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Abstract

This study aimed to develop an equine-derived hyperimmune serum against SARS-CoV-2 
and evaluate its efficacy as a potential immunotherapy tool for the treatment of known and poten-
tial variants of COVID-19 in preclinical trials. 

The novelty of this study is the whole virus and ALUM gel adjuvant formula. The horses were 
immunized using a whole inactivated SARS-CoV-2 antigen, and the final purified hyperimmune 
serum showed high plaque reduction neutralization (PRNT50) neutralizing titers. The efficacy  
of the hyperimmune serum was evaluated histopathologically and biochemically in the lungs, 
hearts, and serum of K18 hACE2 transgenic mice (n=45), which is an accepted model organism 
for SARS-CoV-2 studies and was challenged with live SARS-CoV-2.

Serum treatment improved the general condition, resulting in lower levels of proinflammatory 
cytokines in the blood plasma, as well as reduced viral RNA titers in the lungs and hearts.  
Additionally, it reduced oxidative stress significantly and lessened the severity of interstitial 
pneumonia in the lungs when compared to infected positive controls.

The study concluded that equine-derived anti-SARS-CoV-2 antibodies could be used for 
COVID-19 prevention and treatment, especially in the early stages of the disease and in combi-
nation with antiviral drugs and vaccines. This treatment will benefit special patient populations 
such as immunocompromised individuals, as specific antibodies against SARS-CoV-2 can neu-
tralize the virus before it enters host cells. The rapid and cost-effective production of the serum 
allows for its availability during the acute phase of the disease, making it a critical intervention  
in preventing the spread of the disease and saving lives in new variants where a vaccine is not yet 
developed.

Keywords: COVID-19, cytokines, equine-derived hyperimmune serum, heart, histology,  
K18 hACE2 mice, lung, SARS-CoV-2
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Introduction

Severe acute respiratory syndrome coronavirus-2 
(SARS-CoV-2) is a novel virus from the Coronaviridae 
family that can cause severe viral pneumonia and  
multisystemic symptoms. These symptoms include  
severe headaches, gastrointestinal symptoms, rhinitis, 
neurological and olfactory disorders. Approximately 
5% of patients infected with SARS-COV-2 experience 
severe illness or die (Winkler et al. 2020). 

Studies on treatments for COVID-19 have focused 
mainly on antiviral drugs such as remdesivir, ASC09, 
lopinavir/ritonavir, arbidol, interferon-alpha, and thy-
mosin alpha-1. The use of these drugs in COVID-19 
treatment is still being investigated and further research 
is ongoing to determine their effectiveness and safety 
(Zhang et al. 2020, De Vito et al. 2023, Li et al. 2023).

Recent studies have also shown that monoclonal  
antibodies can provide effective treatment for 
COVID-19. These antibodies are designed to target 
specific parts of the SARS-CoV-2 virus and can  
be produced in large quantities through biotechnology. 
They are currently being used as a treatment option  
for people who are at high risk of severe illness or hos-
pitalization due to COVID-19, but their large-scale pro-
duction is hard and costly (Moreira-Soto et al. 2021). 

Several hyperimmune serum formulations have 
been created from horses’ plasma that was immunized 
with S1 protein, inactivated SARS-CoV-2 whole virus, 
or recombinant proteins (S1, N, and SEM) of the virus. 
These hyperimmune serum have demonstrated high 
neutralizing antibody levels in vitro in many global 
studies (Luis Eduardo Cunha et al. 2020, Pan et al. 2020, 
León et al. 2021, Botosso et al. 2022, Li et al. 2023). 
Equine hyperimmune serum is a well-known and easily 
scalable technology for producing high titers of neutral-
izing antibodies against specific pathogens such as ra-
bies, tetanus, diphtheria and MERS-CoV (Moreira-Soto 
et al. 2021, Li et al. 2023). The specific antibodies 
against SARS-CoV-2 can neutralize the virus before it 
enters the host cells (Pan et al. 2020, Botosso et al. 2022).

