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Abstract

Objective and design TNF-a neutralization is associated

with increased mortality in mouse cecal ligation puncture

(CLP) models. AZD9773 is an ovine polyclonal human

TNF-a immune Fab, with pharmacological properties that

differ from previously studied anti-TNF-a agents. We

explored the safety and efficacy of therapeutically admin-

istered AZD9773 in mouse CLP sepsis.

Methods A moderate/severe-grade CLP model resulting

in 20–30 % 5-day survival and a mild-grade CLP model

resulting in *70 % 5-day survival were established in

human TNF-a transgene/murine TNF null (Tg1278/-/-)

mice.

Treatment Mice received saline resuscitation and imi-

penem administration every 12 h (0–72 h post-CLP).

AZD9773 (or DigiFab control) was dosed 24, 36, 48 and

60 h post-CLP.

Results Therapeutic dosing of AZD9773 in moderate/

severe-grade CLP resulted in significantly increased sur-

vival ([70 %) compared with DigiFab (27 %, P \ 0.05).

Therapeutic dosing of AZD9773 in mild-grade CLP did not

significantly affect survival outcome compared with Digi-

Fab or imipenem alone (*60–70 % survival).

Conclusions These data demonstrate that TNF-a neu-

tralization can improve survival in moderate/severe CLP

sepsis. TNF-a suppression in mild-grade models was not

associated with survival benefit and did not increase 5-day

mortality. These findings suggest that therapeutic benefit

following TNF-a attenuation in models of sepsis may

depend on model severity.

Keywords AZD9773 � TNF-a � Sepsis � CLP �
Pharmacokinetics � Tg1278

Introduction

Sepsis is the primary cause of death in non-cardiac intensive

care units (ICUs) and leads to substantially decreased

quality of life in surviving patients [1, 2]. Current man-

agement of sepsis includes eradication of the infection

source and/or use of appropriate antimicrobial treatment,

together with aggressive supportive care such as fluid
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resuscitation and restoration of tissue perfusion, or pul-

monary therapy using supplemental oxygen and mechanical

ventilation [3, 4]. The release of cytokines into the circu-

lation is key in the initial development and perpetuation of

sepsis [5]. Animal septicemia models have demonstrated

that the pro-inflammatory cytokine tumor necrosis factor-

alpha (TNF-a) plays a significant role in activating the

cytokine cascade [6–8]. TNF-a is one of the first cytokines

to be released by macrophages in response to infection,

stimulating the production of downstream cytokines such as

interleukin-6 (IL-6) and IL-8 [5]. TNF-a acts in association

with other cytokines to produce the clinical signs of the

systemic inflammatory response syndrome, and their syn-

ergistic effects are probably responsible for the hypotension

and resultant organ dysfunction seen early in the course of

severe sepsis [9]. Despite evidence of a key role for TNF-a
in driving adverse clinical effects during sepsis, in vivo

experiments employing live infectious agents also reveal

that TNF-a is a critical factor in promoting host defense

during both localized and invasive bacterial infection [10].

Preclinical cecal ligation and puncture (CLP) models

involve perforation of the gastrointestinal tract and can be

used to assess the impact of immunomodulatory agents on

both injury-related inflammation and host defense and

repair. Depending on variations in the CLP model and other

factors, anti-TNF-a therapy has been shown to result in

increased or unaltered mortality [11–13]. However, in con-

trast to data obtained following pharmacological modulation

of TNF-a, mortality following CLP in transgenic mice

lacking TNF receptor 1 (TNFR1) and TNFR2 is markedly

inhibited [14]. In the clinic, trials designed to investigate the

effect of neutralizing TNF-a with either monoclonal anti-

bodies (mAbs) or TNF-a receptor fusion proteins in severe

sepsis/septic shock have largely mirrored the findings of

preclinical polymicrobial sepsis models, i.e. no significant

beneficial survival effect, although a consistent trend

towards clinical benefit was apparent [15]. A recent retro-

spective analysis considered a further level of complexity

that may relate to the severity of the sepsis syndrome and the

consequent risk of death [16]. Literature analysis of data with

anti-inflammatory agents (including anti-TNFs) and a pro-

spective study in a rat sepsis model examining the influence

of the route, type and severity of infection appeared to

indicate a relationship between efficacy and risk of death:

anti-inflammatory agents were beneficial at high control

mortality rates but were apparently harmful (i.e. reduced

survival) at lower, more moderate mortality rates [16].

