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Abstract

Hericium erinaceus is a medicinal mushroom valued for its neuroprotective, immunomodulatory, and
antioxidant activities. While many extracts and bioactive compounds from both mycelium and fruit
bodies have been characterized, the mechanisms driving their effects are not fully understood. Here,
the transcriptomic and protein-level effects of H. erinaceus mycelium (HDLM) in human peripheral
blood mononuclear cells (PBMCs) were investigated, along with antioxidant and iron chelating
activity. A commercially available B-glucan-enriched H. erinaceus fruit body extract (FBE) was
included in a subset of assays to compare immune-related outcomes between mycelial and fruit body
constituents. HDLM activated a wide array of immune- and oxidative stress-related transcripts and
pathways, exhibited significant antioxidant activity, and consistently reduced IL-1p, TNF-a, and IL-
8 during LPS challenge while maintaining low basal cytokine expression, indicating targeted
immunomodulatory activity. FBE almost doubled production of IL-18 when challenged by LPS,
whereas HDLM significantly decreased production of this stress mediator. HDLM also demonstrated
augmented iron chelating ability when compared to FBE. Depending on tissue source and
preparation methods, different H. erinaceus materials may either potentiate or quench stress
responses, highlighting the need for bioactivity and safety comparisons across H. erinaceus
supplements.

Keywords: Hericium erinaceus; mycelium; immune modulation; antioxidant; immune; cytokine; -
glucan

1. Introduction

Hericium erinaceus, commonly known as lion’s mane, is a widely cultivated and highly popular
gourmet and medicinal fungus, renowned for its diverse bioactive constituents that support a variety
of positive health outcomes. In the functional mushroom industry, H. erinaceus is primarily valued
for its neuroprotective properties with numerous studies demonstrating its potential to support
healthy brain function, promote neurogenesis, mitigate neurodegenerative diseases, and alleviate
mood disorders [1, 2, 3, 4]. Additionally, a wide variety of H. erinaceus tissues, extracts, and
components have demonstrated significant antioxidant activity, modulation of gut microbiota
composition, and anticancer effect in both animal models and human clinical trials [5, 6, 7, 8, 9, 10,
11]. While myriad health-supporting effects have been attributed to H. erinaceus, a potentially
undervalued benefit of H. erinaceus mycelium in the supplement industry is its ability to support a
healthy immune system.

Many families of bioactive molecules have been identified in H. erinaceus, including erinacines,
hericenones, hericenes, peptides, and polysaccharides such as $-glucans [2, 6, 12, 13, 14]. Importantly,
different H. erinaceus tissues and developmental stages can produce distinct chemical profiles, with
fruit bodies characterized by hericenones, and the mycelium uniquely producing erinacines [14, 15,
16]. Previous studies of H. erinaceus constituents have revealed differential biological activities, with
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erinacines (but not hericenones) consistently inducing nerve growth factor (NGF) expression in
neuronal models [2, 17]. Accordingly, this study investigated whether separate H. erinaceus fractions
also demonstrate divergent immune impacts.

After confirming the hypothesis that H. erinaceus mushroom mycelium in the form of an
extracted Host Defense Lion’s Mane powder product (HDLM) would induce clear transcriptomic
immune modulation in human peripheral blood mononuclear cells (PBMCs), cytokine protein
responses induced by this H. erinaceus fraction and a $-glucan-enriched fruit body extract product
(FBE) were also investigated. Central inflammatory cytokine targets were screened to compare their
engagement under both basal and inflammatory conditions, revealing that HDLM promotes a
balanced immune response, demonstrating a unique efficacy in decreasing production of
inflammatory interleukin 1 beta (IL-18) under LPS challenge. HDLM also exhibited significant
antioxidant and iron chelating effects, as evaluated by antioxidant and ferrous iron chelating assays.
In contrast, FBE was observed to increase inflammatory cytokine expression under challenge and
displayed significantly lower levels of iron chelating activity across all concentrations tested,
highlighting the divergent immunomodulatory and stress quenching effects of H. erinaceus fractions
obtained from different tissue types and extraction methods.

2. Materials and Methods

2.1. Sample Preparation

H. erinaceus myecelial samples were prepared by combining 50 g Host Defense Lion’s Mane
powder (HDLM,; H. erinaceus mushroom mycelium and fermented brown rice biomass; US-sourced)
with 50 g 95% ethanol and 50 g ultrapure water. Samples were macerated at room temperature for
72 h and then centrifuged at 600 x g for 10 min until the supernatant could be decanted. This
centrifugation step was repeated until the pellet was nearly dry. After maximum supernatant
recovery, samples were passed through a 0.2 um polypropylene filter, weighed, and then frozen at —
80 °C. Samples were lyophilized to dryness, transferred to a new sterile tube, and stored at room
temperature until reconstitution in water, DMSO, or PBS for assays.

