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ABSTRACT Venezuelan equine encephalitis virus (VEEV) is a mosquito-borne RNA
virus that causes low mortality but high morbidity rates in humans. In addition to
natural outbreaks, there is the potential for exposure to VEEV via aerosolized virus
particles. There are currently no FDA-licensed vaccines or antiviral therapies for
VEEV. Passive immunotherapy is an approved method used to protect individuals
against several pathogens and toxins. Human polyclonal antibodies (PAbs) are ideal,
but this is dependent upon serum from convalescent human donors, which is in lim-
ited supply. Non-human-derived PAbs can have serious immunoreactivity complica-
tions, and when “humanized,” these antibodies may exhibit reduced neutralization
efficiency. To address these issues, transchromosomic (Tc) bovines have been cre-
ated, which can produce potent neutralizing human antibodies in response to hy-
perimmunization. In these studies, we have immunized these bovines with different
VEEV immunogens and evaluated the protective efficacy of purified preparations of
the resultant human polyclonal antisera against low- and high-dose VEEV challenges.
These studies demonstrate that prophylactic or therapeutic administration of the
polyclonal antibody preparations (TcPAbs) can protect mice against lethal subcuta-
neous or aerosol challenge with VEEV. Furthermore, significant protection against
unrelated coinfecting viral pathogens can be conferred by combining individual
virus-specific TcPAb preparations.

IMPORTANCE With the globalization and spread or potential aerosol release of
emerging infectious diseases, it will be critical to develop platforms that are able to
produce therapeutics in a short time frame. By using a transchromosomic (Tc) bo-
vine platform, it is theoretically possible to produce antigen-specific highly neutraliz-
ing therapeutic polyclonal human antibody (TcPAb) preparations in 6 months or
less. In this study, we demonstrate that Tc bovine-derived Venezuelan equine en-
cephalitis virus (VEEV)-specific TcPAbs are highly effective against VEEV infection that
mimics not only the natural route of infection but also infection via aerosol expo-
sure. Additionally, we show that combinatorial TcPAb preparations can be used to
treat coinfections with divergent pathogens, demonstrating that the Tc bovine plat-
form could be beneficial in areas where multiple infectious diseases occur contem-
poraneously or in the case of multipathogen release.
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Venezuelan equine encephalitis virus (VEEV) is an enveloped, single-stranded,
positive-sense RNA virus that causes epizootic and epidemic outbreaks in equines

and humans. In equines, VEEV causes �80% mortality (1); in humans, VEEV is rarely fatal
(�1%), causing neurological disease that can lead to permanent neurological sequelae
in 4 to 14% of symptomatic individuals (2, 3). VEEV is not only infectious from the
natural route of infection but also highly infectious when aerosolized. Currently, there
are no FDA-licensed vaccines or antiviral therapies available to combat VEEV infection.
Due to the lack of prevention and treatment strategies, the development of new
vaccines and antiviral therapies is of high importance.

Passive immunotherapy is a potentially promising approach for the treatment of
acute infections such as those cause by VEEV. This approach has been approved for
multiple pathogens, including Ebola virus, influenza virus, and anthrax (reviewed in
references 4 and 5). Three types of products are currently available for passive immu-
notherapy: (i) human polyclonal antibodies (PAbs) derived from convalescent-phase
serum, (ii) PAbs derived from serum of experimentally immunized animals, and (iii)
monoclonal antibodies (MAbs) produced in vitro or via recombinant techniques (re-
viewed in references 6 and 7). Human PAbs recognize multiple epitopes and are
broadly neutralizing, but the requirement for convalescent-phase serum makes acquir-
ing large quantities in a short period of time difficult. Compared to human PAbs, animal
PAbs and MAbs can be generated rapidly in large quantities, but the risk of serious
adverse events due to anti-animal PAb immune responses is high. Animal PAbs can be
processed into Fab fragments to reduce adverse events, while animal MAbs can
undergo a “humanization” process in which a variety of methods can be used, including
complementarity-determining region (CDR) graphing and variable-domain resurfacing;
however, all methods used to reduce adverse events can lead to a reduced efficacy of
the antibodies (Abs) (reviewed in references 6 and 8). Finally, unlike PAbs, which
recognize multiple epitopes, MAbs recognize only a single epitope, raising the possi-
bility of rapid neutralization escape by the infecting microorganism.

A new approach to overcoming the limitations of these strategies is the transchro-
mosomic (Tc) bovine. Tc bovines have been engineered to possess a human artificial
chromosome containing the human antibody heavy chain and kappa chain. In addition,
these animals have a triple deletion of bovine heavy chain genes and lambda cluster
light chain genes (IGHM�/� IGHML1�/� IGL�/�) (9–11). Tc bovines produce three kinds
of IgG antibody: human IgG (hIgG), chimeric IgG (containing human heavy chain and
bovine kappa chain), and trans-class-switched bovine IgG. The majority of the antibody
produced is fully human IgG (70 to 80%), while a smaller portion is chimeric IgG and
bovine IgG. Chimeric IgG is produced because the gene of the bovine Ig� light chain
has not been deleted from Tc bovines. During the purification process, chimeric and
bovine IgGs can be separated from the fully human IgG, resulting in a genetically
human polyclonal antibody preparation. Tc bovines produce as much as 300 g of
human IgG/animal/month, allowing the production of highly concentrated antibody
preparations in a very short time frame, with no further treatment being required for
therapeutic use. The Tc bovine platform has been used to make antigen-specific human
antibodies to diverse viral pathogens such as Ebola virus (12, 13), anthrax (10), Middle
East respiratory syndrome coronavirus (MERS-CoV) (14), and hantavirus (15).

In these studies, we compared optimized VEEV immunogens (inactivated virus,
expression plasmid DNA, and a commercial inactivated alphavirus trivalent veterinary
vaccine) for the stimulation of neutralizing and protective PAb responses in Tc bovines.
Subcutaneous (s.c.) and aerosol challenge experiments demonstrated that purified
TcPAb preparations protected mice from mortality at relatively low doses (5 mg/kg of
body weight) when used either prophylactically or therapeutically, and the protective
effect was confirmed by in vivo imaging of challenge virus replication. In addition, the
inactivated virus preparation derived from wild-type VEEV elicited the greatest neu-
tralizing and most protective TcPAb responses. Finally, we show for the first time that
that the Tc bovine platform can provide significant protection against lethal aerosol
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coinfection with multiple pathogens (VEEV and influenza virus) to mice when TcPAb
preparations are combined.

