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Abstract Acute pancreatitis (AP) is a devastating disease characterized by an inflammatory disorder of

the pancreas. P-selectin glycoprotein ligand-1 (PSGL-1) plays a crucial role in the initial steps of the ad-

hesive at process to inflammatory sites, blockade of PSGL-1 might confer potent anti-inflammatory ef-

fects. In this study, we generated two non-human primate derived monoclonal antibodies capable of

efficiently targeting human PSGL-1, RH001-6 and RH001-22, which were screened from immunized rhe-

sus macaques. We found that RH001-6, can effectively block the binding of P-selectin to PSGL-1, and

abolish the adhesion of leukocytes to endothelial cells in vitro. In vivo, we verified that RH001-6 relieved
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Adhesion of leukocytes to
endothelial cells;

Inflammatory responses;

Pancreatic injury
inflammatory responses and pancreatic injury in both caerulein and L-arginine induced AP models. We

also evaluated the safety profile after RH001-6 treatment in mice, and verified that RH001-6 did not cause

any significant pathological damages in vivo. Taken together, we developed a novel non-human primate

derived PSGL-1 blocking antibody with high-specificity, named RH001-6, which can interrupt the bind-

ing of PSGL-1 and P-selectin and attenuate inflammatory responses during AP. Therefore, RH001-6 is

highly potential to be further developed into therapeutics against acute inflammatory diseases, such as AP.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Acute pancreatitis (AP) is an acute inflammatory process of the
pancreas, starting with premature activation of digestive proteases
in pancreatic gland cells, causing pancreatic cell damage,
swelling, and inflammatory cellular infiltration1,2. The variable
course of the disease and its uncertain pathophysiological mech-
anism undermined the development of therapeutic agents for AP.
Although most AP patients experience a mild and self-limiting
course, about 20% of patients develop into severe AP, with a
high mortality rate3. Despite decades of efforts, there remains no
effective drug for AP4. AP is characterized by pancreatic self-
digestion in pancreatic acinar cells (PACs)5, which causes
inflammation, edema, and injury of the pancreas. The damaged
PACs release a series of pro-inflammatory factors, leading to local
and systemic inflammatory response syndrome6, and resulting in
multi-system organ failure, is the primary cause of death. There-
fore, developing safe and effective drugs to restrain inflammation
is a paramount objective for AP treatment.

PSGL-1, a type I transmembrane mucin on leukocytes, is
formed from two 120 KD homologous sialic acidified subunit
proteins through disulfide bonding7. PSGL-1 is mainly expressed
on the leukocyte membrane, and mediates leukocyte rolling and
adhesion by binding to activated P-, E-, and L-selectins, which is
the crucial process in initial step of the inflammation8e11. In
recent years, it has been demonstrated that inhibition of PSGL-1
plays a beneficial role in a broad spectrum of inflammatory dis-
eases, including atherosclerosis, obesity, ischemia-reperfusion
injury, peritonitis, thrombosis, allergic diseases, and autoimmune
diseases12e19. However, currently no anti-PSGL-1 antibody drug
available for clinical practice. There are two kinds of antibodies
against PSGL-1 in clinical phase II trials, including KPL1 and
2PH1, which target type I diabetes, transplanted anti-main disease,
psoriasis, psoriasis arthritis, ulcerative colon inflammation and
venous thromboembolism, asthma, chronic obstructive pulmonary
disease, or Crohn’s disease indications20e23. All these diseases are
related to PSGL-1 mediated intravascular rolling or tethering of
leukocytes and recruitment to inflammatory sites. Moreover, our
recent studies have shown that the deficiency of PSGL-1 pre-
vented AP and aortic aneurysm formation in established animal
models by interrupting leukocyte and endothelial cell adhesion
and inflammation16,19. Thus, blocking PSGL-1 is likely to be a
promising anti-inflammatory strategy.

In this study, we developed two novel monoclonal antibodies
(mAbs) against PSGL-1, RH001-6 and RH001-22 (Patent number:
2021109591435), from human PSGL-1 immunized non-human
primate, and focused on their roles in the treatment of AP. We first
verified that both RH001-6 and RH001-22 can block the binding
of P-selectin and PSGL-1 in vitro and thereby eliminating the
adhesion between leukocytes and endothelial cells. Compared
with RH001-22, RH001-6 has higher affinity for human PSGL-1
and the ability to block the combination of P-selectin and
PSGL-1. Therefore, we then further demonstrated that RH001-6
can more effectively block the interaction between P-selectin
and PSGL-1, protect AP from pancreas inflammatory injury and
ameliorate disease severity. Overall, a non-human primate derived
anti-PSGL-1 mAb RH001-6, is high potential to be developed as
effective therapeutics for AP.

2. Materials and methods

2.1. Design and production of DNA, K562 based vaccine and
protein vaccines

DNA vaccines expressing P-selectin glycoprotein ligand-1
(PSGL-1) and PSGL-1 (ECD)-HuIgG2 Fc were constructed by
cloning the target genes into the pVRCSV1.0 vector (Addgene).
The immunogen expression by the DNA vectors were verified by
transient transfection of HEK293T cells, and were examined by
flow cytometry following PSGL-1 staining. Then, PSGL-1 (ECD)-
HuIgG2 Fc of the resultant cell lysate harvested 48 h were
analyzed by Western blotting using HRP-goat anti-human IgG1.
Construction, and verification of K562 cells-PSGL-1 based vac-
cine was described in detail in the methods24. Briefly, codon-
optimized DNA sequences encoding PSGL-1 were synthesized
(Generay Biotech Co., Ltd.), and cloned into pHAGE-puro lenti-
viral vector (Addgene) to generate pHAGE-PSGL-1-puro plasmid.
Polybrene mediated transduction of K562 cells with the resultant
lentivirus stock was performed in 12-well format by centrifugation
at 1000 � g for 2 h at 32 �C. The cells that remained after pu-
romycin selection were subjected to single-cell sorting by flow
cytometry based on recognition by human PSGL-1 protein and
sorted by a FACSAriaIII cytometer (BD Biosciences). Cells were
counted and following collection by centrifugation, re-suspended
to a final concentration of 1 � 107 cells/mL. The inactivation of
K562 cells-PSGL-1 were achieved either by formalin fixation.
Cells were counted and collected by centrifugation, suspended in
1% formalin to a final concentration of 1 � 107 cells/mL. After
being fixed for 10 min at room temperature, the cells were washed
4 times with PBS to remove the residual formalin.