For the IL-1p ELISA and ferrous iron chelating ability assay, a commercially available H.
erinaceus fruit body powder product (FBE) derived from Chinese-sourced material was included to
compare bioefficacy outcomes associated with different tissue types (and consequently different
compound compositions). As purchased, the fruit body material had been prepared as a hot water
extract and was resuspended in each assay’s appropriate solvent to preserve its advertised 30% [3-
glucan content. While enzymatic assay kits such as those from Megazyme are commonly used to
quantify fungal p-glucans, these methods primarily distinguish 8-1,3- and (3-1,4-linked glucans and
do not differentiate 3-glucans derived from yeast and mushroom sources. Consequently, the exact
size, composition, and relative percentage of fungal 3-glucans in this sample could not be precisely
quantified.

2.2. PBMC Culture for mRNA-Sequencing

PBMCs (ATCC, PCS-800-011) were removed from cryogenic storage, transferred to T75 flasks in
RPMI 1640 (ATCC, 30-2001) supplemented with 10% fetal bovine serum (Sigma-Aldrich, F1051-
100ML) that had been heat inactivated, incubated at 37 °C in a 5% CO: atmosphere for 24 h, then
reseeded in 12-well plates. After a 24 h incubation, cells received their treatments along with
additional media and were incubated for another 24 h. For harvest, plates were centrifuged at 80 x g
for 6 min before media was aspirated to allow cells to be removed using a cell scraper and pipetted
into sterile 1.5 mL microcentrifuge tubes. Tubes were centrifuged at 2000 x g for 30 s, and cell media
was again aspirated before cell pellets were frozen in liquid nitrogen and stored at -80 °C.

Before starting RNA extraction, surfaces and tools were cleaned with RNaseZap (ThermoFisher,
AM9780). Using the RNeasy Mini Kit (Qiagen, 74104), 350 uL of RLT buffer was added to each
microcentrifuge tube after loosening the cell pellet by flicking, and cells were lysed by vortexing for
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1 min. The supernatant was transferred to a new sterile 1.5 mL microcentrifuge tube and the
manufacturer’s recommended extraction procedure for mammalian cells was followed, including the
optional step of placing columns into new collection tubes and centrifuging for 1 min at 13,000 x g
immediately before elution. For elution, 30 pL of the provided RNase-free water was added to
columns, which were incubated at room temperature for 1 min before proceeding. RNA quality
(A260/280 ratios) and concentrations of samples were determined spectrophotometrically prior to
DNase digestion.

To perform DNase digestions, 30 pL of eluted RNA was added to 3 uL of reaction buffer and 3
pL of DNase I (ThermoFisher, EN0521). Samples were incubated at 37 °C for 30 min before 3 uL of
50 mM EDTA was added, and then incubated at 65 °C for 10 min. All samples were stored at —80 °C
and shipped to Novogene Corporation Inc. (Sacramento, California) on dry ice for mRNA-
Sequencing (RNA-Seq).

2.3. Cell Viability Testing

Prior to culturing PBMCs for RNA extraction, an MTT assay (ATCC, 30-1010K) was performed
to optimize treatment concentration based on cell viability. A 384-well plate was used with n =6
replicate wells per treatment concentration. The MTT assay was performed in accordance with the
manufacturer’s kit instructions, but with a decrease in volume from 110 ul reactions to 55 pl reactions
to conduct the assay in a 384-well plate. Treated cells were incubated at 37 °C in a 5% CO: atmosphere
for 4 h to most effectively solubilize the formazan dye. Absorbance readings were recorded at 570
and 660 nm, and finalized sample values were calculated by subtracting values at 660 nm from values
at 570 nm before further subtracting the average value of the media blank control from all other
samples. Percent cell viability was evaluated relative to the PBS vehicle control.

2.4. RNA-Seq and Analysis

Extracted samples only proceeded to sequencing if they had a total RNA quantity exceeding 100
ng and a spectrophotometric A260/280 ratio of 1.95 or above. Novogene’s mRNA-Seq service was
used, which was performed on an Illumina NovaSeq X-Plus platform with a paired-end 150 bp read
length. A minimum of 20 million read pairs per sample were generated and aligned to human
reference genome Homo_sapiens_Ensemble_94. RNA-Seq data are summarized in Supplementary
Figure S1.

Novogene’s analytical platform, NovoMagic, was used to assess data quality and replicate-level
variability via principal component analysis (PCA) and to generate differentially expressed gene
(DEG) lists and dot plots summarizing KEGG and Reactome pathways. Novogene’s default DESeq2
analysis, applying the Benjamini-Hochberg false discovery rate (FDR) correction with an adjusted p-
value (padj) cutoff of <0.05, was used to identify significant DEG and pathway results [18]. RStudio
2024.12.0 (R 4.2.2) was used to create bar graphs, volcano plots, and heatmaps.

