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Abstract

Nonhealing wounds possess elevated numbers of pro-inflammatory M1 macrophages, which fail
to transition to anti-inflammatory M2 phenotypes that promote healing. Hemoglobin (Hb) and
haptoglobin (Hp) proteins, when complexed (Hb-Hp), can elicit M2-like macrophages through
the heme oxygenase-1 (HO-1) pathway. Despite the fact that nonhealing wounds are chronically
inflamed, previous studies have focused on non-inflammatory systems, and do not thoroughly
compare the effects of complexed vs individual proteins. We aimed to investigate the effect

of Hb/Hp treatments on macrophage phenotype in an inflammatory, lipopolysaccharide (LPS)-
stimulated environment, similar to chronic wounds. Human M1 macrophages were cultured in
vitro and stimulated with LPS. Concurrently, Hp, Hb, or Hb-Hp complexes were delivered. The
next day, 27 proteins related to inflammation were measured in the supernatants. Hp treatment
decreased a majority of inflammatory factors, Hb increased many, and Hb-Hp had intermediate
trends, indicating that Hp attenuated overall inflammation to the greatest extent. From this

data, Ingenuity Pathway Analysis software identified high motility group box 1 (HMGB1) as

a key canonical pathway—strongly down-regulated from Hp, strongly up-regulated from Hb, and
slightly activated from Hb-Hp. HMGB1 measurements in macrophage supernatants confirmed
this trend. In vivo results in diabetic mice with biopsy punch wounds demonstrated accelerated
wound closure with Hp treatment, and delayed wound closure with Hb treatment. This work
specifically studied Hb/Hp effects on macrophages in a highly inflammatory environment relevant
to chronic wound healing. Results show that Hp—and not Hb-Hp, which is known to be

superior in noninflammatory conditions—reduces inflammation in LPS-stimulated macrophages,
and HMGBL signaling is also implicated. Overall, Hp treatment on M1 macrophages in vitro
reduced the inflammatory secretion profile, and also exhibited benefits in in silico and in vivo
wound-healing models.
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1| INTRODUCTION

Chronic wounds are stalled in the first stage of wound healing—inflammation—and have
difficulty in progressing to the final two stages of proliferation and remodeling, when tissue
regeneration and wound closure occur.2 A major driver of inflammation in chronic wounds
is the prolonged presence of pro-inflammatory macrophages, generally referred to as M1
macrophages.2 M1 macrophages phagocytose dead cells and bacteria and produce high
levels of reactive oxygen species. Stimulation with pro-inflammatory cytokines or bacterial
components promotes the M1 macrophage phenotype, which secretes tumor necrosis factor
a (TNF-a), interleukin 8 (I1L-8), IL-6, and IL-1p, to name a few. In healing wounds,
macrophage populations transition to having an M2-like anti-inflammatory phenotype, while
the M1 phenotype is attenuated. M2 macrophages produce increased levels of growth
factors, such as vascular endothelial growth factor (VEGF), and fibroblast growth factor to
support angiogenesis, cell proliferation, and tissue regeneration.*> An increase in interleukin
10 (IL-10) is also typically associated with the resolution of inflammation, and accumulation
of M2 macrophages. The prolonged presence of M1 macrophages, and a delayed switch

to the M2 phenotype, is associated with chronic wound conditions. Therefore, therapeutic
methods that promote the transition from M1 to M2 macrophages have been attempted to
stimulate healing of chronic wounds.2

There is a body of research that has investigated the potential of hemoglobin (Hb)

and haptoglobin (Hp) complexes (Hb-Hp) in eliciting anti-inflammatory macrophages,
via the monocyte/macrophage specific receptor CD163 and heme oxygenase-1 pathway
(HO-1).6-10 Hb-Hp bind to CD163 on monocytes and macrophages with high affinity
and are endocytosed. Intracellularly, the HO-1 enzyme converts heme into Fe2*, carbon
monoxide, and bilirubin.8:11.12 Carbon monoxide and bilirubin have been shown to have
anti-inflammatory effects, and a strong up-regulation of IL-10 is also associated with
this pathway.”-13:14 This pathway is thought to be active in vivo in regions of vascular
hemorrhage in atherosclerotic plaques, where high levels of iron were concurrent with M2
macrophage markers, such as high CD206, CD163, and low levels of the M1 marker,
TNF-a.815

The Hb-Hp/CD163/HO-1/1L-10 pathway may also have potential benefits in wound healing.
Expression of CD163 is desirable as it is up-regulated as inflammation is resolved, and
wounds begin to enter the proliferation stage.5.” Furthermore, deletion or inhibition of
HO-1 results in delayed wound healing.1® Diabetic mice also have lower HO-1 expression
than nondiabetic mice, which may partially explain their delayed healing. Lastly, IL-10

is a potent anti-inflammatory cytokine and is associated with M2-like macrophages that
support wound-healing activities.17 It is important to note that iron/Hb overload of
macrophages is of particular concern in venous ulcers819 and promotes an unrestrained
pro-inflammatory M1 macrophage population. Therefore, promotion of the Hb-Hp/CD163/
HO-1/IL-10 pathway by introduction of Hp or Hb-Hp complexes may mediate Hb toxicity
and promote anti-inflammatory macrophage responses, leading to improved chronic wound
healing for both diabetic and venous ulcers.
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In the current study, our goal was to characterize and predict the therapeutic potential of
Hb-Hp complexes on macrophages to ultimately test their potential in improving healing of
diabetic and venous ulcers. To create a highly inflammatory in vitro system characteristic
of chronic wounds, macrophages were stimulated with lipopolysaccharide (LPS; 1 pg/
mL). Stimulation with LPS is known to increase several pro-inflammatory factors, such

