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Background: Hematopoiesis is the production of blood cells from hematopoietic stem cells (HSCs) that
reside in the bone marrow. Cyclophosphamide (CTX) is a chemotherapy drug that suppresses the im-
mune system. Korean Red Ginseng (KRG) and Colla corii asini (CCA) have been traditionally used for
boosting the immune system.
Methods: HSCs in the bone marrow, and immune cell subtype in splenocytes, PBMCs, and thymocytes
were investigated. Serum levels of hematopoietic-related markers were analyzed using ELISA. Protein
expression in spleen tissue was analyzed using western blot analysis. Hematoxylin & eosin staining in
the femurs of mice were also conducted.
Results: The combination of KRG and CCA with a ratio of 3:2 increased HSCs, CD3 and CD8™" T cells in the
circulation, and CD3 T cells in the spleen. A ratio of 2:3 (KRG:CCA) increased the thymic regulatory T cells
and recovered the CD3 T cells in the spleen and circulation while recovering proteins in the JAK-STAT
pathway in the spleen. Overall, blood cell population and differentiating factors vital for cell differen-
tiation were also significantly recovered by all combinations especially in ratios of 3:2 and 2:3.
Conclusion: A ratio of 3:2 (KRG:CCA) is the most ideal combination as it recovered the HSC population in
the bone marrow of mice.
© 2021 The Korean Society of Ginseng. Publishing services 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/).

Keywords:

Colla corii asini
cyclophosphamide
hematopoiesis
Panax ginseng
immunosuppression

1. Introduction

Hematopoiesis is the process of the production of blood cells
and hematopoietic stem cells (HSCs) that reside in the bone
marrow. HSCs consist of pluripotent, long-term self-renewing HSCs
(LT-HSC). They eventually differentiate into short-term HSCs (ST-
HSC), common myeloid progenitors (CMPs), and common
lymphoid progenitor (CLPs). The CMPs will differentiate into
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megakaryocyte-erythroid progenitors (MEPs) and granulocyte-
macrophage progenitors (GMPs), where all the above stated are
multipotent progenitors. Further, differentiation of the MEPs will
yield RBCs and platelets; GMP will produce monocytes, neutro-
phils, and eosinophils, whereas CLP will produce lymphoid cells
like B lymphocytes and T lymphocytes [1]. They constantly differ-
entiate to ensure a sufficient amount of blood cells due to their
short-lived life span. Cyclophosphamide (CTX) is a chemotherapy
drug that suppresses the immune system [2]. As cyclophosphamide
is non-specific to cancer cells, it also induces damage to the stem
cell microenvironment, especially the bone marrow. Therefore, it is
important for us to discover herbal formulations to supplement
chemotherapy and prevent immunosuppression with cases of
suppressed white blood cells (WBC).
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Herbal formulations have been commonly used in traditional
medicine and accepted well as compared to over-the-counter
medicines. In a study comparing the preferences of the partici-
pants for herbal medicines or commonly prescribed drugs, most of
them would opt for a natural alternative due to concerns of side
effects and the lack of knowledge of over-the-counter prescriptions
[3]. In traditional Chinese medicine, formulations were made based
on the “emperor-minister-assistant-courier” principle or also
known as the “Jun-Chen-Zuo-Shi” principle: the emperor acts as
the main herb; the minister acts as the adjuvant herb; the assistant
reduces the toxicity or side effects of the herb; and the courier will
assist or guide the active ingredients of the main herbs to the
respective target organs [4]. Therefore, herb combinations and their
ratio of usage should be determined.

Korean Red Ginseng (KRG) is known to boost immunity [5,6],
and Colla corii asini (CCA) is donkey-hide gelatin that is commonly
used in traditional Chinese medicine, which has been known to
increase hematopoiesis [7], improve anemia [8], enhance immunity
and has been traditionally reported for its anti-coagulatory and
vasodilatory properties [9]. As CTX is known to decrease the
number of HSCs [10], the present study focused on HSCs in order to
determine whether the combined treatment of KRG and CCA is
capable of restoring the number of HSCs in the bone marrow of
mice. We aim to investigate the best combination ratio of KRG: CCA
having optimal effects against CTX-induced immunosuppression in
mice.

