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Abstract

Eastern equine encephalitis virus (EEEV) is a medically important pathogen that can cause severe
encephalitis in humans, with mortality rates ranging from 30-80%. Unfortunately there are no
antivirals or licensed vaccines available for human use, and laboratory diagnosis is essential to
differentiate EEEV infection from other pathogens with similar clinical manifestations. The
Arboviral Diseases Branch (ADB) reference laboratory at the CDC Division of Vector-Borne
Diseases (DVBD) produces reference antigens used in serological assays such as the EEEV
immunoglobulin M antibody-capture enzyme-linked immunosorbent assay (MACELISA).
However, EEEV is classified as a HHS select agent and requires biosafety level (BSL) 3
containment, limiting EEEV antigen production in non-select agent and BSL-2 laboratories. A
recombinant Sindbis virus (SINV)/EEEV has been constructed for use under BSL-2 conditions
and is not regulated as a select agent. Cell culture production of inactivated EEEV antigen from
SINV/EEEV for use in the EEEV MAC-ELISA is reported here. Cell culture conditions and
inactivation procedures were analyzed for SINV/EEEV using a recently developed antigen
production algorithm, with the MAC-ELISA as the performance indicator.
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1. Introduction

Eastern equine encephalitis virus (EEEV) is a medically important mosquito-borne human
and equine pathogen in North and South America (Griffin, 2001; Wang et al., 2007;
Weaver, 2001; Weaver et al., 1999). Primarily transmitted in an enzoaotic cycle between the
mosquito vector Culiseta melanura and passerine birds in freshwater, hardwood swamp
habitats (Brault et al., 1999; Villari et al., 1995; Wang et al., 2007; Weaver, 2001),
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transmission of EEEV can occur via bridge vectors to dead-end hosts, such as humans,
horses, and other animals (Arrigo et al., 2008; Morris, 1988). There are licensed vaccines for
equines; however, no antivirals or licensed vaccines are available for human use (Franklin et
al., 2002; Wang et al, 2007). Personal protection from mosquito bites is the only effective
prevention strategy during times of active transmission, and treatment options are very
limited.

EEEV is a member of the family Togaviridae, genus Alphavirus, and has been classified
into EEEV (formerly North American) and Madariaga virus (formerly South American)
(Powers et al., 2012). Madariaga virus is not associated with severe human disease (Aguilar
et al., 2007; Arrigo et al., 2008; Tsai et al., 2002; Wang et al., 2007; Weaver, 2001; Weaver
et al., 1999); however, EEEV can cause severe encephalitis in humans. The mortality rate of
clinical EEEV disease is 30-80% and up to 30% of patients who survive have long-term
neurological sequelae (Johnson et al, 2011; Villari et al., 1995; Wang et al., 2007). Clinical
signs and symptoms usually begin with high fever, headache, dizziness, and vomiting.
Progression to severe encephalitis with coma and paralysis can occur by day 2 of the disease
(Wang et al., 2007). Although large EEEV outbreaks have been reported, human infections
are generally sporadic, with an average of six cases reported annually in the United States,
primarily along the east coast (www.cdc.gov/easternequineencephalitis/Epi.html#map). Due
to the sporadic nature of the disease and because clinical symptoms of EEEV infection may
be similar to infections by other pathogens, laboratory-based diagnosis is necessary to
identify individuals infected with EEEV and to implement prevention and control strategies
(Arrigo et al., 2008).

EEEV infection is diagnosed in acute cases by virus isolation, detection of viral RNA in
serum or cerebrospinal fluid, or serologically by detection of EEEV-specific
immunoglobulin M (IgM) antibodies in an enzyme-linked immunosorbent assay (ELISA),
with confirmation by the plaque reduction neutralization test (PRNT) (Beaty et al., 1995;
Johnson et al., 2011; Lambert et al, 2003). The CDC Division of Vector-Borne Diseases
(DVBD) Arboviral Diseases Branch (ADB) reference laboratory produces reagents for
arbovirus diagnostics for which there are no commercial assays available, such as the EEEV
IgM antibody-capture (MAC)-ELISA. Non-infectious antigens used in the MAC-ELISA are
normally derived from live virus that has been inactivated, with the serological reactivity
preserved. An algorithm for production of inactivated antigens from arboviruses grown in
cell culture was recently developed and evaluated (Goodman et al., 2014). One method
could not be used for all of the arboviruses, but rather needed to be optimized for each virus.
The method used to inactivate the virus often had a significant effect on antigen reactivity,
resulting in either antigen degradation or increased reactivity.

