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Introduction
Many circulating molecules have been implicated in disease pathogenesis and their selective removal 
from the circulation could be clinically useful. A variety of  strategies have been developed for remov-
ing such molecules, depending on their physicochemical properties (molecular weight, hydrophobicity, 
etc.). In many cases, the removal process can be fairly nonspecific (1, 2) (e.g., dialysis-like therapies). 
In most cases, the only goal of  treatment is to remove the harmful molecules from the bloodstream; 
their functional absence thereafter (e.g., with antibody treatments) is not harmful in itself. Treatment 
of  hypercytokinemia is different in several respects. First, nonspecific cytokine elimination does not 
improve clinical outcomes (2). Second, nonspecific strategies eliminate most cytokines (1–3), whether 
they are harmful or even potentially beneficial (4). Third, they do not address the fact that specific 
cytokines might be harmful at one time and beneficial at another (5). Nonspecific methods may also 
lead to unwanted removal of  desirable molecules such as therapeutic antibiotics (6) and clotting fac-
tors (7); this can be problematic in patients with hypercytokinemia, who often require antibiotics (8) 
and are often coagulopathic (9). A cytokine-specific and temporally controlled method for removing 
cytokines would potentially be beneficial in treating a wide range of  conditions with dysregulated 
immune responses to infection (10–12), pancreatitis (13), ischemia/reperfusion injury (14), burns (15), 
hemorrhage (16), cardiopulmonary bypass (17, 18), trauma (19), and many other diseases. Sepsis, 
which is defined as life-threatening organ dysfunction caused by a dysregulated host response to infec-
tion (20) is a common example (21).

Here, we report the development of  blood-filtering devices, for incorporation within extracorporeal cir-
cuits, that selectively filter individual cytokines from circulating blood (Figure 1A). Antibodies against spe-
cific cytokines were tethered to the luminal surfaces of  silicone-based conduits (antibody-modified conduits 
[AMCs]) (Figure 1B). Parameters such as AMC geometry, quantity of  antibody, cross-linking molecules, 
and flow rate were tailored to control the rate and quantity of  cytokine removal, and a model was developed 
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to predict the rate of  removal based on these parameters. We investigated the ability of  AMCs to selectively 
eliminate cytokines from human whole blood in vitro and their ability to clear the circulation of  specific cyto-
kines in vivo in rats administered intravenous lipopolysaccharide (LPS) injection to induce hypercytokinemia.

Results
AMC preparation. AMCs were prepared by grafting anti-cytokine antibodies onto the luminal surfaces of  
poly(dimethylsiloxane) (PDMS) conduits through sequential reactions (Figure 1B). The luminal surfaces of  
PDMS tubes were oxidized to allow reaction with (3-aminopropyl)trimethoxy-silane (APTMS), which in 
turn would allow attachment of  a PEG linker to which an antibody would be bound (see Methods for details). 
Experimental parameters for each reaction step in that process were examined (Supplemental Note 1; supple-
mental material available online with this article; https://doi.org/10.1172/jci.insight.121133DS1) to develop 
the reaction scheme shown in Figure 1B. As a result of  that examination, plasma oxidation was selected over 
solution phase oxidation (Supplemental Figure 1.1A); solvent extraction of  unreacted PDMS oligomers was 
not performed before oxidation (Supplemental Figure 1.1A); oxidized circuits were reacted with 5% (v/v) 
APTMS in acetone to coat the surface with primary amine groups (Supplemental Figure 1.1B); PEGylation 
was performed at pH 8.5 (Supplemental Figure 1.1C); antibodies were then conjugated onto AMCs.

Below, AMCs will be referred to as anti-rat or anti-human (Ab) AMC where (Ab) is the surface anti-
body. For example, an AMC with an antibody against human vascular endothelial growth factor A would 

Figure 1. Antibody-modified conduits (AMCs). (A) Schematic of extracorporeal selective cytokine elimination with AMCs. (B) Reaction scheme for AMC 
synthesis. PDMS, poly(dimethylsiloxane); APTMS, (3-aminopropyl)trimethoxy-silane; NHS-PEGn-MAL, poly(ethylene glycol) with N-hydroxysuccinimide 
ester and maleimide moieties, where n is the PEG molecular weight; MES, 2-(N-morpholino)ethanesulfonic acid. (C) Schematic of the experimental setup 
for selective elimination of cytokines by AMCs. Cytokine-containing solutions were circulated through AMCs by a peristaltic pump and cytokine concentra-
tions in the fluid were measured over time. Arrows represent direction of flow.
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be called anti–hVEGF-A AMC. The provenance of  cytokines is denoted by h for human, r for rat, and rh 
for recombinant human. For example, recombinant human VEGF-A is rhVEGF-A. In the case of  rat inter-
leukin 1 β (rIL-1β), both the recombinant and endogenous forms were studied (see section entitled Selective 
cytokine filtration by AMCs in vivo below). Antibodies against rIL-1β bind both the endogenous and recom-
binant forms and so the AMC and the cytokine are called anti–rIL-1β AMC and anti–rIL-1β, respectively, 
without distinguishing between the recombinant and endogenous forms.

Cytokine elimination and mitigation of  nonspecific binding. Cytokine filtration was assessed in vitro in 
an apparatus (Figure 1C) where solutions of  cytokines, all in 5% (w/v) BSA in PBS (pH 7.4) unless 
otherwise specified, were circulated through an AMC, and their concentration was measured over time 
in the reservoir. Cytokine elimination half-life (T1/2) values were derived from one-phase, exponential 
decay curves fitted to plots of  cytokine concentration over time (Supplemental Figure 1.2). Capacity 
(the amount of  cytokine a given AMC can clear) was determined by circulating cytokine solutions 
through AMCs until cytokine removal ceased (i.e., the AMCs were saturated) and then measuring the 
total amount of  cytokine eliminated from circulation. Initial AMC parameters (Table 1, condition 1) 
were chosen based on anticipated conditions in in vivo experiments. The sizes of  the PEG spacer and 
the quantity of  antibody were based on the literature on antibody-based biosensors (22).