2. Materials and methods
2.1. Materials

CTX was purchased from Sigma—Aldrich (St. Louis, MO, USA)
and antibodies for CD4, CD8, CD3, CD19, sca-1, Flk-2, c-kit, CD34,
and IL-7R were purchased from BD Biosciences (Franklin Lakes, NJ,
USA). Lineage antibody were purchased from BioLegend (San
Diego, CA, USA). ACK lysing buffer was purchased from Gibco
(Waltham, MA, USA). Methocult™ GF M3434 used for culturing
bone marrow cells was purchased from STEMCELL Technologies
Inc. (VN, Canada). Recombinant human granulocyte colony-
stimulating factors (rhG-CSF) were purchased from R&D Systems
(Minneapolis, MN, USA). Fetal bovine serum (FBS) was acquired
from Welgene (Gyeongsan-si, Gyeongsangbuk-do, Republic of Ko-
rea). Antibodies for Janus kinase 2 (JAK-2), p-JAK2, signal trans-
ducer and activator transcription 3 (STAT3), p-STAT3, suppressor of
cytokines signaling 1 (SOCS1), suppressor of cytokines signaling 3
(SOCS3), c-Myc, B-actin, total c-Jun N-terminal kinase (T-JNK),
phospho-c-Jun N-terminal kinase (p-JNK), total extracellular
signal-regulated kinase (T-ERK), phospho-extracellular signal-
regulated kinase (p-ERK), total-p38 (T-p38), and phospho-p38 (p-
p38) were purchased from Cell Signaling Technology (Danver, MA,
USA).

2.2. Preparation of KRG and CCA

KRG was obtained from the Korean Ginseng Corporation (Dae-
deok-gu, Daejeon, Republic of Korea) (batch number: H1312-9016).
CCA (batch number: 1901063) was obtained from Dong E E Jiao
Corporation (Liaocheng, Shandong, China). CCA was then size
reduced, weighed, and dissolved in ultrapure water (Welgene,
Gyeongsangbuk-do, Republic of Korea). KRG was weighed accord-
ingly and dissolved in water.
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2.3. Cyclophosphamide-induced immunosuppression in mice

Six-week-old C57/BI6 mice were purchased from Orient Bio
(Gyeonggi-do, Republic of Korea). The mice were housed in a
pathogen-free facility with a temperature maintained at 22 °C + 2
°C and a relative humidity of 50% + 10%, with a 12/12 h light/dark
cycle. Feed and water were provided ad libitum. Animal experi-
ments were conducted and approved by the Institutional Animal
Care Committee of Kyungpook National University (approval
number: KNU2019-131). After 1 week of acclimatization, the mice
were divided into 10 groups randomly (n = 8 per group): control,
CTX (100 mg/kg i.p.), KRG (300 mg/kg), CCA (300 mg/kg), 1:1 (KRG
150 mg/kg: CCA 150 mg/kg), 1:2 (KRG 100 mg/kg: CCA 200 mg/kg),
2:1 (KRG 200 mg/kg: CCA 100 mg/kg), 3:2 (KRG 180 mg/kg: CCA
120 mg/kg), 2:3 (KRG 120 mg/kg: CCA 180 mg/kg) and rhG-CSF
(22.5 pg/kg). All of the mice were administered with CTX except
the control group for 3 consecutive days, followed by the oral
administration of samples accordingly for 10 consecutive days. rhG-
CSF was administered ip. on Days 1, 3, 5, 7, and 9 after the CTX
administration. On Day 11, the mice were euthanized with an
overdose of isoflurane. The spleen and thymus were collected and
weighed immediately. The right femur was collected for
fluorescence-activated cell sorting (FACS) analysis and the left fe-
mur was directly fixed in 10% neutral buffered formalin for hema-
toxylin & eosin (H&E) analysis. Moreover, blood was collected for
peripheral blood mononuclear cell (PBMC) isolation.

