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Abstract
Background: The low molecular weight fraction of human serum albumin (LMWF5A) has
immunomodulatory activity via its effects on multiple in�ammatory mediators and is currently being
evaluated for the treatment of hyperactive or persistent in�ammatory conditions. To gain further insight
into the mechanism of action (MOA) of LMWF5A, an investigation of its effects on activated immune
cells was performed.

Methods and Results: Peripheral blood mononuclear cells (PBMC) were treated with vehicle control or
LMWF5A and stimulated with lipopolysaccharide (LPS), LPS/interferon γ, or interleukin (IL)-4/IL-13, and
RNAseq was performed to determine differentially expressed genes (DEGs) within each condition.
Unbiased Ingenuity Pathway Analysis (IPA) of DEGs revealed anti-in�ammatory and pro-resolving
activities for LMWF5A. Moreover, comparison to all IPA upstream regulators predicted that the LMWF5A
MOA is opposite to pro-in�ammatory regulators and signi�cantly matches the activity of several anti-
in�ammatory molecules. These analyses identi�ed the glucocorticoid dexamethasone (DEX) as the most
signi�cantly similar regulator to LMWF5A. To further explore similarities to DEX, LMWF5A DEGs were
compared to two publicly available datasets of activated, DEX-treated PBMC. These comparisons
showed continuity between predicted upstream regulators, affording further support to the hypothesis
that LMWF5A acts in a manner like DEX. Nevertheless, not all LMWF5A-targeted DEGs showed directional
regulation identical to DEX.

Conclusions: This study further de�nes the MOA of LMWF5A and provides hypotheses for future
investigations. Because of its predicted similar biological effects and known safety pro�le, LMWF5A
could potentially be used to treat conditions that are supported for DEX with fewer or less harmful side
effects.

Introduction
Acute and chronic in�ammation-associated diseases are characterized by dysregulated, excessive,
and/or sustained immune activation. In general, aberrant activation entails increased expression of pro-
in�ammatory proteins, which may arise from enhanced pro-in�ammatory transcription factor activity [1,
2]. Previous research has shown that the low molecular weight fraction of human serum albumin
(LMWF5A, Ampion™) modulates levels of cytokines and other in�ammatory mediators in various cell
models [3]. Much research on the biologic drug LMWF5A has focused on its ability to inhibit release of
the pro-in�ammatory cytokine tumor necrosis factor (TNF) from immune cells, but LMWF5A has also
been shown to affect interleukin (IL)-1β, IL-6, IL-10, IL-12, interferon (IFN) γ, chemokine (C-X-C motif)
ligand (CXCL) 9, CXCL10, CXCL11, prostaglandin (PG) E2, PGD2, and 15d-PGJ2 due to its impact on
regulators upstream of in�ammatory protein production [4–10]. Known mechanisms by which LMWF5A
exerts its immunomodulatory effects include decreasing pro-in�ammatory transcription factor activity
(nuclear factor κB [NFκB] and signal transducer and activator of transcription [STAT]) [9], increasing anti-
in�ammatory transcription factor activity (peroxisome proliferator-activated receptor [PPARγ] and aryl
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hydrocarbon receptor [AhR]) [7, 9], and reducing endothelial cell permeability [11]. These modes of action
predict that LMWF5A attenuates in�ammation, promotes the resolution of immune responses, and
restores homeostasis, supporting its use in the treatment of various in�ammatory conditions.

In vitro data on the immunomodulatory activity of LMWF5A are substantiated by its in vivo clinical
effects. The e�cacy and safety of LMWF5A have been proven in clinical trials for the treatment of the
in�ammatory condition osteoarthritis (OA) of the knee [12–16]. OA patients, particularly those with severe
disease, receiving a single intraarticular injection of LMWF5A experience a statistically signi�cant
reduction in pain and improvement in function, with fewer adverse events compared to patients receiving
a control injection of saline [13, 15]. In addition, LMWF5A is currently being assessed for the treatment of
coronavirus disease 2019 (COVID-19) complications [17] (ClinicalTrials.gov/NCT04456452,
NCT04606784, NCT04839965, NCT04868890, NCT04880161), in which the downstream effects of
cytokine storm are observed both in the lung and systemically [18].

Similar to LMWF5A, corticosteroids function by reducing levels of in�ammatory mediators and vascular
permeability [19]. They have been long and widely used for their potent anti-in�ammatory and
immunosuppressive properties, and patients have bene�tted; however, corticosteroid use can be
accompanied by adverse events, depending on dosage and duration of use [20]. With respect to
intraarticular corticosteroid use for OA, these agents have been reported to induce cartilage cytotoxicity
and catabolism, ultimately resulting in disease progression [21]. In COVID-19 patients, oral or IV
administration of the glucocorticoid dexamethasone (DEX) has been found to lower mortality rates when
disease severity required supplemental oxygen or ventilation [22, 23] however, adverse events include
secondary infections, reactivation of latent infections, avascular necrosis of the hip, hyperglycemia, and
psychiatric symptoms [24]. Thus, while corticosteroids are effective in treating in�ammatory conditions,
their negative side effects highlight the need for safer alternatives.

