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Purified Immunoglobulin F(ab’), Protects
Mice and Rhesus Monkeys against Lethal
Ricin Intoxication

Jingjing Tian'#, Cong Li%*#, Bochang Shi%#, Hui Han?, Yuan Liu’, Lingyun Tan3, Keyu Wang?,
Fang Yan', Wei He3, Bo Li%, Naxin Zheng®*, Huabin Li', Xinyu Li3, Chongyu Tian',
Yuangiang Zheng?*, Zhongpeng Zhao3* and Ruiwen Fan'*

ABSTRACT

Objective: Ricin is a highly toxic ribosome-inactivating lectin derived from
castor beans. To date, no antidote is available to treat ricin-poisoned patients,
and the development of a safe and effective antidote is urgently needed.

Methods: First, ricin was prepared and used to construct a mouse model and
a rhesus monkey model of ricin intoxication. Second, pepsin-digested F(ab’),
fragments of serum IgG from horses injected with Freund’s-adjuvanted purified
ricin were prepared. Third, the protective efficacy was evaluated in mouse and
rhesus monkey models of lethal ricin intoxication.

Results: The purity quotient of the prepared ricin and F(ab”), fragments
exceeded 90% and 85% in the mouse and monkey models, respectively. The
LDy, of ricin in mice and rhesus monkeys was 2.7 and 9 ug/kg, respectively.

A quantity of 6.25 and 1.85 mg/kg F(ab’), was sufficient to treat lethal ricin
intoxication in the mice and rhesus monkeys, respectively. Finally, the effect of
this therapeutic antibody on peripheral blood immune cells was examined by
analysis of peripheral blood immune cells through single cell sequencing. The
underlying mechanism was found to involve restraining neutrophil activation,
proliferation, and differentiation.

Conclusion: Purified F(ab’), fragments administered with needle-free devices
fully protect mice and rhesus monkeys against lethal doses of ricin intoxication.

Keywords: Ricin, Equine immunoglobulin F(ab’), fragments, Animal models,

Needle-free, Single-cell sequencing

INTRODUCTION

Ricin is an extremely potent toxin derived
from the castor bean plant and a highly
toxic ribosome-inactivating glycoprotein
produced in castor seeds [1]. In most cases,
ricin intoxication in humans and live-
stock occurs accidentally through inges-
tion of castor seeds and other improperly
detoxified castor-derived products [2].

Patients with ricin intoxication often
exhibit vomiting and diarrhea, and may
lapse into a coma or even die [3]. Clinical
toxicological studies have indicated that
ricin severely damages the liver and kid-
neys, and often causes cardiovascular sys-
tem and respiratory center injury [4-6].
Ricin, a potential bioterrorism agent, is
a cytotoxin easily purified in large quan-
tities [7]. With growing awareness and

©2023 The Authors. Creative Commons Attribution 4.0 International License

#These authors contributed equally to
this paper.

*Corresponding authors:

E-mail: ruiwenfan@sxau.edu.cn,

Tel.: +86 13453216804 (RF);
xiaozzp@163.com,

Tel.: +86 18612850349 (Z2);
zhengyq688@163.com,

Tel.: +86 13948101570 (YZ)

'College of Veterinary Medicine,
Shanxi Agricultural University, Taigu
Shanxi 030800, China

Key Laboratory of Molecular Biology,
Inner Mongolia Medical University,
Huhehaote Inner Mongolia 010058,
China

3Department of Immunology, School
of Basic Medical Sciences, Anhui
Medical University, Hefei 230032,
China

4PLA General Hospital, Beijing
100039, China

Received: December 13 2022
Revised: February 27 2023
Accepted: March 31 2023
Published Online: April 20 2023


mailto:ruiwenfan@sxau.edu.cn
mailto:xiaozzp@163.com
mailto:zhengyq688@163.com

concern regarding “white powder incidents” in recent
years, effective countermeasures against ricin intoxication
must be developed [8,9].