AZD9773 is a polyclonal Fab preparation with distinc-

tive pharmacokinetic properties compared with many other

anti-TNF-a biopharmaceuticals, e.g. a markedly shorter

plasma half-life (cleared in hours rather than days) and

more rapid tissue distribution compared with anti-TNF-a
mAbs and TNF receptor-Ig fusion proteins. Thus,

AZD9773 may represent a highly effective agent for the

rapid neutralization and elimination of TNF-a in the setting

of severe sepsis. Given the differentiated pharmacological

attributes of AZD9773, we re-examined the effect of TNF-

a neutralization in preclinical models of sepsis. We ini-

tially validated AZD9773 effects on mouse endotoxemic

cytokine response and then examined AZD9773 effects in

CLP models. Two murine models of sepsis were utilized: a

mild-grade (low-risk-of-death) CLP model and a severe-

grade (high-risk-of-death) CLP model. Together, these

models were used to determine whether the survival out-

come following therapeutic treatment with AZD9773 was

related to risk of death. In these models, AZD9773 was

administered therapeutically, i.e. 24 h post-surgery when

clinical signs of sepsis became apparent, and in combina-

tion with a broad-spectrum antibiotic.

Methods

Animals

As AZD9773 does not bind or neutralize murine TNF-a,

CLP models were established in Tg1278/TNF-/- (human

TNF-a transgene/mouse TNF-a null) mice. Male Tg1278/

TNF-/- transgenic (Tg) mice [17] were obtained from

Biomedcode (Athens, Greece) as hemizygous Tg (human

TNF-a transgene), homozygous knockout (mouse TNF-a
KO). They were re-derived via in-vitro fertilization using

C57BL/6J oocytes, producing animals that were either

hemizygous Tg or wild-type (WT) Tg (i.e. human TNF-a
transgene absent) and heterozygous KO. These animals were

then bred to produce hemizygous or WT Tg and homozy-

gous, heterozygous or WT KO. Only mice that were

hemizygous or WT Tg and homozygous for the KO were

used for further breeding. All breeding units had the following

animals: hemizygous Tg, homozygous KO crossed with WT

Tg, and homozygous KO. The Tg1278/TNF-/- mice used in

these experiments were backcrossed at least eight generations

and can be considered to be predominantly C57BL/6.

In-vivo experiments were designed and undertaken to

minimize pain and distress, and the minimum number of

mice was used to achieve the scientific objectives. Exper-

imental design, statistical justification, animal welfare and

endpoints were reviewed and approved by the AstraZeneca

global veterinary council. For cecal ligation and puncture

studies, a detailed program of observation was imple-

mented to enable humane endpoints as a proxy measure for

mortality. Study protocols were approved by the Trans-

pharm Animal Care and Use Committee and were con-

ducted in a research facility approved by the Association

for Assessment and Accreditation of Laboratory Animal

Care (AAALAC).
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Lipopolysaccharide challenge

Animals were randomly allocated to dose groups and then

processed according to a blocking design. Five blocks

containing one animal from each dose group were

sequentially processed in terms of dosing, challenge and

termination to avoid the risk of ‘order’ bias. Intraperitoneal

(ip) injection of AZD9773 (14–850 U/kg) or vehicle was

administered 2 h before lipopolysaccharide (LPS) chal-

lenge (0.01 mg/kg) at a dose volume of 10 lL/g animal

(n = 5 for AZD9773 and LPS, n = 5 for LPS alone, n = 3

for vehicle). All mice were sacrificed 2 h after LPS chal-

lenge. Blood was collected by cardiac puncture, the serum

extracted, and human TNF-a levels measured by enzyme-

linked immunosorbent assay (ELISA). A large panel of

murine cytokines and related factors (*60 antigens) were

measured using multiplexed immunoassays (mouse Cyto-

kineMAP, Rules-Based Medicine, Inc., Austin, Texas,

USA), which were optimized to maximize detection of

human TNF-a and murine cytokines. AZD9773 Fabs were

quantitatively determined by ELISA.

Induction of sepsis with CLP

Mice were anesthetized using isoflurane and the cecum was

exteriorized and 100 % ligated with sterile 9.5 mm stain-

less steel surgical clips below the ileocecal valve. Using an

18-, 20-, 25- or 27-gauge needle, a single through-and-

through puncture midway between the ligation and the tip

of the cecum was performed and a small droplet of cecal

contents was expressed from both the mesenteric and

antimesenteric penetration holes. The cecum was then

relocated into the abdominal cavity, the peritoneum, fascia

and abdominal musculature closed by applying simple

running sutures, and the skin incision closed with 9 mm

Autoclips. Mice were resuscitated immediately after sur-

gery by a subcutaneous (sc) injection of 2.5 mL/100 g

body weight of 37 �C saline (0.9 % w/vol). Two h post-

surgery, mice received 37 �C imipenem sc (12.5 mg/kg) in

0.5 mL/100 g saline, followed by ip imipenem in 2.5 mL/

100 g saline at 12 h post-surgery. At 24 h post-surgery,

mice were administered single ip injections (2.5 mL/100 g

body weight) of AZD9773 or DigiFab (4.53 mg/mL) in

37 �C saline containing imipenem (12.5 mg/kg); vehicle

mice received imipenem only. At 36, 48 and 60 h post-

surgery, mice were administered a single ip injection of

AZD9773 or DigiFab (2.27 mg/mL) in 37 �C saline con-

taining imipenem (12.5 mg/kg); vehicle mice received

imipenem only. All mice received an ip injection (2.5 mL/

100 g) of 37 �C saline at 72 h post-surgery. The mice were

monitored every 2–3 min for approximately 30 min until

they recovered. Thereafter, they were observed hourly for

at least 6 h, then regularly until study termination at 108 h.