In this report, an unbiased search for LMWF5A targets and comparable upstream regulators led to the
determination that LMWF5A acts on similar, but not identical, targets to DEX. Differences in target
number, directional regulation, and identity between LMWF5A and DEX may provide hints regarding the
comparatively low incidence of adverse events in patients treated with LMWF5A.

As an immune cell model, peripheral blood mononuclear cells (PBMC) were stimulated under three
different stimulation conditions to evaluate the effect of LMWF5A on cells polarized toward pro-
in�ammatory or anti-in�ammatory macrophage and lymphocyte phenotypes [25]. Differentially
expressed genes between LMWF5A and vehicle control were determined by RNA sequencing, and results
were subjected to an unbiased in silico analysis to 1) discover overall biological trends observed upon
LMWF5A treatment and 2) compare or contrast known upstream regulator activity, i.e., compounds that
act in a manner similar or opposite to LMWF5A. Further investigation into the most correlated upstream
regulator, DEX, was accomplished by evaluating the common downstream targets of this compound and
LMWF5A, and through comparison with public datasets of gene expression analyses in DEX-treated
PBMC.
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Methods

Cell treatment and RNA isolation
Frozen human PBMC (ZenBio, Durham, NC, USA) were thawed and resuspended in XVivo 15 medium
(Lonza, Verviers, Belgium). 50 µL of 2x106 cells/mL (1x105 cells/well �nal) were treated with 50 µL
vehicle control (saline; KD Medical, Columbia, MD, USA) or LMWF5A (Ampio Pharmaceuticals,
Englewood, CO, USA) in 96-well plates. Cells were then incubated at 37°C and 5% CO2 for 1 h.
Immunostimulation was achieved by the addition of 10 µL lipopolysaccharide (LPS; �nal concentration
of 100 ng/mL; Sigma, St. Louis, MO, USA), 10 µL LPS + IFNγ (�nal concentration of 100 ng/mL LPS and
20 ng/mL IFNγ; R&D Systems, Minneapolis, MN, USA), or 10 µL IL-4 + IL-13 (�nal concentration of 10
ng/mL each; R&D Systems). Cells were further incubated at 37°C and 5% CO2 for 24 h. Cells were pelleted
by centrifugation at 1000 rpm for 10 min. Medium was removed, and cells were processed for RNA
isolation using the miRNeasy Mini Kit (Qiagen, Hilden, Germany). Ten technical treatment replicates per
plate were combined after Qiazol addition to ensure that a su�cient amount of RNA was isolated for
downstream analysis. This protocol was repeated three times on different days using a single,
representative PBMC donor.

RNA sequencing and differential expression analysis
RNA samples were subjected to RNAseq by Lexogen (Vienna, Austria). Libraries were prepared using the
QuantSeq 3’ mRNA-Seq FWD Library Prep Kit (Lexogen). Sequencing was performed on a NextSeq 500
System (Illumina, San Diego, CA, USA) using a High Output Kit (v2, 75 cycles; Illumina) in single read
mode.

Differential gene expression (DEG) between saline and LMWF5A treatments was achieved by comparing
the following groups: LMWF5A + LPS vs. saline + LPS, LMWF5A + LPS/IFNγ vs. saline + LPS/IFNγ,
LMWF5A + IL-4/IL-13 vs. saline + IL-4/IL-13. DESeq2 [26] analysis of raw RNA sequencing counts was
performed in R [27] to determine transcript log2 fold-changes, p-values, and adjusted p-values. Genes with
an adjusted p-value < 0.05 were considered DEGs.

In silico pathway analysis of LMWF5A DEGs
Calculated DEG values were uploaded into Ingenuity Pathway Analysis (IPA) software (Qiagen Digital
Insights, Redwood City, CA, USA). An Expression Core Analysis was run based on log ratios with an
adjusted p-value < 0.05 using the IPA Knowledge Base as reference. Graphical summaries were generated
with the default node settings for each individual analysis [28]. Upstream regulators were
computationally inferred and predicted to have similar or opposite actions to LMWF5A on the PBMC
transcriptome [29]. Overlap p-values were derived from the Benjamini-Hochberg adjusted p-values; -
log(adjusted p-value) > 1.3 was used as a signi�cance cutoff. Z-scores where z > 0 predicts activation or
similar regulation, and z < 0 predicts the converse; an absolute value of 2 was used as a signi�cance
cutoff.
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In silico comparison of LMWF5A DEGs with public datasets
Two publicly available DEX-treated PBMC datasets were used for comparison analysis. “Genetic mapping
with multiple levels of phenotypic information reveals new determinants of lymphocyte glucocorticoid
sensitivity” is a microarray dataset [30] generated from PBMC from each of 85 individual volunteers
treated, in parallel, with 2.5 µg/mL phytohemagglutinin (PHA) and either vehicle (EtOH) or 1 µM DEX for 6
h. DEG analysis comparing PHA + EtOH versus PHA + DEX was performed in Geo2R using default
settings [27].

