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Abstract: We previously reported an early surge in high mobility group box protein 1 (HMGB1)
levels in a polytrauma (PT) rat model. This study investigates the association of HMGBI1 levels in
mediating PT associated dysregulated immune responses and its influence on the cellular levels of
receptor for advanced glycation end products (RAGE) and toll-like receptor 4 (TLR4). Using the same
PT rat model treated with anti-HMGBI polyclonal antibody, we evaluated changes in circulating
inflammatory cytokines, monocytes/macrophages and T cells dynamics and cell surface expression
of RAGE and TLR4 at 1, 3, and 7 days post-trauma (dpt) in blood and spleen. Notably, PT rats
demonstrating T helper (Th)1 and Th2 cells type early hyper-inflammatory responses also exhibited
increased monocyte/macrophage counts and diminished T cell counts in blood and spleen. In
blood, expression of RAGE and TLR4 receptors was elevated on CD68" monocyte/macrophages and
severely diminished on CD4" and CD8* T cells. Neutralization of HMGB1 significantly decreased
CD68* monocyte/macrophage counts and increased CD4* and CD8" T cells, but not y6*TCR T
cells in circulation. Most importantly, RAGE and TLR4 expressions were restored on CD4* and
CD8* T cells in treated PT rats. Overall, findings suggest that in PT, the HMGB1 surge is responsible
for the onset of T cell exhaustion and dysfunction, leading to diminished RAGE and TLR4 surface
expression, thereby possibly hindering the proper functioning of T cells.
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1. Introduction

Polytrauma (PT) patients develop hyper-acute inflammatory responses involving
cell death, the release of damage-associated molecular patterns (DAMPs) and immune
dysregulation [1-5]. This response impacts patients, especially those with multiple injuries,
including fractures, to have adverse clinical outcomes such as altered leukocyte kinetics
and impaired fracture repair, in contrast to normal fracture healers [6,7]. Other well-
documented clinical consequences of hyper-acute inflammatory responses are systemic in-
flammatory response syndrome (SIRS) and paralleled by compensatory anti-inflammatory
response syndrome (CARS) [8]. PT patients who survive the SIRS-CARS phenomena will
experience persistent inflammation, immunosuppression and catabolism syndrome (PICS),
rendering them susceptible to opportunistic infections and delayed wound healing [9].
However, the underlying immunological events associated with hyper-inflammation re-
main elusive. Current evidence suggests that persistent lymphopenia in severe trauma
is associated with the development of multiple organ dysfunction syndrome (MODS),
impaired fracture healing and increased mortality [5,10]. Thus, this evidence warrants of
development of targeted approaches to restore a balanced immune response in PT patients
to overcome the burden of deleterious outcomes.

Cells 2021, 10, 1646. https:/ /doi.org/10.3390/ cells10071646

https://www.mdpi.com/journal/cells


https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://doi.org/10.3390/cells10071646
https://doi.org/10.3390/cells10071646
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cells10071646
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells10071646?type=check_update&version=1

Cells 2021, 10, 1646

20f 17

A potential link between sterile trauma-induced immune dysregulation and delayed
wound healing are certain pattern recognition receptors that recognize DAMPs such
as high mobility group box protein 1 (HMGB1), mitochondrial DNA (mtDNA), S100
and other similar molecules released by dying cells following injury and cell membrane
damage [11-13]. Despite the importance of all DAMPs in mounting inflammation, here we
shed light on the role of HMGBI in PT due to its prominence as an early post-traumatic
predictor marker [14,15]. HMGBI alerts the immune system and activates inflammatory
cascades and cellular chemotaxis [11]. While the onset of inflammation is vital for regulating
recovery from trauma and wound healing, if the response is overzealous due to the early
burst of HMGBI, the immune cells alter their phenotypes and deprive the wound site of
beneficial signals for repair [6,16]. Others and our group have previously reported elevated
levels of systemic HMGB1 and altered leukocyte kinetics in PT animal models displaying a
delayed fracture healing phenotype [16,17]. Extracellular HMGB1 binds to the receptor for
advanced glycation end products (RAGE) and toll-like receptor 4 (TLR4) on immune cells
and initiates pro-inflammatory cascades that the host must compensate for to maintain
homeostasis [4,18]. Interestingly, the host is equipped with specific innate mechanisms
to counter the effect of hyper-immune insults following trauma, which remains unclear
and is of interest to our group. However, in extremity trauma, such undertakings by
the host’s immune system fail to support adaptive immunological and physiological
conditions, leading to deleterious outcomes, thereby requiring therapeutic interventions
to modulate mediators to maintain proper functioning. An in vitro study using aortic
endothelial cells demonstrated that saturated levels of extracellular HMGBI lead to cellular
exhaustion, causing a negative feedback regulation and ectodomain shedding of RAGE
and TLR4 receptors while rendering cells unresponsive to further stimuli [19]. However,
these findings lack in vivo validation in a dysregulated inflammatory state. We believe
that cellular exhaustion-driven receptor shedding could offer a possible explanation for T
cell lymphopenia and dysfunction in PT.

Although the relationship between HMGB1 and immunosuppression has been pre-
viously established in single thermal injury models [20,21], whether the early surge in
HMGBI in extremity trauma is implicated as a driving force of hyper-acute inflammation
and T cell lymphopenia and dysfunction compared to a single fracture model has not
been shown before. Current evidence suggests that peripheral lymphocytes, including
certain helper T cell (Th) subtypes, have a role in early immunological responses to ther-
mal injury [22]; however, their responses in the context of PT with burn, blunt trauma
and fracture have not been well characterized during the early phase post injuries. We
hypothesized that the surge in HMGBI levels associated with PT dictates the onset of
mixed inflammatory responses by altering cellular dynamics and cell surface expression of
HMGBI receptors, RAGE and TLR4, and the early neutralization of HMGB1 will ameliorate
such dysregulated immune responses. A previously established PT rat model with a femur
osteotomy, blunt chest contusion and scald burn was employed to test this hypothesis [16].
This study’s objective was to shed light on the changes in systemic immune cellular re-
sponses, cellular exhaustion/anergy and lymphopenia in PT rats by neutralizing the early
systemic HMGBI levels.