2.2. Immunization of Rhesus macaques

For the immunization of Rhesus macaques, all vaccines were
intramuscularly injected into the leg muscle and the volume
per administration was 1 mL. The amount of vaccine per
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administration for DNA was 1 mg. The 1 � 107 K562 cells-
PSGL-1 were subcutaneously injected into the left leg muscle.
The PSGL-1 (ECD)-HuIgG2 Fc protein was adjuvant with an
equal volume of alum shortly before application at a final protein
concentration of 0.1 mg/mL, achieving 100 mg per immunization,
were subcutaneously injected into the right leg muscle. Blood
samples were harvested after 2 weeks of each immunization to
evaluate PSGL-1-specific antibody response. All Rhesus ma-
caques were maintained under specific pathogen-free conditions
following the Association for Assessment and Accreditation of
Laboratory Rhesus macaques with approval from the Institutional
Animal Care and Use Committee (IACUC) of Shanghai Public
Health Clinical Center (Shanghai, China). The research was
conducted in compliance with the Animal Welfare Act, adhering
to the principles stated in the Guide for the Care and Use of
Laboratory Animals, NRC Publication, 2011 edition. NE. Rep.
2.3. Antigen specific memory B cells isolation and culturing
in vitro

For cell surface staining, fresh peripheral blood mononuclear cells
(PBMCs) were suspended in 100 mL of FACS staining buffer (2%
FBS in PBS) containing antibody reagents anti-CD3 (PB), anti-
CD14 (APC), anti-CD20 (PE), anti-CD27 (APC-H7), anti-IgG
(PE-Cy7), and Alexa Fluor� 488 labeled PSGL-1 (ECD)-HuIgG2
Fc protein following Alexa Fluor™ 488 protein labeling kit pro-
tocol (Invitrogen), and incubated for 30 min at 4 �C. The stained
cells were analyzed and sorted by FACSAriaIII cytometer into 96-
well plates containing IL-2, IL-21 and irradiated 3T3-msCD40L
feeder cells according to the gating strategy at a density of 4 cells
per well25. After 13 days of incubation, supernatants from each
well were screened for ELISA assay.
2.4. Antibody cloning, sequencing, and production

First-round and second-round polymerase chain reaction (PCR)
primers were designed based on published Rhesus macaques
germline sequences study (Supporting Information Tables S1 and
S2)26. Reverse transcription was carried out using the Super-
Script™ III Cell Direct cDNA Synthesis kit (Invitrogen) according
to the manufacturer’s instructions. PCR products were generated
with the PrimeSTAR™ GXL DNA polymerase (Clonetech). IG
variable domain genes were amplified from 2 mL cDNA by nested
PCR. Cloning was carried out using the C112-ClonExpress-II One
Step Cloning Kit (Vazyme Biotech). Briefly, 50 ng purified PCR
products were mixed with 1 mL C112-ClonExpress-II enzyme
premix and 100 ng linearized vector. Water was added up to a total
volume of 10 mL. The reaction was incubated for 30 min at 37 �C,
and then placed on ice. All products were used for TOP10
competent E. coli transformation. Eight colonies for each product
were picked for sequencing confirmation. Genes encoding Ig VH,
Ig Vk and Vl were cloned into IgG heavy- and light-chains
expression vectors and expressed by transfection of HEK293T
cells and purification by protein G has been described previ-
ously26. Briefly, equal molar amounts of heavy- and light-chains
plasmids were co-transfected into HEK293T cells for transient
expression with TrueFect™ reagent (Polyplus). The supernatants
were harvested at 4 days after transfection. The full-length IgG
was purified using a recombinant protein G column (GE
Healthcare).
2.5. Measurement of binding affinity between anti-PSGL-1
antibodies with human PSGL-1 antigen

The apparent binding affinity of RH001-6 and RH001-22 to
human PSGL-1 were determined at 25 �C by surface plasmon
resonance (SRP) using Series Sensor Chip Protein A (Pro A) that
were loaded with 20 mg/mL RH001-6 or RH001-22 in running
buffer, set the flow rate to 10 mL/min, capture about 2000
Response (RU). Association curves were recorded for 5 min by
incubating the monoclonal antibody (mAb)-coated sensors with
different concentrations of human PSGL-1.

Measurement of apparent KD for RH001-6 was determined
using Series Sensor Chip CM5. The human PSGL-1 antigen (Sino
Biological) was diluted to 200 nmol/L with acetate (pH 5.0),
RH001-6 adjusted to 1000 nmol/L with 1 � HBS-EPþ(pH 7.4)
buffer. After diluting to 62.5, 31.25, 15.625, 7.8125, 3.906, and
1.953 nmol/L, respectively, the flow rate was set to 30 mL/min, the
combination time to 180 s, the dissociation time to 300 s, the
default reaction temperature to 25 �C, and then detection was
conducted. When the following conditions are met simulta-
neously, the result is reliable: Chi2 �10% � Rmax.

