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Abstract

Bortezomib, a proteasome inhibitor capable of direct anti-tumor effects, has been shown to 

prevent acute graft-versus-host disease (aGVHD) when administered in a short course 

immediately after bone marrow transplantation (BMT) in mice. However, when given 

continuously, CD4+ T cell mediated gastrointestinal tract damages increase GVHD mortality. To 

investigate the protective effects of bortezomib on other organs, we have used a CD8 dependent 

aGVHD model of C3H.SW donor T cells engrafted into irradiated C57BL/6 recipients (minor 

MHC mismatch), which lack significant gut GVHD. Our data in this model show that bortezomib 

can be given continuously to prevent and treat aGVHD mediated by CD8+ T cells, but this effect 

is organ-specific such that only skin, but not liver, protection was observed. Despite the lack of 

hepatic protection, bortezomib still significantly improved survival primarily due to its skin 

protection. Reduced skin GVHD by bortezomib was correlated with reduced serum and skin IL-6 
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levels. Administration of a blocking IL-6 antibody in this model also resulted in similar cutaneous 

GVHD protection. These results indicate that bortezomib or blockade of IL-6 may prevent CD8+ 

T cell mediated cutaneous aGVHD.
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Introduction

Graft-versus-host disease (GVHD) has severely limited the use of allogeneic hematopoietic 

stem cell transplantation (allo-HSCT) for the treatment of hematological malignancies [1]. 

Donor T cell mediated alloreactive responses and conditioning regimen induced tissue 

damage, with subsequent activation of the innate immune system and inflammatory cytokine 

release, are implicated in the pathogenesis of acute GVHD (aGVHD) following allo-HSCT 

[2, 3].

Cytokines, such as TNF-α, can augment aGVHD through direct cytotoxic impact on host 

tissues [4]. Other proinflammatory cytokines including IL-1, IL-17, IL-6 and IFN-γ can 

indirectly lead to priming, activation and differentiation of respective immune cells[5].

IL-6 is a pro-inflammatory cytokine with pleiotropic biological activities in immune 

regulation and inflammation [6]. Murine studies [7-9] have previously demonstrated the 

benefit of IL-6 inhibition in GVHD management. Recently, there have been anecdotal 

clinical trials suggesting the benefit of such an approach in a limited number of patients [10, 

11]. However, with the heterogeneous presentations of aGVHD, target organs for such 

beneficial effects need to be better identified.

Bortezomib, a proteasome inhibitor, is routinely used for the treatment of hematological 

malignancies [12]. In addition to its direct anti-tumor effects, bortezomib specifically 

depletes alloreactive T cells, permits Treg cell survival, and attenuates pro-inflammatory 

cytokine responses [13-15]. Bortezomib also augments graft versus tumor (GVT) responses 

by sensitizing tumor cells to cytolytic effector mechanisms [16]. These effects make 

proteasome inhibition an attractive therapeutic approach for GVHD and GVT. Indeed, 

clinical trials of bortezomib as a prophylaxis in the management of acute GVHD have 

demonstrated encouraging results[17, 18]. However, we have also previously shown that 

bortezomib can have a time and dose dependent detrimental pro-inflammatory effect, by 

causing a marked increase in CD4+ T cell-mediated aGVHD and gut pathology induced 

lethality resulting in early death of animals. These outcomes have made assessment of 

bortezomib in other organs very difficult [19]. To investigate the protective effects of 

bortezomib on other organs, we have used a CD8 dependent aGVHD model of C3H.SW 

donor T cells engrafted into irradiated C57BL/6 recipients, creating a MHC-matched, minor 

histocompatibility antigen (miHAg) mismatched model which does not result in significant 

gut GVHD pathology.
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Continuous administration of bortezomib post-HSCT resulted in tissue specific protection 

such that only cutaneous, but not hepatic, GVHD was protected and this protection was 

associated with decreased IL-6 levels. IL-6 blockade had similar beneficial effects on skin 

but not liver GVHD, suggesting the direct role of IL-6 in skin GVHD pathogenesis. 

Furthermore, bortezomib administration resulted in the specific down-regulation of CXCR3, 

a skin homing chemokine receptor, on donor CD8+ T cells. These data indicate that 

prophylactic bortezomib administration can induce organ-specific protection from cutaneous 

acute GVHD.

Materials and Methods

Animals

Female donor C3H.SW (H2b) and recipient C57BL/6 (H2b) mice were purchased from 

Jackson Laboratory (Bar Harbor, ME). Animals were kept in pathogen-free conditions and 

used at 8 to 10 weeks of age. All mice were maintained at the UC Davis Medical Center 

vivarium in accordance with Institutional Animal Care and Use Committee (IACUC) 

standards.