EEEV strain NJ-60 is the prototype virus used previously to produce EEEV antigen. EEEV
strains require biosafety level (BSL) 3 containment and are classified as HHS select agents
(www.selectagents.gov/Select%20Agents%20and%20Toxins%20List.html). Consequently,
only select agent-registered laboratories with BSL-3 capacity are permitted to possess and
work with EEEV strains. However, a recombinant Sindbis virus (SINV) /EEEV has been
constructed in which genes expressing the EEEV immunogenic structural proteins have been
inserted into the SINV backbone (Wang et al., 2007). SINV/EEEV can be used under BSL-2
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conditions and is not regulated as a select agent. Previously, SINV/EEEV was shown to be a
comparable alternative challenge virus for use in the PRNT by public health laboratories
with BSL-2 facilities (Johnson et al., 2011). The use of SINV/EEEV to produce inactivated
EEEV antigen needed to be assessed and is reported here. Of particular concern was the
effect the inactivation procedure would have on antigen reactivity of the chimeric virus. Cell
culture conditions and inactivation procedures were analyzed for SINV/EEEV using the
previously developed antigen production algorithm, with the MAC-ELISA as the
performance indicator (Goodman et al., 2014).

2. Materials and Methods

2.1. Viruses

Sindbis/Eastern Equine Encephalitits (N. American) chimeric virus strain 796 (SINV/
EEEV) was obtained from the University of Texas Medical Branch, Galveston, Texas
(Wang et al., 2007).

2.2. Tissue culture

Cell lines used in the growth curves were obtained at CDC DVBD. African green monkey
kidney (Vero) cells, and baby hamster kidney (BHK-21) clones 13 and 15 cells, were
maintained at 37°C in Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies,
Grand Island, NY) with 8% fetal bovine serum (FBS, Atlas Biologicals, Fort Collins, CO),
1mM sodium pyruvate (Life Technologies), 27mM sodium bicarbonate (Life Technologies),
0.1mM gentamicin (Lonza, Walkersville, MD), and 1uM amphotericin B (Sigma-Aldrich,
St. Louis, MO).

2.3. Growth curves

Growth curves were performed in T150 cm? cell culture flasks (Corning Inc. Life Sciences,
Tewksbury, MA), as previously described (Goodman et al., 2014). Briefly, cells were
infected at a multiplicity of infection (MOI) of 0.001 PFU/cell. Following adsorption of
virus in 10 ml of media at 37°C for 1 hr, cells were maintained in 60 ml of media with 2%
FBS (Atlas Biologicals). At 24 hr intervals, 1.0 ml of supernatant was removed and stored at
—70°C until tested. Growth curves were carried out for 4 days until cytopathic effect (CPE)
reached ~90-100%.

2.4. Virus titration

Virus titers were determined by 1% agarose double-overlay plaque titration assay in Vero
cells, as previously described (Beaty et al., 1995). Plaques were visualized with second
overlays applied with 0.005% neutral red (Sigma-Aldrich) following incubation for 2 days.
Virus titers were recorded as logyg PFU/mI.

2.5. IgM antibody-capture enzyme-linked immunosorbent assay (MAC-ELISA)

The CDC MAC-ELISA was used, as previously described (Martin et al., 2000). Positive-to-
negative (P/N) ratios were determined, where P was defined as the mean optical density
(OD) of the positive control serum reacted on viral antigen and N was defined as the mean
OD of the negative control serum reacted on viral antigen. Interpretation of test results were
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as follows: P/N < 2 = negative, P/N 2-3 = equivocal, P/N > 3 = positive. Additionally, for a
test to be valid, the mean OD of the sample serum reacted on viral antigen had to be at least
twice the mean OD of the sample serum reacted on normal cell culture or suckling mouse
brain antigen.

