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c BeMa BioConsulting AB, Törnvägen 23, 136 72 Vendelsö, Sweden 
d Swedish Orphan Biovitrum AB, Tomtebodavägen 23A, 112 76 Solna, Sweden   
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A B S T R A C T   

The risk for adverse immune-mediated reactions, associated with the administration of certain immunothera-
peutic agents, should be mitigated early. Infusion reactions to monoclonal antibodies and other bio-
pharmaceuticals, known as cytokine release syndrome, can arise from the release of cytokines via the drug target 
cell, as well as the recruitment of immune effector cells. While several in vitro cytokine release assays have been 
proposed up to date, many of them lack important blood components, required for this response to occur. The 
blood endothelial cell chamber model is an in vitro assay, composed of freshly drawn human whole blood and 
cultured human primary endothelial cells. Herein, its potential to study the compatibility of immunotherapeutics 
with the human immune system was studied by evaluating three commercially available monoclonal antibodies 
and bacterial endotoxin lipopolysaccharide. We demonstrate that the anti-CD28 antibody TGN1412 displayed an 
adaptive cytokine release profile and a distinct IL-2 response, accompanied with increased CD3+ cell recruit-
ment. Alemtuzumab exhibited a clear cytokine response with a mixed adaptive/innate source (IFNγ, TNFα and 
IL-6). Its immunosuppressive nature is observed in depleted CD3+ cells. Cetuximab, associated with low infusion 
reactions, showed a very low or absent stimulatory effect on proinflammatory cytokines. In contrast, bacterial 
endotoxin demonstrated a clear innate cytokine response, defined by TNFα, IL-6 and IL-1β release, accompanied 
with a strong recruitment of CD14+CD16+ cells. Therefore, the blood endothelial cell chamber model is pre-
sented as a valuable in vitro tool to investigate therapeutic monoclonal antibodies with respect to cytokine release 
and vascular immune cell recruitment.   

1. Introduction 

Intravenous administration of immunotherapeutics may result in 
immune-related adverse events. Cytokine release syndrome (CRS) 
comprises a subset of infusion reactions that is associated with the use of 
therapeutic monoclonal antibodies (mAbs). CRS results in a systemic 
release of several inflammatory mediators, which set off a cascade of 
cytokines. It normally follows a similar profile and timing of events, 
starting with the release of tumour necrosis factor alpha (TNFα) and 
interleukin 8 (IL-8), followed by interleukin 6 (IL-6) and interleukin 10 
(IL-10) and in some cases, interleukin 2 (IL-2) [1–3]. Even though this 
response can be controlled by administering anti-inflammatory drugs or 

adjusting the infusion rate and/or the dose, its severity should not be 
neglected [4–6]. That became evident in a clinical trial, where the 
administration of an anti-CD28 antibody (TGN1412) caused a nearly 
fatal systemic inflammatory response in six healthy volunteers [2]. This 
incident was neither predicted by the available in vitro preclinical assays, 
nor by the examined animal models [7,8], thus demonstrating the need 
for novel in vitro cytokine release assays for therapeutic mAbs. 

Since then, a variety of cytokine release assays, using either whole 
blood [9–14] or peripheral blood mononuclear cells (PBMCs) 
[8,10,14–20] have been developed. While whole blood assays proved to 
be more sensitive for mAbs stimulating FcγRI-mediated cytokine release 
(alemtuzumab, anti-CD52, IgG1), PBMC assays showed improved 
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sensitivity for TGN1412 and TGN1412-like antibodies (muromonab, 
anti-CD3, IgG2a) [21]. Nevertheless, mAb immobilisation [8,16], high 
density cultures [20,22] or co-culture with endothelial cells [17,19] 
have been identified as pre-requisites for TGN1412 to stimulate human 
PBMCs or human diluted blood. Namely, binding of the mAb to endo-
thelial cells has been suggested to facilitate the cross-linking of CD28 
molecules on lymphocytes, thus leading to their activation [8,16,17]. 
Alternatively, in undiluted human whole blood mAbs could elicit re-
sponses in the absence of endothelial interface, highlighting the 
advantage of whole blood cytokine release assays [10,14]. 

Additionally, the vascular endothelium exhibits antithrombotic 
properties, maintains the quiescence of the circulating leukocytes and 
creates an anti-inflammatory intravascular environment under physio-
logical conditions. During pathological conditions involving inflamma-
tion, the endothelial cells exhibit increased adhesion receptor 
expression, resulting in leukocyte recruitment; and a reduced ability to 
inhibit haemostasis, which triggers the activation of the cascade systems 
and the innate response, leading to thrombosis, platelet activation and 
cytokine release [23,24]. The majority of preclinical safety assays are 
devoid of endothelial cells, thus unable to address the complex interplay 
between blood and endothelium in the immune response [25]. 

Notwithstanding, pre-clinical cytokine release assays should incor-
porate fresh human whole blood that contains a full range of cell types 
involved in an early immune response, including the cascade systems. 
Their investigation is unfortunately many times prevented due to the 
common use of excessively anticoagulated blood in cytokine release 
assays [11]. 