Despite the grave challenge to public health, approved
prevention and treatment measures against ricin intoxica-
tion are currently unavailable. RiVax™ and RVEc™ are
RTA-based ricin subunit vaccines currently being investi-
gated in phase I clinical trials [10]. Many monoclonal anti-
bodies (such as huPB10) with potent ricin-neutralization
activity and small molecule inhibitors/blockers inhibiting
the interaction of ricin with ribosomes have shown thera-
peutic effects in ricin poisoned cells and/or animal models
[11-14]. However, to date, the treatment of patients with
ricin intoxication is supportive, and specific antidotes are
lacking [15].

Therefore, much work will be needed to develop an
effective ricin-specific antidote. Using our equine immu-
noglobulin F(ab”), fragment preparation and evaluation
technology [16,17], we developed biological products
associated with ricin, and assayed and evaluated them
according to the Chinese Pharmacopoeia, thus laying a
foundation for the development of an effective antidote
candidate against ricin intoxication.

METHODS

Cells and animals

Vero cells (ATCC NO. CCL-81) were provided by the
cell bank of the Fifth Medical Center of PLA General
Hospital. Healthy horses 4—6 years old were provided by
Inner Mongolia Huaxi Bio-technology Co., LTD (Inner
Mongolia, China). Four week old female BALB/c mice
were purchased from Bejjing Vital River Laboratory
Animal Technology Co., Ltd. (Bejjing, China). Rhesus
monkeys were purchased from Bejjing Institute of
Xieerxin Biology Resource (Beijing, China). All animal
experiments were approved by the Animal Experiment
Committee of the Laboratory Animal Center, Academy
of Military Medical Sciences, China (assurance number:
IACUC-DWZX-2017-048).

Preparation and identification of purified ricin
Castor cake (500 g) was de-husked and homogenized
into a slurry with 5 mmol/L PBS. After centrifugation
at 20000 g for 30 min, the supernatant was collected, and
solid (NH,),SO, was added to 60% saturation, stirred
at 4°C for 3 hours with magnetic stirrers, and centri-
fuged at 20000 g for 30 min to precipitate the ricin. The
precipitate was dissolved in PBS, dialyzed at 4°C for
24 hours, and centrifuged at 20000 g for 10 min. The
supernatant contained crude ricin. With agarose derived
4-aminophenyl B-D-galactopyranoside as affinity chro-
matography medium, the crude ricin was eluted with
galactose. The lectin was separated from crude ricin with
ion-exchange resin. The purified ricin was obtained and
stored at 4°C. The purified ricin was assayed with HPLC
and SDS-PAGE.

Tian et al.

To measure the half lethal dose (LD;) of ricin, eight
mice per group were injected intraperitoneally with 0.03,
0.04, 0.05, 0.06, 0.07, or 0.08 g ricin, and four rhesus
monkeys per group were injected intraperitoneally with 9,
18, 36, or 72 g ricin. The mice and rhesus monkeys were
monitored for 7 days and 36 hours, respectively. The LD
of ricin was measured with the Reed-Muench method.

Detoxification of purified ricin

Purified ricin was detoxified with formaldehyde at 1:4000
at ambient temperature for 48, 60, 72, 84, 96, 108, or 120
hours. The detoxified ricin was concentrated by dialysis
and sterilized through a 0.22 um filter. The detoxified
ricin was measured with the Lowry method, and the sur-
vival rate of Balb/c mice injected with 0.1 mg detoxified
ricin was observed.

Preparation and identification of the F(ab’),
fragments of equine serum IgG against ricin

Five healthy horses 4—6 years old without detectable
pathogens were subcutaneously injected with 4.0, 4.0, 5.0,
or 6.0 mg purified ricin with Freund’s adjuvant into sites
near the inguinal and submandibular lymph nodes every
21 days. At 14 days after the last immunization, the titer of
ricin specific antibody in horse sera was detected with the
MTT method. When the serum titers exceeded 1:6400,
the sera were collected and stored at 4°C.

The F(ab’), fragments of equine serum IgG were
prepared by the GMP plant of Shanghai Serum Bio-
technology Co., Ltd. The products were identified with
HPLC and SDS-PAGE and stored at 4°C.