2.6. Viral antigen activity

Viral antigen activity was evaluated by the CDC MAC-ELISA, as previously described
(Martin et al., 2000; Goodman et al., 2014). EEEV IgM positive and normal control
reference sera were obtained from the DVBD diagnostic laboratory. Briefly, untreated live
virus or inactivated antigen was serially diluted two-fold and reacted against both constant
EEEV IgM positive and normal control sera in the MAC-ELISA. Virus-specific antigen
activity (VSAA) was defined as the optical density (OD) of viral antigen reacted against a
constant positive control serum; acceptable VSAA had an OD of >0.8. Nonspecific
background reactivity (NBR) was defined as the OD of viral antigen reacted against a
constant normal control serum; acceptable NBR had an OD of <0.2. A satisfactory antigen
was defined as that which had acceptable MAC-ELISA results, in which both the VSAA and
NBR were within acceptable OD ranges. The highest antigen dilution with acceptable
VSAA and NBR OD ranges was considered the working antigen dilution, and was a
measure of functional antigen concentration.

2.7. Virus production for inactivation and concentration analyses

The optimal virus cell culture type and day of harvest were determined by the growth
curves. A second batch was then made under the optimized conditions in four additional
T150 cm? flask(s). Supernatant was harvested and clarified at 2400 x g for 10 min at 4°C,
and stored at —70°C with 20% FBS (Atlas Biologicals) until further analysis.

2.8. Virus inactivation methods

2.8.1. Beta-propiolactone (BPL)—Virus cell culture supernatants were thawed in a
44°C water bath with intermittent shaking. Aliquots of 15 ml were made and BPL (CTC
Organics, Atlanta, GA) was added at final concentrations ranging from 0.1% to 0.3%. The
BPL-treated aliquots were incubated for 24 hr at 4°C with moderate shaking on a
refrigerated shaker plate. Mock-treated control virus supernatants (no addition of BPL) were
incubated under the same conditions as the BPL-treated samples. Due to acidic BPL by-
products, 7.5% sodium bicarbonate (Life Technologies) was added intermittently to adjust
the pH (French, McKinney, 1964). Following BPL treatment the samples were stored at
—70°C until further analysis. For hydrolysis analysis, samples were treated with 0.2% BPL
and incubated for 24 h at 4°C with moderate shaking. Following BPL treatment, material
that underwent hydrolysis was incubated at 37°C for 2 h, and then placed at =70°C until
further analysis.

2.8.2. Gamma-irradiation—Gamma-irradiation was carried out at the CDC irradiation
facility in Atlanta, GA using a cobalt-60 source with a 500 ml volume capacity. Based on
previous experience inactivating alphaviruses, samples were irradiated with 6 Mrad
(Goodman et al., 2014). Samples were maintained frozen on dry ice throughout shipping and
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the treatment process. Untreated control virus supernatants remained frozen without any
exposure to gamma-irradiation.

2.9. Antigen Concentration

Antigen was concentrated after inactivation, as it had been determined empirically that
antigen activity was lost if it was concentrated before inactivation. Inactivated cell culture
supernatants were concentrated in Amicon Ultra-15 100kDa Centrifugal Filter Devices
(Millipore, Billerica, MA) or Centricon Plus-70 100-kDa Centrifugal Filter Devices
(Millipore) at 3500 x g for 10-45 min at 4°C. The final volume was adjusted with 0.1M
trizma/BS buffer: 1.0M trizma pH 9.0 (Sigma-Aldrich) + borate saline solution pH 9.0
[1.5M sodium chloride (Daigger, Vernon Hills, IL), 0.5M boric acid (Fisher Scientific),
1.0N sodium hydroxide (Daigger)] to the desired concentration factor.

2.10. Viability assays

Two procedures were used to evaluate virus inactivation, as described previously (Goodman
et al, 2014). Briefly, plaque titration of BPL-treated or gamma-irradiated antigen was
performed in duplicate in 6-well plates on Vero cells, beginning at neat concentration, with a
lower limit of detection (LLOD) of 10 PFU/ml. In addition, 100 pl of antigen was inoculated
into duplicate T25 cm? cell culture flasks containing Vero cells and passaged once a week
for three weeks. Virus was considered inactivated if there was no detectable titer by plaque
titration and if there was no detectable CPE in any of the three cell culture passages.

