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Viral safety remains a challenge when processing a plasma-derived product. A variety of
pathogens might be present in the starting material, which requires a downstream process
capable of broad viral reduction. In this article, we used a wide panel of viruses to assess
viral removallinactivation of our downstream process for Snake Antivenom Immunoglobulin
(SAI). First, we screened and excluded equine plasma that cross-reacted with any model
virus, a procedure not published before for antivenoms. In addition, we evaluated for the
first time the virucidal capacity of phenol applied to SAI products. Among the steps analyzed
in the process, phenol addition was the most effective one, followed by heat, caprylic acid,
and pepsin. All viruses were fully inactivated only by phenol treatment; heat, the second
most effective step, did not inactivate the rotavirus and the adenovirus used. We therefore
present a SAI downstream method that is cost-effective and eliminates viruses to the extent
required by WHO for a safe product. © 2013 American Institute of Chemical Engineers
Biotechnol. Prog., 29:972-979, 2013
Keywords: viral safety, antivenom, immunoglobulin, phenol

Introduction

Humankind has suffered from poisoning because of ani-
mal bites since the beginning of times. Currently, snakebites
represent the main cause of human envenoming, with
approximately 1,841,000 occurrences and 94,000 deaths
yearly. Most of the occurrences happen in Asia, Latin Amer-
ica, and especially in Africa.!

Snake Antivenom Immunoglobulins (SAI) may prevent
the referred morbidity and mortality if the correct antidote is
administered immediately after the bite. These conditions,
however, are impracticable for most regions in need and for
some species of snake.'” The World Health Organization
(WHO) endorsed the relevance of SAI for global health by
including them in the “Model Lists of Essential Medicines.™

All biological health products require a rigorous quality
control, including SAI. The WHO recently compiled the
quality parameters for this centenary product in “WHO
Guidelines for the Production, Control and Regulation of
Snake Antivenom Immunoglobulins.” The document empha-
sizes that viral content is an essential control parameter
because contaminated SAI may infect humans and lead to
morbidity or even mortality. Indeed, contaminated human-
derived immunoglobulin led to several cases of human
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infections with hepatitis C virus.* The phenomenon is so far
unreported for animal-derived immunoglobulins.>°

SAI are purified from hyperimmunized plasma of animals,
mainly horses, immunized with a pre-determined amount of
crude venom from one or more snake species.z’7 Ideally, the
donor animals should be free of viral pathogens,8 but this
approach fails because of the incomplete understanding of
the equine virology and consequent lack of vaccines.” There-
fore, to compensate for this flaw, viral inactivation becomes
essential in the downstream process of equine plasma.

SAI purification diminishes viral load of contaminated
plasma, although only process validation guarantees full
elimination.”'® Some researchers reported viral elimination
throughout SAI purification,''"'* but none described a prior
plasma selection based on antiviral titers. This selection
excludes plasma samples that are positive for antibodies
against the model viruses used for validation. Without selec-
tion, neutralizing antibodies may interfere in the measure-
ment of virus titers,13 an essential parameter to evaluate the
capability of virus removal/inactivation of the steps alone.
Whenever a whole process fails to complete viral inactiva-
tion, modifications like further steps might improve the out-
come. Some preservatives inactivate viruses cost-effectively,
representing a plausible alternative to eliminate viral activity.
For example, SAI formulations commonly contain phenol’
that, although known as virucidal, has not been explored to
this end for SAI production in the literature.

© 2013 American Institute of Chemical Engineers
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Table 1. Virus Strains for Modeling Viral Inactivation
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Virus Model Family Envelope Presence”  Genetic Material Represented Viruses'*

Bovine Herpesvirus-1 (BHV-1) Herpesviridae + dsDNA EHV"', EPV, BPV

Canine Adenovirus-1 (CAV-1) Adenoviridae - dsDNA EAdV-1

Canine Parvovirus (CP) Parvoviridae - ssDNA EP

Bovine rotavirus (BRV) Reoviridae - dsRNA ERAV, ERBV, AHS, EEV, ER, RV1-3"
Canine Distemper Virus (CDV) Paramyxoviridae + (—) ssRNA BV', IAV', Hendra', Nipah®
Vesicular Stomatitis Virus (VSV) Rabdoviridae + (—) ssRNA VsV, BVT, 1AV'

Canine Coronavirus (CCV) Coronaviridae + (+) ssRNA EC, EAV, EEEVT, WEEVT, VEEV‘L, EAV
Bovine Viral Diarrhea Virus (BVDV)  Flaviviridae + (+) ssSRNA WNFV', JBEV', SLEV'

*Present (+) or absent (—).
"Virus classified as pathogenic to horses and humans.