2.4. Peripheral hemogram of mice

Blood was harvested and stored in a microvette (BD, Franklin
Lakes, NJ, USA) for blood analysis. The WBC, lymphocytes, mono-
cytes (MID), granulocytes, hemoglobin (HGB), platelet count (PLT),
and red blood cell count (RBC) were evaluated using a URIT-3000
Vet Plus hematology analyzer (Diamond Diagnostics Inc., Hollis-
ton, MA, USA).

2.5. Fluorescence-activated cell sorting (FACS) analysis of
splenocytes, thymocytes, PBMC, and bone marrow nucleated cells of
mice

Blood was harvested through cardiac puncture and stored in
EDTA tubes (BD, Franklin Lakes, NJ, USA). RBC was lysed using an
ACK lysing buffer to obtain the blood cells. To obtain the bone
marrow cells, the femur was harvested and the marrow cells were
flushed using a 23G needle with phosphate buffered saline (PBS).
Cells were strained through a 70 um cell strainer (SPL Life Sciences,
Gyeonggi-do, Republic of Korea). For splenocyte and thymocyte
preparation, the spleen and thymus were homogenized using the
plunger of a syringe and passed through a 70 um cell strainer.
Collected cells were centrifuged at 1800 rpm for 5 min. The cells
were resuspended in an ACK lysing buffer to lyse the RBCs,
quenched with FACS buffer (PBS supplemented with 2% FBS), and
centrifuged at 1800 rpm for 5 min to remove the lysed RBCs.
Collected bone marrow cells, thymocytes, and splenocytes were
counted and adjusted to 2 x 10° cells/mL in 5 mL round bottom
tubes (SPL Life Sciences, Gyeonggi-do, Republic of Korea). The tubes
were then centrifuged, and the supernatant was discarded and
stained with respective surface markers for FACS analysis. The bone
marrow cells were investigated for the hematopoietic stem cell
markers sca-1, c-kit, CD34, Lin, Flk-2, and IL-7R, whereas the sple-
nocytes and PBMC were checked for CD3 naive T cells, CD19 B cells,
CD4 Th cells, and CD8 cytotoxic T cells (CTL). Moreover, thymocytes
were checked for CD4 Th cells, CD8 CTL, and CD4"CD25" regulatory
T cells (Tregs). FACS analysis was conducted using the BD FACSAr-
ia™IIl (BD Biosciences, Franklin Lakes, NJ, USA). Data were post-
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analyzed using the Flowlogic version 7 software (Miltenyi Biotec,
Bergisch Gladbach, Germany).

2.6. Spleen and thymus indices

The weight of the mice was measured before euthanization. The
spleen and thymus were weighed directly after harvesting. The
index was taken as the weight of the spleen and thymus per weight
of mice (mg/g). The spleens were then snap-frozen for western blot
analysis.

2.7. Western blot analysis of spleen tissue

The spleens were homogenized using a hand grinder with a
protein extraction solution (Pro-Prep, iNtRON, Daejeon, Republic of
Korea). Protein concentration was measured using the Bradford
method (Pro-Measure, iNtRON, Daejeon, Republic of Korea). The
proteins were then separated using 10% SDS-PAGE gels and trans-
ferred onto PVDF membranes (Milipore, Burlington, MA, USA). The
membranes were then blocked with 5% skim milk and washed with
Tris-Buffered Saline with 0.1% TWEEN® 20 (TBS-T). After that, they
were incubated with primary antibodies at a 1:1,000 dilution
overnight on a roller at 4 °C. After washing with TBS-T, the mem-
branes were incubated at a dilution of 1:3,000 for 75 min. The
membranes were developed with enhanced chemiluminescence
(WesternBright ECL, Advansta, San Jose, CA, USA) and detected
using an image developer (General Electrics, Boston, MA, USA).
Experiments were conducted in triplicates and blots were quanti-
fied using Image] (NIH, USA).