RESULTS
Tc bovines hyperimmunized with VEEV antigens produce VEEV-specific anti-

bodies. Tc bovines were immunized up to five times with VEEV-specific antigens (Table
1) in a 12-week period, and serum was collected for analysis of VEEV-specific antibodies.
In order to determine if the choice of antigen used to generate the VEEV-specific
human PAbs resulted in PAbs of various efficacies, Tc bovines were immunized with
one of three different VEEV antigens: (i) the commercial livestock vaccine (CLV), a
trivalent vaccine containing formalin-inactivated VEEV, eastern equine encephalitis
virus (EEEV), and western equine encephalitis virus (WEEV); (ii) plasmid DNA (pDNA694)
containing codon-optimized structural genes with a 4-amino-acid (aa) deletion in the
capsid; and (iii) the V3000 nt3A virus inactivated by treatment with the psoralen
derivative 4=-aminomethyltrioxsalen (AMT) coupled with short-duration UV irradiation.

First, serum was tested for VEEV-specific neutralizing antibodies (Fig. 1A to C) by
using an infectivity reduction neutralization test (IRNT). VEEV-specific neutralization
activity was detected in vaccination 3 day 9 (V3D9) serum of Tc bovines hyperimmu-
nized with CLV antigen (�1:2,800) (Fig. 1A). A more extensive time course determining
when VEEV-specific neutralization could be detected was performed with Tc bovines
hyperimmunized with pDNA694 (Fig. 1B) or V3000 nt3A AMT (Fig. 1C). Neutralization
activity was present after the first immunization with pDNA694 but not with V3000
nt3A AMT; however, further immunizations with V3000 nt3A AMT resulted in higher
levels of VEEV-specific neutralization activity than in serum from Tc bovines hyperim-
munized with pDNA694 (�1:14,000 and �1:7,500, respectively). It is worth noting that
the CLV immunizations likely contained much more virus protein, even if only one-third
was VEEV, than the V3000 nt3A AMT immunizations, which, at �1 � 108 PFU, were
below the level of detection of a Bradford protein assay (16).

After human antibody purification from Tc bovine serum, CLV V3D9, pDNA694
V4D10, and V3000 nt3A AMT V4D10 preparations were tested for VEEV-specific neu-
tralization activity and human IgG and IgA levels (Fig. 1D to F). All three purified TcPAb
preparations retained high VEEV-specific neutralization capacities (Fig. 1D). In a VEEV-
specific enzyme-linked immunosorbent assay (ELISA), very high background levels were
observed in the purified TcPAb preimmunization negative-control preparations, and
there were large differences in background levels between the two negative controls.
The first negative control consistently exhibited lower background levels of both IgA
and IgG, while the second negative control produced ELISA reactivity similar to that of
the pDNA694-generated VEEV TcPAb preparation (Fig. 1E and F). It is possible that the
Tc bovines were exposed to an ELISA cross-reactive, nonneutralizing immunogen prior
to the initial VEEV immunization, resulting in high background levels in the VEEV-
specific ELISA. Regardless, the purified TcPAb from V3000 nt3A AMT-hyperimmunized
bovines had consistently higher levels of both VEEV-specific IgA (Fig. 1E) and IgG (Fig.
1F) than both negative controls, CLV- and pDNA694-hyperimmunized bovines.

TABLE 1 Serum collected from transchromosomic bovines hyperimmunized with VEEV antigen

Antigen Bovine

Serum collectiona

V1D21 V2D10 V2D21 V3D9/10 V3D21 V4D10 V4D21 V5D10

CLV 2221 x
2180 x

pDNA694 2184 x x x x x
2186 x x x x x x

V3000 nt3A AMT 2178 x x x x x x x x
2183 x x x x x x x x

aV, immunization; D, day; x, day when serum was collected postimmunization.
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Purified VEEV TcPAbs can protect against subcutaneous challenge. The ability
of purified VEEV TcPAbs to protect against subcutaneous challenge with single-dose
intraperitoneal (i.p.) prophylactic or therapeutic treatment was tested initially (Fig. 2).
All mice that received the negative-control TcPAbs succumbed to infection by 6 days
postinfection (dpi) and had high levels of replication in the head region at 5 dpi, as
determined by an in vivo imaging system (IVIS) (Fig. 2A). Virtually all mice treated
prophylactically survived challenge (Fig. 2B to D); exhibited no clinical signs of disease,
including weight loss; and did not have detectable replication in the head (as deter-
mined by IVIS analysis). One mouse treated with the CLV TcPAb (Fig. 2D) had weight
loss beginning at 6 dpi but had no detectable signs of replication in the head at 5 dpi,
as determined by IVIS analysis (Fig. 2H). All mice treated therapeutically with VEEV
TcPAbs survived (Fig. 2E to G) but exhibited clinical signs of disease, including weight
loss, and virus was detectable at 5 dpi in the heads of all mice imaged (Fig. 2I). The level
of IVIS signals in mice treated with anti-VEEV TcPAbs therapeutically was significantly
lower (P � 0.001) than that in the negative-control TcPAb group (Fig. 2I). When the
different anti-VEEV TcPAb therapeutic groups were compared, V3000 nt3A-derived
TcPAb-treated mice had less IVIS signal in the head than did mice in the pDNA694
TcPAb-treated group (P � 0.05) but not mice treated with CLV-derived TcPAbs (Fig. 2I).
These data indicate that all three VEEV TcPAbs could prevent measureable disease in
nearly all mice after a lethal s.c. VEEV challenge with prophylactic treatment; however,
therapeutic treatment prevented death but could not protect from disease.

Purified VEEV TcPAbs can protect against aerosol challenge. Aerosol exposure is
more likely to occur in the context of bioweapon use and represents a more stringent
route of challenge with VEEV than s.c. infection (17–19). Therefore, this route was used
to determine if there was a difference in efficacy between the different anti-VEEV TcPAb
preparations. Considering the difficulty in protection from VEEV aerosol exposure
(17–19), we decided to treat the mice with TcPAb by two different routes: i.p. or both

FIG 1 VEEV-specific antibody responses generated by hyperimmunization of Tc bovines. (A to C) Neutralizing antibody in serum from Tc bovines hyperim-
munized with CLV (A), pDNA694 (B), or V3000 nt3A AMT (C) at various times postimmunization. (D to F) Sera from two Tc bovines hyperimmunized with CLV
(V3D9), pDNA694 (V4D10), or V3000 nt3A AMT (V4D10) were pooled and purified for human antibodies as described in Materials and Methods. Purified
antibodies were then tested for neutralizing antibody (D), VEEV-specific human IgA (E), or VEEV-specific human IgG (F). LD, limit of detection.
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intraperitoneal and intranasal (i.n.). The additional Ab treatment route has been dem-
onstrated to increase the efficacy of protection against aerosol alphavirus exposure
(19).