The second dataset entitled “Transcriptome analysis of porcine PBMCs reveals lipopolysaccharide-
induced immunomodulatory responses and crosstalk of immune and glucocorticoid receptor signaling”
[31] was generated from RNA sequencing of porcine PBMC treated with 10 µg/mL LPS and either vehicle
(EtOH) or 5 nM DEX for 2 h. LPS + EtOH versus LPS + DEX conditions were used as a comparison to our
datasets. The dataset was generated directly from supplemental data that had been analyzed by DESeq2
in R by the authors [27].

As IPA recommends that <1000 DEGs are used as input for analyses, a log2 fold change cutoff of -0.4
down and 0.4 up, in addition to an adjusted p < 0.05, was employed. This resulted in 966 and 573 DEGs
from the human and porcine PBMC datasets, respectively, to be used for subsequent comparison
analysis. The LMWF5A PBMC datasets were reanalyzed with the same parameters (log2 fold change
cutoff of -0.4 down and 0.4 up, adjusted p < 0.05), and an upstream regulator comparison analysis was
performed in IPA.

Results

Effect of LMWF5A on gene expression in stimulated PBMC
RNA sequencing datasets from this study provide a snapshot of all genes that are regulated by LMWF5A
in PBMC compared to saline vehicle control under three immunostimulatory conditions after 24 hours of
treatment. The number of DEGs (adjusted p < 0.05) were 55, 64, and 139 for the three following
comparisons, respectively: LMWF5A + LPS vs. saline + LPS, LMWF5A + LPS/IFNγ vs. saline + LPS/IFNγ,
and LMWF5A + IL-4/IL-13 vs. saline + IL-4/IL-13. A list of DEGs for each of the three conditions, their base
means, log2 fold changes, p-values, and adjusted p-values are provided in Supplemental Tables 1-3.

Overall biological trends upon LMWF5A treatment
RNA sequencing results in an extensive, complicated dataset that can be di�cult to interpret holistically,
highlighting the importance of in silico analysis tools. To understand overall biological trends, IPA
software employs the extensive IPA Knowledge Base, a database curated from empirical evidence in
published manuscripts on the relationships, downstream effects, and connections of proteins, chemicals,
and other molecules, to form a master network of biologically relevant connections. A ‘core’ IPA analysis
algorithmically interrogates DEGs within a dataset of interest and predicts canonical pathways, upstream
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regulators, and biological functions that explain directional regulation of the observed DEGs within that
dataset [29]. Graphical summaries highlight the most signi�cant �ndings in the IPA core analysis and, in
this study, predict the main biological targets and downstream activities of LMWF5A in an immune cell
model. The graphical summary from PBMC stimulated with LPS/IFNγ is shown as a representative
network (Fig. 1); summaries for the LPS and IL-4/IL-13 conditions are shown in Supplemental Fig. 1a and
b.

Several nodes are common between the three stimulation conditions. All nodes corresponding to
biological targets represent molecules that are important in immune responses, such as cytokines,
pattern recognition receptors, and in�ammation-related transcription factors. Each graphical summary
predicts inhibition of multiple interferons (IFNγ, IFNα2), interleukins (IL-1β, IL-6), TNF, the hormone and
cytokine prolactin (PRL), toll-like receptors (TLRs; TLR7), and transcription factors (interferon regulatory
factor [IRF]7, STAT1). In addition, many implicated biological functions are associated with a decrease in
pro-in�ammatory activities. These include the general immune response of cells, cytotoxicity,
monocyte/macrophage phagocytosis, integrin-mediated signaling, as well as the development,
tra�cking, and adhesion of various immune cell types.

Furthermore, one pathway demonstrates predicted activation with LMWF5A treatment in IL-4/IL-13-
stimulated PBMC, the macrophage-stimulating protein (MSP)- recepteur d'origine nantais (RON) signaling
pathway, which has been described as an important negative regulator of in�ammation due to its
inhibition of pro-in�ammatory cytokine production by macrophages [32].

Correlation of upstream regulators with LMWF5A
Identi�cation of molecules that act in a similar or opposite manner to LMWF5A is valuable to further
understand how LMWF5A acts on immune cells. The IPA upstream regulator analysis uses the IPA
Knowledge Base to interrogate user dataset DEGs and their directionality of regulation and identi�es
molecules that are predicted to produce either similar or dissimilar regulation of targets. Two
measurements of con�dence in the prediction are the overlap p-value and z-score. The overlap p-value is
based on the proportion of the user dataset DEGs that overlaps with known targets of the upstream
regulator. The z-score considers whether the directionality of the user dataset DEGs are consistent with
known directional regulation by the upstream regulator (Fig. 2a). A comparison analysis of predicted
upstream regulators was performed to visualize regulators that are relevant to all stimulation conditions.
Speci�cally, IPA was used to calculate z-scores for upstream regulators in each condition, and the z-
scores for each upstream regulator were then summed for each condition and ranked by total z-score.
Fig. 2b lists the top upstream regulators predicted to match directionality with LMWF5A-regulated
transcripts, while Fig. 2c lists the top regulators that are predicted to recapitulate gene regulation in the
opposite direction of LMWF5A.