This study aimed to examine the efficacy of a newly 
developed and cost-effective equine hyperimmune  
serum formulation on K18 hACE2 mice, which are 
model organisms used to study SARS-CoV-2. The use 
of hyperimmune serum formulations, created from 
horses’ plasma vaccinated with an aluminium hydro- 
xide gel mixture of inactivated SARS-CoV-2, has 
shown high in vitro neutralization capacity. We used 
histopathological methods to assess the morphological 
changes in the nasal passages, lungs, and hearts, and 
measured virus titers in the lungs and hearts, as well  
as proinflammatory cytokine levels in the serum and 
oxidative stress in the lungs. These findings highlight 

the potential of equine hyperimmune serum as a treat-
ment option for COVID-19.

Materials and Methods

Inactivated SARS-CoV-2 antigen preparation

Virus seed lots were generated from a SARS-CoV-2 
strain (Vial no.31242/12.05.2020) isolated from bron-
choalveolar lavage specimens or throat swabs from  
a hospitalized patient in the early days of the COVID-19 
outbreaks by the Turkish Ministry of Health.  
SARS-CoV-2 was propagated and produced in VERO 
CCL-81 cell line (ATCC, USA), inactivated with 
β-propiolactone (Sigma, USA), purified by multimodal 
chromatography and adsorbed by ALUM adjuvant  
(Engin Alp Onen et al. 2022). Antigen quantity in the 
final bulk was adjusted to 5.1×106 TCID50 SARS-CoV-2 
inactivated viral antigen /animal/dose (Fig. 1A).

Animal immunization for horse hyperimmune 
serum production

Before the study, all animals were subjected to pro-
phylactic vaccination and deworming programs that are 
routinely utilized at the KODEHAL farm (Tekirdag/
TURKEY). 

To produce polyvalent hyperimmune serum, four 
healthy horses (3 males and 1 female), aged 3-5 years 
and weighing approximately 350-450 kg each, were 
used. Each horse was immunized subcutaneously four 
times at 7-day intervals (on days 0, 7, 14, and 21) in 
various positions of the dorsal region. 

All horses were monitored daily for food and water 
intake, clinical conditions, and behaviors. Blood sam-
ples were collected every 7 days just before the next 
inoculation, and 14 days after the last inoculation (up to 
day forty-eight since the first inoculation). 

Horse plasma collection

Serum samples were collected using an automated 
plasmapheresis system called Haemonetics PCS2® 
(Boston, USA), and serum neutralizing antibody levels 
were evaluated on day 0, 28, 36, and 48 after the first 
dose of antigen (Fig. 1B). Plasma was collected for 
therapeutic apheresis procedures. 

Production of a bench-scale equine F(ab’)2 
fraction

We pooled plasma from all animals to initiate the 
F(ab’)2 production process. In a reactor, we added 3 L 
of injection water and 15 L of 90% phenol solution  
to 2 L of plasma. To digest and eliminate the Fc portion, 
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we added 1.25 g/L of pepsin (Sigma Aldrich, USA)  
under agitation, adjusted the pH to 3.2 with HCl, and 
kept the sample under agitation for 10 minutes. We then 
stirred the sample at 37°C and adjusted the pH to 4.2 
with sodium hydroxide. We added sodium pyrophos-
phate decahydrate (12.6 mM) and toluene (10 μM)  
under constant agitation. Subsequently, we added  
ammonium sulphate at 12% (m/v) and incubated the 
solution at 55°C for 1 hour. To separate the F(ab’)2 
fragments, we precipitated the Fc portion and subse-
quently filtered it under pressure at constant agitation, 
recovering the F(ab’)2 from the liquid phase.

To precipitate F(ab’)2 from the liquid phase, we 
added ammonium sulphate at 19% (m/v) and performed 
a second precipitation under constant agitation and  
alkaline pH. Subsequently, we diafiltered the solution 
using a 30 kDa tangential ultrafiltration system until 

ammonium sulphate became undetectable in the reten-
tate. We then buffer-exchanged the samples with 15 mM 
NaCl and added 90% phenol solution to a final con- 
centration of 0.3% (v/v). After sterile filtration with  
a 0.2 µm PES filter, we stored the F(ab´)2 product  
at 4°C (Fig.1B).