2.5. Cytokine Activity Assays

Cryopreserved standard human PBMCs (ATCC, PCS-800-011) were thawed, centrifuged, and
washed with 37 °C RPMI 1640 media to remove any DMSO used for cryopreservation purposes. Cells
were incubated in 15 mL of warmed RPMI 1640 (10% FBS) overnight in a T75 flask to recover from
the freeze/thaw process. Viable cell counts were determined via hemocytometer after staining with
0.4% trypan blue diluted with 1X PBS. Following a 24 h growth phase within the T75 flask, cells were
transferred to a 96-well plate at 2 x 10° cells per well. Treatments were introduced approximately 24
h after seeding, incubated for 18-24 h post-treatment, then plates were centrifuged at 100 x g for 6
min. The media was aspirated and used for cytokine analysis via ELISA. Cytokine concentrations
were quantified using commercially available ELISA kits for interleukin 8 (IL-8; R&D Systems,
DY208-05), interleukin 1 receptor antagonist (IL-IRA; R&D Systems, DY280-05), IL-1(3 (BioLegend,
437004), tumor necrosis factor alpha (TNF-a; BioLegend, 430201), and interleukin 13 (IL-13; R&D
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Systems, DY213-05). All ELISAs were run according to manufacturers’ instructions. For IL-8 only, a
PBS buffer was used in place of the specified TBS buffer; all other kits were run without buffer
substitutions. All ELISAs used PBS as sample solvent and vehicle control except TNF-a, which was
conducted as an initial dose response screen and used DMSO.

2.6. DPPH Assay

A 100 ug/mL DPPH reagent (Sigma-Aldrich, 300267) was prepared in 95% ethanol, providing a
stock solution that was calibrated by mixing 60 pL of DPPH stock with 40 uL of sterile water. The
resulting solution was added to a single well of a 384-well plate, read spectrophotometrically at 517
nm, and calibrated so absorbance fell between 1.0 and 1.1. Ascorbic acid was used as the positive
control, sterile water was used as the blank, and DPPH reagent was included as a maximal signal
control. All controls were loaded at 100 uL per well. HDLM treatment was serially diluted in sterile
water before being added to a 384-well plate at a volume of 75 uL per well. The 384-well plate was
read at 517 nm to evaluate background before adding 25 uL DPPH stock to each well and returning
to the plate reader, where it was read at 517 nm every 5 min for 60 min, shaking between read points.
Corrected absorbance values were obtained by subtracting the average background absorbance at 60
min from all other wells. Percent radical scavenging activity was calculated by subtracting sample
absorbance from the maximal signal control, dividing by the maximal signal control, and multiplying
by 100, where the maximal signal control was defined as the average absorbance of DPPH reagent
alone at 60 min.

2.7. Evaluation of Ferrous Iron Chelating Ability

In a manner similar to [19] and [20], the ferrous iron (Fe?*) chelating activity of samples was
assessed by measuring the reduction in color intensity resulting from inhibition of the purple
ferrozine-Fe?* complex. Sterile water was used for all dilutions of samples, components, blank
control, and maximal signal control. A 2x EDTA serial dilution (100 uM-0.78 puM) was included to
create a standard curve and express sample iron chelation ability in EDTA uM equivalents. In 1.5 mL
microcentrifuge tubes, 900 uL of sterile water was added to 500 uL of sample, blank, or maximal
signal control. 100 puL of 0.6 mM FeCl> (ThermoFisher, 389350250) was added to all samples and
controls except the blank, which had 100 uL water added. Reaction tubes were vortexed vigorously,
then incubated for 10 min at room temperature, with additional vortexing every 2 min. In the dark,
100 pL 5 mM ferrozine (ThermoFisher, AC410570010) was added to all reaction tubes, which were
vortexed briefly before reactions were transferred to a 96-well plate, 200 puL per replicate well. The
plate was incubated for 10 min at room temperature in the dark, and absorbance was measured
spectrophotometrically at 562 nm.

To determine the ferrous iron chelating percentage of samples and subsequently the EDTA uM
equivalent, the average blank absorbance value was subtracted from all other sample and control
values. The ferrous iron chelating percentage of samples was calculated by subtracting the sample
absorbance value from the average maximal signal control value, dividing by average maximal signal
control value, and multiplying by 100. An EDTA standard curve was constructed by plotting EDTA
control concentrations against the corresponding ferrous iron chelating percentages, and this
standard curve equation was used to determine average EDTA uM equivalents for each sample.

3. Results

3.1. Cell Culture Optimization and Cell Viability Testing

To optimize treatment concentration, an MTT assay was first performed to evaluate cell viability
across a dilution series of HDLM (solubilized in PBS) ranging from 125 pg/mL to 3.9 ug/mL. Notably,
four treatment concentrations produced responses exceeding those of the vehicle control, suggesting
that HDLM may enhance cellular metabolic activity or viability (Figure 1A). Based on the results, a
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concentration of 62.5 pg/mL was selected as the RNA-Seq HDLM treatment concentration to balance
a high treatment concentration with cell viability exceeding 100%.
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Figure 1. (A) Percent cell viability of human peripheral blood mononuclear cells (PBMCs) treated with Host
Defense Lion’s Mane (Hericium erinaceus, HDLM) relative to Vehicle (PBS) as evaluated by MTT assay (n = 6
wells per treatment concentration; significance evaluated relative to the vehicle control, two-tailed t-test, unequal
variances, p<0.05: *, p<0.01: **, p<0.001: ***). (B) Principal component analysis (PCA) for HDLM- and Vehicle-
treated samples evaluating the similarities or differences between these treatment groups based on their
transcriptomic clustering patterns (n = 6). (C) Volcano plot for HDLM-treated PBMCs relative to Vehicle,
displaying the magnitude of differential gene expression (logzFoldChange) in relation to statistical significance
(-logw(padj)). Statistically significant results are indicated in blue for downregulated genes and red for
upregulated genes (n =6, DESeq2, padj<0.05). (D) Top 10 up- and down-regulated genes by fold change (FC) for
the HDLM treatment relative to Vehicle (n =6, DESeq2, padj<0.05).

