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Elaine F. Reed1,*
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Abstract

Ischemia-reperfusion injury (IRI) during orthotopic liver transplantation (OLT) contributes to 

graft rejection and poor clinical outcomes. The disulfide form of high mobility group box 

1 (diS-HMGB1), an intracellular protein released during OLT-IRI, induces pro-inflammatory 

macrophages. How diS-HMGB1 differentiates human monocytes into macrophages capable of 

activating adaptive immunity remains unknown. We investigated if diS-HMGB1 binds toll-like 

receptor (TLR) 4 and TLR9 to differentiate monocytes into pro-inflammatory macrophages 

that activate adaptive immunity and promote graft injury and dysfunction. Assessment of 106 

clinical liver tissue and longitudinal blood samples revealed that OLT recipients were more 

likely to experience IRI and graft dysfunction with increased diS-HMGB1 released during 
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reperfusion. Increased diS-HMGB1 concentration also correlated with TLR4/TLR9 activation, 

polarization of monocytes into pro-inflammatory macrophages, and production of anti-donor 

antibodies. In vitro, healthy volunteer monocytes stimulated with purified diS-HMGB1 had 

increased inflammatory cytokine secretion, antigen presentation machinery, and reactive oxygen 

species production. TLR4 inhibition primarily impeded cytokine/chemokine and costimulatory 

molecule programs, whereas TLR9 inhibition decreased HLA-DR and reactive oxygen species 

production. diS-HMGB1–polarized macrophages also showed increased capacity to present 

antigens and activate T memory cells. In murine OLT, diS-HMGB1 treatment potentiated 

ischemia-reperfusion–mediated hepatocellular injury, accompanied by increased serum alanine 

transaminase levels. This translational study identifies the diS-HMGB1/TLR4/TLR9 axis as 

potential therapeutic targets in OLT-IRI recipients.

Keywords

ischemia-reperfusion injury; disulfide-HMGB1; TLR activation; pro-inflammatory macrophage; 
alloimmunity

1. Introduction

Orthotopic liver transplantation (OLT) is a life-saving treatment for end-stage liver 

diseases.1,2 During the transplant process, the donor liver is at risk of ischemia-reperfusion 

injury (IRI), which is associated with increased incidence of rejection episodes and 

lower graft and patient survival.3,4 IRI involves a complex sterile inflammatory response, 

accompanied by the release of damage-associated molecular patterns (DAMPs) into the 

extracellular environment.5–7 Liver resident macrophages expressing pattern recognition 

receptors (PRRs) bind DAMPs, become activated, and produce cytokine/chemokine 

programs that recruit recipient-derived inflammatory cells. Recruited host monocytes are 

present in the graft within 6 hours post-reperfusion and undergo distinct alterations in 

response to IRI stress that drive their activation and differentiation into monocyte-derived 

macrophages (MDMs).8,9 PRR activation also links innate and adaptive immunity, as 

their signals improve the antigen-presenting capacity of macrophages to host T cells.10 

The mechanism by which OLT-IRI immune cascades regulate human MDM recruitment/

enhancement of antigen presentation and subsequent adaptive alloimmunity remains to be 

elucidated.

The function of high mobility group box (HMGB) 1, an ubiquitously-expressed DNA 

binding protein classified as a DAMP, is determined by the oxidation of 3 cysteine 

residues. Fully-reduced all-thiol HMGB1 (aT-HMGB1) acts as a chemo-attractant, partially-

oxidized disulfide HMGB1 (diS-HMGB1) induces pro-inflammatory cytokine secretion 

in monocytes/macrophages, and terminally-oxidized all-sulfonyl HMGB1 (aS-HMGB1) is 

thought to be non-immunogenic.11–13 We reported that post-reperfusion portal vein blood 

(liver flush [LF]) from IRI+ OLT patients contains increased concentrations of diS-HMGB1 

compared to IRI– patients.14 IRI+ pre-reperfusion biopsies comprise macrophages with 

hyperacetylated, lysosomal diS-HMGB1 that increase by 2 hours post-reperfusion.14 This 

suggests that diS-HMGB1 secreted from macrophages induces a self-perpetuating cycle of 
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inflammation in OLT-IRI by activating infiltrating macrophages. Although our data support 

the idea that diS-HMGB1 has the potential to function as a main driver of OLT injury,14 

definitive evidence showing diS-HMGB1’s ability to worsen liver IRI and hepatocellular 

damage is lacking.

HMGB1 has multiple receptors15 with diS-HMGB1 reported to bind toll-like receptor 

(TLR) 4.13 HMGB1 can also bind unme-thylated DNA fragments and be endocytosed 

by the receptor for advanced glycation end products to trigger activation of intracellular 

TLR9, but the oxidative state of HMGB1 activating TLR9 is unknown.16 Both TLR4 and 

TLR9 serve as HMGB1 sensors that exacerbate the innate immune response in murine 

hepatic IRI.17,18 Post-reperfusion portal LF from IRI+ OLT patients containing increased 

concentrations of diS-HMGB1 induces higher activation of both TLR4-transfected and 

TLR9-transfected reporter cells,14,19 suggesting a dual role for these PRRs in diS-HMGB1 

pro-inflammatory signaling. However, the definitive mechanism(s) underpinning how diS-

HMGB1 differentiates monocytes into pro-inflammatory macrophages that promote graft 

inflammation and prime alloreactive T cells in human OLT are unknown. We hypothesized 

that diS-HMGB1 binds TLR4 and/or TLR9, causing monocyte differentiation into pro-

inflammatory sentinel, which stimulate alloimmunity through cytokine secretion and 

alloantigen presentation in OLT-IRI.

2. Materials and methods

2.1. Study design, and sample and data collection

106 adult primary OLT recipients were recruited into a study approved by the UCLA 

Institutional Research Board (IRB #13–000143) (Table 1). All participants provided 

informed consent in writing, and all research was conducted in accordance with the 

Declaration of Helsinki. Routine standard-of-care and immune-suppressive therapy were 

administered as previously described.20 Donor and recipient clinical information, sample 

collection, data set collection, and analysis details were described previously.4,14,19

2.2. Animals

C57BL/6 male mice at 8–10 weeks of age were used (Jackson Laboratory). Animals were 

housed in a UCLA animal facility under specific pathogen-free conditions and received 

humane care according to the criteria outlined in the Guide for the Care and Use of 

Laboratory Animals.21 All studies were reviewed and approved by the UCLA Animal 

Research Committee (ARC #1999–094).

