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Abstract

Background: Cyclophosphamide (CTX)-induced immunosuppression involves systemic
toxicity, splenic atrophy, and broad transcriptomic disruption. Icariin (ICA) has im-
munomodulatory activity, but the systems-level features associated with splenic recovery
remain incompletely defined. Methods and Results: Male mice were assigned to control,
CTX, and CTX plus ICA (20, 40, or 80 mg/kg) groups. Phenotypic measurements were
integrated with splenic RNA sequencing, differential expression analysis, targeted gene-set
analysis, and weighted gene co-expression network analysis (WGCNA). ICA produced
dose-associated improvement in spleen index and body weight trajectory, with the most
consistent phenotypic response at 80 mg/kg. Overall transcriptomic separation was sup-
ported by permutational multivariate analysis of variance (PERMANOVA) (F = 17.18,
R2 = 0.873, p < 0.001). WGCNA identified a recovery-associated turquoise module; Myb
was assigned to this module, whereas Gata1 belonged to a distinct royalblue module. Com-
plement and chemokine gene sets provided the strongest targeted enrichment evidence, and
reverse transcription quantitative polymerase chain reaction (RT-qPCR) confirmed dose-
associated changes in selected innate immune transcripts. Marker-based lineage signatures
indicated non-uniform recovery, including persistent depression of the B-cell signature.
Conclusion: ICA-associated phenotypic recovery coincided with partial, non-uniform re-
modeling of splenic transcriptional programs. The Myb- and Gata1-associated findings
are hypothesis-generating co-expression signals and do not establish transcription-factor
binding or causality.

Keywords: icariin; cyclophosphamide; immunosuppression; WGCNA; spleen; IL-17
pathway; transcriptional hubs

1. Introduction
Cyclophosphamide (CTX) remains a foundational alkylating agent in diverse antineo-

plastic and immunosuppressive regimens [1,2]. Its clinical utility is limited by systemic
toxicity, including myelosuppression and injury to secondary lymphoid organs, particularly
the spleen [3,4]. CTX is a prodrug that undergoes hepatic bioactivation to phosphoramide
mustard and acrolein; the latter metabolite depletes cellular glutathione and promotes
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oxidative stress, thereby contributing to splenic atrophy through apoptotic and necrotic
mechanisms. CTX-induced splenic atrophy involves both cellular depletion and broad
transcriptional suppression across hematopoietic and innate immune programs, increasing
susceptibility to secondary infections [3,5]. At the molecular-level, CTX has been linked to
Toll-like receptor 4 (TLR4)-mediated NF-κB signaling and NLRP3 inflammasome activation
in tissue injury models [6]. Current supportive interventions, predominantly recombinant
granulocyte colony-stimulating factor (G-CSF), promote myeloid recovery but do not fully
reconstitute the broader innate and adaptive immune architecture [7,8]. G-CSF therapy also
carries dose-limiting adverse effects, including bone pain and, in rare cases, splenic rup-
ture [9]. These constraints motivate the search for adjunctive agents capable of supporting
immune recovery after chemotherapy without compounding toxicity [5,10,11].

Natural flavonoids have drawn attention as multi-target immunomodulators that
may buffer chemotherapy-induced physiological stress [12,13]. Icariin (ICA), the principal
prenylated flavonol glycoside from Epimedium species, has a pharmacological profile
that extends beyond generic antioxidant activity [14–17]. ICA modulates macrophage
polarization, suppresses NF-κB activation, and inhibits the NLRP3 inflammasome in a
range of experimental systems [18–27]. Reviews of flavonoid-mediated immunomodulation
have also highlighted the capacity of icariin to inhibit NF-κB and inflammasome activation
across multiple experimental contexts [28]. ICA attenuates TLR4/MyD88/NF-κB signaling
in LPS-stimulated inflammatory models [23] and tumor cell systems [29], positioning it at
the intersection of two innate immune pathways: TLR signaling and NLRP3-associated
inflammation, both of which are frequently disrupted after CTX exposure. These cellular-
level findings suggest that ICA may influence broader transcriptomic disruption after
chemotherapy rather than acting on a single pathway alone.

Despite this mechanistic rationale, how ICA supports recovery of whole-organ im-
mune function after chemotherapy, specifically splenic recovery, has not been examined at a
systems-level. The spleen was specifically prioritized as the focal organ of this investigation.
As the body’s largest peripheral secondary lymphoid organ, the spleen not only possesses
a rich repertoire of innate immune cell populations—such as macrophages, which are
central to the TLR and NLRP3 inflammatory pathways—but also exhibits extraordinary
sensitivity to blood-borne microenvironmental shifts and systemic stress. Chemotherapy
triggers multidimensional transcriptomic perturbations that single-gene approaches cannot
adequately capture [30,31]. Weighted gene co-expression network analysis (WGCNA)
offers a framework for identifying co-regulated gene modules and candidate regulatory
nodes from global transcriptomic data [32–34]. This approach has been applied to char-
acterize splenic transcriptomic responses to hematopoietic stressors [35]. However, it
has not been used to map the transcriptomic architecture of ICA-mediated recovery after
CTX-induced immunosuppression.

