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Abstract

Idiopathic pneumonia syndrome (IPS) is a non-infectious, inflammatory disorder of the lungs that 

occurs most often after fully myeloablative allogeneic hematopoietic stem cell transplantation 

(HSCT). IPS can be severe and is associated with high one year mortality rates despite existing 

therapies. The canonical NF-κB signaling pathway has previously been linked to several 

inflammatory disorders of the lung including asthma and lung allograft rejection. It has never been 

specifically targeted as a novel IPS treatment approach, however. Here we report that the IκB 

kinase 2 (IKK2) antagonist BAY 65-5811 or “Compound A”, a highly potent and specific inhibitor 

of the NF-κB pathway, was able to improve median survival times and recipient oxygenation in a 

well described mouse model of IPS. Compound A impaired the production of the pro-

inflammatory chemokines CCL2 and CCL5 within the host lung after transplant. This resulted in 

significantly lower numbers of donor lung infiltrating CD4+ and CD8+ T cells, and reduced 

pulmonary inflammatory cytokine production after allograft. Compound A’s beneficial effects 

appeared to be specific for limiting pulmonary injury, as the drug was unable to improve outcomes 
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in a B6 into B6D2 haplotype matched murine HSCT model in which recipient mice succumb to 

lethal acute graft-versus-host disease (GVHD) of the gastrointestinal tract. Collectively, our data 

suggest that the targeting of the canonical NF-κB pathway with a small molecule IKK2 antagonist 

may represent an effective and novel therapy for the specific management of acute lung injury that 

can occur after allogeneic HSCT.
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Introduction

Idiopathic pneumonia syndrome (IPS) refers to generalized, non-infectious, inflammatory 

lung injury occurring after hematopoietic stem cell transplantation (HSCT). The incidence 

of IPS has been estimated to range between 3 to 15%, is more common following 

myeloablative allogeneic transplants than reduced intensity or autologous HSCTs, and has 

been associated with the use of total body irradiation (TBI) and cyclophosphamide based 

conditioning regimens and concurrent acute GVHD1. IPS after allogeneic transplantation is 

often resistant to therapy with mortality rates of 60–80% being reported in some series, and 

new treatment approaches are needed.

The canonical NF-κB pathway is an important signaling cascade that is involved in multiple 

inflammatory pathways, and has been implicated in the pathogenesis of several pulmonary 

disorders including asthma and lung allograft rejection2,3. NF-κB itself is a dimer composed 

most commonly of a p50 and a RelA subunit. P50/RelA NF-κB is present in all cell types 

and is ordinarily sequestered in the cytoplasm in an inactive state by members of the IκB 

family of proteins4,5. Multiple proinflammatory signals including Tumor Necrosis Factor 

(TNF), CD40L, CD3/CD28, Lipopolysaccharide (LPS), and Interleukin-1 are able to induce 

the phosphorylation of IκB by activating IκB kinase (IKK), a heterotrimer composed of 

IKK1 and IKK2 catalytic subunits and a regulatory NEMO subunit. When this occurs, 

phosphorylated IκB is marked for ubiquination and ultimately degraded by the proteasome. 

This in turn liberates NF-κB and allows for its translocation to the nucleus where it induces 

the transcription of numerous inflammatory mediators6–9.

While specific inhibition of the canonical NF-κB signaling pathway has not been previously 

explored as a treatment for IPS, there has been considerable interest in antagonizing NF-κB 

as a therapy for graft-versus-host disease (GVHD) Bortezomib is a reversible antagonist of 

the proteasome with inhibitory properties against NF-κB and has been evaluated for the 

management of GVHD in both preclinical models and human clinical trials10–15. In mouse 

studies, bortezomib was found to be effective in preventing lethal acute GVHD. Its 

therapeutic index, however, was small. Repeated bortezomib administration during the early 

transplant period following an irradiation based conditioning regimen accelerated acute 

GVHD and exacerbated gastrointestinal pathology10,11. Nevertheless, several therapy trials 

in humans have suggested a benefit for bortezomib in the management of chronic 

GVHD12,14.
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While active against NF-κB, bortezomib demonstrates numerous additional effects via its 

action on the proteasome. As a result, there has been interest in examining other compounds 

which more specifically block the canonical NF-κB pathway. In work by Vodanovic-

Jankovic and colleagues, the authors evaluated the use of PS-1145, a direct inhibitor of 

IKK2, as a means for preventing acute GVHD in a mouse model system. There, PS-1145 

appeared to be well tolerated and repeated doses given over the first week post-transplant did 

not reproduce the gastrointestinal pathology seen with bortezomib11.