With standard-dose aerosol exposure (50 to 100 50% lethal doses [LD50]), which
causes uniform mortality in 6 to 9 days, CLV-derived TcPAbs (Fig. 3D) demonstrated less
efficacy, especially in i.p. prophylactic treatment, than did pDNA694 (Fig. 3B)- or V3000
nt3A AMT (Fig. 3C)-derived TcPAbs, both of which produced significantly more survi-
vors and extended average survival times (ASTs) (P � 0.05) (Table 2). Additionally, only
mice treated prophylactically i.p./i.n. with V3000 nt3A AMT-derived TcPAb had signif-
icantly less IVIS signal in the head than did mice treated with the negative-control
TcPAb, while all of the other prophylactically anti-VEEV TcPAb-treated groups had at
least one mouse exhibiting levels of IVIS signal in the head similar to those of mice
treated with the negative-control TcPAb (Fig. 3H). Interestingly, the CLV-derived TcPAb

FIG 2 Efficacy of anti-VEEV TcPAb treatment against subcutaneous challenge. Six-week-old BALB/c mice were either untreated or treated once intraperitoneally
with 100 �g of anti-VEEV TcPAb prophylactically, 12 h before (B to D), or therapeutically, 12 h after (E to G), subcutaneous challenge in the rear footpad with
1,000 PFU of V3000 nluc TaV. Three mice from the control, prophylactic, or therapeutic groups were imaged by IVIS analysis at 5 days postchallenge, and photon
flux was quantitated for the head (H and I, respectively). One mouse representing the fewest clinical infection signs and one mouse representing the greatest
number and severity of clinical infection signs are shown in IVIS images from the control (A), prophylactic (B to D), and therapeutic (E to G) groups. All IVIS
images are set to the same scale. Daily weights are shown for mice that received the negative-control TcPAb (black lines) (B to G), prophylactic (colored lines)
(B to D), or therapeutic (colored lines) (E to G) treatments. For panels H and I, statistical significance for IVIS imaging was determined by Student’s t test. *, P �
0.05 for pDNA694 TcPAb versus V3000 nt3A AMT TcPAb; ***, P � 0.001 for the negative control versus VEEV TcPAb; *****, P � 0.0001 for the negative control
versus VEEV TcPAb; ns, not significant.
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was more effective when mice were treated therapeutically i.p./i.n. than prophylacti-
cally i.p./i.n. (P � 0.01) (Table 2 and Fig. 3G versus 4G). However, there was not a
significant difference between mice that received the negative-control TcPAb thera-
peutically and mice that received the anti-VEEV TcPAbs because at least one mouse had
levels of IVIS signal in the head that were similar to those of the control mice (Fig. 4H).
There was no significant difference in percent mortality or survival time for the
pDNA694- or V3000 nt3A AMT-derived TcPAbs (Table 2) between prophylactic treat-
ment (Fig. 3) and therapeutic treatment (Fig. 4).

To further explore efficacy differences between the different VEEV TcPAb prepara-
tions, mice were exposed to high-dose aerosol challenge (�100 LD50) (Table 3).
Increasing the aerosol dose dramatically decreased the efficacies of all three prepara-
tions when the mice received only one dose of the TcPAb; however, efficacy differ-
ences, as measured by survival, were apparent (Table 3). CLV TcPAb treatment no
longer provided protection either prophylactically or therapeutically against VEEV
aerosol challenge and yielded ASTs similar to those for mice treated with the negative-
control TcPAbs (Table 3). Although pDNA694 TcPAbs offered little protection (10 to
20%), mice had a significant increase in ASTs compared to those for CLV (Table 3) and
negative-control (Table 3) TcPAb-treated mice. Interestingly, mice treated with the

FIG 3 Efficacy of prophylactic anti-VEEV TcPAb treatment against standard-dose aerosol challenge. Six-week-old BALB/c mice were treated once i.p. or i.p./i.n.
with 100 �g of either the control TcPAb or the indicated anti-VEEV TcPAb 12 h before aerosol challenge with a standard-dose aerosol (50 to 100 LD50) of V3000
nluc TaV. (H) Four mice from the control or prophylactic groups were imaged by IVIS analysis at 5 days postchallenge, and photon flux was quantitated for the
head. (A to G) One mouse representing the fewest clinical infection signs and one mouse representing the greatest number and severity of clinical infection
signs are shown in IVIS images from the control (A) or prophylactic (B to G) groups. All IVIS images are set to the same scale. Daily weights are shown for mice
that received the negative-control TcPAb (black lines) (B to G) or prophylactic (colored lines) (B to G) treatments. (H) Statistical significance for IVIS imaging was
determined by Student’s t test. *, P � 0.05 compared to the negative-control TcPAb.
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V3000 nt3A AMT TcPAbs exhibited significantly increased survival (40 to 50%) and an
extended AST compared to those for both CLV and pDNA694 TcPAb-treated mice.
These data suggest that the repertoire of PAbs generated from Tc bovines hyperim-
munized with V3000 nt3A AMT is more effective at protecting mice both prophylacti-
cally and therapeutically against a high-dose aerosol challenge.

Finally, we determined if the dosing multiplicity affected the efficacy of the anti-
VEEV TcPAb preparations against a high-dose aerosol challenge, considering that
multiple doses are likely to be given in the context of human therapeutic treatment.
Mice were given two doses of TcPAbs (Table 3) using either prophylactic (Fig. 5 and 6)
or therapeutic (Fig. 7 and 8) treatment strategies. The administration of two doses of
CLV-derived TcPAbs to either the prophylactic group (Fig. 5D and G) or the therapeutic
group (Fig. 7D and G) did not increase survival or extend ASTs (Table 3) compared to
mice that received the negative-control TcPAbs. Additionally, clinical signs were similar
between mice that received the negative-control TcPAb (Fig. 6A and 8A) and mice that
received the CLV TcPAb using either strategy (Fig. 6D and G and 8D and G). Similarly,
in the prophylactic group, two doses of pDNA694-derived TcPAbs did not alter survival
or extend the AST compared to a single dose (Table 1). However, in the therapeutic
i.p./i.n. group, two doses of pDNA694-derived TcPAbs significantly increased the num-
ber of survivors compared to a single dose (P � 0.03). Furthermore, prophylactic doses
of pDNA694-derived TcPAbs given i.p. produced a 2-day delay in the onset of clinical
signs of disease compared to mice that received the negative-control TcPAbs (Fig. 6A
and B). Mice that received two doses of V3000 nt3A AMT TcPAbs had twice the number
of survivors compared to those that received one dose, both prophylactically i.p./i.n.
(40% to 88% survival; P � 0.03) and therapeutically i.p./i.n. (50% to 100% survival; P �

0.01). Unlike other groups, not all mice that received the V3000 nt3A AMT TcPAbs
prophylactically exhibited clinical signs of disease (Fig. 6F). Additionally, when mice
were treated prophylactically, only the V3000 nt3A AMT TcPAb groups exhibited
significantly less IVIS signal in the head than did the negative-control TcPAb group
(Fig. 5H).