When solutions containing 2,600 ± 600 pg/ml rhVEGF-A or 1,600 ± 140 pg/ml rhTNF-α were cir-
culated through anti–hVEGF-A AMCs (condition 1 in Table 1), rhVEGF-A was completely eliminated 
within approximately 1 hour (Figure 2A). The same circuit depleted rhTNF-α by 23.4% ± 15.2% after 4 

Table 1. Experimental conditions for in vitro and in vivo validation anti–hVEGF-A, anti–hTNF-α, or anti–rIL-1β AMCs

Condition set Experiment 
or variable(s) 

studied

Surface 
antibody

Length (mm) I.D. (mm) Surface area 
(mm2)

Aspect ratioA PEG MW 
(kDa)

Ab conc. 
(μM)B

Flow  
(ml/min)

pH

Starting conditions
1 rhVEGF-A 

or rhTNF-α 
elimination 
from BSA

anti–
hVEGF-A or 

anti–hTNF-α

222 3.2 2,251 70 10 3.4 40 7.4

Human blood
2 Blood (and 

BSA for 
comparison)

anti–
hVEGF-A or 

anti–hTNF-α

222 3.2 2,251 70 10 3.4 20 BSA 7.4; 
blood not 
measured

Variables that determine AMC performance
3 Flow rate 

through 
AMCs

anti–hTNF-α 222 3.2 2,251 70 10 3.4 10–40 7.4

4 Ab conc. 
during 

conjugation

anti–hTNF-α 222 3.2 2,251 70 10 0.3–13.4 20 7.4

5 Aspect ratio anti–hTNF-α 111–445 1.6–6.4 2,217 18–280 10 3.4 20 7.4
6 pH of 

circulating 
fluid

anti–hTNF-α 886 1.6 4,458 554 10 3.4 20 6.8–7.6

7 MW of PEG 
spacer

anti–hTNF-α 886 1.6 4,458 554 3 or 10 3.4 or 6.7 20 7.4

8 AMC surface 
area

anti–hTNF-α 150–886 0.8–3.2 377–4,458 47–554 10 3.4 20 7.4

In vivo experiments

9 IL-1β 
elimination 

in vivo

Treatment: 
anti–rIL-1β 

anti–
hVEGF-A

886 1.6 4,458 554 10 3.4 3.3 ± 0.3 6.8–7.2

AAspect ratio = AMC length/inner diameter. BAb conc. = antibody concentration during conjugation. VEGF-A, vascular endothelial growth factor A; TNF-α, 
tumor necrosis factor α; IL-1β, interleukin 1 β; I.D., inner diameter; infliximab, monoclonal antibody against TNF-α; PEG MW, poly(ethylene glycol) molecular 
weight; AMC, antibody-modified conduit.
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hours, suggesting some nonspecific binding. Nonspecific binding was shown to be mediated by unreact-
ed amine moieties on APTMS (Supplemental Note 2) and was preventable by treating the conduit with 
acetic anhydride to acylate unreacted amine moieties before the antibody addition step (Figure 2B and 
Supplemental Note 3). Acylation slightly reduced cytokine clearance by AMCs (See Supplemental Note 
3). Nonetheless, all subsequent AMCs were acylated with acetic anhydride prior to antibody conjugation 
(Figure 1B) to ensure that cytokine elimination was highly selective.

Filtration of  human blood. AMCs were characterized with cytokine solutions in PBS containing 5% 
(w/v) BSA in the preceding experiments. However, AMCs must be able to eliminate cytokines from circu-
lating blood, which is a more complex medium than PBS containing BSA.

To test whether AMCs could mitigate cytokine levels in blood, we mimicked the clinical situation where 
cytokine levels are already elevated at initiation of  treatment. Heparinized human whole blood with rhTNF-α 
(2,860 ± 170 pg/ml) was circulated through anti–hTNF-α AMCs (Table 1, condition 2, Supplemental Note 4) 
(Supplemental Table 1). Flow rates through AMCs were selected to approximate target extracorporeal blood 
flow rates (10–40 ml/min) in eventual in vivo experiments; we did not know what flow rates within that range 
would be attained in vivo, and so we chose 20 ml/min. rhTNF-α elimination from blood by AMCs was then 
measured to determine rhTNF-α T1/2 and compared to rhTNF-α elimination when 5% (w/v) BSA was the 
circulating fluid (starting rhTNF-α 1,930 ± 270 pg/ml) (Supplemental Note 4); this comparison was made to 
determine if  5% (w/v) BSA could be used as a suitable surrogate for human blood during subsequent in vitro 
experiments. The starting rhTNF-α concentrations in both solutions were approximately 10-fold greater than 
those observed in humans during sepsis (23, 24). The T1/2 in blood and 5% (w/v) BSA were similar (P = 0.55, 
unpaired t test). Since the rates of  rhTNF-α elimination from 5% (w/v) BSA and whole blood were similar, 
experiments to characterize AMC performance (following section) were conducted in 5% (w/v) BSA.

Figure 2. Elimination of nonspecific binding by passivation (acylation) with acetic anhydride. In both panels, the left side shows a schematic of the AMC 
surface, and the right side the related elimination kinetics. (A) Elimination of recombinant human VEGF-A (rhVEGF-A) and rhTNF-α from unpassivated 
anti–hVEGF-A AMCs. (B) The same experiment as in panel A with passivated anti–hVEGF-A AMCs. All data are means ± SD. n = 4 for each group. All cyto-
kine solutions were in 5% (w/v) BSA and circulated at 40 ml/min.
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Next, we mimicked the clinical situation where patients continuously produce cytokines (Figure 3) by 
continuously infusing rhVEGF-A together with rhTNF-α into heparinized human whole blood so that the 
circulating concentrations of  both cytokines increased at approximately 20 pg/ml/h for VEGF-A and 60 
pg/ml/h for TNF-α, rates in excess of  what is reported in animal models of  sepsis (25). Blood circulated 
through anti–hTNF-α AMCs (Table 1, condition 2; same AMC properties as those used in the preceding 
paragraph) prevented the increase in blood rhTNF-α levels. Similarly, anti–hVEGF-A AMCs (Table 1, 
condition 2; same AMCs as those used in Figure 2 and shown in Supplemental Table 1 except that flow 
rate was 20 ml/min here) prevented rhVEGF-A concentrations from increasing. Neither AMC was able to 
prevent a rise in the concentration of  the cytokine to which it did not have a specific antibody.

Variables that determine AMC performance. We used anti–hTNF-α AMCs to study variables that deter-
mine AMC performance in eliminating rhTNF-α (Table 1): flow rate through AMCs, concentration of  
antibody used during conjugation, AMC aspect ratio (length/inner diameter), pH of  circulating fluid, 
molecular weight of  PEG spacer, and AMC surface area. TNF-α was used as the model cytokine because it 
is involved in sepsis pathogenesis and because historically it has been difficult to eliminate from the circula-
tion by nonselective extracorporeal blood purification (EBP) methods (26–28). Solutions of  rhTNF-α were 
circulated through anti–hTNF-α conduits and rhTNF-α elimination was measured (Supplemental Figure 
1.2) to determine T1/2 values and/or capacity for rhTNF-α.

Flow rate through AMCs. In septic patients, middle-molecular-weight proteins (including cytokines) 
are eliminated more rapidly if  a greater fraction of  a patient’s cardiac output is processed (29) (i.e., a 
greater fraction of  a patient’s cardiac output is processed). To determine the flow rate through AMCs on 
cytokine elimination, rhTNF-α solutions were circulated through anti–hTNF-α AMCs at various flow 
rates (Table 1, condition 3, which is condition 1 with variable flow rates) and rhTNF-α elimination was 
measured (Supplemental Figure 1.2A) to determine rhTNF-α T1/2 values (Figure 4A and Supplemental 
Table 1). T1/2 decreased by 34% when flow increased from 10 ml/min to 20 ml/min [1-way ANOVA, 
F(3,14) = 5.7, P = 0.01] but did not decrease with further increases in flow. Since the maximum rate of  
TNF-α elimination occurred at or above 20 ml/min, all subsequent AMC characterizations were per-
formed with flow rates of  20 ml/min.