Subsequent to this work a structurally distinct inhibitor of IKK2 termed BAY 65-5811 or 

“Compound A” became available which had previously demonstrated both anti-

inflammatory and anti-tumor activity in vivo16,17. Compound A is considerably more potent 

than PS-1145 against IKK2 with an IC50 of only 4nM, and exhibits minimal off-target 

effects against a variety of intracellular protein kinases and phosphatases17. As a result, we 

set out to determine if this structure could improve upon the results previously obtained with 

bortezomib and PS-1145. Here, we report that Compound A was unable to prevent acute 

GVHD lethality in a B6 into B6D2 model where recipient death is primarily driven by 

gastrointestinal injury18. Subsequent in vivo trafficking studies, however, indicated that 

Compound A was very effective at attenuating donor T cell accumulation within pulmonary 

tissues. As a result, we examined the effects of compound A in a well described mouse 

model of IPS and found that the drug significantly improved median survival times and 

reduced hypoxemia. To our knowledge our data are the first to demonstrate that an IKK2 

antagonist can improve IPS outcomes in a preclinical model, and suggest that the specific 

targeting of the canonical NFκB pathway might represent a new therapeutic approach for the 

management of acute lung injury after HSCT.

Methods

Mice

C57BL/6 (“B6”), B6xDBA/2 F1 (“B6D2”), and B10.BR mice were purchased from The 

Jackson Laboratory. Enhanced green fluorescent protein (eGFP) expressing B6 mice were 

generated as previously prescribed19. All experiments were performed in accordance with 

protocols approved by the Institutional Animal Care and Use Committee at The University 

of North Carolina.

Compound A

Compound A (BAY 65-5811, Bayer Pharmaceuticals) was supplied by the laboratory of Dr. 

Albert Baldwin. For all in vitro and in vivo work, Compound A was suspended in 100% 

dimethylsulfoxide.

Mixed Lymphocyte Reaction (MLR)

MLRs using [3H] thymidine were performed as described previously20.

Transplantation Systems

Donor T cell depleted (TCD) bone marrow (BM) cells and whole CD25-depleted splenic 

conventional T cells (Tcons) were prepared as previously described21,22. Natural killer cell 
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depleted splenocytes were prepared by subjecting freshly isolated murine splenocytes to a 

negative selection process using anti-NK1.1 antibodies coupled to ferromagnetic beads and a 

magnetic activated cell sorter (MACS) column (Miltenyi Biotec).

Stereomicroscopy

Recipient mice were imaged with a Zeiss Stereolumar V12 microscope with eGFP band-

pass filter as room temperature. eGFP intensities were determined with Axiovision (Carl 

Zeiss) software. Specific exposure times and magnifications were as follows:

Day +7 eGFP+ Donor Tcon Imaging, Figure 3:

Colon, exp=5s, mag=12X; Liver, exp=6s, mag=40X; Lung, exp=10s, mag=17x

Organ eGFP quantification

Recipient organs were homogenized and absolute eGFP levels determined with an enzyme 

linked immunosorbent assay (ELISA) kit as has been described previously (Cell 

Biolabs)20,21.

Immunohistochemistry

Recipient lungs were perfused through with saline and then fixed in formalin. Paraffin 

imbedded tissue sections were then stained with a mouse monoclonal anti-phospho-IkBa-

Ser32/36 antibody (Cell Signaling, Danvers MA) diluted 1:100 using a Mouse on Mouse 

Peroxidase Kit16.

Isolation of Leukocytes from Tissues

Mice were killed and perfused through the heart with saline. Organs were then digested with 

a collagenase solution and donor eGFP+ leukocytes isolated by centrifugation through a 

Percoll gradient as has been described previously22. Leukocytes were then stained and 

quantified using flow cytometry.

Organ Chemokine/Cytokine Analysis

Recipient mice were perfused through with PBS and their organs then removed and 

homogenized. Total cytokine levels were then determined by ELISA (eBioscience).

qRT-PCR

CD4+CD25− B6 Tcons were isolated using column purification. The cells were then activated 

in vitro with plate-bound anti-CD3 and anti-CD28 antibody in the presence of supplemental 

murine interleukin-2 (IL-2) at 100IU/ml. After 48 hours their total RNA was isolated for 

quantitative reverse transcription polymerase chain reaction (qRT-PCR) as previously 

described21.

Mouse Pulse Oximetry

Blood arterial oxygen saturation was tested in each mouse using a MouseOx Plus pulse 

oximeter (Starr Life Sciences; Oakmont, PA). Mice were anesthetized using isoflurane 

during the testing. A thigh sensor recorded data for a minimum of 22 seconds, and an 
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average oxygen saturation level for that recorded time was calculated as a single data point 

in each mouse.

Antibodies for Cell Purifications and Flow Cytometry

The following antibodies were purchased from eBioscience: anti-CD4 (RM 4.5), CD8 

(53-6-7), B220 (RA3-6B2), CD25 (PC61), NK1,1 (PK136), CD19 (1D3), CD11b (M1/70), 

Ly6C (HK1.4), Annexin V (VAA-33)

Statistical analysis

Survival curves were constructed using the method of Kaplan and Meier and median 

survival times compared using the log-rank test. Continuous variables were compared using 

the 2-tailed Student t test. P values less than 0.05 were considered significant. Unless 

otherwise indicated error bars represent SEM.