as interleukin-8 (IL-8), interferon gamma (IFN-vy), and granulocyte-macrophage colony-
stimulating factor (GM-CSF), to name a few.2% Additionally, chronic wounds are often
infected, making LPS an appropriate inflammatory stimulus for this model. As controls,
Hp and Hb were also delivered individually, in addition to Hb-Hp complexes. The Hb-Hp
group was predicted to elicit the strongest anti-inflammatory effects, since the complex

has the highest affinity with the CD163 receptor compared to the individual proteins.6:11.12
Furthermore, the individual proteins are usually not reported to have benefits, especially

in comparison to Hb-Hp.”8 Few studies have reported results of this pathway with highly
inflammatory, LPS-stimulated macrophages, and those that did, did not thoroughly report
results with Hb only or Hp only controls. Furthermore, few studies report cytokine secretion
results beyond I1L-10. We expanded this characterization as there are many more pro- and
anti-inflammatory factors that affect biological outcomes, specifically in regard to wound
healing.

Surprisingly, we found that Hp alone was the strongest inhibitor of inflammatory mediator
secretion, followed by Hb-Hp. Hb alone significantly increased secretion of many pro-
inflammatory factors. Hb-Hp treatment displayed trends similar to Hb for some factors,

but also trends similar to Hp for others, including I1L-10. Based on current literature,

we hypothesize that Hp alone serves to sequester free HMBGL that is generated by
macrophages stimulated with LPS.21-23 As a whole, this work demonstrates the potential
of Hp in counteracting inflammatory signaling in macrophages, not only in response to Hb,
but in response to LPS as well. This work also demonstrates that Hp can lead to benefits in
wound healing through: (a) an in silico model that compared current in vitro cytokine trends
with published cytokine trends from human chronic venous ulcers and (b) in vivo biopsy
punch wounds in diabetic mice.

2| MATERIALS AND METHODS

2.1| Reagents

Low endotoxin level Hp (mixed phenotype) purified from human plasma was purchased
from Athens Research Technology (Athens, Georgia). LPS from Escherichia coli was
purchased from Sigma Aldrich (Saint Louis, Missouri). Human Hb dissolved in lactated
Ringer’s solution was provided by Andre Palmer’s lab, following hypotonic lysis of red
blood cells and subsequent purification using tangential flow filtration, in a process similar
to that reported in Elmer et al.24

2.2 | Monocyte isolation and macrophage differentiation

Human blood donations/buffy coats were received from New York Blood Center (New
York City, New York). Primary monocytes were isolated using Ficoll-Paque density
gradient centrifugation and CD14* magnetic bead separation (Miltenyi, Bergisch Gladbach,
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Germany) according to the manufacturer’s protocol, in a process similar to that reported

in Faulknor et al.25> CD14" cells were cultured at 37°C at 5 x 10° cells/mL with 5

ng/mL GM-CSF (R&D Systems, Inc, Minneapolis, Minnesota) for 7 days in complete
media—Advanced RPMI 1640 (Life Technologies, Carlsbad, California) containing 10%
fetal bovine serum, 1% penicillin-streptomycin (P/S) and 4 mM L-glutamine. After 7 days,
cells that attached (macrophages) were trypsinized for 15 minutes, frozen down with 1%
dimethyl sulfoxide, and stored in liquid nitrogen until use for experiments.

2.3 | Cell culture and metabolic activity measurement

Macrophages were cultured in complete media at 1 x 10° cells/well in black, glass-bottom
24-well plates (Cellvis, Sunnydale, California) and allowed to attach for 24 hours. Then,
cells were activated with 1 pg/mL of LPS in serum-free media (advanced RPMI 1640, 1%
P/S, 4 mM L-glutamine). Concurrently, 0.2 mg/mL of Hp, Hb, or Hb-Hp was added to cells.
After 24 hours, supernatants were collected and stored at —80°C until analysis for secreted
factors. Alamar Blue Cell Viability Reagent (Life Technologies Corporation) for measuring
cellular metabolic activity was added to media with 1 pg/mL LPS at a 1:10 ratio. Once

an hour up to 4 hours, fluorescence measurements (excitation 535 nm; emission 595 nm)
were performed on a DTX 880 Multimode Detector plate reader with Multimode Detection
Software (Beckman Coulter, Brea, California).

2.4 | Multiplex immunoassay and net secretion scoring

Cellular supernatants were used in the Bio-Plex Pro Human Cytokine 27-plex Assay
(BIO-RAD, Hercules, California)—a magnetic-bead based immunoassay that detects 27
cytokines, chemokines, and growth factors related to inflammation. The list of all 27 factors
can be found on the heatmap in Figure 2. The assay was carried out according to the
manufacturer’s instructions, with addition of 0.05% bovine serum albumin to serum-free
supernatants. Results were obtained using a Bio-Plex 200 System (BIO-RAD). Results

are represented as fold changes. Raw secretion concentrations were normalized to media
baseline values. Then, the fold change was determined by taking the log, of the media-
normalized value.

Net secretion scoring was determined by summing the fold change values across all factors
for each treatment, and rounding to the nearest whole number. Media baseline is represented
as a score of zero.

25| HMGB1ELISA

HMGB1 levels in supernatants were measured used an HMGB1 ELISA (Biomatik
Corporation, Ontario, Canada). The procedure was performed following manufacturer’s
protocol, and absorbance at 450 nm was measured using a DTX 880 Multimode Detector
plate reader with Multimode Detection Software (Beckman Coulter).

