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Highlights

e RA-ll, a clinical adjuvant cancer therapy, utilizes immunotherapy
to combat cancer.

e RA-llis rich in amino acids and nucleotides, which are essential
for its biological potency.

¢ RA-Il enhances the immune response and hematopoietic function.
e RA-ll regulates the gut microbiota and serum metabolites.

e RA-Il orchestrates macrophage differentiation towards the M1
phenotype.
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In brief

RA-Il is a clinical adjuvant therapy for cancer
treatment based on immunotherapy. In

this research, RA-II, rich in amino acids and
nucleotides, has been confirmed to exhibit
immune-boosting effects by influencing

the gut microbiota and serum metabolites.
Furthermore, it demonstrates hematopoietic-
promoting effects by mediating macrophage
M1 differentiation.
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ABSTRACT

Ribonucleic acid for injection Il is a clinical adjuvant cancer therapy treatment based on immunotherapy, which
exerts its effects by enhancing immune function and suppressing tumor growth. However, the mechanism
underlying the ameliorative effect on immunosuppressed hematopoietic dysfunction remains unclear. This study
confirmed the immune-boosting and hematopoietic-promoting effects of ribonucleic acid for injection I, which has
a wide distribution of molecular weights and is rich in amino acids and nucleotides. Ribonucleic acid for injection Il
influences the gut microbiota and serum metabolites to enhance immunity in immunosuppressed mice induced by
CTX, while also mitigating bone marrow injury and increasing hematopoietic cells through mediating macrophage
M1 differentiation, thereby improving hematopoietic dysfunction in mice.

Keywords: Ribonucleic acid for injection I, Immunity, Hematopoiesis, Macrophage Differentiation

1. INTRODUCTION

Macrophages are vital for the host innate immune sys-
tem against pathogens and cancers, and also has a cru-
cial regulatory role in immunity and hematopoiesis by
balancing and coordinating different types of defense
responses [1, 2]. Accordingly, classically activated mac-
rophages (M1 phenotype) induced by pro-inflammatory
signals, such as interferon (IFN)-y plus lipopolysaccha-
ride (LPS), express CD86 and secrete pro-inflammatory
cytokines. In contrast, alternatively activated mac-
rophages (M2 phenotype) are driven by anti-inflam-
matory cytokines and are associated with secretion of
interleukin (IL)-10, transforming growth factor (TGF)-B,
and arginase 1 (ARG1) [3, 4].

The tumor microenvironment can influence tumor-as-
sociated macrophages to adopt an immunosuppressive
polarization, which inhibits the immune response and
facilitates evasion from tumor-immune surveillance [5].
An imbalance in M1/M2 polarization results in an ineffi-
cient immune response, leading to immunosuppression.
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This imbalance can cause hematopoietic injury through
cell-mediated cytotoxic mechanisms, resulting in multi-
ple bone marrow failure syndromes that damage prolif-
erating hematopoietic precursor cells [6]. The immune
and inflammatory responses in the bone marrow largely
affect hemopoietic stem cell (HSC) function [7]. Innate
immune processes may synergistically act with inflam-
mation to promote HSC self-renewal [8].

Immune cells, such as macrophages, are tightly reg-
ulated by the gut microbiota to maintain immune
homeostasis [9]. Gut microbes regulate macrophage
differentiation and modulate immune function by
altering host serum metabolites [10]. Short-chain fatty
acids and gram-negative bacterial LPS exert regulatory
effects on inflammation by acting on macrophages [11].
Pediococcus pentosaceus CECT8330 reprograms mac-
rophages from an M1 to an M2 phenotype, resulting
in a decrease in IL-1B production and reduced reactive
oxygen species (ROS) [12]. Lacticaseibacillus casei & L.
reuteri inhibit toll-like receptor 4 (TLR4) to promote
polarization of macrophages towards the M1 phenotype

©2024 The Authors. Creative Commons Attribution 4.0 International License


https://doi.org/10.15212/AMM-2024-0001

[13]. The immune response impacts the emergence of
HSCs, maintenance of hematopoietic homeostasis, and
can cause or treat hematopoietic dysfunction in disease
[14]. Activation of pro-inflammatory signaling cascades
by macrophages with a pro-inflammatory phenotype
may contribute to the formation of HSCs [15].

The main complications of radiotherapy and chemo-
therapy, such as immunosuppression, bone marrow
suppression, and hematopoietic impairment, can cause
delays or termination in cancer treatment [16, 17].
Macrophages can be polarized into M1 macrophages
with immunotherapeutic efficiency during radiother-
apy and chemotherapy, thereby modulating the tumor
immune microenvironment from an immunosuppres-
sive state to an immune-activated state [18]. The alky-
lating agent, cyclophosphamide (CTX), is widely used
in tumor therapy but has toxic side effects, such as
immunosuppression and myelosuppression. Therefore,
CTX is commonly utilized to create mouse models with
immunosuppression or hematopoietic injury induced by
myelosuppression [19], which was successfully applied
in our previous study [20]. Ribonucleic acid for injec-
tion 1l (RA-Il) is a pure and bioactive ribonucleic acid
(RNA) extracted from bovine pancreas that is approved
in China to enhance immune function and inhibit tum-
ors and reduce adverse reaction when combined with
radiotherapy and chemotherapy (GYZZH22020007).
RA-II suppresses tumor cell proliferation and induces
programmed cell death, making RA-Il a valuable ther-
apeutic option for malignancies, such as pancreatic,
liver, stomach, lung, and breast cancers, and soft tis-
sue sarcoma [21]. Furthermore, RA-Il has been utilized
as an adjuvant in the management of hepatitis B [21].
However, the improvement effect of RA-Il on immuno-
suppression-based hematopoietic injury and the under-
lying mechanism have not been investigated.