In the in vitro model, we applied herein, cultured primary human 
endothelial cells are placed in contact with whole human blood (Fig. 1), 
thus incorporating all the components present in a blood vessel lumen 
[26,27]. A protective layer of immobilized heparin on the surfaces of the 
connected chamber allows blood contact without an artificial activation 
of the coagulation cascade and the use of anticoagulants at a minimal 
level [26,28]. This so-called blood endothelial cell chamber model has 
previously been used to study the biomaterial-blood-endothelial cell 
interactions [28] and their role in thrombo-inflammation [26], as well 
as the effect of TNFα on the immune cell recruitment and coagulation 
activation [27]. Until now, its capacity as a cytokine release assay has 
not yet been assessed. 

In the present study, we have evaluated the efficiency of the blood 
endothelial cell chamber model in studying the compatibility of thera-
peutic mAbs with the human immune system. The immunomodulatory 
effects of therapeutic mAb associated with severe (TGN1412) [2], mild 
to moderate (alemtuzumab) [29,30] and no (cetuximab) [31–33] CRS 
were compared to the response, elicited by a known proinflammatory 
agent, bacterial endotoxin lipopolysaccharide (LPS). To investigate the 
role of endothelium in whole blood cytokine release assay, whole blood 
(Blood) and whole blood with endothelial cell co-culture (Blood + EC) 
setups were compared. We present its potential to delineate the coagu-
lation system activation, the interactions between human whole blood 

and the endothelium, as well as to accurately predict the cytokine 
release in response to mAbs. 

2. Materials and methods 

2.1. Ethical considerations 

Blood was drawn from healthy individuals by open system ven-
epuncture in approval with the regional Ethical Review Board in 
Uppsala (Permit No. 2017/165). 

2.2. Heparinization 

All the plastic surfaces that were in contact with blood were coated 
with a double layer of immobilized heparin, the Corline heparin surface 
(hereafter referred as CHS, Corline Biomedical AB, Uppsala, Sweden), 
according to the manufacturer’s instructions. 

2.3. Endothelial cell culture 

Primary human umbilical vein endothelial cells (HUVEC #CRL- 
1730; ATCC, Manassas, VA, USA) passage 4 to 5 were thawed (1–2 min 
in 35◦ water bath) and seeded in 1% gelatine (#BCBL5862V, Sigma- 
Aldrich, St. Louis, MO) pre-coated 75-cm2 culture flasks at 37 ◦C in a 
5% CO2 humidified incubator. Cells were maintained in complete 
endothelial cell growth medium microvascular (ECGM MV, cat#C- 
22020, lot#404M176, PromoCell) supplemented with 1% PenStrep 
(Penicillin Streptomycin, ref#15140-122, lot#861671, Gibco, Invi-
trogen) until confluence was reached. Once confluent, cells were de-
tached (2.1 µM EDTA/PBS, 0.25% Trypsin), counted (ScepterTM 2.0 
Cell Counter, Merck Millipore) and reseeded at 200,000 cells/well in 5 
µg/mL human fibronectin (#F2006-1MG, lot#SLBR1700V, Sigma- 
Aldrich, St. Louis, MO) pre-coated 1-well glass chamber slides 
(Thermo Fisher Scientific, Lab-Tek™) and cultured until confluent. 

2.4. Blood sampling and plasma preparation 

Human blood was drawn from healthy donors (n = 2) by open system 
venepuncture into CHS coated 50 mL tubes containing unfractionated 
heparin (UFH; 100 IE/KY/ml, lot#A08437, Leo Pharma) at a final 
concentration of 0.75 IU/mL or 1 IU/mL, respectively. Thereafter, 1.5 
mL of fresh blood was added to each well of 2-well blood chambers 
(Fig. 1B) coated with immobilized heparin, CHS. The following stimuli: 
Phosphate buffered saline (PBS; Basal condition), TGN1412 (1 μg/mL, 
Evitria AG, Zurich, Switzerland), LPS (5 ng/mL, #055:B5, Sigma- 
Aldrich, Stockholm, Sweden), alemtuzumab (1 μg/mL, Sanofi AB, 
kindly donated by Swedish Orphan Biovitrum AB [Sobi], Stockholm, 
Sweden) or cetuximab (10 μg/mL, Merck AB, kindly donated by Swedish 
Orphan Biovitrum AB [Sobi], Stockholm, Sweden) were added to the 2- 
well chambers just before blood chambers were connected to the PBS- 