In the present study, we used a CTX-induced murine model of immunosuppression to
characterize the restorative effects of ICA through integrated phenotypic and transcriptomic
analyses. By correlating spleen index and body weight recovery with WGCNA-derived
co-expression networks, we identified core transcriptional modules responsive to ICA.
Network topology analysis further highlighted putative hematopoietic transcription factor-
associated co-expression signals involving Myb and Gata1, which we now interpret as
candidate network associations rather than direct regulatory evidence. RT-qPCR validated
the recovery of selected innate immune genes. This systems-level approach provides
an mRNA-level framework for understanding ICA-associated splenic immune recovery
after chemotherapy.
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2. Materials and Methods
2.1. Animals and Ethical Statement

Specific pathogen-free (SPF) male C57BL/6 mice (aged 6–8 weeks, weighing 20–25 g)
were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). Animals were housed under standard laboratory conditions (12 h light/dark cycle,
22 ± 2 ◦C, 50–60% humidity) with ad libitum access to standard chow and water. All
experimental protocols were reviewed and approved by the Institutional Animal Care and
Use Committee of Medical College of Liaodong University, Dandong, China (approval
no. LDUMC20250118), in accordance with institutional guidelines for the ethical care and
use of laboratory animals. Cages contained standard bedding and nesting material as
environmental enrichment. Animals were observed at least once daily for body weight,
activity, posture, food and water intake, respiration, and general clinical condition. Pre-
specified humane endpoints were a loss of 20% or more of pre-treatment body weight,
inability to eat or drink, persistent recumbency or severe lethargy, labored breathing, or
signs of unrelieved pain or distress. Any mouse meeting an endpoint was to be euthanized
immediately. Handling and procedures were performed by trained personnel using gentle
handling to minimize distress. The protocol was approved on 18 January 2025.

All animal experiments were conducted in accordance with institutional guidelines
for the ethical care and use of laboratory animals.

2.2. Reagents and Pharmacological Model

Cyclophosphamide (CTX; purity ≥ 98%) and Icariin (ICA; purity ≥ 98%) were pur-
chased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). ICA was
dissolved in a 0.5% carboxymethyl cellulose sodium (CMC-Na) solution to prepare suspen-
sions of the required concentrations. CTX was dissolved in sterile saline immediately prior
to use.

2.3. Experimental Design and Administration

Following a one-week acclimation period, the mice were randomized into five cohorts
(n = 6 per group): control (CK), CTX model (CTX), and three ICA treatment groups
designated as low (CTX_L_ICA, 20 mg/kg), medium (CTX_M_ICA, 40 mg/kg), and
high dose (CTX_H_ICA, 80 mg/kg). To induce immunosuppression, mice in all groups
except the CK cohort received daily intraperitoneal (i.p.) injections of CTX (80 mg/kg) for
three consecutive days (Days 1–3). Following the completion of CTX modeling, ICA was
administered via daily oral gavage for seven consecutive days (Days 4–10). The CK and CTX
groups received an equivalent volume of the corresponding vehicle in parallel throughout
the intervention period. The sample size was determined a priori in G*Power 3.1 for a
one-way fixed-effects analysis of variance (ANOVA) with five groups. With spleen index
designated as the primary outcome, a conservative anticipated effect size of Cohen’s f = 0.70
based on the magnitude and variability reported in a published five-group CTX-induced
immunosuppression study [36], α = 0.05, and 80% power indicated a minimum total sample
size of 30 mice; therefore, six mice were included per group. Group allocation was generated
using Excel random numbers. Potential confounding was minimized by balancing cage
positions and randomizing the order of treatment administration, tissue collection, and
outcome measurement across groups. After allocation, cage and sample identifiers were
coded; investigators performing spleen weighing, molecular assays, and statistical analysis
were blinded to group identity until the primary analyses were completed. Personnel
administering CTX, vehicle, and the different ICA doses were not blinded because they
prepared and delivered the group-specific treatments.
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2.4. Phenotypic and Macroscopic Evaluation

Murine body weights were recorded daily throughout the intervention period. At the
terminal time point, anesthesia was induced with 4% isoflurane in oxygen and maintained
at 2%. A deep plane of anesthesia was confirmed by loss of the righting and pedal-
withdrawal reflexes. Mice were then euthanized by cervical dislocation as a secondary
physical method, and cessation of respiration and heartbeat was confirmed before tissue
collection. No surgical procedures were performed, and analgesics were not required.
Spleens were immediately excised, cleared of adhering connective tissues, and weighed.
The spleen index was calculated as spleen weight (mg) divided by final body weight (g),
and is therefore reported in mg/g. The isolated splenic tissues were rapidly snap-frozen in
liquid nitrogen and stored at −80 ◦C for downstream molecular profiling.

2.5. RNA Extraction and Transcriptomic Sequencing

Total RNA was extracted from frozen splenic tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. RNA integrity and
concentration were assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA); only samples with an RNA Integrity Number (RIN) ≥ 7.0 were used
for library construction. Sequencing libraries were prepared using the TruSeq RNA Sample
Prep Kit and sequenced on a NovaSeq 6000 platform (both from Illumina, San Diego, CA,
USA) to generate 150 bp paired-end reads. For RNA sequencing (RNA-seq) analysis, three
biologically independent spleen samples were randomly selected from each group after
excluding samples with insufficient RNA quality, resulting in 15 libraries in total.