At each assessment, the likelihood of a moribund mouse

surviving until the next assessment was evaluated; if the

probability was low, the mouse was sacrificed.

AZD9773 pharmacokinetics

Mice received ip AZD9773 85 or 850 U/kg. Serum sam-

ples were obtained at 0.5, 1, 2, 3, 4, 6, 8, 10 and 12 h post-

dosing from three male and three female mice per time

point. Serum samples were analyzed for AZD9773 total

Fabs using ELISA. For the purpose of simulating future

studies, a two-compartment model was developed using

mouse AZD9773 pharmacokinetic data. It was assumed

that absorption of AZD9773 into the systemic circulation

was instantaneous, which is justified for modeling purposes

because the data do not define an absorption phase.

Parameter estimation, simulation and graphics were per-

formed in ACSLX version 2.5 (The AEgis Technologies

Group, Inc., Huntsville, Alabama, USA). Parameter esti-

mation was based on the sum of squared residuals weighted

by the model prediction. A bridging AZD9773 pharmaco-

kinetic study was conducted in control CLP mice to

determine whether sepsis-induced hemodynamic changes

modified pharmacokinetic properties. AZD9773 was dosed

24 h post-CLP at 850 or 4,000 U/kg; serum AZD9773 was

measured by ELISA at 2, 4 or 12 h post-dose.

CLP histopathology

Histopathology was performed on the following tissues at

24 and 48 h post-CLP: cecum, femorotibial joint, sternum,

spleen, liver, lung, kidney and heart. Analysis was con-

ducted with and without imipenem to reveal any masking

effect of antibiotic on host defense phenotype. All tissues

(apart from sternum and femorotibial joint) were fixed for

48 h, dehydrated in 70–100 % ethanol, cleared in xylene

and then processed in paraffin wax. The sternum and

femorotibial joint were decalcified in 5 % formic acid for

2 days prior to further processing. Tissues were cut on a

Shandon Finesse microtome (Thermo Fisher Scientific,

Loughborough, UK) at a thickness of 4 lm. Standard

hematoxylin/eosin (HE) staining was performed on all

tissues. Special stains were used on selected tissues as

required, including Martius scarlet blue to identify intra-

vascular thromboemboli (common sequelae of sepsis) and

periodic acid-Schiff to identify glycogen.

Immunohistochemistry

Immunohistochemistry was performed on selected forma-

lin-fixed paraffin-embedded tissue sections using the

Labvision Autostainer (Thermo Fisher Scientific, Lough-

borough, UK). 4 lm-thick sections were mounted on glass
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slides, dewaxed and rehydrated. All washes were per-

formed in Tris-buffered saline (TBS) containing 0.1 %

Tween, and all antibodies were diluted in TBS with 0.1 %

Tween. To allow visualization of antibodies, sections were

incubated with 3,30-diaminobenzidine (A Menarini Diag-

nostics, Winnersh-Wokingham, UK) and counterstained

with Carazzi’s hematoxylin. Sections were then dehy-

drated, cleared and mounted. Antibodies used were: CD3

(Pan T-cell), a rabbit polyclonal anti-CD3 anti-serum

(Zymed/Invitrogen, Paisley, UK; see Supplementary

Fig. 1); Pax-5 (Pan B-cell), a rabbit polyclonal anti-PAX-5

(Neomarkers, Fremont, California, USA; see Supplemen-

tary Fig. 1); TNF-a, a polyclonal rabbit anti-TNF-a
(Abcam 66579, Cambridge, UK). Numbers of cells with

positive TNF-a immunohistochemistry were graded semi-

quantitatively by light microscopy (1 rare, 2 slight increase,

3 moderate increase, 4 marked increase). Detailed methods

are available on request.

Statistical methods

For LPS-challenge studies, antigen data analysis comprised

a univariate two-stage non-parametric approach involving

a Kruskal–Wallis (KW) analysis of variance (ANOVA)

that, if statistically significant, was followed by a pairwise

test of each dose against the combined LPS control group

using Wilcoxon rank sum test and a two-sided 5 % sig-

nificance level. Since anti-inflammatory agents have been

reported to be beneficial at high control mortality rates but

apparently harmful (i.e. reduced survival) at lower, more

moderate mortality rates [16], our statistical analysis of

AZD9773 in the mild-grade sepsis model was centered on

demonstrating non-inferiority. This was defined as confi-

dence (95 %) that the odds ratio (OR) of survival between

control and AZD9773 was less than the critical threshold of

2.6. With regard to detection of benefit in the mild-grade

sepsis model, 60 animals per group would mean an 80 %

chance that a true compound-treated survival rate

improvement from 70 to 90 % would be detected using a

one-sided 5 % Fisher’s test. For assessment of AZD9773

efficacy in the severe-grade model with 15 animals per

group, there was an 80 % chance that survival rate

improvement from 30 to 90 % would be detected using a

one-sided 5 % Fisher’s test.