2.8. Hematoxylin & eosin (H&E) staining

After euthanization, the femurs were harvested and fixed in
formaldehyde immediately. They were decalcified with formic acid
after 2 days in formaldehyde fixation, embedded in paraffin, and
sectioned into 5 pm slides before undergoing H&E staining. His-
tological images were acquired using the Aperio ImageScope x64
software (Leica Biosystems, Buffalo Grove, IL, USA). The images
were obtained by a different researcher uninformed of the
grouping of slides to ensure blinding. Moreover, the images were
acquired at a magnification of 200x.

2.9. ELISA assay for serum

Hematopoietic-related cytokines were investigated in the
serum of mice. The blood was left to separate in a vacutainer for 2 h
and then centrifuged at 3000 rpm for 5 min. The serum was then
separated and stored at —70 °C until analysis. Serum IL-4, IL-10,
IFN-y, GM-CSF, TPO, and EPO were investigated using ELISA Kits
(R&D Systems, Minneapolis, MN, USA) in accordance with the
manufacturer’s instructions.

2.10. Colony-forming cell assays

Murine bone marrow cells at a density of 2 x 10% cells/well were
seeded and incubated for 7 days in methylcellulose-based medium
with recombinant cytokines (GF M3434; Methocult™, STEMCELL
Technologies Inc., VN, Canada). Colony-forming unit-granulocyte-
macrophage (CFU-GM), burst-forming unit (BFU-E), and colony-
forming unit-granulocyte, erythroid, macrophage, megakaryocyte
(CFU-GEMM) were observed under an inverted microscope and
counted.
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2.11. Statistical analysis

Statistical analyses were done using the GraphPad Prism version
7.00 software (San Diego, CA, USA) and one-way ANOVA was per-
formed with Dunnett’s post-test. Data were presented as the
mean + SD. # indicates P < 0.05, *# indicates P < 0.01, and *## in-
dicates P < 0.001 as compared to the control group, whereas * in-
dicates P < 0.05, ** indicates P < 0.01, and *** indicates P < 0.001 as
compared to the model group.

3. Results

3.1. The efficacy of the combined treatment of KRG and CCA in
improving CTX-suppressed hematopoietic stem cell differentiation

3.1.1. The combined treatment of KRG and CCA improves blood cell
count suppressed by CTX treatment

From our results, WBC, lymphocytes, and MID have been
significantly suppressed by the CTX group. Ratios of 3:2 and 2:3
have significantly recovered the WBC count. In the case of lym-
phocytes, the KRG 300 and 2:3 groups have shown a significant
increase in lymphocytes. The CCA 300 and 3:2 groups have also
shown signs of increase but were not significant. Furthermore, no
change was observed in hemoglobin, RBC levels, and platelet count
in all groups (Fig. 1A—G).

3.1.2. The combined treatment of KRG and CCA increased the
hematopoietic stem cells in the bone marrow of CTX-treated mice

The combination of the markers for LT-HSC, ST-HSC, MPP, CLP,
and CMP is shown in Fig. 2E [11]. LKS" includes LT-HSC, ST-HSC, and
MPP. MPP is capable of differentiating into CLPs and CMPs, which
are both capable of proliferation and differentiation. Comparatively,
the LKS™ cells were significantly suppressed in the CTX-treated
mice and were significantly increased in the 3:2 and rhG-CSF
groups (Fig. S1A & B). In segregating the LKS™ into LT-HSC, ST-
HSC, and MPP, it can be observed that CTX has suppressed LT-HSC,
ST-HSC, and MPP (Fig. 2A—D). A ratio of 3:2 and rhG-CSF have
significantly increased MPP and ST-HSC. CTX significantly sup-
pressed the CLPs. However, not much recovery was observed in all
treatment groups except for the 3:2 and rhG-CSF groups (Fig. 3A
and B). CTX has also significantly suppressed the CMPs. Moreover,
no significant increase in CMP was observed in all groups (Fig. S2A
&B), but a slight increase of CMP was observed in the 3:2 and 2:3
groups. CFU-GM, CFU-GEMM, and BFU-E assays are essential in
evaluating the differentiating abilities of HSCs. Based on our find-
ings, CTX has prevented the differentiation of CFU-GM, CFU-GEMM,
and BFU-E. Moreover, CFU-GM was increased significantly in the
KRG 300, 3:2, and 2:3 groups, the CFU-GEMM colonies were
increased in all groups, and BFU-E has been only significantly
increased in the CCA 300 group (Fig. 4A—C).