2.6. Cell culture and adhesion assay

The human umbilical vein endothelial cells (HUVECs) were
cultured in endothelial cell culture medium containing 10%
fetal bovine serum (FBS), 1% endothelial cell growth factor and
1% penicillin/streptomycin (P/S). Monocyte line cells of human
peripheral blood (THP-1 cells) were prepared in RPMI-1640
medium containing 10% FBS and 1% P/S. Cells were placed in
37 �C, 5% CO2 cell incubator. THP-1 cells were incubated with 1,
5, and 10 mg/mL of blocking monoclonal antibodies (mAbs) to
human PSGL-1, RH001-6, RH001-22 and KPL127 (Santa Cruz
Biotechnology) and mouse PSGL-1, 4RA1028 (BD, Bioscience
Pharmingen) for 24 h, and then were stained with green
5-chloromethylformacein diacetate (CMFDA) (Abcam) for
30 min at 37 �C and then purified 3 times using PBS. The stained
THP-1 cells were incubated together with prepared HUVEC cells
at 37 �C, 5% CO2 cell incubator for 1 h. The non-adherent cells
were removed using PBS. The adherent THP-1 cells to endothelial
cells were analyzed with fluorescence microscope and were
counted by ImageJ software. The inhibition efficiency was
calculated using Eq. (1):

Inhibition efficiency (%)Z(1ethe number of leukocytes adhered
in the experimental group/the number of leukocytes adhered in
the control group) � 100 (1)
2.7. RH001-6 blocking PSGL-1 and P-selectin binding ability

THP-1 cells suspension was incubated with the purified rat anti-
human CD16/CD32 (Mouse BD Fc block reagent) for 30 min at
room temperature to block the Fc fragment, followed by PBS
termination and centrifugation at 2000 rpm for 5 min at 4 �C.
After that, THP-1 cells were suspended by 100 mL PBS and then
incubated with recombinant human P-selectin (CD62P) Fc
chimera in the presence of RH001-6, RH001-22, KPL1 and
4RA10 or not for 30 min. Subsequently, THP-1 cells were washed
twice using PBS, and then were incubated with APC-Cy7-
conjugated anti-CD45 and BV605-conjugated anti-CD62P for
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30 min on ice. The percentage of CD62PþCD45þ/total CD45þ

cells was analyzed using flow cytometry.

2.8. Animal experiments

Male BALB/c nude mice and C57BL/6J mice (6e8 weeks old,
18e20 g) were purchased from Beijing HFK Bioscience Co., Ltd.
(Beijing, China). Mice were housed in a temperature- and light/
dark cycle-controlled environment with free access to standard
rodent chow and water. Animals were adapted to the environment
for 7 days before starting experiments. All animal studies were
approved by the Animal Care and Use Committee at the Institute
of Laboratory Animal Science, Chinese Academy of Medical
Sciences and Peking Union Medical College (YZW20190001),
and conformed to the guidelines from Directive 2010/63/EU of the
European Parliament on the protection of animals used for sci-
entific purposes.

2.9. Induction of experimental acute pancreatitis mouse model
and drug treatment

Acute pancreatitis (AP) was induced by intraperitoneal (i.p.) in-
jections of 0.2 mg/kg caerulein (Sigma) into BALB/c nude
mice, continuous injection for 7 times, with an interval of 1 h each
time, and i.p. injection of 10 mg/kg lipopolysaccharide
(LPS) (Sigma) at the same time during the last injection of
caerulein. All mice were randomly divided into five groups. One
control group (nZ 6), which only received repetitive i.p. injection
of normal saline (NS). The other four groups were i.p. injections
of caerulein plus LPS to prepare AP mouse model (caerulein,
n Z 6), isotype control antibody (IgG1, 10 mg/kg, BD Bioscience
Pharmingen, n Z 6) and anti-PSGL-1 antibodies RH001-6 or
4RA10 (10 mg/kg, n Z 6) by tail intravenous injection at 8, 12
and 24 h after the first dose of caerulein injection. The animals
were sacrificed 48 h after the first dose of caerulein injection.

The second experimental AP model was induced in C57BL/6J
mice by i.p. injections of L-arginine twice, with the concentration
of 4 g/kg body weight, and the interval between injections of
1 h29. The control group received similar injections of NS. Isotype
control antibody (IgG1, 10 mg/kg, n Z 6) and anti-PSGL-1 an-
tibodies RH001-6 or 4RA10 (10 mg/kg, nZ 6) were administered
to the mice by tail intravenous injection at 8, 12 and 24 h after the
first dose of L-arginine injection. Mice were sacrificed 48 h after
the first i.p. injection of L-arginine.

At the end of the treatment, the animals were sacrificed in deep
anesthesia using isoflurane (1.5%e2.5%, inhaled). The abdomen
was opened by a longitudinal incision and blood were collected
from the inferior vena cava. The pancreatic tissues were collected,
and a small portion were fixed in 10% neutral buffer formalin and
embedded in paraffin, and the remaining part were frozen in liquid
nitrogen.

2.10. Histological, immunohistochemically and
immunofluorescence staining

The pancreatic tissues embedded in paraffin were subjected
to sections. Sections were stained with hematoxylineeosin (H&E)
to assess inflammatory cells infiltration and histopathological
damage in mouse pancreatic tissue. Pancreatic injury score was
defined according to edema, hemorrhage, inflammatory cell
infiltration and necrosis30. For immunohistochemical analysis,
the tissue sections were blocked in goat serum for 1 h and
then incubated with primary antibodies including anti-MPO
(Proteintech, #22225-1-AP) and anti-F4/80 (Proteintech, #27044-
1-AP) at a dilution of 1:200 at 4 �C overnight. Slices were washed
with PBS, followed by using a general-purpose two-step test kit
(ZSGB-BIO, #PV-900) according to the manufacturer’s manual.
After 3,30-diaminobenzidine solution were incubated for 1 min
and counterstained with hematoxylin. For immunofluorescence
analysis, the pancreatic tissues were stained with anti-p65 (CST,
#8242), anti-MPO (Abcam, #ab300650) and anti CD-68 (Abcam,
#ab201340), followed by goat anti-rabbit IgG H&L (Alexa Fluor�

488) (Abcam, #ab150081) or goat anti-mouse IgG H&L (Alexa
Fluor� 568) (Abcam, #ab175473) antibody at 1:2000 dilution and
the nuclear counterstaining with DAPI. Images were photo-
graphed and digitized using an image scanner (Zeiss Axi-
oScan.Z1, Zeiss; Olympus IX70, Leica).

2.11. Flow cytometry

The peripheral blood of mice was lysed using 1 � BD FACS lysis,
and stained with the fluorescent labeling antibody to identify the
percentage of monocytes and neutrophils that accounted for leu-
kocytes. The antibodies involved in the experiment include anti-
CD45 (APC-Cy7), anti-CD11b (Percp-Cy5.5), anti-Ly6c (FITC)
and anti-Ly6g (APC). Cell fluorescence is quantified to the
average fluorescence intensity or percentage of double-positive
cells per time point. All results are analyzed by BD FACS Diva
software.