2.6. Bioinformatics and WGCNA Pipeline

Raw sequencing reads were filtered using Trimmomatic to remove adapters and low-
quality sequences. Clean reads were aligned to the mouse reference genome (GRCm38) us-
ing HISAT2. For principal component analysis (PCA), fragments per kilobase of transcript
per million mapped reads (FPKM) values from all genes were transformed as log2(FPKM
+ 1). Differential expression was analyzed with DESeq2; differentially expressed genes
(DEGs) were defined by |log2(fold change)| > 1 and adjusted p < 0.05. DEG functional
profiles were evaluated by Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment.
WGCNA was applied to the filtered expression matrix using the WGCNA R package.
Module eigengenes were related to the available phenotypic traits, and candidate network-
associated genes were prioritized by intramodular connectivity and module membership.
Protein–protein interaction (PPI) networks were visualized using STRING and Cytoscape
(https://cytoscape.org/).

To provide statistical support for PCA-based group separation, one-way permutational
multivariate analysis of variance (PERMANOVA) was performed on the same all-gene
log2(FPKM + 1) matrix used for PCA. Euclidean distances were used. The overall five-
group test used 9999 random label permutations; exploratory pairwise 3 vs. 3 tests used
all 20 possible label allocations. Pairwise p values were interpreted cautiously because the
small number of exact permutations limits resolution.

As an internal sensitivity check, the turquoise-module eigengene was recalculated
after random subsampling of 50%, 70%, 80%, or 90% of its genes (200 iterations per fraction),
and each subsampled eigengene was correlated with the full-module eigengene. We also
reviewed module solutions across soft-thresholding powers of 5–10, minimum module
sizes of 20–50 genes, and merge cut heights of 0.20–0.30 (Supplementary Table S1). These
analyses assess parameter and gene-set sensitivity within the current dataset; they are not
formal sample-level module-preservation analyses.
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The WGCNA input matrix retained genes with FPKM ≥ 0.01 in at least one library,
reducing the matrix from 22,597 to 19,619 genes. An unsigned network was constructed
with soft-thresholding power β = 6, selected from the scale-free topology diagnostic using
a reference fit-index threshold of approximately 0.85. Modules were detected with a
minimum size of 30 genes and merged at an eigengene dissimilarity cut height of 0.25.
Intramodular connectivity (kWithin) and module membership (kME) were calculated,
and the top 50 genes from the target module were used for downstream enrichment and
network summaries.

For the marker-based lineage analysis, curated B-cell, T-cell, myeloid/inflammatory,
and erythroid marker genes were mapped to the FPKM matrix. For each gene,
log2(FPKM + 1) values were z-standardized across the 15 libraries; each sample’s lineage
score was the mean z score of the available markers in that family. Marker lists and group
summaries are provided in Supplementary Table S2.

In a secondary hypothesis-driven enrichment analysis, genes were ranked by differ-
ential expression effect size for CTX versus CK and CTX_H_ICA versus CTX. Predefined
immune gene sets representing complement, chemokine, inflammatory response, TLR
signaling, and B-cell activation were evaluated by a preranked gene set enrichment analysis
(GSEA) procedure. Normalized enrichment scores (NES) and nominal permutation p values
are reported; gene sets with fewer than three matched genes were not interpreted. Full
summary results are provided in Supplementary Table S6.

2.7. Quantitative Real-Time PCR (RT-qPCR)

To validate selected RNA-seq-derived innate immune expression patterns, RT-qPCR
was performed for Mefv, Cd14, Nlrp3, and Ier3. These genes were selected because they
showed strong RNA-seq differential expression and represented complementary innate
immune axes detected in the transcriptomic analysis: inflammasome-related innate sens-
ing (Mefv and Nlrp3), TLR/LPS-associated monocyte-macrophage signaling (Cd14), and
immediate-early inflammatory stress response (Ier3). This panel was intended to validate se-
lected ICA-responsive innate immune transcripts rather than to validate WGCNA-derived
Myb/Gata1 network regulation. Total RNA (1 µg) was reverse-transcribed into cDNA
using the PrimeScript RT Reagent Kit (Takara Bio Inc., Kusatsu, Shiga, Japan). Quantitative
PCR was performed on a QuantStudio 5 system (Applied Biosystems, Thermo Fisher
Scientific, Waltham, MA, USA) using SYBR Green Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA). The amplification parameters were 95 ◦C for 5 min, followed by 40
cycles of 95 ◦C for 15 s and 60 ◦C for 30 s. Relative mRNA expression levels were calculated
using the 2−∆∆Ct method, with beta-actin serving as the endogenous normalization control.
Primer sequences are listed in Table 1.

Table 1. Primer sequences used for quantitative real-time PCR (RT-qPCR) validation.