Plaque reduction neutralization antibody test 

We assessed whether equine serum could neutralize 
SARS-CoV-2 in vitro by collecting serum on day 0 and 
every week after three booster immunizations on days 
28, 36, and 48 following the initial immunization.  
The collected serum samples were then diluted with 
two-fold Eagle’s Modified Essential Medium (EMEM) 
and mixed with 100 TCID50 live virus. The mixture  
of serum and virus was added to confluent Vero  

Fig. 1.  Antigen preparation and equine-derived hyperimmune serum production against to SARS-CoV-2 flow chart. (Illustration  
was created with BioRender.com)
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CCL-81 cells in 24-well plates. After the 1 h incubation, 
the inoculums were removed and then covered with 
0.4% agarose MEM (Minimum Essential Media). After 
the plates were incubated for 3-4 days at 37°C, they 
were fixed with 10% formaldehyde, and stained with 
(0.4-1% v/v) crystal violet in methanol. PRNT endpoint 
titers were expressed as the reciprocal of the last serum 
dilution. The PRNT titer was calculated based on a 50% 
reduction in plaque count (PRNT50).

Animal experimentation

Forty-five adult K18 hACE2 male and female mice, 
8-9 weeks-old, were separated into four groups.  
The study included a control group of 10 animals.  
Another group of 10 animals were infected with  
SARS-CoV-2, while a separate group of 10 animals  
received treatment with equine hyperimmune serum 
only. Additionally, 15 animals were infected with 
SARS-CoV-2 and received equine hyperimmune serum 
treatment, administered three times with a one-day  
interval between each administration.

On day 0, mice in SARS-CoV-2 and SARS-CoV-2 
+ equine hyperimmune serum groups were challenged 
with 5 x 104 live viruses/50 µl by the intranasal route. 
On the first day post-infection (dpi), mice in Equine  
hyperimmune serum and SARS-CoV-2+equine hyper-
immune serum group (n=15) were injected intraperito-
neally with equine hyperimmune serum (2500 
PRNT50/0.2 ml).

At 3- and 5-days post-infection, mice were given 
another dose of purified equine hyperimmune serum. 
Ten mice were left as negative controls without any 
treatment, and 10 mice were left as positive controls 
infected by SARS-CoV-2 but not given any treatment.

Weight changes and general health status of male 
mice from each group were recorded individually on  
a daily basis for a period of 14 days. Animals that did 
not survive for fourteen days underwent necropsy.  
On the 14th day, we performed dissection after decapi-
tation under ketamine and xylazine anesthesia in accor-
dance with ethical rules and collected tissue samples 
from each animal (Schoell et al. 2009). The tissue sam-

Fig. 2.  Animal experiment scheme. Design and execution of experiments, which includes administering treatments and collecting data.  
(Illustration was created with BioRender.com)
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ples obtained for biochemical analyses, including 
blood, lung, and heart, were stored at -80°C, while  
samples for histological analyses of the respiratory sys-
tem organs and heart were fixed in a fixative solution 
(Fig. 2). 

Quantitative real time RT PCR to detect viral load 
in lung and heart tissues. 

Lung and heart samples were collected from each 
group of mice and homogenized using 2 mm glass 
beads in TissueLyser II equipment (Qiagen, Germany) 
at 30-35 Hz for 2-3 min twice, followed by centrifuga-
tion at 13,000 rpm (Eppendorf 5804R centrifuge) for  
40 s. All viral nucleic acids were extracted from lung 
and heart homogenates of mice using the 

RNA isolation kit (High Pure RNA Tissue Kit, 
ROCHE, Germany) according to the manufacturer’s in-
structions. A commercial one-step 2X RT-PCR Master 
Mix (Genesig® Primer design, USA) and a commer-
cial quantitative COVID-19 Real Time RT-PCR kit 
(Primer design 2019-nCoV Genesig® Advanced Kit, 
USA) were used for the polymerase chain reaction.  
The primers and probe in commercial kit target the 
RdRp (RNA dependant RNA polymerase) gene locus  
of the SARS Coronavirus. We performed amplification 
in 96-well non-transparent plates on a LightCycler 480 
Real-Time PCR instrument (ROCHE, Germany). Each 
20 µL reaction mix includes 10 µL 2X Master Mix,  
2 µL 5 µmol/L probes, 20 µmol/L forward and reverse 
primer mix, 5 µL nuclease-free water, and 5 µL nucleic 
acid extract. Real-time PCR conditions set up 10 min  
at 55°C for reverse transcription (RT) reaction, 2 min at 
95°C for Taq polymerase enzyme activation, and 40  
cycles of 3 s at 95°C and 30 s at 55°C in the polymerase 
chain reaction. Viral load (copy number/µl) is calcula- 
ted depending on the standard curve.