2.12. ELISA assays

The level of inflammatory cytokines Th1 (Interferon-g, IFN-g;
Tumor necrosis factor-a, TNF-a) and Th17 (Interleukin-6, IL-6)
in plasma were detected using an enzyme-linked immunosorbent
assay. Mouse IFN-g enzyme-linked immunosorbent test kit
(Abcam, #ab267580), mouse TNF-a enzyme-linked immunosor-
bent test kit (Abcam, #ab208348) and mouse IL-6 enzyme-linked
immunosorbent assay kit (Abcam, #ab100712) were used. Briefly,
serum was added to a 96-well plate coated with IFN-g, TNF-a, or
IL-6 mAbs. After incubation for 2 h at 37 �C, the plate was
washed 4 times with washing solution. Then, a bacterial hydrog-
enase solution was incubated with horseradish peroxidase for
30 min at 37 �C in the dark chamber. The activities of serum
amylase were measured by enzyme dynamics chemistry using
commercial kits according to the manufacturer’s protocols
(Elabscience Biotechnology, #E-BC-K006-M). All samples were
tested three times, and the absorbance was measured at 450 nm
with a Microplate Reader (Thermo).

2.13. Western blot

The total protein of the pancreatic tissues was extracted using a
RIPA lysate containing protease inhibitor and phosphatase inhib-
itor, and protein concentrations were measured according to the
manufacturer’s manual. Subsequently, the protein was separated
by the sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membrane. After being sealed
with 5% skim milk, incubation with primary antibody overnight at
4 �C, and then incubation with the secondary antibody. Finally,
Tanon 5500 Chemiluminescent Imaging System (Tanon,
Shanghai, China) was used to develop protein bands. The primary
antibodies involved in this experiment included anti-p-p65 (CST,
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#3033), anti-p65 (CST, #8242), anti-p-IkBa (CST, #2859P), anti-
IkBa (CST, #4814) and anti-b-actin (Proteintech, HRP-60008).

2.14. Real-time PCR

Total RNA was extracted from mouse pancreas tissues using the
TRIzol reagent (Invitrogen). The cDNA was synthesized accord-
ing to the manufacturer’s protocol using a Reverse Transcription
Kit (TaKaRa, #RR036A). PCR amplification of individual
mRNAs using SYBR Green PCR Master Mix (TaKaRa,
#RR820A) detection as described in the manufacturer’s manual.
The primers used for this experiment are listed in Supporting
Information Table S3 and the data were analyzed using the DDCt
method.

2.15. Statistical analysis

All data were expressed as mean � standard deviation
(mean � SD), and were analyzed using GraphPad Prism 8. One-
way ANOVA was used for comparison between multiple groups,
and t-test was used for comparison between two groups. P < 0.05
was considered statistically significant.

3. Results

3.1. The development of anti-human PSGL-1-specific
monoclonal antibodies

A sequential administration of DNA and a novel K562 cell-based
vaccine with confirmed expression of human PSGL-1 (Supporting
Information Fig. S1), followed by a boost with recombinant fusion
protein of extracellular domain of human PSGL-1 and Fc frag-
ment of human IgG2 (PSGL-1-ECD-Fc) in Rhesus macaques
(Macaca mulatta). Blood samples (10 mL per subject) were
collected from rhesus macaques on Day 14 post boosting with the
PSGL-1-ECD-Fc vaccine and peripheral blood mononuclear cells
(PMBCs) were freshly isolated (Fig. 1A). To develop a gating
strategy for isolation of macaque antibody secreting cells from
PBMCs, antibodies for a panel of surface markers (CD3, CD14,
CD20, CD27, IgG) were selected based on the NHP database
(http://www.nhpreagents.org). Activated/memory B cells with
CD3e/CD14e/CD20þ/CD27þ/IgGþ were sorted into 96-well
plates for four cells per well for subsequent antibody genes
cloning (Fig. 1B). Cells were then stimulated for differentiation
into plasma cells to produce IgG by culturing with CD40L-
expressing feeder cells and IL-2, as well as IL-21. To screen the
candidate antibody, the cell culture supernatant was determined
using PSGL-1 (ECD)-specific ELISA assay (Supporting Infor-
mation Fig. S2) and 1C6, 2C12, 2D6, 2D12, 2E2, 2F2, 2H1, 3F4,
3G6 and 3H2 wells were identified with high binding affinity than
blank control (Fig. 1C). Then genes encoding Ig VH, Ig Vk and
Vl from positive wells were recovered by PCR (Fig. 1D), cloned
into human IgG heavy- and light-chains expression vectors and
expressed by transfection of HEK293T cells. All combinations of
heavy- and light-chains obtained from a well must be paired and
expressed to regenerate the natural heavy- and light-chains pairs
and determine their binding activity. The results show that two
monoclonal antibodies (mAbs), named RH001-6 and RH001-22,
could specifically bind to PSGL-1, which were recovered from
wells of 2H1 and 3H2, respectively. The binding kinetics of
PSGL-1 (ECD) for these two mAbs were measured by Surface
Plasmon Resonance (SPR) using Pro A chip. The KD values of
antibodies RH001-6 and RH001-22 for full purified human
PSGL-1 expressed in HEK293 cells measured via SPR are 1.61E-
08 mol/L (16.1 nmol/L) and 5.53E-08 mol/L (55.3 nmol/L),
respectively (Fig. 1E and Supporting Information Fig. S3), which
were further corroborated by CM5 chip (Fig. 1F). Interestingly, we
identified a near 45-fold decrease for the cross affinity of RH001-6
antibody to mouse PSGL-1 (9.27E-07 mol/L, 927 nmol/L) when
compared with its affinity to human PSGL-1 (2.06E-08 mol/L,
20.6 nmol/L) through Series Sensor chip CM5 measurement
(Fig. 1F and Supporting Information Fig. S4A and S4B).
Furthermore, ELISA binding experiment showed that the
cross-reactive affinity of RH001-6 was higher than that of the
anti-human PSGL-1 antibody KPL1, though lower than that of
anti-mouse PSGL-1 antibody 4RA10 (Fig. S4C). In addition, we
also used the IgBLAST tool to analyze the homology between
RH001-6 and RH001-22 variable regions and humans, and found
that RH001-6-VK has 84%e88% homology, RH001-6-VH has
90%e93% homology (Table 1).