3.1.3. The combined treatment of KRG and CCA recovered the
hematopoietic growth factors in the serum of mice induced with CTX
All treatment groups did not alter TPO levels (Fig. 4E). EPO was
significantly increased with CTX treatment (Fig. 4D), whereas GM-
CSF was significantly decreased (Fig. 4F). The increase of EPO may
be due to a recovery mechanism to increase the amount of eryth-
rocytes that has been reduced with CTX treatment. The expressions
of GM-CSF were significantly increased in the CCA 300, 1:1, 2:1, 3:2
2:3, and rhG-CSF groups. Based on the results of the present study,
the expressions of IFN-vy, IL-10, and IL-4 were suppressed by CTX
treatment (Fig. 4G—I). The combination of ratios 3:2 and 2:3 has
significantly increased IFN-y and IL-10 expression. Overall, the
combination ratios of 3:2 and 2:3 are capable of increasing the
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Fig. 1. The combined treatment of KRG and CCA attenuated change in the peripheral blood cell count. Blood was collected from mice after 10 days of sample treatment and
analyzed. (A) White blood cells (WBC), (B) lymphocytes, (C) MID, (D) granulocytes, (E) hemoglobin, (F) platelet count, and (G) red blood cell (RBC) levels in mice with or without
cyclophosphamide and treated with or without KRG or CCA and their combination. Statistical significance was taken as *P < 0.05, **P < 0.01, ***P < 0.001 against CTX. *P < 0.05,

##p < 0.01, *##P < 0.001 against the control group.
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Fig. 2. The combined treatment of KRG and CCA improved the hematopoietic stem cell markers in the bone marrow of mice. The percentage of bone marrow cells that were (A) LT-
HSC, (B) ST-HSC, and (C) MPP positive in the bone marrow of mice. Representative analyses of flow cytometry analysis for each treatment group are as shown in (D). Surface markers
for the respective populations are stated in (E). Statistical significance was taken as *P < 0.05, **P < 0.01, ***P < 0.001 against CTX. *P < 0.05, **P < 0.01, **#P < 0.001 against the

control group.

proliferation of immune cells that has been suppressed with CTX
treatment.

3.2. Immunostimulatory effects of the combined treatment of KRG
and CCA suppressed by CTX treatment

3.2.1. Combined treatment of KRG and CCA suppressed the
enlargement of spleen induced by CTX

Increased spleen weight in mice in the CTX-treated group was
due to the disruption of hematopoiesis function in the bone
marrow. Hence, extramedullary hematopoiesis has to take place in

the spleen. Based on the findings of the present study, CTX has
significantly increased the size of the spleen (Fig. 4]), but no sig-
nificant change was observed in the thymus (Fig. 4K). Treatment
ratios of 1:2, 2:1 3:2, and 2:3 have significantly reversed the in-
crease in spleen index induced by CTX.