Results

AZD9773 comprises polyclonal human TNF-a immune

Fab populations and is highly specific for human TNF-a. It

does not bind to, or is minimally effective in neutralizing,

mouse, rat, porcine and canine TNF-a (data not shown). In

order to explore the in-vivo pharmacology of AZD9773 as

it pertains to humans more accurately, the mouse strain

Tg1278/TNF-/- (mouse TNF-a double gene dele-

tion:human TNF-a transgene backcross, hereafter termed

‘Tg’), which is null for mouse TNF-a but transgenic for

human TNF-a under the control of the human TNF-a
promoter, was used [17].

We initially examined the effect of AZD9773 on endo-

toxin-induced human TNF-a and measured murine IL-6 to

determine the biological response to TNF-a neutralization

by AZD9773 [18, 19]. We also measured a large panel of

LPS-induced serum cytokines, chemokines and inflamma-

tory biomarkers. Human TNF-a and 55 serum murine

cytokine (and related factors) levels were determined 2 h

post-LPS challenge in Tg mice. Forty-two serum antigens,

including human TNF-a, were significantly regulated by

LPS or AZD9773. Human TNF-a was induced from 31 pg/

mL at baseline to [60,000 pg/mL 2 h post-LPS. Pre-treat-

ment (LPS -2 h) with AZD9773 resulted in dose-related

exposure (measured 4 h post-dose) (Fig. 1a). The highest

dose of AZD9773 (850 U/kg) resulted in a statistically

significant reduction in human TNF-a (*9-fold) and 29 of

55 other cytokines/immune antigens; 24 cytokines/immune

antigens also showed a statistically significant reduction

following 425 U/kg of AZD9773 (P \ 0.05) (Fig. 1b and

Supplementary Table 1). Interestingly, lower doses of

AZD9773 (107 U/kg) produced a small increase in human

TNF-a, while 14 or 27 U/kg doses were associated with a

1.2- to 2-fold increase in four antigens (VEGF, SCF, IL-7

and FGF9; data not shown).

Taken together, these data demonstrate that LPS induces

human TNF-a in the Tg mouse and that AZD9773

administration attenuates serum TNF-a, resulting in

reduced biological activity; this was evidenced by reduced

serum IL-6. This effect was specific to AZD9773 since an

equivalent protein dose of albumin did not significantly

affect LPS-induced human TNF-a or IL-6 (data not

shown). We also found that AZD9773 reduced the levels of

28/54 other cytokines and related factors, indicating that

TNF-a participates in the regulation of a broad panel of

LPS-induced genes.

To assess the effects of AZD9773 in an experimental

model of sepsis, we developed the CLP method in the Tg

mouse line. In our method, CLP surgery was followed by

high-volume fluid (saline) resuscitation administered

immediately after surgery and then co-administered twice

daily with the broad-spectrum antibiotic imipenem. Sur-

vival was broadly similar 5 days post-CLP in both control

and Tg mice after CLP surgery, with outcomes broadly

similar across a range of needle gauges (higher gauge

number reflects a smaller diameter needle) used to modu-

late model severity (Fig. 2). However, these data appeared

to indicate that Tg mice may be less sensitive to imipenem

compared with control mice (compare Fig. 2c, d).
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The polymicrobial sepsis induced by CLP is a complex

physiological process; therefore, to ensure that the human

TNF-a expressed by the Tg1278/TNF-/- mice did not

induce an atypical CLP phenotype, we compared the histo-

pathological response of Tg1278/TNF-/- mice and con-

trol C57/BL6J mice in our CLP protocol. In mice treated

with and without imipenem, the cecum of WT and Tg

animals following CLP was necrotic and hemorrhagic at

24 h, with increased severity of inflammation at 48 h. In

the absence of imipenem, large numbers of bacterial rods

were present in the necrotic and hemorrhagic cecal wall,

and this was considered to be due to the lack of antibiotic

intervention. Occasional TNF-a-positive cells were

observed in the cecal mucosa of sham-treated animals,

while increased numbers were present in the CLP animals

(Fig. 3).