When comparing the pDNA694 TcPAb and V3000 nt3A AMT TcPAb groups only, the
V3000 nt3A AMT TcPAb treatments produced significantly higher rates of survival (Fig.
5A, C, D, and F and 7A, C, D, and F). Furthermore, although all mice that received
TcPAbs therapeutically exhibited clinical signs of disease (Fig. 8), mice that received
V3000 nt3A AMT TcPAbs exhibited clinical signs for fewer days (Fig. 8C and F) than did

TABLE 2 Efficacy of human VEEV-specific TcPAb in protection against standard-dose
aerosol challengec

TcPAb Route Timinga % survival AST (days) � SDb

Negative control Prophylactic 0 7.6 � 1.1
Therapeutic 0 8.6 � 0.5

CLV i.p. Prophylactic 20 6.9 � 0.2
i.p./i.n. 60 7.0 � 0.0
i.p. Therapeutic 50 7.8 � 0.4
i.p./i.n. 100 NA

pDNA694 i.p. Prophylactic 80* 9.3 � 1.3#
i.p./i.n. 80 8.0 � 0.0
i.p. Therapeutic 90 8.5 � 0.0
i.p./i.n. 90 8.0 � 0.0

V3000 nt3A AMT i.p. Prophylactic 90* 9.0 � 0.0#
i.p./i.n. 100 NA
i.p. Therapeutic 80 7.8 � 0.3
i.p./i.n. 70 8.3 � 0.8

aProphylactic treatment 12 h before challenge; therapeutic treatment at 12 h postchallenge.
bNA, not applicable.
c*, P � 0.05 by a chi-square test comparing CLV with pDNA694 and V3000 nt3A AMT; #, P � 0.05 by a
Mantel-Cox log rank test comparing CLV with pDNA694 and V3000 nt3A AMT.
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surviving mice that received pDNA694 TcPAbs (Fig. 8B and E). Overall, the hierarchy of
efficacy of the different VEEV TcPAbs remained when mice received two doses of
anti-VEEV TcPAbs, with CLV TcPAbs exhibiting the lowest efficacy and V3000 nt3A AMT
TcPAbs exhibiting the highest efficacy. The superior protective efficacy of V3000 nt3A
AMT-derived TcPAb preparations is consistent with the higher IRNT80 and IgG/IgA levels
measured in the in vitro assays.

Virus replication and weight loss 5 days after challenge. Assessment of the
disease and virus replication characteristics of mice challenged by different routes may
be informative regarding the establishment of TcPAb treatment regimens. To study
this, we analyzed the quantitated IVIS signals in comparison with weight loss and
mortality data for all VEEV-infected mice (negative-control TcPAb and anti-VEEV TcPAb
treatments). In these studies, all mice given negative-control TcPAb succumbed to
infection and exhibited high levels of virus replication in the head, as measured by IVIS
signals. IVIS confirmed that for all challenge types, mice exhibiting little/no weight loss

FIG 4 Efficacy of therapeutic anti-VEEV TcPAb treatment against standard-dose aerosol challenge. Six-week-old BALB/c mice were treated once i.p. or i.p./i.n.
with 100 �g of either the control TcPAb or the indicated anti-VEEV TcPAb 12 h after aerosol challenge with a standard-dose aerosol (50 to 100 LD50) of V3000
nluc TaV. (H) Four mice from the control or therapeutic groups were imaged by IVIS analysis at 5 days postchallenge, and photon flux was quantitated for the
head. (A to G) One mouse representing the fewest clinical infection signs and one mouse representing the greatest number and severity of clinical infection
signs are shown in IVIS images from the control (A) or therapeutic (B to G) groups. All IVIS images are set to the same scale. Daily weights are shown for mice
that received the negative-control TcPAb (black lines) (B to G) or therapeutic (colored lines) (B to G) treatments. (H) None of the treatments were significantly
different from the control by Student’s t test (P � 0.05).
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also had little/no replication in the head compared to mice with weight loss (Fig. 9).
Furthermore, the data suggest that the different challenge routes resulted in different
disease profiles for the mice after TcPAb treatment. With s.c. challenge, surviving mice,
all of which were treated with anti-VEEV TcPAb, exhibited substantial virus replication
in the head and weight loss (Fig. 9A). However, with both aerosol doses, the manifes-
tation of either of these disease characteristics was nearly always associated with
mortality (Fig. 9B and C). Furthermore, while significant differences in replication
measured by IVIS signals were associated with increased weight loss (e.g., 5 to 10%
versus 10 to 20% weight loss with standard-dose aerosol and 5 to 10% versus �20%
with high-dose aerosol) (Fig. 9B and C), they were not associated with differences in
mortality. This finding suggests that complete protection from disease and replication
will be required for the aerosol challenge route. Therefore, additional, higher-
concentration doses of TcPAb may be required.

TcPAbs can protect against simultaneous infection with two pathogens. A
significant advantage of the TcPAb platform would be the ability to protect against or
treat infections with multiple pathogens, either before the time when an infecting
organism is identified or in the case of multiorganism release. Therefore, the develop-
ment of a multiagent-specific antiviral therapeutic is of high priority. To test the
potential use of the TcPAb preparations in this context, influenza virus-sensitive DBA2
mice were treated either prophylactically or therapeutically with an equal mixture of
VEEV TcPAbs (V3000 nt3A AMT TcPAbs) and influenza virus TcPAbs or given negative-
control TcPAbs and then exposed to a lethal aerosol dose of a combination of VEEV and
H1N1 influenza virus. As a baseline measure of disease manifestation, negative-control-
treated mice were also exposed to each virus individually. In control TcPAb-treated
animals, the combination of the two viruses significantly (P � 0.001) decreased the AST
compared to those of individual infections (Fig. 10), suggesting an increase in disease
severity with coinfection. As an additional control, coinfected mice were treated with
the individual TcPAbs (VEEV TcPAb or influenza virus TcPAb), and all mice succumbed
to infection (Fig. 10), further demonstrating that the coinfected mice received a lethal
dose of both viruses. In contrast, coinfected mice treated either prophylactically (67%
survival; P � 0.0013) (Fig. 10A) or therapeutically (78% survival; P � 0.0004) (Fig. 10B)

TABLE 3 Efficacy of human VEEV-specific TcPAb in protection against high-dose aerosol challengec

TcPAb

1 dosea 2 dosesb

Route Timing
%
survival

AST
(days) � SD Route Timing

%
survival

AST
(days) � SD

Negative control Prophylactic 0 6.0 � 0.0 Prophylactic 0 6.3 � 0.6
Therapeutic 0 6.5 � 0.5 Therapeutic 0 6.4 � 0.8

CLV i.p. Prophylactic 0 6.5 � 0.5 i.p. Prophylactic 0 6.4 � 0.5
i.p./i.n. 0 6.5 � 0.5 i.p./i.n. 0 6.3 � 0.5
i.p. Therapeutic 0 6.4 � 0.5 i.p. Therapeutic 0 6.6 � 0.5
i.p./i.n. 0 6.5 � 0.5 i.p./i.n. 0 6.8 � 0.4

pDNA694 i.p. Prophylactic 0 7.7 � 0.8# i.p. Prophylactic 10 7.8 � 0.5#
i.p./i.n. 20 7.8 � 0.5# i.p./i.n. 20 9.0 � 1.6#
i.p. Therapeutic 10 7.9 � 0.9# i.p. Therapeutic 30 8.4 � 1.6#
i.p./i.n. 0 7.5 � 0.5# i.p./i.n. 40*** 8.7 � 2.1#