Identification of the neutralization effects of
F(ab’), fragments against ricin in Vero cells with
the MTT method

The neutralization titers of the F(ab”), fragments against
ricin were determined in Vero cells. Vero cells were trans-
ferred to a 96-well plate with 2x10* cells in 100 pl per
well, then incubated at 37°C for 24 hours. The F(ab’),
fragments were two-fold serially diluted with DMEM,
initially at 1:400. After the F(ab”), fragments were mixed
with isopycnic suspension containing 100 TD,, of puri-
fied ricin and incubated at 37°C for 1 hour, the F(ab’),
fragments and ricin mixtures were added to the Vero cells.
Normal F(ab”), fragment control (100 TD, of ricin and
F(ab’), fragments of equine serum IgG without injection)
and ricin control (with 100 TD,,
control groups. When CPE developed in the ricin control,
the Vero cells were stained with 200 ul MTT (0.5 mg/ml)
per well for 4 hours. After the supernatant was discarded,
10% SDS mixed with 0.01 M HCI was added to the Vero
cells at 200 ul per well and incubated for 8 hours. The
OD value at 570 nm was determined with an ELISA
reader. The dilution of cells that showed the same values

of ricin only) served as

as the normal F(ab”), fragment control was calculated as
the neutralization antibody titer of the F(ab”), fragments
against ricin.
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Effective dosas of F(ab’), fragments against ricin
in mice and rhesus monkeys

To investigate the effective dosas of the F(ab”), fragments
against ricin, we weighed eight mice per group and them
injected intraperitoneally with 5 LD, of purified ricin.
After 4 hours, the mice were subcutaneously injected
in the abdomen with 31.25, 62.5, or 125 ug of F(ab”),
fragments against ricin, with a needleless injection device
(POK-V Dart, Boke BioTech, China) (Fig 4A). The mice
were monitored for mortality daily for 7 days. The mice
injected with isopycnic normal equine F(ab’), fragments
served as a control group.

To further investigate the effective doses of the F(ab”),
fragments against ricin, we injected four rhesus monkeys
per group intraperitoneally with 2 LD, of purified ricin
[2]. After 4 hours, the rhesus monkeys were injected sub-
cutaneously with 3.75, 7.5, or 12.5 mg of the F(ab')2 frag-
ments against ricin with a needleless injection device. The
rhesus monkeys’ physical condition and mortality were
monitored daily for 7 days. The rhesus monkeys injected
with isopycnic normal equine F(ab”), fragments served as
a control group.

Histopathological analysis

After the moribund monkeys from the control group and
those injected with 12.5 mg F(ab”), fragments on the 7th
day were euthanized, lung, liver and kidney tissues were
collected, fixed with 4% formalin, paraffin-embedded,
cut into 5-pm sections, stained with hematoxylin and
eosin, and observed according to standard procedures.

Isolation of PBMCs

In two groups of mice (ten mice per group), 200 tl contain-
ing 2 LD, ricin was injected intraperitoneally. After 4 hours,
0.5 ml containing 125 g anti-ricin IgG or PBS was injected
subcutaneously into the abdomen in the treatment or con-
trol groups, respectively, with a needleless injection device.
After 24 h, peripheral blood was collected from the fundus
vein, and 1 ml of whole blood was added to 3 ml of erythro-
cyte lysis solution and lysed on ice for 5 min. Subsequently,
5 ml of PBS containing 10% fetal bovine serum was added
and centrifuged at 500 g for 5 min. The supernatant was dis-
carded, and the precipitate was washed twice with PBS con-
taining 10% fetal bovine serum, then centrifuged at 500 g
for 5 min. After the supernatant was discarded, the precipi-
tate was resuspended in PBS and mixed thoroughly to make
a cell suspension. Five replicates of experimental group cells
meeting the sequencing requirements were selected as the
treatment group samples, and a mixture of five replicates of
control group cells were selected as the control group sam-
ples for single cell sequencing.

Single-cell sequencing library construction

The sequencing and data analysis were performed by
Shanghai Ouyi Biomedical Technology Co. The raw data
generated by high-throughput sequencing were analyzed
in CellRanger, the official software from 10x Genomics.