Interestingly, the upstream regulator with the highest total z-score was the glucocorticoid DEX (Fig. 2b),
which acts as a glucocorticoid receptor agonist and affects a multitude of indirect downstream targets
[33]. The primary action of DEX is to suppress in�ammatory cell activity and in�ammatory mediator



Page 7/23

levels, which mirrors the biological trends predicted by IPA for LMWF5A described above as well as
previously published work on LMWF5A. The other top �ve most positively correlated upstream regulators
with LMWF5A (Fig. 2b) include sirtuin 1 (SIRT1), prostaglandin E receptor 4 (PTGER4), �lgrastim, and
SB203580. Like DEX, each of these compounds has demonstrated anti-in�ammatory activity.

In contrast, the top �ve upstream regulators that are predicted to result in gene expression changes that
do not match with LMWF5A activity and have the lowest total z-scores are lipopolysaccharide (LPS),
IFNγ, STAT1, poly rI:rC-RNA, and IFNα2 (Fig. 2c). This list consists of established pro-in�ammatory
pathogen- and damage-associated molecular patterns (P/DAMP), transcription factors, and cytokines.

Comparison of DEX and LMWF5A targets
In the three different immunostimulatory conditions used to evaluate the effect of LMWF5A on PBMC,
DEX was the most signi�cant positively correlated upstream regulator to LWMF5A. Due to this �nding
and the longstanding and widespread utility of DEX in the clinic, a detailed comparison of its targets to
the LMWF5A datasets was performed.

IPA upstream analysis determined that LMWF5A regulates 26, 29, and 42 established DEX targets for the
LPS, LPS/IFNγ, and IL-4/IL-13 stimulation conditions, respectively. Common targets represent a large
proportion of each LMWF5A dataset, with 41%, 53%, and 30% of transcripts signi�cantly regulated by
LMWF5A are also targeted by DEX (overlap -log(p-values): LPS, 10.2; LPS/IFNγ, 9.4; IL-4/IL-13, 8.4).
However, based on IPA computational modeling, directional regulation by LMWF5A of 10, 7, and 17 of
common targets were inconsistent with that of DEX for the LPS, LPS/IFNγ, and IL-4/IL-13 stimulation
conditions. Nevertheless, overall, IPA modeling predicted signi�cantly similar regulation of downstream
molecules by DEX and LMWF5A based on directionally correlated transcripts (z-scores: LPS, 3.1;
LPS/IFNγ, 2.6; IL-4/IL-13, 2.4). Common targets between DEX and LMWF5A are shown for the LPS/IFNγ
stimulation conditions in a representative �gure (Fig. 3). The common targets for the LPS and IL-4/IL-13
conditions are presented in Supplemental Fig. 2a and b.

In Fig. 3, 29 transcripts are presented that were regulated by LMWF5A in LPS/IFNγ-stimulated PBMC at
24 h that are also known targets of DEX. Of these transcripts, 26 were decreased by LMWF5A (green) and
3 were increased (red). Further, of the 29 transcripts, 19 were directionally consistent with the action of
DEX (orange or blue lines) and 7 were directionally inconsistent (yellow lines); 3 DEX targets have
unpredicted directional regulation (gray lines).

Further comparison of DEX and LMWF5A revealed 71 total common targets (Fig. 4), and of these, only
�ve transcripts were found to be affected by LMWF5A under all stimulation conditions: β-actin (ACTB), γ-
actin (ACTG1), myristoylated alanine-rich C-kinase substrate (MARCKS), and tryptophanyl-tRNA
synthetase 1 (WARS1), all associated with the cytoskeleton, and cytochrome b-245 β chain (CYBB; also
called NADPH oxidase 2), which functions to produce reactive oxygen species to eliminate pathogens
during infection and is linked to the development of acute respiratory distress syndrome [34, 35]. Ten
targets were shared between the datasets containing LPS, and three were shared between the IL-4/IL-13
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and each of the LPS and LPS/IFNγ datasets. Moreover, 50 of the 71 common targets were unique to one
stimulation condition, highlighting the wide-ranging effects of LMWF5A as well as its different activities
depending on the in�ammatory milieu. This result suggests that LMWF5A treatment may be bene�cial in
multiple in�ammatory environments.