Results

Compound A inhibits T cell proliferation in a mixed lymphocyte reaction and NF-κB 
dependent TNF production in vivo

We began by examining the ability of Compound A to block T cell expansion in vitro. For 

this work we utilized a MLR with B6 Tcons as responder cells and irradiated haplotype 

matched B6D2 splenocytes as stimulator cells. As depicted in Figure 1A, Compound A was 

able to inhibit T cell activation and proliferation in a dose dependent fashion. In order to 

confirm that our IKK2 inhibitor was not causing direct T cell cytotoxicity, purified B6 Tcons 

were cultured for 48 hours in the presence of IL-2 with and without Compound A, and the 

cells were then evaluated for apoptotic markers. As shown in Figure 1B, the percentages of 

early apoptotic cells (Annexin V+ Propidium Iodide−) and late apoptotic cells (Annexin V+ 

Propidium Iodide+) cells were nearly identical in the two experimental groups. Finally, we 

evaluated the ability of Compound A to impair TNF production in mice in response to 

lipopolysaccharide (LPS) challenge. This is a well described method for evaluating the in 

vivo activity of IKK inhibitors because LPS induces TNF production through the NF-κB 

pathway17,23. As depicted in Figure 1C, serum TNF levels were greatly elevated in mice 

inoculated with LPS versus saline controls, and TNF production was blocked by Compound 

A in a dose dependent fashion. Collectively, these data confirmed the anti-inflammatory 

effects of Compound A that had been reported previously by other research groups17.

Compound A exacerbates GVHD lethality at high doses and is ineffective at lower doses

Next we examined the potential for Compound A to prevent GVHD lethality in vivo. For 

these experiments, we utilized a well described B6 into B6D2 acute GVHD model system 

where recipient lethality primarily results from gastrointestinal inflammation18. Notably, this 

is the same strain combination used in the MLR work described above. Based on the data 

depicted in Figure 1C, Compound A was dosed at 750mcg daily according to the 

administration schedules depicted in Figure 2A. As shown in Figure 2B, Compound A 

appeared to accelerate recipient mortality at this dose, with the greatest toxicity seen in the 

group receiving the highest dose intensity (treatment group 1). These data appeared to 

approximate those findings seen previously when bortezomib was administered over the first 
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week following lethal irradiation11, and led us to hypothesize that Compound A was 

potentially exacerbating recipient gut injury by impairing post-irradiation epithelial repair.

In order to circumvent this issue, we modified our transplantation regimen so that the allo-

reactive B6 donor Tcons were administered as a DLI on transplant day +7, one week 

removed from the irradiation conditioning regimen and bone marrow infusion. Daily 

Compound A dosing was similarly begun on transplant day +7. In addition we reduced our 

dose of Compound A by 66% in order to minimize drug toxicity. With this approach, we 

were able to induce a 100% mortality rate in our untreated controls. Compound A, however, 

had virtually no effect on GVHD scores or recipient survival when administered in this 

manner (Figure 2D, E). Thus, while Compound A did not exacerbate transplant outcomes at 

a daily dose of 250mcg, it also did not seem to offer any appreciable advantage. Following 

up on these data, we explored numerous other approaches to dosing the compound including 

oral gavage, subcutaneous administration, and prolonged low dose therapy via 

intraperitoneal injection. None of these strategies, however, consistently improved transplant 

outcomes in a B6 into B6D2 model system (data not shown).

Compound A inhibits donor T cell expansion within GVHD target organs and especially the 
lung

While the pro-inflammatory properties of the NF-κB pathway are well known, NF-κB 

signaling has also been implicated in the resolution of ongoing inflammatory responses in 

vivo24. As a result, we hypothesized that Compound A might be paradoxically promoting 

donor T cell expansion and/or survival after transplant. To explore this possibility, eGFP+ B6 

donor T cells were transplanted into eGFP− B6D2 recipients, and donor T cell trafficking 

and expansion examined by stereofluorescence microscopy and quantified using an anti-

eGFP ELISA approach. On transplant day +7, consistent with our in vitro MLR data 

depicted in Figure 1A, Compound A appeared to reduce donor T cell accumulation within 

GVHD target organs when administered at a dose of 250mcg daily. However, the differences 

between treated and untreated mice were not entirely consistent across organs. By both 

stereofluorescence microscopy and anti-eGFP ELISA, the greatest relative reduction in 

donor T cell accumulation was noted within pulmonary tissues (Figure 3A–E). Following up 

on these data, we repeated our in vivo trafficking experiment with a considerably lower dose 

of Compound A. When given at only 100mcg per day, the trafficking differences previously 

observed in the liver and colon were no longer apparent. Conversely, donor T cell 

accumulation within pulmonary tissues remained significantly lower than what was seen in 

untreated control animals (Figure 3F). Collectively, these data suggested that Compound A 

was producing two effects in vivo. First, at higher dosages it appeared to be generally 

impairing donor T cell expansion within all sites. However, given the efficacy differences 

observed between organs, it appeared that Compound A was also impairing donor T cell 

trafficking to individual GVHD target organs in a non-uniform way, with this effect being 

particularly pronounced in the lungs.