3.2. RH001-6 efficiently blocks the binding of PSGL-1 to P-
selectin on endothelial cells

To verify the specificity of RH001-6 and RH001-22 to bind to
PSGL-1 in vitro, we firstly used flow cytometry to examine
the ability of RH001-6 and RH001-22 to block the binding of
P-selectin to peripheral blood mononuclear cells (THP-1 cells).
Fluorescence labeled recombinant human P-selectin (CD62P-Fc)
chimera proteins were incubated with THP-1 cells in the presence
of RH001-6 and RH001-22 antibodies or isotype control
antibody (IgG1) for 30 min, and then the percentage of recom-
binant human P-selectin positive THP-1 cells were quantified
using flow cytometry. As shown in Fig. 2A and B, RH001-6 and
RH001-22 treatments reduced P-selectin positive THP-1 cells in a
dose-dependent manner. To determine whether RH001-6
and RH001-22 could functionally block the interaction of lym-
phocytes and endothelial cells, we co-incubated green
5-chloromethylformatin diacetate (CMFDA) stained THP-1 cells
and human umbilical vein endothelial cells (HUVECs) to deter-
mine the adhesion ability of leukocytes to endothelial cells in the
presence of RH001-6, RH001-22 or IgG1. The results show that
RH001-6 and RH001-22 significantly reduced the adhesion be-
tween THP-1 cells and endothelial cells, and the inhibition rate of
RH001-6 increased in a dose-dependent manner (Fig. 2C and D).
These results suggest that both RH001-6 and RH001-22 could
interrupt the adhesion of lymphocytes to endothelial cells by
blocking the binding of PSGL-1 to P-selectin, and RH001-6 is
more efficient than RH001-22 in blocking adhesion. Therefore, we
will mainly verify the function of RH001-6.

In vitro, we compared the effect of RH001-6 to other
available anti-PSGL-1 antibodies, KPL1 and 4RA10 on the
binding of P-selectin to PSGL-1. The results show that in the
presence of RH001-6 and KPL1, the number of THP-1 cells
binding to P-selectin positive endothelial cells significantly
decreased, and the blocking effect of RH001-6 was profoundly
higher than that of KPL1 (Supporting Information Fig. S5A and
S5B). As expected, 4RA10 show only minimal effect on the
adhesion of leukocytes to endothelial cells since 4RA10 is specific
to bind to mouse PSGL-1 (Fig. S5). These results demonstrate that
RH001-6 is highly effective on interrupting the interaction be-
tween PSGL-1 and P-selectin in vitro.

http://www.nhpreagents.org


Figure 1 Sorting of antibody secreting cells and cloning of IG variable domain genes from antibody secreting cells. (A) Schematic illustration

of immunization and blood sampling schedule, and animal group information. (B) Sorting results of peripheral blood mononuclear cells (PBMCs)

are isolated 2 weeks after the second boost. Sorting results are shown in the contour graphs. (C) ELISA reactivity of cell culture supernatants

after 13 days to recombine PSGL-1 (ECD) protein. (D) Representative gel picture showing polymerase chain reaction (PCR) products of VH,

V-KAPPA or V-LAMBDA domain genes and b-actin amplified from antibody secreting cells. (E, F) The surface plasmon resonance (SPR) traces

show binding curves and SPR-based kinetic affinity of RH001-6 to human PSGL-1 protein using Pro A chip (E) and CM5 chip (F) detection.
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3.3. RH001-6 treatment relieves tissue damages and
inflammatory responses in caerulein-induced acute pancreatitis
mice

The tethering and rolling of leukocytes in acute inflammatory
responses are mainly mediated by the interaction between PSGL-1
and P-selectin, and interrupting this interaction has become an
interesting pharmacological target for the treatment of acute in-
flammatory responses. Our results above have proved that anti-
PSGL-1 mAb RH001-6 can effectively abolish the adhesion of
leukocytes and endothelial cells by blocking the interaction be-
tween PSGL-1 and P-selectin, we next explored whether RH001-6
can treat acute pancreatitis (AP) in vivo.
Firstly, we examined the efficacy of systemic injections of
RH001-6 in caerulein plus lipopolysaccharide (LPS) induced AP
model using male BALB/c nude mice. Caerulein plus LPS
induced severe destruction of the pancreatic tissue structure,
characterized as edema, leukocyte infiltration, and extensive
acinar cell necrosis in the pancreas (Fig. 3A). In contrast, these
pathological changes were alleviated both in 10 mg/kg RH001-6
and 4RA10 treatment groups. More strikingly, the pancreatic tis-
sue structures of the mice treated with 10 mg/kg RH001-6 almost
remained intact, and the interstitial edema, acinar cell necrosis and
inflammatory cells infiltration of the pancreas were significantly
reduced (Fig. 3A). Compared with 4RA10, RH001-6 also effec-
tively alleviated AP-associated pancreatic damage, which were



Table 1 Homology analysis of RH001-6 and RH001-22 variable region with human using IgBlast tool.