Dissection, tissue processing for light microscopy

After collecting blood samples, we removed the 
scalp and dissected it to access the sinus cavities and 
upper respiratory system. The thorax was then opened 
through the sternum, and the lungs and hearts were  
removed. Each tissue sample was fixed in neutral  
buffered formalin (pH: 7) for 24 hours.

To decalcify the bone tissues of upper airways, we 
used the formic acid-sodium citrate decalcification 
method (Suvarna et al. 2018). The decalcification  
process was monitored daily.

All the tissues and decalcified upper mice heads  
underwent routine paraffin tissue processing. We com-
pleted the embedding process according to the section 
surface, and we prepared a minimum of two paraffin 
blocks from each tissue. The tissue samples were sec-

tioned at a thickness of 4 µm using a Leica RM22555 
Rotary Microtome.

Histochemical staining and evaluation

After deparaffinization, sections were passed 
through decreasing alcohol series and rinsed in distilled 
water.

For lung, heart and sinuses, we used hematoxylin- 
-eosin for histopathological evaluation and applied 
Masson-Trichrome staining for various connective  
tissue changes expected to occur in the lung.

Two investigators unaware of the study groups  
examined staining pattern, differentiation of cells and 
surrounding tissues, morphological structure, inflam-
mation and damage under a Leica DMLB light micro-
scope. 

The sinuses and olfactory epithelium were evalua- 
ted according to literature (Yu et al. 2022, Xu et al. 
2020). Lungs and hearts were scored semi-quantita- 
tively for inflammatory infiltrates as negative (-), mild 
focally positive (+), moderately positive (++) and 
strongly positive (+++) (Maccio et al. 2021). An addi-
tional scoring for the number of affected animals is also 
provided, and the different observed pathologies for the 
alveolar area, bronchi, and nasal cavity areas are scored 
as follows: For the alveolar area: The sum of animals 
with lymphocyte-dominant leukocyte infiltration in the 
interstitium, alveolar collapse, thickening of the alveo-
lar septum, edema, and erythrocytes, as well as leuko-
cyte infiltration around vessels. For the bronchi:  
The sum of animals exhibiting bronchial epithelial 
damage and congestion in the peribronchial vessels.  
For the nasal cavity: The sum of animals exhibiting 
squamous, olfactory, and respiratory epithelial damage.

Biochemical tests

Serum samples of transgenic mice are evaluated for 
oxidative stress parameters MDA, MPO, and GSH (Cat 
no. 40324, 40593, and 40371; Elabscience) with colori-
metric assays according to manufacturer’s instructions. 

To evaluate inflammation, IL-1B, IL-6, IL-10, 
TNFα, and MCP-1 values were assessed with Multiplex 
Inflammation Panel Flow Cytometry Assay (MMX774, 
Antigenix, USA) according to manufacturer’s instruc-
tions. Analyte concentrations of the sample are deter-
mined by comparison to known concentrations of  
a standard curve. 

Statistical analyses

The data were analyzed using GraphPad Prism 
9.4.0 (GraphPad Software, San Diego, CA, USA).  
Normality was tested using Shapiro-Wilk test. ANOVA 
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and post-hoc Tukey test were used for normally distri- 
buted variables, while Kruskal-Wallis and post-hoc 
Dunn’s test were used for non-normally distributed 
variables. Significance level was set at p<0.05. Results 
are reported as mean ± SEM or median as appropriate.

Results

Daily weight changes and animal health status 
results

Beginning at 1 dpi with live SARS-CoV-2 virus  
at a concentration of 5x104 TCID50, mice underwent 
rapid weight loss, with the most significant loss occur-
ring at 6 and 7 dpi. Within the initial 4-to-7-day period, 
more than half of the mice exhibited clinical symptoms 
and died. The surviving mice displayed clinical symp-
toms for the entire 14-day observation window, but 
these symptoms started to resolve by 10 to 12 dpi.