2.6 | Ingenuity Pathway Analysis

Ingenuity Pathway Analysis (IPA; Qiagen, Venlo, the Netherlands) version 01-13 was
used to interpret secretion profile results. Average fold changes from three experiments
for each condition were ran in an expression core analysis with no mutations, including
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direct and indirect relationships, interaction and causal networks, all node types and data
sources, experimentally observed and high (predicted) confidence, restricted to macrophage
cell lines and primary human cells within epidermis, dermis, and skin organs, including
endothelial cells, keratinocytes, fibroblasts, macrophages, mononuclear leukocytes, and
peripheral blood mononuclear cells. z-Scores assigned a value to the predicted up/down-
regulation of HMGB1 from the treatment compared to media baseline conditions. z-Scores
represent the predicted activation state of upstream regulators using the expression patterns
of the downstream factors, based on relationships published in the literature.

2.7| In silico wound-healing scoring

Pro-wound-healing trends were identified from an article by Ligi et al that found significant
differences for cytokine/chemokine/growth factor levels between human chronic venous
ulcers that were in the inflammatory state vs those showing signs of healing in the
proliferative state.26 In that study, the same multiplex immunoassay from BIO-RAD was
used to perform measurements in chronic wound fluid. Nine significant pro-wound-healing
trends were identified in the paper. The trends observed with the Hp /Hb/Hb-Hp treatment
secretion profiles were compared to these pro-wound-healing trends for each of the nine
factors and incorporated into a scoring system to predict which secretion profile is most
likely to promote healing.

Raw secretion data from the current study was normalized to media baseline values. Then,
fold change was determined by taking the log, of the media-normalized value. If the
experimental trend was consistent with the pro-wound-healing trend for a specific factor
and had an absolute value fold change of 0.1 to 1, +1 point was awarded. If the trend was
consistent and had an absolute value fold change of >1, +2 points were awarded. If the
trends were inconsistent (ie, experimental trend increased a factor whereas the pro-wound-
healing trend decreased that factor), points were subtracted rather than added. If the fold
change value was between >-0.1 and <0.1, no points were awarded.

2.8 | Invivo wound-healing studies

2.8.1| Biopsy punch study—Animal studies were performed in accordance with a
protocol approved by the Institutional Animal Care and Use Committee (IACUC) at Rutgers
University. Genetically modified diabetic male mice (BKS. Cg-Dock7™+/+ Leprd?/J) were
purchased from Jackson Laboratory (Bar Harbor, Maine). All mice were used at the age

of 10 weeks. A day prior to surgery, mice were anesthetized by isoflurane (Henry Schein,
Melville, New York) inhalation and the back of mice was shaved using a clipper and Nair
cream (Church & Dwight Co, Inc; Ewing, New Jersey). On the day of surgery, the mice
were anesthetized, and betadine scrub and 70% ethanol were applied alternatively three
times to prepare the dorsum for wounding. A biopsy punch (Integra LifeSciences; Princeton,
New Jersey) was then used to create a 5 mm diameter circular full-thickness skin wound on
the dorsum. The mice were divided into three groups and given different treatments (100 pg/
mouse of either Hb or Hp, or plain PBS). In brief, Hp was reconstituted in sterile deionized
water to yield a 10 mg/mL stock solution. For the Hb group, human Hb dissolved in lactated
Ringer’s solution (100 mg/mL) was diluted in sterile water at 1:10 ratio to prepare a final
concentration of 10 mg/mL. A 10 pL of either the Hp or Hb stock was applied to the
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wound area, and was then covered with Tegaderm (3 M; Saint Paul, Minnesota). A 10

uL of the Hb stock was applied to the wound area and the wound area was covered with
Tegaderm. Similarly, 10 pL of PBS was applied to the control group wounds. The wound
area was photographed weekly over a period of 28 days. The percent wound closure rate was

analyzed using the ImageJ software (NIH) and calculated as (1 - W) x 100.

initial wound area

On post-wounding Day 28, mice were sacrificed and skin samples around the wound

area (including the scar area) were excised. The collected tissues were processed for
histology as previously described.2” Briefly, the tissues were fixed in 10% neutral buffered
formalin (VWR; Radnor, Pennsylvania) for 48 hours and stored in 70% at 4°C ethanol until
processing for histology. Tissues were paraffin-embedded and sectioned (5 um thickness).
The sectioned tissues were stained with Masson’s trichrome stain and imaged using a light
microscope.

2.8.2| Larger excisional wound study—A subsequent animal study was performed
to investigate larger wounds and include four experimental groups: PBS controls, or 100 ug
of Hps, Hb, or Hb-Hp (1:1). Male diabetic mice were prepped in the same way as above,
except instead of a biopsy punch, they received 1 cm x 1 cm square-shaped full thickness
excisional wounds, as described previously.2” Treatments were applied to wound areas and
covered with Tegaderm. Images were taken of the healing wounds, and percent wound
closure was calculated as described above.

29| Statistics

GraphPad Prism Version 8.1.1 (330) (GraphPad Software, San Diego, California) was used
to generate plots and perform statistical analyses. For box and whisker plots, lines are
shown at the median value, boxes denote lower and upper quartiles, and bars denote lowest
and highest observations. Statistical analysis was performed on a total of three or more
independent experiments per group. Raw secretion data were normalized to media baseline
values. Then, fold change was determined by taking the log, of the media-normalized value.
Positive values represent up-regulation and negative values represent down-regulation, with
zero representing media baseline levels.

One-way analysis of variance (ANOVA) was used for all datasets except for the multiplex
data, in which two-way ANOVA was used. Tukey’s post hoc analysis was used to identify
groups that displayed significant trends. * denotes significance vs media groups. + denotes
significance vs Hp group. # denotes significance vs groups indicated by brackets. Increasing
numbers of symbols indicate increasing levels of significance. For example, * denotes P<
.05, ** denotes P< .01, *** denotes £< .001, and **** denotes A< .0001. The same holds
true for increasing numbers of + and # symbols.

