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• Historical aspects of FMD pathogenesis research

• Old and New models for FMD studies in cattle

• Current state of knowledge of FMDV 
pathogenesis in cattle

• FMDV pathogenesis in pigs

• A little bit about sheep
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Epithelium

Inoculum

“Intra-dermal lingual” (IDL) inoculation



Early FMDV pathogenesis studies



Early FMDV pathogenesis studies



Models for FMDV pathogenesis studies
“simulated natural exposure”





Aerosol inoculation



Aerosol Inoculation

Primary infection site; nasopharyngeal mucosa

J. Arzt et al., Vet Path 47(6) 1048-1063 DOI:10.1177/0300985810372509



Cytokeratin
FMDV VP1
FMDV 3D
MHCII

Aerosol Inoculation
Secondary virus amplification in the lungs



• Intra-Nasopharyngeal (INP) inoculation
• Optimized system based on refined knowledge of FMDV 

pathogenesis in cattle

• Engages natural mucosal defenses

• Facilitates control of dose and timing of challenge

• User friendly/ time-efficient

Simulated natural virus exposure; 2nd generation:



10x magnification

Intra-nasopharyngeal (INP) Inoculation
Primary infection site; nasopharyngeal mucosa

Cytokeratin
FMDV VP1
CD11c
MHC II

C.Stenfeldt et al., PLoS ONE 10(11): e0143666. doi:10.1371/journal.pone.
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C.Stenfeldt et al., PLoS ONE 10(11): e0143666. doi:10.1371/journal.pone.



Primary 
Infection

Subclinically infected

Persistent 
Infection

Non-Vaccinated

Vaccinated

Systemic Generalization

The FMDV carrier state divergence
-Tissue distribution of infectious virus

Transitional
Phase



Nasopharyngeal mucosa (35 dpi)

Confirmed site of persistent FMDV infection

Cytokeratin
FMDV VP1
FMDV 3D
MHC II

C.Stenfeldt et al., J Virol 90:6344 –6364. doi:10.1128/JVI.00388-16.



Acute 
Phase

(0-7 dpi)

Transitional Terminators

• Activated antiviral 
response

• Promotion of Th1-
associated responses

• Promotion of apoptosis

Transitional Carriers

• Inhibition of T cell 
activation 

• Induction of cellular 
senescence

• Inhibition of apoptosis

Anti-Viral 
Pro-inflammatory

Responses

Acute phase
(0-7 dpi)

(10-21 dpi)
Bovine host responses associated 
with stages of infection in cattle; 
transcriptomics

• Zhang et al ’06, ‘07
• Stenfeldt et al ‘15, ’16, ‘17
• Zhu et al ‘12
• Perez-Martin et al ‘12
• Eschbaumer et al ‘16



Transitional Phase
(10-21dpi)

Transitional Terminators

• Activated antiviral 
response

• Promotion of Th1-
associated responses

• Promotion of apoptosis

Transitional Carriers

• Inhibition of T cell 
activation 

• Induction of cellular 
senescence

• Inhibition of apoptosis

Persistent Phase
(>28 dpi)

Non-Carriers

• Inhibition of cell 
proliferation

• Promotion of 
apoptosis

Carriers

• Anti-inflammatory 
activation

• Th2-polarization

• Inhibition of apoptosis

• Promotion of cell 
proliferation 



Aerosol versus intra-nasopharyngeal inoculation

Both systems:

+ Controlled virus exposure of upper respiratory tract

+ Engagement of natural mucosal immunity

+ Reproducible

Aerosol Intra-nasopharyngeal

+++ Lungs +/- Lungs



Pigs 
inoculated 
with FMDV 

(0 hpi)

At 48 hpi, pigs 
relocated for 24 h 
co-habitation with 

cattle

Pigs removed 
from the 

room at 72 
hpi

Pig-to-cow contact transmission



Cytokeratin, FMDV VP1, CD11c, CD21

Dorsal Nasopharynx, 24 hpe

FMDV pathogenesis following contact exposure:
• Validates findings from studies based on INP-inoculation
• Primary and persistent infection in the nasopharynx
• No evidence of FMDV replication in the lungs prior to viremia
• High prevalence of FMDV persistence (92%) in naïve and 

vaccinated cattle 



FMDV pathogenesis studies in pigs



FMDV pathogenesis in pigs





FMDV pathogenesis in pigs



Inoculation systems for FMDV studies in pigs

Intra-nasopharyngeal inoculation 
(INP)

Intra-oropharyngeal inoculation 
(IOP)



Development of simulated-natural challenge system for FMDV studies in pigs

Nasopharyngeal Oropharyngeal



Exposure Primary infection

0 HPI 6-12 HPI



Cytokeratin 
FMDV VP1 

6 hpi Paraepiglottic tonsil

C.Stenfeldt et al., PLoS ONE 9(9): e106859.doi:10.1371/journal.pone.0106859



Cytokeratin
FMDV VP1
CD172a
CD8

24 hpi Paraepiglottic tonsil

C.Stenfeldt et al., PLoS ONE 9(9): e106859.doi:10.1371/journal.pone.0106859



Subclinical Infection Clinical infection

6-24 HPI 48 HPI



48 hpi Tonsil of the soft palate

C.Stenfeldt et al., PLoS ONE 9(9): e106859.doi:10.1371/journal.pone.0106859

Cytokeratin
FMDV VP1
CD172a
CD8



Cytokeratin
FMDV VP1 
FMDV 3D

78 hpi, Tonsil of the soft palate

C.Stenfeldt et al., PLoS ONE 9(9): e106859.doi:10.1371/journal.pone.0106859



FMDV clearanceClinical infection

≥28 dpi: NO persistence 
of infectious FMDV in porcine tissues



35 dpi, Popliteal Lymph node

FMDV VP1
CD21
CD3
CD172a

C.Stenfeldt et al., TBED 2014 doi:10.1111/tbed.12235



“Little Cows” or “Furry Pigs”?

FMDV pathogenesis studies in sheep



Nasopharyngeal Inoculation

Direct contact exposure

Aerosol Inoculation

Coronary band Inoculation



Aerosol challenge of sheep



Nasopharynx Palatine Tonsil

LungPara-epiglottic Tonsil

Early FMDV pathogenesis in pigs



Ovine palatine tonsil, 28 dpi

FMDV VP1
Cytokeratin
CD11c
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