In the present study we conducted a compositional
analysis of RA-Il and demonstrated the protective effects
in mice with immunosuppression and hematopoietic
dysfunction. The hematopoietic ameliorating effect of
RA-Il may be associated with upregulation of immune-
and hematopoiesis-related factors that are achieved by
promoting macrophage polarization towards M1.

2. METHODS

2.1 Compositional analysis of RA-II

The RA-Il molecular weight range, nucleotides (n = 5),
hydrolyzed amino acids (n = 17), and total nitrogen
content were examined. The RA-Il molecular weight dis-
tribution was determined using a 1260 Infinity Il MDS
gel permeation chromatograph equipped with a PL
aquagel-OH mixed-H column (8 pm, 7.5 mm x 300 mm;
Agilent, Santa Clara, CA, USA). The column was iso-
cratically eluted with a 1.0 mL/min flow rate using a
0.1 mol/L sodium nitrate solution. The RA-Il hydrolyzed
amino acid content was determined using a 1260 liquid
chromatograph equipped with a C18 Shiseido column
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(5 pm, 4.6 mm x 250 mm,; Agilent) [20]. The RA-Il nucle-
otide content was determined using a 1200 liquid
chromatograph equipped with a C;4 column (5 pm, 4.6
mm x 250 mm; Agilent). The detection wavelength was
254 nm and the column was isocratically eluted with a
flow rate of 1.0 mL/min using a mobile phase consist-
ing of phosphate buffer and methanol (1000:40 ratio).
The RA-II total nitrogen content was determined using
a K9840 Kjeldahl nitrogen tester (Hanon Instruments,
Jinan, Shangdong, China) [22].

2.2 Mice and cells

Seven-week-old male specific pathogen-free (SPF)
BALB/c mice weighing 20 + 2 g were obtained from
Liaoning Changsheng Biotechnology Co. Ltd. (Shenyang,
Liaoning, China). The mice had access to sterile water
and food ad libitum and were housed under controlled
conditions of temperature (22-24°C), humidity (40%-
60%), and light (12-h light/dark cycle).

YAC-1 cells (TIB-160) were purchased from the
American Type Culture Collection (ATCC, Rockefeller,
MD, USA). The culture medium was RPMI-1640 medium
(Gibco, CA, USA) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin. The culture
environment was an incubator with 5% CO, and
95% air.

2.3 Immunosuppressed mouse model construction
and drug administration

This study was approved by the Institution Animal
Ethics Committee of Jilin University (No. SY202207013).
Forty-five mice were acclimatized and fed for 1 week.
Twenty-seven mice were randomly selected and injected
intraperitoneally with 75 mg/kg of CTX (Sigma-Aldrich,
St. Louis, MO, USA) for 3 days. The immunosuppressed
mice were randomly divided into 3 groups (n = 9/
group) as follows. An immunosuppressed group was
injected intraperitoneally with 10 ml/kg of normal
saline (NS). The RA-ll-treated group received an intra-
peritoneal injection of RA-Il (4.5 mg/kg; Jilin Aodong
Pharmaceutical Group Co., Yanji, Jilin, China). The trans-
fer factor capsule (TF)-treated group was administered
2.7 mg/kg of TF orally (Chengdu Lier Pharmaceutical
Co., Chengdu, Sichuan, China) daily for 4 weeks. The
remaining 18 mice were injected intraperitoneally with
10 ml/kg of NS for 3 d, then divided into 2 groups (n =9/
group). One group was injected intraperitoneally with
10 ml/kg of NS (CTRL, group). The other group was
treated with RA-Il at a dose of 4.5 mg/kg for 4 weeks.
The body weights were recorded regularly.

The mice were euthanized 2 h after the last treat-
ment. Blood, heart, liver, spleen, lung, kidney, and thy-
mus samples were collected. The feces were collected
from the cecum in a sterile environment. The collected
samples were stored at —80°C for subsequent analysis.

Splenocytes were harvested for analysis of natural
killer (NK) cell activity and T lymphocyte proliferative
capacity [20]. Briefly, splenocytes (1 x 10° cells/well) were
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mixed with YAC-1 cells (1 x 10° cells/well) in 96-well
plates and incubated at 37°C for 4 h. The cytotoxic activ-
ity of the NK cells was measured using an LDH cytotox-
icity assay kit (C0016; Beyotime, Shanghai, China) in
accordance with the manufacturer’s instructions.

Splenocytes (1 x 10°% cells/well) were cultured in
96-well plates and treated with concanavalin A (ConA;
Shanghai yuanye Bio-Technology Co., Shanghai, China).
The control group was not treated with ConA. The
96-well plates were incubated at 37°C for a duration
of 48 h. The thiazolyl blue tetrazolium bromide assay
(MTT; Sigma-Aldrich, St. Louis, MO, USA) was performed
to detect splenocyte proliferation.