2.3. Mouse liver transplantation

We used an established liver IRI mouse model of ex vivo hepatic cold storage (18 hours), 

followed by syngeneic OLT.22 When required, diS-HMGB1 (100 ng/g) was directly injected 

into the portal vein immediately following liver reperfusion (diS-OLT). Animals were 

sacrificed at 6 hours post-reperfusion, the peak of hepatocellular damage in this model, 

and liver and serum samples were collected. The sham group was subjected to the same 

procedures except for OLT. Severity of IRI was graded using Suzuki histologic criteria, 

hepatocellular death, and graft function, as described previously.22
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2.4. Disulfide-HMGB1 quantification

diS-HMGB1 was quantified by combining ELISA quantification and Western blot 

densitometry, as described previously.14

Additional materials and methods information may be found online in the Supplementary 

Method section.

3. Results

3.1. Disulfide-HMGB1 released during liver reperfusion correlates with hepatocellular 
injury and graft dysfunction and polarizes pro-inflammatory macrophages in human OLT 
recipients

To determine if diS-HMGB1 levels correlated with post-OLT clinical outcomes, we 

retrospectively analyzed the correlation between diS-HMGB1 levels in human OLT LF 

samples and clinical outcomes in a cohort of 106 OLT patients (Fig. 1A). The recipient, 

donor, and transplant characteristics are summarized in Table 1. IRI was scored by degree 

of neutrophil infiltration and hepatocyte necrosis in 2-hour post-reperfusion biopsies, as 

described previously.4 IRI+ (n = 47) patients showed higher diS-HMGB1 compared with 

IRI– patients (n = 59) (P = .0001) (Table 2, Supplementary Fig. S1A). OLT recipients 

were 2.4-times more likely to experience IRI for every 333 ng/mL of diS-HMGB1 released 

during reperfusion (P = .001). Longer donor warm ischemia time positively correlated with 

diS-HMGB1 concentration (P = .04) (Table 2, Supplementary Fig. S1B). No other recipient 

or donor factors correlated with LF diS-HMGB1 concentration (Supplementary Tables S1 

and S2).

To determine if diS-HMGB1 levels associate with hepatocellular injury in human OLT, 

we correlated diS-HMGB1 concentration in LF samples from 106 OLT recipients with 

the following: (1) histologic features on 2-hour post-reperfusion liver biopsies, and (2) 

liver function tests (LFTs) from peripheral blood draws for the first 7 days post-transplant. 

Indeed, higher concentrations of diS-HMGB1 in recipient LF correlated with increased 

hepatocellular necrosis (0-to-4 severity score: P = .0001; negative [0 and 1] vs positive 

[2, 3, and 4] for feature: P < .0001) (Fig. 1B) and sinusoidal congestion (0-to-4 severity 

score: P = .0797; negative [0 and 1] vs positive [2, 3, and 4] for feature: P = .0049) 

(Fig. 1C). To identify common patterns across LFTs in the first week post-transplant 

and their relationship with diS-HMGB1, we applied a dimensionality reduction technique 

called canonical polyadic decomposition (Fig. 1D; Supplementary Methods). The first 4 

components contributed to ~85% of dataset variance and were therefore analyzed further 

(Supplementary Fig. S2). Component 1 positively correlated with diS-HMGB1 (β = 1.00; 

95% CI: 0.25–1.75) and was associated with high bilirubin and low international normalized 

ratio (INR), whereas component 2 negatively correlated with diS-HMGB1 (β = −1.01; 95% 

CI: −1.89, −0.30) and was associated with high INR. Components 1 and 2 demonstrated 

sustained association to each post-transplant day, indicating the pattern did not have a 

temporal relationship. However, components 3 (β = 0.28; 95% CI: −0.61, 1.17) and 4 (β = 

0.03; 95% CI: −0.47, 0.53) did not correlate with diS-HMGB1 and contained higher LFT 

values at Day 1 that tapered over the first 7 days post-transplant, suggesting transient and 
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resolving high LFT values did not correlate with diS-HMGB1. Therefore, histology and 

LFT results across time suggest that diS-HMGB1 correlates with hepatocellular damage and 

inflammation that does not resolve within the first week post-OLT.

Next, we investigated whether diS-HMGB1 concentration correlates with the ability of LF 

samples to activate TLR-transfected HEK-293 reporter cell lines. diS-HMGB1 concentration 

in LF positively correlated with TLR4 (r2 = 0.22, P = .0004) and TLR9 (r2 = 0.11, P = 

.01) activation (Fig. 1E). Based on these findings, we questioned if diS-HMGB1 present 

in LF could alter the phenotype of monocytes in 3-day cultures (n = 69) (Fig. 1F). 

Lower diS-HMGB1 concentrations correlated with the expression of proteins associated 

with dampening innate and adaptive immune responses, including CD66a (r2 = 0.15, P = 

.001), TIM-3 (r2 = 0.15, P = .008), and PD-L1 (r2 = 0.07, P = .03). These results support 

the hypothesis that generation of diS-HMGB1 during OLT-IRI can drive macrophage 

polarization to a pro-inflammatory profile in recipients via TLR4 and TLR9 signaling.