Gene Symbol Forward Primer (5′-3′) Reverse Primer (5′-3′)

ENSMUSG00000022534 (Mefv) CCTCATGCAGGACATTGGA TTTAGGTGAACGGTGGGAAC
ENSMUSG00000051439 (Cd14) AACATCTTGAACCTCCGCA GATCAGTCCTCTCTCGCCC
ENSMUSG00000032691 (Nlrp3) CCTCTCTGCTCATAACGACG TCTGTTGCTTTAGCCCCG
ENSMUSG00000003541 (Ier3) CTGTTCGCCATCATCTTCTG AGGACTCCGAGGTCAGGTT

ENSMUSG00000029580 (Actin) GGATGCCACAGGATTCCATAC TCACCCACACTGTGCCCATCTA

2.8. Statistical Analysis

Phenotypic data are presented as mean ± standard deviation (SD). End-point group
comparisons were evaluated by one-way ANOVA followed by Tukey’s test after assess-
ment of normality (Shapiro–Wilk test) and homogeneity of variances (Levene’s test); non-
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parametric alternatives were considered when assumptions were not met. Grubbs’ test
was used only as a sensitivity screen, and all six spleen index observations per group were
retained in the primary analysis. Body weight trajectories were summarized across the
seven recorded days; statements about the timing of divergence are descriptive unless
otherwise specified. For marker-lineage signatures, group differences were assessed by
Kruskal–Wallis tests and ordinal CTX-to-high-dose trends by Spearman correlation. A
two-sided p < 0.05 was considered statistically significant. Phenotypic statistical analyses
were performed using GraphPad Prism 9.0 (GraphPad Software, Boston, MA, USA).

3. Results
3.1. ICA Attenuates CTX-Induced Physical Deterioration and Splenic Atrophy

CTX treatment reduced body weight and spleen index, consistent with systemic
toxicity and splenic atrophy. Low-dose ICA produced little improvement in body weight
trajectory; medium-dose ICA showed partial improvement, and high-dose ICA showed
the most consistent phenotypic recovery (Figure 1A). Daily body weights are summarized
in Table 2. Spleen index values increased across the ICA dose groups, with the medium-
and high-dose groups showing the clearest recovery relative to CTX (Figure 1B,C; Table 3).
One CTX_L_ICA animal had a spleen index of 0.0577 mg/g. This verified source value
was retained in the primary analysis; excluding it in a sensitivity analysis did not change
the conclusion that low-dose ICA was not significantly different from CTX. The animal
was the fourth phenotype entry and was not among the three CTX_L_ICA libraries used
for RNA-seq, so it did not directly influence PCA, DEG, WGCNA, KEGG, targeted GSEA,
or marker-signature analyses. No animal met the prespecified humane endpoints, and no
unexpected adverse events or deaths occurred during the experiment.

Table 2. Daily body weight measurements (g) of mice across experimental groups.

Sample ID (Group) D1 D2 D3 D4 D5 D6 D7

CK

23.1 23.2 23.3 23.2 23.6 23.5 23.5
22.5 22.8 23.7 22.9 22.9 23.1 22.9
24.9 24.8 24.8 25.2 25.9 25.6 25.9
25.1 25.2 25.6 25.3 25.3 25.3 25.5
23.1 22.9 22.7 23.2 23.3 23.3 22.8
24.7 24.7 25.1 24.9 25.2 24.9 24.9

CTX

24.7 22.8 20.8 20.2 18.4 19.2 20.0
26.0 23.9 23.3 23.1 22.3 22.9 22.3
23.9 22.0 20.8 21.2 19.3 18.0 18.5
22.7 20.9 18.5 17.4 16.0 15.6 16.5
23.5 22.1 20.6 20.8 21.0 21.3 21.6
22.9 20.9 19.6 20.0 20.4 20.9 20.9

CTX_L_ICA

22.7 21.8 19.6 18.1 18.6 18.9 19.8
23.1 21.9 21.6 20.5 20.0 18.2 18.9
20.9 19.2 18.4 17.8 18.0 16.2 16.2
22.5 21.3 20.0 19.3 19.8 18.5 18.2
21.7 19.4 17.0 16.0 16.4 17.0 16.1
22.1 21.5 20.2 19.8 20.4 20.5 19.3

CTX_M_ICA

20.8 20.0 19.3 20.1 19.7 19.7 19.0
22.5 20.6 19.8 20.9 17.6 17.8 18.8
22.0 20.6 20.4 20.8 19.2 19.2 19.2
22.8 21.6 20.8 21.3 20.5 19.8 20.1
24.8 22.4 21.2 21.7 20.4 20.8 21.3
22.8 21.0 19.4 20.1 20.0 20.1 20.8

CTX_H_ICA

21.5 22.0 21.9 21.9 22.3 22.8 22.7
18.6 18.0 18.1 18.1 18.2 18.8 19.2
20.4 20.5 20.6 20.2 20.6 21.5 21.6
19.6 19.2 18.8 18.8 19.6 19.6 20.1
21.6 21.2 21.0 20.8 21.0 20.4 18.9
18.9 18.9 18.9 18.1 19.0 19.8 19.8
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Figure 1. Icariin (ICA) attenuates cyclophosphamide (CTX)-induced systemic toxicity and splenic
atrophy. (A) Daily body weight trajectories. (B) Spleen index, calculated as spleen weight (mg)
divided by final body weight (g). (C) Representative macroscopic spleen images. Data are mean ±
standard deviation (SD; n = 6 per group). Statistical brackets are shown in panel B; ns, not significant;
**, p < 0.01; ****, p < 0.0001.