Concentration of  antibody used during conjugation. To determine the effect of  antibody loading in the 
AMC that would result in the most rapid cytokine elimination, AMCs were prepared with varying con-
centrations of  anti–hTNF-α antibody in the antibody conjugation step. Solutions of  rhTNF-α were cir-
culated through those AMCs (Table 1, condition 4 which is condition 1 with a flow rate of  20 ml/min) 
and rhTNF-α elimination was measured (Supplemental Figure 1.2B) to determine T1/2 values (Figure 4B 
and Supplemental Table 2). Between 0.7 μM and 6.7 μM antibody, T1/2 decreased 3.4 ± 0.8-fold with 
increasing antibody concentration [1-way ANOVA, F(5,18) = 41, P < 0.0001]. Antibody concentrations 
greater than 6.7 μM did not further reduce T1/2.

Aspect ratio (length/inner diameter). To determine if  the AMC aspect ratio influenced the rate of  cytokine 
elimination, the length and inner diameter of  AMCs were varied while maintaining a constant surface area 
(Table 1, condition 5). Solutions of  rhTNF-α were circulated through AMCs and rhTNF-α elimination was 
measured (Supplemental Figure 1.2C) to determine T1/2 values (Figure 4C and Supplemental Table 3). Aspect 

Figure 3. Elimination of recombinant human TNF-α (rhTNF-α) and rhVEGF-A continuously infused into human 
whole blood circulating through antibody-modified conduits (AMCs). All data are means ± SD. n = 4 for each group.
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ratio had a marked effect on T1/2. For example, AMCs with an aspect ratio of  280 (i.e., long with small inner 
diameter) yielded T1/2 values approximately 3-fold lower than AMCs with an aspect ratio of  18 (i.e., short 
with large inner diameter) [1-way ANOVA, F(2,8) = 13, P = 0.003]. Consequently, all subsequent AMCs 
were prepared with aspect ratios of  at least 280 (even larger aspect ratio AMCs were utilized in subsequent 
experiments as a result of  increasing AMC length to increase surface area; those AMCs are not presented here 
because of  variable surface area). Aspect ratios for all experiments are reported in Table 1.

pH of  circulating fluid. Patients with sepsis experience fluctuations in blood pH. To determine whether pH 
would affect cytokine elimination, solutions of  rhTNF-α at a range of  physiologically relevant pH values (6.8, 
7.0, 7.2, 7.4, and 7.6) were circulated through anti–hTNF-α AMCs and rhTNF-α elimination was measured 
(Supplemental Figure 1.2D) and T1/2 computed (Figure 4D and Supplemental Table 4). AMC design parame-
ters developed above were used for these experiments (aspect ratio 554, 10-kDa PEG, 3.4 μM rhTNF-α; Table 
1, condition 6). The rate of  rhTNF-α elimination was approximately 2-fold slower (larger T1/2) at pH 6.8, but 
was not affected by changes in pH between 7.0 and 7.6 [1-way ANOVA, F(2,9) = 9.3, P = 0.007].

Molecular weight of  PEG spacer. Spacer length is an important determinant of antibody-ligand binding effi-
ciency in other contexts (22, 30). To determine if  PEG spacer length influenced cytokine elimination, AMCs 
were produced with 3-kDa or 10-kDa PEG spacers, at 2 concentrations of anti–hTNF-α antibody. (We studied 

Figure 4. Effect of fluid characteristics and antibody-modified conduit (AMC) properties on the rate of recombinant human TNF-α (rhTNF-α) elimi-
nation half-life (T1/2) and/or amount of rhTNF-α captured by AMCs (i.e., capacity). (A) Flow rate through AMCs (n = 5 for 10 ml/min, n = 4 for 20 and 30 
ml/min, n = 6 for 40 ml/min). (B) Concentration of anti–hTNF-α antibody used during conjugation (n = 4). (C) Aspect ratio (length/inner diameter) (n = 4). 
(D) pH of circulating fluid (n = 4). (E and F) Poly(ethylene glycol) (PEG) molecular weight (n = 8 for AMCs prepared with 10-kDa PEG/3.4 μM antibody; n = 
4 for all other groups). (G and H) Surface area (n = 4). Experiments for A and B were conducted with small-aspect-ratio ( = 70) AMCs and experiments for 
D–H were conducted with large-aspect-ratio ( = 554) AMCs. *P < 0.05 by 1-way ANOVA. **P < 0.0001 for comparisons between PEG molecular weight and 
between antibody concentration by 2-way ANOVA with Bonferroni’s post hoc correction. Data are presented as means ± SD.
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2 antibody concentrations because of the possibility that PEG spacer size could influence the optimal antibody 
concentration needed for substrate binding, see ref. 22; in preceding experiments 3.4 and 6.7 μM encompassed 
the point at which increasing antibody concentration failed to yield further reductions in T1/2 [Figure 4B], and so 
those 2 concentrations were studied here). Solutions of rhTNF-α were circulated through large-aspect-ratio (= 
554) AMCs (Table 1, condition 7) and rhTNF-α elimination was measured (Supplemental Figure 1.2, E and F) 
to determine T1/2 values and capacity. At both concentrations of anti–hTNF-α antibody, AMCs synthesized with 
10-kDa PEG yielded more rapid rhTNF-α clearance (i.e., smaller T1/2 values) (Figure 4E) and greater amounts 
of rhTNF-α were eliminated (capacity) (Figure 4F) than with 3-kDa PEG. At either PEG molecular weight, 
antibody concentration did not influence T1/2 (Figure 4E and Supplemental Table 5) or capacity (Figure 4F and 
Supplemental Table 5) for these large-aspect-ratio AMCs (smallest P = 0.08 for both comparisons, 2-way ANO-
VA with Bonferroni’s post hoc correction), unlike the effect in small-aspect-ratio AMCs (Figure 4B). Since all 
subsequent AMCs had large aspect ratios, they were prepared with 10-kDa PEG and 3.4 μM antibody solutions.