3| RESULTS

3.1| Effect of treatments on cellular metabolic activity

In order to assess the general effect of Hb/Hp/Hb-Hp treatments on macrophages and
to provide more context for functional characterization, metabolic activity per well was
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measured (Figure 1). This assay was performed on macrophages after 24 hours of exposure
to 1 ug/mL of LPS, together with 0.2 mg/mL Hp, Hb, or Hb-Hp complexes (1:1 mass

ratio of Hb:Hp). Results were compared to those of media controls. No difference was
detected among groups, indicating that net metabolic function of macrophages per well
was unaffected by the treatments. For this reason, measured secretion profiles were directly
compared among groups, in all subsequent studies.

3.2 | Overall inflammatory secretion profiles

A multiplex, bead-based immunoassay, of 27 different factors related to inflammation was
used to characterize the supernatants of treated macrophages (Figure 2). The heatmap
shows levels for each factor in each treatment group normalized to the respective baseline
level measured in the media control. Up-regulation is indicated by shades of red and
down-regulation by shades of green. Most measured factors were down-regulated by Hp
treatment. In stark contrast, Hb-treated groups had a strong up-regulation in several factors.
Results for Hb-Hp were intermediate—there were several factors that were up-regulated,
down-regulated, or remained close to baseline. The numbered linear scale depicts the net
secretion score across all measured factors for each treatment, taken by summing the fold
change values for each measured factor (Figure 2B). Hp resulted in a net secretion score of
-6, reflecting a down-regulation of many factors compared to media baseline. Hb was on
the opposite extreme, strongly up-regulating many of the measured factors, yielding a net
secretion score of +15. Hb-Hp also had a positive net secretion score of +10.

3.3 | Most significant secretion trends

Measurements for individual factors that exhibited significant changes among treatment
groups are shown in Figure 3. In general, several factors were down-regulated by Hp
treatment, and strongly up-regulated by Hb treatment. Hb-Hp treatment also lead to up-
regulation, which was less than that of Hb alone, but not significantly different. Factors
demonstrating these trends were GM-CSF, IL-6, TNF-a, and IL-2 (Figure 3A). For all

of these factors, resulting levels from Hb and Hb-Hp treatments were significantly higher
than media baseline and Hp groups. Hp decreased secretion of these factors below media,
significantly for IL-6. In this group of factors, there was no significant difference between
Hb and Hb-Hp. For MIP-1f (macrophage inflammatory protein 1f; aka CCL4), I1L-10, and
IL-8 (aka CXCLS8), Hb and Hb-Hp had significantly different levels (Figure 3B). For these
three factors, Hb-Hp had significantly lower secretion compared to Hb. For MIP-18, Hb-Hp
resulted in levels close to baseline, with Hb significantly higher, and Hp slightly lower

(but not significantly). IL-10 had striking trends as a result of treatments. Hp significantly
decreased 1L-10 levels compared to media baseline (£<.0001). Hb had significantly higher
IL-10 compared to media and Hp groups. Hb-Hp decreased IL-10 compared to baseline,
significantly lower than Hb (£ < .0001), as well as slightly higher than Hp alone (P <

.05). For IL-8, Hb-Hp resulted in significantly lower values compared to all other groups.
The remaining groups had IL-8 levels close to media baseline, and were not significantly
different from each other.
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3.4 | IPA and HMGBL1 signaling

Multiplex secretion data were input into IPA in order to identify canonical pathways that
may be responsible for the observed secretion trends. The HMGB1 pathway was identified
as likely down-regulated by Hp treatment (z-score = —=3.606) and up-regulated with Hb
treatment (z-score = 1.941; Figure 4A). Slight activation of HMGB1 was predicted with
Hb-Hp treatment (z-score = 0.832). The list of factors that are implicated in HMGBL. that
this prediction was based on is listed in the chart, along with their trends. Of the measured
factors, 14 out of 27 contributed to this prediction. To verify this prediction, HMGBL1 levels
from the supernatants were measured by ELISA (Figure 4B). IPA-predicted trends matched
experimentally measured trends. More specifically, Hp had the lowest HMGBL levels, below
media baseline and other groups. Hb resulted in significantly higher HMGBL1 levels than Hp.
Hb-Hp resulted in intermediate levels, significantly higher than Hp alone, but still less than
Hb on average.

3.5]| Insilico prediction of wound healing effects in chronic venous ulcers

We wanted to interpret the inflammatory secretion results within a chronic wound-healing
context in order to assess which treatment may yield a macrophage secretion profile that can
promote chronic wound healing, particularly in chronic venous ulcers. Ligi et al used the
same BIO-RAD assay to measure inflammatory factors in the wound fluid of human venous
ulcers.26 Samples were taken from wounds in both the inflammatory stage and granulating/
proliferation stage of wound healing. Factor levels were compared between wounds in the
two stages, and nine significant trends were identified. These trends are listed in the table

in Figure 5. To compare the Hp/Hb/Hb-Hp treatments to these pro-wound-healing trends,

a scoring system was developed, based on experimental trends compared to the media
group. Points were awarded to treatments that followed the pro-wound-healing trend for

the specific factor, and deducted if the trend was not consistent. The total wound-healing
score was determined by tallying up the number of points awarded to each treatment.

Total wound-healing scores are shown on the number line. Hp had the highest score of

+5, exhibiting the most pro-wound-healing trends. Hb-Hp had a slightly lower score, of

+3. Hb had a net negative score of -1, indicating that its secretion profile had the fewest
pro-wound-healing trends, as observed in Ligi et al. This comparison of our experimental
data with published pro-wound-healing secretion trends in chronic venous ulcers predicts
that Hp treatment is likely to be more effective in promoting wound healing than Hb-Hp or
Hb treatments.