2. Materials and Methods
2.1. Animals and Surgical Care

All animals were individually housed in ventilated cages and provided unlimited
access to food and water and unrestricted activity. Animal procedures were conducted in
compliance with the Animal Welfare Act, the implementing Animal Welfare Regulations
and the principles of the Guide for the Care and Use of Laboratory Animals, National
Research Council. An animal protocol was prepared prior to the study, and the Institutional
Animal Care and Use Committee (IACUC) at the United States Army Institute of Surgical
Research (USAISR) approved all research conducted in this study. The facility where this
research was conducted is fully accredited by the American Association for Accreditation
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of Laboratory Animal Care (AAALAC). Male Sprague-Dawley rats aged between 10 and
14 weeks and weighing 348-425 g were used in this study. All animals received a pre-
surgical dose of buprenorphine-HCL SR (1.2 mg/kg, subcutaneously) at least 15 min before
surgery. At surgery, during blood draws and prior to euthanasia, all rats were anesthetized
and maintained with 1-3% isoflurane and oxygen delivered via a nose cone on a Bain circuit
connected to the rodent gas anesthesia machine (VetEquip Inc., Pleasanton, CA, USA).
Naive rats were not surgically manipulated and served as baseline controls. Post-surgery,
rats did not receive any prophylactic antibiotics but were assessed closely for signs of
distress and body weight. Rats with >10% of body weight loss relative to pre-surgery
weight received 3 mL sterile surgical saline subcutaneously. At 1,3 and 7 days post-trauma
(dpt), a volume of ~500 pL of venous blood was collected via a catheter from the tail vein
from anesthetized rats. At 7 dpt and immediately after blood collection, the anesthetized
rats were humanely euthanized by cardiac exsanguination, and spleens were harvested.
Naive rats were anesthetized and euthanized by cardiac exsanguination, similar to the
other rats in this study prior to tissue collection. This study was carried out in compliance
with the ARRIVE guidelines [23].

2.2. Surgery

Animals were used for the study in two blocks with 5 rats/block. Data from the first
block was used to calculate the sample size for the remaining study assuming a power
of 80% and an alpha = 0.05, to achieve statistical significance. Rats were divided into
two cohorts of trauma representing a single 3 mm femoral osteotomy (OST), i.e., normal
fracture repair model and PT, i.e., delayed fracture repair model. The PT rats underwent
three traumas, i.e., a 3 mm femoral osteotomy, a blunt chest contusion with a 0.3 kg weight
dropped from a height of 68 cm to exert ~2 J of energy on the rat’s chest and a 100 °C
water scald burn for 10 s of approximately 20% of the total body surface area. All trauma
and surgical procedures were previously described in detail elsewhere [16]. Immediately
after post-trauma operations, the OST rats (n = 10) and sub-cohorts of PT rats were either
left untreated (PT-C; n = 10), received a single dose of chicken anti-HMGBI1 neutralizing
polyclonal antibody (PT-Ab HMGB1; n = 10) (Shino-test, Tokyo, Japan; 2 mg/kg, IP) or
received single dose of isotype control chicken IgY antibody (PT-IgY; n = 5 for 1 and 3 dpt;
n =4 for 7 dpt) (Shino-test, Tokyo, Japan; 2 mg/kg, IP). The rats were allowed to recover in
clean cages with continued monitoring.

2.3. Flow Cytometry

Harvested spleens were weighed, chopped into pieces and gently passed through
70 um and 40 pm nylon filters with a syringe plunger to prepare single-cell suspensions.
Splenocytes from 7 dpt and whole blood from 1, 3 and 7 dpt were subjected to RBC lysis
(BioLegend; 1X RBC lysis buffer) and washed with phosphate-buffered saline. Cells were
resuspended in FACS buffer (autoMACS rinsing buffer (Miltenyi Biotech) with 2% BSA)
and counted by trypan blue exclusion method using the automated cell counter (Countess,
Invitrogen). One million cells/sample were stained with a live/dead stain, i.e., zombie
violet dye (BioLegend; 1:2000) and anti-rat CD32/Fc block antibody (BD Bioscience; 1:50)
before labeling with the fluorescent-labeled detection antibodies. Antibodies used to detect
T cells were anti-rat CD3 antibody (viogreen), anti-rat CD4 antibody (PE-Vio770) and
anti-rat CD8a antibody (APC-Vio770) (all Miltenyi Biotech, 1:50, 1:10 and 1:10, respec-
tively) and anti-rat ydTCR antibody (PE) (BioLegend; 1:50). Antibodies used to detect
CD45* leukocytes and monocyte /macrophage cells were anti-rat CD45 antibody (PE-Cy5)
(BD Biosciences; 1:10) and anti-rat CD68 antibody (APC-Vio770) (Miltenyi Biotech; 1:10).
Additionally, anti-RAGE antibody (FITC) (Biorbyt; 1:50) and anti-TLR4 antibody (APC)
(Novus Biologicals; 1:100) were used to detect surface receptors RAGE and TLR4 on T
cells and monocyte/macrophage cells. Cells were labeled for 30 min at 4 °C in the dark
and washed twice with FACS buffer. Cells were fixed with fixation buffer (R&D systems)
(250 uL/well) for 15 min at 4 °C in the dark and washed twice with FACS buffer before
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proceeding with data acquisition on the MACS quant 10 flow cytometer (Miltenyi Biotech,
Bergisch Gladbach, Germany). All antibodies were titrated before application. Appropriate
isotypes control antibodies, fluorescence minus one (FMOs) and single stained cells were
used as controls for appropriate gating strategies. Compensation was performed with
either single stained cells or beads to ensure there was no spillover within channels. Data
were analyzed using Flow Logic software (Miltenyi Biotech), and researchers were blinded
to group allocation when analyzing data.