3.2. Disulfide-HMGB1 increases human monocyte cytokine production through TLR4 and 
TLR9 signaling

To elucidate the role of diS-HMGB1 in pro-inflammatory MDM polarization, we developed 

an in vitro culture system to model the stimulation of OLTrecipient infiltrating monocytes 

by diS-HMGB1 released from the donor allograft upon reperfusion. Monocytes were 

cultured with purified diS-HMGB1 or the non-immunogenic, all-sulfonyl form of HMGB1 

(aS-HMGB1) at 600 ng/mL, the mean value of diS-HMGB1 previously detected in 

IRI+ patient LF samples.14 After 24-hour stimulation with diS-HMGB1 or aS-HMGB1, 

we analyzed culture supernatant cytokines and chemokines by multiplex Luminex. diS-

HMGB1–stimulated monocytes showed an increase in 9 pro-inflammatory cytokines, 2 

anti-inflammatory cytokines, 7 chemokines, and 4 growth factors (Fig. 2A). Increases that 

reached statistical significance included pro-inflammatory cytokines interleukin (IL)-1β (P 
= .05), IL-6 (P = .05), and interferon (IFN)-α2 (P = .004); anti-inflammatory cytokines 

IL-10 (P = .02) and IL-1RA (P = .02); chemokines MDC (P = .03) and MCP-1 (P = .05); 

and growth factors EGF (P = .03), GM-CSF (P = .05), and IL-7 (P = .05). These data 

showed that diS-HMGB1 triggers monocyte-derived inflammatory soluble mediators that 

can induce a local pro-inflammatory environment, recruit myeloid cells into the liver, and 

support myeloid/lymphoid cell differentiation and activation.

As TLR4 and TLR9 are diS-HMGB1 receptors and elevated concentrations of diS-HMGB1 

elaborated from the allograft into LF positively correlated with TLR4 and TLR9 activation, 

we examined the requirement for 1 or both PRRs in the diS-HMGB1–induced cytokine/

chemokine profile. Monocytes were stimulated for 24 hours with diS-HMGB1 with/without 

the following TLR4 or TLR9 pharmacologic inhibitors: TAK-242 (a TLR4 small-molecule 

inhibitor stored in dimethyl sulfoxide [DMSO] [TLR4i]), ODN-2088 (a TLR9 antagonist 

oligonucleotide [TLR9i]), both inhibitors in combination (TLR4+9i), or appropriate controls 

(DMSO, TLR4c; inactive oligonucleotide ODN-2088c, TLR9c; TLR4+9c); all 24 cytokines 

were tested under each condition (Fig. 2B). Production of 19 of the 24 cytokines were 

altered by TLR4 and/or TLR9 inhibition. TLR4i decreased IL-1β (P = .05), IL-6 (P = .04), 

IFN-γ (P = .006), TNF-α (P = .05), IL-1RA (P = .05), IL-8 (P = .05), MDC (P = .02), 
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MIP-1a (P = .03), EGF (P = .03), Flt-3 (P = .03), and IL-7 (P = .01). TLR9i decreased MDC 

(P = .002) and increased MIP-1a (P = .01), MCP-3 (P = .04), and IP-10 (P = .04). Combined 

TLR4i+9i treatment increased MIP-1a (P = .02), decreased IL-1α (P = .02), IFN-α2 (P = 

.03), and IL-10 (P = .01) and decreased MDC (P = .0002). These data confirm that TLR4 

and TLR9 are the principal PRRs regulating the diS-HMGB1–induced pro-inflammatory 

macrophage secretome.

3.3. Disulfide-HMGB1 triggers macrophage polarization to a pro-inflammatory phenotype 
and function through TLR4 and TLR9 signaling

Having established that TLR4 and TLR9 control the cytokine profile of diS-HMGB1–

stimulated monocytes, we next asked if diS-HMGB1 regulates MDM polarization through 

TLR4, TLR9, or both. We first cultured monocytes with diS-HMGB1 or aS-HMGB1 for 5 

days and assessed their T cell activation molecules (HLA-DR and CD86), T cell inhibitory 

molecules (PD-L1 and TIM-3) and Fc receptors (CD16 and CD64) by flow cytometry. 

diS-HMGB1 increased expression of HLA-DR (P = .06), CD86 (P = .02), and CD64 (P 
= .02) and decreased PD-L1 (P = .04) (Fig. 3A). TIM-3 and CD16 expression did not 

differ between aS-HMGB1 and diS-HMGB1 stimulation. Further, diS-HMGB1’s ability 

to upregulate HLA-DR, CD86, and CD64 while sup-pressing PD-L1 was blocked by 

neutralizing HMGB1 antibodies (αHMGB1) (Fig. 3B) (HLA-DR: P < 0.0001; CD86: P 
= .0007; CD64: P = .0002; PD-L1: P = .001). These data reveal diS-HMGB1 can enhance 

MDM-mediated recipient innate-adaptive crosstalk through upregulated antigen presentation 

machinery and Fc receptors and downregulation of inhibitory molecules.

We next investigated the specific roles of TLR4 and TLR9 as essential regulators of diS-

HMGB1 MDM polarization. We stimulated donor monocytes with diS-HMGB1 together 

with TLR4i, TLR9i, TLR4+9i, or respective controls. Surface marker expression on MDMs 

treated with inhibitors was compared with MDMs from the same donor treated with controls 

(Fig. 3C). TLR4i decreased HLA-DR (P = .05) and CD86 (P = .04), whereas TLR9i 

decreased CD64 (P = .03) and PD-L1 (P = .01). Combined TLR4+9i decreased HLA-DR 

(P = .02), CD86 (P = .04), CD64 (P = .01), and PD-L1 (P = .05), confirming the regulatory 

role of TLR4 and TLR9 on their expression. These data reveal TLR4 and TLR9 each have 

unique, yet cooperative, impacts on diS-HMGB1–induced expression of CD86, HLA-DR, 

CD64, and PD-L1, and therefore both contribute to diS-HMGB1–mediated innate-adaptive 

interactions.

3.4. Disulfide-HMGB1 increases human macrophage reactive oxygen species production 
through TLR9 signaling

Macrophages produce reactive oxygen species (ROS) that can damage parenchymal liver 

cells, promoting alloreactivity through the release of donor HLA antigens.23,24 To examine 

if diS-HMGB1–polarized MDMs produce ROS via TLR4 and/or TLR9, we stimulated 

monocytes with diS-HMGB1, lipopolysaccharide (LPS) (TLR4 ligand), or ODN2216 

(TLR9 agonist) on Day 0 and cultured cells for 5 days (Fig. 4A). diS-HMGB1 stimulated 

higher ROS production compared with both LPS (P = .002) and ODN2216 (P = .0096). We 

then assessed diS-HMGB1–mediated ROS production in the presence of TLR4i, TLR9i, or 

respective controls (Fig. 4B, C). TLR9i decreased ROS production (P = .003) but TLR4i 
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had no effect (P = .29). Neutralizing diS-HMGB1 decreased ROS production (P = .0003) 

(Fig. 4D) to levels equivalent to TLR9i treatment (P = .5) (Fig. 4E). These data suggest that 

diS-HMGB1 induction of ROS production by MDMs is mediated through TLR9.