Conduit surface area. Solutions of  rhTNF-α were circulated through circuits containing anti–hTNF-α 
AMCs that varied by surface area (Table 1, condition 8) and rhTNF-α elimination was measured (Supple-
mental Figure 1.2G) to determine T1/2 values and capacity. The T1/2 for rhTNF-α was not influenced by 
AMC surface area [F(4,13) = 0.7, P = 0.6, 1-way ANOVA] (Figure 4G). However, post-hoc comparison 
of  individual data points revealed that when surface area increased from 4,021 mm2 to 4,458 mm2, T1/2 
was significantly reduced (P = 0.004, unpaired t test). A strong linear correlation between surface area 
and capacity was observed [F(1,6) = 38.5, P = 0.001 with R2 of  0.87] (Figure 4H). Because the maximum 

Figure 5. Cytokine clearance by antibody-modified conduits (AMCs) after lipopolysaccharide (LPS) administration (a model of hypercytokinemia) in 
vivo in rats. (A) Schematic of extracorporeal circulation through AMCs in rats; the AMC component of the circuit is blue and arrows represent direction of 
blood flow. (B) Time courses of plasma IL-1β concentration in rats following intravenous injection of LPS (n = 4). (C) Time courses of recombinant rat IL-1β 
(rIL-1β) or recombinant rat VEGF-A (rVEGF-A) concentrations in vitro during circulation through anti–rIL-1β or anti–human VEGF-A (anti–hVEGF-A) AMCs. 
(D) Concentration of plasma IL-1β in rats injected with LPS (first arrow) and then treated with anti–rIL-1β or anti–hVEGF-A AMCs (second arrow). Data are 
presented as means ± SD of n observations. n = 4 for in vitro experiments. n = 6 for anti–rIL-1β AMCs. n = 4 for anti–hVEGF-A AMCs.
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antibody concentration (i.e., the concentration above which capacity is no longer increased; Figure 4F) was 
used in these AMCs, the only way to augment T1/2 and capacity further was with additional surface area.

Selective cytokine filtration by AMCs in vivo. We developed an animal model of  veno-venous extracorpo-
real circulation (Figure 5A; see Methods for detailed description of  model) in rats rendered hypercytoki-
nemic by intravenous LPS injection. Pilot LPS-dose-finding studies (Supplemental Note 5) demonstrated 
that elevations in plasma rTNF-α occurred early and were not sustained. Since plasma levels of  rIL-1β were 
elevated over the course of  the experiment (Figure 5B), we selected it for mitigation by AMCs. We calculat-
ed the AUC in Figure 5B to determine the total mass of  rIL-1β in blood during an episode of  LPS-induced 
hypercytokinemia (see Supplemental Note 6 for detailed calculations) to be 31.1 ± 14.1 ng; this mass was 
used as the minimum capacity required of  anti–rIL-1β AMCs in this animal model.

Anti–rIL-1β AMCs (Table 1, condition 9) were prepared and then characterized in vitro with solutions 
of  rIL-1β in 5% (w/v) BSA (Figure 5C; T1/2 = 0.1 ± 0.02 hours, capacity = 38.8 ng ± 1.0 ng, n = 4). Anti–
hVEGF-A AMCs produced by the same procedure did not eliminate rIL-1β or rVEGF-A (Figure 5C) and 
so were used as control AMCs that would not bind rIL-1β in vivo.

Of  note, anti–rIL-1β AMCs were characterized in vitro using flow rates of  20 ml/min (approximately 
21% of  rat cardiac output at the doses of  isoflurane used here; see ref. 31) based on the assumption that 
those conditions would accurately approximate in vivo conditions. However, the maximum flow rate for 
whole blood that was attainable with the in vivo pump and circuit system was 3.3 ± 0.3 ml/min (3%–4% of  
cardiac output; see Methods for details of  how flow was measured). Those flow rates as a percentage of  car-
diac output are comparable to those used in humans receiving continuous renal replacement therapy (32).

Animals were injected with 17.5 mg/kg intravenous LPS and randomized to undergo extracorporeal 
circulation with either anti–rIL-1β AMCs (n = 6) or anti–hVEGF-A AMCs (n = 4) (Figure 5D). rIL-1β con-
centrations after LPS administration but immediately prior to initiating extracorporeal circulation were sim-
ilar in both groups (4.2 ± 3.0 pg/ml and 5.6 ± 5.3 pg/ml for rats treated with anti–rIL-1β AMCs and anti–
hVEGF-A AMCs, respectively; P = 0.6, unpaired t test). In rats treated with anti–hVEGF-A AMCs, plasma 
rIL-1β concentrations rose to a peak of  642 ± 619 pg/ml and remained elevated throughout the duration of  
the experiment (AUC 3.1 ± 2.4 ng⋅hr/ml). In rats treated with anti–rIL-1β AMCs, peak plasma rIL-1β con-
centrations never rose above 28.2 ± 14.1 pg/ml (AUC 0.1 ± 0.02 ng⋅hr/ml). The difference between AUCs 
was statistically significant (P = 0.01, unpaired t test). The AUCs for the time courses of  blood levels of  rIL-1β 
(i.e., the total mass of  rIL-1β eliminated by anti–rIL-1β AMCs) was 6.5 ± 5.5 ng, which was approximately 
16%–17% of total anti–rIL-1β AMC capacity (see Supplemental Note 7 for detailed calculations). The results 
demonstrated that anti–rIL-1β AMCs successfully eliminated rIL-1β from the circulation.

Discussion
This study developed highly selective blood-filtering devices by tethering anti-cytokine antibodies to extra-
corporeal surfaces that contact circulating blood (Figure 1B). After validating selective filtration with 
AMCs (Figure 2), we demonstrated that AMCs could clear circulating cytokines from human blood (Sup-
plemental Figure 4) and maintain them in reduced states in the face of  ongoing production (Figure 3). 
Using TNF-α as the model cytokine, we demonstrated cytokine filtration over a range of  physiologically 
relevant pH values (acidosis is a common feature of  critically ill patients; see ref. 33) and characterized vari-
ables that determine AMC performance (Figure 4). Finally, we validated the concept of  selective cytokine 
elimination in rats with elevated circulating cytokines (Figure 5).

We chose to characterize AMCs in vitro using anti–hTNF-α AMCs to eliminate rhTNF-α as the model 
cytokine because historically TNF-α has been difficult to eliminate by nonselective EBP methods (26–28). 
Successful AMC characterization with the most difficult to eliminate cytokine (TNF-α) portends success-
ful elimination of  other cytokines less resistant to elimination by EBP. For example, the rate of  rIL-1β 
elimination by anti–rIL-1β AMCs (T1/2 = 0.1 ± 0.02) was similar to the rate of  rhTNF-α elimination by 
anti–hTNF-α AMCs (T1/2 = 0.2 ± 0.1) (P = 0.19, Student’s 2-tailed t test). However, rTNF-α expression in 
response to LPS injection was too transientto study TNFA elimination by

AMCs for prolonged periods (Supplemental Note 5). Therefore, we chose to target rIL-1β for elimina-
tion (rather than TNF-α), which remained persistently elevated after LPS injection (Figure 5B).