2.4. Blood Collection and Processing for Protein Quantification Assays

Aliquots of whole blood from OST (n = 5), PT-C (n = 5) and PT-Ab HMGB1 (n = 5) rats
were collected in EDTA tubes and centrifuged at 1000 g for 10 min to separate plasma
for cytokine analysis. Plasma was stored at —80 °C until used for downstream assays.
Cytokines related to Th cell subsets were quantified in the plasma samples using Legend
plex rat Th cell cytokine panel kit assay (BioLegend) following the manufacturer’s protocol
and plasma dilution of 1:2 for all cytokines, except IL-6 and IFNYy, which was 1:4 dilution.
Data were acquired on the MACS quant 10 flow cytometer (Miltenyi Biotech). Data
analysis and standard curve interpolation were performed using a BioLegend data analysis
software V8.0, supplied with the kit. Additionally, plasma samples were assayed to quantify
67 proteins using a Quantibody® rat cytokine array Q67 kit (RayBiotech quantitative
proteomic services). Protein analysis of the plasma was performed by RayBiotech according
to their protocol and software analysis. Samples with protein concentrations outside the
suggested upper limit of detection and the lower limit of detection were excluded from the
study, and the values within the correct detectable range were used for further analysis;
hence, we reported cytokine protein results from #n = 4-5 rats.

2.5. Statistical Analysis

Data are reported as mean & SEM. Statistical analysis was performed using Graph-
Pad Prism version 8.0.0 for Windows, GraphPad Software, San Diego, CA, USA, www.
graphpad.com, accessed on 1 June 2021. Data were assessed for normality using the Q-Q
plot, homoscedasticity plot, residual plot, D’ Agostino and Pearson test, Shapiro-Wilk test,
and the difference between means and median. Data that were not normally distributed
were log-transformed before statistical analysis. The cytokine array data were assessed by
2-way repeated-measures ANOVA for equal sample numbers and mixed-effect model for
samples with missing data with Dunnett’s multiple comparison test. Flow cytometry data
from blood was analyzed for statistical significance by performing mixed-effects analysis
and Tukey’s Post-hoc multiple comparison test. A p-value < 0.05 was deemed significant.

3. Results
3.1. Pro- and Anti-Inflammatory Cytokines Are Elevated Following Polytraumatic Injuries

Early inflammatory responses were assessed in circulation from blood drawn from
OST, PT-C and PT-Ab HMGBI rats at 1, 3 and 7 dpt, as depicted in Figure 1A. At 1 dpt,
protein levels of T cells secreted cytokines such as interleukin (IL) 22, IL-13, IL-2, IL-6 and
Granulocyte-macrophage colony-stimulating factor (GM-CSF) were significantly elevated
in PT-C vs. OST (all p < 0.05). The anti-inflammatory cytokine IL-10 levels were highest at 1
and 3 dpt, and reduced at 7 dpt in PT-C vs. OST and PT-Ab HMGBI1. Cytokines secreted by
Th17 cells and ydTCR™ T cells such as IL-22, IL-2, IL-17A and IL-17F expression levels were
elevated at 1, 3 and 7 dpt in PT-C vs. PT-Ab HMGB], but were not statistically significant
(Figure 1B; Table 1).
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Figure 1. (A) Schematic of study design; (B) Plasma samples from osteotomy (OST; n = 5), polytrauma (PT-C; n = 5) and
polytrauma + anti-HMGB1 antibody (PT-Ab HMGB1; n = 5) at 1, 3 and 7 days post-trauma (dpt) were quantitatively
assessed for protein expression of IL-6, IL-17A, IFNv, IL-13, IL-22, IL-5, IL-2, IL-10, IL17F, IL-9, GM-CSF, IL-4 and TNFa. BD
denotes blood draw from the tail vein. * p < 0.05 comparing PT-C to OST. The heat map data are presented as median values.

Table 1. Mean difference and 95% confidence interval (CI) of cytokine protein concentrations (pg/mL) in plasma samples
from osteotomy (OST; n = 5), polytrauma (PT-C; n = 5) and polytrauma + anti-HMGB1 antibody rats (PT-Ab HMGBI; n = 5)
at 1,3 and 7 days post-trauma (dpt). * p < 0.05 comparing OST and PT-Ab HMGBI rats to PT-C rats.

1dpt 3 dpt 7 dpt
. Helper/
Pro- /Anti- PT-Cvs. PT-Cvs. PT-C PT-Cvs.
Cytokines Inflammatory g:ﬁ‘(l,l;l:?]{l}_’eﬂr) PE(S:"I:I s PT-Ab ngT" s PT-Ab Vs. PT-Ab
Role & HMGB1 HMGB1 OST HMGB1
Cell Type
Pro- Thl, Th2, 813 —47 —68 23 66 25
IL-6 nfl . Th17 and Bt0162)* (=919 to (162 to (—64.33 to (=215 to (=253 to
mriammatory Th22 ° 825) 26) 109.4) 346) 303)
Pro- 105 60 44 —14 70 43
IL-17A nflam tor Th17 (—100 to (—57 (—205 to (—352to (114 to (—145 to
y 310) to 178) 204) 323) 254) 231)
—0.03 —-0.28 0.6 —0.003
Pro- 0.14 0.01
TFNy inflammatory Thl and Thi7 (—0.6 t0 0.9) (7006;; ° (7(?_ 3?) to (—0.4 to 0.4) to(Ol()22) * (711..(?3‘:1) N
67 1.2 —104 123 110
22 inﬂariﬁ;tor Tthlzzé‘Z“d 8 t})52062) ) (=53 to (—83 to (—432 to (=96 to (—108 to
Y 187) 85) 223) 341) 328)
Pro- 137 36 45 1.6 14 58
L2 e Thi (28 10.246) * (—82 to (~124 to (~172 to (165 (=102 to
y 153) 213) 175) to 193) 218)
35 43 12 38
Pro- 60 36
IL-17F . Th17 B (—42to (~115to B (=77 to (—36to
inflammatory (—16 to 136) 112) 200) (—94 to 165) 101) 113)
0.2 0.14 —0.02 —0.006
Pro- 0.9 —-0.3
IL-9 . Thy (—08 to (-12t0 B (-13to (-13to
inflammatory (0.2t01.7) 12) 15) (-19t01.3) 13) 13)
0.3 0.4 0.3 0.06 —-0.2
Pro- Th1, Th2 and 0.9
GM-CSF inflammatory Thi7 (0.01 t01.7) (—0.43 to (—1.04 to (-1.14 to (=13 (-1.6to

1.04) 1.8) 1.7) to 1.4) 1.3)




Cells 2021, 10, 1646

60of 17

Table 1. Cont.