Comparison of LMWF5A and DEX datasets
The identi�cation of DEX in our unbiased search for upstream regulators that correlate with LMWF5A
prompted us to compare our datasets from stimulated PBMC treated with LMWF5A to published datasets
of DEGs in stimulated PBMC treated with DEX. The GEO dataset entitled, “Genetic mapping with multiple
levels of phenotypic information reveals new determinants of lymphocyte glucocorticoid sensitivity” [30]
is a DEG analysis of PBMC treated with PHA (2.5 µg/mL) and either vehicle (EtOH) or DEX (1 µM) for 6h.
Because PHA is a broad pro-in�ammatory stimulant that acts as a strong lymphocyte mitogen as well as
a ligand for multiple TLRs [36], it was deemed necessary to also compare the datasets from the current
study to a dataset from PBMC that were stimulated in a similar manner (with LPS) and treated with DEX.
Due to our inability to �nd a comprehensive gene expression analysis dataset of human PBMC
stimulated with LPS and DEX, we performed a comparative analysis using a porcine PBMC model treated
with 10 µg/mL LPS and either vehicle (EtOH) or 5 nM DEX for 2 h. As presented in Figure 5 and
Supplemental Figure 3, respectively, we observed continuity in signi�cant z-scores and adjusted overlap
p-values for many upstream regulators when comparing LMWF5A- and DEX-treated PBMC datasets.

Discussion
In this study, an unbiased investigation was performed to predict biological targets and activities of
LMWF5A in an immune cell model. This was accomplished by determining DEG upon LMWF5A treatment
of stimulated PBMC followed by in silico analysis with IPA software. Evaluation of graphical summaries
generated by IPA revealed that the overall biological trend observed in PBMC stimulated with LPS,
LPS/IFNγ, or IL-4/IL-13 in the presence of LMWF5A compared to saline control is the suppression of
immune cell in�ammatory activities, as numerous key pro-in�ammatory regulators and functions were
predicted to be inhibited and some anti-in�ammatory regulators were predicted to be activated with
LMWF5A. These predictions support the potential use of LMWF5A in a range of clinical conditions that
result from a hyperactive or chronic immune response.

To delineate the predicted effects of LMWF5A on immune cells more speci�cally, known molecules with
similar or opposite activities to LMWF5A were identi�ed via upstream regulator analysis in IPA. The most
similar upstream regulators were DEX, SIRT1, PTGER4, �lgrastim, and SB203580. The glucocorticoid DEX,
as a synthetic steroid, has multiple indications, including in�ammatory conditions (such as rheumatoid
and psoriatic arthritis, systemic lupus erythematosus, and Crohn’s disease), multiple sclerosis, cerebral
edema, shock, and allergies, amongst others [37]. Importantly, DEX has also been administered as an
intra-articular injection for joint in�ammation [37] and has been recently studied as a potent anti-
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in�ammatory for the treatment of COVID-19 [22]; both conditions are currently being investigated in
LMWF5A clinical trials.

SIRT1 is an NAD-dependent protein deacetylase that negatively regulates in�ammation by altering
cytokine levels and immune cell recruitment and activation by deacetylating and suppressing
transcription factors, including NFκB [38]. Similarly, LMWF5A has also been proven to modulate
transcription factor activity to decrease pro-in�ammatory cytokine levels. Its ability to reduce TNF and IL-
1β release has been linked to its effects on the NFκB-repressing PPARγ and AhR pathways in LPS-
stimulated PBMC, and it has also been shown to prevent NFκB reporter activity [9].

PTGER4 (or EP4) is a transmembrane, G-coupled protein receptor that becomes activated when bound to
the cyclooxygenase (COX) pathway product PGE2, which is induced during in�ammation. Although the
role of PGE2 is pleotropic, it exerts its anti-in�ammatory effects via PTGER4. PTGER4 binds to EP4
receptor-associated protein, which in turn, reduces the phosphorylation and increases the stability of
p105, an inhibitor of NFκB and mitogen-activated protein/extracellular signal-regulated kinase (MEK) [39].
Overall, PTGER4 downregulates in�ammation by modulating macrophage cytokine and chemokine
secretion as well as T cell proliferation, differentiation, and cytokine production [40]. LMWF5A has been
associated with COX pathway upregulation and its products, including the PTGER4 ligand PGE2, in PBMC
and primary human osteoarthritic cells [5, 10]. The mode of action of LMWF5A may be unique to the anti-
in�ammatory drug class, as most inhibit both cytokine and prostaglandin release while LMWF5A inhibits
cytokine release but promotes prostaglandin release. Inhibition of the COX/prostaglandin pathway can
result in harmful side effects [41], and stimulation of this pathway with concomitant inhibition of
cytokine production by LMWF5A may, conversely, promote anti-in�ammation, resolution, and healing.

Filgrastim, recombinant human granulocyte colony stimulating factor, is commonly used clinically as a
complement to chemotherapy due to its ability to stimulate granulocyte production, thus preventing low
white blood cell counts [42]. In addition, this protein has con�rmed anti-in�ammatory properties in vivo
with respect to the cytokine response and has been suggested as a potential treatment for chronic
in�ammatory conditions; for example, LPS-induced cytokine release has been shown to be attenuated in
healthy human volunteers treated with �lgrastim [43, 44].