Variable region From to Length Matches Mismatches Gaps Identity (%)

Alignment summary between RH001-6 VH and top germline V gene hit

FR1-IMGT 1 25 25 22 3 0 88

CDR1-IMGT 26 34 10 8 1 1 80

FR2-IMGT 35 51 17 16 1 0 94.1

CDR2-IMGT 52 59 8 5 2 1 62.5

FR3-IMGT 60 97 38 37 1 0 97.4

CDR3-IMGT (germline) 98 99 2 1 1 0 50

Total 100 89 9 2 89

Alignment summary between RH001-6 VL and top germline V gene hit

FR1-IMGT 1 26 26 23 3 0 88.5

CDR1-IMGT 27 37 11 10 1 0 90.9

FR2-IMGT 38 54 17 14 3 0 82.4

CDR2-IMGT 55 57 3 2 1 0 66.7

FR3-IMGT 58 93 36 35 1 0 97.2

CDR3-IMGT (germline) 94 100 7 4 3 0 57.1

Total 100 88 12 0 88

Alignment summary between RH001-22 VH and top germline V gene hit

FR1-IMGT 1 25 25 23 2 0 92

CDR1-IMGT 26 33 8 6 2 0 75

FR2-IMGT 34 50 17 14 3 0 82.4

CDR2-IMGT 51 58 8 3 4 1 37.5

FR3-IMGT 59 96 38 30 8 0 78.9

CDR3-IMGT (germline) 97 98 2 1 1 0 50

Total 98 77 20 1 78.6

Alignment summary between RH001-22 VL and top germline V gene hit

FR1-IMGT 4 25 22 17 5 0 77.3

CDR1-IMGT 26 33 8 5 3 0 62.5

FR2-IMGT 34 50 17 14 3 0 82.4

CDR2-IMGT 51 53 3 3 0 0 100

FR3-IMGT 54 89 36 31 5 0 86.1

CDR3-IMGT (germline) 90 98 9 5 4 0 55.6

Total 95 75 20 0 78.9
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further corroborated by the histological score and plasma amylase
levels (Fig. 3B and C). Furthermore, we identified that RH001-6
treatment markedly restrained the elevation of plasma IL-6,
TNF-a and IFN-g cytokines in mice induced by caerulein plus
LPS, and this effect was equal to 4RA10 (Fig. 3D). We also
confirmed that RH001-6 treatment suppressed IL-6, TNF-a, and
IFN-g response in the pancreatic tissues (Supporting Information
Fig. S6). These data suggest that RH001-6 can significantly alle-
viate pancreatic injury by reducing inflammatory cytokines pro-
duction induced by caerulein plus LPS in vivo.

In AP, damaged acinar cells release chemokines or cytokines
and express various adhesion molecules, which recruit and
mediate the infiltration of immune cells into the injured site31e33.
Once immune cells infiltrate the pancreas, the cellular contents
released from necrotic and damaged cells activate monocytes
and neutrophils which further fuel inflammation6,34. To determine
the effect of RH001-6 treatment on leukocyte infiltration in AP
mice, we quantified the number of monocytes and neutrophils in
peripheral blood and pancreatic tissues of AP mice induced
by caerulein plus LPS. Flow cytometry analysis showed that
10 mg/kg RH001-6 treatment significantly decreased the propor-
tion of monocytes (Ly6c positive cells, Ly6cþ) and neutrophils
(Ly6g positive cells, Ly6gþ) in peripheral blood of mice (Fig. 3E).
We also found that the administration of 10 mg/kg RH001-6 could
reduce infiltration of neutrophils (myeloperoxidase, MPO) and
macrophages (F4/80) in the pancreatic tissues (Fig. 3F). These
results demonstrate that RH001-6 treatment leads to the reduction
of the infiltration of neutrophils and macrophages in the pancreatic
tissues of AP mice and thereby attenuates the inflammatory
responses.

3.4. RH001-6 treatment attenuates L-arginine-induced acute
pancreatitis

To evaluate whether the protective effect of RH001-6 against
pancreatitis is a general phenomenon rather than associated with
the caerulein-specific mechanism, we used another AP model
induced by L-arginine. Histologically, less tissue necrosis was
observed in the pancreas from RH001-6 or 4RA10 treated mice
compared with the pancreas from mice treated with isotype con-
trol antibody IgG1 (Fig. 4A). Furthermore, histological score
revealed that the increase of acinar necrosis was significantly less
prominent in the pancreas from RH001-6 or 4RA10 treated mice
than IgG1 groups (Fig. 4B). Again, the increase in serum amylase
in RH001-6 or 4RA10 groups during L-arginine induced AP were
significantly less pronounced than IgG1 groups (Fig. 4C).
Importantly, the inflammatory cytokines IL-6, TNF-a as well as
IFN-g all decreased in plasma and pancreas of RH001-6 or
4RA10 treated groups (Fig. 4D and Supporting Information
Fig. S7). Moreover, similar to 4RA10, RH001-6 significantly
reduced the percentage of monocytes (Ly6cþ) and neutrophils
(Ly6gþ) in peripheral blood of mice, and reduced the infiltration
of and neutrophils (MPO) and macrophages (F4/80) in the
pancreatic tissues induced by L-arginine (Fig. 4E and F). These



Figure 2 RH001-6 blocks the adhesion efficiency of leukocytes and endothelial cells. (A, B) Flow cytometry analysis of P-selectinþ (CD62Pþ)
and peripheral blood monocytes (THP-1 cells, CD45þ) after treatment with RH001-6 (A) or RH001-22 (B), and quantitative data of the per-

centage of CD62PþCD45þ/Total CD45þ cells in different groups. (C, D) Representative photographs of adhesion between THP-1 cells treated

with different concentrations RH001-6 (C) or RH001-22 (D) and human umbilical vein endothelial cells (HUVECs), and quantitative analysis of

adhesion inhibition rate. Data are expressed as mean � SD, n Z 3; *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control group.
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results confirm that RH001-6 has protective effect in L-arginine
induced AP model.

3.5. RH001-6 treatment inhibits NF-kB pathway and gene
expression of adhesion molecules in experimental acute
pancreatitis mice

Transcription factor nuclear factor (NF)-kB is activated in the early
stage of pancreatitis and increases the expression of a variety of pro-
inflammatory genes35e37. In addition, the increase in NF-kB ac-
tivity in acinar cells is related to the severity of AP37. Given the
central role of this pathway in driving and aggravating the inflam-
matory response of AP, we examined the NF-kB pathway in the
pancreatic tissue of AP mice by Western blot and immunofluores-
cence staining. The results showed that RH001-6 treatment signif-
icantly reduced the phosphorylated protein levels of p65 and IkBa
in pancreas in two AP models induced by caerulein (Fig. 5A and B)
or L-arginine (Fig. 5C and D). Since PSGL-1 is mainly expressed in
leukocytes, we performed immunofluorescent co-localization of
p65 and neutrophils marker MPO or macrophages marker CD68,
and found that the nuclear translocation of p65 observed in neu-
trophils and macrophages were inhibited by RH001-6 or 4RA10
treatment (Fig. 5EeH). Moreover, the mRNA levels of the adhesive
molecules in the RH001-6 or 4RA10 groups were also down-
regulated (Fig. 5I and J). These results suggest that RH001-6
treatment may be able to additionally suppress NF-kB pathway to
abolish the subsequent inflammatory responses in AP.