2.11. Lyophilization

Inactivated antigen was lyophilized in 250 pl aliquots in 2ml, 13mm Kimble serum vials
(Kimble-Chase, Vineland, NJ) using a freeze-dry system (Labconco, Kansas City, MO).
Samples were frozen at —70°C overnight, and then lyophilized for 18 hr at —30°C, then 6 hr
at 30°C.

2.12. Antigen evaluation

A vial of lyophilized antigen was reconstituted and antigen performance was compared to
reference suckling mouse brain antigen (SMB) in a panel of 12 archived de-identified EEEV
IgM positive serum samples which had previously been tested in the ADB diagnostic
laboratory by the CDC-microsphere immunoassay (MIA) and confirmed by PRNT (Basile et
al., 2013; Beaty et al., 1995; Johnson et al. 2011). MIA results do not measure IgM titer;
therefore, neutralization titers were used as a proxy to choose a range of high, medium, and
low EEEV positive samples. Per the CDC protocol, samples were diluted 1:400 and tested in
triplicate against the inactivated SINV/EEEV cell culture antigen or EEEV SMB antigen at
their previously calculated working antigen dilutions of 1:40 and 1:80, respectively. Optical
densities were averaged, and positive-to-negative (P/N) ratios were determined according to
methods described previously (Martin et al., 2000).

3. Results

SINV/EEEV growth curves were performed first to determine the optimal cell culture type
to use for subsequent antigen production. Next a small-scale batch of virus (two T150
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flasks) was grown under the optimized cell culture conditions and used for inactivation and
concentration analyses. Once the inactivation and concentration procedures were finalized, a
large-scale batch of bulk antigen was made. Final processing included making aliquots and
lyophilizing the antigen, and storage at —20°C. Antigen performance was evaluated at each
step in production by the MAC-ELISA, and rated as acceptable or unacceptable based on
VSAA and NBR. The viability of the antigen was assessed after initial inactivation and at
final concentration to rule out residual infectivity. The chosen inactivation method was the
one that completely inactivated the virus, had VSAA and NBR within the acceptable ranges,
and had the highest working antigen dilution compared to the mock-treated or untreated
virus.

3.1. SINV/EEEV growth curves

Virus was inoculated into T150 cm? flasks containing Vero, BHK-21c.13, or BHK-21c.15
cells at a MOI of 0.001 and incubated for 4 days. Supernatant, 1 ml, was removed at 24 hr
time points and tested by plaque titration and the EEEV MAC-ELISA. CPE was seen
beginning on day 2 and was complete by days 3-4 (data not shown). Titers peaked by day
1-2 and were between 8 and 9 logig PFU/ml in all cell types (Figure 1). However, none of
the aliquots tested by the MAC-ELISA vyielded acceptable VSAA despite the high titers
obtained (data not shown).

3.2. SINV/EEEV inactivation

It had been shown previously that the VSAA of some alphaviruses increased after
inactivation by BPL (French and McKinney, 1964; Goodman et al., 2014). Therefore, as
proof of principle and despite the poor MAC-ELISA results, the remaining supernatant from
the three growth curve flasks was collected on day 5 and treated with 0.3% BPL. The VSAA
of the BPL-inactivated Vero cell culture supernatant increased and was acceptable out to a
1:3 dilution, but there was little increase of VSAA in the BHK-21c.13 and BHK-21c.15 cell
culture supernatant (data not shown). Based on these preliminary results, a small-scale batch
of SINV/EEEV was grown in Vero cells and harvested on day 3; this material was used for
subsequent inactivation analyses.