3.6 | Invivo wound-healing studies

To test the effect of Hp and Hb treatments in an in vivo chronic wound-healing model,

an initial pilot study was performed using a biopsy punch wound in diabetic mice. Figure
6A shows representative images of wounds over time. Wounds from each treatment group
appear similar until Day 14, at which point the Hp-treated wound is visibly smaller in size
compared to the other groups. This is also apparent in the Day 21 image, as the Hp-treated
wound is nearly closed whereas the other wounds remain open. Percent wound closure
over time is quantified in Figure 6B. Here, the wound-healing curves are separated, with
Hp consistently having faster wound closure and Hb consistently having slower wound
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closure compared to controls. The separation between groups is large at Day 14, at which
point Hp-treated wounds are 85% closed, control wounds are 62% closed, and Hb are

only 47% closed. Again, on Day 21, Hp-treated wounds are nearly closed (96%), control
wounds are larger (85%), and Hb-treated wounds continue to delay healing (79%). Figure
6C shows wound tissues harvested on Day 28, stained with trichrome. The arrows indicate
the epidermal and dermal layers. Control wounds appear to have thinner dermal layers
compared to Hb- and Hp-treated wounds. Figure 6D shows results from a subsequent study
that increased the wound size to a 1 cm x 1 cm excisional wound and also expanded the
experimental groups to include mice treated with Hb-Hp complexes. Results from Days 7
and 21 are shown. Similar to the previous model, treatment with Hb slowed wound healing
compared to controls. Hb-treated wounds were the largest compared to controls on Day 7
(—29.0% closed vs —12.8% closed) and on Day 21 (0.1% closed vs 42.1% closed). Also,
Hp-treated wounds were the smallest on average at both time points (-9.4% closed and
50.4% closed on Days 7 and 21), although closure rates were generally similar between
Hp, Hb-Hp, and control mice (no significant difference). Overall, Hb-treated wounds
consistently exhibited delayed wound healing in diabetic mice. Hp treatment significantly
accelerated wound healing in the biopsy punch wounding model, but optimization and
further experimentation must be done to broaden these results to different wounding models.

4| DISCUSSION

Hb and Hp form complexes (Hb-Hp) that modulate macrophage behavior and promote

the M2-like phenotype, by activating the HO-1 pathway and up-regulating IL-10. Previous
studies that observed this behavior have focused on in vitro cell culture systems that were
not highly inflammatory, and therefore did not contain LPS.”-1015 We were specifically
interested in determining if Hb-Hp treatment could yield an anti-inflammatory secretion
profile in macrophages that could counteract the inflammatory environment encountered in
chronic wounds, in order to promote healing. Hence, as an inflammatory stimulus for our
in vitro cell culture, we used LPS to mimic bacterial infection and inflammation that is
commonly found in chronic wounds. We wanted to determine if Hb-Hp could promote anti-
inflammatory macrophages in this highly inflammatory, LPS-stimulated environment, and
compare the results to macrophages treated only with Hb or Hp. We specifically expanded
our investigation into chronic venous ulcers in an in silico model that compared in vitro
secretion results to published literature, and diabetic wounds in an in vivo diabetic mouse
model.

The measured secretion profile of macrophages included 27 factors related to inflammation.
Compared to media baseline levels, Hp reduced secretion of many of the inflammatory
mediators (eg, IL-6, TNF-a, IL-1pB). Hb alone had the opposite effect, and significantly
increased many factors (eg, GM-CSF, IL-6, TNF-a, IL-2). Hb-Hp treatment decreased some
factors (eg, I1L-8, IL-17, IL-13), and increased others (eg, GM-CSF, 1L-6), although to a
lesser extent than Hb alone. Overall, Hp reduced inflammatory secretion, Hb increased it,
and Hb-Hp resulted in intermediate effects.

Surprisingly, the anti-inflammatory cytokine IL-10 did not increase for macrophages treated
with Hb-Hp, in contrast to what other studies have reported.’~%15 In fact, treatment with
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Hb-Hp decreased 1L-10 secretion compared to baseline, whereas Hp decreased IL-10 levels
even more (Figure 3B). The distinction between previously published systems and the
current study is the inclusion of LPS as a pro-inflammatory stimulus. LPS is a potent
stimulator of many cytokines in human macrophages, including iNOS, TNF, IL-1p, IL-10,
and others.17.20.28 The fact that LPS strongly up-regulates 1L-10—the prototypical M2
marker—is counterintuitive, because LPS is recognized as an M1 inducer. Our observation
of decreased IL-10, along with numerous pro-inflammatory cytokines, has been reported

a few times in similar systems using LPS, and Hp/Hb-based treatments. For example,
Arredouani et al used LPS-stimulated human macrophages, treated them with Hp at
increasing concentrations, and measured cytokine levels 72 hours later.2° A significant
decrease in IL-10 was observed, beginning at 250 pg/mL Hp. At the same time, several
other pro-inflammatory factors, such as TNF-a and IL-12p70, were also decreased with Hp
treatment. Another example of decreased IL-10 secretion, in conjunction with a decrease

in other pro-inflammatory factors from macrophages in an LPS-stimulated system, was
reported by Roach et al.39 Macrophages were pre-incubated with a Hb-based oxygen carrier
(HBOC) called PolyHeme to induce HO-1, followed by LPS treatment.30 Pre-incubation
with HBOC, followed by LPS stimulation, resulted in decreased levels of IL-10, as well

as TNF-a, MCP-1, and IL-6. Similar to these two studies, treatment with Hp in our LPS-
stimulated system, resulted in a decrease in IL-10 along with many other pro-inflammatory
cytokines.