*AHS, african horse sickness; BPV, bovine papiloma virus; BV, borna virus; EAdV, equine adenovirus type 1; EAV, equine arteritis virus; EC,
equine coronavirus; EEEV, eastern equine encephalitis virus; EEV, equine encephalosis virus; EHV, equine herpes virus; EP, equine parvovirus; EPV,
equine papillomavirus; ER, equine rotavirus; ERAV, equine rhinitis A virus; ERBV, equine rhinitis B virus; Hendra, equine morbilli virus; IAV, influ-
enza A virus; JEV, japanese B encephalitis virus; RV1-3, reovirus 1-3; SLEV, Saint Louis encephalitis virus; VEEV, venezuelan equine encephalitis
virus; VSV, vesicular stomatitis virus; WEEV, western equine encephalitis virus; WNV, west nile fever virus.

To address the above issues, we classified and selected
plasma from donor horses (Instituto Butantan, Brazil)
according to their antivirus immunoglobulin titers. After
selection, we assess viral safety of the SAI process devel-
oped by Instituto Butantan and evaluate the efficacy of phe-
nol as a virucidal agent for SAL

Material and methods

Immunized equine plasma

We chose the venom of Crotalus durissus terrificus (South
American rattlesnake, cascavel) as a model for immuniza-
tion. The choice was random because our institute produces
several snake antivenoms from equine plasma with the same
procedure. The type of venom does not influence the out-
come of virus removal.

Fifteen healthy adult horses were immunized by intramus-
cular route against the snake venom. These animals were
tested for Equine Infectious Anemia Virus every 6 months
and were considered free from this virus. All animals were
also previously immunized against rabies, equine influenza
virus, leptospirosis, tetanus, and Venezuelan equine encepha-
litis virus. The immunization scheme to produce antivenom
serum consisted in three inoculation days (0, 14, and 21).0On
each inoculation day, 10 injections of 0.5 mL venom solu-
tion were applied to different spots within the lumbar region.
Blood collection was done by the jugular vein from each
horse (maximum of 4% horse weight), 2 weeks after immu-
nization. Plasma was obtained by gravity sedimentation of
blood (18 h/5-8°C) and tested for sterility/potency, myco-
plasma content (Mycoplasma PCR ELISA, Roche applied
Science), and virus screening. After plasma isolation, blood
cells were returned to the donor horses (plasmapheresis).

Table 2. Virus Strains and Respective Cell Lines

Day 0—<Crotalus venom (2 mg/mL, Instituto Butantan, Bra-
zil) mixed with the adjuvant Montanide ISA50 25% (mineral
oil emulsion, Seppic, Brazil); day 14—Crotalus venom
(2 mg/mL) diluted in saline solution; and day 21—Crotalus
venom (4 mg/mL) diluted in saline solution.

Virus strains and cell lines

The viruses chosen as models for viral inactivation studies
are described in Table 1. To replicate these viruses and test
their cytopathic effects, five different cell lines were used
(Table 2). All cell lines were free of mycoplasma (Myco-
plasma PCR ELISA, Roche applied Science).

Cell culture

All cells were cultivated as monolayers in cell culture flasks
with Dulbecco Modified Eagle’s Medium (DMEM, Sigma-
Aldrich), supplemented with 10% Fetal Bovine Serum—FBS
(Cutlab, Brazil), and incubated at 37°C, 5% CO,. For subculti-
vation, passages were performed when a cell monolayer
reached 80% confluence (ratio of 1:3—1:8). Cell detachment
for sub cultivation was achieved by addition of 0.25% trypsin
(Sigma Aldrich) to a 0.02% EDTA solution (Merck).