Compound A inhibits NF-κB activity within pulmonary tissues in a model of IPS

Since Compound A demonstrated a particularly strong ability to impair donor T cell 

accumulation within pulmonary tissues, we reasoned that Compound A might be effective in 
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improving transplant outcomes in a GVHD model system in which recipient mortality 

depends more on the development of acute lung injury. To examine this possibility, we made 

use of a B6 into B10.BR model using a combined TBI plus cyclophosphamide based 

conditioning regimen. This is a well described model of IPS in which recipient lung injury is 

dependent on the infusion of allo-reactive donor T cells and potentiated by pre-transplant 

cyclophosphamide25. Initial experiments began by examining NF-κB activity within the 

lungs of transplant recipients using immunohistochemistry. For this work, recipient lungs 

were stained with an antibody against phospho-IκB, the downstream target of IKK and 

therefore a marker for IKK-dependent NF-κB activity. In addition, consecutive slides were 

stained with CD3 to evaluate for T cell infiltration. As depicted in Figure 4, the lungs stained 

diffusely positive for phospho-IκB on transplant day +7 (Figure 4A) and to a lesser extent on 

day +21 (Figure 4B) in control mice not administered compound. Phospho-IκB staining was 

intense within epithelial cells lining the airways and did not entirely overlap with CD3 

staining, indicating that a substantial proportion of overall pulmonary NF-κB activity was 

occurring within the host pulmonary parenchyma itself and not only within infiltrating donor 

T cells. Importantly, Compound A substantially reduced pulmonary phospho-IκB staining, 

confirming its ability to antagonize the NF-κB signaling pathway within the host lung after 

transplant.

Compound A attenuates pulmonary chemokine production and impairs donor leukocyte 
accumulation within the host lung in an IPS model

Subsequent experiments focused on whether Compound A could substantially impair the 

accumulation of donor immune cells within pulmonary sites in a mouse IPS model. For this 

work, eGFP+ B6 mice served as bone marrow and splenocyte donors, and eGFP− B10.BR 

mice served as recipients. As seen in Figure 5A, total donor leukocyte accumulation within 

the host lungs as determined by eGFP ELISA was significantly impaired on transplant day 

+14 when mice were treated with daily doses of Compound A. Since in this model system 

whole splenocytes are used to generate an immune response versus purified Tcons, we were 

interested in determining which donor leukocyte subsets were impaired in their pulmonary 

trafficking and therefore contributing to the overall reduction in the observed lung eGFP 

signal. Using flow cytometry, we found that Compound A significantly reduced the number 

of CD4+ and CD8+ T cells accumulating within the host lung. Conversely, Compound A had 

a minimal effect on the pulmonary accumulation of donor CD11b+Ly6Cint neutrophils or 

CD11b+Ly6Chi inflammatory monocytes26, and did little to alter the very small number of 

pulmonary B cells that were observed at this time point (Figure 5B). Collectively, 

Compound A resulted in a reduction in the donor lymphoid to myeloid ratio within the lungs 

after transplant (Figure 5C).

Given the lower numbers of donor T cells seen in the host lung in those mice given 

Compound A, we hypothesized that Compound A might be blocking T cell trafficking into 

pulmonary sites by antagonizing the local production of lymphocyte recruiting chemokines. 

To explore this possibility we examined pulmonary protein levels of CCL2, CCL3, and 

CCL5, chemokines that have previously been implicated in T cell recruitment to the lung 

and are known to be regulated by the NF-κB pathway27–29. As seen in Figure 5D, 

pulmonary levels of CCL2 were significantly reduced on transplant day +7 in those mice 
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given Compound A. With additional follow-up, overall CCL2 levels declined in both treated 

and control mice so that no differences were noted between the treatment groups by day +14 

(Figure 5G). Conversely, CCL5 levels increased from transplant day +7 to day +14, and 

were significantly lower in Compound A mice at the latter time point (Figure 5F, I). Overall 

CCL3 levels were also noted to increase between transplant days +7 and +14, but were not 

significantly different between the two treatment groups at either time (Figure 5E, H).

Following up on these data, we also examined Compound A’s effects on the transcription by 

donor T cells of the corresponding receptors for the aforementioned chemokines using qRT-

PCR. In addition, we evaluated the expression of LFA-1 in the presence and absence of 

compound since the LFA-1/ICAM-1 axis has previously been implicated in IPS 

pathogenesis30. As shown in Figure 5J, Compound A’s effects on the expression of these 6 

receptors appeared to be relatively modest in vitro. Collectively these data would suggest 

that Compound A functions to alter donor T cell homing in vivo primarily via an effect on 

local chemokine generation rather than through a major alteration in cell surface trafficking 

receptor expression.

Compound A reduces inflammatory cytokine production within the lung after HSCT

Next we examined the effects of Compound A on inflammatory cytokine production after 

transplant. As depicted in Figure 6A, B, total pulmonary TNF and IFN-γ were both 

significantly reduced two weeks post-transplant in those mice treated with Compound A. In 

addition, we looked for changes in pulmonary IL-6 levels, a cytokine known to be critical 

for Th17 polarization and a skewing away from inducible Treg production. On transplant day 

+14, pulmonary IL-6 levels were also generally reduced, although this difference did not 

achieve statistical significance (Figure 6C). IL-17 levels were uniformly low in both treated 

and untreated mice at this time point and did not appear to be altered by Compound A 

administration (Figure 6D).