In developing the animal model, we found that the flow rates achieved in vivo were markedly less than 
anticipated (and therefore less than the flow rates studied in vitro), which may have reduced the rate of  rIL-
1β elimination, based on the observation that flow rate exerts some influence on the rate of  cytokine elimi-
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nation (Figure 4A). As a consequence, a smaller fraction of  rat cardiac output (3%–4%; not accounting for 
any potential recirculation into the circuit) was circulated through AMCs at any given moment, reducing 
the fraction of  circulating blood volume processed by AMCs. However, the flow rates studied in vivo were 
comparable to those used for continuous renal replacement therapy in humans (32) and was sufficient to 
prevent rIL-1β from becoming elevated (Figure 5D).

A major objective of  this study was the demonstration of  selective elimination of  a single cytokine in 
vivo under conditions where multiple cytokines are elevated simultaneously. To accomplish this, we used 
intravenous LPS injection, which caused rapid elevation of  multiple cytokines that the AMCs could be test-
ed against in vivo. The study was not designed to detect longer-term physiological or survival differences. 
Ultimately, assessing the impact of  AMCs on physiological variables and long-term survival may require a 
more clinically relevant model (e.g., cecal ligation and puncture as a model of  sepsis) (34) with supportive 
therapies over a longer time, and AMC selection guided by host response. The technology already exists for 
the rapid (2 hours), simultaneous measurement of  multiple cytokines relevant to sepsis (24) and even faster 
with emerging technologies (~40 minutes) (17).

All rats underwent treatment with AMCs for 12 hours without implementation of  supportive measures 
such as mechanical ventilation to regulate pH, dextrose to prevent hypoglycemia, and vasoactive medi-
cations to reverse hypotension. Consequently, rats in both treatment groups developed acidemia, hypo-
glycemia, and hypotension (Supplemental Figure 6). All surviving rats were sacrificed (50% of  rats in the 
anti–hVEGF-A AMC group and 16% in the anti–IL-1β AMC group) at the predetermined experimental 
endpoint of  13 hours after LPS injection. Since survival and duration of  survival were not due only to dis-
ease and treatment, but also experimental protocol, no survival differences were observed (median survival 
12.67 hours (interquartile range [IQR] 11.4–13 for rats treated with anti–hVEGF-A AMCs vs. 10.22 [IQR 
7.1–12.1] for rats treated with anti–rIL-1β AMCs; P = 0.10, Mann-Whitney U test).

AMCs are a platform technology that could in theory be used to treat any disease characterized by patho-
genic circulating factor(s), for example plasma free myoglobin or hemoglobin, toxins (e.g., endotoxin, shiga 
toxin) or immune complexes. We chose hypercytokinemia as the model condition and cytokines as the initial 
targets for several reasons. First, cytokines play a prominent role in the pathogenesis of many diseases in which 
immune dysregulation is present and their modulation may be clinically important. Second, many clinically 
relevant anti-cytokine antibodies from which to construct a diverse library of AMCs already exist. With AMCs 
it would be possible to eliminate multiple specific cytokines simultaneously. As used here, each AMC filters a 
single cytokine, although AMCs could be made to filter more than one cytokine via incorporation of additional 
antibodies against other cytokines (Supplemental Note 8); alternatively, more than one cytokine-specific AMC 
could be used simultaneously. AMC combinations could be chosen to eliminate multiple, specific, deleterious 
cytokines as dictated by highly variable host cytokine expression. To the best of our knowledge, no prior strategy 
could enable both molecular and temporal specificity in modulating multiple cytokines.

AMCs could potentially be useful in treating the dysregulated immune response in sepsis, which involves 
highly variable and dynamic cytokine expression (10–12). Patterns of  cytokine expression have prognostic sig-
nificance. For example, early expression of  inflammatory cytokines is associated with hypotension and multi-
ple organ failure (23, 24, 35), sustained antiinflammatory cytokine expression is associated with late mortality 
(11, 35, 36), and mortality is greatest when both inflammatory and antiinflammatory cytokines are elevated 
(37). The timing and degree of  cytokine expression, as well as which cytokines are expressed, is highly vari-
able between individuals (38), and even in the same patient over time (11). Strategies to reduce cytokines 
have included nonspecific extracorporeal cytokine removal (2) and targeted neutralization of  inflammatory 
cytokines with monoclonal antibodies (39–43), which were potentially limited by either lack of  molecular or 
temporal specificity. AMCs could in theory be used to eliminate only cytokines that are deleterious at a given 
time (either proinflammatory or antiinflammatory, depending on clinical circumstances), without removing 
other factors best left in the circulation, and in a manner that matches changing host cytokine expression.

It is difficult to accurately predict the quantities of  cytokine that would have to be eliminated from 
humans since the precise quantity of  cytokine production is not known. However, using TNF-α expres-
sion during sepsis as an example, if  one knows the plasma cytokine concentration (approximately 300 
pg/ml in patients who died from sepsis) (24) and circulating blood volume (2.89–9.65 l) (44), it is possi-
ble to determine the total mass of  a given cytokine in the vascular compartment at any one time (peak 
mass 867–2,895 ng for TNF-α in this example). Although this does not account for ongoing production, 
clearance, or TNF-α in other tissue compartments, it serves as a clinically relevant quantity to define a 
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minimum AMC capacity necessary for humans. The volumes of  cytokine solution used in this study (20 
ml) were far less (145–483 times) than the blood volume of  humans. However, by introducing cytokine 
concentrations as much as 1,280 ± 90 times greater than what is observed clinically (Supplemental Fig-
ure 1.2), we were able to challenge AMCs with total cytokine masses similar to what is seen in patients 
who died from sepsis (Figure 4H and Supplemental Table 5).

We identified upper limits to how much AMC capacity could be increased (Figure 4F) and T1/2 reduced 
(Figure 4, B and E) by using additional antibody, suggesting either surface saturation with antibodies or 
increasing steric hindrance with greater packing density of  surface antibodies (45). We found that AMCs 
with large (10 kDa) PEG spacers yielded smaller TNF-α T1/2 values and greater capacity than AMCs with 
small (3 kDa) PEG spacers (Figure 4, E and F). This was likely the result of  reduced steric hindrance, 
which is consistent with the observation that larger spacers mitigate steric effects and enhance antigen cap-
ture in biosensors (22). However, an equally plausible explanation is that antibody conjugation to maleim-
ide surfaces was more extensive in conduits with 10-kDa spacers.

Cytokine concentrations appeared to decay exponentially over time (Figure 2, Figure 5C, Supplemen-
tal Figure 1.2, Supplemental Figure 2, Supplemental Figure 3, Supplemental Figure 4A, and Supplemen-
tal Figure 7). We derived a mathematical model to describe the rate of  cytokine elimination based on 
first-order exponential decay kinetics (detailed derivation in Supplemental Note 9). The model accurately 
described cytokine elimination kinetics when compared to measured experimental data (Supplemental Fig-
ure 8), thus validating the methods used to quantify AMC performance.