Allogeneic hematopoietic stem cell transplantation (HSCT)

Donor bone marrow cells (BM) were collected and T cell depleted bone marrow cells (TCD-

BM) were prepared using the monoclonal anti-Thy 1.2 (38H12) antibody and rabbit 

complement as previously described [20]. CD8+ T cells were negatively selected from 

spleen cell suspensions using CD8 T cell isolation kit (Miltenyi Biotec). Briefly, C57BL/6 

(H2b) recipient mice received 950 cGy myeloablative dose of total body irradiation (TBI) 

from a 137Cs source followed by the infusion of 1.0 × 107 donor C3H.SW (H2b) TCD-BM 

intravenously with or without 2-3 × 106 donor C3H.SW purified CD8+ T cells. Recipient 

C57BL/6 mice were randomly grouped and treated either with PBS or bortezomib in PBS at 

a dose of 0.125 mg/kg intraperitoneally (I.P.) on days 0 and 6 followed by every five days 

for a total of 10 injections post bone marrow transplantation (BMT). Anti-IL-6 antibody 

(Stock: 10.47 mg/ml; CNTO1322, Centocor, PA) or isotype control (rat IgG2a; Stock: 9.378 

mg/ml; CNTO345, Centocor, PA) antibody was administered intraperitoneally (1 mg/

mouse) every week starting on day 0 for a total of 10 injections post BMT. Skin clinical 

score was evaluated based on previous studies [21] as healthy appearance = 0; skin lesions 

with alopecia less than 1 cm2 = 1; skin lesions with alopecia 1 to 2 cm2 = 2; skin lesions 

with alopecia larger than 2 cm2 in area = 3. Mice with tail, ear and paw scaling were added 

for an additional 0.3-point for each lesion. Mice with clinical scores over 3.3 were 

euthanized based on IACUC regulations.

Reagents

Bortezomib was provided by Millennium Pharmaceuticals (Cambridge, MA). Stock 

bortezomib solution (1 mg/mL) was prepared in Dulbecco’s phosphate buffered saline 

(PBS) and stored at -80°C prior to use. Anti-IL-6 antibody (Stock: 10.47 mg/ml; 

CNTO1322) and isotype control (Stock: 9.378 mg/ml; CNTO345) were provided by 

Centocor Inc (PA).
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Histology

Formalin fixed paraffin embedded tissue sections were stained with hematoxylin and eosin 

and evaluated blindly and independently by two pathologists. A semi-quantitative scale from 

0 to 4 was used where histopathologic changes were identified as minimal = 1, mild = 2, 

moderate = 3, and severe = 4. Images were acquired with an Olympus BX45 clinical 

microscope, and DP72 digital camera.

Cytokine analysis

Serum cytokine levels (TNF-α, IFN-γ, IL-6 and IL-17) were determined using the BD™ 

Cytometric Bead Array (CBA) with cytokine-specific bead sets and standards according to 

the manufacturer’s protocol.

Quantitative Real-time RT-PCR (qRT-PCR)

Quantitative real-time RT-PCR was done by using Applied Biosystems Cycler (AB Step-

ONE Plus) with SYBR Green SuperMix (Applied Biosystems). Tissue RNA was extracted 

from skin samples using a Qiagen kit according to the Manufacturer’s protocol. After 

obtaining cDNA, samples were evaluated for gene expression levels using primers 

purchased from Superarray Qiagen (SABiosciences). β-actin and GADPH were used as 

house keeping genes and relative fold change expression was calculated as below:

The data are presented as relative fold change expression of each gene in comparison to 

TCD-BM group.

Antibodies and flow cytometry

Protocols were conducted as previously described [19]. CD8α-AF700 (BioLegend), 

CXCR3-PE (BioLegend), CD4-PE-Cy7 (eBioscience), Foxp3-FITC (eBioscience) and 

CD45-PB (BioLegend) were used for these studies. Skin samples were prepared as 

previously described [22]. Briefly, single cell suspensions (1 million cells) were first 

incubated with Fc Block (BD Pharmingen. San Diego, CA) for 10 mins, then co-incubated 

with antibodies for 20 min at 4°C followed by washing with staining buffer (PBS + 1% 

FBS). Foxp3 intracellular staining was performed using an eBioscience kit 

(Cat#00-5523-00) according to the manufacturer’s protocol. Flow cytometry was performed 

on a LSR Fortessa and data were analyzed by FlowJo software (TreeStar).