V3000 nt3A AMT i.p. Prophylactic 40*,** 8.4 � 0.8#,## i.p. Prophylactic 66*,** 9.7 � 1.2#
i.p./i.n. 40* 10.0 � 1.0#,## i.p./i.n. 88*,** 10.5 � 0.0#,##
i.p. Therapeutic 50*,** 8.3 � 0.4#,## i.p. Therapeutic 88*,** 9.0 � 0.0#
i.p./i.n. 50*,** 9.5 � 2.3#,## i.p./i.n. 100*,** NA#

aProphylactic treatment 12 h before challenge; therapeutic treatment at 12 h postchallenge.
bProphylactic treatment 12 h before challenge and again at 48 h postchallenge; therapeutic treatment at 12 h postchallenge and again at 48 h postchallenge. NA, not
applicable.

c*, P � 0.05 by a chi-square test comparing CLV and V3000 nt3A AMT; **, P � 0.05 by a chi-square test comparing pDNA694 and V3000 nt3A AMT; ***, P � 0.05 by a
chi-square test comparing CLV and pDNA694; #, P � 0.05 by a Mantel-Cox log rank test comparing CLV, V3000 nt3A AMT, and pDNA694; ##, P � 0.05 by a Mantel-
Cox log rank test comparing CLV with V3000 nt3A AMT and pDNA694 with V3000 nt3A AMT.
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with the two TcPAbs exhibited significantly higher survival rates than did mice that
were given the negative-control TcPAbs (0%) (Fig. 10). These data suggest that the
TcPAb platform can be useful in the treatment of infections with multiple coinfecting
pathogens.

DISCUSSION

Passive immunotherapy is a powerful tool for treating various diseases (reviewed in
references4, 5, and 20). Although broadly neutralizing anti-VEEV MAbs from mice have
been shown to protect against different clades of VEEV (21) even after having been
humanized (22), PAbs are able to recognize multiple epitopes, thus decreasing the risk
of escape mutants. Furthermore, PAb preparations can be generated very rapidly after

FIG 5 Efficacy of prophylactic anti-VEEV TcPAb treatment against high-dose aerosol challenge. Six-week-old BALB/c mice were treated with 100 �g of either
the control TcPAb or the indicated anti-VEEV TcPAb followed by a high-dose aerosol (�100 LD50) challenge with V3000 nluc TaV. Two doses of TcPAb were
administered either i.p. (B to D) or i.p./i.n. (E to G), with the first dose 12 h before challenge and the second dose 48 h after challenge. Four to eight mice from
the control or prophylactic groups were imaged by IVIS analysis at 5 days postchallenge, and photon flux was quantitated for the head (H). One mouse
exhibiting the fewest clinical infection signs and one mouse exhibiting the greatest number and severity of clinical infection signs are shown in IVIS images
from the control (A) or prophylactic (B to G) groups. All IVIS images are set to the same scale. Daily weights are shown for mice that received the negative-control
TcPAb (black lines) (B to G) or prophylactic (colored lines) (B to G) treatments. *, P � 0.05 compared to the negative-control TcPAb as determined by Student’s
t test.

Gardner et al. Journal of Virology

July 2017 Volume 91 Issue 14 e00226-17 jvi.asm.org 10

http://jvi.asm.org


virus emergence or in the context of battlefield use, with little analysis of epitope
recognition or virus escape potential being required. In this study, Tc bovines that
produce genetically human PAbs were hyperimmunized with either a commercial
trivalent alphavirus vaccine, pDNA expressing VEEV TrD wild-type (WT) structural
proteins, or inactivated cDNA clone-derived TrD virus. These approaches were used
since live-attenuated viruses are not permitted to be used to immunize food livestock.
Rigorous safety testing must occur to demonstrate the complete inactivation of bio-
safety level 3 (BSL-3) pathogens; therefore, we utilized the attenuated nt3A mutant of
VEEV for inactivation and stringent interferon receptor-null mouse safety testing for
validation of the inactivation of the preparations. We then compared the three im-
munogens to determine (i) the antibody stimulation provided by each immunogen, (ii)
the protective efficacy of TcPAbs against s.c. and aerosol challenges with WT VEEV TrD,
and (iii) if the antigen used to hyperimmunize Tc bovines resulted in different efficacies
of the resulting TcPAb preparations.

All three antigens used to hyperimmunize the Tc bovines produced VEEV-specific
neutralizing Abs that were similarly protective in vivo against subcutaneous challenge.
However, differences in efficacy between the TcPAbs were observed during aerosol

FIG 6 Efficacy of prophylactic anti-VEEV TcPAb treatment against clinical signs of disease after high-dose aerosol challenge. Six-week-old BALB/c
mice were treated with 100 �g of either the control TcPAb or the indicated anti-VEEV TcPAb followed by a high-dose aerosol (�100 LD50)
challenge with V3000 nluc TaV. Two doses of TcPAb were administered either i.p. (B to D) or i.p./i.n. (E to G), with the first dose 12 h before
challenge and the second dose 48 h after challenge. Mice were monitored daily for clinical signs of disease.
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challenge. Previous work with both mouse PAbs (19) and MAbs (17, 18) demonstrated
that protection of mice from aerosol challenge is more difficult than protection against
s.c. challenge. Furthermore, clade IA/B viruses like TrD are the most difficult to protect
against in an aerosol challenge (21, 22). These studies are the first to demonstrate that
antigen-specific TcPAbs can protect against aerosol exposure. Additionally, when com-
paring the efficacies of the two TcPAbs generated from inactivated virus, it is not
unexpected that the VEEV-specific TcPAbs generated from V3000 nt3A AMT inactiva-
tion were more effective than were those generated from the CLV antigen for two
reasons. First, CLV is created by formalin inactivation of TC83, the unlicensed vaccine
strain of VEEV. Formalin has been shown to alter immunogenic epitopes by cross-
linking adjacent proteins on the virion (23–25). Second, the majority of the neutralizing
antibodies are raised against the E2/E1 glycoprotein. TC83 has mutations in the E2/E1
glycoprotein compared to TrD, potentially altering the efficacy of the antibodies versus
the WT. However, it must also be noted that due to timing and TcPAb processing

FIG 7 Efficacy of therapeutic anti-VEEV TcPAb treatment against high-dose aerosol challenge. Six-week-old BALB/c mice were treated with 100 �g of either the
control TcPAb or the indicated anti-VEEV TcPAb followed by a high-dose aerosol (�100 LD50) challenge with V3000 nluc TaV. Two doses of TcPAb were
administered either i.p. (B to D) or i.p./i.n. (E to G), with the first dose 12 h after challenge and the second dose 48 h after challenge. Four to eight mice from
the control or therapeutic groups were imaged by IVIS analysis at 5 days postchallenge, and photon flux was quantitated for the head (H). One mouse
representing the fewest clinical infection signs and one mouse representing the greatest number and severity of clinical infection signs are shown in IVIS images
from the control (A) or therapeutic (B to G) groups. All IVIS images are set to the same scale. Daily weights are shown for mice that received the negative-control
TcPAb (black lines) (B to G) or therapeutic (colored lines) (B to G) treatments. *, P � 0.05 compared to the negative-control TcPAb as determined by Student’s
t test.
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constraints, only three bovine immunizations of the CLV were performed, compared
with four for pDNA694 and V3000 nt3A AMT.