Virus propagation

Each virus was replicated using the appropriate cell line (Table
2), while the cell culture was performed as described (item 2.3).
Cell culture monolayer at 80% confluence was infected with
virus (multiplicity of infection of 1:1,000) and incubated again.
The supernatant was collected after identification of visual cyto-
pathic effect in the monolayer. Cell debris were removed by cen-
trifugation (30 min/4°C/3000X g) and the remaining supernatant
containing the replicated virus was titrated and stored in —70°C

Virus Cell Lines (Amplification)” Cell Lines (TCID 50%/MTT)"
BHV-1 (ATCC VR188) MDBK (ATCC CCL-22) MDBK

CAV-1 (ATCC VR293) CRFK (ATCC CCL 94) MDCK

CP (ATCC 2017) CRFK MDCK (CCL-34)

BRV (ATCC VR1290) VERO (ATCC CCL-81) MDBK

CDV (ATCC VR1587) VERO VERO

VSV (ATCC VR158) VERO BHK (ATCC CCL-10)
CCV (ATCC VR2068) CRFK MDCK
BVDV(ATCC VR1462) MDBK MDBK

*Cell lines used for virus amplification.
TCell lines used for the TCID50% test (item 2.5) and MTT test (item 2.8).
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freezer. Virus storage was performed at a minimum concentra-
tion of 10° log measured by TCID 50%. To achieve the mini-
mum concentration for storage, Canine Distemper Virus and
Canine Adenovirus were treated with PEG 6,000 (8% v/v) for
18 h/4°C followed by centrifugation (30 min/4°C/5,000X g),
supernatant discharge and pellet resuspension with DMEM (0.5
mL/100 mL initial plasma volume).

Virus titration by tissue cytopathic infectious dose 50%

Cells for TCIDs test (Table 2) were cultivated (item 2.3)
and seeded overnight in 96-well cell culture plates (1 plate
per virus, 100 uL containing 20,000 cells per well). Ten-fold
serial dilutions of each virus sample were prepared and ino-
culated (100 uL) into the wells of the respective plates, with
eight replicates per dilution. A row with culture medium was
used as the negative infection control. The infected plates
were incubated for 1 h for virus infection in DMEM 5%
FBS (37°C/5% CO,), followed by medium renewal (DMEM
5% FBS) and new incubation until maximum cytopathic
effect (up to 5 days). After incubation, cells were fixed with
7% formaldehyde and stained with 5% crystal violet. The
infected wells did not stain, whereas the wells containing
intact cells stain blue/purple. For each virus experiment, the
average of three virus assays were used for TCIDso, which
was calculated by the Spierman—Karber method.'*

Antibody screening against viruses by ELISA

The 15 samples from equine serum immunized against
Crotalus durissus terrificus were screened for eight different
viruses (Table 1) by direct enzyme-linked immunosorbent
assay (ELISA).15 Unless otherwise stated, all incubations
were performed at 37°C, with washing steps (PBS/Tween
0.25%) between incubations. For each virus strain, a 96-well
plate (cat. no. 3590, Corning) was coated with 100 uL of
virus solution (10 pg/mL protein content), diluted in carbon-
ate buffer (0.1 M, pH 9.6), and incubated overnight at 4°C.
Following a 2 h blocking incubation step (0.5% gelatin), 100
1L of serum samples serially diluted (10-fold) were added to
the plate and further incubated for 2 h. For serum IgG detec-
tion, rabbit antihorse IgG conjugated with peroxidase
(Sigma, EUA) was incubated for 1 h (100 uL/well, 10,000
times diluted). A further incubation at room temperature was
then performed with the substrate O-phenylenediamine
(Sigma, EUA) and hydrogen peroxide (Nuclear, Brazil)
0.03%. The reaction was stopped after 15 min with sulfuric
acid 2.5 N. The plate was read at 492 nm (Titertech® Spec-
tronic). Serum samples that presented an optical density of
<0.100 (background) for all dilutions were considered free
of antibody to the tested viruses. All tested samples were
assayed in triplicate and repeated for confirmation.

SAI purification process

The SAI purification process was developed in Instituto
Butantan, Brazil, to obtain crotalic antivenom derived from
equine plasma. This process is an optimization of a previ-
ously developed method.'®™"® The flowchart (Figure 1)
describes the process for obtaining the concentrated immuno-
globulin solution, in which the steps identified with potential
for viral inactivation are highlighted. The method and tests
were already described in item 2.1. When a routine batch is
produced, the concentrated bulk is further diluted, filter steri-
lized, and packaged.