Statistics

Survival data was plotted by the Kaplan-Meier method and analyzed by the log-rank test. 

One-way or two-way ANOVA or Student’s t tests were performed to determine if mean 

values were significantly different (P < 0.05) when appropriate.
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Results

Skin aGVHD in MHC-matched, miHAg-mismatched model is associated with increased 
serum IL-6 levels

In this study, a CD8-dependent aGVHD murine model was used. This is a MHC-matched, 

multiple miHAg-mismatched murine model in which C3H.SW donor cells are infused into 

lethally irradiated C57BL/6 recipients, mimicking the majority of marrow grafts for allo-

HSCT cases seen clinically [23]. As previously shown [8, 23], infusion of T cell depleted 

bone marrow (TCD-BM) plus CD8+ T cells isolated from spleen result in aGVHD in skin 

and/or liver with minimal gastrointestinal (GI) pathology when compared to mice infused 

with TCD-BM only (Fig 1A and 1B). Skin damage was particularly severe and the primary 

cause of mortality in this model. While the majority of the recipients showed combined skin 

and liver aGVHD, twenty percent of the recipients suffered from liver-only GVHD with 

variable levels of liver damage (Fig 1C). There were no recipients with skin-only GVHD. 

Serum levels of TNF-α, IFN-γ, IL-17 and IL-6 were measured and the results were 

compared among different GVHD pathologic groups. IL-6 serum levels correlated with skin 

but not liver GVHD occurrence demonstrating a tissue-specific association (Fig 1D; 72.66 ± 

18.22 V.S. 21.61 ± 4.77 V.S. 9.88 ± 2.26). There was no significant difference in the level 

of serum IL-6 between liver-only GVHD and TCD-BM (control) groups. Similarly, 

increased IL-6 expression was detected by qRT-PCR in the skin samples when compared 

with the control group (Fig 1E; P < 0.05), but there was no change noted in liver IL-6 

expression (Fig 1F). These findings demonstrate that both systemic and local tissue IL-6 

levels are associated with skin but not liver GVHD pathology in this model.

Protective effect of bortezomib is specific for cutaneous, but not hepatic GVHD and 
correlates with decreased IL-6 levels

Donor bone marrow cells plus CD8+ T cells from C3H.SW were adoptively transferred into 

C57BL/6 mice. Mice were randomized and received either bortezomib or vehicle. We 

observed a significant decrease in the occurrence of skin aGVHD with bortezomib 

compared to the vehicle group (Fig 2A and 2B) without any differential decline in body 

weight (Fig 2C). Pathological examination further documented a tissue specific protection 

effect of bortezomib in skin but not liver GVHD (Fig 2D-F). While the TCD-BM + CD8 T 

cell groups exhibited multifocal necrosis and T cell infiltration in the epidermal and dermal 

areas of the skin, treatment with bortezomib did not substantially decrease the T cell 

infiltrate in the liver. Additionally, liver enzyme levels concurred with histopathology 

scoring showing no effects on liver pathology with bortezomib treatment (Figure 2G). 

Serum IL-6 levels were significantly reduced by bortezomib treatment (Fig 2H), supporting 

that the skin specific protective effect of bortezomib correlated with a reduction in serum 

IL-6 levels.

Anti-IL-6 therapy provides similar skin, but not liver, GVHD protection

To ascertain if IL-6 is indeed a target in cutaneous aGVHD pathogenesis or simply a 

surrogate of tissue inflammation and damage, similar experiments were done with weekly 

administration of anti-IL-6 monoclonal antibody post-HSCT. Anti-IL-6 treatment 

significantly decreased the severity of skin GVHD but had no protective effect on liver 
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pathology (Fig 3A) or serum liver enzyme levels (Fig 3B) compared with the group that 

received an isotype control antibody. Both bortezomib and anti-IL-6 treatments led to a 

reduction in skin IL-6 gene expression (Fig 3C). It has been shown previously that IL-6 

increases T cell trafficking to target tissues by augmenting chemokine expression levels in 

skin [24, 25]. Both bortezomib and anti-IL-6 therapy reduced donor derived CD8+T cell 

infiltration in the skin tissues (Fig 3D and 3E). CD8+CXCR3+ T cells from splenocytes 

were also reduced post bortezomib treatment compared to the GVHD control group (Fig 3F 

and 3G), indicating a potential mechanism for bortezomib on the tissue specific protection 

of skin GVHD. In addition, IL-6 blockade has been shown to induce regulatory T (Treg) 

cells following bone marrow transplantation [7]. Here, we also observed an increase in Treg 

cells with anti-IL-6 therapy compared to isotype controls (Fig 3H). The protective effects of 

both bortezomib and anti-IL-6 therapy further provided significant survival benefit 

compared with the GVHD group (Fig 3I) therefore supporting the role of IL-6 in mediating 

GVHD pathogenesis.