3.5. Disulfide-HMGB1–polarized human macrophages have increased capacity to present 
antigens and activate T cells

To address if diS-HMGB1–polarized macrophages are poised to stimulate an adaptive 

immune response, we cultured monocytes with patient LF samples and analyzed their 

PD-L1:CD86 ratio, a measurement that reflects macrophage capacity to suppress or activate 

T cells.25 LF from IRI+ patients induced a lower PD-L1:CD86 ratio than the corresponding 

IRI– LF samples (P = .001) (Fig. 5A). Notably, regardless of patient IRI status, higher 

diS-HMGB1 concentrations in LF correlated with a lower PD-L1:CD86 ratio (r2 = 0.0841, 

P = .02) (Fig. 5B), suggesting that increased diS-HMGB1 leads to greater capacity for 

MDMs to activate T cells. To determine if this lower ratio is linked to increased post-

OLTalloimmunity, we compared the LF-induced PD-L1:CD86 ratio to the presence of post-

transplant donor-specific HLA antibodies (DSA) in OLT patients. LF from post-transplant 

DSA producers (n = 15) stimulated a lower PD-L1:CD86 ratio on macrophages compared 

with the LF from patients who did not have post-OLT DSA (n = 26) (P = .04) (Fig. 5C). 

To confirm diS-HMGB1’s capacity to upregulate co-stimulation/co-inhibitory molecules, we 

compared the PD-L1:CD86 ratio of macrophages stimulated with purified diS-HMGB1 and 

aS-HMGB1. Consistent with patient LF, diS-HMGB1 stimulated a lower PD-L1:CD86 ratio 

compared with aS-HMGB1-stimulated macrophages from the same donor (P = .02) (Fig. 

5D).

Collectively, our data support the notion that diS-HMGB1–polarized MDMs have increased 

capacity to present antigens and activate T cells that can then influence antibody production 

and class-switching in B cells. To investigate this possibility, we developed a co-culture 

assay modeling indirect allorecognition, where recipient MDMs present donor peptides 

to recipient alloreactive memory T cells. Human CD4+ T cells were co-cultured with diS-

HMGB1–derived or aS-HMGB1–derived MDMs and SARS-CoV-2 spike protein peptide 

pools for 24 hours. diS-HMGB1–stimulated MDMs induced higher Ki67 (P = .02) and 

IFN-γ (P = .02) expression in CD4+T cells compared with their aS-HMGB1-stimulated 

counterparts (Fig. 5E). These data indicate that diS-HMGB1 can directly influence adaptive 

immune activation.

3.6. Disulfide-HMGB1 increases hepatocellular injury in a murine OLT-IRI model

To determine if diS-HMGB1 mediates hepatocellular injury, we used a syngeneic OLT 

murine model of IRI with extended 18-hour cold storage that mimics the marginal human 

OLT setting.22 We collected the PBS used to flush the cold-stored liver immediately before 

the transplant surgery (PBS LF) and blood 6 hours post-reperfusion (post-OLT) (Fig. 6A). 

diS-HMGB1 was the principal form of HMGB1 present at both pre-reperfusion and post-

reperfusion phases compared with aT-HMGB1 (PBS, P = .01; post-OLT, P = .05) (Fig. 6B, 

C). The diS-HMGB1 to aT-HMGB1 ratio also increased between the end of cold storage 

(2.9 ± 0.4) and 6 hours post-reperfusion (5.5 ± 1.0) (P = .01). To determine if diS-HMGB1 

potentiates the severity of hepatic IRI, recipient mice (n = 6/group) were conditioned 
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with diS-HMGB1 (100 ng/g; portal vein) immediately following reperfusion (Fig. 6D) 

and compared with OLT without diS-HMGB1 adjunct (diS-OLT vs OLT). At 6 hours 

post-reperfusion, diS-HMGB1–treated IR-stressed OLT displayed augmented hepatocellular 

injury compared with controls (Fig. 6E). These correlated with increased Suzuki grading of 

liver IRI (OLT = 5 ± 1.3 vs diS-OLT = 7 ± 1.8; P = .05) (Fig. 6F); frequency of TUNEL+ 

hepatocytes (determined by nuclear morphology) (OLT = 49.17 ± 12.27 vs diS-OLT = 85.83 

± 18.15; P = .002) (Fig. 6G, H) and hepatocellular damage (serum alanine transaminase 

(ALT): OLT = 4436 ± 1349 vs diS-OLT = 10 161 ± 5950 IU/L; P = .04) (Fig. 6I). These 

data demonstrated that diS-HMGB1 augments hepatocellular injury and liver dysfunction 

post-transplant.

4. Discussion

This translational study aimed to test the hypothesis that diS-HMGB1 is a key mediator 

of myeloid cell inflammation and alloimmunity in OLT-IRI through TLR4 and/or TLR9. 

diS-HMGB1 levels corresponded with increased hepatocellular necrosis, congestion, and 

graft dysfunction that failed to resolve during the first week post-transplant, and heightened 

immune activation in human OLT-IRI. TLR4 and TLR9 were key innate immune receptors 

driving diS-HMGB1–mediated human MDM polarization to a pro-inflammatory phenotype 

capable of promoting graft inflammation and T cell priming. TLR4 and TLR9 inhibition 

impaired macrophage commitment toward the pro-inflammatory phenotype induced by diS-

HMGB1 alone—TLR4 ablation abrogated expression of HLA class II and co-stimulatory 

CD86 and cytokine production, whereas TLR9 silencing downregulated CD64 and PD-L1 

expression and chemokine/ROS production. Given the increase of co-stimulatory molecules 

and MHC class II and downregulation of co-inhibitory molecules, diS-HMGB1–polarized 