Table 3. Spleen index values (mg/g) calculated as spleen weight (mg) divided by final body weight
(g). The table reports calculated spleen index values only; no separate absolute spleen weight column
is shown.

CK CTX CTX_L_ICA CTX_M_ICA CTX_H_ICA

1.3091 0.3117 0.8256 1.2578 1.6158
1.2374 0.3603 0.7525 2.3737 1.6358
1.8471 0.3541 0.8193 1.3749 1.6457
0.9532 0.298 0.0577 1.5241 1.5153
0.7316 0.3082 1.1644 1.4882 1.1994
0.7903 0.3093 1.122 1.0265 1.4628

3.2. Transcriptomic Landscape of ICA-Mediated Recovery

RNA-seq was performed on 15 spleen samples (three per group). Sequencing quality
and mapping metrics were consistently high (Table 4). In the all-gene log2(FPKM + 1)
PCA used for Figure 2A, PC1 and PC2 explained 55.66% and 14.27% of the variance.
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Overall transcriptomic separation was supported by permutational multivariate analysis
of variance (PERMANOVA) (F = 17.18, R2 = 0.873, p < 0.001; 9999 permutations). Centroid
distances were consistent with partial, rather than complete, high-dose convergence toward
CK: CTX was 86.50 units from CK, whereas CTX_H_ICA was 65.25 units from CK and
72.52 units from CTX. CTX produced 1886 DEGs, including 1499 downregulated genes.
ICA shifted the DEG balance toward upregulation, most prominently at the high dose
(Figure 2B). KEGG annotations included immune processes as well as myocardial disease
labels (Figure 2C,D); the latter were non-significant after multiple-testing correction and are
interpreted as shared stress/immune annotations rather than evidence of cardiac pathology.

 

Figure 2. Global transcriptomic landscape associated with ICA treatment. (A) PCA of the all-gene
log2(FPKM + 1) matrix (PC1, 55.66%; PC2, 14.27%). (B) Numbers of differentially expressed genes
(DEGs) in the indicated comparisons. (C,D) Functional enrichment displays. Myocardial disease-
related database labels in panel D reflect shared genes and were not significant after multiple-testing
correction; they should not be interpreted as evidence of heart-specific pathology.

Table 4. Summary of RNA-sequencing data quality and genome mapping statistics.

Sample ID Total Raw
Reads

Clean
Reads Q30 (%) Uniq Paired Single selfANDmate mapDiffCHR

CK_1 41,501,540 40,720,489 98.12% 37,809,468 37,378,376 473,307 40,247,182 24,898

CK_2 45,742,756 44,822,824 97.99% 41,612,099 41,099,744 561,864 44,260,960 30,246

CK_3 52,346,432 51,385,023 98.16% 47,450,876 46,888,070 621,071 50,763,952 34,700

CTX_1 52,724,550 51,588,417 97.85% 48,213,144 47,582,580 686,319 50,902,098 37,724
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Table 4. Cont.

Sample ID Total Raw
Reads

Clean
Reads Q30 (%) Uniq Paired Single selfANDmate mapDiffCHR

CTX_2 46,379,496 45,386,226 97.86% 42,406,082 41,855,348 600,610 44,785,616 32,768

CTX_3 47,009,016 46,065,602 97.99% 42,963,147 42,431,652 579,788 45,485,814 31,982

CTX_H_ICA_1 43,776,360 42,790,973 97.75% 39,596,535 39,057,928 589,357 42,201,616 26,420

CTX_H_ICA_2 47,471,012 46,436,393 97.82% 43,218,529 42,685,940 580,863 45,855,530 23,104

CTX_H_ICA_3 42,816,392 41,754,658 97.52% 38,834,852 38,284,708 601,290 41,153,368 26,046

CTX_L_ICA_1 53,970,972 52,781,751 97.80% 49,417,978 48,767,174 709,103 52,072,648 34,338

CTX_L_ICA_2 54,404,462 53,361,954 98.08% 49,951,077 49,390,492 611,962 52,749,992 29,826

CTX_L_ICA_3 45,961,620 45,177,257 98.29% 42,289,728 41,836,508 494,897 44,682,360 28,190

CTX_M_ICA_1 40,904,498 40,110,426 98.06% 37,601,693 37,149,422 492,344 39,618,082 27,166

CTX_M_ICA_2 44,643,256 43,863,250 98.25% 40,739,780 40,273,420 511,552 43,351,698 25,004

CTX_M_ICA_3 54,111,198 53,051,172 98.04% 49,691,893 49,097,068 646,960 52,404,212 32,388

3.3. Convergence of Core Genes on IL-17 and TLR Signaling

To identify core molecular targets of ICA, DEGs across all treatment doses were
intersected, yielding 216 consistently regulated genes (Figure 3A). These core genes were
significantly enriched in IL-17 and Toll-like receptor (TLR) signaling pathways (Figure 3B).
Trend analysis further highlighted Cluster 6, consisting of 33 genes whose expression was
suppressed by CTX and progressively restored by ICA, closely paralleling spleen index
recovery (Figure 3C). PPI network analysis of this cluster revealed key immune sensors
and effectors, including Il1b, Ccl3, and Cxcl2 (Figure 3D).