The group that received the hyperimmune serum 
showed less severe initial clinical symptoms compared 
to the untreated SARS-CoV-2 infected group. These 
symptoms included loss of grooming behavior, weight 
loss, and decreased responsiveness to the environment. 
The weight percent change showed significant diffe- 

rences between groups with pairwise comparisons  
as follows: SARS-CoV-2 vs. SARS-CoV-2 + equine 
hyperimmune and SARS-CoV-2 vs. equine hyperim-
mune (Fig. 3). 

Viral load quantification from tissue samples

According to this study, animals that died four days 
after virus infection had a high viral load in their lungs, 
as detected by quantitative RT-PCR. Although the viral 
load detected in the heart is lower than that in the  
lungs. The viral RNA load in the lungs and heart of the 
SARS-CoV-2 infected group treated with equine hyper-
immune serum was significantly lower than that of the 
group infected with SARS-CoV-2 alone (Fig. 4). 

Detection of equine-derived SARS-CoV-2 
hyperimmune serum neutralization titers  

by Plaque Reduction Neutralization Antibody Test 
(PRNT50) 

Over time, the PRNT50 titers for all four horses 
showed an increase, with an average PRNT50 titer  
of 1:40,960 (Table 1).

Fig. 3.  The investigation aimed to evaluate the impact of SARS-CoV-2 infection. Significant differences were observed in weight percent 
change between the mouse groups. 
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Histopathological evaluation 

The nasal passages of the groups treated with equine 
hyperimmune serum displayed similar morphology to 
the control group. However, in mice infected with 
SARS-CoV-2, the olfactory epithelium showed severe 

damage, with focal irregularities and necrosis. Inflam-
matory cells were found to infiltrate the lamina propria 
in that area. Some mice showed mild accumulation of 
mucus in their nasal passages. The squamous epitheli-
um was not affected. The basal cells and nuclear layer 
of olfactory cells showed shrinkage of nuclei, indica- 

Fig. 4.  There were significant differences in quantifying (RNA copy number/g) viral load observed in the lungs and hearts of the mouse 
groups (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).

Table 1. The equine hyperimmune serum PRNT50 levels on various days after immunization with inactive SARS-CoV-2 antigen.

Equine-derived hyperimmune serum
Date of sampling Antigen Doses PRNT50 MEAN + SD

0. day No priming

<16
<16
<16
<16

<16 + 0

28. day Prime + 1 booster dose

8192
4096
8192
8192

7168 +
2048

36. day Prime + 2 booster doses

16384
16384
8192
8192

12288 + 4730

48. day Prime + 3 booster doses

32768
32768
65536
65536

40960 + 18918
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ting the presence of apoptotic cells, and a few macro-
phages were present in the mucosal and submucosal 
areas. Inflammation was moderate in the SARS-CoV-2 
infected group, while the SARS-CoV-2 infected equine 
hyperimmune serum treated group showed mild inflam-
mation and mild epithelial lesions (Table 2).

The control and equine hyperimmune serum groups 
exhibited normal lung morphology. In the SARS-CoV-2 
group, interstitial pneumonia of varying degrees and 
patchy areas of occluded airspaces was prominent. 
Lymphocyte-dominant mononuclear leukocyte infiltra-
tion in the interstitium, alveolar collapse, and thicken-
ing of the alveolar septum were visible. Some bronchi-
oles were also affected, and some of the peribronchiolar 
vessels were congested. In some animals, edema and 
erythrocytes near the infected areas were observed,  
although this was rare (Table 3). The SARS-CoV-2 + 
equine hyperimmune serum group showed mild infec-
tion near bronchioles. The bronchiolar epithelium and 
alveolar morphology remained mostly preserved. Some 
small vessels had edema and congestion, and leukocyte 
infiltration of neutrophils, lymphocytes, and macro-
phages could be seen near these areas. Patchy areas  
of infiltration were rare and very small. Higher magni- 
fications revealed a more pronounced difference  

in inflammatory cell infiltration and bronchiolar epithe-
lial damage between the SARS-CoV-2 infection with 
and without equine hyperimmune serum treatment. 
(Fig. 5).