3.6. No systemic toxicity and side effects during the treatment of
RH001-6

Next, we investigated whether the intravenous administration of
RH001-6 could cause systemic toxicities and side effects in two
different AP models. Organs including heart, liver, spleen, lung,



Figure 3 RH001-6 treatment alleviates pancreatic injury and inflammatory response in acute pancreatitis (AP) induced by caerulein. (A) H&E

staining of pancreatic tissues in each group. (B) The histopathological score of the pancreases. (C) The amylase level of serum. (D) Serum

inflammatory cytokines levels. (E) Flow cytometry and quantification for monocytes (Ly6c positive cells, Ly6cþ) and neutrophils (Ly6g positive

cells, Ly6gþ) in peripheral blood. (F) Representative immunohistochemically images of neutrophils (MPO) and macrophages (F4/80) positive

cells in caerulein-induced AP mouse pancreas. Data are expressed as mean � SD, n Z 5; ***P < 0.001 vs. Control group; **P < 0.01,

***P < 0.001 vs. IgG1 group.
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and kidney from different treatment groups were sectioned and
stained with H&E. No abnormalities of histological structure were
observed in all organs in the caerulein-induced AP model
(Fig. 6A). Moreover, plasma evaluations reflecting liver damage
(ALT, AST, and TBIL levels), cardiac injury (CK levels) and renal
damages (BUN and CRE levels) showed no significant differences
between RH001-6 and IgG1 groups in caerulein-induced AP
model (Fig. 6B). The same results were observed in the L-arginine



Figure 4 RH001-6 treatment alleviates pancreatic damage and inflammatory response in L-arginine- induced AP in vivo. (A) H&E staining of

pancreatic tissues in each group. (B) The histopathological score of pancreases. (C) Serum amylase activity was measured by ELISA test. (D)

Serum inflammatory cytokines levels. (E) Flow cytometry and quantification for monocytes (Ly6cþ) and neutrophils (Ly6gþ) in peripheral blood.

(F) Representative immunohistochemically images of neutrophils (MPO) and macrophages (F4/80) positive cells in L-arginine induced AP mouse

pancreas. Data are expressed as mean � SD, n Z 5, ***P < 0.001 vs. Control group; **P < 0.01, ***P < 0.001 vs. IgG1 group.
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induced AP model (Supporting Information Fig. S8). Altogether,
these data show that the systemic administration of RH0016 is
safe and does not cause any significant systemic toxicities and side
effects.
4. Discussion

Acute pancreatitis (AP) is a global health issue with high
morbidity and mortality, which is characterized by aseptic



Figure 5 RH001-6 treatment inhibits the NF-kB pathway and reduces adhesion molecule expression. (AeD) Protein expression and quanti-

tative analysis of p-p65 and p-IkBa in the pancreatic tissue of AP model induced by caerulein (A, B) and L-arginine (C, D). (EeG) Representative

immunofluorescence images of p65/MPO (E) and p65/CD68 (F) in caerulein induced AP mouse pancreas, and p65/MPO (G) and p65/CD68 (H)

in L-arginine-induced AP mouse pancreas. (I, J) The mRNA levels of adhesion molecules in caerulein- (I) and L-arginine- (J) induced AP mouse

pancreas. Data are expressed as mean � SD, nZ 3, *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control group; **P < 0.01, ***P < 0.001 vs. IgG1

group.
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inflammation of the pancreas. Despite extensive efforts in the past
decades, there is still no available drug therapy to treat AP38e40. It
is well established that PSGL-1 plays a central role in inflam-
matory diseases, and we previously demonstrated that PSGL-1
deficiency prevents development of AP by attenuating leukocyte
infiltration19, and accumulating evidence revealed the potent anti-
inflammation effect of PSGL-1 blockade. Therefore, in this study
we developed a non-human primate derived PSGL-1 antibody and



Figure 6 In vivo biosafety of RH001-6 treatment in AP model induced by caerulein. (A) Representative images of H&E staining of main

organs in AP mice. (B) Plasma levels of alanine transaminase (ALT), aspartate transaminase (AST), total bilirubin (TBIL), creatine kinase (CK),

blood urea nitrogen (BUN), and creatinine (CRE) in different groups. Data are expressed as mean � SD, n Z 4.
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evaluated its efficacy in treating AP. Here, we reported that anti-
PSGL-1 monoclonal antibody (mAb) RH001-6 confer effective
protection on diseases-associated inflammation and tissue damage
in mouse models of both caerulein- and L-arginine-induced AP,
which is related to NF-kB inhibition (Fig. 7). Most of important,
RH001-6 had no treatment-related toxic effects on other organs.
To the best of our knowledge, this is the first study to report the
role of anti-PSGL-1 mAb in AP, which provides a novel



Figure 7 The illustrated mechanism of PSGL-1 monoclonal antibody (RH001-6) in the treatment of inflammatory diseases.
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therapeutic option for AP treatment, and has important clinical
significance and transformation value not only for AP but also for
other inflammatory diseases.