Since plasma IL-6 levels and Th17 numbers have previously been shown to peak within the 

first 1–2 weeks after transplant31, we also examined pulmonary levels of both cytokines on 

transplant day +7 (Figure 6 E, F). Again, a non-significant trend towards less IL-6 was noted 

following Compound A administration, with no change in low level IL-17 production. 

Collectively our data indicated that Compound A can effectively impair the generation of 

multiple pro-inflammatory cytokines within the lungs, but that it appears to have a marginal 

effect on the modest Th17 activity observed after transplant in this model system.

Compound A improves survival and arterial oxygenation in an IPS transplant model

Our previous data indicated that Compound A was able to impair the NF-κB signaling 

cascade within the host lung after transplant, and that this in turn resulted in a reduction in 

donor T cell accumulation and inflammatory cytokine production within pulmonary tissues. 

As a consequence, we set out to determine if Compound A could alter clinical outcomes 

after HSCT in an IPS model system. For this work, B10.BR mice were transplanted as 

before and then followed for survival and GVHD severity. Notably, we elected to administer 

a 21 day course of Compound A (versus indefinite dosing) in our treatment group due to 

drug cost and compound availability considerations. As shown in Figure 7A, B Compound 
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A was able to significantly improve median survival times and to reduce overall GVHD 

scores during the period of compound administration. In addition, we evaluated the ability of 

Compound A to ameliorate a lung specific clinical parameter, arterial oxygenation, using a 

murine pulse-oximeter. As depicted in Figure 7C, Compound A was able to significantly 

reduce post-transplant hypoxia in treated mice versus untreated controls. Overall, these data 

indicated that Compound A could ameliorate lung injury and improve transplant outcomes 

in an aggressive murine IPS model.

Discussion

IPS refers to widespread non-infectious lung injury occurring after HSCT in the absence of 

cardiac or renal dysfunction. Mechanistically the pathogenesis of IPS is not entirely clear 

since there is no uniform pathognomonic correlate in human patients and there are numerous 

different mouse models of the disease process. Nevertheless, nearly all of the described 

preclinical model systems involve some degree of MCH incompatibility between the donor 

and recipient strains, implying that allo-immune reactivity is important. IPS is not typically 

seen in most murine acute GVHD models since mice usually succumb to gastrointestinal 

GVHD before lethal pulmonary pathology can develop. To circumvent this problem, 

investigators have modified their model systems to intensify pulmonary pathology. For 

example, in work by Hildebrandt et al. the authors used a B6 into B6D2 strain combination 

identical to that used for our initial Compound A experiments, but infused a lower T cell 

dose and a more intense pre-transplant irradiation regimen32. Our own research group has 

previously shown that the infusion of highly purified, ex-vivo polarized Th17 cells results in 

the development of GVHD manifestations that are particularly severe within pulmonary and 

cutaneous sites33. Consistent with these data, Varielias et al. have demonstrated IPS 

development in a B6 into B6D2 strain combination in the absence of functional IFN-γ, a 

Th1 polarizing cytokine and a well described inhibitor of Th17 generation. In this situation, 

Th17 numbers were enhanced within the lung, and this in turn resulted in acute pulmonary 

injury in a process that depended critically on IL-6 production18.

Here we utilized a well described mouse model of IPS in which IFN-γ signaling is 

preserved and pathology depends on the addition of cyclophosphamide to a standard TBI 

conditioning regimen. In our work, we found that a specific inhibitor of the canonical NF-

κB pathway, Compound A, was able to block the influx of donor CD4+ and CD8+ T cells 

into pulmonary tissues. This resulted in a significant improvement in recipient oxygenation 

after transplant, and a prolongation of median survival times. Furthermore, in our standard 

B6 into B6D2 model donor T cell expansion was significantly reduced within pulmonary 

tissues.

The development of IPS has been shown to depend on the early production of 

proinflammatory mediators by the pulmonary parenchyma which leads to the recruitment of 

donor monocytes and T cells into the host lung. These cells in turn produce additional 

chemokines which augment the developing pulmonary inflammation in an autocrine fashion. 

CCL2, CCL3, CCL5 have been shown to promote leukocyte recruitment into pulmonary 

tissues and have been linked to IPS development in murine models34. Our own data 

demonstrate diffuse NF-κB activity within the host lung by transplant day +7. This is 
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accompanied by an early peak in pulmonary CCL2 production which declines from day +7 

to day +14, and the generation of CCL5 which conversely increases over the second 

transplant week. These data would be consistent with existing reports that describe early 

CCL2 production by the host pulmonary parenchyma, and the subsequent augmentation of 

the developing pulmonary inflammatory response by donor T cell derived CCL5. Here we 

show that Compound A significantly reduces pulmonary levels of both chemokines. 