MDMs were more efficient in driving antigen-specific memory T cell activation. These in 
vitro data highlight the novel function of the diS-HMGB1/TLR4/TLR9 axis in myeloid 

cell regulation, capacity for antigen presentation and capability to drive T cell–mediated 

alloimmunity in the mechanism of liver IRI. We also provide what we believe is the first 

direct evidence that administration of diS-HMGB1 exacerbated IR–mediated hepatocellular 

injury in a clinically-relevant murine OLT model. As such, diS-HMGB1 and its TLR4/TLR9 

cognate receptors may represent putative therapeutic targets for preventing IRI in solid organ 

transplants and, potentially, more broadly in other disease states involving ischemic injury/

sterile inflammation, such as stroke and myocardial infarction.16,26–28

diS-HMGB1 was present in murine circulation at 6 hours post-reperfusion in an in vivo 
model of hepatic cold ischemia that mimics marginal human OLT-IRI, consistent with 

the presence of diS-HMGB1 in human OLT-IRI.14 Further, injection of exogenous diS-

HMGB1 into the liver at the time of reperfusion augmented IR-induced hepatocyte necrosis, 

sinusoidal congestion, and vacuolization, and DNA damage, resulting in increased ALT 

levels. Although prior studies reported that extracellular HMGB1 causes injury in a murine 

model of liver IRI via TLR4 signaling,18,29 we believe this is the first report showing the 

importance of HMGB1 oxidation state in OLT damage. These results are consistent with 

the concept that diS-HMGB1 is a key driver of OLT inflammation/injury and support pre-

clinical assessment for therapeutics dampening diS-HMGB1, such as HMGB1 neutralizing 

antibodies or TLR4/9 inhibitors.30 Future work in murine models of IRI can explore the role 
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of diS-HMGB1–skewed MDMs and utilize TLR4/TLR9 knockout mice to understand their 

role in diS-HMGB1–mediated injury.

The importance of diS-HMGB1 to clinical outcomes was corroborated by our findings 

in OLT patients. diS-HMGB1 concentration in reperfusion effluent correlated with 

severity of hepatocellular injury and early allograft dysfunction (EAD). We did not 

find a sex-dependent effect of diS-HMGB1 concentration on hepatocyte necrosis or 

sinusoidal congestion. Furthermore, OLT patient plasma containing diS-HMGB1 had greater 

potential to activate TLR4/TLR9 signaling in reporter cells and induce a pro-inflammatory 

macrophage phenotype. Similar to the L-GrAFT scoring system that uses the rate of change 

of aspartate transaminase, bilirubin, and platelet counts and maximum INR value to assess 

EAD,31 diS-HMGB1 release in patient LF correlated with a low rate of change for bilirubin 

and INR, suggesting that measuring its level could identify OLT recipients at risk for EAD.

Purified diS-HMGB1 was a potent driver of MDM polarization in macrophage phenotype/

function, comparable with MDMs polarized with OLT patient plasma containing diS-

HMGB1. These MDMs were characteristic of M1 macrophages expressing increased 

antigen presentation machinery and secreting greater amounts of inflammatory cytokines, 

chemokines, and growth factors. Oxidative stress from ROS production also contributes 

to graft injury because it is detrimental to liver parenchymal cell survival.24,32,33 These 

results expand on previous findings of M1 macrophages initiating and sustaining IRI 

pathology.18,34

Inhibition of TLR4 and TLR9 signaling impaired multiple facets of the diS-HMGB1–

induced MDM phenotype. Consistent with previous studies, TLR4 regulated a broader 

cytokine/chemokine pro-inflammatory response and TLR9 mainly produced chemokines 

involved in leukocyte recruitment/ROS generation, while both TLRs controlled surface 

marker expression.14,35,36 A number of transcriptional regulators downstream of TLR4 and 

TLR9 modulate the surface markers explored in this study. LPS (TLR4 ligand) and bacterial 

CpG-DNA (TLR9 agonist) are capable of inducing a functional interaction of NF-κB with 

the promoter element of HLA-DRA to induce MHC-II gene expression and of increasing 

CD86 expression in both a TLR4-dependent or TLR9-dependent manner.37–39 Interestingly, 

neutralization of diS-HMGB1 increased expression of the immune checkpoint PD-L1 but 

TLR inhibition decreased its expression. TLR9 is reported to induce PD-L1 in dendritic 

cells (DCs), suggesting that TLR2, CXCR4, or another HMGB1 receptor not examined in 

this study competitively regulates myeloid PD-L1 to ultimately decrease its expression.15,38 

Additionally, TLR9 controlled diS-HMGB1–induced ROS production, although evidence 

exists supporting both TLR4-mediated and TLR9-mediated ROS production. CpG-DNA 

increases ROS production during intracellular infection of DCs with Salmonella, a model for 

ROS production, while also increasing presentation of Salmonella peptides.10 Salmonella 
infection in TLR9−/− mice confirmed this pathway, supporting our TLR9-dependent 

ROS mechanism.10,40 A separate study concluded that TLR4, not TLR9, contributes 

to macrophage Salmonella–induced ROS production in vitro.41 Collectively, these data 

document the complex and divergent effects of diS-HMGB1–mediated TLR4 vs TLR9 

signaling on MDM polarization and function.
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An increasing body of data emphasizes the importance of donor and recipient TLR-mediated 

signals in promoting alloreactive T/B cell responses and graft rejection.42 Simultaneous 

deletion of TLR adaptor molecules MyD88 and Trif in donor skin prolonged allograft 

survival, diminished donor cell migration to draining lymph nodes, and delayed graft 

infiltration by host T cells.43 T cells stimulated by MyD88-silenced DCs increased the 

production of TH2-type cytokines, accompanied by decreased donor-specific alloreactivity.44 

Correspondingly, DCs treated with HMGB1 promoted T cell proliferation/differentiation, 

whereas HMGB1 blockade ameliorated chronic cardiac transplant vasculopathy and 

decreased T cell infiltration/pro-inflammatory cytokine production.45,46 Our data support 

TLR4 and TLR9 signaling in enhancing antigen-presenting activity of MDMs and their 

capacity to stimulate alloreactivity. MDMs exposed to diS-HMGB1 stimulated increased 

CD4+ T cell proliferation and IFN-γ production, implying that IRI+ patients have increased 

ability to promote T cell–mediated and B cell–mediated alloimmunity and that diS-HMGB1 

promotes this activated state. In agreement with this concept, we found that higher diS-

HMGB1 concentrations correlated with a lower PD-L1:CD86 ratio when monocytes were 

stimulated with either IRI+ LF or purified diS-HMGB1. Additionally, a lower PD-L1:CD86 

ratio in LF correlated with post-transplant production of DSA. Therefore, it is reasonable 

to consider that diS-HMGB1 blockade would reduce alloreactivity and improve OLT 

outcomes.