1dpt 3 dpt 7 dpt
. Helper/
Pro- /Anti- PT-Cvs. PT-Cvs. PT-C PT-C vs.
. Regulatory T PT-C vs. ) PT-Cvs. 3 )
e mimmie  SEEEL TG TG md w
Cell Type
Pro- Thl, Th2, 1 4 6 6 —1.03 0.3
TNFo inflammatory Tgrl’Zl/ %922 (—1.2 to 23) (_2179) to (_32;) to (—22to 34) (_1124) to (_1121> to
. Th1, Th2 20 63 —35 -97
Anti- 4 . 116 49
IL-10 . T , Th17, —119 t —67 t —161 t —410 t
inflammatory Thr;’g; 1 Tha? (33 to 199) * ( 158) ° ( 192) ° (81 to 178) ( 91) ° ( 217) °
Anti- 131 59 37 —34 66.14 42.01
IL-13 - . Th2 and Th22 (6 t0.256) * (—64 to (174 to (=344 to (~95 to (~126 to
ntammatory ° 181) 248) 277) 228) 210)
Anti- 98 43 61 24 —1.03 4.3
IL5 e Th2 (53 t0.248) (110 to (—82to (171 to (—144 (~127 to
ory ° 195) 204) 175) to 142) 136)
. 3 6 —0.6 2
Anti- 8.7 5
IL-4 inflammatory Th2 (—6to 23) (7215’) to (72186) to (—14 to 23) (711 78) to (72128) to

3.2. Plasma Protein Profiles between PT-C and OST or PT-Ab HMGBI1 Rats Are
Differentially Expressed

To better understand the similarities and differences between immune responses in
PT-C vs. OST and PT-Ab HMGB1, we examined expression patterns of 67 plasma proteins
using the Rat Cytokine Array Q67 (RayBiotech). Fifteen proteins were differentially ex-
pressed temporally between PT-C and OST or PT-Ab HMGBI1 and are presented in Figure 2.
These proteins are Neuropilin 1 and 2, monocyte attracting chemokine (MCP-1/CCL2),
adhesion molecules (L-selectin, junctional adhesion molecule (JAM-A), P-cadherin), pro-
teoglycan (decorin), cell arrest and apoptosis regulator (GAS-1), proteins for endothelial
differentiation and regeneration of tissue i.e., neurogenic locus notch homolog protein 2
(Notch 2), anti-inflammatory and T cell suppressive protein (Galectin 1), cytokine-induced
neutrophil chemoattractant 1 (CINC-1), TNF-related weak inducer of apoptosis receptor
(TWEAK R), lymphocyte activation markers, i.e., CD48 and regulated on activation, nor-
mal T cell expressed and secreted (RANTES), and lymphocyte activation co-stimulatory
immune checkpoint molecule (CD137). Expression levels of proteins responsible for MCP-
1/CCL2, neuropilin 1 and neuropilin 2 were elevated in PT-C at 3 dpt compared to OST and
PT-Ab HMGBI rats (all p < 0.05) (Figure 2A—C). The expression levels of L-selectin, JAM-A,
decorin, galectin-1 and Gasl increased at 1 dpt in PT-C and PT-Ab HMGB1 compared to
OST (all p < 0.05); however, L-selectin levels was decreased at 7 dpt in PT-C compared to
PT-Ab HMGBI (p = 0.034) (Figure 2D,E,G,H,L). The expression levels of P-Cadherin and
Notch-2 were decreased at 7 dpt in PT-C compared to OST (all p = 0.04) (Figure 2E]). The
expression levels of CINC-1 were significantly reduced at 1 and 3 dpt in PT-C compared
to PT-Ab HMGBI1 (p = 0.005 and 0.03, respectively) (Figure 2K). In contrast, TWEAK R
expression significantly increased at 1 and 3 dpt in PT-C compared to OST (all p = 0.04)
(Figure 2I). The expression of RANTES decreased in PT-C compared to OST and PT-Ab
HMGBI1 at 3 and 7 dpt. It was statistically significantly different from OST at 3 and 7 dpt
(p = 0.013 and 0.005, respectively) (Figure 2M). CD48, a lymphocyte activation marker,
increased in PT-C vs. OST and PT-Ab HMGB1 and was statistically significant only on
1 dpt for PT-C vs. PT-Ab HMGBI (p = 0.03) (Figure 2N). Protein expression levels of CD137
increased in PT-C at 1 and 7 dpt and were statistically significant only on 1 dpt for PT-C vs.
OST and PT-Ab HMGBI (p = 0.04 and 0.0016, respectively) (Figure 20).
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Figure 2. Plasma samples from osteotomy (OST), polytrauma (PT-C), and polytrauma + anti-HMGB1 antibody (PT-Ab
HMGBL) at 1, 3 and 7 days post-trauma (dpt) were quantitatively assessed for cytokine protein expression. (A) Monocyte
attracting chemokine (MCP-1/CCL2); (B) Neuropilin 1; (C) Neuropilin 2; (D-F) Adhesion molecules: L-selectin, junctional
adhesion molecule (JAM-A) and P-cadherin, respectively; (G) Proteoglycan: decorin; (H) Cell arrest and apoptosis regulator
(GAS-1); (I) TNF-related weak inducer of apoptosis receptor (TWEAK R); (J) Neurogenic locus notch homolog protein 2
(Notch 2); (K) Cytokine-induced neutrophil chemoattractant 1 (CINC-1); (L) Anti-inflammatory and T cell suppressive
protein: Galectin 1; (M) Regulated on activation, normal T cell expressed and secreted (RANTES); (N) Lymphocyte activation
marker: CD48; and (O) lymphocyte activation co-stimulatory immune checkpoint molecule: CD137. (n = 4-5 for OST, PT
and PT-Ab HMGBI) * p < 0.05 comparing OST and PT-Ab HMGBI rats to PT-C rats. The bar graphs represent the mean,
whereas error bars represent SEM. NA-protein expression data is not available.
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3.3. Neutralization of HMGB1 Alters Circulating Myeloid Cell Counts