Further quality control and processing of the data were
performed according to the preliminary quality control
results of CellRanger in the Seurat software package.
Principal component analysis linear dimensionality reduc-
tion was performed according to gene expression. The
principal component analysis results were visualized in two
dimensions through non-linear dimensionality reduction
(tSNE). With the SingleR package and a single cell refer-
ence expression quantitative public dataset, the correlation
between the cell expression profile of interest and the ref-
erence dataset was calculated, and the cell type with the
highest correlation in the reference dataset was assigned
to the cell to be identified, thus decreasing interference
due to subjective human factors. The marker genes were
identified with the FindAllMarkers function in the Seurat
package to identify genes up-regulated in each cell clas-
sification relative to the differentially expressed genes in
other cell populations. These genes were potential marker
genes for each cell classification. The identified marker
genes were visualized with the Vlnplot and FeaturePlot
functions. Significantly differentially expressed genes
were screened with the FindMarkers function in the
Seurat package, and significantly differentially expressed
genes were screened according to a P-value less than 0.05
and a difference multiplicity greater than 1.5-fold.

Statistical analysis
Statistical analyses were performed in Prism software

(GraphPad5.0).

RESULTS

Preparation and identification of purified ricin
The purity quotients of the prepared ricin (64 kDa)
exceeded 90% (Fig 1A) in SDS-PAGE and 92.2% (Fig 1B)
in HPLC. The LD, of the purified ricin was 2.7 lg/kg
in mice (Fig 2A) and 9 pg/kg in rhesus monkeys (Fig 2B).
On the basis of the Balb/c mice survival rate, the purified
ricin was completely detoxified within 96 hours by for-
maldehyde at 1:4000. No significant adverse effects were
observed in the injected mice, and only several showed a
transient increase in body temperature.

Identification of the F(ab’), fragments of equine
serum IgG against ricin

The purity quotients of the F(ab”), fragments (100 kDa)
exceeded 80% (Fig 3A) in SDS-PAGE and 88.7% (Fig 3B)
in HPLC. The neutralization antibody titer of the F(ab”),
fragments against ricin was 1:12800, on the basis of the
MTT method (Table 1).

Effective doses of F(ab’), fragments against ricin
in mice and rhesus monkeys

To confirm the effective doses of the F(ab”), fragments
against ricin, we injected the mice with 5 LD, ricin
to construct a ricin intoxication mouse model. After
4 hours, the mice were injected with 31.25, 62.5, or 125 ug
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FIGURE 1 | Characterization of purified ricin. (A) SDS-PAGE of purified ricin. Lane 1, ricin standards. Lane 2-4, purified ricin. Lane 5, protein
molecular weight standards with MW indicated for each band. (B) Analysis of purified ricin by HPLC.
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FIGURE 2 | The half lethal dose (LDg) of ricin. (A) In the mouse model, mice (n=8/group) were injected intraperitoneally with six concentra-
tions of purified ricin. The mice were monitored daily for survival for 7 days. (B) In the rhesus monkey model, rhesus monkeys (n=4/group)
were injected intraperitoneally with four concentrations of purified ricin. The rhesus monkeys were monitored for survival for 36 hours. The

LD, of ricin was measured with the Reed-Muench method.
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FIGURE 3 | Characterization of F(ab’), fragments of equine serum IgG against ricin. (A) SDS-PAGE of F(ab’), fragments. Lanes 1, protein
molecular weight standards with MW indicated for each band. Lane 2-4, purified F(ab’), fragments. (B) Analysis of purified F(ab”), fragments

by HPLC.
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TABLE 1 | Neutralization effects of horse anti smallpox virus ~ with 125 ug of F(ab’), fragments against ricin survived

purified F(ab’), on Tiantan strain vaccinia virus by MTT. and recovered by day 7.
Antibody dilution OD value (570 nm) To further confirm the effective doses of the F(ab’),
» - fragments against ricin, we injected rhesus monkeys with
Purified equine Normal horse . .. L .
p . . 2 LD, of purified ricin to construct a ricin intoxication
F(ab’),? immunoglobulin 50 o
@aIiiiielP rhesus monkey model. The rhesus monkeys were injected
ith 3. : 12. f F(ab’), fi fi

1/800 1.684:0.568 0.726+0.220 with 3.75, 7.5, or 125 mg of F(ab’), fragments after
4 hours. The survival rates of the rhesus monkeys are
1/1600 1.781£0.327 0.798+0.210 shown in Fig 4B. All rhesus monkeys in the control group
1/3200 1.521+0.507 0.640+0.295 had symptoms of anorexia and agitation, and died within