(a)

(b)

Fig. 1 AZD9773 pharmacokinetics and pharmacological effects

following LPS challenge of Tg mice. AZD9773 biological activity

is expressed as units; 1 unit of AZD9773 neutralizes *12,800

international units of human TNF-a: a AZD9773 plasma

concentration 4 h after ip dosing; b plasma cytokine measurements

2 h post-LPS challenge. x-axes, AZD9773 dose (U/kg) administered

2 h pre-LPS dose; y-axes, plasma cytokine concentration (pg/mL)
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123



Analysis of the liver in both studies revealed that hepa-

tocytes were smaller and darker in appearance due to

glycogen depletion in most animals after 24 h, with all

animals showing this change by 48 h. Intracytoplasmic

microvesicular vacuolation of hepatocytes (consistent with

fat accumulation) was also present at both time points,

although the severity was greater when antibiotic had not

been given. Further findings observed without antibiotic in

both WT and Tg animals included Kupffer cell apoptosis

and cytoplasmic vacuolation, periportal oval cell prolifer-

ation, capsule-mixed inflammatory cell infiltration and

vessel dilatation (see Supplementary Fig. 2). Additional

histopathological findings in WT and Tg animals were

typical of an acute inflammatory response to gut perforation

and a resultant mild sepsis. There was a decrease in bone

marrow myeloid cells at 24 h, reflecting their systemic

release into the circulation and to the site of trauma, while at

48 h there was rebound myeloid hyperplasia (Supplemen-

tary Fig. 3). These changes were paralleled in the spleen,

where white pulp apoptosis was noted at 24 h and increased

red pulp myeloid cells at 48 h. Notably, in the absence of

imipenem, bone marrow and splenic myeloid hyperplasia

began at 24 h. The severity of hemopoietic changes in the

presence of imipenem was generally less in Tg animals; in

the absence of imipenem, the converse was true. The

increased inflammatory response in CLP animals compared

with sham-treated animals was also supported by TNF-a
immunohistochemistry in several tissues, as were the subtle

(a) (c)

(b) (d)

Fig. 2 Development of CLP models in Tg mice. a Mild- versus

severe-grade CLP model development: WT mouse 5-day survival

responses following CLP conducted with a range of needle grades in

the absence of imipenem co-administration. b Mild-grade CLP

transgenic (no imipenem) versus C57BL/6. 27-gauge needle CLP

with imipenem administration resulted in *70 % 5-day survival.

Tg1278/TNF-/- mice responded similarly to WT mice. c Mild-

grade CLP (? imipenem) (C57BL/6). A mild-grade, low-mortality

CLP with imipenem treatment was obtained with a 20-gauge needle

in WT mice. d Mild-grade CLP transgenic (? imipenem) versus

C57BL/6. Tg1278/TNF-/- and WT mice responded similarly

P. Newham et al.

123



differences in response between WT and Tg animals in the

presence or absence of imipenem (see lung TNF-a
expression in Supplementary Fig. 4).

Taken together, these histopathological data indicate a

reasonably similar tissue response in WT and Tg mice

following CLP, either with or without imipenem. Criti-

cally, the histopathological data from both Tg and WT

mice demonstrate histological TNF-a expression at both 24

and 48 h and that imipenem reduces the host response to

polymicrobial infection following CLP.

AZD9773 dose

Mouse AZD9773 pharmacokinetic parameters were

derived following ip dosing of AZD9773 by determining

plasma AZD9773 between 0 and 12 h post-dose (Fig. 4a).

Fig. 3 Mouse CLP tissue histopathology of cecum HE and cecum

TNF-a Left panel a, b In sham-treated WT and Tg animals with

imipenem at both time points (only 24 h time point is shown), the

cecum had normal glandular mucosa (M) overlying the smooth

muscle layer (SM) and serosa (S). The lumen (L) contained food

material and bacteria. The cecal mucosa of WT and Tg animals

following CLP in the presence of imipenem was diffusely hemor-

rhagic and necrotic at 24 h and the lumen contained free blood cells

and necrotic sloughed epithelial cells, shown in (c) and (d). At 48 h in

the presence of imipenem, there was increased inflammation in WT

and Tg animals, especially in the smooth muscle and serosal layers,

and occasional intramucosal thrombi, shown in (e) and (f). In the

absence of imipenem and in both WT and Tg animals, large numbers

of streaming bacterial rods were present as shown in (g) and (h),

particularly in the cecal wall smooth muscle layer at both time points;

this was considered to be due to lack of antibiotic intervention. All

images were taken with HE staining at 920 magnification. Right

panel TNF-a-positive cells were infrequently observed in the mucosa

and underlying submucosa (SB) of all WT and Tg sham-treated

animals at both time points, as shown in (a) and (b) (24 h ?

imipenem only shown). In CLP animals, there were many positive

cells (mostly neutrophils, indicated with arrows; shown in c–h),

predominantly in the SB, serosa (S) and mesentery (ME). In CLP

animals, the appearance was similar in both the presence and absence

of imipenem. Brown staining of luminal contents is due to non-

specific antibody staining. All images are of TNF-a immunohisto-

chemistry and were taken at 920 magnification
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Non-compartmental analysis revealed that the terminal

half-life of AZD9773 in the mouse was *3.5 h, indicating

that AZD9773 was eliminated more rapidly than in humans

(terminal half-life *19 h) [20]. Therefore, simulations

were conducted to define a dose that would result in

acceptable pharmacological exposure. The pharmacoki-

netic model was shown to predict the observed AZD9773

serum concentrations after CLP (Fig. 4b) and was then

used to investigate the dosing regimen in mice that would

ensure sufficient pharmacological exposure between doses

and match human clinical exposure to AZD9773. It was

found that a 4,000 U/kg loading dose followed by 2,000 U/

kg every 12 h produced an acceptable murine plasma

exposure and was comparable to that in humans (Fig. 4c).