Interestingly pulmonary levels of CCL3, a chemokine previously linked to enhanced IPS and 

inferior transplant outcomes35, were unaffected by Compound A administration.

Compound A, while effective in limiting pulmonary disease, was unable to prevent 

gastrointestinal dependent GVHD lethality in a standard B6 into B6D2 system. This is likely 

due to the fact that the NF-κB pathway is known to have protective effects on 

gastrointestinal epithelial cells, and that NF-κB inhibition can have variable effects on 

colonic inflammation36. For example, a peptide capable of binding to the regulatory NEMO 

subunit of IKK and inhibiting overall IKK function has been shown to ameliorate murine 

colitis37. However, the complete abrogation of the NF-κB pathway in the intestine through 

the simultaneous blockade of both of IKK’s catalytic subunits (IKK1 and IKK2) 

paradoxically results in severe intestinal inflammation in mice38. In the transplantation 

setting, beneficial anti-inflammatory effects in the gastrointestinal tract arising from NF-κB 

blockade could be partially offset by negative actions on the colonic epithelium.

Our results differed somewhat from data by Vodanovic-Jankovic et al11. There, the authors 

found that another IKK antagonist, PS-1145, reduced overall GVHD lethality in a B10.BR 

into B6 GVHD model with a low incidence of gastrointestinal pathology. Several factors 

could explain this discrepancy. First, their model system was different. When PS-1145 was 

administered over an extended 10 day course the donor/recipient strains were reversed and 

between 30–40% of the untreated control mice survived to the end of the transplantation 

period. Secondly, the two IKK inhibitors themselves are different. PS-1145 is less potent 

against IKK2 than Compound A (IC50=250nM vs. 4nM respectively) and also exhibits less 

activity against IKK1 (IC50>10,000nM vs. KiATP=135nM respectively)17,39,40. As a result, 

Compound A would be expected to be more active against IKK2 than PS-1145 within 

pulmonary tissues but perhaps less likely to ameliorate gut injury because of an overall 

greater net effect against the two catalytic subunits of IKK within colonic epithelial cells. 

Furthermore, the two antagonists exhibit different off target effects which could affect both 

their efficacy and toxicity17,39.

IPS is augmented by donor derived TNF in preclinical models32, and has been targeted 

therapeutically in human patients with the soluble TNF receptor etanercept. Efficacy data for 

etanercept, however, have been mixed. While the addition of etanercept to corticosteroids 

has been shown to improve short term disease response rates, one year survival remains poor 

with mortality figures approaching 80%41–43. Collectively these data would suggest that 

TNF blockade is suboptimal. Here we show that antagonizing NF-κB with Compound A not 

only reduces TNF levels within the host lung after transplant but also reduces pulmonary 

IFN-γ levels and lung infiltrating donor T cell numbers. Thus, Compound A targets multiple 

pathways of pulmonary inflammation beyond TNF alone and could offer a therapeutic 

advantage over existing therapies. Furthermore, agents specifically targeting the canonical 
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NF-κB pathway might be combined with corticosteroids and/or TNF inhibitors to boost 

efficacy in a synergistic fashion.

In summary, we have found that the inhibition of the canonical NF-κB pathway with the 

IKK2 inhibitor Compound A can improve oxygenation and survival in a mouse model of 

IPS. While Compound A was ineffective at preventing lethality from acute gut GVHD, it did 

not appear to exacerbate gastrointestinal injury at doses below 10mg/kg/day and would 

appear to be a promising approach for the targeted management of IPS after allogeneic 

HSCT. In addition, our data when compared to existing reports10,11 highlight the variable 

and occasionally unpredictable treatment effects that can be observed with different 

inhibitors of the same inflammatory pathway after transplant, and underscore the overall 

complexity of the NF-κB signaling cascade.
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Highlights

• A potent NF-κB inhibitor improved outcomes in a mouse model of idiopathic 

pneumonia syndrome

• These effects were lung-specific and did not alter gastrointestinal graft-

versus-host disease

• The NF-κB antagonist blocked pro-inflammatory chemokine production in 

the host lung

• Reduced donor T cell accumulation was observed within pulmonary tissues 

after transplant

• The compound reduced pro-inflammatory cytokine production in the lungs
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Figure 1. Compound A impairs Tcon proliferation in a mixed lymphocyte reaction and inhibits 
TNF production in vivo in response to LPS challenge
(A) 5×104 CD4+CD25− B6 responder cells were incubated with 5×104 irradiated TCD 

B6D2 stimulator splenocytes. During the last 16–20 hours of incubation 0.037 MBq (1 μCi) 

of [3H]thymidine was added to each well, and [3H]thymidine incorporation measured by 

scintillation counting. *P=0.0044 for comparison between 1000nM and 0 Compound A 

groups by Student’s t test. **P=0.0162 for comparison between 100nM and 0 Compound A 

groups. (B) 1×106 purified B6 CD4+CD25− Tcons were cultured for 48 hours in T cell media 

supplemented with murine IL-2 at 100 IUs/ml in the presence or absence of Compound A at 