2 . The hi hological les (Fi indi h
16400 1.029+0.600 0.56550.212 days ‘The istopat ological resu ts (Fig 5) indicated the
exudation of neutrophils in the lungs, large amounts of
1712800 0.960+0.493 0.653+0.282 liver stromal cell necrosis, and exudation of inflammatory
1/25600 0.793+0.190 0.587+0.517 cells in the kidneys. Six hours after injection with 3.75 mg

f F(ab”), fi 11 rh keys h

Normal cell control® 1.763+0.467 of F(ab )2. ragments, a rhesus monkeys ad symptoms
of anorexia and agitation; two died at day 3 and day 4,
Virus infected cell control” 0.663+0.374 whereas the others returned to normal after 3 days. Eight
2The immunoglobulin F(ab”), of equine anti smallpox virus hours after injection with 7.5 mg of F(ab’), fragments,
and normal horse immunoglobulin control (with virus and all rhesus monkeys had symptoms of anorexia and agita-
normal horse immunoglobulin) were both diluted twice with tion, but they all returned to normal after 48 hours. After
DMEM. The initial titer was 1:800, with six dilution in total. injection with 12.5 mg of F(ab”), fragments for 10 hours,

The vaccinia virus Tiantan strain at 10> PFU was diluted with only one rhesus monkey had anorexia symptoms, and the
serum-free DMEM, and 200 ml/well was successively added

after supernatant was removed from wells. Each dilution
was added to four wells.

bNormal cell control (without virus and without F(ab’),) and
virus control (with virus and without F(ab”),) were used.
When the virus was in Virus infected cell control, 200 ml
MTT (0.25 mg/ml) was used to stain cells for 4 h and was
then aspirated. Termination solution (10% SDS + 0.01 M
HCl; 200 ml) was added and incubated for 8 h. The OD
value at 570 nm was determined with an ELISA reader.

monkey returned to normal condition after 24 hours.
The other monkeys appeared healthy at all time points.
The histological morphology (Fig 5) of all tissues from
the rhesus monkeys injected with 12.5 mg of F(ab”), frag-
ments was normal.

Anti-ricin IgG reverses lethal neutrophil toxicity
in mice, according to single cell sequencing

The numbers of cells were 10132 and 7892 in the anti-
body treatment group and model group samples after
of F(ab”), fragments. The survival rates of the mice are  quality control. After clustering and differentially
shown in Fig 4A. All the mice in the control group died  expressed gene analysis, neutrophils, T cells, natural
within 48 hours. All mice injected with 31.25 pg of  killer cells, monocytes, epithelial cells, basophils, and
F(ab’), fragments died within 3 days. One mouse injected B cells were involved in the RT virulence process (Fig
with 62.5 ug of F(ab”), fragments died on day 3, and the ~ 6A,B). Subsequently, we performed a statistical analy-
others survived and recovered by day 7. All mice injected  sis of the percentages of the seven cell types in PBMCs
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FIGURE 4 | Effective doses of F(ab”), fragments against ricin in mice and rhesus monkeys. (A) At 4 hours after injection with 0.2 ml of 5 LD
ricin, the groups of mice (n=8/group) were injected with 0.2 ml of 31.25 pg, 62.5 ug, or 125 ug of F(ab”), fragments subcutaneously with
needle free devices. The mice injected with PBS subcutaneously with needle free devices served as a control group. The mice were monitored for
mortality daily for 7 days. (B) At 4 hours after injection with 72 ug ricin, the groups of rhesus monkeys (n=4/group) were injected with 3.75 mg,
7.5 mg, or 12.5 mg F(ab"), fragments subcutaneously with needle free devices. The rhesus monkeys injected with PBS subcutaneously with
needle free devices served as a control group. The rhesus monkeys were monitored for physical condition and mortality daily for 7 days.
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FIGURE 5 | Histopathological examination of lung, liver and kidney
tissues from the rhesus monkeys injected with PBS or 12.5 mg
F(ab’), fragments from Fig. 4. After moribund monkeys from the
control group and those from injected with 12.5 mg F(ab’), frag-
ments subcutaneously with needle free devices on the 7th day were
euthanized, the lung, liver and kidney tissues were collected and
processed, and sections were subjected to pathological analysis.