Fig. 1. The blood endothelial cell chamber model [27]. The chamber is composed of two cylinder-shaped wells allowing a volume of 1.5 mL blood/well (A). The 
blood containing 2-well chamber is connected to either glass culture slides with endothelial cells or heparinized polyvinyl chloride (PVC) slides. The blood chamber is 
tightly sealed using heparinized ethylene propylene o-rings (B). Thereafter the blood endothelial chamber is positioned on a rotating wheel at 37 ◦C (C). 
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washed endothelial cell culture glass slides or heparinized PVC slides, 
respectively. To specify, alemtuzumab and cetuximab used in the study 
were commercial trademark mAbs. The blood endothelial cell chambers 
were immediately positioned on a rotating wheel at ~30 rpm in a 37 ◦C 
heating cabinet and incubated for 2 h or 4 h, respectively. After the 
incubation, the blood endothelial cell chambers were dismantled and 
the cells were fixed with ice cold 1–4% paraformaldehyde (PFA), 
respectively, for 30 min at room temperature (RT). One mL of blood was 
immediately collected in Eppendorf tubes with K3EDTA at a final con-
centration of 10 mM and immediately used for platelet, white blood cell 
and red blood cell counting using the Sysmex XP-300 Automated He-
matology Analyzer (Sysmex Corporation, Kobe, Japan). The same cell 
types as above were measured in non-incubated whole blood samples 
(Initial condition). To prepare plasma, blood was centrifuged at 2000 rcf 
for 10 min at 4 ◦C and plasma samples obtained were rapidly frozen and 
stored at − 80 ◦C until analysed for inflammation and coagulation acti-
vation markers. 

The experiments were performed under two different conditions: 2 h 
incubation, 0.75 IU/mL heparin (n = 6) and 4 h incubation, 1 IU/mL 
heparin (n = 3–7), using blood from different donors. 

2.5. Thrombin anti-thrombin III complex (TAT) enzyme-linked 
immunosorbent assay (ELISA) 

Plasma levels of thrombin anti-thrombin (TAT) complex were 
measured with the commercially available sandwich enzyme-linked 
immunosorbent assay (ELISA, Enzygnost® TAT micro, Siemens 
Healthcare, Marburg, Germany) according to the manufacturer’s in-
structions. Depending on the platelet count, plasma samples were 
diluted 10x, 30x and 50x corresponding to 15%, 20% or 30% platelet 
reduction, respectively. Samples were diluted in a non-protein binding 
96-well microtiter plate (VWR, United Kingdom) prior to being trans-
ferred to the Enzygnost® TAT micro plate. The absorbance was read at 
490 nm (1.0 s), the limits of detection were between 2 and 60 µg/L and 
the values were expressed as µg/L. Samples were assayed in 6 (2 h ex-
periments) and 5 (4 h experiments) biological replicates. 

2.6. Multiplex cytokine assays 

Plasma expression of proinflammatory cytokines and acute inflam-
mation markers was analysed using V-PLEX Proinflammatory Panel 1 
Human Kit and Vascular Injury Panel I Assay that utilize electro-
chemiluminescence and were developed by Meso Scale Discovery (MSD, 
1601 Research Blvd., Rockville, Maryland), following the manufac-
turer’s instructions. Plasma samples were diluted 1:4 or 1:5 with Diluent 
2, respectively, directly in the MSD plate. PBS with 0.05% Tween-20 
(Sigma–Aldrich Inc, St. Louis, MO, USA) was used as washing buffer. 
Briefly, the antibody-coated 96-well plates were washed three times, 
followed by the 1:1 addition of serially 7-point diluted calibrators or the 
samples. After, the plates were sealed and incubated for 1 h at RT or over 
night at 4 ◦C with shaking. Plates were aspirated, washed three times 
and the mix of SULFO-TAG–conjugated secondary antibodies was added 
for 2 h at RT with shaking. Finally, the plates were washed three times 
and reading buffer was added before the plates were read in the MSD 
Sector Imager 2400. The assay was run on 3–5 biological replicates per 
experimental condition. The MSD raw data in Excel format is included in 
the Supplementary Data 2 and 3. 

2.7. Immunofluorescence microscopy 

The cell culture glass slides with PFA-fixed HUVECs were washed 
with phosphate-buffered saline (PBS, Medicago AB, Uppsala, Sweden), 
blocked with 10% BSA/PBS (30 min-1 h at RT) and stained with mouse 
anti-human CD3-FITC (1:100, #FR875, DakoCytomation, Glostrup, 
Denmark) on cells in contact with one of the two blood chambers and a 
mixture of mouse anti-human CD14-FITC (1:100, #F0844, 

DakoCytomation, Glostrup, Denmark) and mouse anti-human CD16, Fc 
Gamma Receptor III-FITC (1:100, #F7011, DakoCytomation, Glostrup, 
Denmark) on the cells in contact with the second blood chamber for 1 h 
at RT or at 4 ◦C over night. Primary antibodies were visualized with 
secondary goat anti-mouse IgG Alexa Fluor® 488 antibody (1:500, 
#A11029, Molecular Probes, Eugene, Oregon, USA) and the cytoskel-
eton was stained with Texas Red®-X phalloidin (1:200, #T7471, Life 
Technologies, Carlsbad, California, USA). Nuclei were counterstained 
with 4′,6-diamidino-2-phenylindole (DAPI; 10 µg/ml; Invitrogen, 
Carlsbad, California, USA) and the slides were mounted with Fluo-
romount G (SouthernBiotech, Birmingham, AL, USA). Cell culture glass 
slides were scanned using a Leica DMi8 Inverted Microscope (Leica 
Microsystems Wetzlar GmbH, Wetzlar, Germany). All images, including 
the ones in Figs. 4 and 5, were taken at 20× magnification. 