Our studies with VEEV-specific TcPAbs demonstrate for the first time that the type
of antigen used to hyperimmunize Tc bovines influences the efficacy of treatment in
vivo against an aerosol challenge. Differences in efficacy following a high-dose aerosol
challenge between the pDNA694-derived TcPAbs and V3000 nt3A AMT-derived TcPAbs
mirror the differences observed in vitro with higher neutralization and higher levels of
V3000-derived nt3A AMT TcPAbs by the VEEV-specific IgA and IgG ELISAs. Similar
results were observed when TcPAbs against MERS-CoV were generated: killed whole
virus generated TcPAbs with superior neutralization results in vitro compared with
those from recombinant spike protein nanoparticles; however, the two MERS-CoV
TcPAbs were not tested for differences in efficacy in vivo (14).

Most importantly, we have demonstrated the efficacy of anti-VEEV TcPAbs in
protection of mice from mortality after either s.c. or aerosol challenge with WT TrD. As
described above, the V3000 nt3A AMT-derived TcPAbs were most protective in virtually

FIG 8 Efficacy of therapeutic anti-VEEV TcPAb treatment against clinical signs of disease after high-dose aerosol challenge. Six-week-old BALB/c mice were
treated with 100 �g of either the control TcPAb or the indicated anti-VEEV TcPAb followed by a high-dose aerosol (�100 LD50) challenge with V3000 nluc TaV.
Two doses of TcPAb were administered either i.p. (B to D) or i.p./i.n. (E to G), with the first dose 12 h after challenge and the second dose 48 h after challenge.
Mice were monitored daily for clinical signs of disease.
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all cases, with a single low dose of Ab (5 mg/kg) delivered i.p. protecting challenged
mice against lethality in both prophylactic and therapeutic treatments and completely
preventing disease when given prophylactically. Prophylactic treatment with a single
low dose given i.p. also protected mice from lethality and disease after a standard

FIG 9 Relationship of quantitated IVIS signals with weight loss for infected mice. Shown are data plotting the IVIS signal versus weight loss for
subcutaneous (A), low-dose aerosol (B), or high-dose aerosol (C) challenge of negative-control TcAb- and anti-VEEV TcAb-treated mice. Closed symbols
are mice that survived, and open symbols are mice that succumbed to challenge. All negative-control TcAb-treated mice succumbed to infection.

FIG 10 Efficacy of combined TcPAb treatment against aerosol coinfection with influenza virus and VEEV. Six-week-old
DBA2 mice were treated with the negative-control TcPAb or treated either prophylactically or therapeutically with
anti-VEEV TcPAb (V3000 nt3A AMT) or anti-influenza virus TcPAb (H1N1-H3N2) before lethal aerosol challenge with VEEV
and influenza virus (H1N1). (A) Mice treated prophylactically received two intraperitoneal doses of either 100 �g anti-VEEV,
200 �g anti-influenza virus TcPAb, or a combination of both TcPAbs, with the first dose 12 h before challenge and the
second dose at 48 h postchallenge. (B) Mice treated therapeutically received two intraperitoneal doses of 100 �g anti-VEEV,
200 �g anti-influenza virus TcPAb, or a combination of both TcPAbs, with the first dose 12 h after challenge and the second
dose 48 h after challenge. Statistical significance was determined by a Mantel-Cox log rank test. *, P � 0.001 versus the
negative-control TcPAb. In negative-control groups, the survival time for each virus singly was significantly longer than that
for combined infection (P � 0.01) (n � 9 for all groups except for mice that received only the single anti-VEEV or
anti-influenza virus TcPAb, where n � 4).
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aerosol challenge and was partially protective against mortality with therapeutic
treatment. In a more realistic human treatment scenario, two doses given i.p. and i.n.
significantly reduced disease signs and protected most mice from lethality even after a
high-dose aerosol challenge. In other studies, pathogen-specific TcPAbs have required
the use of a dose of 25 mg/kg TcPAbs or higher for protection (12, 13). A MERS-CoV
TcPAb was demonstrated to reduce virus replication at 5 mg/kg; however, the mouse
model used is not a lethal model of infection (26), and protection from lethal infection
could not be ascertained. Furthermore, as seen with previous studies using mouse Abs
(19), supplementation with intranasal administration of TcPAbs increased the efficacy of
VEEV TcPAbs against aerosol challenge. Considering the stringency of the high-dose
TrD aerosol challenge model in mice (100% mortality within 6 days), this suggests a
significant potential for efficacy in humans, who only rarely succumb to VEEV infection.
However, additional studies will be required to determine the full pre- and postchal-
lenge treatment window in which TcAb preparations have disease- or lethality-
protective efficacy. Additionally, we are pursuing the efficacy of the TcPAbs in nonhu-
man primates, in which the disease is similar to that in humans, where they rarely
succumb to infection (27, 28).

Coinfections commonly occur both during respiratory infections (reviewed in refer-
ences 29 and 30) and also in individuals who are immunocompromised (reviewed in
reference 31) or as a result of coinfection of arthropod vectors with cocirculating
arboviruses, such as the causative agents of the emerging diseases chikungunya and
Zika fever (reviewed in reference 32). Additionally, it is conceivable that multiple
pathogens could be combined for aerosol release. In our studies, significant protection
from mortality and reduced clinical signs were observed after prophylactic or thera-
peutic treatment combined with a lethal dual-aerosol challenge of VEEV and influenza
viruses. This suggests that that the Tc bovine PAb platform is an effective tool for
treating coinfections in addition to individual pathogen exposures.

In summary, we have investigated the feasibility of using anti-VEEV TcPAbs to
prevent or treat disease. This platform provides the ability to generate pathogen-
specific antibodies on a large scale in a short period of time, as would be needed after
the release of a bioterrorism agent or during an epidemic/pandemic outbreak. Further-
more, the demonstration that TcPAbs are able to protect mice both prophylactically
and therapeutically against coinfection with VEEV and H1N1 influenza virus indicates
that the system is highly flexible and adaptable to many possible viral threats. Given
that we and others have now extensively tested hyperimmunogen formulations and
immunization protocols with Tc bovines, we estimate that it would require only
approximately 6 months or less from the first isolation of an emerging virus to the
production of commercial-quality human therapeutics with this system. Thus, Tc bo-
vines represent a significant resource for combating natural and aerosol infections with
many viral pathogens.