3.2.2. KRG and CCA combination recovered PBMC T cells suppressed
by CIX treatment

The CD3 T cells and CD19 B cells in PBMC have been significantly
suppressed with CTX treatment (Fig. S3). No significant recovery
was observed in all treatment groups. However, signs of increase in
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Fig. 4. The combined treatment of KRG and CCA showed immunostimulatory effects. It also improved the growth of CFU-GM, CFU-GEMM, and BFU-E colonies in the bone marrow
of mice. Bone marrow cells were cultured in Methocult™ media and left to differentiate before the colonies were counted under an inverted microscope (A-C). Combined treatment
of KRG and CCA on the EPO, TPO, GM-CSF, IFN-v, IL-10, and IL-4 levels in the serum of mice were investigated using ELISA kits (D-I). The spleen and thymus indices of mice in
different groups with various combination ratios of KRG and CCA were measured directly after harvest (J-K). The index was calculated by comparing the weight of the organ with the
weight of each mice. Statistical significance was taken as *P < 0.05, **P < 0.01, ***P < 0.001 against CTX. *P < 0.05, *P < 0.01, **#P < 0.001 against the control group.

PBMC CD3 were observed in the 1:1 and 2:1 groups. Based on the
findings of the present study, the CTX group has shown signs of

suppressed numbers of CD4 T cells and CD8 CTL, but not significant.
For the CD4 T cells, KRG 300 and a ratio of 1:1 have shown a
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significant increase in the CTX-treated group (Fig. S4A & C). For the
CD8 CTL, the positive control, rhG-CSF, and 3:2 groups have shown
a significant increase. Furthermore, the KRG 300, CCA 300, 1:1,1:2,
and 2:3 groups have also shown increments, but not significant
(Fig. S4B & C).

3.2.3. The combined treatment of KRG and CCA increased the CD3 T
cells in the spleen of CTX-induced mice

The levels of CD3 T cells in the spleen have been significantly
suppressed by CTX treatment but have been recovered in all
groups, except the CCA 300 group. CD19 B cells show signs of
decrease in the CTX-treated group, but not significant (Fig. S5).
Moreover, the CTX treatment significantly suppressed the CD4 T
cells and CD8 CTL cells in the spleen. However, no significant
changes were observed in all the other treatment groups (Fig. S6).

3.2.4. Combined treatment of KRG and CCA increased the regulatory
T cells in the thymus of CTX-induced mice

In the thymus, no significant change was observed in the CD4 T
cells and CD8 CTL cells in all groups (Fig. S7). CD4TCD25" Tregs
were suppressed in the CTX group but not significant. Signs of re-
covery in Tregs were observed in the KRG 300, CCA 300, 1:2, 2:1,
3:2, 2:3, and rhG-CSF groups, but significant results were observed
only in the 2:3 group (Fig. S8).

3.2.5. Protein expressions of hematopoietic factors in the spleen of
mice

Protein expressions of p-JAK2, p-STAT3, c-Myc, p-JNK, and p-
ERK were suppressed by the CTX treatment. However, the reduc-
tion in p-STAT3 was not significant. Expressions of SOCS1 was
increased by CTX but not significant. The ratio of 2:3 significantly
increased the expressions of p-JAK2, p-STAT3, c-Myc, p-ERK, and p-
JNK that had been suppressed by the CTX treatment, while signif-
icantly suppressing the SOCS1 expression that had been increased
by the CTX treatment. A ratio of 3:2 had increased the expressions
of c-Myc, p-ERK, and p-JNK, while decreasing the expression of
SOCS1 as a recovery from the CTX treatment. No significant change
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was observed in the protein expressions of SOCS3 and p-p38 in all
the treatment groups (Fig. 5A and B). This indicates that only the
treatment ratio of 2:3 had an effect on the JAK-STAT pathway in the
spleen.

3.2.6. Ratios 3:2 and 2:3 recovered the hematopoietic
microenvironment in the bone marrow

Based on the findings of the present study, the opacity of the
bone marrow had been severely reduced by CTX. Compared to the
CTX group, all treatment groups showed visible improvement in
the recovery of the bone marrow nucleated cells. CCA 300, 1:2, 3:2,
and 2:3 groups had a better recovery rate as compared to the other
groups (Fig. 6). This further confirms the efficacy of the treatment
ratios of 3:2 and 2:3.