In comparing damage scores between groups, sig-
nificant differences were observed in the alveolar area 
(p<0.0001) and bronchi (p=0.0054). Pairwise compari-
sons revealed distinctions between the equine hyperim-
mune-serum therapy + SARS-CoV-2 and SARS-CoV-2 
groups (alveolar area p=0.0065, bronchi p=0.0021). 
However, no significant difference was found in the  
nasal cavity across groups (p=0.1617) (Table 4 and  
Fig. 6). 

The control and serum groups had normal heart 
morphology. However, in the group infected with 
SARS-CoV-2, there was prominent small vessel endo-
theliosis, with most of the adventitia of small vessels 
showing mononuclear inflammatory cell infiltration 
(Fig. 7). Some blood vessels exhibited congestion.  
The infected areas had scattered degenerative myofiber 
changes, and some myocytes experienced necrosis due 
to virus application. Single cell eosinophilia without 
nuclear blurring indicated hypoxia and organelle  
degeneration. Myocardial fibers were wavy in some  
severely infected animals, which is a sign of myocardial 

Table 3.  Semi-quantitative inflammatory scoring of hearts and lungs of K18-hACE2 transgenic mice infected with SARS-CoV-2  
and treated with horse serum.

Control Equine
hyperimmune serum

SARS-CoV-2 + Equine
hyperimmune serum SARS-CoV-2

Hearts - + ++ +++
Lungs - - + +++

-, no visible changes; +, mild focal or multifocal changes; ++, moderate multifocal changes; +++, moderate diffuse changes; ++++, 
severe diffuse changes

Table 4. The table displays the number of animals with the described pathologies in the specified areas (n=10 for each mouse group).

Control Equine HS SARS-CoV-2+ 
Equine HS SARS-CoV-2

   Alveolar area
Lymphocyte dominant leukocyte infiltration in 
the interstitium

0 0 7 9

Alveolar collapse 0 0 1 5
Thickening of alveolar septum 0 3 3 9
Edema and erythrocytes 1 1 3 8
Leukocyte infiltration around vessels 0 3 3 6
   Bronchi
Bronchial epithelial damage 0 0 3 7
Congestion in the peribronchial vessels 1 2 2 7
   Nasal cavity
squamous epithelium damage 0 0 0 0
olfactory epithelium damage 0 0 2 5
respiratory epithelium damage 1 1 3 6
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Fig. 5.  The lungs of K18-hACE2 Tg mice: Control (A), equine hyperimmune serum-treated (B), SARS-CoV-2 + equine hyperimmu-
ne serum-treated (C, D, E), and SARS-CoV-2 groups (F, G, H). Indications show normal alveoli with thin alveolar septa (a),  
blood vessels (short arrow), edema in alveolar airspaces (e), inflammatory cell infiltration (long arrow), bronchiolar epithelial 
damage (b), and interstitial pneumonia with patchy areas of occluded airspaces (*). Hematoxylin and eosin staining was used.  
A, C, D, G, and H were observed at x10 magnification, B at x4 magnification, and E and F (both are selected areas of C and H)  
at x40 magnification. The scale bars for x4, x10, and x40 represent 50 µm, 100 µm, and 200 µm, respectively.
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ischemia. Large coronary arteries had mild inflammato-
ry cell infiltration in their adventitia. Intraventricular 
blood presented a large population of inflammatory 
cells. The endocardium, subendocardium, and myocar-
dium were similarly affected. Cardiac pathologies were 
milder in the equine hyperimmune serum-treated  
infected group, with features like slightly swollen endo-
thelium and a few eosinophilic-stained heart muscle 
cells. More than half of the vessels showed no inflam-
mation, and most of the parenchyma was preserved 
(Fig. 7). 

Biochemical tests

Proinflammatory cytokines, such as IL-6, IL-1β, 
TNF-α, IL-10, and chemokines MCP-1, showed strong 
increases in serum on 4-14 dpi only in SARS-CoV-2 
inhaled control mice. However, cytokine levels that  
indicate inflammation and immunological disease  
remained significantly lower in the hyperimmune  
serum-treated group compared to the SARS-CoV-2 
group. 