(Fig 6C). The results indicated a slight downregulation
of neutrophils in the antibody-treated mice, thus leading
to a hypothesis in which anti-ricin antibody might be
involved in the decline in maturation, differentiation, and
proliferation of neutrophils, thereby avoiding the lethal
outcomes of ricin. Furthermore, through transcriptome
characterization, we identified neutrophils as neutro-
phil-Camp, neutrophil-Csf3r, neutrophil-Cxcl3, neutro-
phil-Gm26917, neutrophil-Hbb-bt, neutrophil-Ifitm1,
neutrophil-Ltf, neutrophil-Orm1, neutrophil-Pf4, and
neutrophil-Stfa2. IL-1B, Csf3r, and S100a9, which are
characteristic transcriptional phenotypes of neutrophils,
were significantly elevated among the neutrophil clus-
ters (Fig 6D). As shown in Fig 6E, the ratio of subtypes
of neutrophils was significantly altered after antibody
treatment. Neutrophil-Camp and neutrophil-Hbb-bt
were dominant in the control group; in contrast, neu-
trophil-Csf3r and neutrophil-Ifitm1 were dominant in
the antibody-treated group. Furthermore, the neutrophil
transcriptome pattern was significantly altered (Fig 6F),
such that IL-1B, csf3r, and S100a9 shifted from low to
high expression in major subsets of neutrophils after anti-
body treatment.

DISCUSSION

To develop a safe and effective antidote to ricin, we pre-
pared equine F(ab’), fragments and evaluated them in
lethal ricin intoxication animal models. The purity quo-
tients and bioactivities of the preparations met the require-
ments of the Chinese Pharmacopoeia. Treatment with a
full dose of purified F(ab”), fragments protected the ani-
mals against a lethal dose of ricin intoxication. The equine
F(ab”), fragments against ricin are currently being assayed
in clinical trials.

Although the crudely purified ricin and equine F(ab’),
fragments were easily produced, the ricin antigen for
immunization and F(ab’), fragments for treatment
required high purity to improve safety and avoid adverse
effects of F(ab”), preparations. Extending the reported
methods in prior studies [18], we further purified the
ricin by affinity and ion-exchange chromatography to
achieve greater than 90% purity. The equine F(ab”), frag-
ments were purified by size exclusion chromatography in
addition to commonly applied methods to meeting the
sequencing requirements.

Bioactivity is extremely important. To improve the
protective bioactive ingredients of F(ab”), preparations,
we optimized the detoxified antigens, the immunization
regimens, and the blood collection procedure repeatedly.
Using the methods in prior studies as a reference [1,19],
we determined that ricin detoxification was achieved with
formaldehyde at 1:4000 within 96 hours, thereby com-
pletely inactivating the toxicity and retaining immuno-
genicity against ricin. Furthermore, healthy adult horses
were injected in sites near the lymph nodes many times
until the serum titers exceeded 1:6400. The protective
efficacy of F(ab”), preparations was satisfactory with
respect to that of the many types of antibodies previously
reported [20,21]. Thus, the preparations protected animal
models against a lethal dose of ricin intoxication at low
protein doses.

‘With the advent and advancement of single-cell exper-
imental methods, thousands of cells can be sequenced
in a single experiment by using microfluidics techno-
logy and combinatorial indexing methods. Ricin can
cause a lethal inflammatory response, which is partially
attributable to the massive activation and proliferation
of neutrophils. Our results indicated that this anti-ricin
antibody, owing to its potent neutralization effects and
the absence of the FC segment, exerts strong protection
through inhibition of neutrophil development, prolifera-
tion, and differentiation, and through attenuation of the
systemic inflammatory immune response. The FC seg-
ment of the antibody has various biological functions in
the activation of the immune response, such as ADCC,
complement activation, and induction of apoptosis. A
particularly promising method of creating therapeutic
antibodies without undesirable Fc activity is the rational
design of human IgGl antibodies lacking ADCC or
other Fc functions. IL-1, initially discovered as the major