A limitation of this study is the inherent property of diS-HMGB1 as a transient oxidative 

form of HMGB1.14 To account for this, we confirmed that a single dose of diS-HMGB1 

on Day 0 and repeated doses of diS-HMGB1 through Day 5 showed comparable MDM 

phenotypes (Supplementary Fig. S3). A second limitation is the receptor repertoire of 

diS-HMGB1 extending beyond TLR4 and TLR9.15 As seen in our cytokine/phenotyping 

data, IL-12p40, IL-12p70, G-CSF, and GM-CSF secretion were modified by diS-HMGB1 

adjunct but not TLR4 or TLR9 inhibition. diS-HMGB1 neutralization had an opposite effect 

of TLR inhibition on PD-L1 expression, suggesting perhaps an alternate receptor regulates 

PD-L1 expression. Future studies should explore the effect of other receptors, such as 

TLR2 or CXCR4, individually or in concert with TLR4 and TLR9 pathways on MDM 

phenotypes.15 We focused on MDMs because they can promote alloimmunity. However, 

HMGB1 induces pyroptosis in hepatocytes and activates neutrophils, 2 cell types present 

during OLT-IRI.17,47,48 CD4+ T cells also augment IRI in an antigen-independent manner 

and express the diS-HMGB1 receptor TLR4.49,50 Future studies can focus on diS-HMGB1–

mediated activation of other cell types to increase understanding of post-OLT inflammation.

In summary, our data are consistent with a model whereby interactions between 

diS-HMGB1, released from IRI-stressed donor allografts, and TLR4/TLR9 molecules 

induce MDM polarization to an M1-like phenotype with increased expression of 

both pro-inflammatory cytokines and antigen presentation/co-stimulation molecules. 

Macrophage-derived ROS contributes to hepatocyte death, likely generating donor HLA 

antigens processed and presented via indirect allorecognition by diS-HMGB1–polarized 

macrophages. These macrophages then go on to present donor-derived peptides to activate 

alloreactive T cells and DSA production. The current findings also provide a basis 

for using therapeutics to alter macrophage polarization and improve OLT outcomes, 
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including antioxidants and TLR4/TLR9 neutralizing antibodies and/or small molecule 

antagonists.29,51

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ALT alantine transaminase

aS-HMGB1 terminally-oxidized all-sulfonyl HMGB1

aT-HMGB1 fully-reduced all-thiol HMGB1

DAMP damage-associated molecular pattern

DC dendritic cell

diS-HMGB1 partially-oxidized disulfide HMGB1

diS-OLT mice that were subjected to cold ischemia transplants with 100 ng 

diS-HMGB1 per 1 g mouse weight injected into the portal vein 

during reperfusion

DSA donor-specific HLA antibody

EAD early allograft dysfunction

HMGB high mobility group box

IFN interferon

INR international normalized ratio

IRI ischemia-reperfusion injury

LF portal vein blood collected immediately following graft reperfusion 

from human OLT recipients (liver flush)
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LFT liver function test

LPS lipopolysaccharide

MDM monocyte-derived macrophage

OLT orthotopic liver transplantation

PRR pattern recognition receptor

ROS reactive oxygen species

TLR toll-like receptor

TLR4i TLR4 inhibitor

TLR4+9i TLR4 inhibitor and TLR9 antagonist in combination

TLR9i TLR9 antagonist
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Figure 1. 
Disulfide-HMGB1 released during liver reperfusion correlates with a pro-inflammatory 

profile in OLT patients. diS-HMGB1 concentration in LF samples from 106 OLT patients 

were correlated with histopathologic features on 2-hour post-reperfusion biopsies, liver 

function test (LFT) data for the first 7 days post-transplant, ability of LF to activate TLR4 

and TLR9 reporter cell lines, and surface marker expression of healthy volunteer monocytes 

cultured with recipient LF for 3 days in vitro. (A) Patient sample collection and analysis 

overview. (B-F) diS-HMGB1 concentration was assessed in LF patient samples regardless 

of IRI status and correlated with: severity (0, none; 1, minimal; 2, mild; 3, moderate; and 4, 

severe) of 2-hour post-reperfusion biopsies and by grouping of negative (0 and 1) vs positive 

(2, 3, and 4) for (B) necrosis and (C) sinusoidal congestion with red line indicating overall 

population mean diS-HMGB1 concentration (n = 106); (D) LFT values for the first week 

post-transplant summarized by canonical polyadic (CP) decomposition (n = 106); (E) LF 

activation of human TLR4-transfected and TLR9-transfected HEK-Blue reporter cell lines 

(n = 54); (F) surface marker expression of healthy volunteer monocytes after 3-day culture 

with LF samples (n = 69). Data are (B, C) Tukey plots: whiskers notate either 1.5 times the 

interquartile range or minimum and maximum values, whichever is closer to the median; 

boxes notate interquartile ranges; and lines indicate median values with all points shown; 