2.4 Establishment of a mouse model with
hematopoietic dysfunction and drug
administration

This study was approved by the Institution Animal Ethics
Committee of Jilin University (No. SY202207014). Fifty
mice were acclimatized and fed for 1 week. Thirty mice
were randomly chosen and injected intraperitoneally
with 100 mg/kg of CTX for 3 d to establish a hemato-
poietic dysfunction mouse model. The mice were then
randomly divided into 3 groups (n = 10/group). A group
with hematopoietic dysfunction was intraperitoneally
injected with 10 mL/kg of NS, a group treated with
RA-Il received an intraperitoneal injection of 4.5 mg/kg
of RA-Il, and a group treated with recombinant human
granulocyte colony-stimulating factor (rhG-CSF) was
intraperitoneally injected with 22.5 pg/kg of rhG-CSF
(Shandong Qilu Pharmaceutical Co., Jinan, Shandong,
China) daily for 6 weeks. The remaining 20 mice were
intraperitoneally injected with 10 mL/kg of NS for 3 d,
then divided into 2 groups (n = 10/group). One group
was intraperitoneally injected with 10 mlL/kg of NS
(CTRL,, group), while the other group received an injec-
tion of 4.5 mg/kg of RA-Il with treatment for a dura-
tion of 6 weeks. Body weights were recorded regularly.

Animals were euthanized 2 h following the last treat-
ment. Heart, liver, spleen, kidney, lung, and femur sam-
ples were collected. The collected samples were stored
at —80°C for subsequent analysis.

Bone marrow cells were extracted from the femurs
in a sterile environment. Erythrocytes were removed
from the cells mentioned above according to the man-
ufacturer’s instructions for red blood cell (RBC) lysis
buffer (00-4300-54; Gibco). The concentration of cells
was adjusted to 108 cells/100 pL using staining buffer,
then staining was performed. The number of HSCs
(Lin—Sca-1*c-Kit*), long-term (LT)-HSCs (Lin~Sca-1*c-
Kit*CD48-CD150%), B lymphocytes (CD45*CD19*), and
macrophages (CD11b*F4/80*) in samples of bone mar-
row-derived mononuclear cells from mice with hemato-
poietic dysfunction was detected using flow cytometry.
The experimental protocols were performed in accord-
ance with the manufacturer’s instructions, as previously
described [23]. The information on the antibodies used
is listed in Table 1s.
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2.5 Immunosuppressed mice gut microbiota assay
Total genomic DNA was extracted from cecum con-
tents (n = 4/group) collected from CTRL, and vehicle-
and RA-ll-treated immunosuppressed mice following
the manufacturer’s instructions for the Omega Soil
DNA kit (M5635-02; Omega Bio-Tek, Norcross, GA,
USA). The nearly full-length bacterial 16S rRNA genes
were amplified by PCR amplification [24]. The bac-
terial sequences have been deposited in the NCBI
Sequence Read Archive under the accession number,
PRJNA1008547 (https://www.ncbi.nlm.nih.gov/sra/
PRJNA1008547).

2.6 Immunosuppressed mice serum metabolite
assay

The metabolites in sera (n = 4/group) collected from
CTRL, and vehicle- and RA-lI-treated immunosuppressed
mice were analyzed using ultra-high-performance lig-
uid chromatography (UHPLC; Vanquish, Thermo Fisher,
Germering, Bayern, Germany) equipped with an Acquity
UPLC BEH Amide chromatography column (1.7 pm,
2.1 mm x 100 mm; Waters, Milford, MA, USA). The anal-
ysis was performed on a Q-Exactive Orbitrap mass spec-
trometry (MS; Thermo Fisher, Bremen, Germany). The
sera were analyzed for significant changes in differen-
tial metabolites and these metabolites were then sub-
jected to cluster and correlation analyses, as performed
in our previous study [24].

2.7 Proteomic assay of spleens collected from
hematopoietic dysfunction mice

Label-free quantification (LFQ) of protein levels was
performed on spleen tissues collected from CTRL,, and
vehicle- and RA-II-treated mice with hematopoietic dis-
function. Cleaved proteins were quantified using the
BCA assay and precipitated with acetone. The proteins
were resuspended for tryptic digestion to remove SDC,
desalted, then separated and analyzed by a nano-UPLC
(EASY-nLC1200; Thermo Fisher, Waltham, MA, USA)
coupled with Q-Exactive MS (Finnigan; Thermo Fisher,
Bremen, Germany). The differential proteins were fur-
ther analyzed, as in our previous study [24].

2.8 Hematoxylin and eosin staining assay

The femurs collected from mice in Experiment 2.4 were
fixed in a 4% paraformaldehyde solution (BL539A;
Biosharp, Guangzhou, Guangdong, China) for 48 h
and decalcified using an EDTA decalcification solu-
tion. The organs, including the heart, liver, spleen,
lung, kidney, and thymus collected from Experiments
2.3 and 2.4 were fixed in 4% paraformaldehyde for 48
h. The organs were embedded in paraffin along with
the decalcified femurs. Then, the organs were cut into
5-pm sections and stained with hematoxylin and eosin,
as described in previous studies [20, 23]. A patho-
logic evaluation and analysis were performed using a
microscope.
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2.9 Immunohistochemical staining assay

The paraffin sections of spleens collected from mice
in Experiment 2.3 and the femurs collected from mice
in Experiment 2.4 were deparaffinized for antigen
retrieval, blocked with a 3% hydrogen peroxide solu-
tion, and sealed with 3% bovine serum albumin. The
sections were incubated overnight at 4°C with the
primary antibody, followed by a 50-min incubation at
20°C with the secondary antibody. After staining with
3,3’-diaminobenzidine, the nuclei were re-stained
with hematoxylin. The slices were dehydrated, sealed
with neutral gum, and observed under a microscope [25].
The antibody details are listed in Table 2s.