 

Figure 3. Identification of core ICA-responsive gene clusters and signaling hubs. (A) Intersection
analysis of DEGs identifying 216 consistently regulated core genes. (B) Functional enrichment
analysis of the identified core genes. (C) Trend analysis showing Cluster 6 genes associated with
dose-dependent splenic recovery. (D) Protein–protein interaction (PPI) network of the identified
recovery-associated cluster. In panel C, thin colored lines represent individual genes, and the thick
red line represents the cluster-level trend.

https://doi.org/10.3390/immuno6030053

https://doi.org/10.3390/immuno6030053


Immuno 2026, 6, 53 10 of 17

3.4. WGCNA Identifies Putative Hematopoietic Co-Expression Signals Linked to Splenic Recovery

To identify co-expression modules associated with splenic recovery, WGCNA was
applied. Sample clustering of the WGCNA input samples is shown in Figure 4A. Functional
enrichment of MEturquoise genes indicated immune effector processes and growth factor
receptor binding (Figure 4B). The MEturquoise eigengene pattern across individual RNA-
seq libraries showed CTX-associated suppression and high-dose ICA-associated recovery
(Figure 4C). In the verified WGCNA output, Myb was assigned to the turquoise module
and showed module membership with MEturquoise (kME = −0.821642), whereas Gata1
was assigned to the royalblue module and showed stronger membership with MEroyalblue
(kME = −0.807335) than with MEturquoise (kME = 0.226820). These findings suggest
that ICA-mediated recovery is associated with putative hematopoietic transcription factor-
related co-expression signals, but they do not demonstrate direct activation, binding, or
causal regulation by Myb or Gata1 (Figure 4D).

Figure 4. Weighted gene co-expression network analysis (WGCNA)-based identification of recovery-
associated co-expression patterns and putative hematopoietic transcription factor-related network
signals. (A) Hierarchical sample clustering of the WGCNA expression matrix. (B) Functional
enrichment of genes in the MEturquoise module. (C) MEturquoise eigengene expression pattern
across individual RNA-seq libraries. (D) Predicted co-expression/regulatory network visualization
highlighting selected transcription factor-associated nodes, including Myb and Gata1; these nodes
are putative and not experimentally validated regulators.

Re-analysis of the WGCNA output confirmed 19,619 genes from 15 libraries assigned
to 31 modules, including 6882 genes in turquoise. The maximum absolute value in the
MEturquoise module-trait row was 0.703. Under random gene subsampling, correlations
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between subsampled and full turquoise eigengenes remained ≥0.9999. Parameter sensitiv-
ity was greatest around β = 5–6 and lower at several higher-power settings (Supplementary
Figure S2 and Table S1). These findings support internal robustness of the eigengene pattern
but do not establish sample-level module preservation.

A marker-based lineage signature analysis was used to assess whether bulk expression
shifts might reflect splenic cell composition changes (Supplementary Figure S1 and Table S2).
The B-cell signature was high in CK (mean z = 1.897), decreased after CTX (−0.701), and re-
mained below CK in all ICA groups (−0.397 to −0.409). The myeloid/inflammatory signature
increased after CTX (0.853), peaked in CTX_L_ICA (1.205), and decreased in CTX_M_ICA
(−0.019) and CTX_H_ICA (−0.674). T-cell scores were lowest in CTX_L_ICA (−1.368) and
higher in the medium- and high-dose groups (0.606 and 0.742). The erythroid signature
was highest in CTX_H_ICA (1.568). Thus, the bulk RNA-seq pattern is compatible with
non-uniform lineage shifts and cannot be attributed solely to cell-intrinsic regulation.

3.5. RT-qPCR Validation of ICA-Responsive Innate Immune Genes

RT-qPCR was used as a targeted validation of selected innate immune transcripts
rather than as validation of the WGCNA Myb/Gata1 network. The four-gene panel rep-
resented inflammasome-related innate sensing (Mefv and Nlrp3), TLR/LPS-associated
monocyte-macrophage signaling (Cd14), and immediate-early inflammatory stress re-
sponse (Ier3). The RT-qPCR data showed strong high-dose ICA-associated rebound of
these transcripts (Figure 5A–D; Table 5), supporting modulation of selected innate immune
signatures. However, these assays do not establish Myb/Gata1 regulatory activity or
validate WGCNA hub gene function.

Figure 5. Reverse transcription quantitative polymerase chain reaction (RT-qPCR) validation of key
immune transcriptomic signatures. Relative mRNA expression levels of (A) Mefv, (B) Cd14, (C) Nlrp3,
and (D) Ier3 in splenic tissues. Actin served as the endogenous control. Data represent mean ± SD.
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Table 5. Expression Levels of Immune-Related Genes (Normalized to Actin).