One possible explanation to the observed decrease, rather than increase, in IL-10 may be due
to a self-regulated negative feedback loop that results in signaling that ultimately inhibits
p38 phosphorylation and decreases I1L-10 production.28:31 LPS-stimulation in these studies
may initially drastically increase IL-10 levels, which activates the negative feedback loop
with Hp and Hb-Hp treatment. In contrast, a self-regulated positive feedback loop also exists
that affects the extracellular signal-regulated kinase (ERK) pathways, and results in IL-10
up-regulation.?8 These positive and negative IL-10 feedback loops, implicated with ERK
and p38 signaling, respectively, may be key in explaining different trends observed between
previous literature and this study, which specifically used an LPS-stimulated system. This
warrants further investigation, as well as extending observation time, as IL-10 levels can rise
and fall depending on the specific time point assayed.32

We also used IPA to identify any canonical pathways that could explain the observed
secretion profiles, and identified HMGBL1 as a pathway with strong predictions that Hp
treatment would down-regulate the pathway, while Hb treatment would up-regulate it
(Figure 4A). It also predicted that Hb-Hp treatment would only slightly increase HMGB1
compared to the media baseline. Consistent with these predictions, HMGB1 secretion

levels were decreased by Hp in LPS-stimulated macrophages. Hb had the highest levels of
HMGB1, and Hb-Hp was in-between, both significantly different than Hp alone. Thus, each
experimental treatment yielded different inflammatory secretion profiles/trends that closely
correlated with different HMGBL levels.

Recently, a link between Hp, HMGBJ1, and HO-1 has been made in the literature, which
helps explain the findings in the current study. Yang et al inadvertently discovered
that free Hp binds to HMGB1 and the HMGB1-Hp complex can be uptaken by
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CD163+ macrophages, which increased HO-1 and 1L-10 expression, and counteracted the
inflammatory effects of HMGB1.22:23 They had intended to use Hp-conjugated beads to
remove extracellular Hb from the blood of septic rats, however, found that significant
amounts of HMGB1 was also captured. Further experiments demonstrated the link
between HMGB1-Hp, CD163, HO-1, and IL-10. HMGB1-Hp also led to a decrease in
pro-inflammatory factors such as TNF-a and IL-8 in human macrophages, similar to trends
seen in the current study with Hp treatment.

The overall trends and results seen between LPS/treatment, HMGB1, and inflammatory
secretion outcome are summarized in Figure 7. In vitro macrophages were stimulated with
LPS, leading to high HMGB1 production.? Hp alone is free to bind to HMGB1 and reduce
its pro-inflammatory effects. Hb does not bind with HMGBL to sequester it. In fact, Hb
amplifies the pro-inflammatory effects of LPS, so HMGBL1 levels are further increased,
leading to heightened levels of pro-inflammatory factors.22 In the Hb-Hp group, these
complexes have extremely high affinity (K4 on the order of 10715 M).22 In theory, there is no
free Hp for HMGB1-Hp complexes to form, so there is nothing to counteract the additional
LPS/HMGB1 challenge, and overall pro-inflammatory factor levels remain high, although
to a lesser extent than Hb alone. It is noteworthy that Hb-Hp mixtures were formed at a

1:1 mass ratio. Since Hb and the mixed phenotype Hp used in this study bind ata 1:1

M ratio, using this mass ratio likely yielded excess unbound Hb, which may explain why
the secretion profile of Hb-Hp was more similar to Hb, rather than Hp. Moving forward,
Hb-Hp complexes will be formed at a 1:1 M ratio, followed by chromatographic separation
to remove any noncomplexed Hb and Hp. Furthermore, comparison of activation of HO-1
in the system is pertinent, as both Hb-Hp complexes, and HMBG1-Hp have been reported
to up-regulate the pathway.8915.22.23 Thorough dose response of LPS, Hp, and Hb-Hp, and
measurement of HO-1 activation could lead to better understanding of these trends.

Beyond the HMGBL1 and general inflammatory secretion trends, our goal was to understand
the impact of Hp/Hb/Hb-Hp treatment on human chronic wound healing. Ligi et al took
wound fluid samples from human chronic venous ulcers that were either in the inflammatory
or the granulating phases of wound healing.2® They used the same 27-plex immunoassay

in the current study to identify significant trends in changes of cytokine levels as healing
progressed. The significant pro-wound-healing trends observed include decreased IL-1,
IL-12, IL-10, IL-8, GM-CSF, and VEGF, and increased IP-10, RANTES, and platelet-
derived growth factor. We compared the secretion profiles of our study to those, as these
significant trends have desirable effects in healing (Figure 5). Points were awarded if the
treatment (Hp, Hb, or Hb-Hp) followed the pro-wound-healing trend, subtracted if it did

not, and summed across all factors to yield a final wound-healing score. The secretion
profile from Hp alone resulted in the most pro-wound-healing potential. Hb-Hp had less pro-
wound-healing trends, and Hb was not predicted to support wound healing. An interesting
note is that Ligi et al measured a significant decrease in 1L-10 levels between inflammatory
and granulating wounds.26 Thus, IL-10 increase does not necessarily correlate with better
healing, as is often assumed with its designation as an M2 marker. A decrease in IL-10 is
observed in the Hp group (as well as Hb-Hp) of the current study, suggesting that this may
be a beneficial wound-healing therapy.
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Overall, decreased HMGBL levels, as seen with the Hp group, may also be desirable in

a wound-healing context. HMGBL is a damage-associated molecular pattern.3334 |t can

act intracellularly as a transcription factor, but it is also released extracellularly during
injury. Downstream HMGBL signaling activates nuclear factor-xB (NF-xB), increasing the
secretion of pro-inflammatory factors, such as TNF-a, IL-8, MCP-1, and others. Higher
levels of HMGBL are also found in individuals with type 2 diabetes,3® and therefore may
play a role in the development of diabetic ulcers. In wound healing specifically, lower
HMGB1 results in minimal scarring, higher wound-breaking strength and wound-collagen
content.33:34 Therefore, Hp treatment, which decreases HMGB1 and other pro-inflammatory
cytokines in an LPS-stimulated system, may yield benefits in chronic wound healing.