Finally, SB203580 is a potent p38 mitogen-activated protein kinase (MAPK) inhibitor, with strong effects
on cytokine production [45]. The p38 MAPK signaling pathway is critical to the regulation of many
cellular processes, including in�ammation, as it is activated in response to in�ammatory mediators and
other stress-related molecules and acts as a major regulator of cytokine production [46]. Overall, the top
upstream regulators that signi�cantly match LMWF5A activity have been empirically proven to
downregulate components critical to in�ammation, including pro-in�ammatory cytokines and
transcription factors.

The identi�cation of upstream regulators with opposing activity to LMWF5A revealed LPS, poly rI:rC-RNA,
IFNγ, IFNα2, and STAT1 as the molecules with the most disparate effects. All of these molecules are
known promoters of in�ammation, as recognition of PAMPs and DAMPs by pattern recognition receptors,
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like TLRs, results in signal transduction to turn on multiple transcription factors (NF-κB, MAPK, STAT) that
increase expression of key pro-in�ammatory cytokines [1].

LPS and poly rI:rC-RNA are both categorized as PAMPs and function as signals of infection to initiate
immune signaling via TLRs. LPS is a major component of Gram-negative bacterial cell walls, and acts as
a PAMP upon bacterial infection. It is widely utilized in vitro to stimulate the TLR4-induced immune
response that can occur upon recognition of either pathogens or endogenous molecules released upon
tissue damage [47]. LPS was used in two of the three conditions in this study to stimulate an immune
response in PBMC, and its ranking as the most negatively correlated upstream regulator to LMWF5A
highlights the fact that LMWF5A strongly counteracts TLR4-mediated in�ammation. Moreover, the anti-
in�ammatory effects of LMWF5A on cytokine release and transcription factor activity have been
extensively studied using cells treated with LPS as a TLR4 stimulant [7, 9, 48]. poly rI:rC-RNA is a dsRNA
mimic that can simulate infection with a dsRNA virus and activate TLR3 [49], suggesting that LMWF5A
may also offset the actions of other TLR-driven pathways; the relationships between LMWF5A and other
TLRs are currently under investigation.

As additional opposing upstream regulators, the cytokines IFNγ and IFNα2 represent both classes of
interferons, type II and I, respectively. They are secreted upon viral infection to limit viral replication and
regulate the subsequent immune response [50]. The Janus kinase (JAK)-STAT signaling pathway is the
most studied IFN-related transcription factor pathway, but IFNs also activate other signaling cascades,
including p38 MAPK and phosphatidylinositol 3'-kinase, to exert their anti-viral and pro-in�ammatory
effects [51].

Because both type I and II IFNs activate STAT complexes, it is not surprising that STAT1 is also part of
this list of opposing upstream regulators. Upon recognition of IFNs, a variety of interleukins, or other
cytokines, STAT1 is phosphorylated, mainly by JAK kinases, and activated to drive a pro-in�ammatory
cascade [52]. LMWF5A was also previously demonstrated to inhibit the ability of STAT1 to bind its
cognate DNA sequence in LPS-stimulated PBMC, implicating regulation of this transcription factor as
part of the LMWF5A mode of action [9]. Inhibition of the JAK-STAT pathway is an effective therapeutic
strategy for the treatment of in�ammatory conditions, including rheumatoid arthritis (RA), psoriasis,
in�ammatory bowel disease [53] as well as COVID-19 [54]. In summary, the analysis of inversely
correlated upstream regulators of LMWF5A represent pro-in�ammatory factors, emphasizing the anti-
in�ammatory activity of LMWF5A.

Comparison of the common targets between DEX and LMWF5A highlighted that a large proportion, one-
third to one-half depending on the stimulation conditions, of the genes regulated by LMWF5A are also
regulated by DEX. While most of the genes were regulated in a similar direction to DEX, others were
directionally inconsistent.

An example of a target that is regulated by LMWF5A in a direction consistent with DEX is C–C motif
chemokine ligand 2 (CCL2), also called monocyte chemoattractant-1. Upon recognition of in�ammatory
stimuli, CCL2 expression is induced, and this chemokine drives migration of immune cells, particularly
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monocytes, to the site of infection or tissue injury [55]. Dysregulated, increased CCL2 expression is linked
to the pathology of many diseases, including heart failure, RA, and diabetes, due its overpromotion of
immune cell in�ltration and downstream pro-in�ammatory effects [56]. Serum CCL2 has been
demonstrated to be increased in OA patients versus healthy controls, suggesting its importance to OA
pathogenesis [57]. Some studies have reported increased CCL2 levels in OA synovial �uid as well, and
CCL2 has been linked to OA-associated pain in addition to factors in�uencing cartilage catabolism [58].
With respect to COVID-19, CCL2, along with many other in�ammatory cytokines, contributes to the
cytokine storm that occurs during the body’s dysregulated response to SARS-CoV2 infection and its level
has been correlated with increased disease severity [54]. Thus, the similar activities of both DEX and
LMWF5A on CCL2 should provide bene�t to patients with CCL2-related diseases, including OA and
COVID-19.