2.8. Image analysis 

Two pipelines for the quantification of CD3+ and CD14+CD16+ cells 
present on the surface of endothelial cells were developed in CellProfiler 
(version 2.2.0, Broad Institute). The major steps of the pipeline were as 
follows: 1) Identification of CD3+ and CD14+CD16+ cells using Identify 
Primary Objects module, 2) Identification of endothelial cell surface 
using Identify Primary Objects module, 3) Relation of the identified 
CD3+ and CD14+CD16+ towards the surface area of endothelial cells by 
applying the Relate Objects module. To obtain a relevant overview, the 
quantification was performed on average of 228 individual images per 
well. Detailed CellProfiler analysis script in Word format is included in 
the Supplementary Data 4 and 5. 

2.9. Statistical analysis 

Platelet, white blood cell and red blood cell counts were normalized 
against the initial cell counts from respective experiments and are pre-
sented as means ± standard error of mean (SEM). The data from the 
multiplex cytokine assays was compared to unstimulated values from 
respective experiments, excluding the samples with undetectable values 
below (referred to as ̋Below̋) and above the fit curve range (referred to as 
A̋bove̋). If not stated differently, the values from stimulated blood 
chamber samples were normalized against basal levels from respective 
experiments. Quantification of the immune cell recruitment was per-
formed by normalizing the values, expressed as the number of immune 
cells present on stimulated HUVECs, towards the numbers of cells 
recruited by unstimulated HUVECs from respective experiment. Statis-
tical analyses were performed using GraphPad Prism version 7.02 soft-
ware (GraphPad software) comparing absolute values from 
unstimulated and stimulated conditions with an unpaired t-test, fol-
lowed by a Mann-Whitney U Test. *p < 0.05, **p < 0.01, (ns = not 
significant). In each case, the n values refer to independent experiments 
using plasma from different blood donors. 

3. Results 

3.1. Coagulation activation in the blood endothelial cell chamber model 

Whole blood assays, nowadays used for prediction of CRS, require 
high heparin concentrations to inhibit coagulation, which furthermore 
inhibits the complement system [22]. To determine if the blood endo-
thelial cell chamber model (Fig. 1) with a low free heparin content can 
be used as a tool to investigate the coagulation cascade, TAT complex 
formation was investigated. First, we defined the incubation time 
required for the stimuli to elicit coagulation effects. This was done by 
analysing blood, which was stimulated for 2 h and 4 h in the presence 
(Fig. 2A) and absence (Fig. 2B) of endothelial cells. PBS was included as 
an unstimulated condition and LPS as a positive control due to its known 
prothrombotic characteristics. Longer incubation period, 4 h, resulted in 
a significant increase of TAT levels in LPS stimulated plasma compared 
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to 2 h incubation, while unstimulated condition (PBS) was similarly low 
in both incubation times (Fig. 2). Due to the more prominent response in 
the presence of LPS, 4 h incubation was selected for future experiments 
in this study. Blood cell counts were analysed after incubation showing a 
reduction of white blood cells (Supplementary Data 1, Suppl. Fig. 1A) 
while platelets and red blood cell counts were non-significantly changed 
(Supplementary Data 1, Suppl. Fig. 1B and C, respectively). 

Next, we were interested in the coagulation cascade activation upon 
stimulation with therapeutic monoclonal antibodies. TAT analysis 
showed a significant increase in coagulation cascade activation after a 4 
h stimulation with TGN1412, LPS or alemtuzumab, but not with 
cetuximab (Fig. 3). No difference in the TAT formation was seen when 
comparing TAT levels in the presence (Fig. 3A) and in the absence of 
HUVECs (Fig. 3B). 

3.2. Immune cell recruitment to the endothelium in the chamber model 

Increased expression of cellular adhesion molecules, accompanied by 
the recruitment of the immune cells, is one of the characteristics of the 
endothelial cell activation [34]. The blood endothelial cell chamber 
model’s ability to evaluate the condition of the endothelium was 
investigated by staining the HUVECs using markers for T lymphocytes 
(CD3), monocytes (CD14) and macrophages (CD16) after incubation 
with blood. A significant increase of CD3+ cells compared to basal 
conditions (Fig. 4A, PBS) was observed on the endothelial surface of 
TGN1412 (Fig. 4B, quantified in 6A) and LPS (Fig. 4C, quantified in 6A) 
stimulated HUVECs, while the immunosuppressant alemtuzumab eli-
cited a significant drop in the number of adhered CD3+ lymphocytes 
(Fig. 4D, ALM, quantified in 6A). Cetuximab treatment was similar to 
PBS control (Fig. 4E, quantified in 6A). LPS as a known stimulator of 
monocytes and monocyte-derived macrophages induced a robust 
recruitment of CD14+CD16+ cells (Fig. 5B, quantified in 6B), with no 
effect seen in the other conditions (Fig. 5C-E, quantified in 6B) compared 
to PBS control (Fig. 5A). 