To supplement the in vitro and in silico studies, we performed pilot in vivo wound-

healing studies in diabetic mice, which exhibit delayed wound healing (Figure 6). Two
wounding models were used: a biopsy punch and an excisional wound, both receiving
one-time, topically applied treatments on Day 0. Both models demonstrated delayed wound
healing with Hb-treatment compared to controls. The biopsy punch wounds demonstrated
accelerated wound healing with Hp treatment compared to controls. The excisional wounds
also trended toward improved closure with Hp treatment, however this was not significant,
and wounds closed at similar rates with Hb-Hp treatment as well. There are several

potential explanations as to why these differences may have been observed between the
wound-healing models. First, biopsy punch wounds may heal through different mechanisms
than excisional wounds. This is suggested by the fact that biopsy punch wounds consistently
reduced in size following wounding (Figure 6B), whereas excisional wounds initially exhibit
a large increase in size at Day 7 (negative closure; Figure 6D), which is typical in this
model.27:36 Also important to note is the difference in original wound size between the
biopsy and excisional wounds (5 mm diameter vs 1 cm x 1 cm, respectively). All wounds
received the same dose of treatment, regardless of wound area, so the smaller biopsy

punch wounds received more treatment per area than the larger excisional wounds. This
may explain the difference in results seen between the two models, specifically the loss

of benefit with Hp alone in the larger excisional wounds. Despite this, the general trends

of disadvantages in wound healing with Hb, and advantages in wound healing with Hp,
were consistent between the in vitro and in vivo work. Future in vivo studies include
optimization of Hp/Hb/Hb-Hp treatments on the basis of dose per wound area. Furthermore,
a deeper investigation into the treatment effects on macrophage M1/M2 marker expression
and cytokine/growth factor expression during wound healing would provide an in vivo
context to other key in vitro findings of this manuscript.

Another interesting avenue for future investigation is the effect and potency of different
forms of Hp on the observed anti-inflammatory effects. Human Hp has three phenotypes:
Hpl-1, Hp2-1, and Hp2-2. The difference in the a. subunit of Hp2-1 and Hp2-2 allows for
the formation of different sized polymers, and therefore the overall molecular weight can be
quite different (89—900 kDa).23:37:38 As Hp phenotype can serve as a predictor for diabetic
vascular complications,38 it may be interesting to investigate the abilities of each to bind
HMGBL or Hb, and compare resulting HO-1 activation and inflammatory secretion.
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In conclusion, this study revealed that in an inflammatory environment typical of chronic
wounds, Hp treatment attenuated pro-inflammatory factor production to the greatest extent
with predicted benefits in wound healing. Hp also decreased HMGBL1 levels, as predicted

by IPA software analysis and measured experimentally via ELISA. A recent, and relatively
unknown discovery by Yang et al, found that in addition to binding Hb with high affinity,
free Hp also binds to HMGB1 with high, but lesser affinity.22:35 This binding interaction and
sequestration of HMGB1 may explain the decrease in associated pro-inflammatory signaling
in LPS-stimulated macrophages with Hp treatment. Taken as a whole, these results suggest
that Hp on its own can have anti-inflammatory effects on macrophages by affecting HMGB1
signaling, which may have potential in chronic wound-healing applications.
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Abbreviations:

CCL2 see MCP-1

CCL4 see MIP-1pB

CSF2 see GM-CSF

CXCLS8 IL-8

G-CSF granulocyte-colony stimulating factor
GM-CSF granulocyte-macrophage colony-stimulating factor, aka CSF2
Hp haptoglobin

HBOC hemoglobin-based oxygen carrier

Hb hemoglobin

Hb-Hp hemoglobin-haptoglobin complex

HO-1 heme oxygenase 1

HMGB1 high motility group box 1

IFN-g interferon-y

IL interleukin

IPA Ingenuity Pathway Analysis

LPS lipopolysaccharide

MCP-1 monocyte chemoattractant protein-1, aka CCL2
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MIP-18 macrophage inflammatory protein 1f, aka CCL4
NF-xB nuclear factor-xB
P/IS penicillin-streptomycin
TNF-a tumor necrosis factor-a
VEGF vascular endothelial growth factor
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FIGURE 1.
Metabolic activity of macrophages following Hp/Hb/Hb-Hp treatments. Macrophages were

treated with or without 0.2 mg/mL of Hp, Hb, or Hb-Hp complexes, concurrently with 1
pg/mL of LPS. After 24 hours of treatment, metabolic activity was measured using the
Alamar Blue assay. Fluorescence was measured after 2 hours on a plate reader and results
were normalized to the media group. n.s., no significance between all groups
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FIGURE 2.

Inflammatory secretion profiles of macrophages treated with Hb/Hp/Hb-Hp. Macrophages
were treated with 0.2 mg/mL of Hp, Hb or Hb-Hp, concurrently with 1 ug/mL of LPS.

After 24 hours of treatment, supernatants were collected. Cytokine/chemokine/growth factor
secretion was measured using a BIO-RAD multiplex assay. A, Heatmap of secretion profile
of macrophage supernatants. For each respective factor, results are represented as fold
change above (red; positive values) or below (green; negative values) media baseline (black;
value of 0). B, Net secretion scoring based off of secretion profile. Fold change values across
all secreted factors were summed and rounded to yield a final score. Scores are depicted on
the number line, with media baseline (zero) at the center
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FIGURE 3.
Significant trends for specific factors from the multiplex immunoassay. Results are shown

as fold change compared to media baseline (0). Lines within boxes show median values.