To evaluate immune cell counts in PT rats treated with an anti-HMGB1 neutralizing
antibody, we performed immunophenotyping of myeloid and lymphoid cells in whole
blood 1, 3 and 7 dpt. Immunophenotyping analysis in blood revealed an increased number
of CD3~CD45* leukocytes at 1 dpt (~37%) and 3 dpt (27%) in PT-C and PT-IgY vs. OST (all
p < 0.05) (Figure 3C). CD45*CD68* monocytes/macrophages were significantly increased
at 1 dpt (~61%) in PT-C and PT-IgY vs. OST (p = 0.04 and 0.0003, respectively) (Figure 3D).
The mean fluorescence intensity (MFI) of RAGE expression on CD45*CD68" cells was
significantly elevated in PT-IgY vs. OST at 7 dpt (p = 0.002) (Figure 3F), and MFI of TLR4
expression on CD45*CD68* cells was significantly increased in PT-IgY vs. OST at 1 dpt
(p = 0.02) (Figure 3G). Following anti-HMGB1 antibody treatment, the PT-Ab HMGBI rats
displayed no statistically significant differences in the levels of circulating CD3~CD45*
leukocytes, CD45"CD68"RAGE™ cells and CD45*CD68*TLR4" cells when compared to
PT-C or PT-IgY rats (Figure 3C, Figure 3F and Figure 3G, respectively); however, there was
an average of a 45% decrease in CD45*CD68* monocyte/macrophage counts in PT-Ab
HMGBI1 vs. PT-IgY rats (Figure 3D).
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Figure 3. Flow cytometry representative dot plots with mean cell counts + standard deviation for (A) CD45* leukocytes and

(B) CD68* monocytes/macrophages in blood at 1, 3 and 7 days post-trauma (dpt) in osteotomy (OST; n = 10), polytrauma
(PT-C; n = 10), polytrauma + IgY (PT-IgY; n = 5 for 1 and 3 dpt; n = 4 for 7 dpt) and polytrauma + anti-HMGB1 antibody (PT-
Ab HMGB1; n = 10); (C) percentage (%) of CD3~CD45" leukocytes; (D) % CD45*CD68" monocyte/macrophages; (E) flow
cytometry gating scheme to evaluate RAGE and TLR4 surface expression on CD45*CD68* monocytes/macrophages;
(F) Mean fluorescent intensity (MFI) of CD45*CD68*RAGE" monocytes/macrophages; and (G) MFI of CD45*CD68*TLR4*
monocytes/macrophages in blood from rats with OST, PT-C, PT-IgY and PT-Ab HMGBI at 1, 3 and 7 days. Naive uninjured
rats were used as baseline controls (1 = 5). The dotted line is the mean of cell counts from naive rats. * p < 0.05 comparing
OST, PT-C, PT-IgY and PT-Ab HMGBI cohorts. The bar graphs represent mean, whereas error bars represent SEM.
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3.4. Neutralization of HMGB1 Improves Circulating CD4*T and CD8* T Cell Counts

We determined CD3*CD4" helper, CD3"CD8* cytotoxic and CD3*ysTCR" T cell
counts at 1, 3 and 7 dpt in OST, PT-C, PT-IgY and PT-Ab HMGBI1. Flow cytometry results
suggest a 40-50% decrease in CD3*, CD3*CD4*, CD3*CD8" and CD3*ysTCR* T cell
counts across 7 dpt in PT-C compared to OST (all p < 0.05) (Figure 4C—F). Interestingly,
following the neutralization of HMGBI, there was increased blood CD3*, CD3*CD4" and
CD3*CD8" T cell counts. PT-Ab HMGBL rats demonstrated a statistically significant in-
crease of CD3*CD4" T cell counts at 3 dpt (30%) (p = 0.021) (Figure 4D) and CD3*CD8* T
cells counts on 1 dpt (45%) and 3 dpt (39%) (p = 0.008 and 0.022, respectively) (Figure 4E)
compared to PT-C or PT-IgY; however, the counts were only moderately increased and
were not as high as observed in the OST rats. The levels of circulating y5*TCR T cell
counts were modestly increased (10-20%) in PT-Ab HMGBI rats compared to PT-C and
PT-IgY rats but were not statistically significant (Figure 4F). As hypothesized, the neutral-
ization of HMGB1 immediately post-injuries ameliorates CD3*CD4* and CD3*CD8* T cell
suppression in circulation.
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Figure 4. Flow cytometry representative dot plots with mean cell counts + standard deviation for (A) CD3*CD4* and
CD3*CD8" T cells and (B) CD3*y5TCR* T cell counts in blood at 1, 3 and 7 days post-trauma (dpt) in osteotomy (OST;
n = 10), polytrauma (PT-C; n = 10), polytrauma + IgY (PT-IgY; n = 5 for 1 and 3 dpt; n = 4 for 7 dpt) and polytrauma +
anti-HMGBI1 antibody (PT-Ab HMGB1; n = 10) rats; (C) percent (%) CD3*; (D) % CD3*CD4"; (E) % CD3*CD8*; (F) %
CD3*ySTCR T cells in blood from rats with OST, PT-C, PT-IgY and PT-Ab HMGB1 at 1, 3 and 7 dpt. Naive uninjured rats
were used as baseline controls (1 = 5). The dotted line is the mean of cell counts from naive rats. * p < 0.05 comparing OST,
PT-C, PT-IgY and PT-Ab HMGBI cohorts. The bar graphs represent mean, whereas error bars represent SEM.
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3.5. Zleutralization of HMGBI1 Restores RAGE and TLR4 Surface Expression on Circulating
T Cells