Conversely, an example of a target that is regulated by LMWF5A in a direction inconsistent with DEX is
cathepsin B (CTSB). CTSB is member of the cathepsin family of cysteine proteases, which are localized
in the lysosome [59]. It is well studied in the context of cancer [60] but has also been implicated in
cartilage degradation and OA pathogenesis due to its proteolytic activity of extracellular matrix
components and its ability to promote the activity of other proteases [61]. In fact, the enzymatic activity
of CTSB was demonstrated to be enhanced in vitro in stimulated primary chondrocytes and in vivo in
cartilage, serum, and synovial �uid from OA patients, in which CTSB activity levels were associated with
OA disease severity [62]. In the IPA upstream regulator analysis, the IPA Knowledge Database records
CTSB as being upregulated by DEX, supporting the cartilage-degrading effects observed with
corticosteroids, while the differential expression analysis showed that CTSB was downregulated by
LMWF5A. This and other differences may be important distinctions between these two anti-in�ammatory
treatments. Data comparing LMWF5A directly to DEX in PBMC have been published for a small number
of targets. These data showed that in LPS-stimulated PBMC, DEX inhibited TNF, PGE2, and 15d-PGJ2,
whereas LMWF5A inhibited TNF but increased levels of PGE2 and 15d-PGJ2 by ELISA [10]. While it is
possible to explore each speci�c directionally consistent or inconsistent target, the present analysis
allows for a broad understanding of overall LMWF5A activity and its comparison to DEX as well as the
interplay between common targets and their downstream pathways.

The differences in common targets between these datasets points to a limitation of the current study.
This analysis solely examined the effects of LMWF5A in one cell model at one time point, albeit with
three immunostimulation conditions. Additional timepoints or cell types would provide even further
insight into the mode of action of LMWF5A and may identify more overlapping targets. For example, due
to the known effects of LMWF5A on cytokine release from PBMC, an earlier timepoint may have captured
more differentially expressed cytokine RNAs as well as any temporal differences in cytokine RNA levels
due to LMWF5A treatment.

Although all molecules identi�ed in these analyses shed light on the putative effects of LMWF5A, the
distinction that DEX was scored by IPA as the most similar upstream regulator prompted further analysis
of the LMWF5A datasets with public datasets of DEGs in stimulated PBMC treated with DEX. Of the top
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32 upstream regulators as identi�ed in the comparison analysis between DEX and LMWF5A datasets and
ranked by absolute z-score, only 11 had > 2 LMWF5A datasets with a non-signi�cant z-score compared to
the DEX datasets (Fig. 5). In addition, the observed z-scores and adjusted p-values were not as strongly
signi�cant for each of the LMWF5A datasets compared to the DEX datasets, supporting the hypothesis
that while LMWF5A acts similarly to DEX, it is not identical to DEX.

Extensive information on the MOA of LMWF5A has been gained with the datasets in this investigation,
allowing for the formation of multiple hypotheses that can be tested in future experiments. For instance,
targeted experiments exploring the effects of LMWF5A will be performed using DEX as a comparative
treatment. These experiments will focus on components of various signaling pathways, including IFN-
mediated signaling due to the high instance of IFN-related factors that were predicted to be affected by
LMWF5A, including IRFs, STAT1, and both type I and II IFNs themselves. In addition, several speci�c,
in�ammatory disease-associated, directionally consistent, and inconsistent targets of LMWF5A and DEX
will be investigated, for example CCL2 and CTSB as mentioned above.

Conclusion
Unbiased in silico analysis of RNA sequencing datasets from activated PBMC treated with the biologic
drug LMWF5A compared to vehicle control demonstrates that LMWF5A may target numerous
in�ammation-related factors and functions, ultimately resulting in a putative suppression of pro-
in�ammatory and a potential promotion of pro-resolving immune cell activities. Upstream regulator
analysis identi�ed DEX as the most positively correlated molecule to LMWF5A. Due to signi�cant overlap
between their targets, LMWF5A may be indicated for the many conditions in which DEX is used. This
glucocorticoid and LMWF5A exhibit extensive anti-in�ammatory effects due to their ability to
simultaneously inhibit multiple cytokines by affecting upstream activity. This differs from other
treatments of acute and chronic in�ammatory conditions that inhibit individual cytokines, such as
antibody-based medicines. In addition, DEX targets many molecules that are not regulated by LMWF5A,
and some of the targets that are regulated by both are inversely affected. These observations may help to
explain why DEX is associated with side-effects that are not experienced by LMWF5A-treated patients.
Furthermore, this study supports our previous research and provides new hypotheses for future
investigations on the mode of action of LMWF5A.
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Figure 1