Purified Immunoglobulin F(ab’), Protects Mice and Rhesus Monkeys 7

25 2
o8
al ° Ba;onhils N o
UZJ] 0 : ;%;:illile_scells % ® Rincin+PBS
= il
3 o' Neutrophils @ # Ricin+Antibody
NK
T
-25 -25
o
.50 35 "3 25 50 25 0 25
tSNE 1 tSNE_1
T [ X X J
= Neutrophils NK X ) 00
Neutrophils-Stfa2 ® .
aT Neutrophils-Pf4 (X 1 ) Average Expression
Neutrophils-Orm1 000 2
ils-| L ]
u NK Neutrophils-Ltf [ ] g
Neutrophils-Ifitm1 - 000 0
>
‘£ Neutrophils-Hbb-bt -1
Monocytes s :
y 8 Neutrophils-Gm26917 ( X X ) Percent Expressed
- Neutrophils-Cxcl3 [ ) -0
Epithelial_ce Neutrophils-Csf3r 000 : =
S
- Neutrophils-Camp (6] ° ® 75
m Basophils Monocytes [ XX ) [ ] @ 100
Epithelial_cells [ XX}
uB Basophils (X ] ]
(| g s
i s : > D©.0 & O o, o
Ricin+PBS Ricin+Antibody & & e, \fx (Jéc, \oc 6 NS %@@
G RE VS o
&y
Features

m
M

Identity
100 — — 5 i
caro
IIW o nissiny
Caret  Epithelial_cells
— eon o Tonocytas
O\D 75 Mcpts * Neutrophils-Camp
~ Ziaii N é ®  Neutrophils-Csf3r
< B Ricin+Antibody
= 50 .. o Neutrophils-Gm26917
6 - RICIn+PBS hscig *  Neutrophils-Hbb-bt
Q_ cdnt * Neutrophils-Ifitm1
o cer2 o Neutrophils-Ltf
o 25 cers Neutrophils-Orm1
Csflr *  Neutrophils-Pf4
1b ©  Neutrophils-Stfa2
. . NK
d S 95 A S KON &9 s o
QR o PN 3 Q X )
(& b, N Q ot
B P S o " Expression
[ ¥ N A .
P I S NI g N o
SIS RIS IO :
S KR SRS KRS R ‘
CEFEST X P& cdze °
TP &K FF S
W O ¥ <5 :
< :

FIGURE 6 | Effects of anti-ricin antibodies on peripheral blood, revealed by single cell sequencing. (A) tSNE plot of cellular populations;

(B) t-SNE plot showing cell samples from mice with ricin toxin exposure and healthy controls; (C) comparison of the relative proportions of
each subpopulation between the experimental group and the control group; (D) bubble plot of the identified genes for each subpopulation;
(E) comparison of the relative proportion of each cluster between the experimental group and the control group; (F) heat map showing the
top three genes for each subpopulation.

endogenous pyrogen, induces prostaglandin synthesis,
neutrophil influx, and activation. Receptor for granulo-
cyte colony-stimulating factor (CSF3), which is essential
for granulocytic maturation, plays a crucial role in the
proliferation, differentiation, and survival of neutrophil
lineage cells. In addition, it may function in adhesion or

recognition events at the cell surface. SI00A9 is a cal-
cium- and zinc-binding protein with prominent roles in
the regulation of inflammatory processes and the immune
response. It induces neutrophil chemotaxis and adhesion;
increases the bactericidal activity of neutrophils by pro-
moting phagocytosis via activation of SYK, PI3K/AKT,



and ERK1/2; and induces degranulation of neutrophils
through a MAPK-dependent mechanism. According to
the preliminary analysis results of single cell sequencing,
the antibody reversed the immature neutrophils caused
by ricin by regulating gene transcription. This result is
difficult to accomplish with commonly used assays. To
further explore the therapeutic mechanism of the anti-
body and optimize the technological process of produc-
ing anti-ricin antibodies, we plan to predict the effect of
IL-1b, csf3r, and S100a9 on neutrophil differentiation in
time series analyses, and further validate their spatiotem-
poral changes with flow cytometry.

In summary, antibody bioproducts against ricin were
successfully prepared and may be used to treat patients and
animals poisoned by ricin in the near future.
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