Aliquots of SINV/EEEV supernatant from the small-scale material were treated with 0.1,
0.15, 0.2, 0.25, and 0.3% BPL (Table 1A). The SINV/EEEV VSAAs increased at all BPL
concentrations compared to mock-treated virus, which had VSAA below the acceptable
limit. All BPL concentrations completely inactivated the virus, and SINV/EEEYV treated
with <0.25% BPL produced acceptable MAC-ELISA results. These aliquots were then
concentrated 50X using Amicon Ultra-15 centrifugal filters (Table 1A). Concentrated SINV/
EEEV treated with <0.2% BPL had acceptable VSAA out to a 1:320 working antigen
dilution; however, antigen treated with 0.1% BPL remained infectious.

Based on the results from the SINV/EEEV small-scale inactivation and concentration
experiment described above, and those from previous experiments that showed that 0.15%
BPL was perhaps the borderline concentration that would completely inactivate
alphaviruses, 0.2% BPL concentration was selected for inactivation of the SINV/EEEV
large-scale batch in order to assure complete inactivation (Table 1B). The BPL-treated
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SINV/EEEV large-scale material was then concentrated 12X in a Centricon-70 centrifugal
filter. The VSAA was acceptable out to a 1:20 working antigen dilution; however, during
this scale-up process, the NBR rose above the acceptable limit (Table 1B). An aliquot of
BPL-treated SINV/EEEV was incubated at 37°C for 2 h to assure complete hydrolysis of
BPL. Hydrolyzed antigen NBR increased and VSAA decreased compared to the non-
hydrolyzed antigen (data not shown). BPL, therefore, was not considered a suitable
inactivation method for SINV/EEEV antigen production.

Gamma irradiation of SINV/EEEV small-scale material with 6 Mrad completely inactivated
the virus. VSAA increased compared to untreated virus; acceptable MAC-ELISA results
were obtained out to a 1:8 working antigen dilution (Table 2A). The antigen was then
concentrated 25X in an Amicon Ultra-15 centrifugal filter, and yielded acceptable MAC-
ELISA results out to a 1:80 working antigen dilution. The concentrated antigen remained
non-infectious (Table 2A).

Large-scale SINV/EEEV supernatant was gamma-irradiated with 6 Mrad then concentrated
12X in a Centricon-70 centrifugal filter. The concentrated antigen was not infectious, and
had acceptable MAC-ELISA activity out to a 1:40 working antigen dilution (Table 2B).
Therefore, gamma irradiation was selected as the inactivation method for final, scaled-up
SINV/EEEYV antigen production. Aliquots of 0.25ml were made of the final product; the
antigen was then lyophilized, sealed, and stored at —20°C. To test stability of the final
product, one vial of the lyophilized antigen was removed from the freezer, reconstituted in
0.25 ml sterile water, and re-evaluated in the MAC-ELISA. The VSAA of the lyophilized
antigen decreased slightly compared to non-lyophilized antigen, but the working antigen
dilution remained at 1:40 (Table 2B).

3.3. SINV/EEEV evaluation

Performance of inactivated SINV/EEEV cell culture and EEEV SMB antigens was
compared in a panel of 12 previously identified EEEV positive serum samples (Table 3). All
results were positive in the MAC-ELISA using the SINV/EEEV antigen, and P/Ns were
higher in 9 of 12 samples compared to EEEV SMB antigen. Two of the low-positive
samples (samples 1 and 3) had negative results in the MAC-ELISA with the EEEV SMB
antigen.

4. Discussion

EEEV is an enzootic arbovirus that circulates throughout eastern North America. Although
only a few cases of EEEV infections in humans and unvaccinated horses are reported
annually, EEEV infection is clinically indistinguishable from other neuroinvasive diseases
and detection relies on laboratory-based surveillance. The EEEV MAC-ELISA is the
primary serological test used to detect EEEV infection, confirmed by the neutralization
assay with live virus. Viral antigens used in the ELISA generally are made from inactivated
and concentrated live virus. EEEV is a select agent restricted, BSL-3 agent; therefore in
order to make EEEV antigen from wild-type EEEV, a laboratory would need to have a
BSL-3 facility and be registered with the select agent program.
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SINV/EEEV is a recombinant virus in which the genes coding for the antigenic EEEV
envelope proteins have replaced those of SINV in the SINV genome. SINV/EEEV can be
used under BSL-2 conditions and is not under select agent restrictions. Previously, SINV/
EEEV was shown to be neutralized similarly to wild-type EEEV in the PRNT (Johnson et
al., 2011). Production of EEEV antigen from SINV/EEEV needed to be assessed to
determine if the antigen would react appropriately to EEEV IgM in the MAC-ELISA, and to
evaluate the stability of the chimeric virus particle proteins throughout the antigen
production process of inactivation, concentration, and lyophilization. Using a previously
described antigen production algorithm, the antigen production process and evaluation of
SINV/EEEV in the MAC-ELISA, the end-use assay for this study, were described here
(Goodman et al., 2014).