3.2. Transcriptomic Impact of HDLM on Human PBMCs

PCA was performed on RNA-Seq data to visualize global gene expression patterns, and results
revealed that HDLM and Vehicle samples generally cluster separately, demonstrating the distinctly
altered gene expression profile of PBMCs treated with HDLM when compared to the vehicle control
(Figure 1B). Specifically, the HDLM-treated replicates predominantly clustered in quadrant IV, while
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the vehicle replicates tended to cluster at the interface between quadrants I and II. PC1 and PC2
accounted for 14.87% and 12.34% of the variance respectively.

When comparing the expression profiles of HDLM- and vehicle-treated PBMCs, a pronounced
shift in gene expression was observed, with 339 genes significantly upregulated and 39 significantly
downregulated, demonstrating broad transcriptional activation elicited by HDLM treatment
(DESeq?2 analysis, padj<0.05; Figure 1C). The most statistically significant results included agrin
(AGRN; padj<8.28 x 10-), nuclear receptor subfamily 1 group H member 3 (NR1H3; padj<3.30 x 108),
plasminogen activator urokinase receptor (PLAUR; padj<1.37 x 107), and basic helix-loop-helix family
member e41 (BHLHE41/DEC2; padj<1.57 x 107). Among the most robustly upregulated transcripts
were modulator of cytochrome C oxidase during inflammation (MOCCI/C150rf48; fold change (FC)
= 9.28), interleukin 8 (CXCLS8/IL-8; FC = 7.24), and Fc fragment of IgA receptor (FCAR; FC = 7.04;
Figure 1D). Additionally, the most downregulated transcripts included bolA family member 2B
(BOLA2B; FC = -11.45), SOS1 intronic transcript 1 (SOS1-IT1; FC = -3.19), and beta-1,4-N-acetyl-
galactosaminyltransferase 3 (B4GALNT3; FC = -3.14; Figure 1D).
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Figure 2. (A) KEGG and (B) Reactome dot plots for HDLM-treated PBMCs relative to Vehicle (n = 6, DESeq2,
padj<0.05). (C) Immune-related differentially expressed genes (DEGs) identified in HDLM-treated PBMCs
compared to Vehicle (n = 6, DESeq2, padj<0.05). (D) IL-4-like and CXC subfamily sections of the cytokine-
cytokine receptor interaction KEGG pathway map, with HDLM DEGs highlighted by FC value (n = 6, DESeq2,
padj<0.05).

KEGG pathway enrichment analysis of DEGs revealed several significantly enriched pathways
(padj<0.05), including immune-related and stress signaling pathways such as osteoclast
differentiation, phagosome, ferroptosis, cytokine—cytokine receptor interaction, chemokine signaling,
IL-17 signaling, T helper 17 (Th17) cell differentiation, nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) signaling, toll-like receptor (TLR), C-type lectin receptor signaling pathway,
and nucleotide-binding oligomerization domain-like (NOD-like) receptor pathways (Figure 2A).
Additional enriched pathways included those associated with infectious diseases (e.g., malaria,
tuberculosis, leishmaniasis, and Legionellosis), autoimmune conditions (e.g., rheumatoid arthritis,
inflammatory bowel disease, and systemic lupus-related signaling), and virus-associated immune
responses (e.g., Kaposi sarcoma-associated herpesvirus infection, and viral protein interactions with
cytokine receptors).

The significantly enriched Reactome pathways fell into several functional categories. Innate
immune activation pathways included neutrophil degranulation, Fc gamma receptor (FCGR)
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activation, chemokine receptors binding chemokines, and trafficking and processing of endosomal
TLRs (Figure 2B). Pathways related to oxidative stress and antimicrobial activity featured
prominently, including reactive oxygen species (ROS) and reactive nitrogen species (RNS)
production in phagocytes, RHO GTPase activation of NADPH oxidases, and detoxification of ROS.
Cytokine signaling was also strongly represented, with enrichment in IL-4 and IL-13 signaling and
broader interleukin signaling pathways, corresponding to a mild but significant induction in IL-13
protein after HDLM treatment (Supplementary Figure S2). Iron metabolism and cellular transport
pathways such as transferrin endocytosis and recycling and iron uptake and transport were also
enriched.

Overall, immune-related cellular processes were the most highly represented among enriched
pathways. Specifically, notable transcript responses included cytokine-related candidates (e.g.,
CXCLS/IL-8, IL411, IL18, IL18BP, IL13RA1, and ILIR1), several CXC-motif chemokine ligands (e.g.,
CXCL1, CXCL3, CXCL12, and CXCL16), interferon receptors (e.g., IFNAR1, IFNGR1, and IFNGR2),
and immune cell surface receptors (e.g., CD14, CD44, CD81, and CD82). Figure 2C summarizes
important immune-related DEGs identified in PBMCs treated with HDLM, with a more
comprehensive list included in Supplementary Figure S3. Figure 2D shows FC values for the two
portions of the cytokine-cytokine receptor interaction KEGG pathway most affected by HDLM: IL-4-
like and CXC cytokines. The IL-4-like section of the pathway was especially engaged, with nearly
half of the downstream targets upregulated following HDLM treatment.