To investigate the biological effects of HMGB1 on T cells’ functional status and their
receptor expression, we evaluated the surface expression of RAGE and TLR4 expression on
circulating CD3*CD4* and CD3*CD8* T cells at 1, 3 and 7 dpt. The expression of RAGE
and TLR4 on CD3*CD4" T cells and CD3*CD8* T cells was significantly lower in the PT-C
rats compared to OST rats at 1 and 7 dpt (p < 0.05) but not at 3 dpt (p > 0.05) (Figure 5B,
C, E and F). Following treatment with the anti-HMGB1 antibody, the CD3*CD4* T cells
had increased TLR4 expression in PT-Ab HMGBI rats compared to PT-C or PT-IgY rats at 3
and 7 dpt (p = 0.047 and 0.035, respectively) (Figure 5C). CD4" cells co-expressing RAGE
and TLR4 significantly increased in PT-Ab HMGBI rats compared to PT-C and PT-IgY rats
at 1 dpt (p = 0.037 and 0.017, respectively) but the increase was not statistically significant
at 3 and 7 dpt (p > 0.05) (Figure 5D). CD3*CD8* T cells increased RAGE expression in
PT-Ab HMGBI rats compared to PT-IgY rats at 3 dpt (p = 0.012) (Figure 5E); CD3*CD8*
T cells also increased TLR4 expression at 3 and 7 dpt (p = 0.014 and 0.042) (Figure 5F).
CD3*CD8" cells co-expressing RAGE and TLR4 significantly increased in PT-Ab HMGB1
rats compared to PT-C and PT-IgY rats across 7 dpt (all p < 0.05) (Figure 5G).
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Figure 5. (A) Flow cytometry gating scheme to quantify CD4* and CD8* T cells expressing RAGE and TLR4 surface receptors
in blood at 1, 3 and 7 days post-trauma (dpt) in osteotomy (OST; n = 10), polytrauma (PT-C; n = 10), polytrauma + IgY
(PT-IgY; n =5 for 1 and 3 dpt; n = 4 for 7 dpt) and polytrauma + anti-HMGB1 antibody (PT-Ab HMGB1; 1 = 10) rats; (B) mean
fluorescence intensity (MFI) of CD4*RAGE™ T cells; (C) MFI of CD4*TLR4* T cells; (D) percent (%) of CD4*RAGE*TLR4* T
cells in blood; (E) MFI of CD8*RAGE™ T cells; (F) MFI of CD8"TLR4™" T cells; (G) % of CD8"RAGE+TLR4+ T cells in blood.
Naive uninjured rats were used as baseline controls (n = 5). The dotted line is an average of cell counts from naive rats.
* p <0.05 comparing OST, PT-C, PT-IgY and PT-Ab HMGBI1 cohorts. The bar graphs represent mean, whereas error bars
represent SEM.
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3.6. Neutralization of HMGB1 Does Not Affect Splenic T Cell Counts

At 7 dpt, splenocytes were evaluated for the immune-modulating role of HMGB1 on
myeloid and lymphoid cell dynamics. Similar to myeloid and lymphoid cells in the blood,
the splenic CD3*, CD3*CD4*, CD3*CD8" and CD3*y§TCR* T cells decreased (60-70%)
(Figure 6D-G) and CD3~CD45" leukocytes increased (~10%) (Figure 6H) at 7 dpt in PT-C
compared to OST (all p < 0.05). However, treatment with anti-HMGB1 antibody did not
alter circulating CD3* T cells and CD3~CD45* leukocytes compared to non-treated PT rats,
i.e.,, PT-C and PT-IgY (Figure 6D-H).
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Figure 6. Flow cytometry representative dot plots with mean cell counts + standard deviation for (A) CD3*CD4* and
CD3*CD8* T cells; (B) CD3*ydTCR* T cell counts; (C) CD3~CD45" leukocytes in blood at 1, 3 and 7 days post-trauma (dpt)
in osteotomy (OST; n = 10), polytrauma (PT-C; n = 10), polytrauma + IgY (PT-IgY; n = 5 for 1 and 3 dpt; n = 4 for 7 dpt) and
polytrauma + anti-HMGB1 antibody (PT-Ab HMGB1; n = 10) rats; (D) percentage (%) CD3* T cells; (E) % CD3*CD4* T
cells; (F) % CD3"CD8" T cells; (G) % CD3*ySTCR T cells; and (H) % CD3~CD45" leukocytes in blood from rats with OST,
PT-C, PT-IgY and PT-Ab HMGBI at 1, 3 and 7 dpt. Naive uninjured rats were used as baseline controls (1 = 5). The dotted
line is the mean of cell counts from naive rats. * p < 0.05 comparing OST, PT-C, PT-IgY and PT-Ab HMGB1 cohorts. The bar

graphs represent mean, whereas error bars represent SEM.

4. Discussion

An established rat PT model of delayed fracture healing exhibiting HMGB1 surge
was employed in this study. To investigate the previously unknown mechanisms between
HMGBI1 and dysregulated immune responses, mainly T cell exhaustion, lymphopenia
and dysfunction in PT, we determined whether PT associated HMGBI1 levels dictate the
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onset of early mixed inflammatory responses, including altered cellular expression of
RAGE and TLR4 and if neutralization of HMGB1 ameliorates such dysregulated immune
responses. Our rat PT model exhibited massive and complex early hyper-inflammatory
responses as indicated by the elevated levels of cytokines, chemokines, adhesion molecules,
T cell activation, as well as T cell suppressive cytokines, cell arrest and apoptosis proteins.
Further, there was a concurrent rise in monocyte/macrophages and severely diminished T
cells in the blood and spleen. While treatment with anti-HMGB1 antibody immediately
post-trauma modestly attenuated the early hyper-inflammatory cytokine responses, it
significantly restored immune cell dynamics and receptor expression of RAGE and TLR4
in blood, but not in the spleen. Such interactions could be potentiating cellular hyper-
activation and exhaustion, rendering cells unresponsive to further stimuli, a possible reason
for the delayed fracture healing phenotype associated with PT (Figure 7).
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Figure 7. Graphical illustration showing the effects of high mobility group box protein 1(HMGB1),
a damage-associated molecular pattern (DAMP) in (A) single trauma and (B) polytrauma (PT).
Several DAMPs such as HMGB1, mitochondrial DNA (mtDNA), S100 and other similar molecules
are released from the cytosol of necrotic cells following injury and the damage of the cell membranes.
Despite the importance of all DAMPs in mounting inflammation, here we shed light on the role of
HMGBI in PT due to its prominence as an early post-traumatic predictor marker [14,15]. Following
injury circulating levels of HMGB1 are relatively lower in a single injury than in PT. HMGB1 mediates
pro-inflammatory and immunomodulatory responses by binding to receptor for advanced glycation
end products (RAGE) and toll-like receptor 4 (TLR4) on immune cells and triggers pro-inflammatory
cascades in the surrounding cells the host must compensate for to maintain homeostasis. However,
while inflammation is vital for regulating tissue homeostasis and repair if overburdened by the early
surge of HMGBI, it can result in hyper-inflammation and immune cell exhaustion causing T cells
to alter their phenotypes and undergo ectodomain shedding of RAGE and TLR4, leading to T cell
lymphopenia and dysfunction.