AZD9773 in high- and low-risk-of-death CLP sepsis

To determine whether AZD9773 had differential effects on

survival (i.e. beneficial or detrimental) following CLP

sepsis, we assayed the effects in mild-grade (low-risk-of-

death) and severe-grade (high-risk-of-death) Tg mouse

CLP models. In these models, AZD9773 was administered

therapeutically, i.e. 24 h post-surgery when clinical signs

of sepsis became apparent, and in combination with a

broad-spectrum antibiotic.

In the first CLP model, AZD9773 at 4,000 U/kg (24 h

post-CLP surgery when a sepsis response was fully evi-

dent) followed by three doses of 2,000 U/kg (36, 48 and

60 h post-CLP) was administered to Tg mice with mod-

erate- to severe-grade sepsis induced with an 18-gauge

needle. Survival was monitored for 108 h post-CLP. A

statistically significant difference in survival was observed:

73 % for AZD9773 and imipenem versus 20 % for Digi-

Fab control and imipenem (P \ 0.0092; Fig. 5a).

Inspection of time-of-death/euthanasia data revealed that

four animals in the DigiFab group died before receiving

treatment as a consequence of the severe sepsis response to

CLP. Exclusion of these animals resulted in a corrected

survival frequency of 27 % at 5 days post-surgery,

although the difference remained statistically significant

(P \ 0.05; Fig. 5b). Thus, therapeutic neutralization of

TNF-a by AZD9773 is effective in protecting Tg mice at

high risk of death from CLP-induced sepsis.

We next explored whether if there was a relationship

between AZD9773-driven TNF-a neutralization efficacy

and risk of death, and specifically whether TNF-a neu-

tralization could be harmful (i.e. result in reduced survival)

at lower, more moderate mortality rates. Since mild-grade

sepsis results in a low mortality rate at 5 days post-CLP

(*30 %), 60 animals per group were studied to ensure that

genuine non-inferiority (i.e. control survival not detri-

mentally impacted as a result of AZD9773 administration)

would be detected. Survival frequencies were 63 % for

imipenem alone, 65 % for AZD9773 ? imipenem and

69 % for DigiFab ? imipenem (Fig. 6). These data trans-

late into survival odds of 1.68, 1.86 and 2.28, respectively

(a)

(b)

(c)

Fig. 4 Determination of AZD9773 pharmacokinetics in mouse CLP

and in comparison with AZD9773 clinical pharmacokinetics:

a mean ± SE serum concentrations of total AZD9773 Fabs dosed

24 h post-CLP (27-gauge needle); b the murine PK model was used to

simulate mouse exposure after various doses, until a good comparison

with clinical exposure was obtained; c clinical pharmacokinetic data

for AZD9773 were utilized from two AZD9773 cohorts which

received 500 U/kg followed by 100 U/kg maintenance, or 750 U/kg

followed by 250 U/kg maintenance [20]. The mouse pharmacokinetic

model was used to simulate mouse exposure following various doses

until a good comparison with clinical exposure was obtained. Since

AZD9773 is eliminated more rapidly in mice than in humans, a higher

dose is required, and although this leads to higher maximum serum

concentrations than observed clinically, it results in a comparable

duration of exposure
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(Table 1). The OR of survival for AZD9773 and DigiFab

compared with imipenem alone were both \1 (0.91 and

0.74, respectively). Therefore, the odds of survival in these

two groups is in excess of that in the imipenem alone

group, and the one-sided upper 95 % confidence limits for

these ORs are both less than the critical threshold of 2.6

(1.7 and 1.4, respectively; Table 2). This indicates that

AZD9773 treatment with imipenem is not inferior (in the

sense of leading to a decrease in survival) to treatment with

DigiFab ? imipenem or imipenem alone. In addition,

these data also fail to demonstrate a statistically significant

benefit of AZD9773 ? imipenem in the low-mortality-rate

CLP model.