Biotechnol. Prog., 2013, Vol. 29, No. 4

Cytotoxic evaluation of viral inactivation treatments

Cells (Table 2) for cytotoxicity were cultivated (item 2.3)
and seeded overnight in 96-well plates for cell culture (20,000
cells per well).The test samples were taken immediately after
each of the four viral inactivation steps (item 2.7) and diluted
serially (twofold) in culture medium. Diluted samples were
loaded to the plate for incubation (24 h/37°C/5% CO,).
Following cell culture medium removal, 50 puL of MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
Sigma, EUA] solution was added and further incubation was
performed for 2 h. After MTT removal, 100 uL of isopropanol
was used to dissolve MTT crystals and the resulting optical den-
sity was measured at 590 nm (Titertech® Spectronic). The aver-
age optical density of control wells that did not receive virus
represented 100% viability. All other wells had their viability
calculation based on these controls.

Viral removal assessment

The capability of viral inactivation was evaluated for the
chosen steps following directions from the guidelines and
papers published before.'”?® The Q5A guideline is also
related to viral removal/inactivation validation, although not
designed for animal plasma derivatives.?!

A purification process without any spiking was performed
as a blank. The process (Figure 1) was conducted routinely
until before the chosen step, when the sample was spiked with
one model virus. After that, the step was performed as
described and the resultant product evaluated by TCIDs,. Each
model virus was evaluated in a separate experiment for each
step. Immediately after the spiking and before the evaluated
step, duplicate samples were collected and stored (—70°C) for
quantification of initial TCIDs, at the same time as the final
TCIDs,. All test samples were stored (—70°C) until the analy-
ses. The spiking rate used was 1:50 for all runs, and the
TCIDs of nonspiked runs were considered the test blank. The
viral log reduction factor (LRF) was then calculated for each
run, as described below:

Log reduction factor (LRF)=log(V1XT1)/(V2XT2) (1)

V1= volume of starting material,

T1= concentration of virus in starting material (initial
TCIDso),

V2= volume of material after the evaluated step,

T2= concentration of virus after the step.

Results and Discussion

Antiviral immunoglobulin screening of horse-derived
plasma samples

In order to verify virus elimination in equine plasma, we
chose eight strains of viruses as models of all significant
viruses reported to infect horses (Item 2.2, Table .2 We
then screened plasma samples from donor horses for antiviral
immunoglobulins, detected by ELISA. The screening showed
9 positive samples out of 13, considering positive a sample
that recognized at least one model virus. Viral recognition
was independent of the type of genetic material or presence
of the envelope, but related with viral origin (Figure 2), with
the majority of samples reacting with bovine viruses, espe-
cially the BHV-1 and BVDV, followed by canine viruses.
Because the cited viruses generally do not infect horses, the
result probably arouse from cross-reactivity of the antibodies.
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Maintain pH 6.8 - 6.9 during the process

v

Allow 4 hours resting for precipitation at room temperature

v

Centrifuge (5000 x g / 30 min/ 5°C) and discard supernatant

v

Dilute precipitate in NaCl 0.9% (40 mg/mL) with adjusted final pH 3.1 - 3.2

v

Add pepsin (1mg/80mg protein) with slow stirring (45 min)
Maintain pH 3.1 — 3.2 during the process

v

Adjust pH to 4.5-4.6 and determine (NH,),SO, content.

v

Add (NH,),S0, 50% slowly to a final concentration of 11.3 % (NH,),
Maintain pH 4.5 — 4.6 during the process

v

Add caprylic acid (0.02M final concentration) with continuous mixing (30 min)
Maintain pH 4.5 - 4.6

v

Increase temperature to 55°C for 60 min

v

Cool the solution to 25°C and adjust pH to 6.8 - 6.9

v

Add (NH,),S0O, 50% slowly to a final concentration of 17.6 % (NH,),
Maintain pH 6.8 - 6.9 during the process

v

Centrifuge (5000 x g / 30 min/ 5°C) and discard precipitate

v

Dialyze the supernatant by tangential filtration (30 kDa cut off, until (NH,),SO, reaches 0.2%)

v

Apply the dialysate to an ion exchange chromatography column (Q-Sepharose)

v

Concentrate the eluent by tangential filtration (30 kDa cut off)

v

Adjust pH to 6.5 — 6.7 and add phenol to a final concentration of 0.25%
Stir and allow 30 min resting *

L

Add to the plasma (NH,),SO, 50% to a final concentration of 29% (NH,),SO, with continuous mixing (60 min)

S0, with continuous mixing (30 min)

S0, with continuous mixing (60 min)

v

Figure 1. Process flowchart to obtain purified SAIL (a) The bulk product is further filter sterilized and held for at least 21 days
(quality control testing period). After the formulation (0.15% phenol concentration), the final product is packed