4. Discussion

External factors like radiation and chemotherapy cause he-
matopoietic stem cell senescence, which poses a threat to the
wellbeing of recovering cancer patients as they develop hypoplastic
anemia due to long-term bone marrow injury [12]. Existing treat-
ments such as rhG-CSF treatment have been used to boost the
mobilization of hematopoietic progenitors [13] and reported to
improve neutropenia [14]. However, G-CSF treatment has been
reported to show signs of myelodysplasia and acute myeloid leu-
kemia in stem cell donors [15]. This raises concern on the safety of
the routine use of G-CSF.

A majority of HSCs reside in the bone marrow to maintain blood
cell production. They differentiate into different types of cells and
are able to mobilize into the periphery. The cells will mobilize into
the circulation to maintain a bodily function. The T cells migrate to
the thymus where they differentiate to express both CD4 and CDS.
Cells would differentiate into CD4" T cells if they were to be in
contact with MHC II proteins, while they differentiate into CD8*
cytotoxic T cells when in contact with MHC I proteins [16]. CD4" T
cells can further differentiate into T helper cells or Tregs. IFN-v, IL-
10, and IL-4 are important in the regulation of T cell differentiation.
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Fig. 5. Combined treatment of KRG and CCA recovered the proteins in the JAK-STAT pathway in the spleen of mice. Protein was extracted from the spleen of mice, separated using
10% SDS-PAGE, transferred onto PVDF membranes, blocked with skim milk, and incubated with the target primary antibodies overnight before incubation with HRP-conjugated
secondary antibodies for visualization. The proteins in the JAK-STAT and MAPK pathways expressed in the spleen of mice (A). Western blot was performed in triplicate and the
relative expressions were compared with their total forms or the housekeeping gene, -actin (B). Statistical significance was taken as *P < 0.05, **P < 0.01, ***P < 0.001 against CTX.

#P < 0.05, **P < 0.01, P < 0.001 against the control group.
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CCA 300

Fig. 6. The combined treatment of KRG and CCA recovered the bone marrow cell population in CTX-immunosuppressed mice. The femur was collected from mice and stained with
H&E for visualization. Sections were observed at 200x. Scale bar indicated in control group is 100 pm.

Th cells differentiate into Th1 with the help of IFN-y [17], whereas
IL-4 induces the differentiation of Th2 cells [18]. IL-10 was reported
to induce the differentiation of Tregs [19]. In the 2:3 group, the
increase in thymic Tregs may be associated with the increase in the
IL-10 levels in the blood (Fig. 4 & S8). TPO is produced by the liver
and kidney and induces the differentiation of platelets, and EPO
induces the differentiation of erythrocytes [20]. GM-CSF is secreted
by activated T cells and also helps regulate the Th1/Th2 cytokine
balance [21]. IL-4 has also been shown to induce the differentiation
of B cells from CLP, whereas GM-CSF is vital for the differentiation of
GMPs into dendritic cells [11]. Therefore, the expressions of these
cytokines were investigated in this study.

