

G ×M × EG × E

Multi-omics integration

Dumas, 2012. Mol. BioSyst. 8:2494 
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NATURE IMMUNOLOGY ADVANCE ONLINE PUBLICATION 1

A RT I C L E S

CD8+ T cells provide protection against intracellular bacterial, para-
sitic and viral infections, as well as cancers1,2. Following stimulation 
with antigens, naive CD8+ T cells go through many rounds of prolif-
eration, giving rise to effector T cells, which eliminate infected cells. 
Upon clearance of the antigens, most effector CD8+ T cells undergo 
apoptosis, leaving only a small pool of cells to survive and differenti-
ate into memory cells3–5. During this naive-to-effector to memory- 
differentiation process, T cells undergo cellular and metabolic 
reprogramming to shift from anabolic processes and proliferation to 
catabolic processes and contraction of cell populations to generate 
memory. It is important to define the role of macroautophagy (called 
‘autophagy’ here) during this process.

Autophagy is an evolutionarily conserved process that involves the 
engulfment and delivery of cytosolic contents to the lysosome for 
degradation6–10. This catabolic activity of autophagy is essential for 
cellular homeostasis and has been suggested to be inversely correlated 
with cell growth and proliferation11. In contrast to that paradigm, 
it has been reported that autophagy is upregulated in proliferating  
T cells9,12,13. Stimulation via the T cell antigen receptor (TCR) pro-
motes the activation and proliferation of T cells and also induces 
signaling via the metabolic checkpoint kinase mTOR, which would 
be expected to inhibit rather than induce autophagy8. Thus, questions 
remain about why and how proliferating T cells upregulate autophagy 
in the presence of positive mTOR signaling when cells need more pro-
teins and organelles to donate to daughter cells. Furthermore, because 
autophagy has been studied mainly in vitro during the activation of 

T cells after stimulation via the TCR, little is known about in vivo 
autophagy activity in antigen-specific T cells during the course of the 
differentiation of effector and memory T cells after viral infection.

The in vivo function of autophagy in antigen-specific T cells during 
viral infection remains unclear but is important, as pharmacological 
manipulation of autophagy is being considered as a treatment for 
many human diseases14. Mice with a conditional null mutation result-
ing in selective deletion of the gene encoding either of the autophagy-
related molecules Atg5 or Atg7 during early T cell development 
(through the use of Cre recombinase expressed from T cell–specific 
gene Lck) have fewer mature peripheral T cells than their wild-type 
counterparts have10,15. Similarly, chimeric mice reconstituted with 
Atg5−/− fetal liver cells have fewer peripheral T cells than do chi-
meric mice reconstituted with wild-type fetal liver cells9. That study 
also showed that Atg5-deficient T cells exhibit diminished prolifera-
tive capacity following in vitro stimulation via the TCR9. Although 
such data indicate that autophagy has a key role in the development 
and homeostasis of T cells, they shed less light on the function of 
autophagy molecules in T cells responding to antigen because the cells 
studied had developed in the absence of autophagy molecules such 
as Atg5 or Atg7 and exhibited abnormalities in gene expression and 
mitochondrial number and function10,15. Thus, a new approach using 
phenotypically normal naive T cells is needed to study the function 
of autophagy during T cell activation in vivo.

Here we investigated two issues: the kinetics of autophagy activ-
ity, and the role of autophagy during the response to lymphocytic  
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Autophagy is essential for effector CD8+ T cell 
survival and memory formation
Xiaojin Xu1,5, Koichi Araki1,5, Shuzhao Li2, Jin-Hwan Han1, Lilin Ye1, Wendy G Tan1, Bogumila T Konieczny1, 
Monique W Bruinsma3, Jennifer Martinez4, Erika L Pearce3, Douglas R Green4, Dean P Jones2,  
Herbert W Virgin3 & Rafi Ahmed1