(D) left to right: regression coefficients and 95% CIs of component regression against LF 

diS-HMGB1 concentration, heatmap of component association with each of the 4 LFTs, and 

heatmap of component association with each of the 7 days post-transplant; warmer colors 

denote positive associations, cooler colors denote negative associations; (E, F) dot plots 

and lines of best fit for individual patient TLR activation scores or surface marker mean 

fluorescence intensities (MFIs) and corresponding LF diS-HMGB1 concentration.
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Figure 2. 
Disulfide-HMGB1 increases human monocyte pro-inflammatory phenotype through TLR4 

and TLR9. Healthy volunteer monocytes were stimulated with 600 ng/mL aS-HMGB1 or 

diS-HMGB1 and either 10 μg/ml TAK-242 (stored in dimethyl sulfoxide [DMSO]; TLR4 

inhibitor, TLRi), 1:1000 dilution of DMSO (to match dilution used for TAK-242; TLR4 

control, TLR4c), the synthetic oligonucleotide TLR9 antagonist ODN2088 (TLR9 inhibitor, 

TLR9i) at 5 μM, inactive oligonucleotide control ODN2088c (TLR9 control, TLR9c) at 

5 μM, or both inhibitors or controls in combination (TLR4+9i/TLR4+9c) for 24 hours, at 

which time supernatants were collected and analyzed for cytokine secretion. (A) Log2 fold-

change of cytokine concentrations in diS-HMGB1-treated compared with that of cytokine 

concentrations in aS-HMGB1-treated supernatants (n = 4). Data are Tukey plots: whiskers 

notate either 1.5 times the interquartile range or minimum and maximum values, whichever 

is closer to the median; boxes notate interquartile ranges; and lines indicate median values 

with all points shown. One-sample t tests, *P < .05, ** P < .01. (B) Log2 fold-change 

of cytokine concentrations in diS-HMGB1+inhibitor or diS-HMGB1+control supernatants 

compared with that of cytokine concentrations in supernatants of diS-HMGB1 alone (n = 4). 

Vertical axis notates inhibitor or control treatments for each row while the horizontal axis 

notates cytokines. Point size represents the P value of cytokine concentration under inhibitor 

or control treatments compared with that of concentration under diS-HMGB1 treatment 

alone, with larger points having lower, more significant P values. Cooler colors denote a 

decrease compared with diS-HMGB1 alone and warmer colors denote an increase compared 

with diS-HMGB1 alone. Filled points indicate inhibitors, while corresponding outlined 

points immediately below each inhibitor indicate respective controls. All cytokines were 

tested with each inhibitor and control. The dot plot shows inhibitor/control combinations 
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where the inhibitor had a P value of .05 compared with diS-HMGB1 alone using a one-

sample t test.
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Figure 3. 
Disulfide-HMGB1 increases human macrophages pro-inflammatory phenotype through 

TLR4 and TLR9. Healthy volunteer monocytes were stimulated with aS-HMGB1 or diS-

HMGB1, and either 2.25 ng/mL HMGB1 neutralizing antibody (αHMGB1) or isotype 

control (mIgG) or 10 μg/ml TAK-242 (stored in dimethyl sulfoxide [DMSO]; TLR4 

inhibitor, TLRi), 1:1000 dilution of DMSO (to match dilution used for TAK-242; TLR4 

control, TLR4c), the synthetic oligonucleotide TLR9 antagonist ODN2088 (TLR9 inhibitor, 

TLR9i) at 5 μM, inactive oligonucleotide control ODN2088c (TLR9 control, TLR9c) 

at 5 μM, or both inhibitors or controls in combination (TLR4+9i/TLR4+9c) on Day 0 

and cultured for 5 days. Surface marker expression was assessed by flow cytometry on 

Day 5. (A) Log2 fold-change of each marker on diS-HMGB1-stimulated vs aS-HMGB1-

stimulated macrophages from the same healthy volunteer donor (CD64 n = 6, all others 

n = 7). (B) Log2 fold-change of each marker on diS-HMGB1-stimulated macrophages 

during αHMGB1 treatment vs diS-HMGB1 stimulation alone (CD16 n = 5, all others 

n = 12). (C) Log2 fold-change of each marker on diS-HMGB1–stimulated macrophages 

during TLR inhibition or control treatment vs diS-HMGB1 stimulation alone (n = 

7). Data are Tukey plots: whiskers notate either 1.5 times the interquartile range or 

minimumandmaximumvalues, whichever is closer to themedian; boxes notate interquartile 

ranges; and lines indicatemedian values with all points shown. (A, B) One-sample t tests, +P 
<.06, * P <.05, ** P <.01, *** P <.001, **** P <.0001 (C) Paired t tests between inhibitor 

and control conditions, * P <.05

Terry et al. Page 18

Am J Transplant. Author manuscript; available in PMC 2024 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Disulfide-HMGB1 increases reactive oxygen species (ROS) production in human 

macrophages via TLR9. Healthy volunteer monocytes were stimulated with 10 ng/mL LPS 

(TLR4 ligand), the synthetic oligonucleotide ODN2216 (TLR9 agonist), or diS-HMGB1 ± 

2.25 ng/mL HMGB1 neutralizing antibody (αHMGB1) or isotype control (mIgG) or 10 

μg/mL TAK-242 (stored in dimethyl sulfoxide [DMSO]; TLR4 inhibitor [TLRi]), 1:1000 

dilution of DMSO (to match dilution used for TAK-242; TLR4 control [TLR4c]), the 

synthetic oligonucleotide TLR9 antagonist ODN2088 (TLR9 inhibitor [TLR9i]) at 5 μM, 

or inactive oligonucleotide control ODN2088c (TLR9 control [TLR9c]) at 5 μM on Day 

0. ROS production was assessed on Day 5 by flow cytometry. (A) Log2 fold-change of 

ROS levels in diS-HMGB1-stimulated macrophages vs macrophages stimulated by LPS 

(n = 10) or ODN2216 (n = 6). (B-D) Log2 fold-change of ROS levels in diS-HMGB1–

stimulated macrophages under (B) TLR4i/TLR4c, (C) TLR9i/TLR9c, or (D) αHMGB1/

mIgG treatment (n = 6/group) vs diS-HMGB1 alone. (E) Comparison of ROS levels under 

TLR9i and αHMGB1 treatments (n = 6). Data are Tukey plots: whiskers notate either 1.5 

times the interquartile range or minimum and maximum values, whichever is closer to the 

median; boxes notate interquartile ranges; and lines indicate median values. All points are 

shown. (A-D) One-sample t tests, (E) paired t test. ns, not significant, **P <.01, *** P < 

.001, **** P < .0001.
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Figure 5. 
Disulfide-HMGB1 decreases macrophage PD-L1:CD86 ratio and increases T cell activation. 