3.3. Cytokine release in the blood endothelial cell chamber model 

Upon the recruitment and the maturation of inflammatory cells, a 
proinflammatory phenotype of the endothelium, characterized by the 
release of cytokines, is initiated [24]. To study if the blood endothelial 
cell chamber model can predict an immediate cytokine release after 4 h 
incubation, multiple cytokine analyses were performed (Figs. 7, 8 and 
Supplementary Data 1, Suppl. Fig. 2A-D). The proinflammatory stim-
ulus, LPS, was used as a positive control. Cetuximab, associated with low 
incidence of immediate CRS, was chosen as a negative control. Levels of 
the most distinctive cytokines, namely IFNγ, IL-2, TNFα and IL-6, are 
shown in Fig. 7A–D. Additionally, Fig. 7 represents normalized cytokine 
values as compared to the unstimulated condition, depicting indicative 
proinflammatory profiles for all the stimuli used in this study. 

At a concentration of 1 µg/mL, TGN1412 induced a significant 
cytokine release of IFNγ (Blood + EC: mean = 106.00 pg/mL, p-value =
0.0317; Blood: mean = 59.90 pg/mL, p-value = 0.0286), IL-2 (Blood +
EC: mean = 12.79 pg/mL, p-value = 0.0159; Blood: mean = 11.72 pg/ 
mL, p-value = 0.0286), TNFα (Blood + EC: mean = 21.84 pg/mL, p- 
value = 0.0317; Blood: mean = 17.95, p-value = 0.0286) and IL-6 
(Blood + EC: mean = 200.08 pg/mL, p-value = 0.4127, Blood: 14.95 
pg/mL, p-value = 0.0286) (Fig. 7A-D) in collected blood plasma 
compared to corresponding PBS condition. High normalized values of 
IFNγ and IL-2 (Fig. 8A) suggested a clear cytokine release with an 
adaptive cytokine profile, distinctive for this monoclonal antibody. A 
strong cytokine release with significantly increased levels of TNFα 
(Blood + EC: mean = 804.38 pg/mL, p-value = 0.0159; Blood: mean =
831.31 pg/mL, p-value = 0.0286), IL-6 (Blood + EC: mean = 2019.14 
pg/mL, p-value = 0.0159 ; Blood: mean = 896.85 pg/mL, p-value =
0.0286) and IL-1β (Blood + EC: mean = 74.23 pg/mL, p-value = 0.0159 
; Blood: mean = 74.46 pg/mL, p-value = 0.0286) (Fig. 7C-E) was 
induced by LPS at only 5 ng/mL. Coinciding with their highly upregu-
lated relative values (Fig. 8B), these three cytokines defined an innate 
cytokine response. Stimulation with 1 µg/mL alemtuzumab induced a 

Fig. 2. Coagulation cascade in human whole 
blood was activated in a time-dependent manner. 
Fresh human whole blood was incubated with PBS 
and LPS (5 ng/mL) in the presence (endothelial 
cells, Blood + EC) or absence (Blood) of HUVECs 
for 2 (A, n = 6) or 4 (B, n = 3–4) hours, respec-
tively. Plasma thrombin-antithrombin (TAT) 
complex formation was measured. While longer 
incubation time showed limited effect in unsti-
mulated condition, a significant (A) increase in 
coagulation activation was observed in LPS stim-
ulated blood. Unpaired t test was used to compare 
TAT levels induced after 2 and 4 h of incubation. 
**p < 0.01, (ns = not significant).   

Fig. 3. Coagulation cascade activation in the blood 
endothelial cell chamber model. Freshly drawn whole 
blood from healthy donors was incubated with PBS, 
TGN1412, LPS, alemtuzumab (ALM) or cetuximab 
(CET) in the presence (Blood + EC) or absence (Blood) 
of HUVECs for 4 h. A significant increase in coagula-
tion cascade activation was observed upon stimula-
tion with TGN1412, LPS and alemtuzumab (A, B) 
compared to PBS. Unpaired t test was used to compare 
TAT levels in stimulated conditions with respective 
unstimulated PBS condition (Blood + EC or Blood). 
*p < 0.05.   
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strong release of IFNγ (Blood + EC: mean = 7221.06 pg/mL, p-value =
0.0357; Blood: mean = 7991.11 pg/mL, p-value = 0.0571), TNFα 
(Blood + EC: mean = 706.00 pg/mL, p-value = 0.0357; Blood: mean =
763.75 pg/mL, p-value = 0.0571) and IL-6 (Blood + EC: mean = 534.27, 
p-value = 0.0357 ; Blood: mean = 91.00, p-value = 0.0571) (Fig. 7A, C- 
D), also shown by their normalized values (Fig. 8C). These cytokines 
were therefore proposed as an indicative proinflammatory profile with a 
mixed adaptive/innate cytokine profile. At a concentration of 10 µg/mL, 
Cetuximab, an antibody with known low incidence of infusion reactions 
[32,33], did not induce a cytokine release in the blood endothelial cell 
chamber (Figs. 7, 8D). 