100nM. The cells were then collected and stained for flow cytometry with anti-Annexin V 

antibody and Propidium Iodide. Cell cultures were done in triplicate and representative flow 

cytometry plots for each culture condition are depicted. (C) Mice were administered saline 

or varying amounts of Compound A by IP injection. One hour later mice were given saline 

(No LPS group) or 200mcg of LPS by IP injection. Two hours later, the mice were killed 

and blood was collected by cardiac puncture. Serum TNF levels were then measured by 

ELISA. *P=0.0017 for comparison between 250mcg Compound A and LPS alone groups by 

Student’s t test. **P=0.0007 for comparison between 750mcg Compound A and LPS alone 

groups.
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Figure 2. Compound A accelerates recipient mortality at high doses and is ineffective in 
preventing acute GVHD at lower doses in a B6 into B6D2 model
(A–C) B6D2 recipients were lethally irradiated to 950 rads on transplant day −1 and then 

administered 3×106 TCD BM cells +/− 4×106 CD25-depleted whole (CD4+ and CD8+) 

splenic Tcons from B6 donor mice on transplant day 0 by tail vein injection. Some recipient 

mice were also administered 750mcg of Compound A by IP injection according to the 

schema depicted (A). Recipient mice were followed for survival (B) and scored for GVHD 

twice weekly using a validated clinical scoring system (C). Animals were assigned a score 

from 0 to 2 for each of 5 GVHD parameters: weight loss, activity, fur ruffling, kyphosis, and 
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skin lesions. Scores ranged from 0 (minimum) to 10 (maximum). Error bars depict standard 

error of the mean. n=4 mice per group. (D–E) B6D2 recipients were lethally irradiated to 

950 rads on transplant day −1 and then administered 3×106 TCD B6 BM cells on day 0. 

Some mice were then administered 6×106 CD25-depleted whole splenic B6 Tcons as a DLI 

on transplant day +7 +/− Compound A dosed at 250mcg once daily by IP injection 

beginning on day +7. Mice were then followed for survival (D) and scored for GVHD twice 

weekly (E). n=3 mice per group.

Fowler et al. Page 17

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Compound A reduces donor Tcon accumulation within recipient organs after 
transplant and in particular the host lung
(A–E) B6D2 mice were lethally irradiated to 950 rads on transplant day −1 and then 

administered 3×106 WT B6 TCD BM cells plus 4×106 CD25-depleted whole Tcons obtained 

from eGFP+ B6 mice +/− Compound A dosed at 250mcg once daily by IP injection on 

transplant days 0–5. On transplant day +7, recipient mice were killed and their organs 

imaged by fluorescence stereomicroscopy (A–C). For each image, actual eGFP fluorescence 

is depicted on the left and a rainbow feature is shown on the right to indicate the strength of 

the eGFP signal (white>red>yellow>green>blue>black). Three untreated controls and three 
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mice given Compound A were imaged. (D) Host organs were subsequently removed and 

homogenized, and total eGFP levels then measured in each organ by anti-eGFP ELISA. n=6 

mice per treatment group. *P=0.0012 for total pulmonary eGFP comparison between control 

and Compound A groups by Student’s t test. **P=0.048. ***P=0.0355. (E) Mean organ 

eGFP level ratios between treated and untreated mice are also depicted. (F) B6D2 mice were 

lethally irradiated to 950 rads on day −1 and then administered 3×106 WT B6 TCD BM cells 

plus 4×106 CD25-depleted whole Tcons obtained from eGFP+ B6 mice +/− Compound A 

dosed at 100mcg once daily by IP injection on transplant days 0–7. On transplant day +7, 

recipient mice were killed and their organs removed and homogenized. Total eGFP levels 

were then measured for each organ by anti-eGFP ELISA. *P=0.0082.
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Figure 4. In a murine model of IPS recipient lungs demonstrate diffuse NF-κB signaling for at 
least three weeks post-transplant and this activity is attenuated by Compound A administration
(A–B) B10.BR mice were administered cyclophosphamide at 120mg/kg by IP injection on 

transplant days −3 and −2. They were then irradiated to 700 rads on day −1 on a cesium 

irradiator. On day 0, recipient mice were administered 1×107 TCD BM cells from B6 mice 

+/− 7×106 NK1.1-depleted B6 splenocytes +/− Compound A dosed at 175mcg once daily by 

IP injection on days 0–6. (A) On day +7 the mice were killed and their hearts perfused 

through with saline. Their lungs were then removed and placed in formalin. The lungs were 

subsequently sectioned and stained for IHC using an anti-phospho-IκBα antibody. 
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Consecutive slides were also stained with an anti-CD3 antibody. Two mice from each 

treatment group are depicted. (B) A third set of mice was transplanted similarly but 

administered daily Compound A on days 0–20. They were then killed on day +21 for IHC 

(B).