(A) Healthy donor monocytes were cultured for 3 days with OLT recipient LF. Surface 

marker expression of PD-L1 and CD86 were assessed by flow cytometry on Day 3. 

The ratio of PD-L1 mean fluorescence intensity (MFI) to CD86 MFI was calculated and 

stratified by patient IRI status (IRI–, n = 37; IRI+, n = 32). Unpaired Mann-Whitney. (B) 

The log of the PD-L1:CD86 ratio as described in (A) was correlated with the corresponding 

diS-HMGB1 concentration in each recipient’s LF sample regardless of IRI status (n = 

69). (C) Longitudinal post-transplant blood samples from 41 OLT recipients were tested 

for the presence of anti-donor HLA antibodies (donor-specific antibodies [DSAs]) through 

HLA-coated single-antigen bead testing. Then, the log of the PD-L1:CD86 ratio induced 

by recipient LF as described in (A) was stratified by the presence or absence of DSA in 

each recipient (detectable or not; Post-tx DSA–, n = 26; Post-tx DSA+, n = 15). Unpaired 

t test. (D) Healthy volunteer monocytes were stimulated with 600 ng/mL aS-HMGB1 or diS-

HMGB1 on Day 0 and cultured for 5 days, at which time PD-L1 and CD86 expression was 

assessed by flow cytometry. The ratio of PD-L1 MFI vs CD86 MFI was compared between 

aS-HMGB1–stimulated and diS-HMGB1–stimulated macrophages from the same monocyte 

donor (n = 7). Paired t test. (E) Healthy volunteer monocytes were stimulated with 600 

ng/mL aS-HMGB1 or diS-HMGB1 on Day 0 and cultured for 5 days. CD4+ T cells from 

the same monocyte donor were then co-cultured with Day 5 macrophages and SARS-CoV-2 

peptides, a model antigen standing in for donor peptides, for 24 hours. CD4+ T cells were 

analyzed for proliferation by Ki67 staining and pro-inflammatory cytokine production by 

IFN-γ staining at the 24-hour time point. Percentages of CD4+ T cells positive for Ki67 

or IFN-γ are shown. CD4+ T cells co-cultured with diS-HMGB1–stimulated macrophages 

were compared with CD4+ T cell co-cultured with aS-HMGB1–stimulated macrophages 

from the same healthy donor (n = 5). Paired t test. Data are (A, C) Tukey plots: whiskers 

notate either 1.5 times the interquartile range or minimum and maximum values, whichever 

is closer to the median; boxes notate interquartile ranges; and lines indicate median values, 

all points are shown. *P < .05, ***P < .001.
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Figure 6. 
Disulfide-HMGB1 potentiates mouse OLT-IRI. C57BL/6 mice subjected to syngeneic OLT-

IRI were analyzed for presence of diS-HMGB1 after ischemia only and after ischemia/

reperfusion, and for the effect of exogenous diS-HMGB1 on histologic Suzuki scoring, 

DNA damage by TUNEL staining, and alanine transaminase (ALT) levels in serum. (A) 

Experimental design and sample collection workflow to determine serum diS-HMGB1 

concentrations in a syngeneic OLT mouse model with extended 18-hour cold storage. Sham 

control animals were subjected to abdominal opening but no transplantation; serum from 

sham animals was collected 6 hours after closing. (B) Non-reducing Western blot of PBS 

LF (n = 3), post-OLT (n = 3), and sham (n = 2) serum samples collected as noted in (A). 

(C) Densitometry quantification of diS-HMGB1 (bottom band) and aT-HMGB1 (top band) 

levels in Western blot from (B). (D) Experimental design for mice subjected to syngeneic 

OLT with 18-hour extended cold storage and administration of 100 ng/g exogenous diS-

HMGB1 (diS-OLT). This dose was determined to be equivalent to the highest diS-HMGB1 

concentration found in the LF of IRI+ recipients. OLT control animals underwent the same 

transplant procedure without diS-HMGB1 administration. (E) Representative hematoxylin-

and-eosin–stained images of sham (n = 3), OLT (n = 6), and diS-OLT (n = 6) liver tissue 

collected 6 hours post-reperfusion, 100, scale bar 100 μm. (F) Suzuki histologic grading 

of liver IRI severity in tissues shown in (E). (G) Representative images of terminal deoxy-

nucleotidyl transferase dUTP nick end labeling (TUNEL) staining in sham (n = 3), OLT (n 

= 6), and diS-OLT (n = 6) liver tissue collected 6 hours after reperfusion; main panel: 400×, 

scale bar 100 μm, inlay: 1000×; HPF, high-power field. (H) Quantification of TUNEL+ 

hepatocytes in tissues shown in (G). (H) ALT levels in OLT and diS-OLT mouse serum 

collected 6 hours after reperfusion (n = 6/group). Data are (C) mean ± SD or (F,H,I) Tukey 
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plots: whiskers notate either 1.5 times the interquartile range or minimum and maximum 

values, whichever is closer to the median; boxes notate interquartile ranges; and lines 

indicate median values with all points shown. *P < .05, **P < .01, paired t test for Western 

blots, unpaired t tests for mouse data.
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Table 2

Characteristics correlated with diS-HMGB1 concentration in LF samples.

Characteristic, continuous r P

Donor warm ischemia (min) 0.204 .04*

Characteristic, categorical diS-HMGB1 (ng/ml), mean ± SD P

LIRI .0001*

 LIRI− 304 ± 227

 LIRI+ 549 ± 392

Two cohort characteristics correlated with diS-HMGB1 in patient LF samples using simple linear regression and ANOVA models for continuous 
and categorical variables, respectively; r values represent the correlation coefficients of continuous factors with diS-HMGB1;

*
P <.05. Correlations of all other characteristics with diS-HMGB1 concentration were not significant and shown in Supplementary Tables S1 and 

S2.

LIRI, liver ischemia-reperfusion injury.
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