As a cell surface adhesion molecule, PSGL-1 is expressed in
neutrophils, natural killer cells, monocytes, dendritic cells, T and
B lymphocytes, and some CD34þ stem cells. It is also abundant
on the surface of platelets in the early stage of differentiation41e46.
The expression of PSGL-1 increases rapidly under inflammatory
conditions, which induces leukocyte rolling and tethering on
vascular endothelial cells by binding with P-, E-, and L-selectins
on the surface of vascular endothelial cells, followed by trans-
migration of the leukocytes into tissues21,47,48. Currently, exten-
sive studies have documented the beneficial effect of PSGL-1
blockade in different inflammatory settings using experimental
animal models15,21,49. Although a previous study has demon-
strated that anti-PSGL-1 antibody decreased caerulein-induced
leukocyte rolling, hardly any indicators related to disease pheno-
type were observed in this study50. Because PSGL-1 mediates the
pathological recruitment of leukocytes at the site of inflammation,
PSGL-1 antibody or inhibitor has become a potential candidate for
anti-inflammatory drugs. Several PSGL-1 monoclonal antibodies
(mAbs) are in the clinical trial stage now, such as, Neihulizuma
[ClinicalTrials.gov Identifier: NCT03298022], selk2 and so on.
However, no clinical trial implied the role of PSGL-1 mAbs in AP
and no mAbs targeting PSGL-1 are available clinically so far.
Therefore, it is important to elucidate the role of PSGL-1 mAbs in
the treatment of AP51.

The development of PSGL-1 antibody currently mainly comes
from mouse sources, and the whole human antibody of PSGL-1
has not been used. As known, rhesus macaque derived antibody
shares >95% homogeneous sequences with human antibody52.
Therefore, strategy to develop antibody drug from rhesus ma-
caques represents a preferential alternative to human antibody,
particular in the case of failure directly generating antibody from
human B-cell receptor (BCR) profile. There are other advantages
to employ the primate monkey to generate antibodies against
human derived antigens. For example, the vaccination in primate
monkey with human derived antigen could ensure to generate
antigen specific antibodies and gain druggable antibodies. In this
study, we developed two non-human primate derived mAbs
against human PSGL-1 (RH001-6 and RH001-22) from human
PSGL-1 as immunogen immunized rhesus macaques. We
demonstrate that 1) RH001-6 and RH001-22 bound to both human
PSGL-1 ligand and mouse PSGL-1 ligand, with higher affinity to
the former, 2) RH001-6 and RH001-22 inhibited the binding of P-
selectin to THP-1 cells and the adhesion of THP-1 cells to
endothelial cells in a concentration-dependent manner. Interest-
ingly, the blocking effect of RH001-6 on PSGL-1 is superior than
RH001-22 at the same concentration, which may be due to the
higher binding affinity of RH001-6 to PSGL-1. Moreover, the
blocking effect of RH001-6 on PSGL-1 was equal to another
available anti-PSGL-1 antibody KPL1, highlighting the effec-
tiveness of RH001-6.

To clarify the effect of anti-PSGL-1 mAb in AP, we performed
in vivo experiments using two different experimental AP models
to prevent model-specific effects, including caerulein- and
L-arginine-induced AP mice. Our results proved that in both AP
models, the administration of RH001-6 effectively relieved the

http://[ClinicalTrials.gov
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severity of AP, as evidenced by a remarkable decrease of serum
amylase, obvious amelioration of pathological damage of murine
pancreas, substantial reduction of inflammatory cytokines and less
infiltration of neutrophils and macrophages in the pancreas. At the
same time, we also detected the effect of anti-mouse PSGL-1
antibody 4RA10 in treating AP. 4RA10 has been demonstrated to
decrease caerulein-induced leukocyte rolling50, and inhibit neo-
intima formation in atherosclerosis49. We found that 4RA10 was
similarly effective in decreasing inflammatory response and
ameliorating pancreatic damage, highlighting the beneficial effect
of PSGL-1 blockade in AP. As to the underlying mechanism, we
focused on NF-kB signaling pathway53. As reported, NF-kB
pathway is activated in the development of AP54e56, and PSGL-1
deficiency is related to inhibited activation of NF-kB57. Thus, we
wondered whether NF-kB signaling pathway is involved in the
amelioration of inflammatory response and pancreatic damage of
AP by RH001-6. As expected, the phosphorylation of IkBa and
p65 in the pancreatic tissue were significantly decreased after
RH001-6 treatment. Moreover, we found that nuclear trans-
location of p65 could be observed in neutrophils and macro-
phages, which probably is responsible for the subsequent changes
of inflammatory cytokines and adhesion molecules.

Of note, we found that RH001-6 was well tolerated and no
treatment-related toxic effects were observed, which further in-
creases the possibility of success for subsequent clinical trials.
Unlike viral delivery of PSGL-1 siRNA or genetic deletion
methods, intravenous injection of RH001-6 is clinically viable
strategy, especially considering that it is completely human in
sequence, which minimizes the risk of immunogenicity in pa-
tients, but further studies should be conducted to test the immu-
nogenicity of RH001-6 in good laboratory practice (GLP) and
investigational new drug (IND)-enabling pharmacology58.

However, there are some limitations for our study. Firstly, we
chose mice to verify the effect of RH001-6. Further experiments
using monkey model and humanized PSGL-1 mouse model will
be required for harnessing the full potential of anti-PSGL-1-
mediated anti-inflammation therapy in more inflammatory dis-
eases including AP. Secondly, we found that RH001-6 not only
reduced the neutrophils and macrophages infiltration in pancreas,
but also decreased peripheral monocytes and neutrophils counts,
different with the study by Rijcken EM et al.21. The discrepancy in
the results may be explained by different PSGL-1 mAbs and
different administration routes. The reduced peripheral monocytes
and neutrophils counts by antibody blockade of PSGL-1 implies
that PSGL-1 may play a critical role in hematopoiesis, in view of
the dynamic expression of functional PSGL-1 on bone marrow
progenitors59. Thirdly, our results demonstrated that RH001-6
could bind to both human PSGL-1 and mouse PSGL-1, but the
recognition epitope within PSGL-1 that can be recognized by
RH001-6 is unclear. It will be interesting to determine the
recognition epitope by RH001-6, which will be helpful to identify
synergistic antibody and further optimize the treatment regimen.
5. Conclusions

Anti-PSGL-1 mAb RH001-6 can ameliorate the severity of AP by
attenuating inflammatory response. RH001-6 represents a prom-
ising candidate drug for the antibody-based treatment of inflam-
matory diseases, which provides a novel therapeutic strategy not
only for AP, but also for a broad spectrum of other acute and
chronic inflammatory diseases, including atherosclerosis,
hypertension, and abdominal aortic aneurysm, calling for addi-
tional research into the therapeutic potential of RH001-6 in those
diseases.
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