When elucidating the role of endothelial cells, the presence of 
HUVECs showed limited effect on cytokine release compared to blood 
alone (Fig. 7). IL-6 was the only cytokine to display significantly higher 
levels in the presence of HUVECs in PBS (p-value = 0.0159), TGN (p- 
value = 0.0286) and LPS (p-value = 0.0286) conditions compared to 
blood (Fig. 7D). 

Altogether, the blood endothelial cell chamber model revealed 
stimulus-specific first infusion reaction profiles. Results are summarized 
in Table 1 and will be further discussed below. 

4. Discussion 

Therapeutic mAbs have become widely used as targeted therapies for 
cancer and autoimmune diseases [1]. Despite a number of advantages, 
severe adverse reactions have been associated with their usage [2,3] 
highlighting the necessity for careful safety evaluation. A clinically 
relevant in vitro model with high predictive value should incorporate all 
in vivo components, including involved cells, intact cascade systems, 
circulating antibodies, neutrophils and endothelial cells [11,19]. As 
presented in a survey by Finco et al. in 2014, cytokine release assays 
frequently utilised in the pharmaceutical industry, contracted research 
organisations or academia, apply therapeutic mAbs either in solution 
phase (serum, PBMC or anti-coagulated whole blood) or in solid phase 
(i.e. mAbs attached to plastic surface either in dry or wet phase, followed 
by incubation with PBMC) [25]. Furthermore, high density cultures of T 
cells or PBMCs were proven as an elegant strategy to simulate the 
“lymph node like” state, which could elicit a full T cell response and 
cytokine release [20]. It should be mentioned that the value of using 
complex model systems composed of unmanipulated human whole 
blood in combination with endothelial cells is appreciated for its 

Fig. 4. Representative immunohistochem-
ical detection of recruited CD3+ immune 
cells after 4 h incubation of unstimulated (A, 
PBS), TGN1412 (B, TGN, far right B panel 
shows high magnification area of the section 
in the middle panel marked with dotted 
line), LPS (C), alemtuzumab (D, ALM) or 
cetuximab (E, CET) stimulated HUVECs 
incubated with blood chambers. Left: 
Recruitment of CD3+ lymphocytes (green). 
Right: Recruitment of CD3+ lymphocytes 
(green), phalloidin (red) and DAPI (blue). 
Scale bar = 75 μm. (For interpretation of the 
references to colour in this figure legend, 
the reader is referred to the web version of 
this article.)   
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physiological relevance that more closely simulate the in vivo situation. 
Hereby, an in vitro whole blood assay [27] that incorporates freshly 

drawn human blood and primary human endothelial cells was under-
taken to investigate the immunomodulatory effects of mAbs, namely 
TGN1412, alemtuzumab (ALM, Lemtrada®) and cetuximab (CET, 
Erbitux®). TGN1412 was studied as this anti-CD28 superagonist 
induced a severe systemic inflammatory response in the recipients of a 
first-in-man Phase I clinical trial [2]. Immunosuppressive anti-CD52 
monoclonal antibody alemtuzumab was selected as a clinically used 
biological therapy for lymphocytic leukaemia and lymphoma, which can 
cause inflammatory side effects, including cytokine-mediated first 
infusion reactions [30,35]. Cetuximab, epidermal growth factor recep-
tor (EGFR) inhibitor for cancer treatment was used as a negative control 
due to its high tolerability and low incidence of hypersensitive responses 
[31–33]. Additionally, LPS was included as a known exogenous acti-
vator of mammalian and human cells and tissues [36], with a profound 
cytokine response [37] similar in some respects to that seen in TGN1412 
[2]. 

The sensitivity of this model is ensured by an open system 

venepuncture, which allows the use of a self-determined level of anti-
coagulants, herein set to 1 IU/mL for a 4 h incubation. The model takes 
advantage of an air bubble that creates a rotating blood flow in the 
chamber, hence keeping the blood in movement. A protective heparin 
conjugate layer on all blood contact surfaces prevents the clot formation, 
as well as it allows to elucidate blood activation triggered only by 
endothelial cells. This setup preserves the integrity of the cascade sys-
tems and permits the investigation of sensitive interactions between 
whole blood and endothelial cells [26,27]. As such, we believe it pro-
vides a relevant setup for studying the response to immunomodulatory 
drugs. 

Previous research in the blood endothelial cell chamber model 
showed that localised anticoagulant treatment, achieved by applying a 
surface bound layer of heparin conjugate, can be exploited to study the 
activation of the coagulation system [26]. To evaluate the potential of 
mAbs in eliciting a pro-thrombotic environment, TAT analysis was 
performed upon 4 h of stimulation. The incubation time was set at 4 h 
based on the lifespan of the assay and with the aim of capturing late 
inflammatory responses [38]. Indeed, LPS as the positive control 

Fig. 5. Representative immunohistochem-
ical detection of recruited CD14+CD16+

immune cells after 4 h incubation of unsti-
mulated (A, PBS), TGN1412 (B. TGN), LPS 
(C, far right C panel shows high magnifica-
tion area of section in the middle panel 
marked with dotted line), alemtuzumab (D, 
ALM) or cetuximab (E, CET) stimulated 
HUVECs incubated with blood chambers. 
Left: CD14+CD16+ monocytes (green). 
Right: CD14+CD16+ monocytes (green), 
phalloidin (red) and DAPI (blue). Scale bar 
= 75 μm. (For interpretation of the refer-
ences to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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exhibited a much stronger coagulation activation after 4 h, as opposed to 
only 2 h incubation. Hence, our model successfully reported LPS as a 
potent inducer of coagulation activation. Alemtuzumab exhibited a 
strong ability of eliciting a pro-thrombotic environment, which corre-
lated well with low blood platelet counts (Supplementary Data 1, Suppl. 
Fig. 1B) and clinical data, which associated abnormal coagulation pa-
rameters with this drug [35]. 

