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■ No infectious agents of clinical significance identified in CSF
– including metagenomic next-generation sequencing

■ No poliovirus in CSF, stool, rectal samples
■ No WNV or other arboviruses detected
■ In 2014 and 2016, EV-D68 most common pathogen detected from 

non-sterile sites (primarily respiratory)

Sejvar, J. J., et al. (2016). "Acute Flaccid Myelitis in the United States-August - December 2014: Results of Nation-Wide Surveillance." Clin Infect Dis.

AFM Etiology?



EV-D68 EV-D68

EV-A71
+EV-D68

https://www.cdc.gov/acute-flaccid-myelitis/afm-cases.html

CA Longitudinal Surveillance: 
AFM incidence 0.028/100Kà
>5X during 2014 EV-D68 
outbreak (p<0.001)

Is EV-D68 a Cause of AFM?

https://www.cdc.gov/acute-flaccid-myelitis/afm-cases.html


■ Culture
■ Nucleic Acid Testing (e.g. PCR)
■ MALDI (matrix-assisted laser desorption ionization) 

spectrometry
■ Electron Microscopy (rarely used)
■ Antigen Testing
■ Metagenomic Sequencing
■ Serology (Antibody Testing)
■ Host Response Biomarkers

Centers for Disease Control and Prevention (2015). Poliomyelitis. Epidemiology and Prevention of Vaccine-Preventable Diseases 13th Edition. J. Hamborsky, A. Kroger and S. Wolfe. Washington D. C., Public Health Foundation.

Diagnostic Tools in Microbiology



■ Culture – not done for routine diagnostics
■ Nucleic Acid Testing (e.g. PCR) / CRISPR-based detection – diagnosis 

in acute phase (>7 days); respiratory secretions and stool, not CSF
■ MALDI – bacterial/fungal detection only
■ Electron Microscopy – not used for routine diagnostics
■ Antigen Testing – unexplored area, includes metabolomics
■ Metagenomic Sequencing – rule out other causes?
■ Serology (Antibody Testing) – utility for CSF or serum (?)
■ Host Response Biomarkers – may allow detection in “window period”

Centers for Disease Control and Prevention (2015). Poliomyelitis. Epidemiology and Prevention of Vaccine-Preventable Diseases 13th Edition. J. Hamborsky, A. Kroger and S. Wolfe. Washington D. C., Public Health Foundation.

Diagnostic Tools in Microbiology
(Infectious Causes of AFM)



https://www.cdc.gov/acute-flaccid-myelitis/cases-in-us.html

https://www.cdc.gov/acute-flaccid-myelitis/cases-in-us.html


https://www.cdc.gov/acute-flaccid-myelitis/cases-in-us.html

https://www.cdc.gov/acute-flaccid-myelitis/cases-in-us.html


Enterovirus Detection in CSF, Respiratory, Stool samples



Shibib, et al., (2016), JCM, 54(2):457-459

Multiplexed Viral PCR Testing Cannot 
Discriminate Rhinoviruses from Enteroviruses



(collaboration with Mammoth 
Biosciences, Inc.)

April 14th, 2020



CRISPR-Based
Diagnostics

(modified from Chiu, 2018, Cell Host & Microbe, 23(6):702-704)



(Broughton, et al., 2020, Nature Biotechnology, DOI: 10.1038/s41587-020-0513-4)

A CRISPR Based Test for SARS-CoV-2

https://doi.org/10.1038/s41587-020-0513-4


Clinical Validation and Next Steps

LoD: 20 copies/mL
Sensitivity:  27/29 = 93%
Specificity: 100%

5-min lysis and 
95C heat 

inactivation 384-well
plates

Multiplex
targets

(Servellita, et al., 2020, manuscript in preparation)



Clinical
Dx

Metagenomic Next-Generation
Sequencing Bioinformatics

Clinical Laboratory

Cost-effective and actionable information for 
early treatment

Lower healthcare costs
Improved patient outcomes

Metagenomic Sequencing

Turnaround time: hours – days (versus days – weeks)