3.3. Cytokine Modulation Under Basal and Inflammatory Conditions

To further support the immunomodulatory effects of HDLM identified by transcriptomic
analysis, cytokine ELISA assays were performed under baseline and LPS-induced inflammatory
conditions. Under basal conditions, treatment with HDLM elicited a statistically significant, dose-
dependent increase in IL-1RA, while the expression of IL-8 and TNF-a remained unchanged (Figure
3A, 3B, 3D). Under inflammatory conditions, HDLM significantly decreased IL-8 expression and
markedly suppressed TNF-a, with the highest treatment concentration almost completely silencing
this immune response (Figure 3C, 3E).
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Figure 3. Cytokine protein responses in HDLM-treated human PBMCs under basal and inflammatory
conditions. (A) IL-1RA under basal conditions (n=6). (B-C) IL-8 under basal (B) and inflammatory (C) conditions
(n = 4). (D-E) TNF-a under basal (D) and inflammatory (E) conditions (n = 4). In all cases, significance was
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evaluated relative to the vehicle control using two-tailed t-tests with unequal variances (p<0.05: *, p <0.01: **, p
<0.001: **),

Given the global immune-modulating effects of HDLM observed in transcriptomic analyses
alongside these notable protein responses, FBE was included in the IL-1f ELISA for direct
comparison to explore how tissue type and chemical composition may influence the
immunomodulatory effects of H. erinaceus treatment. Under basal conditions, both HDLM and FBE
supported statistically detectable but low-magnitude changes in IL-1 expression without clear dose-
response relationships, suggesting slight immune priming or limited immune activation (Figure 4A).
However, under inflammatory conditions, HDLM significantly decreased IL-1p expression, while
FBE potently and dose-dependently induced IL-1{3 expression, with the top concentration more than
doubling IL-1p expression compared to the LPS control (Figure 4B).
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Figure 4: IL-1f3 protein responses in human PBMCs treated with HDLM or H. erinaceus fruit body extract powder
(FBE) under basal (A) and inflammatory (B) conditions (n=4, p <0.05: ¥, p <0.01: **, p <0.001: ***).

3.4. Antioxidant Capacity of HDLM and FBE

Due to the abundance of antioxidant and iron metabolism KEGG and Reactome hits identified
after HDLM treatment, the antioxidant activity of this extract was assessed via DPPH and ferrous
iron chelating assays. The DPPH assay revealed that HDLM displays significant and dose-responsive
radical scavenging activity, exceeding 75% of the maximal control across all tested concentrations
(p<0.001; Figure 5). Although antioxidant activity of this fungus is well-established, RNA-Seq
identified a more novel iron metabolism signal for HDLM, prompting comparison with FBE to
determine whether this response is more strongly associated with either extract. HDLM displayed
statistically significantly greater iron chelation activity than FBE at each tested concentration, with
fold differences of over 6-fold at the lowest concentration and over 2-fold at the highest,
demonstrating consistently stronger iron chelation across all doses (p < 0.01; Figure 6).
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Figure 5: Antioxidant capacity of HDLM evaluated by DPPH assay (n = §; significance evaluated relative to the
maximal signal control, two-tailed t-test, unequal variances, p<0.05: *, p<0.01: *¥, p<0.001: ***).
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Figure 6: Ferrous iron chelation capacity of HDLM and FBE, expressed as EDTA uM equivalents (n = 5;
significance testing performed by comparing each concentration of HDLM to the equivalent FBE concentration,
two-tailed t-test, unequal variances, p<0.05: ¥, p<0.01: **, p<0.001: ***).

4. Discussion

4.1. HDLM-Elicited Activation and Pacification of Immune Responses

Treatment with HDLM in healthy human immune cells consistently elicited balanced
modulation of the immune system, especially the innate immune response. A total of 152 broadly
immune-related differentially expressed transcripts were identified, all but 12 of which were found
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to be upregulated (Supplementary Figure S3). Significant (padj<0.05) pathway enrichments related
to immune regulatory signaling were revealed, and protein-level evidence also indicated context-
dependent modulation of the immune response with distinct patterns of engagement depending on
presence or absence of LPS-induced inflammation, suggesting a balancing of the challenged immune
system. Enriched pathways related to innate immunity include phagosome, lysosome, neutrophil
extracellular trap formation, leukocyte transendothelial migration, neutrophil degranulation, and
several pattern recognition receptor systems. Neutrophils are generally absent from PBMCs, but are
activated by cytokines such as CXCL8/IL-8 (FC =7.24), as well as by specific types and concentrations
of ROS and RNS [21]. Neutrophils and other immune effectors such as macrophages produce ROS
and RNS in large amounts to destroy pathogens, but in more specific doses, they act as signaling
molecules to activate and regulate these cells [22]. Cytokine and ROS/RNS signaling likely underlies
these neutrophil-related observations, given the significant enrichment of Reactome pathways
involved with the production and detoxification of ROS/RNS, including ROS, RNS production in
phagocytes, RHO GTPases activate NADPH oxidases, and detoxification of ROS.