EBP has been used to eliminate host inflammatory mediators, based on the principle that their removal 
will favorably modulate the immune derangements from sepsis or cardiopulmonary bypass. Multiple modal-
ities have been examined including hemofiltration, plasma exchange, hemoperfusion alone, and hemoperfu-
sion combined with either hemofiltration or plasma exchange (2). None improved survival. Of the EBP tech-
nologies designed to filter cytokines, none are selective. All eliminate pro- and antiinflammatory cytokines 
simultaneously as well as other entities best left in the circulation such as therapeutic drugs (6) and clotting 
factors (7). Recently, methods have been devised to render nonspecific hemofiltering sorbents semiselective via 
regulation of  pore size through which target molecules pass, including polystyrene divinyl benzene (PDVB) 
copolymer beads and porous cellulose beads (26, 27, 46). Such approaches restricted filtration to small and 
middle size proteins (typically less than 45 kDa), which include most cytokines and endotoxin. Both polymer 
systems depleted a wide range of  inflammatory and antiinflammatory cytokines, except for TNF-α, which 
was captured to a lesser extent due to pore size exclusion of  the large TNF-α trimer (51 kDa) (26–28). For 
example, hemoperfusion with PDVB copolymer bead columns in human subjects with sepsis and acute lung 
injury reduced circulating blood levels of  IL-6, IL-1ra, MCP-1, and IL-8 but not TNF-α. Survival was not 
improved (47). In addition, semiselective sorbents also depleted triiodothyronine and cortisol (3), which play 
crucial roles in the stress response of  patients with shock (48). By contrast, TNF-α elimination by AMCs is 
readily achievable (Figure 4) and AMCs can be designed to adjust how rapidly and how much TNF-α is elim-
inated from the circulation. And, given the highly selective nature of  antibody-cytokine interactions (Figure 
2C and Supplemental Figure 3), clinically important entities should not be eliminated from the circulation. 
(We eliminated all nonspecific binding by AMCs; Figure 2C and Supplemental Figure 3).

We developed AMCs to eliminate 3 different inflammatory cytokines (hTNF-α, hVEGF-A, and rIL-
1β). However, AMCs would not be limited to inflammatory cytokines in clinical practice. For example, 
persistent IL-10 release inhibits clearance of  primary infections and enhances susceptibility to secondary 
infections (11) (this is consistent with the observation that a high number of  patients who die from sepsis 
were found have unresolved opportunistic infections; see refs. 49, 50). AMCs could then hypothetically be 
used to reverse IL-10–mediated immunosuppression through selective IL-10 elimination.

In summary, AMCs provide a flexible and highly selective blood-filtering platform to enable elimination 
of  individual, harmful cytokines as they are expressed, without eliminating other cytokines best left in the 
circulation. This strategy is congruent with the emerging consensus that as the understanding of  the dysreg-
ulated immune response to critical illness improves, personalized treatment strategies will be important (38).

Methods
Materials. PDMS tubing was purchased from Cole-Parmer Instrument Company. APTMS, BSA, 2-furoic 
acid (F2505), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinim-
ide (NHS), 2-(N-morpholino)ethanesulfonic acid (MES), methanol, PBS, acetic anhydride, 2-mercaptoeth-
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anol, dichloromethane (DCM), and LPS were purchased from Sigma-Aldrich. Heterobifunctional PEG 
functionalized with an NHS ester on one terminus and a maleimide moiety on the other (NHS-PEGn-MAL, 
where n is the molecular weight of  the PEG molecule and was 3 or 10 kDa) was purchased from Rapp 
Polymere. Infliximab (Janssen Biotech, Inc.) and bevacizumab (Genentech, Inc.) were obtained from the 
Boston Children’s Hospital (BCH) pharmacy. Anti–rIL-1β antibodies (catalog number 503504, clone num-
ber B122) were obtained from BioLegend. rhVEGF-A and rhTNF-α were obtained from R&D Systems, Inc. 
Rat recombinant IL-1β was obtained from BioLegend. Enzyme-linked immunosorbent assays (ELISAs) 
were obtained from R&D Systems, Inc. Human whole blood was obtained from Research Blood Compo-
nents, LLC. NHS-fluorescein and 5-((2-(and-3)-S-(acetylmercapto) succinoyl) amino) (SAMSA) fluorescein 
were purchased from ThermoFisher Scientific. Rats were obtained from Charles River Laboratories, Inc.

AMC fabrication. Anti-cytokine antibodies were conjugated to luminal surfaces of  PDMS conduits 
(Figure 1B). Surface plasma oxidation, followed by amino-silanization with APTMS, PEGylation with 
NHS-PEGn-MAL, and passivation of  residual amines with acetic anhydride resulted in maleimide-func-
tionalized surfaces. Antibody conjugation was accomplished by coupling furan-modified antibodies to 
the maleimide-functionalized surfaces. Three AMC prototypes were developed, one to filter hVEGF-A, 
a second to filter hTNF-α, and a third to filter rIL-1β.

Coupling of  furan-NHS ester to antibodies. 2-Furoic acid (0.5 g, 4.1 mmol), EDC (2.4 g, 12.3 mmol), 
and NHS (1.4 g, 12.3 mmol) were added in a 1:3:3 molar ratio to DCM (5 ml), and the reaction mixture 
was stirred at room temperature for 12 hours. The crude product was purified by column chromatogra-
phy (CombiFlash Rf  150 purification system, Teledyne Isco, Inc.) with a 40-g high-performance silica 
column (Teledyne Isco, Inc.) using the following protocol: silica column gradient (DCM/methanol), 0–5 
minutes 100% (v/v) DCM, 5–30 minute gradient from 0% to 10% (v/v) methanol. Elution of  purified 
product was monitored by ultraviolet absorption. DCM was removed by rotary evaporation (Rotavapor, 
Buchi Corporation) and the resulting product lyophilized (SP Scientific VirTis Lyophilizer) for 16 hours 
to produce a white powder (84% yield). Infliximab (a monoclonal antibody against hTNF-α) and beva-
cizumab (a monoclonal antibody against hVEGF-A) were supplied as a lyophilized powder and recon-
stituted in sterile water by the BCH pharmacy according manufacturer recommendations: infliximab (10 
mg/ml, 69.4 μM), bevacizumab (25 mg/ml, 167.6 μM). Furan-NHS ester was dissolved in DMSO (45 
mg/ml, 199.9 mM) and mixed with the desired aqueous antibody solution by gentle rotation for 2 hours 
at room temperature. The resulting furan-functionalized antibodies were then purified by dialysis (Slide-
A-Lyzer, 10-kDa molecular weight cutoff, ThermoFisher Scientific) and stored at 2°C–8°C until use.