MATERIALS AND METHODS
Cultured cells. BHK-21 cells (ATCC CCL-10) were maintained in RPMI 1640 medium supplemented

with 10% donor bovine serum (DBS) and 10% tryptose phosphate broth (TPB). Vero cells (ATCC CCL-81)
and Huh7 cells, generously provided by Charles Rice (Rockefeller University, New York, NY), were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). C7/10 mosquito cells, generously provided by Ilya Frolov (University of Alabama at Birmingham,
Birmingham, AL), were maintained in DMEM supplemented with 10% FBS and 10% TPB. All media for cell
lines were also supplemented with penicillin (100 U/ml), streptomycin (0.05 mg/ml), and L-glutamine
(0.05 mg/ml).

Viruses and replicons. The construction of the VEEV Trinidad donkey strain (TrD) cDNA clone
(V3000) was previously described (33). V3000 nt3A was constructed by creating a G-to-A mutation at
nucleotide 3 as previously described (34), using QuikChange XL site-directed mutagenesis. The VEEV
nanoluciferase (nluc) reporter virus (V3000 nluc TaV) was constructed (as described previously [35]) by
inserting a cleavable in-frame fusion of nluc between the capsid and E3 followed by the Thosea asigna
virus (TaV) 2A-like protease. This virus has virulence similar to that of unmodified parental viruses in mice
(28) (not shown).

Virus stocks were generated from cDNA clones by in vitro RNA synthesis (IVT) from linearized
cDNA plasmid templates as previously described (35). Briefly, IVT (mMessage mMachine; Ambion)
was used to generate infectious, capped viral RNA genomes that were electroporated into BHK-21
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or C7/10 cells. The supernatant was clarified by centrifugation at 18 to 24 h postelectroporation, and
single-use aliquots were stored at �80°C. Virus stock titers were determined by a standard plaque
assay on BHK-21 cells.

Influenza virus H1N1 A/California/04/09 was obtained from BEI (catalog number NR-13658) to
seed MDCK cells at a multiplicity of infection (MOI) of 1, and cells were harvested at 72 h
postinfection. The supernatant was clarified by centrifugation, and single-use aliquots were stored
at �80°C. Virus stock titers were determined by a standard plaque assay on MDCK cells. The
construction and packaging of VEEV (TrD)-based enhanced green fluorescent protein (eGFP) repli-
cons, generously provided by Robert Johnston (University of North Carolina, Chapel Hill, NC), were
previously described (36, 37). Briefly, RNA from the replicon genome along with the capsid and
glycoprotein helpers were generated by IVT from linearized cDNA plasmids and coelectroporated
into BHK-21 cells. Packaged replicon particles were harvested at 18 to 24 h postelectroporation,
clarified by centrifugation followed by concentration over 20% sucrose, and resuspended in
Opti-MEM. For each preparation, 10% of the total volume was evaluated by serial passage on BHK-21
cells for the presence of cytopathic effects (CPE) to ensure that no propagation-competent viral
recombinants or contaminants were present (38).

Transchromosomic bovines. Tc bovines were produced as previously described (9–11). Briefly,
the Tc bovines used in this study are homozygous for triple knockouts of the endogenous bovine
immunoglobulin genes (IGHM�/� IGHML1�/� IGL�/�) and carry a human artificial chromosome (HAC)
vector labeled isKcHACD (9–11). This HAC vector consists of two human chromosome fragments: a
human chromosome 14 fragment contains the entire human immunoglobulin heavy chain locus,
except that the IGHM constant region remains bovine and the key regulatory sequences were
bovinized, and a human chromosome 2 fragment contains the entire human immunoglobulin � light
chain locus (9–11).

Antigen preparation. (i) Plasmid DNA. The DNA plasmid antigen (pDNA694) was created based on
previous work by Dupuy et al. (39), and the structural genes of VEEV clone IA/B strain Trinidad donkey
(GenBank accession number L01442) were codon optimized by using GeneOptimizer (Life Technologies)
and synthesized by DNA2.0, Inc., with EcoRI and NheI restriction sites for placement into the pCAGGS
expression vector in either the wild-type sequence or a sequence containing a 4-amino-acid deletion in
the capsid (aa 64 to 68) that limits capsid protein-mediated host transcription shutoff (40, 41). Bulk
preparation of plasmid DNA for bovine immunization was performed by DNA 2.0, and the expression of
the antigen was confirmed by Western blotting (not shown).

(ii) Inactivated virus (V3000 nt3A AMT). VEEV V3000 nt3A was generated by electroporation of the
C7/10 mosquito cell line as described above and then purified by using a discontinuous sucrose gradient
(as described previously [42]). Virus was inactivated by using 10 �g/ml of the psoralen derivative AMT
(Sigma) with 10 min of UV inactivation (�13 J/cm2). Virus was considered inactivated if no plaques were
detected by a plaque assay, no cytopathic effect was observed after inactivated material was cocultured
with BHK cells, and no morbidity or mortality was observed after intracranial injection of undiluted
material into interferon alpha/beta/gamma receptor-deficient mice.

Immunization of transchromosomic bovines. (i) Commercial livestock vaccine. Two Tc bovines
(bovines 2180 and 2221) were immunized with a licensed animal vaccine containing inactivated VEEV,
EEEV, and WEEV (encephalomyelitis vaccine; Intervet) at two times the recommended equine doses (2 ml)
for vaccination 1 (V1) and V2 and at four times the recommended dose (4 ml) for V3. To enhance immune
responses, an SAB Biotherapeutics proprietary adjuvant formulation (SAB-adj-2) was multiply injected
adjacent to the licensed animal vaccine vaccination sites.

(ii) Plasmid DNA. Two Tc bovines (bovines 2184 and 2186) were immunized with the VEEV pDNA694
DNA vaccine at 10 mg per animal per vaccination by intramuscular electroporation using the TriGrid
delivery system (TDS; Ichor Medical Systems) as previously described (9–11). One milliliter of SAB-adj-1
was multiply injected adjacent to the DNA vaccination sites by using a needle and syringe. The Tc
bovines in both groups were vaccinated 5 times (V1 to V5) at 3-week intervals.

(iii) Inactivated VEEV nt3A. Two Tc bovines (bovines 2178 and 2183) were immunized with
inactivated V3000 nt3A AMT at 1 � 108 PFU/dose formulated with SAB-adj-2. The Tc bovines in both
groups were vaccinated 5 times (V1 to V5) at 3-week intervals.