2.10 Immunofluorescence analysis

Bone marrow paraffin sections of CTRL,, and vehicle-
and RA-ll-treated mice with hematopoietic disfunction
were deparaffinized for antigen retrieval, blocked with
a 3% hydrogen peroxide solution, and incubated with
serum. Sections were incubated with primary antibod-
ies against CD86, CD206, reticulon 1 (RTN1), magne-
sium transporter 1 (MAGT1), and galectin-3 (Gal-3) at
4°C overnight, followed by incubation with a secondary
antibody for 50 min at 20°C. The nuclei were re-stained
with 4’,6-diamidino-2-phenylindole after incubation
with tyramide signal amplification for 20 min at 20°C.
The sections were sealed by adding anti-fluorescence
quenching sealer and observed under a microscope [25].
The antibody details are listed in Table 3s.

2.11 Western blot

The spleen tissues collected from mice in Experiments
2.3 and 2.4, and bone marrow collected from mice
in Experiment 2.4 were mixed with radio immuno-
precipitation assay (RIPA) lysate (20-188; Millipore,
Billerica, MA, USA) containing a protease and phos-
phatase inhibitor cocktail (P002; NCM Biotech, Suzhou,
Jiangsu, China). The spleen tissues were ground in a
high-throughput tissue mill and centrifuged at 16,000 g
for 5 min. The supernatant was extracted and centri-
fuged again under the same conditions. The resulting
supernatant from the final separation was collected as
the lysate. The protein concentration of the collected
lysate was measured according to the BCA kit instruc-
tions (Thermo Fisher, Waltham, MA, USA) and 40 pg of
total proteins per group were separated by 7.5%-12.5%
sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE). The gel separated by electrophoresis
was transferred onto polyvinylidene difluoride mem-
branes. A rapid closure solution (GF1815; GeneFirst,
Shanghai, China) was applied to seal the membranes.
The membranes were incubated with the correspond-
ing primary and secondary antibodies. Target imprints
were detected using a highly sensitive chemilumines-
cence detection kit (GK10008; GlpBio, Montclair, CA,
USA) and a gel imager (Tanon 5200; Tanon Science &
Technology, Shanghai, China) [20, 23]. ImageJ (v1.8.0;
National Institutes of Health, Bethesda, MD, USA) was
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utilized for quantitative analysis. The antibody details
are listed in Table 4s.

2.12 Enzyme linked immunosorbent assay (ELISA)
Spleens collected from mice in Experiment 2.3 were
crushed using a high-throughput tissue grinder. After
centrifugation at 16,000 g for 5 min, the supernatant
was collected. The protein content of spleen homogen-
ates was determined using a BCA kit (A53225; Thermo
Fisher, Waltham, MA, USA). The immunoglobulin (Ig) G,
IgA, IL-6, and IFN-y levels were measured using ELISA,
according to the manufacturer’s instructions [20]. The
ELISA kit details are presented in Table 5s.

2.13 Statistical analysis

One-way ANOVA based on Tukey’s post-hoc test was
performed using BONC DSS Statistics (v25.0; I1BM
Corporation, Armonk, NY, USA) to determine statistical
significance. Results were considered statistically signifi-
cant at a P value <0.05 and are presented as the mean +
standard error of the mean.

3. RESULTS

3.1 RA-ll compositional analysis

The molecular weight distribution of RA-Il is 500-
1000 kDa (0.24%), 300-500 kDa (3.39%), 200-300 kDa
(9.08%), 100-200 kDa (27.44%), 50-100 kDa (23.44%),
30-50 kDa (35.04%), and 29.578-30 kDa (1.37%; Table 1).
Seventeen amino acids, including proline (22435.95 mg/
kg), glycine (1196.94 mg/kg), and threonine (91.78 mg/
kg), were detected. RA-Il contained 5 nucleotides with
concentrations of cytosine (2.73 mg/kg), uracil (10.79
mg/kg), guanine (18.94 mg/kg), adenine (14.39 mg/kg),
and hypoxanthine (3.31 mg/kg; Table 1). The total nitro-
gen content of RA-Il was 2.75 g/100 g (Table 1).

3.2 RA-ll improves immunity by regulating
macrophage M1 differentiation

3.2.1 RA-Il boosts immunity in immunosuppressed
mice. The spleens of immunosuppressed mice exhib-
ited large extramedullary hematopoietic foci infiltrated
with multinucleated giant cells, which were reversed
by RA-Il administration (Figure 1A). No obvious patho-
logic changes were observed in the heart, liver, lung,
kidney, or thymus of the experimental mice (Figure S1).
Low body weight (P < 0.001; Table 6s), the thymus index
(P < 0.05; Table 6s), NK cell cytotoxic activity (P < 0.001;
Figure 1B), and T lymphocyte proliferation (P < 0.001;
Figure 1C) were characteristics of immunosuppressed
mice. RA-Il alleviated the decrease in body weight
(P < 0.05; Table 6s), NK cell cytotoxic activity (81.0%,
P < 0.01; Figure 1B), and T lymphocyte proliferation
(21%, P < 0.001; Figure 1C) as well as a reduction in the
thymus index among immunosuppressed mice (Table 6s).
RA-II administration increased the IgG, IgA, IL-6, and
IFN-y levels in spleen tissues by 28.8% (P < 0.01), 31.6%
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Table 1 | Molecular weight distribution, amino acid content, (P < 0.01), 46.7% (P < 0.001), and 42.3% (P < 0.001) in
nucleotide content, and total nitrogen content of RA-II. immunosuppressed mice (Figure 1D-G). These findings
indicate that RA-Il has immunomodulatory activity.