CLIA-Validated mNGS Assay at UCSF

http://nextgendiagnostics.ucsf.ed
u

http://nextgendiagnostics.ucsf.edu/


• 70 y/o male with mild dementia x 1 year
• Over past month, rapid decline until he became akinetic and mute
• No inflammatory changes on MRI or in CSF but fever x 3 weeks
• Treated with IV solumedrol and plasmapheresis
• Negative autoimmune encephalitis workup
• History of non-Hodgkin’s lymphoma s/p chemotherapy, last cycle 2-3 

years ago, also treated with Rituxumab
• From a rural area but not very active

Case Report from Cleveland Clinic

With Dr. Carlos Isada, MD









• Orthobunyavirus first isolated from Aedes albopictus mosquitoes in Potosi, 
MO, in 1989

• Subsequent isolations in Illinois, Michigan, Ohio, and the Carolinas, 
northeastern United States (Armstrong, et al., J Med Entol, 2005, 42(5): 875-
881)

• Never described in human illness
• Close relative, Cache Valley virus recently described in case reports of 

chronic meningoencephalitis in patients with SCID and on Rituxamab
((https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5546801/, 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6037180/)

Potosi virus

With Dr. Carlos Isada, MD

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5546801/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6037180/


Used high-density viral peptide microarray

Serology (Antibody 
Testing)

Mishra, et al., mBio, 2019, 10(4): e01903-19.



Pan-Serological Approaches for Diagnosis of Infections 
using Phage Display Immunoprecipitation and Sequencing

target proteins split into peptides >1 million 
oligos

cloned into 
phage

Michael 
Wilson, 
MD 

Joseph 
DeRisi, 
PhD

Schubert, et al., 2019, Nature Medicine, 25(11):1748-1752.



Enterovirus 
Immunoreactivity in 

Acute Flaccid 
Myelitis

Schubert, et al., 2019, Nature Medicine, 25(11):1748-1752.

Michael 
Wilson, 
MD 

Ryan 
Schubert, 
MD



Liu, et al., 2020, Microbes and Infection, doi: 10.1016/j.micinf.2020.05.008

“window period”

Direct detection (e.g. PCR)
Usually cannot detect in CSF

Cannot discriminate enteroviruses/rhinoriuses
Difficult to routinely test

Indirect detection (e.g. serology)
May not be EV-D68-specific,

Not as useful in acute infection

The “Window Period” of Infection

http://dx.doi.org/10.1016/j.micinf.2020.05.008


Based on 185 differentially expressed genes
Only includes AFM for which a virus was 
found

Misclassified samples:
MNA_362: Enterovirus B
MNA_384: CMV
MNA_426: CMV
MNC_311: WNV
MNA_228: WNV

Out of 45 viral samples, 18 AFM samples:

Sensitivity = 100%
Specificity = 88.8%
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Host-Based RNA-Seq 
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(Viral Meningitis Versus
Enterovirus-Associated AFM)



CSF Host Response Profiling Discriminates Enterovirus 
Signatures in Acute Flaccid Myelitis

Briggs, Santos, et al., 2019 (manuscript in preparation)

EV-A71–associated
AFM

EV-D68

EV-D68–associated
AFM

EV-A71

unknown

p=0.0009

Top 
Differentially 
Expressed 

Pathways in 
EV-D68-

associated AFM



• ~50% returned to neurologic baseline by 
discharge

• All but one child with AFM had complete 
recovery of strength with normal 
neurologic exam at most recent follow-up

Initially reported in Messacar, K., et al. (2018). "Notes from the Field: Enterovirus A71 Neurologic Disease in 
Children - Colorado, 2018." MMWR Morb Mortal Wkly Rep 67(36): 1017-1018.
Updated with final case counts (unpublished, under review) 

EV-A71-associated AFM

(slide courtesy of Dr. Kevin Messacar)



Initial pathway analysis:

Negative Regulation of Viral Entry into host cell

Response to Interferon-alpha

Type I interferon signaling pathway

Primary neural tube formation

Innate immune response- activating signal transduction

Differentially Expressed Genes Between
EV-D68 and EV-A71 Infection



A71 – D68 Classifier
(training set)
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A71 – D68 Classifier
(training set)