Prothrombotic environment stimulates the endothelium to adopt a 
pro-inflammatory status and upregulate adhesion molecules, which fa-
cilitates the activation and recruitment of inflammatory cells [24,39]. 
This phenomenon was investigated by immunofluorescence analyses of 
HUVECs after termination of the experiments. In the blood endothelial 
cell chamber model, TGN1412 as a superagonistic CD28-specific anti-
body, which leads to the proliferation of human CD4+ lymphocytes 
[40], induced a strong recruitment of CD3+ T cells to the endothelial cell 
surface. A strong recruitment of CD14+CD16+ monocytes upon LPS 
stimulation correlates well with published data, which shows that it 
stimulates monocytes by binding to their differentiation antigen, namely 
cell surface protein CD14 [36,41]. Alemtuzumab induced a significant 
drop in CD3+ cells recruited to the endothelial cells. In fact, this mAb 
binds to CD52-expressing cells (lymphocytes, monocytes, some den-
dritic cells and at low levels natural killer cells), leading to their lysis and 
depletion [42]. Rapid depletion of T cells is attributed to their high CD52 
expression levels [42,43], hence high susceptibility to alemtuzumab, 
which was also observed in significantly decreased white blood cell 
counts (Supplementary Data 1, Suppl. Fig. 1A). In line with the litera-
ture, increased levels of soluble intercellular adhesion molecule (sICAM- 
3) upon alemtuzumab treatment indicated complement dependent 
cytotoxicity as the mechanism of action, employed in this process 
(Supplementary Data 1, Suppl. Fig. 2C) [44]. To elaborate, ICAM-3 has 
previously been suggested as a phagocytic marker of apoptotic human 
leukocytes, involved in chemotaxis and tethering of macrophages, hence 
in mediating apoptotic cell clearance by the complement system 
[45,46]. 

In the blood endothelial cell chamber, TGN1412 induced a cytokine 
release with an adaptive cytokine profile (IL-2 and IFNγ), which 
mirrored high IL-2 and IFNγ levels in TGN1412 clinical trial volunteers 
[2]. Our model could therefore simulate the indicative TGN1412 
proinflammatory cytokine profile that many of the so far developed in 
vitro approaches failed to reproduce. More specifically, the severity of 
the adverse response to TGN1412 was previously correlated with the 
level of IL-2 release, indicating IL-2 as TGN1412-differentiating cytokine 
[15]. Indeed, when compared to other mAbs, TGN1412 induced the 
highest levels of IL-2 in our model, with its release being comparable to 

alternative whole blood cytokine release assays [10,11]. Alemtuzumab 
exhibited a clear cytokine response with a mixed adaptive/innate 
cytokine source, characterized by the release of INF-γ, TNFα and IL-6. 
This response constitutes a characteristic first-dose reaction and corre-
lates well with the literature [30,47]. LPS demonstrated a clear cytokine 
response with innate cytokine source, defined by TNFα, IL-6 and IL-1β 
[48]. As these cytokines are released by monocytes and/or macro-
phages, the profile was in line with the increased recruitment of 
CD14+CD16+ cells upon LPS exposure. Consistent with its low incidence 
of infusion reactions in patients [32] and previous pre-clinical studies 
[10,11], cetuximab did not induce a CRS profile. 

It is important to note that whole blood assays show greater sensi-
tivity to alemtuzumab-induced cytokine release, which is supposed to be 
triggered by the Fc portion of the mAb, while PBMC-based assays are 
more sensitive in predicting the cytokine response to anti-CD28 stimuli 
(e.g. TGN1412), where CRS is target mediated [8,14]. Accordingly, 
much higher absolute levels of certain cytokines (e.g. IFNγ), were 
detected upon exposure to alemtuzumab, as compared to TGN1412, 
even though they were both significantly upregulated in respective 
conditions. This discrepancy, attributed to their different mechanisms of 
action, was successfully discarded by normalizing absolute cytokine 
release levels towards respective unstimulated conditions, hence 
obtaining relative cytokine values. This process showed how cytokines, 
released at low concentrations, can have a very informative value when 
the background is removed, hence the effect of the stimulus is extracted 
and has also been suggested elsewhere [10]. Our model showed an effect 
in IL-6 expression in the unstimulated PBS condition of the Blood + EC 
setup (Fig. 7D). It should be mentioned that IL-6 expression in cultured 
endothelial cells is already high compared to circulating levels in 
humans and an increase is easily triggered by thrombin activation 
[49–51]. The IL-6 expression in the unstimulated condition thereby 
exerted an impact on relative values when comparing blood combined 
with endothelial cells with blood only (Fig. 8B). Since increased cyto-
kine expression in unstimulated condition can undermine the accuracy 
of the relative values, it is relevant to present the cytokine release pro-
files both ways. 