(ampoules).
Antibody cross-reactivity may occur with viruses that infect commonly infects horses (Figure 2). However, all animals
several species of animals,>>** but no reports broached the were free of VSV (PCR screening, data not shown), leaving
subject with bovine or canine and equine viruses. previous infection or antibody cross-reactivity as probable
Two plasma samples had antibodies against vesicular sto- causes for positives. Researchers found that crude plasma

matitis virus (VSV), the only model virus in this work that does contain a mixture of immunoglobulins that cross-reacts
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Figure 2. Antibody screening against model viruses presented in plasma samples. Thirteen horse samples were screened by direct
ELISA (item 2.6); four were negative for all viruses (not shown) and nine were positive, represented in the above graphic.
Bars represent the mean of triplicate samples and error bars represent the standard deviation. The dotted line highlights

the value 0.10, considered the background of the test.

with various antigens, supporting our results.>* The positive
samples were excluded from further inactivation studies to
allow the specific viral elimination step to be tested.

Potency of SAI is defined as the amount of snake venom neu-
tralized by 1 mL of plasma (mg/mL), measured in this work as
described before.”> The four negative samples neutralized at
least 1 mg/mL, the minimum potency required for further puri-
fication (data not shown). The pool from these samples also sur-
passed the minimum protein value (1.61 mg/mL) and
constituted the starting material for validation studies.

Assessment of viral inactivation of purification steps

The process to obtain purified SAI is described in detail in
the methods section (item 2.7, Figure 1). The main steps are
cited in sequential order (a) ammonium sulfate precipitation
of immunoglobulins, (b) pepsin digestion to obtain F(ab’)2
fragments, (c) caprylic acid precipitation of nonimmunoglo-
bulin proteins, (d) heat treatment, (¢) ammonium sulfate pre-
cipitation of F(ab’)2 fragments, (f) tangential filtration, (g)
ion-exchange chromatography, (h) tangential filtration, and
(i) phenol addition.

Among all procedures, we chose (b), (c), (d), and (i) for
viral inactivation studies because of their reported virucidal
capability.®'"**27 Ton-exchange chromatography (g) also
removes viruses,”>?° but evaluation of this step would
require sanitization used between batches. Thus, we per-
formed several purification processes of the pooled sample,
each one spiked before step (b), (c), (d), and (i) with the
eight model viruses individually (item 2.9). The spiking con-
centrations (Table 3) were different for each virus, a

consequence of the replication yield obtained: CDV and
CAV-1 titers were consistently below six logs and required
concentration before spiking, while BRV titer decreased
slightly above six logs after mixing (5.4 log) (Table 3).

We analyzed cell cytotoxicity of downstream steps before
the spiking experiments. Samples taken before and after
each chosen step were toxic up to 12.5% (diluted in culture
medium). Therefore, we used 6.25% dilution for cell-based
assays. There were no cytotoxicity differences between
samples.

To assure viral safety, spiking experiments with initial
virus titers of six logs should result in undetectable virus
load. However, the process still contributes to viral safety if
the reduction is between four and six logs, but requires addi-
tional viral reduction to meet . European Agency for the
Evaluation of Medicinal Products (EMEA) requirements.30
By contrast, a process step presenting LRFs below four logs
generally inactivates an insufficient amount of virus to insure
adequate safety.31

We calculated viral LRFs after each downstream step, and
all of them were at the least 1.0 log (Table 3), which is con-
sidered the threshold.’® The effectiveness of the steps was
analyzed by the amount of viruses inactivated that resulted
in LRFs greater than 6 logs (effective), 4-6 logs (contribute
to viral safety), or below 4 logs (ineffective). The collected
data pointed out heat treatment as more effective than pepsin
or caprylic acid. Nevertheless, heat treatment was performed
in the presence of residual caprylate from the previous step,
which may have influenced LRF values (2-7 log). All LRFs
were about 3—7 log and 2-6 log for the pepsin and caprylate
process steps, respectively, depending on the viruses
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Table 3. Viral LRF Obtained in Each Evaluated Step of SAI Production
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Virus Envelope Presence”  Genetic Material ~ LRF' Pepsin  LRF' Caprylic acid ~ LRF' Heat®  LRF' Phenol®  Cumulative LRF#*
BHV-1 + dsDNA 6.90 = 0.11 5.96 = 0.10 7.08 = 0.14 >8.11 >28.05
ccv + (+) ssSRNA 5.95 = 0.08 6.03 = 006 6.80 = 0.10 >10.13 >28.91
VSV + (=) ssSRNA 5.75 = 0.08 4.83 = 0.07 6.49 = 0.13 >8.99 >26.06
BVDV + (+) ssSRNA 5.84 + 0.14 433 £ 0.14 6.44 + 0.14 >7.58 >24.19
cP - ssDNA 430 = 0.20 5.18 = 0.16 530 = 0.18 >6.30 >21.08
CDV + (=) ssSRNA 3.99 = 0.07 4.07 = 0.05 4.94 + 0.06 >8.12 >21.12
CAV-1 - dsDNA 3.10 = 0.08 3.18 = 0.06 4.11 = 0.09 >7.27 >17.66
BRV - dsRNA 2.69 + 0.11 1.52 + 0.09 227 + 0.11 >5.41 >11.89