The innate immune transcript activation following HDLM treatment is balanced by induction of
anti-inflammatory proteins, such as IL-1RA, paired with minimal engagement of classic
inflammatory signals, such as TNF-a, IL-13, and IL-8. ELISA results revealed that HDLM did not
induce significant amounts of TNF-a or IL-8 protein under basal conditions and significantly
decreased expression of both targets under inflammatory conditions (Figure 3). While IL-8 transcript
was notably upregulated under basal conditions, protein levels remained unchanged. Due to its
powerful immune-engaging properties, expression of IL-8 protein is heavily pre- and post-
transcriptionally regulated to fine tune immune responses and requires the presence of other
inflammatory signals for maximum expression [23, 24]. This dynamic suggests HDLM may prime
human immune cells, enhancing immune readiness without triggering production of pro-
inflammatory protein until necessary, a response that has also been noted for other immune effectors
[25, 26].

Similarly, while some concentrations of HDLM mildly increased expression of IL-1p protein
under basal conditions, these increases were <5 pg/mL, and mycelium produced far larger and more
significant decreases in IL-13 under inflammatory conditions (Figure 4). This effect may in part reflect
the observed increase in interleukin 1 receptor type 1 (IL1IR1, FC = 1.75) transcript after HDLM
treatment, as ILIR1 is a receptor of IL-1a and IL-1p, and an increase in protein can lead to greater
engagement of inflammatory signaling molecules [27]. The robust induction of IL-1RA, which acts as
an IL-1 receptor antagonist to competitively prevent IL-1 from engaging its receptor, likely accounts
for the low IL-1p protein levels observed under basal conditions [28]. Additionally, IL-1RA is known
to suppress IL-8 expression and could also contribute to the lack of IL-8 protein induction observed
under basal conditions [29]. Interleukin-1 receptor associated kinase 3 (IRAK3, FC = 1.81) may further
contribute to this dynamic, as it is known to dampen the effects of both IL-1 and NF-«B axes [30, 31].

C-type lectin domain containing 7A (CLEC7A, FC = 1.44), encoding dectin-1, was modestly
upregulated. Dectin-1 recognizes fungal (-glucans to engage the canonical NF-kB pathway,
influencing downstream pathways such as Th17 differentiation and IL-17-mediated neutrophil
recruitment [32]. Th17 differentiation is tightly regulated as overactivation can lead to pathogenic
inflammation; interferon beta (IFN) signaling through the protein encoded by interferon alpha and
beta subunit 1 (IFNAR1, FC = 1.35), prompted by engagement of dectin-1, may help temper Th17
response and IL-1f3 expression [33, 34]. This modulatory dynamic is supported by the lack of IL-1f3
protein induced by HDLM treatment under basal conditions alongside the engagement of additional
anti-inflammatory effectors such as sialic acid binding Ig like lectin 10 (SIGLEC10, FC = 4.17), which
acts as an inhibitory receptor to selectively suppress immune responses to pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), and C-type lectin
domain family 4 member E (CLEC4E/Mincle, FC = 5.75), a strong anti-inflammatory signal that
promotes differentiation of T helper 2 (Th2) cells and suppression of inflammatory T helper 1 (Thl)
cells [35, 36, 37]. Additionally, strong upregulation of interleukin 4-induced gene 1 (IL411; FC = 4.37)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1990.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 November 2025 d0i:10.20944/preprints202511.1990.v1

11 of 19

and significant enrichment of interleukin-4 and interleukin-13 signaling suggests activation of IL-4
pathways; IL-4 is part of the core positive feedback loop for anti-inflammatory Th2 cell
differentiation, as it is both produced by and regulates these cells [38, 39]. While excessive Th2
induction may be undesirable during pathogen challenge, under basal conditions it reflects a clear
dampening of inflammatory signaling. This coordinated upregulation of both immune engaging and
immune pacifying targets may provide insight into HDLM’s mechanism of action.

4.2. NF-«xB Signaling and Adaptive Immune Responses

Consistent with other key immunoregulatory axes, a balanced modulation of the NF-«xB
pathway following HDLM treatment was observed. Two NF-kB subunit transcripts, NFKB1 (of the
canonical NF-kB pathway) and RELB (of the noncanonical NF-kB pathway), were expressed at
similar levels alongside a variety of NF-«kB inhibitors, suggesting a finely tuned activation of this
pathway that avoids inflammatory over-engagement. Previous studies have demonstrated that NF-
kB activation can occur alongside the stimulation of NF-«kB suppressors, providing a tightly regulated
response that can prompt either specific immune engagement or general anti-inflammatory action
[40, 41]. Canonical NF-kB pathway activity following HDLM treatment is expected due to the
upregulation of IL-8 and ILIRI transcripts alongside inhibitor of NF-kB kinase subunit epsilon
(IKBKE, FC = 1.34) and NFKB1 (FC = 1.35) [42]. IL-8 production is driven by the canonical NF-xB
pathway, and in turn, reinforces canonical NF-«B activation in a positive feedback loop. Similarly, an
increase in IL1R1 also enhances activation of the canonical pathway, promoting the generation of
downstream immune effectors [23, 43, 44, 45]. However, the anti-inflammatory protein results
previously discussed, including the lack of IL-8 induction under inflammatory conditions, indicate
that activation of the canonical NF-kB pathway occurs in concert with counterbalancing anti-
inflammatory signals [46]. The gently upregulated NF-«B inhibitor epsilon (NFKBIE, FC =1.47) is a
cytoplasmic NF-kB inhibitor, and glutathione peroxidase (GPX4, FC =1.33), through its involvement
with antioxidant pathways, is also known to inhibit NF-kB signaling [47]. Additionally, there are
clear signs of noncanonical NF-xB pathway activation, which contributes to the regulation of diverse
immune functions including antiviral innate immunity, dendritic cell antigen processing and
presentation to T cells, and B cell activation [48, 49, 50]. TNF receptor superfamily member 1B
(TNFRSF1B, EC = 1.21), a noncanonical NF-kB activator, and RELB (FC = 1.53), a core noncanonical
NF-kB subunit, are both upregulated following HDLM treatment [46].