Discussion

We and others have shown protective effects of bortezomib administration in major MHC 

mismatched models when unselected T cell populations were used as a means to prevent 

aGVHD [26]. However, continuous treatment of bortezomib resulted in marked increases in 

GVHD mortality due to CD4+ T cell responses affecting the gut [27]. The severe toxicity 

and its associated early mortality prevented us from better understanding the effects of 

bortezomib on other GVHD target organs. The current study demonstrates that continuous 

bortezomib treatment can be safely administered in models where CD8+ T cells are the 

primary mediators of GVHD and this treatment results in the selective protection of skin 

GVHD. Furthermore, our study highlights the role of IL-6 in mediating skin aGVHD as well 

as it’s potential as a biomarker of response to bortezomib treatment of skin aGVHD. Our 

data on IL-6 inhibition further support that IL-6 may have a mechanistic effect in skin 

pathology as previously suggested [9] rather than solely being a biomarker for tissue injury 

and inflammation. It has also been demonstrated that macrophages are one of the main 

sources for IL-6 secretion and inhibiting macrophage activation can successfully abrogate 

skin GVHD in aGVHD models[28]. Therefore, it is likely that bortezomib, as an inhibitor of 

NF-kb, can directly affect macrophage activation and prevent cutaneous GVHD lesions. 

Binding of IL-6 to its receptors on endothelial cells can trigger trans-signaling and activate 

the signal transducer and activator of transcription-3 (STAT3) pathway [29], resulting in 

chemokine expression and T cell recruitment [24, 30]. In our experiments, decreased 

homing of CD8+ T cells to skin following anti-IL-6 therapy suggests a potential role of IL-6 

in the homing of these T cells, although further experiments are required to prove this 

concept. In addition, we have also shown that the reduction of IL-6 can enhance regulatory 

T cells during donor T cell reconstitution, aiding in the further protection from the 

destructive inflammatory response to engraftment.

The concept of organ-specific pathological mechanisms in GVHD has recently been 

reevaluated. Chemokines and their receptors can be one of the explanations for the diversity 

of pathological changes in GVHD. CXCL10/CXCR3 axis has been shown to play a pivotal 

role in skin aGVHD responses post allo-HSCT [31]. In our experiments, bortezomib 
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treatment resulted in a reduction of skin homing of CXCR3+CD8+ T cells, which likely 

contributes to its skin-specific protection effects. In addition, IL-6 has been shown to 

specifically decrease CXCL10, a chemokine ligand for CXCR3, suggesting that 

bortezomib’s effects on homing of T cells can be exerted through the IL-6-CXCL10-

CXCR3 axis. Regarding T cell trafficking into the liver, it has been previously demonstrated 

that CCR2 is required for CD8 T cell migration into liver and the GI tract, but not into skin, 

in an acute GVHD model [32]. Furthermore, CCR2 has been shown to bind to CCL2, and 

CCL2 is induced by IFN-γ and TNF-α[33]. We did not see a difference of IFN-γ and TNF-α 

(data not shown) with or without bortezomib treatment in line with the lack of effects noted 

in liver pathology in our murine model. It is likely that bortezomib only affects certain 

chemokines that contribute to preferential target organ protection. It will be important for 

future clinical trials to investigate whether bortezomib has skin specific protective effects for 

select GVHD patients.

The pathology seen in GVHD in response to bortezomib also reveals a possible dose 

dependent characteristic of proteasome inhibition. While the higher dose of bortezomib 

treatment (0.625 mg/kg mouse) in this model led to early mortality (data not shown), lower 

doses (0.125 mg/kg) protected mice from GVHD pathogenesis. This suggests that the 

therapeutic index for bortezomib in allogeneic BMT given early post-BMT is narrow and 

appropriate caution should be exercised with regards to the benefits and risks of bortezomib 

treatment.