Functionalization with PEG. First, we coupled maleimide-terminated PEG to PDMS surfaces using tri-
methoxysilane cross-linking. Segments of platinum-cured PDMS tubing that varied according to aspect ratio 
(length/inner diameter) were exposed to air plasma generated at 400 mtorr and 12 MHz RF frequency for 120 
seconds to produce reactive silanol species via oxidative surface activation (51, 52) (Harrick Plasma, PDC-001). 
Surface oxidation was also carried out by circulation of H2O/30% (v/v) H2O2/12 M HCl (in a volume ratio of  
5:1:1) through conduits for 1 hour (53) to determine which method of oxidation yielded greater surface oxida-
tion. To add surface amine groups, conduits were filled with 5% (v/v) APTMS in acetone, incubated at room 
temperature for 1 hour (54), flushed with 70% (v/v) ethanol in water, and purged with dry air. The resulting 
amine-functionalized conduits were then filled with 0.2 mM NHS-PEGn-MAL in 1× PBS (n was either 3 or 10 
kDa, 0.2 mM = 0.6 mg/ml for 3-kDa PEG and 2 mg/ml for 10-kDa PEG) and incubated at room temperature 
for 1 hour to facilitate NHS-amine coupling (55). Conduits were then flushed with 10 mM MES buffer (pH 
5.5) and purged with dry air. Unbound amine moieties were passivated via acylation (56) by filling maleim-
ide-PEG-modified conduits with 200 mM acetic anhydride in methanol and incubating them at room tempera-
ture for 2 hours. Conduits were flushed with 10 mM MES buffer (pH 5.5) and purged with dry air.

Antibody conjugation. Stock solutions of  furan-functionalized antibody were diluted in 10 mM MES 
buffer (pH 5.5) to a concentration of  0.3, 0.7, 3.4, 6.7, 10.1, or 13.4 μM (corresponding to 0.05, 0.1, 0.5, 
1.0, 1.5, and 2.0 mg/ml, respectively), dispensed into maleimide-PEG-modified conduits, and incubat-
ed at 37°C for 12 hours to facilitate furan-maleimide coupling (57). AMCs endowed with 2 antibodies 
were prepared by simultaneously introducing 1.7 μM anti–hTNF-α antibody (infliximab) and 1.7 μM anti–
hVEGF-A antibody (bevacizumab) to maleimide-PEG-modified conduits. Newly formed AMCs were then 
flushed with, and stored in, sterile PBS (1×, pH 7.4) at 2°C–8°C until use.

Fluorescent labeling of  surface functionalization. Fluorescent labeling was employed to measure efficacy of sur-
face modification. Following APTMS addition, 1 mg/ml NHS-fluorescein in PBS (1×, pH 7.4) was dispensed 



1 2insight.jci.org   https://doi.org/10.1172/jci.insight.121133

R E S E A R C H  A R T I C L E

into amine-functionalized conduits and incubated at room temperature for 2 hours to facilitate NHS coupling to 
newly formed surface amines. Conduits were washed with water and ethanol to remove unreacted fluorescein. 
Efficiency of PEGylation was also measured with fluorescent labeling. SAMSA fluorescein solution (prepared 
according to the manufacturer’s procedure) was instilled into PEGylated conduits with maleimide-functional-
ized surfaces and incubated at room temperature for 2 hours to enable SAMSA-maleimide coupling. Conduits 
were then washed with ethanol and soaked in water overnight to remove unreacted SAMSA.

Characterization of  AMC function. We developed a method to characterize AMC function (Figure 1C). The 
system consisted of  a fluid reservoir with an inlet and an outlet connected by an AMC. The reservoir was filled 
with a cytokine-enriched solution of  5% (w/v) BSA in 1× PBS (pH 7.4, 20 ml) and the mixture was circulated 
through AMCs by a pump at flow rates of  10, 20, 30, or 40 ml/min, depending on the experiment. Samples 
(0.5 ml) were collected from the reservoir fluid at predetermined time intervals and cytokine concentrations 
in the fluid were measured by ELISA. Samples were stored at –80°C until analysis. For experiments in which 
cytokine clearance from blood was studied, human whole blood was used rather than 5% (w/v) BSA.

AMC function was described in terms of  how fast a given cytokine was cleared from test solution 
(elimination half-life, T1/2) and how much cytokine was eliminated by surface antibodies (capacity). To 
determine T1/2 and capacity, cytokine concentrations were plotted as a function of  time. The resulting 
curves were fitted to a 1-phase, exponential decay model (GraphPad Prism) and described by the formula Y 
= (Y0 – Ysaturation)

e–Kx + Ysaturation, where Y0 = cytokine concentration (ng/ml) at time zero, Ysaturation = cytokine 
concentration after a given AMC is saturated, K is the rate constant (h–1), and x = time in hours. T1/2 (h) was 
determined by ln(2)/K. AMC capacity was calculated by the equation C = ([Y0 – Ysaturation] × V), where C is 
the capacity of  a given AMC in ng and V is the volume of  cytokine test solution in ml.

We studied 5 variables that determine AMC function: flow rate through AMCs, antibody concentra-
tion used during conjugation, AMC geometry (aspect ratio; length/inner diameter), circulating pH of  fluid, 
molecular weight of  PEG spacer molecules, and AMC surface area. Circulating fluid volumes (20 ml) and 
flow rates through AMCs were selected to approximate the circulating blood volume of  a 400-g rat (58) 
and the range of  target extracorporeal blood flow rates in those rats (25–100 ml/kg/min; ~10%–40% of  rat 
cardiac output; ref. 31). Such flow rates as a fraction of  cardiac output are similar to the range of  flow rates 
in critically ill patients receiving extracorporeal therapies (~1.9 ml/kg/min for continuous renal replace-
ment therapy, ref. 32; up to 100 ml/kg/min for extracorporeal membrane oxygenation, ref. 59; these flow 
rates are ~1.3%–100% of  cardiac output in critically ill humans, ref. 60). An antibody concentration of  0.1 
mg/ml has been used in biosensor surfaces (22). We empirically studied a broad range of  concentrations 
above and below 0.1 mg/ml (40-fold; 0.05–2.0 mg/ml) to determine the optimal antibody concentration 
for AMCs. pH values were chosen to reflect the physiologic range one would encounter clinically in sepsis. 
PEG spacers (1.5–3.4 kDa) have been shown to enhance the efficiency of  antigen capture by antibodies (22, 
30); here we tested similarly sized PEG spacers (3 kDa) as well as 10-kDa spacers. AMC geometries were 
designed with a variety of  surface areas and aspect ratios, all with volumes ≤ 4.2 ml (~15% of  the blood 
volume for 400-g rats). AMC volume was limited in order to minimize hemodilution when the saline-con-
taining AMC would be connected to the bloodstream in subsequent in vivo experiments.