This treatment also appears to support antiviral activity through pathways besides innate
immune activation. There is significant pathway enrichment for Kaposi sarcoma-associated
herpesvirus infection, viral protein interaction with cytokine and cytokine receptors, and a variety of
pathway-level hits related to adaptive immunity, including B cell receptor signaling pathway, Fc
gamma R-mediated phagocytosis, and FCGR activation. Notably, HDLM treatment also significantly
upregulated TLR8 (FC = 1.78) transcript, consistent with an enriched endosomal TLR trafficking and
processing pathway. The TLR system is central to regulation of antiviral and immune engaging
responses through its induction of IFN-f3 and other NF-kB-dependent cytokines [51]. HDLM induced
expression of transcripts for both components of the interferon-gamma receptor, IFNGR1 (FC =1.52)
and IFNGR?2 (FC =1.67) alongside stimulation of IFNARI (FC =1.35) [52]. IL-18 (FC =2.28), originally
named interferon-gamma inducing factor, is also known to drive IFN activity [53, 54, 55]. The
immune-activating antiviral factors expressed following HDLM treatment were paired with
immune-pacifying signals, such as interleukin 18 binding protein (IL18BP, FC = 1.37), the key anti-
inflammatory effector that works to ameliorate the effects of IL-18, and DNA] heat shock protein
family (Hsp40) member C5 beta (DNAJC5B, FC = 2.76), which codes for a protein that has also
demonstrated antiviral effect towards hepatitis C in vitro [43, 56, 57, 58]. Overall, these results
emphasize the ability of HDLM treatment to induce production of crucial antiviral effectors,
including interferons, while simultaneously promoting anti-inflammatory mediators to maintain a
balanced immune defense (Figure 7).
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Figure 7. Model of the immunomodulatory and cellular stress quenching activity of HDLM in human PBMCs.
Data revealed modulatory dynamics surrounding the NF-kB/IL-8 (purple), IL-1 (blue), and TNF (orange) axes
that simultaneously activate and pacify these immune pathways. Antioxidant activity is shown in green, with

dotted lines indicating less direct regulatory effects.

4.3. Inflammatory Response Triggered by FBE

The balanced response mediated in human PBMCs by HDLM does not seem to be replicated by
FBE. While FBE provided only minor increases in IL-1f3 under basal conditions, under inflammatory
conditions it induced significant, dose-dependent production of IL-1@, seemingly augmenting the
inflammatory effects of LPS. It is possible that fungal -glucan’s known immunostimulatory effect is
over-engaged in PBMCs by this sample due to its particularly enriched 3-glucan content, leading to
greater expression of ROS and inflammatory cytokines such as IL-1p [59, 60, 61]. While production
of pro-inflammatory cytokines is an important response to microbial invasion, overproduction of
cytokines in an already stressed cellular environment is not desirable and can lead to development
of autoimmune conditions over time [62, 63]. Accordingly, these findings provide further preclinical
evidence supporting caution when using fruit body extracts to treat infected immune cells, as the
pronounced IL-13 overproduction and broader pro-inflammatory response may contribute to
immune dysregulation and cytokine storm, and exacerbate inflammasome-mediated IL-1f3 signaling,
potentially adversely affecting multiple organ systems [64, 65, 66]. Moreover, isolated fungal -
glucans have demonstrated the ability to increase expression of multiple TLR and lectin transcripts,
decrease expression of key antioxidant enzyme transcripts, and enhance ROS production in human
PBMCs [67].

Fungal p-glucans and their engagement of dectin-1 may support trained immunity, which
enhances the ability of innate immune cells to mount stronger responses upon repeat exposure [33,
68, 69]. However, despite the attention which fungal 3-glucans have historically garnered for this
purpose, B-glucans themselves may not be the primary immune-engaging constituent, but rather
additional molecules residing within the p-glucan matrix [70]. For example, polysaccharide-K (PSK)
is a polysaccharide [3-glucan fraction from Trametes versicolor mycelium with demonstrated anticancer
effects; however, the TLR2 agonist responsible for PSK’s ability to stimulate dendritic and T cells was
identified as a structurally distinct lipid within this fraction [71, 72]. In another study, T. versicolor
mycelium enhanced early activation of human monocytes and lymphocytes in vitro, while its
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fermented substrate induced larger, dose-dependent increases in pro- and anti-inflammatory
cytokines [73]. Accordingly, the fermented substrate component of HDLM may contribute to the
immunomodulatory balance observed in our study, which was distinct from the pro-inflammatory
response seen with FBE.