* denotes significance compared to media and + denotes significance compared to Hp
group. # denotes significance between groups in associated brackets. A, Secretion results
for a group of four factors that have similar trends: GM-CSF, IL-6, TNF-a., and IL-2.

Here, Hp has secretion below media baseline (significant for IL-6). Hb and Hb-Hp have
secretion higher than baseline, with Hb typically higher than Hb-Hp. Hb and Hb-Hp are all
significantly higher than both media and Hp groups for all factors. B, Secretion results for a
group of three factors, MIP-1p, IL-10, and IL-8, in which levels resulting from Hb-Hp are
significantly different than Hb treatment

Wound Repair Regen. Author manuscript; available in PMC 2024 March 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Krzyszczyk et al.

A

Activation 2-score -3-606 ([ g 2887

o
I
HMGB1 Signaling g

Page 20

= HMGB1
o 1

r £ 1.0

Hb

Bl Media
= Hp
= Hb
= Hb-Hp

0.5

Hb-Hp

Factorsin 2
0.0~

i

|

CSF2
L6
™F
L1
n2

o -1.0 T
IFNG &
L4

LS

1S

L17A

L13

L12A

oxas

-0.5+

Fold Change vs. Media

Secreted Concentration

FIGURE 4.
High motility group box 1 (HMGB1) IPA predictions and ELISA measurements from

Hb/Hp /Hb-Hp treated macrophages. Secretion profile results were analyzed using Ingenuity
Pathway Analysis (IPA), which identified the HMGB1 pathway to be strongly up/down-
regulated by these treatments. A, List of the factors in the secretion profile dataset involved
in HMGB1 signaling is shown in the heatmap. The treatments are listed in each column. For
each factor, the intensity of red indicates how much it is up-regulated due to each treatment,
compared to media baseline. Shades of green indicate down-regulation. IPA integrates this
information to predict whether HMGBL1 signaling, as a whole, is likely to be up- (orange) or
down-(blue) regulated, and assigns a z-score to represent the confidence of this prediction.
Hp group is predicted to be strongly down-regulated, whereas Hb is predicted to be strongly
up-regulated, and slight activation for Hb-Hp. B, Results from HMGB1 ELISA measured
from supernatants from previous studies treated with LPS and 0.2 mg/mL of Hp, Hb,

or Hb-Hp complexes. Results are normalized to media baseline, and presented as fold
changes. Lines within boxes show median values. + denotes significance vs Hp. # denotes
significance between indicated groups
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FIGURE 5.
Predicted secretion profile implications in chronic wound healing. Wound-healing scoring

based off of secretion profile measured from the multiplex immunoassay, compared to

data from healing chronic wound fluid in Ligi et al.2* The authors also used the same
BIO-RAD Multiplex assay to perform measurements of the same 27 inflammatory factors.
Significant pro-wound-healing trends for nine factors were identified as human venous
ulcers began healing. The resulting secretion profiles/fold changes from Hp, Hb, or Hb-Hp
in the current study were compared to media baseline to determine the experimental trend.
The treatment trends were then compared to the pro-wound-healing trends from Ligi et

al. If the experimental trend was consistent with the pro-wound-healing trend and had an
absolute value fold change of 0.1 to 1, +1 point was awarded. If the trend was consistent
and had an absolute value fold change of >1, +2 points were awarded. If the trends were
inconsistent, points were subtracted rather than added. If the fold change value was between
>-0.1 and <0.1, no points were awarded. The table shows the score for each treatment for
each pro-wound-healing trend, and the number line shows the total score for each treatment
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FIGURE 6.

Investigation of Hb and Hp treatments on wound healing in diabetic mice. Mice were
wounded with either a 5 mm biopsy punch (A-C), or a 1 cm x 1 cm excisional wound (D).
Treatments included single, Day 0 doses of 100 pg/mouse of Hb and Hp (A-C) and Hb-Hp
(D), compared to PBS controls. A, Representative images of biopsy punch skin wounds
on different days. * denotes visibly smaller wounds in the Hp wounds vs the control and
Hb groups. B, Percent wound closure over time of the biopsy punch wounds. Over the
entire time course, there is a significant improvement in wound healing with Hp treatment
compared to controls and Hb, as determined by ANOVA followed by Tukey’s HSD post hoc
analysis (Hp vs control; F=13.99; £<.0001, Hp vs Hb; F=55.89; P<.0001, control vs
Hb; F=12.43; P<.0001). Data are represented as mean + SEM (n = 3). C, Representative
images of skin morphology of biopsy punch wounds excised post-sacrifice on Day 28.
Tissues were stained with trichrome stain. Thick, single-headed white arrows identify the
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epidermal layers, and thinner double-headed white arrows span the dermal layers. D, Percent
wound closure of excisional wounds treated with controls, Hp, Hb, or Hb-Hp on Days 7 and
21. Boxed edges represent the range of observations per group, and lines within the boxes
represent the mean value, which is also written above the boxes
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FIGURE 7.
A diagram summarizing the hypothesized interactions between treatments, LPS, HMGB1,

and inflammatory factors in the in vitro macrophage culture system. All four experimental
groups included culturing macrophages in the presence of 1 pg/mL of LPS. In media alone,
LPS leads to an increase in HMGBL1 production, which activates several inflammatory
factors. In the second row, the Hp treatment is able to bind free HMGBL1 and internalize

it, thereby leading to a decrease in the level of inflammatory factors. The Hb group, along
with LPS, both increase HMGBL, leading to a strong, pro-inflammatory effect. In the last
panel, macrophages are treated with LPS and Hb-Hp complexes, which bind tightly. As
usual, LPS leads to the increase in HMGB1. As Hb and Hp are bound very tightly, they

do not dissociate, and as a complex, Hb-Hp does not bind HMGBL. Therefore, there is an
intermediate net inflammatory result, as the HMGBL1 challenge is not resolved
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