To validate AMC function in circulating blood, reservoirs were filled with heparinized human whole 
blood (20 ml) and circulated through AMCs (20 ml/min). A cytokine-enriched solution of  5% (w/v) BSA 
was continuously infused into the reservoir. The concentration and flow rate of  the cytokine infusion solution 
were chosen to obtain the desired rate of  rise in cytokine concentration in blood over time, while simultane-
ously replacing the volume of  blood lost to sampling over the course of  the experiment. Samples (0.5 ml) 
were collected from the reservoir at predetermined intervals and immediately centrifuged (Microfuge 22R 
microcentrifuge, Beckman Coulter Life Sciences; 4,000 rpm [~1400 g] at 4°C for 15 minutes). The superna-
tant (plasma) was transferred into microcentrifuge tubes, frozen in liquid nitrogen, and stored at –80°C until 
analysis. Plasma cytokine concentrations were measured by ELISA.

Surgical preparation and LPS injection. Adult, male Sprague-Dawley rats weighing 413–599 g were housed 
in groups, in a 6 am/6 pm light/dark cycle. Under general anesthesia with an isoflurane-oxygen mixture, the 
left femoral vein (LFV) was dissected, isolated, and cannulated with a 22-gauge Jelco angiocatheter (length 25 
mm, inner diameter 0.95 mm) in sterile fashion. (Postmortem dissection revealed that catheter tips terminated 
in the inferior vena cava [IVC] caudal to the renal veins). The catheter was sutured in place and the wound 
was closed with simple interrupted sutures. Rats were then given a single intravenous dose of  LPS (17.5 mg/
kg) derived from Escherichia coli 0127:B8 diluted in 0.5 ml of  0.9% saline. The right femoral artery (RFA) was 
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then dissected, isolated, and cannulated with a 24-gauge Jelco angiocatheter (length 18 mm, inner diameter 
0.75 mm). The catheter was sutured in place and the wound was closed with simple interrupted sutures. The 
right external jugular vein (REJV) was dissected, isolated, and cannulated via the Seldinger technique with 
a 22-gauge Jelco angiocatheter (length 25 mm, inner diameter 0.95 mm), platinum-tipped Nitinol guidewire 
(Cook Medical; length 40 cm, diameter 0.046 cm), and 4.0 F (18 gauge) × 6 cm catheter (Cook Medical). 
REJV catheters were inserted to a depth of  approximately 2 cm (postmortem dissection demonstrated cathe-
ter tips to be in the right atrium at this depth). When the catheter terminated in the right atrium, blood return 
was brisk. The catheter was sutured in place and the wound was closed with a single suture. Heparin boluses 
(50 units = 0.5 ml; 100 units/ml) were administered into each catheter immediately after their placement. The 
heparin bolus into the LFV was given immediately after LPS injection.

EBP. The REJV catheter was connected to the venous limb of  the circuit to drain blood from the right 
atrium and the LFV catheter to the arterial limb for return of  purified blood into the IVC. The circuit was 
composed of  8 components (listed in order from inflow into the circuit to outflow into the rat): extension 
tubing (Baxter Healthcare Corporation; 17 cm, 0.26 ml volume), 3-way stopcock (Baxter Healthcare Corpo-
ration), unmodified platinum-cured silicone tubing (Cole-Parmer; 43.2 cm, inner diameter 0.16 cm, approx-
imately 0.9 ml volume) connected to a roller pump (ThermoFisher Scientific), 5-ml water-jacketed bubble 
trap compliance chamber (Radnoti LLC; filled to approximately 1 ml of  circulating blood at any given time), 
AMC (88.9 cm, inner diameter 0.16 cm, approximately 1.8 ml volume), 3-way stopcock, and extension tubing 
(17 cm, 0.26 ml volume). The total extracorporeal circulating volume was approximately 4.2 ml, or 14.4% ± 
1.9% of the rat circulating blood volume (58). During cannulation, 70% (v/v) ethanol was circulated through 
circuits (minus the AMC segment) to sterilize them. Once cannulation was completed, ethanol was drained 
and AMCs were incorporated. Circuits were then primed with approximately 4.2 ml of  0.9% saline.

Animals were randomized to undergo extracorporeal circulation through either anti–rIL-1β conduits or 
anti–hVEGF-A conduits. The latter do not filter rVEGF-A (see results). Investigators were blinded to treatment 
group. To prevent the development of hypotension from rapid initiation of extracorporeal circulation, flow was 
gradually increased to the maximum flow rate over 10 minutes such that full flow was established 60 minutes 
after LPS injection (see next paragraph for details of how full flow was quantified). Heparin (diluted to 50 units/
ml in 0.9% saline) was administered via continuous intravenous infusion (2.7 units/kg/min; ref. 61) into the IVC 
via the 3-way stopcock immediately distal to the AMC. Saline (0.9%) was continuously infused into the arterial 
catheter to maintain patency. The combined total fluid rate (heparin and arterial line infusions) was 100 ml/kg/
day. Treatment with AMCs was continued for 12 hours or until death (whichever came first).

Calibration of  blood flow rate through extracorporeal circuits. To determine how fast blood flowed through 
extracorporeal circuits, a complete circuit/pump system was used to drain a known quantity of  whole 
blood (porcine, donated from the animal research program at BCH; measured hemoglobin and hematocrit 
8.8 g/dl and 26%, respectively) from one graduated cylinder into another. Once full flow was established, 
2 observers measured with stop watches how long it took to decrease the volume of  blood by 1 ml for 10 
consecutive measurements (i.e., 10 ml) to determine the mean ± SD flow rate through circuits in ml/min.

Cytokine and biochemical measurements. Blood samples were obtained from the arterial line for cytokine 
measurement 1 hour after LPS injection (400 μl), and every 2 hours thereafter (200 μl) for cytokine mea-
surement. Blood was centrifuged at 4,000 rpm (~1400 g) for 15 minutes at 4°C (Allegra X-22R, Beckman 
Coulter Inc.). The plasma (supernatant) was collected, frozen with in liquid nitrogen, and stored at –80°C 
until analysis. Rat plasma cytokine concentrations were measured by the Cytokine Reference Laboratory 
(University of  Minnesota, Minneapolis, Minnesota, USA). A final blood sample was taken 13 hours after 
LPS injection (predetermined end of  experiment) or at time of  death (whichever came first) to measure 
arterial blood pH and blood glucose (VetScan i-STAT 1, Abaxis Inc.).

Statistics. Cytokine concentrations, T1/2, and total cytokine capacity values were reported as means and 
SDs of  n observations (sample sizes for each experimental group are displayed in Supplemental Tables 
1–5). Unless otherwise noted, comparisons were made using 1-way analysis of  variance (ANOVA). When 
the Student’s t test was used, it was unpaired and 2-tailed. The P value required for statistical significance 
(α) was 0.05. Graphing and statistical analyses were performed with Prism 6.0 (GraphPad Software Inc.).

Study approval. Animals were cared for in accordance with protocols approved by the Institutional Ani-
mal Care and Use Committee at BCH, as well as the Guide for the Care and Use of  Laboratory animals of  
the US National Research Council.
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