VSV, vesicular stomatitis virus; BHV-1, bovine herpesvirus-1; CCV, canine coronavirus; BVDV, bovine viral diarrhea virus CP; CDV, canine

distemper virus; CAV-1 canine adenovirus-1; BRV, bovine rotavirus.
*Present (+) or absent (—).

" Arithmetic mean values from triplicate measurements, followed by confidence interval (95%).
"%Heat step was performed in the presence of residual caprylate from previous step.
SPhenol treatment resulted in undetectable viral loads, reason why the LRF values are the same as the initial titers.

**The sum of LRFs for all treatments, calculated for each virus type.

involved. Just the phenol addition step resulted in undetect-
able viral load.

Differences in virus susceptibility to pepsin, caprylic acid,
and heat treatments

Enveloped Viruses. In our experiments, the most suscep-
tible viruses were BHV-1 and CCV, with LRFs >6 logs
after each treatment. BHV-1, as other herpesviruses, gener-
ally presents low resistance to antiviral treatments, 2>
whereas heat (56-65°C, 30 min~ '/h) and low pH might
reduce CCV infectivity.34 We found no reports using both
viruses as models for viral inactivation concerning the
described purification steps.

VSV and BVDV generally resists to inactivation more
than most enveloped viruses,' > but are extensively neutral-
ized with heat treatment.>®*” Indeed, we observed LRF val-
ues of BVDV and VSV above six logs when treated with
phenol or when heated, but between six and four logs when
treated with pepsin or with caprylic acid (Table 3).

In respect to VSV, other researchers also found LRFs in
the same range as we did for pepsin and caprylic acid treat-
ments.*>*® Another experiment showed that both treatments
reduced approximately 3.5 logs of VSV after 20 min, fol-
lowed by consisted inactivation (>6 logs) after 60 min."'
The latter finding suggests that inactivation could be
extended for VSV if our process reached 1 h instead of 45
min for pepsin and 30 min for caprylic acid. Nevertheless,
we have to consider that extending these parameters may
also diminish serum potency.’® Because our protocol
achieved an extended inactivation in the heat step, as
reported before,* it is unnecessary to extend steps that might
decrease activity to kill this specific virus.

Concerning BVDV, previous literature showed a similar
trend to our results with caprylic acid and pepsin treatment
at pH 4,36 except for a work reporting high-BVDYV resistance
with pepsin treatment at pH 3. The higher resistance found
in that work might be because of spiked plasma containing
BVDV antibodies. If the plasma contained antibodies bound
to BVDV, the initial titer may have been underestimated.
The decrease in pH might have destabilized the previous
antibody—antigen binding13 and released infective viruses
that were not detected at the beginning. The consequence of
these events is an underestimated reduction factor.

The four enveloped viruses discussed above were inacti-
vated in a greater extent than nonenveloped viruses, to the
known general properties of viruses.*'**> An exception to the

trend was the enveloped CDV, which presented LRFs >6
only with phenol addition. This resistance probably arose
from animal protein/virus interaction because previous
reports described CDV protection from inactivation when
calf serum or egg tissue was present.43 “44 The later finding is
quite relevant, illustrating that viruses easily inactivated in
the environment can be quite resistant in biological fluids
and therefore should be included in validation panels.