Fowler et al. Page 21

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Compound A reduces pulmonary chemokine levels and donor T cell accumulation 
within the host lung in a mouse IPS model
(A) B10.BR mice were administered cyclophosphamide at 120mg/kg by IP injection on 

transplant days −3 and −2. They were then irradiated to 700 rads on day −1. On day 0, 

recipient mice were administered 1×107 TCD BM cells from eGFP+ B6 mice + 7×106 

NK1.1-depleted eGFP+ B6 splenocytes +/− Compound A dosed at 175mcg once daily by IP 

injection on days 0–13. The mice were killed on transplant day +14 and their left lung 

removed and homogenized. Total eGFP levels were then determined by ELISA. n=5 mice 

per group *P=0.0016 by Student’s t test. (B, C) B10.BR mice were transplanted as before 
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and then killed on transplant day +14. Their right lung was then removed and digested using 

a collagenase/DNA-ase solution. Leukocytes were purified using a percoll gradient and 

infiltrating donor cell numbers then determined by flow cytometry. Donor cells were 

distinguished from residual host cells by virtue of their eGFP positivity. (B) Absolute 

numbers of donor CD4+ T cells, CD8+ T cells, CD19+ B cells, CD11b+Ly6cint neutrophils, 

and CD11b+Ly6chi inflammatory monocytes are depicted. *P=.0062 by Student’s t test. 

**P=0.0107. ***P=0.0012. n=8 mice per group. (C) The percentages of each cell type as a 

fraction of the total number of pulmonary infiltrating donor cells are also shown. *P=0.0015. 

**P=0.0007. ***P=0.0067. ****P=0.0033. (D–I) B10.BR mice were transplant as before 

and then killed on either day +7 (D–F) or day +14 (G–I). Their left lung was then 

homogenized and total chemokine levels determined by ELISA. n=9 control and 8 

Compound A mice per group on day +7, and n=12 control and 11 Compound A mice per 

group on day +14. (D) *P=0.0014. (I) *P=0.0381. (J) Purified B6 CD4+CD25− Tcons were 

activated in vitro with plate-bound anti-CD3 and anti-CD28 antibody and murine IL-2 at 100 

IUs/ml in the presence or absence of 100nM Compound A. The cells were expanded for 48 

hours, and total RNA was then isolated. CCR1, CCR2, CCR3, CCR4, CCR5, and LFA-1 

expression were then compared between Compound A treated and untreated cells using 

qRT-PCR. Fold changes for each receptor in treated cells relative to untreated cells are 

depicted. n=6 replicates per receptor.
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Figure 6. Compound A reduces inflammatory cytokine production within the host lung two 
weeks post-transplant
(A–D) B10.BR mice were administered cyclophosphamide at 120mg/kg by IP injection on 

transplant days −3 and −2. They were then irradiated to 700 rads on day −1. On day 0, 

recipient mice were administered 1×107 TCD BM cells from eGFP+ B6 mice + 7×106 

NK1.1-depleted eGFP+ B6 splenocytes +/− Compound A dosed at 175mcg once daily by IP 

injection on days 0–13. The mice were killed on transplant day +14 and their left lung 

removed and homogenized. Total lung cytokine levels were then determined by ELISA. n=5 

mice per group. (A) *P=0.0048 by Student’s t test for comparison of total lung TNF levels 

between untreated controls and those mice administered Compound A. (B)**P=0.0138 for 

IFN-γ comparison. (E–F) B10.BR mice were administered cyclophosphamide at 120mg/kg 

by IP injection on transplant days −3 and −2. They were then irradiated to 700 rads on day 

−1. On day 0, recipient mice were administered 1×107 TCD BM cells from eGFP+ B6 mice 

+ 7×106 NK1.1-depleted eGFP+ B6 splenocytes +/− Compound A dosed at 175mcg once 
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daily by IP injection on days 0–6. The mice were killed on transplant day +7 and their left 

lung removed and homogenized. Total lung cytokine levels were then determined by ELISA.
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Figure 7. Compound A prolongs median survival and improves arterial oxygenation in a murine 
IPS model
(A–C) B10.BR mice were administered cyclophosphamide at 120mg/kg by IP injection on 

transplant days −3 and −2. They were then irradiated to 700 rads on day −1. On day 0, 

recipient mice were administered 1×107 TCD BM cells from B6 mice +/− 5x106 NK1.1-

depleted B6 splenocytes +/− Compound A dosed at 175mcg once daily by IP injection on 

days 0–21. The mice were followed for survival (A) and scored for GVHD twice weekly 

using a validated scoring system (B). On day +17, mice were anesthetized using isofluorane 

and arterial oxygen saturations determined using a mouse pulse oximeter placed on the 

hindleg (C). (A) *P<0.0001 for comparison of median survival times between the BM/Tcons 

and BM/Tcons/Compound A groups using the log rank test. (B) *P=0.0019 and *P=0.0292 

for mean GVHD score comparison between BM/Tcon and BM/Tcon/Compound A groups on 

days +15 and +18 respectively by Student’s t test. (C) *P=0.017 for comparison of mean 
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arterial oxygen saturations between the BM/Tcons and BM/Tcons/Compound A groups. n=4 

BM only, 16 BM/Tcon, and 15 BM/Tcon/Compound A. Data are combined from two separate 

transplantation experiments.
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