Items detected Result
Molecular weight distribution 3.2.2 RA-II affects gut microbiota and serum metabolites
MW (kDa) Percent MW% in immunosuppressed mice. Among the CTRL, veh|§le-
treated, and RA-ll-treated immunosuppressed mice,
500-1000 0.24 there were 299 shared operational taxonomic units
300-500 339 (OTUs). The number of unique OTUs in the 3 groups was
500-300 9.08 1103, 808, and 488, respectively (Figure 2A). An altered

microbial community structure was observed in RA-II-
100-200 27.44 treated immunosuppressed mice, as indicated by the
principal coordinate analysis plot beta diversity based

50-100 23.44 _ : .

on Jaccard’s distance algorithm (Figure 2B). The top 25
30-50 35.04 bacteria in the 3 groups with the greatest variation in
29.578-30 1.37 abundance were analyzed using random forest analysis

to assess the importance of different species and rank
the bacteria according to importance at the genus level
Name mg/kg (Figure 2C and Table 7s). The abundance of bacteria,
Aspartic 43977 such as Ruminococcus, was decreased in CTX-treated
mice compared to normal mice, but this decrease was

Glutamic 397.71 reversed after administration of RA-II (Figure 2C).
Serine 175.91 Furthermore, metabolites in the serum of immuno-
suppressed mice were analyzed using UHPLC-Q-Exactive

Amino acid content

Glycine 1196.94 Orbitrap MS. Metabolites consistent with the trend of
Arginine 42.07 metabolite changes in CTRL, and RA-ll-treated immu-
Threonine 9178 nosuppressed mice were selected for further analysis

(Table 8s). RA-Il decreased the levels of 14 metabolites
Alanine 26.77

and increased the levels of 5 metabolites compared to
Proline 22435.95 immunosuppressed mice (Figure 2D, Table 8s). A posi-
tive correlation existed between the 12(S)-HETE and

Isoleucine 122.37 L-carnitine levels, as well as between the solasodine
Lysine 217.97 and uridine levels. However, there was a negative cor-
Histidine <1.70 relation between 12(S)-HETE and uridine, as well as

) between L-carnitine and uridine (Figure 2E). There was
Tyrosine <2.57

a positive correlation between the uridine level and
Valine <1.70 the abundance of Ruminococcus according to correla-
tion analysis between differential bacteria and altered

Methionine <2.45 X i

. metabolites (Figure 2F). These results suggest that RA-II
Cystine <21.80 may modify the gut microbiota composition, thereby
Leucine <2.43 potentially impacting serum metabolites and immunity.
Phenylalanine <2.96

3.2.3 Macrophage M1 polarization is involved in RA-II-
Nucleotide content mediated immunity enhancement. Among the metab-
olites influenced by RA-Il, the roles of A-769662 [26],

Name ma/kg 12(S)-HETE [27], palmitic acid [28], solasodine [29], uri-
Cytosine nucleotide 2.73 dine [30], and L-carnitine[31] were shown to be asso-
Uracil nucleotide 10.79 ciated with macrophages (Figure 2D, Table 8s). The

. . relationship between macrophage regulation of RA-II
Guanine nucleotide 18.94

and enhancement of immunity was further explored.
Adenine nucleotide 14.39 As shown in Figure 3A, the levels of M1 macrophage-as-
sociated proteins (CD86, inducible nitric oxide syn-

Hypoxanthine nucleotide 3.31 - - .
_ thase [INOS], monocyte chemotactic protein [MCP]-1,
Total nitrogen content IL-21, IL-2, IL-12B, and cyclooxygenase [COX2]) were
Name g/100 g upregulated by 107.5% (P < 0.05), 72.6% (P < 0.05),
N 575 131.9% (P < 0.01), 195.4% (P < 0.01), 294.1% (P < 0.05),
i 188.3% (P < 0.05), and 52.2% (P < 0.05), respectively,
RA-II, ribonucleic acid for injection II. in the spleens of immunosuppressed mice after RA-II
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Figure 1 | RA-Il boosts immunity in immunosuppressed mice.

(A) RA-II restored the histomorphology in spleens (200 x, scale bar: 100 pm). The green arrow indicates the presence of extramedullary hemato-
poietic foci, while the yellow arrow points to multinucleated giant cells. RA-Il enhanced the (B) NK cell cytotoxic activity and (C) T lymphocyte
proliferation (n = 6/group). The effects of RA-Il on cytokines, including (D) IgG, (E) IgA, (F) IL-6, and (G) IFN-y, in spleens (n = 8/group). Data are
presented as the mean + SEM. #P < 0.05, #P < 0.01, and ##P < 0.001 vs. CTRL; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. vehicle-treated

immunosuppressed mice.

administration. RA-Il increased iNOS levels by 157.8%
(P < 0.001) and decreased ARG1 levels by 59.1%
(P < 0.01) in the spleens of immunosuppressed mice
(Figure 3B), as shown by immunohistochemical staining.
Additionally, the viability of macrophages in RAW 264.7
cells was not significantly affected by RA-II treatment
at 0.05 or 0.1 mg/mL compared to the control group
(Figure S4A). The administration of 0.05 and 0.1 mg/
mL of RA-II significantly enhanced the expression lev-
els of CD86, iNOS, IL-12B, and IL-21 expression in RAW
264.7 cells (P < 0.05; Figure S4B and S4C). These results
suggest that M1 macrophages are involved in RA-II-
enhanced immunity.