Gene ID CK CTX CTX_L_ICA CTX_M_ICA CTX_H_ICA

ENSMUSG000
00022534
(Mefv)

9.4 7.156 7.489 1.014 1.061 0.679 1.014 0.952 1.497 3.105 2.792 2.426 18.763 17.907 17.678

ENSMUSG000
00051439
(Cd14)

13.758 12.239 11.553 1.02 1.031 0.891 1.376 1.453 1.318 2.877 2.375 2.158 26.014 21.128 26.804

ENSMUSG000
00032691
(Nlrp3)

12.81 9.51 12.227 1.105 1.254 3.001 2.021 3.301 3.674 3.663 5.148 3.437 32.589 36.474 29.749

ENSMUSG000
00003541

(Ier3)
5.937 3.081 4.033 1.01 1.189 0.876 0.631 0.869 0.922 1.706 1.485 1.103 11.349 8.97 7.29

4. Discussion
Chemotherapy-induced immunosuppression remains a dose-limiting complication

in oncology. In this study, CTX produced splenic atrophy and systemic toxicity in male
mice, and ICA produced a dose-associated phenotype: the medium dose improved spleen
index, whereas 80 mg/kg produced the most consistent improvement across spleen in-
dex and body weight trajectory [36–38]. These findings support phenotypic recovery
but do not, by themselves, demonstrate restoration of splenic immune cell composition
or microarchitecture.

The transcriptomic evidence supports coordinated innate inflammatory modulation
rather than a single linear mechanism. In targeted GSEA, CTX versus CK showed positive
enrichment of complement (NES = 1.40, nominal p = 0.010) and chemokine (NES = 1.40,
p = 0.014) gene sets. Chemokine signaling was negatively enriched in CTX_H_ICA ver-
sus CTX (NES = −1.38, p = 0.037), whereas inflammatory response and TLR gene sets
changed in the same direction but were not significant (p = 0.146 and 0.439). Com-
plement and chemokine signaling therefore provide the strongest targeted enrichment
evidence. IL-17/TLR, TLR4/MyD88/NF-κB, NLRP3, and Nrf2/HO-1 are discussed as
DEG-supported or literature-supported context, not as fully validated pathways in this
experiment [6,28,39–41].

Direct biochemical or neuroendocrine stress endpoints (including ROS, MDA, an-
tioxidant enzyme activity, glutathione, or corticosterone) were not measured. RNA-seq
nevertheless showed transcript-level stress-response patterns: Hmox1, Sod2, Atf3, and
Lcn2 increased after CTX, were often highest in CTX_L_ICA, and approached CK levels in
CTX_H_ICA. These observations are indirect transcriptional signatures and should not be
interpreted as direct measurements of oxidative or systemic stress.

The combined phenotype-transcriptome panel may support preclinical comparison
of ICA, its metabolites or analogs, and combination strategies. Mefv, Cd14, Nlrp3, Ier3,
selected inflammatory transcripts, and complement/chemokine enrichment may serve as
candidate pharmacodynamic readouts. They are not validated clinical biomarkers and
require independent cohorts, protein-level assays, cell population measurements, and
additional chemotherapy-associated immunosuppression models [42,43].

Network analysis organized individual DEG and enrichment results into phenotype-
linked co-expression structures. Myb was assigned to turquoise (kME = −0.822), whereas
Gata1 was assigned to royalblue (kME = −0.807; kME with turquoise = 0.227), indicating
distinct hematopoietic co-expression contexts. Integration with the enrichment results
links complement/chemokine signals to candidate hematopoietic modules [44–49], but this
is prioritization at the mRNA co-expression level and does not establish direct pathway
regulation, transcription-factor binding, or causality.
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Nlrp3 transcript abundance should not be equated with NLRP3 inflammasome activa-
tion. RNA-seq showed CTX-associated induction of Nlrp3, a further increase in low-dose
ICA, and lower expression at medium and high doses relative to CTX, although the
high-dose group remained above CK. This non-monotonic pattern is compatible with tran-
scriptional priming and lineage composition changes, but inflammasome activation cannot
be inferred because NLRP3 protein, ASC specks, cleaved caspase-1, mature IL-1β/IL-18,
and GSDMD cleavage were not measured.

RT-qPCR likewise showed a high-dose Nlrp3 transcript rebound relative to CTX. This
result validates an assay-level mRNA pattern, not inflammasome activation, and may
reflect recovery of innate transcriptional capacity or regulation at a different level from
protein-complex activation.

MYB plausibly links the turquoise co-expression pattern to hematopoietic progenitor
and lymphoid programs, whereas GATA1 represents a separate royalblue module signal
compatible with erythroid, megakaryocytic, or selected myeloid programs. Because bulk
spleen expression is sensitive to lineage composition and no protein, motif, occupancy, or
perturbation assays were performed, these associations remain hypothesis-generating.

The phenotype showed a dose-associated pattern: low-dose ICA produced limited
recovery; medium-dose ICA produced partial improvement, and 80 mg/kg produced the
most consistent recovery in body weight trajectory and spleen index. The transcriptomic
response was not uniformly restorative; however, the low-dose group showed pronounced
myeloid/inflammatory signatures, and the high-dose group retained a depressed B-cell
signature while showing a strong erythroid signature.