Given the differential protein-level effects observed for HDLM compared to FBE, the
pronounced pro-inflammatory activity associated with FBE seemingly reflects (-glucan-driven
dysregulation of the immune system leading to overactivation, whereas the response to mycelium
suggests the presence of additional bioactive compounds that temper inflammatory signaling.
Interestingly, as observed with PSK, p-glucans can also elicit beneficial immune responses,
highlighting the importance of analytical methods capable of reliably quantifying and characterizing
p-glucans by size, structure, and fungal species origin, as functional testing is beginning to reveal the
disparate impacts of various 3-glucan fractions. Furthermore, this dynamic demonstrates the need
for caution, as the fungal supplement industry's focus on increasingly prominent biomarker claims
may be outpacing rigorous safety testing and functional assays.

4.4. Stress Quenching Abilities of HDLM and FBE

Ferroptosis, one of the top KEGG results, is a type of cell death driven by excess levels of iron
leading to lipid peroxidation, which initially manifests in the shrinkage and rupture of mitochondria
[74]. Although HDLM treatment of PBMCs enriches iron metabolism-related Reactome pathways
(Figure 2B), ferroptosis does not appear to be activated. Rather, gene regulation trends and
accompanying in vitro antioxidant activity suggest this is more likely the result of gene products
differentially regulated by HDLM treatment. Because ferroptosis operates through a ROS-based
mechanism, antioxidant activity can rescue cells from ferroptosis or prevent it entirely by quenching
oxidative stress. A wide variety of H. erinaceus fractions and tissue types possess well-established
antioxidant activity, and HDLM demonstrated significant radical scavenging activity and ferrous
iron chelating potential alongside Reactome enrichment for ROS/RNS production in phagocytes,
RHO GTPases activate NADPH oxidases, and detoxification of ROS (Figures 2A and 2B) [6, 75]. Even
at twice the treatment concentration used for RNA-Seq, HDLM did not significantly decrease cell
viability compared to the vehicle control, making ferroptosis unlikely (Figure 1A).

Antioxidant activity also appears on the level of individual gene products. Superoxide
dismutase 2 (SOD2, FC = 3.76), the central mitochondrial superoxide dismutase, is essential for
cellular defense against ROS created by the electron transport chain during cellular respiration [76].
Beyond the mitochondria, HDLM treatment also influences glutathione peroxidases;
C150rf48/MOCCI (FC = 9.28), which promotes antioxidant activity by increasing glutathione
production, is strongly upregulated alongside expression of GPX4 (FC = 1.33), a negative regulator
of ferroptosis [75, 77]. FAM20C, a Golgi-associated secretory pathway kinase (FAM20C; FC = 1.70)
phosphorylates endoplasmic reticulum oxidoreductase 1 alpha, ERO1A, prior to localization to
enhance its activity and facilitate maintenance of redox homeostasis [78]. Several components of the
standard cellular iron recycling pathway are upregulated, including cytochrome B561 family member
A3 (CYB561A3, FC = 2.25), which is also particularly highly expressed on monocytes and B
lymphocytes, and STEAP3 (FC = 4.68), a metalloreductase that targets both iron and copper [79, 80].
Furthermore, antioxidant 1 copper chaperone (ATOX1, FC =1.94) facilitates copper transport and has
been shown to protect cells by regulating antioxidant activity and DNA repair [81, 82]. This variety
of antioxidant enzymes targeting various ROS in multiple cellular locations provides strong
mechanistic support for the prominent antioxidant capacity observed for HDLM. Additionally, the
significantly greater ferrous iron chelating ability of HDLM compared to FBE highlights the increased
stress quenching potential of mycelium. Overall, HDLM demonstrated stress quenching through
antioxidant activity coupled with targeted immune pacification, likely contributing to its established
anti-inflammatory and immunomodulatory effects.
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5. Conclusions

Overall, HDLM promotes a balanced and adaptable immune response, primed for potential
cellular challenges while avoiding excessive activation. Strikingly, while HDLM provides a modest
upregulation of many immune activation targets, particularly at the transcript level, this research
indicates that mild protein activation under healthy conditions is coupled with an ability to pacify
the immune system under cellular stress, reducing the levels of several key inflammatory biomarkers.
Beyond its immune balancing and modulating effects, HDLM provided consistent antioxidant
activity as transcriptomic leads were confirmed by in vitro antioxidant tests, suggesting that this
treatment may calm cellular stress through distinct yet complementary mechanisms. Interestingly,
when compared to FBE, HDLM provided stronger iron chelation activity. Additionally, FBE did not
provide the same immune-modulating balance observed with HDLM, instead eliciting an
approximately two-fold increase in the IL-1B-associated stress response. These findings have broader
implications for the wellness and supplement industry, as different fungal tissue types and extraction
methods can elicit biological responses of varying magnitudes and even opposing outcomes. While
further clinical substantiation is needed to draw firmer conclusions, the current work provides clear
evidence that HDLM elicits immunomodulatory and stress-quenching effects.
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