3.3 RA-ll improves hematopoietic dysfunction in
mice by mediating M1 differentiation

3.3.1 RA-II alleviates bone marrow injury and increases
hematopoietic cells in mice with hematopoietic dys-
function. RA-Il alleviated CTX-induced weight loss
(Table 9s), as well as the severe abnormal bone tissue
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architecture, massive cytopenia, and fatty degenera-
tion in the bone marrow cavity, and extensive loss of
bone trabeculae (Figure 4A) in mice with hemato-
poietic dysfunction. Administration of RA-Il resolved
the abnormal spleen pathologic changes in mice with
hemopoietic dysfunction, which was characterized by
structural disorganization of splenic nodules, decreased
lymphocyte count, increased interstitial space in some
areas, and necrosis of cells with fragmented nuclei and
an increased number of multinucleated macrophages
(Figure S2). No significant effects of RA-Il on the heart,
liver, lung, or kidney were noted (Figure S2). RA-Il sig-
nificantly alleviated the loss of HSCs (Lin~Sca-1*c-Kit*),
LT-HSCs (Lin~Sca-1*c-Kit*CD48-CD150%), B lymphocytes
(CD45*CD19*), and macrophages (CD11b*F4/80*) by
134.5% (P < 0.01), 72.5% (P < 0.05), 147.0% (P < 0.05),
and 53.7% (P < 0.01; Figure 4B) respectively, in the bone
marrow of mice with hematopoietic dysfunction. RA-II
enhanced hematopoiesis in mice by promoting the lev-
els of hematopoietic cells in the bone marrow.
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Figure 2 | RA-Il modulated gut microbiota and serum metabolites in immunosuppressed mice.

The alteration of gut microbiota in the cecum feces and serum metabolites was analyzed by 16S rRNA sequencing and UHPLC-Q-Exactive
Orbitrap MS, respectively (n = 4/group). (A) Venn diagram. (B) Principal coordinate analysis of unweighted UniFrac distance derived from beta
diversity analysis. (C) Random forests at the genus level with heat maps to display marker species indicating the top 25 differences in impor-
tance. (D) Heatmap displaying 19 significantly altered serum metabolites. (E) Correlation analysis of the differential metabolites. (F) Correlation

analysis between differential metabolites and the gut microbiota.

3.3.2 RA-II regulates macrophages based on proteomic
analysis of spleens in mice with hematopoietic dys-
function. Forty-one significantly altered proteins were
selected for further evaluation in the spleens of mice
with hematopoietic dysfunction, based on label-free
quantification. RA-Il up- and down-regulated 24 and
17 types of proteins, respectively (Figure 5A, Table 10s).
Among 41 proteins, RTN1, MAGT1, and Lgals3bp expres-
sion was significantly increased by RA-Il administra-
tion (Figure 5A). Analysis of differentially expressed
proteins using the search tool for recurring instances
of neighboring genes (STRING) database revealed the
interactions (Figure 5B). RA-Il significantly increased
RTN1, MAGT1, Gal-3, CD86, IL-1B, IL-6, and C-X-C
motif chemokine ligand (CXCL) 1 expression by 76.8%
(P<0.01),121.2% (P<0.001), 114.9% (P<0.001), 774.0%
(P < 0.001), 650.6% (P < 0.01), 214.2% (P < 0.05), and
119.0% (P < 0.001), respectively. CD206 expression was
decreased in the spleens of mice with hematopoietic dys-
function by 56.8% (P < 0.001; Figure 5C). Additionally,
the RTN1, MAGT1, and Gal-3 levels in the bone mar-
row of mice with hematopoietic dysfunction were
upregulated by 771.4% (P < 0.05), 697.8% (P < 0.01),
and 285.0% (P < 0.05), respectively, after RA-Il admin-
istration (Figure 5D). Proteins regulated by RA-Il were
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expressed in the immune system, spleen, hematopoietic
system, bone marrow-derived macrophages, and mac-
rophages (Figure S3A). These proteins had mammalian
phenotype ontologs (MPOs) associated with immune
and hematopoietic system phenotypes (Figure S3B). The
proteins significantly influenced by RA-Il were mainly
enriched in Wiki pathways associated with macrophage
markers, the IL-6 signaling pathway, EPO receptor sign-
aling, and type Il interferon signaling (IFNG; Figure S3C).
These proteins are involved in biological processes, such
as regulation of the immune system, hemopoiesis, and
myeloid cell differentiation (Figure S3D), according
to gene ontology (GO) enrichment analysis. RA-Il may
enhance hematopoietic function through promoting
macrophage differentiation.

3.3.3 RA-Il promotes the differentiation of macrophages
into the M1 phenotype. F4/80 and CD11b are the main
markers for identifying macrophages [32]. The positive
regions of F4/80 and CD11b in the bone marrow of mice
with hematopoietic dysfunction were elevated by 392.3%
(P<0.001) and 352.2% (P < 0.001), respectively, after RA-II
administration (Figure 6A). This finding is consistent with
the above results from flow cytometry, confirming that
RA-II increased the content of macrophages in the bone
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Figure 3 | RA-Il influences the levels of proteins and cytokines related to immune function in immunosuppressed mice.

(A) RA-Il enhanced the expression of CD86, iNOS, MCP-1, IL-21, IL-2, IL-12B, and COX2 in the spleens detected via western blot. (B) RA-II
enhanced the iNOS level and suppressed the ARG1 level in the spleens detected by immunohistochemical staining (400 x, scale bar: 50 pm).
Data are presented as the mean + SEM (n = 3/group). #P < 0.05 and #P < 0.01 vs. CTRL; *P < 0.05, **P < 0.01 and ***P < 0.001 vs.

vehicle-treated immunosuppressed mice.

marrow. RA-Il administration increased CD86 expression
(P < 0.001) and decreased CD206 expression (P < 0.01) in
the bone marrow of mice with hematopoietic dysfunction
(Figure 6B), suggesting a RA-Il-promoting effect on mac-
rophage M1 differentiation.