With respect to the cytokine release, our model exhibited high 
sensitivity, with comparable relative levels in whole blood and whole 
blood endothelial cell co-culture setup. Unlike in assays using PBMCs 
and in line with some previous studies, endothelial interface was not 
required for blood to respond to mAbs, thus confirming the advantage of 
whole blood pre-clinical assays, which include a full range of cell types, 
(auto) antibodies and cascade system factors [10]. Its incorporation, 
however, provides valuable data considering immune cell recruitment 

Fig. 6. Immune cell recruitment to the 
endothelium in response to monoclonal anti-
bodies and LPS. Fresh whole blood from 
healthy donors was incubated with PBS, 
TGN1412 (TGN), LPS, alemtuzumab (ALM) 
or cetuximab (CET) in the presence of 
HUVECs for 4 h. CD3+ lymphocytes (A) and 
CD14+CD16+ monocytes (B) present on 
either unstimulated or stimulated HUVECs 
after blood contact were quantified. Data 
shows immune cell numbers normalized 
against the unstimulated PBS condition. 
TGN1412 and LPS exhibit an increased 
recruitment of CD3+ cells, while a depletion 
is observed upon incubation with alemtuzu-
mab (A). LPS demonstrates strong stimula-
tory effect on CD14+CD16+ monocytes (B). 
Unpaired t test was used to compare the 
numbers of recruited CD3+ (A) or 
CD14+CD16+ (B) cells in stimulated condi-
tions with respective unstimulated PBS con-
dition. *p < 0.05, **p < 0.01.   
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and interactions, which underlines the added value of the blood endo-
thelial cell chamber model as a pre-clinical tool for mAbs in 
development. 

In conclusion, we have shown that the blood endothelial cell 
chamber model can, despite its complex biological heterogeneities, 

create reliable results upon secured unstimulated conditions. Incorpo-
ration of endothelial cells increases the complexity in comparison to 
other available whole blood models and enables the visualisation of 
immune cell interactions with the vasculature. The advantageous pres-
ence of the coagulation system increases the relevance of the presented 

Fig. 7. Proinflammatory cytokine release in the blood endothelial cell chamber model. Fresh whole blood from healthy donors was incubated with PBS, TGN1412, 
LPS, alemtuzumab (ALM) or cetuximab (CET) in the presence (Blood + EC) or absence (Blood) of HUVECs for 4 h. Plasma levels of IL-2 (A), IFNγ (B), TNFα (C), IL-6 
(D) and IL-1β (E) after 4 h stimulation are shown (n = 3–5). Unpaired t test was used to compare the cytokine levels in stimulated conditions with respective (Blood +
EC or Blood) unstimulated PBS, as well as whole blood with endothelial cell co-culture (Blood + EC) and whole blood (Blood) setups within the same stimulated 
condition. *p < 0.05. 
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system, making it an important tool for evaluating the risk for CRS in 
therapeutic mAbs. 
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Brina Stančič: Data curation, Formal analysis, Methodology, Vali-
dation, Writing - original draft, Writing - review & editing. Bodil 
Qvarfordt: Methodology, Formal analysis. Magnus M. Berglund: 
Conceptualization. Nina Brenden: Conceptualization. Mona Sydow 
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Fig. 8. Proinflammatory cytokine profiles of TGN1412, LPS, alemtuzumab and cetuximab in human blood plasma. Freshly acquired whole blood was incubated with 
PBS, TGN1412, LPS, alemtuzumab or cetuximab in the presence (Blood + EC) or absence (Blood) of HUVECs for 4 h. All panels show normalized cytokine levels 
compared to the unstimulated PBS condition (n = 3–5). Unpaired t test was used to compare the cytokine levels in stimulated conditions with respective (Blood + EC 
or Blood) unstimulated PBS condition. *p < 0.05. 

Table 1 
Principal proinflammatory cytokines, immune cell recruitment and activation of 
the coagulation system by the investigated antibodies and LPS.  

TGN1412 Alemtuzumab Cetuximab LPS 

Cytokines: 
IL-2, IFNγ 

Cytokines: 
IFNγ, IL-6, 
TNFα 

Cytokines: 
/ 

Cytokines: 
IL-1β, TNFα, IL-6 

IC recruitment: 
CD3+

IC recruitment: 
Absent 

IC 
recruitment: 
Absent 

IC recruitment: 
CD3+ and 
CD14+CD16+

Coagulation 
system: 
+

+++ / ++

Bold font: stimulus-specific reaction. 
Scoring system: weak upregulation (+), moderate upregulation (++), strong 
upregulation (+++), weak reduction (− ), moderate reduction (− − ), no effect 
(/). IC = immune cell. 
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