During the initial days post-trauma, our observations of the immune responses
conform to expectations based on the previous clinical observations and those obser-
vations made in other rodent models [20,21]. Studies using rodent models of trauma-
hemorrhage and sepsis have demonstrated similar concurrent responses showing both
hyper-inflammation and immunosuppression, thereby establishing an independent re-
sponse pattern known as mixed antagonist response syndrome (MARS) that, according to
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our results, seems to be also prevalent in PT [24-26]. The rise in plasma concentrations of
cytokines such as IL-6, IFNy and TNF«, during the early hours post-trauma (hpt) likely
contributes to the mobilization of CD45" myeloid leukocytes, including CD68* mono-
cyte/macrophages. Meanwhile, elevated levels of GM-CSF and MCP-1 observed here
may associate with migration and proliferation of monocyte/macrophages within the
inflammatory niche, as previously demonstrated [27]. As observed in severe trauma pa-
tients, a notable SIRS response, paralleled by CARS-like responses associated with elevated
anti-inflammatory molecules such as IL-10, IL-13 and Galectin, was evident in our results,
confirming a MARS-like response in PT [28]. The comparatively lower TNF« expression
coincides with higher IL-10 levels in the current study, which is known to inhibit TNFx
secretion. Schneider et al. showed elevated levels of IL-10, IL-6 and TNF« during the early
trauma hemorrhage and blocking of IL-10 further increased IL-6 and TNF« levels after
injury, indicating that IL-10 release may be part of the body’s natural defense process to
counter-regulate the early-deranged immune mediators as means to attenuate post-injury
SIRS [25]. This observation could explain the reason for increased IL-6 expression at 1 dpt
in PT-Ab HMGBI rats, whose IL-10 levels were slightly reduced during that time-point,
compared to PT-C rats.

Contrasting to the increased proportion of monocyte/macrophages in blood and
spleen, the T cell counts were significantly depleted, consistent with previous findings
suggesting trauma-associated lymphopenia in trauma patients [5]. As suspected, early and
inappropriate T cell activation was confirmed with increased expression of lymphocyte
activation markers, CD48 and CD137, at 1 dpt in PT-C compared to OST and PT-Ab HMGBI.
Cross-linking of CD137 promotes IL-2 secretion and enhances T cell proliferation, survival
and cytolytic activity, a possible explanation for increased IL-2 levels in PT-C than OST and
PT-Ab HMGBI at 1 dpt. Interestingly and contrasting to previous findings, the expression of
RANTES, a chemoattractant for T cells, decreased in PT-C compared to PT-Ab HMGB1 and
OST at 3 and 7 dpt, which is indicative of T cell depletion in PT-C [24]. The role of HMGB1
in activating CD4" T cells has been previously demonstrated [29]; however, in the context
of extremity trauma, the untimely activation of T cells via HMGB1 mediated cascades
within the first 24 hpt could explain the occurrence of T cell exhaustion and dysfunction.
Early neutralization of HMGBI significantly ameliorated circulating CD4* and CD8* T cell
depletion. Interestingly, the same anti-HMGB1 antibody treated PT rats demonstrated no
significant recovery of YdTCR* T cells, suggesting the potential involvement of additional
mediators in regulating ydTCR* T cells depletion in PT, prompting further investigation.

Recent findings in chronic inflammatory disorders and cancer suggest that HMGB1
enhances immunosuppressive properties of T cells either directly or indirectly [30]. Direct
activation occurs via RAGE and TLR4 surface receptors expressed on T cells. For example,
the HMGB1:RAGE/TLR4 axis mediates activation of immune inhibitory function of reg-
ulatory T cells (Tregs), whose primary role is to suppress CD4* and CD8" T cells via the
production of IL-10 [30]. Whereas indirect activation could be via HMGB1:TLR4: NF«B
axis mediated activation of myeloid-derived suppressor cells (MDSCs) proliferation and
its crosstalk with macrophages resulting in enhanced IL-10 secretion, could potentially
exert T cell suppression [31]. The exact mechanisms of T cell suppression are still not fully
understood and could be a combination of both direct and indirect mechanisms involving
RAGE and TLR4 receptors as well as via MDSCs, which has been previously described [20].
While the expression levels of RAGE and TLR4 increased on monocytes/macrophages, the
receptor expression levels significantly diminished on T cells in PT-C compared to OST.
This study is the first indication of diminished levels of surface expression of RAGE and
TLR4 on T cells in response to overwhelming levels of HMGBI in vivo. In an in vitro study,
the authors stimulated human aortic endothelial cells (HAECs) with a high concentration of
HMGB1 and demonstrated that as time progressed, HAECs rapidly underwent ectodomain
shedding of RAGE and TLR4 in response to HMGB1 and was concentration and time-
dependent, which caused the cells to become insensitive to further HMGBI stimulation [19].
Similarly, in our study, the diminished expression levels of RAGE and TLR4 on T cells in
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PT could be due to receptor ectodomain shedding and T cell exhaustion/anergy because of
the early and untimely activation of T cells by HMGB1. Interestingly, early neutralization
of HMGBI restored the expression of RAGE and TLR4 on T cells (primarily CD8* T cells),
implying that HMGBI1 favors receptor-mediated immune function when present at low
levels, thereby suggesting its direct role in regulating T cell responses via RAGE and TLR4.
Further, the proportion of T cells expressing RAGE and TLR4 increased, accompanied
by the augmentation of cell-cell adhesion ability evidenced by elevated plasma levels of
L-selectin and P-cadherin, which are rapidly shed by specialized enzymes upon cellular
activation, suggesting that neutralization of HMGB1 demonstrated a positive response for
maintaining the CD4* and CD8* T cells activation in blood. We and others have shown
that circulating L-selectin levels are increased at 1 dpt in PT-C, and the levels continue to
decrease with time in extremity trauma [32]. Importantly, our observations likely indicate
that the use of therapeutic blocking agents specific to RAGE or TLR4 for long-term suppres-
sion of HMGB1 mediated inflammatory pathways might not deliver favorable outcomes
in PT.