Recent clinical trials of bortezomib[17, 18] or anti-IL-6 receptor monoclonal antibody 

treatment (Tocilizumab)[11] have demonstrated promising results in the management of 

aGVHD, but such results require further dissection before larger clinical trials can be 

initiated. The animal model used in our current study can help improve future translational 

research in this area. The results of this study can increase our understanding of tissue 

specific GVHD pathology with an additive implication of appropriate GVHD patient 

population selection for bortezomib and/or anti-IL-6 therapy in clinical trials.
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Figure 1. Characteristics of murine GVHD in MHC-matched miHAg-mismatched model
C57BL/6 recipient mice received 950 cGy myeloablative dose of total body irradiation 

(TBI) from a 137Cs source. A dose of 1.0 × 107 donor C3H.SW TCD-BM cells was infused 

with or without 2-3 × 106 donor C3H.SW purified CD8+ T cells after TBI. GVHD target 

samples (gut, skin and liver) were harvested and stained with hematoxylin and eosin. The 

grading of histopathological GVHD damage in transplanted recipients was assessed 

according to the scoring system described in the Methods section. Serum samples were 

taken by cardiac punctures and stored for analysis. (A) Representative histopathologic 

examination of H&E stained sections of paraffin-embedded skin, liver and gut tissues. 

Arrows indicate erosion of epidermis with inflammatory infiltrate in the skin and 

arrowheads indicate marked inflammatory infiltration over portal triads in the liver. (B) 

Semiquantitative histologic grading (grade 0-4) of different target tissues. (C) Liver 

pathology scores were graded from 1 to 4 and were shown as percentage between skin and 

liver GVHD and liver GVHD only groups. (D) Serum IL-6 level was examined in skin and 

liver GVHD compared to liver only or TCD-BM only groups. (E) Relative RNA expression 

of IL-6 levels in the skin. (F) Relative RNA expression of IL-6 levels in the liver. All the 

data were collected from 2-3 independent experiments with at least 8 mice (N=8) per group. 

Data were analyzed by one-way ANOVA or Student’s t tests to determine if mean values 

were significantly different. P < 0.05 were considered significant.
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Figure 2. Tissue specific protection by continuous application of bortezomib with decreased skin, 
but not liver, GVHD is associated with serum IL-6 level
C57BL/6 recipient mice received 950 cGy myeloablative dose of total irradiation (TBI) 

from a 137Cs source. A dose of 1.0 × 107 donor C3H.SW BMCs was infused with or without 

2-3 × 106 donor C3H.SW purified CD8+ T cells after TBI. Recipient C57BL/6 mice then 

received PBS or bortezomib at a dose of 0.125 mg/kg I.P. post BMT. (A) Representative 

clinical pictures of skin GVHD. (B) Skin clinical scores were evaluated twice a week. (C) 

Body weight changes among different groups. (D) Representative H&E stained sections of 

paraffin-embedded skin, liver from recipients. Arrows indicate erosion of epidermis with 

inflammation infiltrate. Arrowheads indicate inflammatory infiltration over portal triads in 

the liver. (E-F) Semiquantitative histological analysis (grade 0-4) of at least 6 examined 

recipients in each organ. (G) Liver enzymes from recipients with or without bortezomib 

therapy and TCD-BM control groups. (H) Serum IL-6 levels of recipients with or without 

bortezomib therapy were analyzed. All the data were collected from two independent 

experiments with at least 6 mice (N=6) per group. Data were analyzed by one-way ANOVA 

and post-hoc Tukey test to determine if mean values were significant among groups. P < 

0.05 (*) and P < 0.01(**) were considered significant.
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Figure 3. Anti-IL-6 therapy in skin GVHD model
C57BL/6 recipient mice received 950 cGy TBI and were transplanted with TCD-BM with or 

without purified CD8+ T cells. Anti-IL-6 antibody or isotype control was given at a dose of 

1 mg/mouse I.P. post BMT and every week there after. (A) Representative histopathologic 

scores were examined from paraffin-embedded skin, liver from recipients with or without 

anti-IL-6 therapy and TCD-BM control groups. (B) Liver enzymes from recipients with or 

without anti-IL-6 therapy and TCD-BM control groups. (C) Skin tissues were analyzed for 

IL-6 expression levels by qRT-PCR. (D) Skin samples were harvested and digested into 

single cell suspension for flow cytometry analysis. (E) Total numbers of CD45+CD8+ T cell 

in the skin tissues. (F) CD45+CD8+CXCR3+ T cells in spleen post BMT with different 

treatments. (G) Total numbers of CD45+CD8+CXCR3+ T cell in spleen (H) Total numbers 

of Treg cells were determined by flow cytometry in skin. (I) Survival curve among different 

treatment groups. All the data were collected from 2-3 independent experiments with at least 

5 mice (N=5) per group. Data were analyzed by one-way ANOVA with post-hoc Tukey test. 

Survival curves were pooled from 2-3 independent experiments with 14-18 mice per group 

and plotted by the Kaplan-Meier method and analyzed by the log-rank test. P < 0.05 (*), P < 

0.01 (**), P < 0.001 (***) were considered significant.
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