At the transcriptomic scale, the depth of CTX-induced suppression warrants comment.
Of the 1886 DEGs identified, 1499 (79%) were downregulated, reflecting the predominantly
suppressive effect of CTX on the splenic transcriptome. ICA treatment shifted this distribu-
tion toward upregulation in a dose-dependent manner, with the high-dose group showing
the largest increase in the number of upregulated genes. The 216 genes consistently regu-
lated across all three ICA doses may represent a core transcriptional response to ICA that is
detectable even at doses that produce limited phenotypic recovery. The observation that
low-dose ICA mobilized a transcriptional response without corresponding organ-level
improvement suggests that transcriptional engagement alone is insufficient for splenic
recovery; a threshold level of pathway reactivation, achieved more robustly at higher doses,
may be required to translate molecular changes into restored spleen mass and function.

Several limitations should be emphasized. Only three RNA-seq libraries per group
were analyzed, limiting pairwise multivariate tests and WGCNA generalizability. The
study used male mice only. Bulk RNA-seq cannot distinguish cell composition changes
from cell-intrinsic regulation. Spleen mass and index do not establish restoration of white
pulp, red pulp, marginal zones, or lymphoid follicles because histology and flow cytometry
were unavailable. The RT-qPCR panel did not include Myb, Gata1, or WGCNA hub genes,
and no protein-level or functional assays were performed. The 0.0577 mg/g CTX_L_ICA
value was retained as an authentic phenotype record and was not among the sequenced
samples. Larger, sex-balanced cohorts with histology, flow cytometry, protein assays, and
independent network preservation are needed.

Myocarditis-related KEGG annotations were non-significant after multiple-testing
correction (adjusted p values 0.574–1.000). In the CTX_H_ICA versus CK all-DEG analysis,
the viral myocarditis row was driven by Bach2 and Pcdhga4 (adjusted p = 0.972). An
immune-focused review identified 334 annotation rows, none with adjusted p < 0.05
(Supplementary Table S3). These labels therefore do not support myocardial pathology [50].
If cardiac effects are examined in future studies, dedicated histological assessment would
be required [51].
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PERMANOVA supports overall five-group transcriptomic separation, but exact pair-
wise tests were not significant (all p = 0.143) because each group contained only three
libraries. Figure 2A is therefore interpreted as overall structure and partial high-dose
convergence, not definitive separation of every pair.

The WGCNA findings are exploratory module-level associations. The internal gene-
subsampling and parameter checks do not substitute for formal module preservation in an
independent, larger cohort.

Because the present dataset is bulk splenic RNA-seq, marker-based lineage signatures
cannot distinguish changes in cell abundance from transcriptional changes within a given
cell type. The B-cell depletion, myeloid/inflammatory expansion, T-cell recovery pattern,
and high-dose erythroid signature therefore indicate a cell composition confound that
should be validated by flow cytometry, histology, or single-cell/spatial transcriptomics in
future studies.

Histological validation was not available for the present revision, and this limits the
interpretation of spleen weight and spleen index recovery. Although the phenotypic and
transcriptomic data suggest ICA-associated splenic recovery, these endpoints cannot deter-
mine whether white pulp organization, red pulp architecture, marginal zones, or lymphoid
follicles were restored. Future studies should include H&E staining, immunohistochem-
istry, and/or flow cytometry to directly evaluate splenic tissue architecture and immune
cell reconstitution after CTX and ICA treatment.

The RT-qPCR panel did not include Myb, Gata1, or representative WGCNA hub genes.
Therefore, the RT-qPCR results validate selected innate immune transcript signatures but do
not provide independent experimental validation of the putative Myb/Gata1-associated co-
expression network. Future studies should include RT-qPCR and protein-level validation of
Myb, Gata1, and prioritized WGCNA hub genes, together with perturbation or occupancy
assays where feasible.

In summary, ICA produced dose-associated attenuation of CTX-induced body weight
loss and splenic atrophy, with the most consistent phenotype at 80 mg/kg. This recovery
coincided with partial and non-uniform transcriptomic remodeling, including comple-
ment/chemokine modulation, persistent B-cell signature depression, and candidate Myb-
and Gata1-associated co-expression signals. The study provides a hypothesis-generating
framework for ICA-associated splenic recovery but does not establish tissue-architecture
restoration, transcription-factor binding, or causal pathway regulation.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/immuno6030053/s1: Figure S1. Marker-based B-cell, T-cell,
myeloid/inflammatory, and erythroid lineage-signature scores calculated from z-standardized
log2(FPKM + 1) values across the 15 RNA-seq libraries; points show individual samples and bars
show group mean ± SD. Figure S2. Internal turquoise-module eigengene sensitivity under random
subsampling of 50%, 70%, 80%, or 90% of module genes (200 iterations per fraction); this analysis does
not represent sample-level module preservation. Table S1. WGCNA parameters, module counts, and
parameter/gene-subsampling sensitivity results. Table S2. Marker-gene mapping, per-sample lineage
scores, group summaries, and statistics. Table S3. Myocarditis-related and immune-focused KEGG
annotation audit, including contributing genes and adjusted p values. Table S4. PCA coordinates,
overall and pairwise PERMANOVA results, and centroid distances. Table S5. Authoritative raw
spleen-index values, group summaries, and provenance note. Table S6. Targeted GSEA summary,
including matched-gene counts and nominal p values.
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