(iv) Inactivated influenza virus. Two Tc bovines (bovines 2186 and 635) were immunized with a
licensed 2012-2013 trivalent seasonal influenza vaccine [Fluzone TIV (Sanofi-Pasteur) containing A/Cal-
ifornia/07/2009 (H1N1), A/Victoria/361/2011 (H3N2), and B/Texas/6/2011 (B/Wisconsin/1/2010-like)] at a
total of 1 mg of hemagglutinin (HA)/dose formulated with SAB-adj-2. The Tc bovines were vaccinated 4
times (V1 to V4) at 3-week intervals.

Plasma collection and human immunoglobulin production. Prior to the first immunization (V1),
plasma was collected from each Tc bovine as the negative control. Hyperimmune plasma (up to 2.1% of
the body weight of each cow) was collected from immunized Tc bovines 10 days after each vaccination
starting from the second immunization (V2) to the fifth immunization (V5). Plasma was collected by using
an automated plasmapheresis system (Autopheresis C model 200; Baxter Healthcare). Plasma samples
were stored frozen at �80°C until purifications were performed. The frozen Tc plasma bags were thawed
at room temperature (RT) overnight, and equal volumes of plasma from each Tc bovine within a group
at the selected time point were pooled. The pH of the samples was then adjusted to 4.80 with the
dropwise addition of 20% acetic acid, fractionated by caprylic acid at a caprylic acid/total protein ratio
of 1.0 for 30 min at RT, and then clarified by centrifugation at 10,000 � g for 20 min at RT. The
supernatant containing IgG was then neutralized to pH 7.50, filtered through a 0.22-�m filter, and affinity
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purified by using a KappaSelect anti-human IgG light chain-specific column (GE Healthcare Life Sciences),
which does not exclude other isotypes of human antibody (e.g., IgA). Residual bovine IgG in the
KappaSelect-purified IgG sample was then removed by passage through a Capto HC15 anti-bovine IgG
heavy chain-specific affinity column (GE Healthcare Life Sciences). The Capto HC15 column flowthrough
that contains fully human IgG was then formulated by a Millipore Labscale tangential flow filtration (TFF)
system. The final purified fully human IgG was placed in a buffer at pH 5.5 consisting of 10 mM glutamic
acid monosodium salt, 262 mM D-sorbitol, and 0.05 mg/ml of Tween 80 and contained 1.5 to 2.8% fully
human IgA. Purified hIgG was sterile filtered with a 0.22-�m filter. Analysis of the purified IgG product
by high-performance liquid chromatography (HPLC) size exclusion chromatography indicated that there
were no IgG aggregates or IgG dimers (not shown).

Infectivity reduction neutralization test. V3000 eGFP propagation-incompetent replicons were
diluted in virus diluent (phosphate-buffered saline [PBS]–1% donor bovine serum [DBS]) and reacted with
bovine or mouse serum for 1 h at 37°C before being used to infect 24-well plates of Vero cells for 1 h
at 37°C. Culture medium was added to the cells, and the cells were incubated for 24 h before being fixed
with 4% paraformaldehyde (PFA). GFP-expressing (infected) cells were then quantified on an Olympus
CKX41 inverted fluorescence microscope. The dilution of serum that resulted in an 80% reduction in GFP
cells was used to calculate the IRNT80.

ELISA. Polysorp ELISA plates were coated with 50 �l/well of 2 �g/ml of antigen (either inactivated
V3000 nt3A or chimeric Sindbis virus [SINV]-VEEV [C. Sun, C. L. Gardner, and W. B. Klimstra, unpublished
data]) diluted in sodium bicarbonate (pH 9.0) overnight at 4°C. Plates were blocked with PBS with 0.1%
Tween 20 and 3% bovine serum albumin (BSA) overnight at 4°C. Bovine serum was diluted in PBS with
0.1% Tween 20 and 3% BSA and added to the plates in duplicate overnight at 4°C. A 1:2,000 dilution of
human IgG-horseradish peroxidase (HRP) (KPL) was added for 1 h at room temperature. 2,2=-Azinobis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) was incubated with IgG-HRP for 30 min to 1 h at room
temperature, and the reaction was stopped with 1% SDS. The plates were read at an optical density at
405 nm (OD405) (Spectra Max; Molecular Devices).

Mice. All mice were housed under specific-pathogen-free conditions, and all experiments were
conducted at ABSL-3 in accordance with AAALAC-approved institutional guidelines for animal care and
use approved by the University of Pittsburgh IACUC committee. The study protocols were approved by
the IACUCs at the University of Pittsburgh, SAB Biotherapeutics, and the Walter Reed Army Institute of
Research/Naval Medical Research Center in compliance with all applicable Federal regulations governing
the protection of animals in research.

Protection conferred by TcPAb. Six-week-old BALB/c mice (Charles River Laboratories) received 100
�g TcPAbs intraperitoneally or 100 �g intraperitoneally and 100 �g intranasally either prophylactically
or therapeutically as described in the figure legends. Mice were challenged either subcutaneously with
1,000 PFU of V3000-derived virus in the rear footpad or via aerosol with either 50 to 100 LD50 or �100
LD50 of V3000 nluc TaV. Aerosol exposures were performed as previously described, using the AeroMP
exposure system (Biaera Technologies, Hagerstown, MD), inside a class III biological safety cabinet (43).
For coinfection aerosol exposure, 6-week-old DBA2 (Charles River) mice were exposed to a lethal dose
of V3000 and A/California/07/2009 (H1N1) and treated intraperitoneally with the combined anti-VEEV/
anti-Flu TcPAb preparation either prophylactically or therapeutically as described in the figure legends.
All mice were weighed daily and monitored for clinical signs of disease, which was increased to twice
daily upon the onset of clinical signs of disease.

In vivo imaging. At 5 days postchallenge, mice were injected with 10 �g the Nano-Glo substrate
(Promega) either s.c. or intravenously (i.v.) and imaged by using the IVIS Spectrum CT instrument
(PerkinElmer) for either 2 min (i.v.) or 4 min (s.c.) post-substrate injection on the autoexposure setting.
Images of representative animals from each group were chosen based on the animals exhibiting the
greatest or least weight loss to illustrate the range of disease detected by IVIS analysis. The total flux
(photons per second) in the head region, taken as a measure of brain replication, was calculated for 3
to 4 animals in each treatment group based on the radiance (photons per second per square centimeter
per steradian) and was quantified by using Living Image software (PerkinElmer). We demonstrated
previously (28) that the nluc reporter virus signal as measured by IVIS analysis gives results for virus
replication similar to those of titration of PFU from tissues of infected mice. In the present studies, the
dynamic range of the IVIS imager signal from the heads of uninfected mice to the heads of highly
infected mice is approximately 100-fold (�1 � 105 to 2 � 105 photons/s to �1 � 107 to 2 � 107

photons/s, respectively).
Statistical analysis. A Mantel-Cox log rank test (GraphPad PRISM Software) was used to determine

statistically significant differences in survival times, while a chi-square test (GraphPad PRISM Software)
was used to determine statistically significant differences in percent survival. One-tailed Student’s t test
(Microsoft Excel) was used to determine statistical significance for all other experiments.
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