Graphical summary of effects of LMWF5A on LPS/IFNγ-stimulated PBMC. Differential expression
analysis comparing LMWF5A and saline treatment in LPS/IFNγ-stimulated PBMC were uploaded into IPA
software, and the graphical summary algorithm was run with the ‘default node’ and ‘subcellular
localization’ settings to visualize the overall effects of LMWF5A treatment. Each node located in the
cellular compartments represents a gene that is predicted to be signi�cantly activated or inhibited by
LMWF5A. The nodes located in the ‘other’ section represent canonical pathways or functions that are
predicted to be signi�cantly activated or inhibited. The shape of each node represents the functional
class of the regulator, pathway, or function. The node color corresponds to its predicted activation
(orange) or inhibition (blue); no color indicates that while there is an effect, its direction cannot be
predicted by IPA. For edges, a solid line denotes a direct physical interaction between two nodes, while a
dotted line denotes an indirect functional interaction, and arrows denote activation, while bars denote
inhibition as referenced in the IPA Knowledge Database.
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Figure 2

Upstream regulator analysis. (a) Concept of upstream regulator analysis. Differential expression datasets
for LMWF5A versus saline in PBMC stimulated with LPS, LPS/IFNγ, or IL-4/IL-13 were individually
subjected to upstream regulator analysis. IPA was utilized to compare the observed expression changes
in the datasets that were due to LMWF5A with known directional changes of targets by upstream
regulators found in the literature and comprising the IPA Knowledge database. Upstream regulator
analysis produces an overlap p-value and a z-score as measures of con�dence in the prediction. The
overlap p-value re�ects the proportion of the user dataset that are also known upstream regulator targets;
in this example, 3 out of the 4 DEGs changed by LMWF5A are also upstream regulator targets (black
dots). The z-score is derived by interrogating whether the directionality of the targets match (positive z-
score) or anti-match (negative z-score) with the known regulation by the upstream regulator according to
the IPA Knowledge Base. Z-scores are affected by consistency within the data; in this example, one of the
overlapping targets is activated by the upstream regulator but is decreased by LMWF5A so it is deemed
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inconsistent (black dot with yellow outline) and brings the z-score closer to zero. (b-c) Results of
upstream regulator analysis. The top �ve molecules that were identi�ed to match (b) or anti-match (c)
with the activity of LMWF5A in the IPA upstream regulator analysis are listed. Statistical signi�cance was
determined by z-score, with a z-score of >2 representing a signi�cant positive correlation and a z-score of
<-2 representing a signi�cant negative correlation. The tables are sorted by rows with the highest (b) or
lowest (c) total z-score for all three stimulation conditions.

Figure 3

Common targets of DEX and LMWF5A in LPS/IFNγ-stimulated PBMC. Upstream regulator analysis was
performed in IPA on differentially expressed genes due to LMWF5A treatment versus saline in LPS/IFNγ-
stimulated PBMC. DEX was selected and displayed as a network to visualize the 29 targets that are
common to DEX and LMWF5A. Each node located on the outside of the wheel represents a gene that is
targeted by both LMWF5A and DEX. The shape of the node indicates the functional class of the gene.
The green nodes represent genes that are decreased by LMWF5A, while the red nodes represent genes
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that are increased by LMWF5A, and the intensity of the node color indicates the magnitude of this
increase or decrease. For the edges connecting DEX with each gene target, arrows denote activation by
DEX, while bars denote inhibition by DEX. The colors of the edges correspond to whether the effect of
LWF5A on that target is directionally consistent or inconsistent with that of DEX (blue lines = directionally
consistent and inhibited; orange lines = directionally consistent and activated; yellow lines = directionally
inconsistent; gray lines = affected but direction unable to be predicted due to lack of data in the IPA
Knowledge Base).

Figure 4

Comparison of PBMC stimulation conditions for LMWF5A/DEX targets. Targets of LMWF5A and DEX
were identi�ed by upstream regulator analysis in IPA as described in Figure 3. A Venn diagram was
constructed to depict these targets and their overlap for PBMC stimulated with LPS, LPS/IFNγ, or IL-4/IL-
13. 
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Figure 5

Comparison of datasets for LMWF5A treatment of PBMC with publicly available datasets for DEX
treatment of PBMC. Upstream regulator analysis in IPA was utilized to compare the expression changes
in the datasets that were due to LMWF5A (in human PBMC stimulated with LPS, LPS/IFNg, or IL-4/IL-13)
or DEX (in human PBMC stimulated with PHA or in porcine PBMC stimulated with LPS) with known
directional changes of targets by upstream regulators found in the literature and comprising the IPA
Knowledge database. The identi�cation of upstream regulator that matched (orange) or were anti-
matches (blue) to LMWF5A or DEX regulation of DEGs within the respective datasets. Statistical
signi�cance was determined by z-score, with a z-score of >2 representing a signi�cant positive correlation
and a z-score of <-2 representing a signi�cant negative correlation. The upstream regulators are sorted by
z-score (absolute value) of the DEX-treated, PHA-stimulated PBMC dataset.
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