Nonenveloped Viruses. The most resistant virus detected
in our experiment was BRV-1, poorly neutralized by pepsin,
caprylic acid, and heat treatments (Table 3). BRV was also
poorly neutralized with acidic treatment (pH 34, 60 min).*’

CAV-1 was not effectively inactivated by pepsin and
caprylic steps (LRF <4), but it was moderately inactivated
after the heat step at acid pH (64 log) in our experiments.
Yamamoto and colleagues inactivated more logs of CAV-1
with increased pepsin concentration and extensive reaction
times, up to 4 h.%6 However, these increments can cause loss
of activity, as discussed before. In another paper, Petr and
Jiran completely inactivated CAV-1 in serum-free medium,
pH 7.2, after heat inactivation.*” This increased sensibility to
heat probably results from the pH used because CAV-1 is
particularly unstable at neutral pH range.*®

Caprylic and pepsin treatments are generally considered
unsuitable for inactivation of nonenveloped viruses.>® Again,
we found an exception to an established trend because the
nonenveloped CPV was substantially inactivated after the
referred treatments (64 log). We could not find papers using
canine parvovirus for validation of the referred treatments in
crude plasma samples. We will avoid performance compari-
son with other parvoviruses or different initial products
because of high variability found among the parvovirus
group.%"w’50 Nevertheless, CPV seems to be quite vulnera-
ble to acidic pH, the same condition maintained in our pep-
sin step.”’ In order to guarantee the “worst-case scenario”
for parvovirus inactivation, one would have to test different
parvoviruses in the same conditions as we tested CPV.

Phenol as a virucidal preservative

Phenol is a common preservative for products derived from
animal immunoglobulins. Its efficacy against bacteria has been
extensively studied, but reports approaching phenol as viruci-
dal are scarce in the literature. Addition of phenol to the con-
centrated bulk resulted in inactivation of all model viruses
after just 30 min of exposure, evidenced by undetected values
of TCID 50%. A partial or total inactivation was expected for
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HBV-1, CV, VSV, BVDB, and CDV, because phenolic com-
pounds were described as efficient virucidal agents of envel-
oped viruses. However, inactivation by phenol of
nonenveloped viruses differs with the virus species studied.””

Some model viruses used in this work are also models for
human viruses. For instance, BVDV is used as a surrogate
model of hepatitis C virus™ and CPV as a model of human par-
vovirus B19.>* These viruses are important agents of viral infec-
tion through human blood products and, consequently, targets
for viral inactivation.”>> Phenol inactivated both viruses,
which indicates that it might also be an effective preservative
for human-derived immunoglobulins, when it comes to viral
safety.

Concerning phenol safety, its use in high concentrations
(>0.25%) was reported to facilitate formation of IgG aggre-
gates and dimmers, contributing to turbidity of the solutions
at 4°C. In vivo effects in mice include transient hypotension
and disturbance of leukocyte—endothelial interactions.
Diluted phenol was not reported as toxic or as a destabilizing
agent of the formula.?’ The process described here utilizes
0.25% phenol in the concentrated bulk, but after 30 min the
batch product is diluted, which abrogates the possibility of
the reported side effects.

Conclusion

Antibody cross-reactivity is a common feature of viruses
of the same species or genus that infect different animals.
We found several evidences of virus inactivation and thus of
possible cross-reaction, showing for the first time that equine
plasma recognizes a wide array of typical model viruses,
including a substantial amount of BVDV. Because this virus
commonly belongs to validation panels, especially for HCV
modeling, the viral screening becomes essential before eval-
uating any virucidal step.

Concerning the performance of the steps, phenol was the
most effective one, followed by heat, caprilic acid, and pep-
sin. This was an expected result because phenol and heat
were the only treatments dedicated to eliminate microbes.

Ideally, phenol should not be used as a complement for
bactericidal purposes, but its virucidal properties are quite
important when resistant nonenveloped viruses, poorly inac-
tivated by other treatments, are present.7 That was the case
of this protocol because only phenol was able to inactivate
all viruses. Phenolic compounds were additionally reported
as virucidal for equine infectious anemia virus, an essential
feature when donor horses are located in endemic regions
for this enveloped virus.”® Other processes might remove the
resistant viruses, like nanoﬁltration,36 but the production
costs surpass the budget of the regions in need.

We therefore present a SAI purification method that is
cost-effective and eliminates viruses to the extent required
by WHO for a safe product. In addition, our process may be
applied to any equine-derived immunoglobulin, like spider/
scorpion antivenoms or rabies immunoglobulin. Their pro-
duction variables (antigen obtention and horse immunization
scheme) happen before plasma collection and therefore do
not interfere with the downstream process.
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