As a measure of lipid peroxidation, levels of tissue 
MDA increase, while the level of the antioxidant GSH 
decreases. In this study, it has been observed that the 
increase in the levels of MDA recovers with equine  
derived hyperimmune serum treated group of mice. 
These results indicate that the hyperimmune serum 
treatment reduces oxidative stress and enhances the 
ability of cells to fight against free radicals. MPO  
is an enzyme that serves as a biomarker for inflamma-
tion. Similarly, the increased levels of MPO in the 
SARS-CoV-2 group imply that the virus could trigger  

a more pronounced inflammatory response in the heart 
and lungs, as opposed to the treatment group (Fig. 8).

Discussion

During the early stages of a pandemic, when specific 
treatments were not yet available, passive immunother-
apies using convalescent human plasma or animal- 
-derived hyperimmune globulins were often the initial 
antiviral interventions. Previous research has explored 
the use of horse immunization to generate hyperim-
mune globulins against various viruses, including 
SARS-CoV, MERS-CoV, Ebola, and avian influenza, 
with varying levels of effectiveness against different 
variants of SARS-CoV-2. Pan et al. 2020 study sugges- 
ted that F(ab’)2 fragments from equine hyperimmune 
serum may have the ability to prevent COVID-19.  
In a study, Moreira-Soto et al. (2021), demonstrated 
varying levels of effectiveness of hyperimmune serum 
against variant strains in in-vitro neutralization tests  
of important SARS-CoV-2 variants. In addition, these 
F(ab’)2 fragments bind to multiple epitopes of the 
SARS-CoV-2 RBD (receptor binding domain), sug-
gesting that they can neutralize a broad spectrum  
of SARS-related coronaviruses and its variants (Pan  
et al. 2020).

The results of our study showed that SARS-CoV-2 
infection in K18 hACE2 transgenic mice led to rapid 
weight loss and high mortality rates, consistent with 
previous research (Dong et al. 2022, Jha et al. 2022). 
The mice exhibited weight loss patterns similar to severe 
COVID-19 cases in humans reaching maximum weight 

Fig. 6.  The panel presents the damage scores as mean ± SEM for each mouse group, along with statistical significances of pairwise  
comparisons, denoted as: * p<0.05, ** p<0.001, *** p<0.0001, and **** p<00001.



71Development and preclinical evaluation of equine-derived ...

loss at 6 to 7 days post-inoculation (Jha et al. 2022, 
Golden et al. 2020). The high mortality rate within the 
first week of infection indicates the mice’s high suscep-
tibility to SARS-CoV-2, which aligns with previous 

findings (Dong et al. 2022; Golden et al. 2020). Howe- 
ver, treatment with equine-derived hyperimmune serum 
showed promising outcomes in alleviating clinical 
symptoms and reducing viral load in the lungs and 

Fig. 7.  Hearts from K18-hACE2 Tg mice: Control (A), equine hyperimmune serum-treated (B), SARS-CoV-2 + equine hyperimmune 
serum-treated (C, C inlet), and SARS-CoV-2 groups (D, E, F, G). Indications show blood vessels (short arrow), swollen endo-
thelium (arrowhead), ventricle (v), eosinophilic-stained heart muscle cells (asterisk), inflammatory cells (long arrow), coronary 
artery (a), and congestion (c). Hematoxylin and eosin staining was used. A, B, C, and D were magnified at x10, while C inlet,  
E, F, and G were magnified at x40. The scale bars denote 50 µm and 100 µm, respectively.
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heart, with complete resolution observed by the 14th day 
of observation.

Viral load quantification from tissue samples  
revealed that the lungs were the most significantly  
affected organs in terms of viral accumulation, with the 
heart also showing statistically significant viral load 
compared to the negative control group. However, 
treatment with hyperimmune serum resulted in signifi-
cantly lower viral RNA load in both the lungs and heart, 
indicating that the hyperimmune serum may have  
a neutralizing effect on the virus and reduce its replica-
tion in these organs. This is consistent with previous 
studies that have shown the potential of equine-derived 
hyperimmune serum in neutralizing SARS-CoV-2  
in vitro (Jha et al. 2022).