Extramedullary hematopoiesis occurs in other organs like the
liver and spleen. It is vital for immune response to pathogens. It also
occurs when hematopoiesis is impaired in the bone marrow. A
previous study also reported the existence of extramedullary he-
matopoiesis in mice administered with CTX [22]. Another study
also showed that splenomegaly is a sign of extramedullary hema-
topoiesis in the spleen [23]. Moreover, this study showed that CTX
induced a disruption of hematopoietic function in the bone marrow
of mice, which forces extramedullary hematopoiesis to take place
in the spleen as observed in Fig. 4]. The JAK-STAT pathway is known
to play an important role in the homeostasis in humans and ani-
mals, with the activation of cell proliferation, cell differentiation,
cell migration, cell apoptosis, and hematopoiesis [30]. The differ-
entiation of T helper cells is also important. It can be activated by its
ligand-like interleukins and interferons (e.g., IL-6, IFN-y, and IL-4)
which cause a conformational change in the receptor. The MAPK
pathway is also a downstream pathway of the JAK-STAT pathway,
which eventually gives rise to proteins like SOCS, B cell lymphoma
(Bcl), and Myc [24]. In the JAK-STAT pathway, SOCS acts as a
negative regulator which directly prevents JAK from further acti-
vating the JAK-STAT pathway. The human JAK family consists of
JAK1, JAK2, JAK3, and TYK2. Resting STATs reside in the cytoplasm
and translocate into the nucleus when activated, and the STAT
family consists of STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and
STAT6. STATSs are also vital in determining the fate of T cell differ-
entiation. For example, STAT1 positively regulates Th1 differentia-
tion, whereas STAT3 positively regulates Th2 and Thi17
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differentiation. Moreover, the SOCS family is required for T cell
differentiation; SOCS1 positively regulates Th17 while negatively
regulating Th1 and Th2, whereas SOCS3 positively regulates Th2
while negatively regulating Th1 and Th17 differentiation [25].
Hence, the expressions of SOCS1 and SOCS3 were investigated in
this study. JAK2 can be activated by most ligands as compared to
the other members in the JAK family [26]. STAT3 is vital for he-
matopoiesis according to previous studies [27,28]. Hence, the ex-
pressions of JAK2 and STAT3 were targeted in the present study.
Based on our findings, suppressed p-JAK2 and p-STAT3 expressions
by CTX treatment were recovered in the CCA and 2:3 groups (not
significant in the CCA group). The 2:3 group had a higher recovery
rate than the CCA group suggesting an increased potency in com-
bination with KRG. A treatment ratio of 3:2 was more potent in
recovering the proteins in the MAPK pathway. This indicates that a
ratio of 2:3 may target the spleen to recover from immunosup-
pression instead of the HSCs. The increase in SOCS1 and 3 may
indicate that in the early stages of immunosuppression, phos-
phorylation of JAK and STAT has increased due to the need of
extramedullary hematopoiesis. This activated SOCS expression. In
return, SOCS suppressed p-JAK2 and p-STAT3 expression. Only a
ratio of 2:3 have significantly suppressed SOCS1 expression. Acti-
vation of SOCS3 was not altered by all treatment groups (Fig. 5).
This reveals an interesting finding that the ratios of 3:2 and 2:3
may be acting on different sites; a ratio of 3:2 targets the HSCs in
the bone marrow, whereas a ratio of 2:3 targets the recovery in the
spleen. Moreover, the findings of this study indicate that a treat-
ment ratio of 3:2 increases the HSC population in the bone marrow
of mice. Both combinations managed to increase the splenic CD3 T
cells. A ratio of 2:3 increases the thymic Tregs possibly through
increasing the thymic dendritic cells and activates extramedullary
hematopoiesis via the activation of JAK-STAT pathway aside from
increasing the splenic T cells. The positioning of T cells and B cells in
the spleen allows them to identify antigen-presenting cells more
effectively [29]. This indicates that all treatment groups (non-sig-
nificant in CCA 300) are also capable of boosting the immune sys-
tem by positioning and increasing T cells in the spleen. We also
found that the combined treatment of KRG and CCA is more
effective than any of the treatments alone. Comparatively, a ratio of
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3:2 effectively targets hematopoiesis, hence making it a more
potent combination as compared to a ratio of 2:3.

In conclusion, all of the ratios had increasing effects as
compared to the KRG or CCA treatment alone. Based on the results,
the potency ratios were 3:2 > 2:3 > 2:1 > 1:1 > 1:2. Considering the
trend of the ratios, ginseng may be deduced as the “emperor” since
a ratio of 3:2 is more dominant than a ratio of 2:3 comparatively.
CCA may be the “assistant” in this combination which increased the
potency of the combination. However, more studies on the immune
cell subtypes in other lymphoid organs like the lymph nodes should
be conducted. Furthermore, this is the first study to compare
various combination ratios of KRG and CCA. The findings of this
study suggest that a ratio of 3:2 is a more potent combination to be
developed as a therapeutic supplement for patients undergoing
chemotherapy.
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