The importance of autophagy in the generation of memory CD8+ T cells in vivo is not well defined. We report here that autophagy 
was dynamically regulated in virus-specific CD8+ T cells during acute infection of mice with lymphocytic choriomeningitis 
virus. In contrast to the current paradigm, autophagy decreased in activated proliferating effector CD8+ T cells and was then 
upregulated when the cells stopped dividing just before the contraction phase. Consistent with those findings, deletion of the 
gene encoding either of the autophagy-related molecules Atg5 or Atg7 had little to no effect on the proliferation and function of 
effector cells, but these autophagy-deficient effector cells had survival defects that resulted in compromised formation of memory 
T cells. Our studies define when autophagy is needed during effector and memory differentiation and warrant reexamination of 
the relationship between T cell activation and autophagy.
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metabolomics transcriptomics

Enzymes associated with
significant metabolites

2.5.1.56, 2.7.1.91, 2.4.2.9, 2.4.2.8, 
1.14.16.4, 1.14.16.5, 3.6.1.22, 
2.4.2.1, 2.4.1.80, 3.1.4.35, 2.4.2.4, 
2.4.2.7, 2.4.2.14, 2.4.2.11, 2.4.2.12, 
3.5.4.17, 2.4.2.19, 1.1.1.94, 3.1.6.8, 
3.1.6.1, 4.3.2.2, 1.14.14.1, 3.1.3.4, 
3.1.3.5, 3.1.4.46, 2.4.1.141, 
1.3.99.13, 3.6.1.5, 3.6.1.6, 3.6.1.9, 
3.6.1.8, 2.1.1.1, 3.5.1.9, 2.7.1.1, 
2.7.1.8, 3.1.1.4, 2.7.8.-, 3.2.1.18, 
2.7.8.2, 2.7.8.5, 2.7.8.8, 1.1.99.4, 
1.1.99.5, 2.7.1.74, 2.7.7.14, 3.6.1.29, 
3.6.1.19, 3.6.1.17, 2.7.1.138, 
2.4.1.47, 6.3.5.1, 6.3.5.3, 6.3.5.2, 
6.2.1.3, 1.1.1.102, 4.1.3.3, 
1.14.13.30, 3.2.2.1, 2.5.1.18, 
3.5.1.23, 1.13.11.11, 2.6.1.7, 
2.7.1.59, 4.1.2.13, 2.4.99.8, 2.4.99.9, 
1.3.3.6, 3.1.3.10, 3.2.1.46, 3.2.1.45, 
6.3.4.4, 2.2.1.1, 2.2.1.2, 6.3.4.1, 
2.7.8.1, 2.7.1.20, 1.7.1.7, 2.4.2.22, 
2.3.1.24, 2.7.8.11, 2.7.8.15, 3.5.4.3, 
3.1.4.2, 3.5.4.6, 2.7.6.1, 2.6.1.16, 
3.1.4.12, 3.1.4.17, 2.4.1.117, 1.2.3.1, 
3.5.4.4, 1.4.3.2, 4.1.2.27, 3.1.4.3, 
6.1.1.2, 4.2.1.17, 3.2.2.2, 3.1.2.2, 
3.2.2.6, 3.2.2.5, 3.5.99.6, 3.2.2.8, 
1.1.1.8, 3.7.1.3, 1.13.11.34