Stimulating M1 macrophages leads to elevated
IL-1B, IL-6, and CXCL1 levels [33]. RA-Il administra-
tion increased CD86 and IL-1B expression by 434.1%
(P < 0.05) and 125.1% (P < 0.01), respectively, while
decreasing CD206 expression by 85.7% (P < 0.05) in the
bone marrow of mice with hematopoietic dysfunction
(Figure 6C). Immunohistochemical staining further con-
firmed the enhanced impact of RA-Il on the expression
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of IL-1B, IL-6, and CXCL1 within the bone marrow
(Figure 6D). Additionally, administration of 0.05 and 0.1
mg/mL of RA-II significantly enhanced the levels of IL-1B,
IL-6, and CXCL1 expression in RAW 264.7 cells (P < 0.01;
Figure S4B and S4C). RA-Il promoted differentiation of
macrophages toward the M1 phenotype and secretion
of related proteins in the bone marrow of mice with
hematopoietic dysfunction.

4, DISCUSSION

The present data confirmed that RA-Il elevates the
immune and related hematopoietic function via
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and **P < 0.01 vs. vehicle-treated mice with hematopoietic dysfunction.

promoting macrophage polarization toward the M1
phenotype. RA-Il contains high levels of threonine, gly-
cine, and guanine nucleotides; threonine is essential for
maintaining primitive HSCs [34]. These substances may
serve as the foundation for RA-Il to regulate immunity
and hematopoiesis.

Bone marrow is the source of myeloid cells, which
are crucial for hematopoiesis and immunity in mice
[35]. LT-HSCs generate various types of cells necessary
for life functions through differentiation and develop-
ment [35]. NK cells are vital components of the innate
immune response [36], while T lymphocytes play an
essential role in immune defense [37]. RA-Il enhanced
splenic NK cell cytotoxic activity, T lymphocyte prolif-
eration, splenic histopathology, and levels of immune
factor expression including IgG, IgA, IL-6, and IFN-y, in
immunosuppressed mice. There is a link between immu-
nity and hematopoiesis because hematopoietic and
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immune cells are derived from HSCs [38]. The immune
system safeguards HSCs and supports proper function-
ing of the hematopoietic system [39]. Excessive sup-
pression of the immune system may negatively affect
hematopoiesis [39].

The immune response regulates mobilization and
homing of HSCs, and cytokines released by immune
cells can influence the quiescence and differentiation of
hematopoietic-related cells. Emergence of HSCs is regu-
lated by IL-6 signaling [40]. IL-12 acts synergistically with
other cytokines n vitro to stimulate the proliferation
and differentiation of early hematopoietic progenitor
cells [41]. IL-21 maintains homeostasis of hematopoie-
tic progenitor cells [42]. RA-Il restored the bone marrow
pathology and increased the number of HSCs, LT-HSCs,
B lymphocytes, and macrophages in the bone marrow
of mice with hematopoietic dysfunction, indicating an
improved effect on hematopoiesis.
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Figure 5 | RA-Il regulates macrophages according to proteomic analysis of spleens of mice with hematopoietic dysfunction.

(A) Heat map displaying 41 significantly altered proteins. (B) Protein interactions are expected to be analyzed via the STRING database. (C)
RA-Il enhanced the expression of RTN1, MAGT1, Gal-3, CD86, IL-1B, IL-6, and CXCL1, and suppressed the expression of CD206 in the spleens
detected via western blot. (D) RA-Il enhanced the expression of RTN1, MAGT1, and Gal-3 in the bone marrow detected via immunohistochem-
ical staining (400 x, scale bar: 50 ym). Data are presented as the mean + SEM (n = 3/group). #P < 0.05, #P < 0.01, and ##P < 0.001 vs. CTRL,,;
*P < 0.05, **P<0.01, and ***P < 0.001 vs. vehicle-treated mice with hematopoietic dysfunction.

The immune response of macrophages is dependent
on the gut microbiota, while the regulation of mac-
rophage function is significantly influenced by the gut
microbiota [11]. The relative abundance of probiotics,
such as Ruminococcus, Odoribacter, and Bacteroides,
was increased in RA-II-treated immunosuppressed mice.
Ruminococcus and Odoribacter have been identified
as the primary producers of butyrate, which exerts
anti-inflammatory effects through modulation of mac-
rophage function [11, 43]. Ruminococcus stimulates the
secretion of inflammatory cytokines by macrophages
in a TLR4-dependent manner [44] and Bacteroides
produces bacterial extracellular vesicles that support
macrophage survival [45]. The observed alteration of
immune responses in the gut microbiota of immunosup-
pressed mice following administration of RA-Il may be
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attributed to a potential association between RA-II and
the gut microbiota.

The association between gut microbiota and
serum metabolites has been extensively documented.
Following the administration of RA-II, there was a sig-
nificant increase in the levels of uridine, a serum metab-
olite that can be converted to uridine diphosphate
(UDP). Macrophages express high levels of P2Y6 recep-
tors, which specifically recognize UDP [30]. Addition of
uridine also enhances bacterial diversity in mice and
facilitates the proliferation of butyrate-producing bac-
teria, such as unidentified Ruminococcus [46]. The pos-
itive correlation between uridine and the probiotic,
Ruminococcus, supports our analysis that RA-Il affects
macrophage function related to gut microbes and
serum metabolites.
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Figure 6 | RA-Il promotes macrophage differentiation from M2 towards M1 in mice with hematopoietic dysfunction.