Peak SINV/EEEV titers from the growth curves were similar in all cell types, between 8 and
9 log1g PFU/ml, but none of the supernatant aliquots yielded acceptable VSAA in the EEEV
MAC-ELISA. This lack of antigen activity prior to inactivation, and up to a tenfold increase
in activity after inactivation, had been observed previously (French and McKinney, 1964;
Goodman et al., 2014). Future experiments to investigate this include possible epitope
mapping and x-ray crystallography to determine why there is a difference in antigen activity
between infectious versus inactivated material. Therefore, production continued with
inactivation by BPL at concentrations ranging from 0.1%-0.3%. SINV/EEEV was
completely inactivated by =0.2% BPL, and although the VSAA was acceptable, the NBR
was high, and increased to unacceptable levels after the antigen was concentrated 12X.

The increase in NBR following BPL treatment has been observed previously (Goodman et
al., 2014). BPL is hydrolyzed in aqueous solution to $-hydroxypropionic acid (Perrin,
Morgeaux, 1995). Sodium bicarbonate is added to the supernatant throughout the 24 hr
inactivation process to neutralize the acid and preserve the VSAA, as acidity degrades the
protein. In order to determine if there was residual BPL in the supernatant that might be
causing the increase in NBR following BPL inactivation, the supernatant was incubated at
37°C for 2 hr to facilitate complete BPL hydrolysis, even though it had previously been
shown that some VSAA is destroyed during hydrolysis, probably due to the rapid
acidification of the supernatant heated to 37°C (Goodman et al., 2014). As expected, the
VSAA of the SIN/EEEV did decrease following hydrolysis of the BPL. However, in
contrast to previous observations, the NBR increased. Chemical inactivation with BPL is
inexpensive and effective, but the quality of the final product is highly variable (Goodman et
al., 2014). Therefore, BPL was not considered to be an acceptable method for inactivating
SINV/EEEV because of the resultant high NBR.

Gamma irradiation is an alternative method of virus inactivation. At 6 Mrad, SINV/EEEV
was completely inactivated, had higher VSAA compared to live virus, and lower NBR
compared to BPL-inactivated antigen. Further processing by concentration and
lyophilization did not alter the performance of the antigen in the end-use MAC-ELISA.

Comparison of SINV/EEEV cell culture antigen to EEEV SMB antigen using previously
identified EEEV positive control serum samples demonstrated the acceptable performance
of SINV/EEEV antigen in the EEEV MAC-ELISA. Indeed the sensitivity of the EEEV
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MACELISA was higher when the SINV/EEEV antigen was used, as IgM was detected in 2
low positive samples with the SINV/EEEV antigen, but not the EEEV SMB antigen.

In conclusion, EEEV antigen used in the diagnostic MAC-ELISA could be produced from
SINV/EEEV under optimized conditions determined empirically. The final product derived
from the recombinant SINV/EEEV had similar antigenicity and stability to antigen produced
from wild-type alphaviruses (Goodman et al., 2014). The ability of non-select agent
registered, BSL-2 laboratories to produce inactivated EEEV antigen by using recombinant
SINV/EEEV will enhance the capacity of reference laboratories to provide these important
diagnostic reagents.
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Figure 1.
Growth of SINV/EEEYV strain 796 in Vero, BHK-21c. 13, and BHK-21c.15 cells. T-150 ¢cm?

flasks were inoculated with an MOI of 0.001 and incubated for 4 days. Underlined
conditions indicate the optimal cell type and harvest day based on performance in the
MACELISA.
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