Discussion

The potential role of TNF-a in sepsis has been extensively

investigated preclinically. Experimental animal models of

infection, inflammation and sepsis (see [21] for more

detailed references) have shown that TNF-a is the first

cytokine that appears in the circulation following an

‘infective insult’, and that TNF-a release is proportional to

the insult (e.g. experimental endotoxin load). Importantly,

increased TNF-a levels are associated with mortality in

models of sepsis and septic shock. However, variable

results are obtained depending on the nature of the sepsis

model, the anti-TNF-a treatment modalities or the pre-

sence/absence of TNF-a, TNFR1 and TNFR2 [11–14, 22–

24]. Here, using a polyclonal TNF-a-neutralizing Fab

preparation (AZD9773), we have explored the relationship

between efficacy and risk of death in murine CLP sepsis

and found that AZD9773 reduced the risk of death in high-

mortality CLP but was neither efficacious nor detrimental

in low-mortality CLP.

Fig. 6 Survival in the mild-grade sepsis model

Table 1 Determination of survival ORs

Treatment n Survivors Survival rate Odds of

survival

AZD9773 ? imipenem 60 39 0.65 1.86

DigiFab ? imipenem 59a 41 0.69 2.28

Imipenem alone 59a 37 0.63 1.68

a One animal excluded following death after cecal tear during CLP

surgery

Table 2 OR statistical comparisons

Comparison OR of

survival

One-sided

95 % CI

Non-inferiority

threshold

DigiFab ? imipenem/

AZD9773 ? imipenem

1.23 2.34 2.6

Imipenem/

AZD9773 ? imipenem

0.91 1.70 2.6

Imipenem/

DigiFab ? imipenem

0.74 1.40 2.6

(a)

(b)

Fig. 5 Effect of therapeutic AZD9773 treatment on 5-day survival

following severe CLP in Tg1278/TNF-/- mice: a intention-to-treat

survival curves; b baseline-controlled survival curves
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In order to characterize AZD9773, we first demonstrated

that AZD9773 dose dependently suppressed LPS-induced

human TNF-a and TNF-a-dependent biomarkers such as

IL-6 in the Tg mouse line, indicating that AZD9773 rapidly

and effectively neutralized high levels of human TNF-a
in vivo. In addition, AZD9773 significantly down-regu-

lated 29/55 other cytokines/immune antigens, confirming

the broad influence of TNF-a on endotoxin-regulated

cytokine networks.

To determine the effects of AZD9773 on mouse survival

following CLP-induced polymicrobial sepsis, we devel-

oped and characterized a low- and high-mortality CLP

protocol in Tg mice. Our mild-grade protocol, despite

resulting in *30 % mortality, was associated with rela-

tively mild pathological responses in the liver, heart and

lungs. Comparisons between Tg and WT mouse histo-

pathological reactions revealed that the Tg mouse CLP

model was typical of WT counterparts. Although histo-

morphological and immunochemical changes following

CLP in Tg and WT mice were similar, Tg mice had a

slightly slower, less robust immune response to CLP

compared with WT mice in the presence of imipenem, but

a slightly more robust response in its absence. The reasons

for this are unclear but may be related to altered human

TNF-a pharmacology versus mouse TNFR1/TNFR2 [25].

Since a prospective study in rodent sepsis models has

indicated a relationship between anti-inflammatory agent

efficacy and risk of death—agents were beneficial at high

control mortality rates but reduced survival at lower, more

moderate mortality rates [16]—we tested AZD9773 in both

low- and high-mortality-rate models. Our experiments

were powered to detect an increase in survival rate of 20 %

or a decrease of 23 % in the low-mortality-rate model, or

an increase of 50 % in the high-mortality-rate model. We

found that AZD9773 dosed at exposures comparable to

those that can be achieved clinically, and in combination

with imipenem, significantly improved murine survival (5-

day survival after CLP surgery) following severe-grade

CLP from 27 % in controls to 70 %. However, there was

no evidence of a benefit or adverse effect in a CLP model

where the risk of death was relatively low (*30 %). Thus,

this is the first report of an anti-TNF-a neutralizing agent

affording a true therapeutic survival benefit following

murine CLP sepsis; however, the efficacy of TNF-a neu-

tralization by AZD9773 appears to correlate with risk of

death.

CLP in rodents is a model of polymicrobial sepsis

simulating human sepsis associated with perforation of the

gastrointestinal tract. Depending on variations in the model

and other factors such as the mode of TNF-a inhibition,

anti-TNF-a therapy results in unaltered or increased mor-

tality in the CLP model [11–13], or in the case of an anti-

TNF F(ab0)2 agent, reduces mortality at intermediate doses

(1 mg/kg) but not low (0.1 mg/kg) or high doses (10 mg/

kg) [26]. Thus, biopharmaceutical inhibition of TNF-a
appears only to protect mice from polymicrobial sepsis

when TNF-a suppression is carefully titrated with anti-

TNF-a antibody fragments. Thus, biopharmaceutical inhi-

bition of TNF-a fails to protect mice from polymicrobial

sepsis. Studies with genetically modified mice appear to

indicate a different outcome. Ebach and co-workers [24]

examined the effects of CLP in TNFR1-null or TNFR2-null

mouse lines and found that in CLP sepsis, TNFR1 mediates

much of the TNF-a-induced pathology, whereas TNFR2

mediates protective effects; however, mice lacking both

TNFR1 and TNFR2 were markedly protected following

CLP [14]. More recently, the immune and inflammatory

responses in TNFR1/R2 double-deficient mice have been

revisited in a polymicrobial model of abdominal infection

similar to CLP. TNFR1 and TNFR2 deficiency was found

to be associated with a protective effect [23].