(A) RA-Il enhanced the expression of F4/80 and CD11b in the bone marrow detected via immunohistochemical staining (400 x, scale bar: 20
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chemical staining (400 x, scale bar: 20 um). Data are presented as the mean + SEM (n = 3/group). *P < 0.05, #P < 0.01, and ##P < 0.001 vs.
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Furthermore, administration of RA-Il significantly
decreased the serum levels of 12(S)-HETE and L-carnitine,
while concurrently increasing serum levels of solaso-
dine, all of which are associated with macrophages. The
presence of 12(S)-HETE inhibits macrophage phagocyto-
sis of apoptotic cells and suppresses IL-10 secretion [47].
Direct inhibition of macrophage activation and cytokine
production, including IL-6, IL-1B, and TNF-o, has been
observed with L-carnitine. Additionally, 12(S)-HETE
may hinder polarization of macrophages towards the
M2 phenotype by inducing trimethylamine N-oxide
(TMAO) production [31, 48]. Imbalanced macrophage
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polarization towards M1 or M2 impairs immune
response efficiency [3]. RA-Il may influence macrophage
differentiation, especially polarization of M1 pheno-
type, during immune promotion.

Macrophages differentiate from monocytes develop-
ing from HSCs in the bone marrow [49]. The significant
influence of RA-Il on proteins has been shown to cor-
relate with regulation of the immune system, hemato-
poiesis, and myeloid cell differentiation. Involvement of
RTN1 in hematopoietic cell formation is associated with
a potential upregulation of M1 macrophages due to
high expression [50]. MAGT1 enhances the proliferation
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of hematopoietic stem cells and lymphocytes [51].
Lgals3bp upregulates Gal-3 levels, acting as a negative
regulator of the cell cycle in HSCs [52, 53]. Gal-3 also
stimulates M1 macrophages to secrete IL-1p [54].

Accordingly, iNOS and CD86 are recognized as mark-
ers of M1 macrophages, while ARG1 and CD206 are
recognized as markers of M2 macrophages [55]. M1
macrophages influence the levels of pro-inflammatory
cytokines [55-57]. RA-Il elevated the number of mac-
rophages, increased CD86 expression, and decreased
CD206 expression in the bone marrow, confirming pro-
motion of macrophage differentiation from M2 towards
M1 in hematopoietic dysfunction mice. Stimulation of
M1 macrophages leads to an increase in the level of
cytokine secretion, such as IL-1B, IL-6, and CXCL1 [58,
59]. IL-1B significantly enhances hematopoiesis. IL-1R1
serves as the primary receptor for transducing IL-1 signa-
ling in hematopoietic cells. IL-1R1 is expressed in various
subpopulations of hematopoietic stem and progenitor
cells (HSPGCs), including LT-HSCs. Through its interaction
with IL-1R1, IL-1B directly impacts HSPCs [60]. The direct
action of IL-1B on HSPCs promotes proliferation and
differentiation, while simultaneously inhibiting apop-
tosis [60] and enhancing hematopoietic support [61]. In
addition, signaling of IL-1p improves radiation-induced
HSPC death. Impaired IL-1p/IL-1R1 signaling may hinder
hematopoietic regeneration following radiotherapy
and transplantation. In conclusion, IL-1B has a signif-
icant role in protecting blood cells against radiation
damage and has the potential to enhance hematopoi-
etic regeneration after radiotherapy [60]. The increased
production of IL-1B enhances the expression of CXCL1,
which has a crucial role in maintaining the self-renewal
capacity of HSCs [62]. CXCL1 interacts with CXCR2 lig-
ands expressed on relevant hematopoietic cells and is
essential for hematopoiesis [62]. Additionally, the role
of CXCL1 in the regulation of hematopoiesis within the
bone marrow niche is crucial because CXCL1 effectively
modulates the quiescent HSC pool [63, 64]. IL-6 activates
gp130 signaling through binding to the IL-6R receptor,
thereby promoting the proliferation and maturation of
HSPCs [65]. Specifically, IL-6 primarily promotes HSPC
proliferation and myeloid differentiation along the
monocyte lineage [66]. Our data demonstrated that
RA-II has a role in enhancing hematopoiesis by promot-
ing macrophage polarization towards the M1 pheno-
type and releasing related regulatory factors, such as
IL-1B, IL-6, and CXCL1.

There were some limitations to this study. Although
we demonstrated the hematopoietic-promoting effect
of RA-Il in animal studies, further confirmation through
clinical trials is necessary to establish its potential as
a therapeutic agent for enhancing hematopoiesis in
patients. Furthermore, although we observed changes
in the gut microbiome of immunosuppressed mice after
the administration of RA-II, it remains unclear whether
RA-Il directly or indirectly influence these alterations. We
plan to conduct corollary studies involving microbiota
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reconstitution in mice depleted of gut microbiota to
clarify this finding. Our subsequent investigations will
aim to further elucidate the pure active constituents
within RA-II to identify specific target molecules and
unravel the associated signaling pathways. Other signif-
icantly altered proteins identified through proteomics
analysis and the regulation of these proteins in hemato-
poiesis warrant verification.

5. CONCLUSIONS

This study represents the pioneering evidence con-
firming the immune-boosting and hematopoietic-pro-
moting effects of RA-Il using immunosuppressed and
hematopoietic dysfunction murine models based on
material studies. Combined with multi-omics analysis
and validation, RA-Il function may be associated with
the release of immune- and hematopoietic-related fac-
tors induced by macrophage stimulation after differen-
tiation to M1. Our study provides a theoretical basis for
application of RA-Il on hematopoietic dysfunction in the
clinical setting.
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