Gpd1l, Kdsr, Ado, Acox1, Gmpr2, Tkt, Alg5, 
Alg13, Hprt, Nampt, Gsta4, Gstk1, Gstm1, 
Gstm4, Gsto1, Gstp1, Gstp2, Gstt2, Hpgds, 
Gfpt1, Adk, Nagk, Dck, Sphk1, Sphk2, Prps1, 
Prps2, Cept1, Ept1, Cept1, Cdipt, Plb1, Acot2, 
Lpin1, Lpin2, Pde1b, Pde2a, Pde3b, Pde4a, 
Pde4d, Pde7a, Pde8a, Pde5a, Arsa, Gba2, 
Galc, Bst1, Cd38, Asah1, Asah2, Ada, Ampd1, 
Ampd2, Ampd3, Cant1, Enpp1, Itpa, Enpp4, 
Aldoa, Aldoc, Sgpl1, Npl, Acsl1, Acsl3, Acsl4, 
Acsl5
Gpda, Acox3, Oxla, Gmpr1, T23o, Lox5, Cp4f3, 
Cp4fe, Cp19a, Cp1a1, Cp1a2, Cp1b1, Cp237, 
Cp238, Cp239, Cp240, Cp254, Cp255, Cp270, 
Cp2a4, Cp2a5, Cp2ac, Cp2b9, Cp2ba, Cp2bj, 
Cp2ct, Cp2d9, Cp2da, Cp2db, Cp2dq, Cp2j5, 
Cp2j6, Cp2s1, Cp2u1, Cp341, Cp3ab, Cp3ad, 
Cp3ag, Cp3ap, Cp4b1, Cp4ca, Cp4x1, Cy250, 
Tph1, Tph2, Alkmo, Nnmt, Tktl1, Tktl2, Taldo, 
Cegt, Pnph, Typh, Apt, Nadc, Sia8a, Siat9, 
Gsta1, Gsta2, Gsta3, Gstm2, Gstm5, Gstm6, 
Gstm7, Gsto2, Gstt1, Gstt4, Maai, Mgst1, 
Mgst3, Aadat, Aatm, Kat1, Kat3, Gfpt2, Hkdc1, 
Hxk1, Hxk2, Hxk3, Cerk1, Pcy2, Chpt1, Pgps1, 
Gpt, Hrsl3, Pa21b, Pa24a, Pa24b, Pa24d, 
Pa24e, Pa24f, Pa2g5, Pa2ga, Pa2gc, Pa2gd, 
Pa2ge, Pa2gf, Pa2gx, Pg12a, Plpl9, Aco15, 
Acot1, Acot3, Acot4, Acot5, Baat, Bach, 
Them4, Lpin3, Lpp1, Lpp2, Lpp3, Lppr2, Lppr3, 
Lppr4, Ppc1a, Ppc1b, 5nt1a, 5nt1b, 5nt3a, 
5nt3b, 5ntc, 5ntd, Ppap, Gpcp1, Asm, Nsma2, 
Nsma3, Nsma, Pde10, Pde11, Pde1a, Pde1c, 
Pde3a, Pde4c, Pde7b, Pde8b, Cncg, Cnrg, 
Pde10, Pde11, Pde6a, Pde6b, Pde6c, Pde9a, 
Neur1, Neur2, Neur3, Neur4, Glcm, Kfa, Acer1, 
Acer2, Guad, Gnpi1, Gnpi2, Entp1, Entp8, 
Entp4, Entp5, Enpp3, Ap4a, Nud12, Fhit, Kynu, 
Aldob, Echa, Echm, Echp, Pur8, Sywc, Sywm, 
Acbg1, Acbg2, Acsl6, S27a2, Pura1, Pura2, 
Nade, Guaa, Pur4
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Enzyme genes significantly 
enriched towards KO

Expression of genes 
corresponding to related 
enzymes are enriched for 
KO cells, DNA microarray 
data, GSEA (Gene Set 
Enrichment Analysis). 
Nominal p = 0, 
FWER p = 0.024.

IgG 	Day	 28/0
IgG 	Day	 0

Metabolomics 	

Cytokines
Gender
Age

T	cells

B	cells

Transcriptomics

Viremia

Innate	 cells

VZV	 vaccination,	 N	=	77

1 3 7				14 28	 														90																	180 days0

Comprehensive profiling of 
VZV immunization

Li, Sullivan, et al. To be submitted.
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Unpublished	data	removed	

q Advancing	of	mass	spectrometry	 enables	deep	sequencing	 of	
metabolome	and	exposome;	filling	gap	for	G	x	E

q Mummichog rewrites	the	workflow	 of	high-throughput	
metabolomics,	 bridging	 genome-scale	metabolic	 models	and	
untargeted	metabolomics.	 Download	at	http://mummichog.org.	
Version	2	and	server	in	the	work.

q MWAS	+	mummichog is	a	powerful	approach	 to	understand	health	
and	disease

q Combining	 multiple	 omics	is	critical	 to	small	“N”,	 human	studies.	
Their	integration	 can	be	driven	by	data	mining	or	by	knowledge	
models.

Summary and future 
directions
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New workflowOld workflow

Metabolite	
identification
MS/MS

Metabolite	
identification

MS/MS

Mummichog
pathway/network

analysis

Pathway
mapping

Omics	integration
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