The reasons for the divergent conclusions drawn from

the genetic and TNF-neutralization CLP studies are not

clear; however, Secher and co-workers [23] speculated that

incomplete neutralization of TNF by the biological agents

employed in previous studies may be a critical determinant,

since genetic ablation of TNFR1 and TNFR2 results in

complete abolition of TNF-a signaling. These data may

imply that neutralization of other TNFR ligands is critical

in affording survival following CLP (e.g. lymphotoxin) or

that the anti-TNF-a agents employed fail to fully neutralize

TNF-a in the extravascular space of tissues undergoing

organ failure (as detected in our studies; Supplementary

Fig. 4). The timing of anti-TNF-a therapy pre- or post-CLP

may influence the responses to CLP, especially with

respect to host defense [26]. Indeed, a protective role for

TNF-a in sepsis has been proposed, since it appears to

facilitate the formation of a local fibrous adhesion fol-

lowing sub-lethal mouse CLP [27, 28]. This TNF-a-driven

response is probably most important in the early phase of

peritonitis to control and encapsulate the spread of infec-

tion and may explain the importance of anti-TNF-a agent

dose titration during this early period: intermediate anti-

TNF treatment is more effective than high-dose anti-TNF-

a treatment [26]. In this study, AZD9773 was administered

24 h after surgery, not prophylactically as in the Echten-

acher [27] publication, which may also have contributed to

our positive safety and survival data. Histologically, we

noted evidence of TNF-a expression in inflammatory cells

in the wall of the cecum at 24 and 48 h post-surgery;

therefore, early inflammation in the smooth muscle and

serosal layers of the cecum would likely have contributed

to sepsis containment. Thus, early or prophylactic inhibi-

tion of TNF-a in mild-grade CLP sepsis may be

detrimental [11–13] or require careful dose titration of anti-

TNF-a treatment [26], while incomplete therapeutic
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inhibition (i.e. whole antibody anti-TNF) in severe-grade

sepsis is ineffective [26].

The preclinical sepsis model efficacy of AZD9773 is at

odds with the findings of a double-blind Phase IIb study

comparing the efficacy and safety of two doses of AZD9773

with placebo in patients with severe sepsis and/or septic

shock [29]. Treatment with AZD9773 did not show any

significant improvements versus placebo with respect to the

primary endpoint, ventilator-free days, or the secondary

endpoints, including mortality. The overall mortality rates

across treatment groups were 15.0 % for low-dose

AZD9773, 27.0 % for high-dose AZD9773 and 20.0 % for

placebo. The relative risk of death in the treated group

versus placebo at day 29 was not statistically significant.

Although the 20 % placebo mortality rate is lower than that

detected historically (36 % [30]), it is comparable to that

observed in severe sepsis and septic shock patients entered

into recent randomized double-blind controlled trials and

observational studies (20.9 %, ARISE [31]; 24 %, E5664

[32]; 33.3 %, TAK242 [33]; 24.2 %, activated protein C

[34]). The general lack of immunomodulatory agent clinical

efficacy in severe sepsis and septic shock is in contrast with

the data presented here. The reasons for this discrepancy are

unclear; one explanation may be lack of clinical relevance

of the murine genomic response to acute pro-inflammatory

stress associated with trauma and infection [35], while

another possibility is that benefit of anti-inflammatory

treatment strategies may be restricted to the setting of early

severe sepsis with high risk of death. Indeed, the preclinical

data presented here and those published by Eichacker and

co-workers [16] support this hypothesis. In addition, while

some patients may benefit from immunosupressive thera-

pies, it is likely that others may benefit from

immunostimulation so that they may more effectively

eliminate the microbial challenge; thus, treatment regimens

may need to be tailored to the patient’s host response to the

invading pathogens (i.e. excessive hyper-inflammatory state

or compromised host response) [36, 37].

In conclusion, therapeutic benefit following TNF-a
attenuation in models of sepsis may be dependent on model

severity. Thus, when considering the translation of pre-

clinical findings to the clinical setting of severe sepsis, it is

recommended that preclinical studies of novel immuno-

modulatory therapeutic agents should include both low-

and high-mortality preclinical sepsis models. Ideally, these

models should also attempt to account for the dynamic

range of immunocompetence, the pharmacological mech-

anism of target modulation, the timing of the therapy and

the dosing strategy employed.
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