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The World Health Organization has estimated that up to 650,000 deaths
occur per year from respiratory diseases associated with seasonal influenza
infections. Influenza A virus (IAV) causes severe disease in older adults and
individuals with chronic health conditions. IAV vaccines against specific viral
antigens are difficult to design because of constant changes in the viral
genome. The long-term goal of our studies is to understand the molecular
mechanisms of the innate immune response to IAV infection and find new
antiviral therapeutic targets. Neutrophils have essential roles in innate
immunity to bacterial and fungal infections, but their roles in antiviral
responses are understudied. Recently, it was demonstrated that IAV
infection can be established in zebrafish (Danio rerio) larvae. The zebrafish
is a powerful vertebrate model system that has been used to study infection
and innate immunity. We are using this model to study the roles neutrophils
have in controlling IAV infection and how over-activation of neutrophils
during IAV infection trigger a damaging hyperinflammatory response. First,
we are examining pathways that control the respiratory burst function and
how reactive oxidative species control neutrophil function during IAV
infection. Ongoing studies of IAV-infected neutrophil cytosolic factor 1
(ncf1) morphants show increased survival compared to control morphants
over controls. Survival studies of IAV-infected WHIM (Tg1(-8mpx:cxcr4b-
EGFP)) mutants that overexpress a truncated cxcr4b transgene also show
decreased survival compared to sibling controls that underscores the roles
of neutrophils. Second, we are investigating how hyperinflammation occurs
during IAV infection so that therapeutic measures that preserve the antiviral
response, yet contain the associated inflammation, can be developed. This
work is supported by the National Institute of Allergy and Infectious Disease
of the National Institutes of Health under grant number R15AI131202, and
National Institute of General Medical Sciences of the National Institutes of
Health under grant number P20GM103423.
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3-11%	of	population	infected	and	develop	symptoms
95,000-172,000	hospitalizations
21,000-41,00	deaths
Billions	in	healthcare	expenses
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Myeloid	and	Lymphoid	Cell	Development Powerful	Model	to	Study	Host-Pathogen	Interactions
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Immune	System	Response	to	Influenza	Infection

1.	Viral	infection	of	airway	and	alveolar	epithelium	and	viral	replication

2.	Innate	immune	response	followed	by	adaptive	immune	response

3.	Development	of	long-term	adaptive	immune	response	to	viral	strain

Established	model	to	study	pathogens:
Bacterial	– e.g.,	Pseudomonas	aeruginosa
Fungal	– e.g.,	Candida	albicans
Viral	– e.g.,	snakehead	rhabdovirus

Optically	clear	embryos	for	in	vivo	imaging

Multiple	fluorescent	reporter	lines
Macrophages	– e.g.,	Tg(mpeg1:mCherry)
Neutrophils	– e.g., Tg(mpx:GFP)

Figure 6: Neutrophil recruitment to the swimbladder following influenza infection. Tg(mpx:mCherry) zebrafish (5 dpf) were injected with (A) PBS or (B) NS1-GFP
influenza (green staining) (7.2 × 102 PFU/embryo). At 16 h post-infection, images were captured showing the presence of neutrophils in the swimbladder (red cells,
white arrow identifies representative cell).

Susceptibility	of	Zebrafish	Embryos	to	IAV	Infection IAV	Replicates	in	Zebrafish	Embryos

Figure 4: Cumulative percentage survival of zebrafish infected at 48 hpf with IAV
APR8 (Puerto Rico/8/34)/H1N1 or X-31 (A/Aichi/68)/H3N2 (n = 50 fish per
treatment). Significantly fewer zebrafish survived in either IAV-infected group
compared with controls (***P<0.001).

Figure 5: Quantification of viral burden in zebrafish infected with APR8 or X-31
(n = 20) fish per treatment) by 50% tissue culture infective done (TCID50) virus titer.
Viral burden increases 10- to 20-fold in APR8- or X-31-infected zebrafish. In APR8-
infected embryos, viral burden increased steadily over time through to 96 hpi. In
X-31-infected zebrafish, viral burden peaked around 48 hpi.
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Decreased	Survival	Following	IAV	Infection	in	a	
Zebrafish	Model	of	WHIM	Syndrome

Figure	7:	Fold	induction	of	ifnphi1 expression	in	IAV	APR8-infected	(left)	or	X-31-
infected	(right)	samples	compared	with	corresponding	controls.

Figure	8:	Fold	induction	of	mxa expression	in	IAV	APR8-infected	(left)	or	X-31-
infected	(right)	samples	compared	with	corresponding	controls.
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IAV	replicates	in	zebrafish	embryos

Interferon	response	induced	following	IAV	infection

Neutrophils	migrate	to	site	of	localized	IAV	infection

Characterize	the	molecular	mechanisms	by	which	components	of	the	
respiratory	burst	response	protect	against	IAV	virus	infection.

Characterize	the	molecular	pathways	responsible	for	the	damaging	
hyperinflammation associated	with	IAV	infection.

Conclusions Future	Directions

Figure 9: Survival curve (n = 3, 30 fish per group) in a
zebrafish model of WHIM syndrome Tg1(-8mpx:cxcr4b-
EGFP)) i(Walters et al, 2010) injected with IAV or HBSS that
compares GFP- sibling versus GFP+ mutants. In this model, a
transgene that expresses of a truncated Cxcr4b protein fused
to EGFP in neutrophils to model neutrophil trafficking defects
seen in human WHIM syndrome. GFP- siblings with
functioning neutrophils had increased survival compared to
the GFP+ WHIM mutants. (*, p < 0.05, ****, p < 0.0001).

Role	of	ncf1 in	Response	to	IAV	Infection

Figure 10: The ncf1 gene, which encodes the p47-phox protein, participates in the immune defense
against influenza. (A) Increased survival (n = 3, 50 fish per group) of ncf1 morphants infected with IAV
relative to control morphants (*, p < 0.05). (B) The expression of nrf2, mxa, and cxcl8b normally
induced following IAV infection had lower expression in ncf1 morphants (*, p < 0.05, ***, p < 0.001,
****, p < 0.0001).
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Figure 1: Host immune response to influenza infection. A) Pathways activated in early response to infection
in airway or alveolar epithelial cell. B) Response of dendritic cells to damage-associated molecular pattern
molecules (DAMPS) and pathogen-associated molecular patterns (PAMPS). C) Inflammatory response for
viral clearance.

Figure	2:	Weekly	influenza	surveillance	report	from	the	Centers	for	Disease	Control	and	Prevention	for	Nov.	2018	- May	2019.	https://www.cdc.gov/flu/weekly/usmap.htm

Figure	3:	Immune	system	development	in	zebrafish	embryos.	Embryos	develop	myeloid	
(macrophages,	neutrophils)	and	lymphoid	cells.	Meijer	&	Spaink.	Curr Drug	Targets	(2011)
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Neutrophils	and	ncf1 participate	in	the	response	to	IAV	
infection

Pe
rc
en

t	S
ur
vi
va
l

Days	Post	Infection

WHIM mutant (Tg1(-8mpx:cxcr4b-EGFP)) zebrafish

Fo
ld
	C
ha

ng
e	
at
	2
4	
hp

i