In addition to evaluating T cell counts by flow cytometry, we also attempted to
characterize the helper T (Th) cell responses in PT based on the Th cell cytokine profiles in
circulation. Recent findings support the notion that the induction of specific Th cell subsets
are critical for orchestrating the immune regulatory mechanisms and have emerged as
essential reparative cells in wound healing. T cells can resolve inflammation by secreting
reparative cytokines and growth factors and interact with other immune cells to potentiate
the complex and active tissue repair process (reviewed in [33]). Some trauma studies
suggest that an abnormal shift within the Th cell subsets and their secreted cytokines
contributes to dysregulated immune responses [22,34]. However, this theory remains
unclear due to contrasting findings from various research groups. In the case of trauma
hemorrhage patients, a study demonstrated that Th type 1 cell (Th1) responses (secrete
IL-2, IFNY) were suppressed. In contrast, the Th type 2 (Th2) responses (secrete 1L-4,
IL-5, IL-13 and IL-10) were elevated, leading to a suppressed adaptive immune response
and increased susceptibility to sepsis [35]. Findings from another group indicate that
following severe burn trauma, a notable increase in Th2 response occurs without altering
the Th1 response [36,37]. In the current study, we assessed circulating Th cytokines secreted
from various Th cell subtypes and showed that most of the Th cytokines (with either pro-
inflammatory or anti-inflammatory roles) peaked on day one in PT-C compared to OST
rats. The elevated levels of IL-22, IL-13, IL-2 and IL-6 observed within the first 24 hpt
may likely provide integral signals for T cell activation and mobilization. During the
first 24 h, the cytokines released do not indicate a favorable shift in the Th1/Th2-type
towards Th2 cytokine response. However, cytokine data suggests that more than one of the
Th cell subtypes were simultaneously activated. These observations are similar to those
demonstrated previously in major trauma patients with generally high plasma levels of all
Th cell cytokines, who needed hospitalization but did not succumb to trauma [28].

As mentioned previously, the increased cytokine levels during the initial 24 hpt depict
the occurrence of a cytokine storm, which is of diagnostic value in severe trauma patients
with a risk of developing severe complications and death [38]. We suspect that a prominent
Th2 immunosuppressive response is marked by elevated IL-10 levels, indicating post-injury
T cell suppression in PT. Shimin Wang et al., in their study, demonstrated that increased IL-
10 production led to T cell inactivation and impairment of adaptive immunity in the tumor
environment [39]. IL-10 is also known to suppress the production of pro-inflammatory
mediators such as IL-2 and IFNy secreted by Thl cells, thereby inhibiting innate and
adaptive immune responses to infectious pathogens. IL-2 is predominantly expressed
by activated CD4* T cells, and its levels are generally quantified to assess Thl responses.
Inadequate IL-2 production is associated with immunosuppression after burn injury [40].
Contrastingly, we observed elevated levels of IL-2 in PT-C compared to OST at 1 dpt and
diminished levels at 3 and 7 dpt in all groups. High levels of IL-2 in our study are per
the findings of Petr Svoboda et al., where the authors reported that IL-2 was detected in
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severe trauma patients only during the first 24 hpt, following which the concentrations
of IL-2 rapidly decreased in all trauma patients [41]. Pro-inflammatory cytokines such as
IL-22, IL-2, IL-17A and IL-17F secreted by Th17 cells and ydTCR™ T cells were substantially
elevated at all times in PT-C vs. PT-Ab HMGB], indicating the onset of an early hyper-
inflammatory response. However, whether this early hyper-inflammatory response in PT
is due to a shift in precisely the Th2 response or could be due to global immune depression
is unknown and requires further evaluation of the Th cell subtypes. Our findings infer
that the heightened cytokine response is the body’s natural way of regulating the immune
response. If left in such an overwhelming inflammatory state, the response could have
deleterious effects, leading to MODS and delayed healing.

Overall, these findings contribute to the characterization of polytraumatic peripheral
hyper-inflammation and T cell exhaustion, lymphopenia and dysfunction. We suggest
that modulating the balance between the pro-and anti-inflammatory mediators in a timely
fashion may become a potential therapeutic approach that reduces mortality and improve
the prognosis of PT patients. There are a few limitations to the study. Since the animals
were raised in an almost sterile environment, the phenotype of the CD8" T cells may differ
from clinical data, especially those trauma patients who have been previously exposed to
various antigens creating an individualized immune profile [42], raising the notion that
further evaluation of memory CD8* T cells in this model is desirable for reaching definitive
conclusions. Although the distribution of investigated circulating Th cytokines levels
indicated no particular shift toward a specific Th cell subset, the Th cell subset distribution
may differ in the tissue environment and need further investigation. Another limitation
is that the cytokines secreted by Th cells may also be secreted by other leukocytes, which
could be interfering with clearly distinguishing a particular shift toward a specific Th
cell subset.

5. Conclusions

In conclusion, our results indicate that T cell exhaustion and lymphopenia are possibly
associated with the altered expression levels of RAGE and TLR4, which is linked to the rise
in leukocyte mobilization and an early mixed hyper-inflammatory response by a surge in
HMGBI levels following extremity trauma. We ultimately demonstrated that high levels
of HMGBI are responsible for producing unsatisfactory outcomes in PT; nevertheless,
its early neutralization immediately post injuries opens up new opportunities for early
and targeted therapeutic strategies for preventing dysregulated immune responses after
polytraumatic injuries.
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