A71_AFM
.1

A71_AFM
.4

A71_AFM

A71_AFM
.2

A71_AFM
.3

D
68.2

D
68

D
68.1

D
68.3

D
68.4

CRYBG3SMC5SLAIN2TRIM38DMTF1TRIM26WASZFC3H1PHACTR2ZFP36NCF2TNFSF13BMYL12ARASSF3IFIT3RB1SH3GLB1TRIM22PATL1TLR1LY6EMXD1LITAFJAK1PCBP1TAPBPCELF2QSER1EVI2BKIAA1551IFITM1IFITM3ITM2BSAMD9IFITM2FCER1GPIK3AP1HIF1ASRGNIFIT2SELLFCGR3BMARCH1SCLT1AQP9IFIT1NAMPTCSF3RMIER1S100A8S100A9INTS6S100A12YTHDF3DNTTIP2TAX1BP1DESI2IPMKTMBIM4CHMP5ZNF611BTF3L4LINC01578RNF14LIN54IGF2BP3RABGAP1ATRHSPA4SIPA1L1ZFP91PSMA4ZFAND6FGD4RNF138KPNA4GAPTRPS6KA3CTDSPL2SMG7ITPRIPL2PPM1KRCOR1BRAPGLYR1BTKPSMB9DAPP1EIF5BALOX5RBM22OXR1RGL1CSGALNACT2CCDC7HEG1TNFRSF1ACCDC67RAB21HSDL1ICE2TMEM2DTNAEIF3GDOCK7PDE11AMOB3BAVPR1ASLC4A4NT5DC3ATP6V0A2STX16INTS8CACNA2D1PSD3EGR1PELI1CREBRFIFI6JUPCYSLTR1STK24IFIH1USP18DUSP3GKARHGEF28G2E3SREBF2WIPI2ABL2MUC6MTHFD1CCDC43COBLNTRK2TFCP2L1BTBD9CELF3GOLGA1GNRHRDPP4TSIXFLGKCNA1RUFY3ATP1A1LTN1PCF11CRAMP1LLINC00674RYR3CUL9DCHS2CTNNA3GNA12AHNAK2CECR2AAGABALG13SOX6ATRNGZMKHYDINGREB1LLRP6SH3BP4MCM4NUP133LAMC2TPTE2P1LDLRAP1TRABD2BERCC6ST8SIA3CRIM1CR2MXRA5ARHGAP20MITFDCNRAB3GAP1COL12A1LAMA3PLCB1DCUN1D4RHOBTB3RN7SL2CTCFIL7RUSP47APAF1TNPO1HECTD4DOCK4HMCN1EID1KIAA1456YTHDC1ATP8B4NRP1ZDBF2PRKACBOSBPL1AZEB1

4

6

8

10

12



A71 – D68 Classifier
(test set)
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A71 – D68 Classifier
(test set)

Neural Net Model

D68: 3/4 = 75%

A71 AFM: 3/3
A71 Meningitis: 7/9 = 77.7%

Overall Accuracy: 13/16 = 81.25%

D68: Predicted Prob. D68 Prob. A71

GY_AFP2014_12 D68 0.8114 0.1886

GY_AFP2014_10 A71 0.2651 0.7349

GY_AFP2014_13 D68 0.5183 0.4817

GY_AFP2014_16 D68 0.8114 0.1886

A71: Predicted Prob. D68 Prob. A71
MNC_2194 A71 0.2651 0.7349
AMES162 A71 0.2651 0.7349
AMES152 A71 0.338 0.662

A71_meningitis: Predicted Prob. D68 Prob. A71
MNC-2846 D68 0.5221 0.4779
MNC-2899 A71 0.2651 0.7349
AMES145 A71 0.2651 0.7349
AMES149 A71 0.2651 0.7349
AMES150 D68 0.5192 0.4808
AMES151 A71 0.2651 0.7349
AMES155 A71 0.2651 0.7349
AMES156 A71 0.2651 0.7349
AMES157 A71 0.2651 0.7349



■ Diagnostic testing for AFM is challenging
– diagnosis is currently based on a clinical case definition

■ PCR testing alone is likely insufficient
– Negative testing from CSF
– Cannot discriminate rhinoviruses from enteroviruses
– Difficult to routinely test early in the disease course

■ Indirect testing methods are needed
– CSF antibody testing and “host response” testing during the window 

period of infection
■ Timely diagnosis is critically important
– more aggressive interventions may be indicated if diagnosis of EV-D68 

can be made earlier

Conclusions



Looking at the host genes in AFM

Priya Duggal, PhD, MPH.
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