Histopathological examination of the nasal passa- 
ges and lungs further supported the beneficial effects  
of hyperimmune serum treatment. In the SARS-CoV-2 

infected group, severe damage to the olfactory epithe- 
lium, inflammatory cell infiltration, and accumulation 
of mucus were observed in the nasal passages. In con-
trast, the group treated with hyperimmune serum 
showed only mild inflammation and mild epithelial  
lesions, indicating that hyperimmune serum may have  
a protective effect on the nasal passages. Similarly,  
in the lungs, the SARS-CoV-2 group showed interstitial 
pneumonia, capillary congestion, and thickening  
of the alveolar septum, while the equine hyperimmune 
serum-treated infection group showed mild infection 
with mostly preserved alveolar airspaces.

Further analysis of lung tissue samples revealed re-
duced oxidative stress in the group administered with 
serum, likely attributable to diminished infection. 
Moreover, assessment of pro-inflammatory cytokines  
in the serum revealed significant differences in the  
levels of IL-10, MCP-1, and TNF-α in the serum-treated 

Fig. 8.  Oxidative stress parameter analyses of lung tissues (GSH, MDA and, MPO) and serum cytokine levels (IL 1-B, IL 6,  
IL 10, MCP-1 and, TNF-α) were measured in K18 hACE2 transgenic mice 4 to 14 days after being exposed to SARS-CoV-2.  
(* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001) 
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group. Remarkably, these cytokines are frequently  
associated with the severity of COVID-19 in the litera-
ture (Golden et al. 2020). The decreased levels of these 
cytokines suggest that the serum treatment may poten-
tially ameliorate cytokine storm, a prominent complica-
tion of COVID-19.

To avoid the risk of antibody-dependent enhance-
ment (ADE) of infection, pooled plasma obtained from 
all four horses 48 days after the first immunization was 
processed to remove the Fc portion of IgG by pepsin 
digestion, followed by partial purification of the F(ab’)2 
fragment by ammonium sulfate fractionation (Pan et al. 
2020). 

Our study supports prior research on equine-de-
rived hyperimmune serum as a potential treatment for 
reducing viral load and alleviating clinical symptoms 
(Luis Eduardo Cunha et al. 2020, Pan et al. 2020, León 
et al. 2021, Moreira-Soto et al. 2021). Hyperimmune 
serum improved outcomes, reduced viral replication, 
and decreased inflammation. It may be a viable option 
for early-stage pandemic passive immunotherapy.

The novelty of this study is the use of the whole 
virus and ALUM gel adjuvant, which has been shown 
to enhance the immune response and have a longer-last-
ing effect on immunity, while causing fewer localized 
reactions in horses compared to Freund’s adjuvant.  
This is important from an animal welfare perspective 
and may make ALUM gel a preferred adjuvant for  
hyperimmunization in horses. Sequencing of the com-
plete genome of the virus strain used for inactivated  
antigen production was done to avoid significant muta-
tions that may occur, particularly in the RBD region. 
This ensures that the hyperimmune serum generated  
in this study is specifically targeted against the circula- 
ting strain of SARS-CoV-2 in Turkey, increasing its  
potential effectiveness. Also in this study, we aimed  
to achieve high antibody titers and minimal systemic 
effects using the SARS-CoV-2 strain that yielded high 
antibody levels in previous SARS-CoV-2 vaccine stu- 
dies. The inactivated SARS-CoV-2 was purified by 
multimodal chromatography (size exclusion and ion  
exchange) to be optimally free from all medium and 
host cell residues. The antigen was absorbed over 98% 
with ALUM gel.” and “Sequencing of the complete  
genome of the virus strain used for inactivated antigen 
production was done to avoid significant mutations that 
may occur, particularly in the RBD region. This ensures 
that the hyperimmune serum generated in this study  
is specifically targeted against the circulating strain  
of SARS-CoV-2 in Turkey, increasing its potential  
effectiveness.”

In conclusion, our study demonstrates the potential 
of equine-derived hyperimmune serum as a viable  
option for passive immunotherapy in the early stages  

of a pandemic when specific treatments are not yet 
available. The use of ALUM gel adjuvant and the inclu-
sion of the circulating strain of SARS-CoV-2 in Turkey 
in the antigen preparation are notable strengths of our 
study. With standardized guidelines from the WHO, 
equine antibody products may be readily available 
worldwide, providing an additional tool in the fight 
against emerging viral pathogens such as SARS-CoV-2.
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