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Introduction

Summary

The precise biological mechanisms that caused the TGN1412 clinical trial
tragedy (also known as ‘The Elephant Man Clinical Trial’) in March 2006
remain a mystery to this day. It is assumed widely that the drug used in this
trial (TGN1412) bound to CD28 on T lymphocytes and following activation
of these cells, a massive ‘cytokine storm’ ensued, leading ultimately to multi-
organ failure in all recipients. The rapidity of this in vivo response (within
2 h), however, does not fit well with a classical T lymphocyte response, sug-
gesting that other ‘faster-acting’ cell types may have been involved. In this
study we have activated purified human peripheral blood leucocyte popula-
tions using various clones of mouse monoclonal anti-CD28 presented to cells
in the form of a multimeric array. Cytokines were measured in cell-free super-
natants at 2 h, and specific mRNA for tumour necrosis factor (TNF)-a,
thought to be the initiator of the cytokine storm, was also measured in cell
lysates by reverse transcription—polymerase chain reaction (RT-PCR).
Monocytes were the only cell type found to show significant (P < 0-05)
up-regulation of TNF-o at 2 h. Eleven other monocyte cytokines were also
up-regulated by anti-CD28 within this time-frame. It therefore seems likely
that monocytes and not T cells, as widely believed, were probably responsible,
at least in part, for initiating the cytokine storm. Furthermore, we propose
that a multimeric antibody array may have formed in vivo on the vascular
endothelium via an interaction between TGN1412 and CD64 (FcyRI), and we
provide some evidence in support of this hypothesis.
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in direct cell activation, i.e. a ‘superagonistic’ effect
[2,3].

In March 2006, eight healthy male volunteers took part in a
Phase 1 clinical trial at Northwick Park Hospital, London.
The drug under study, TGN1412, was a humanized (IgG4x)
monoclonal antibody specific for CD28; an important sig-
nalling molecule regarded widely as T cell-specific. Preclini-
cal testing, both in vitro and in vivo, predicted that this
antibody would stimulate the release of anti-inflammatory
cytokines and expand regulatory T cells (T.). For this
reason TGN1412 was thought to have potential therapeutic
value in the treatment of various autoimmune disorders and
chronic lymphocytic leukaemia [1].

Unlike conventional anti-CD28 mouse monoclonal anti-
bodies, TGN1412 binds to a particular domain (C”D loop)
close to the T cell membrane and appears to bypass the
usual requirement for co-stimulatory signals and results
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The clinical trial proved to be a disaster, with all six recipi-
ents of TGN1412 developing symptoms rapidly consistent
with an acute systemic inflammatory response [4]. Two
recipients of placebo were unaffected. It was concluded ret-
rospectively that intravenous infusion of TG1412 had trig-
gered a ‘cytokine storm’ initiated by the rapid release (within
1-2 h) of tumour necrosis factor (TNF)-o. [4].

Following an official investigation [5], studies to deter-
mine causality reported that addition of TGN1412 in sus-
pension over a wide range of concentrations to whole
human blood or to isolated peripheral blood mononuclear
cells (PBMCs) in vitro did not result in T cell activation, nor
did it stimulate production of proinflammatory cytokines,
including TNF-a. [6]. Only when peripheral blood mono-
nuclear cells (PBMCs) were exposed to TGN1412 that had
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been immobilized (‘dry-linked’) onto a plastic surface, or
alternatively bound indirectly via an anti-human immuno-
globulin G (IgG)-Fc region capture method, was there T cell
activation and production of proinflammatory cytokines;
but even then, only within 16-24 h [6]. TGN1412 therefore
appears to be partly effective only when presented to cells in
the form of a multimeric array (MMA). Precisely how such
an array could form in vivo is not known.

The cell type(s) involved in triggering the inflammatory
response in this trial have not been defined clearly. Because
CD28 is found predominantly on the surface of T cells it has
been assumed widely that these cells were the main target for
TGN1412 and the source of proinflammatory cytokines.
However, the swift onset of clinical symptoms and rapid rise
in plasma cytokine levels, in particular TNF-o, has cast
doubt on the central role of T cells, known to respond rela-
tively slowly to a foreign stimulus [7]. It has been proposed,
therefore, that other cell types may have been involved in the
initiation of the cytokine storm [7]. Monocytes and granu-
locytes, for example, are known to synthesize many cytokines
actively, including TNF-o, and granulocytes have been
shown to have preformed stores of many cytokines, thus
allowing for rapid responses [8—11].

The aims of this study, therefore, were to answer the fol-
lowing questions.

1. Which cell type(s), interacting with anti-CD28 in the
form of a multimeric array, was responsible for the rapid
release of TNF-o thereby initiating the cytokine storm?

2. How could TGN1412 possibly form an immunostimula-
tory multimeric array in vivo?

To answer these questions we developed an in vitro model
system using purified human peripheral blood lymphocytes,
granulocytes and monocytes that were incubated for 2 h
with anti-CD28 antibody linked to plastic. Furthermore, we
added anti-CD28 opsonized leucocytes to a substrate of
human vascular endothelial cells in an attempt to cross-link
CD28 in a more natural system. In order to achieve this, we
used one superagonist anti-CD28 (clone ANC28.1) that
behaves in an identical manner to TGN1412 in vitro [12],
and for comparison we used two non-superagonistic murine
anti-CD28 clones (204.12 and 1.293).

Materials and methods

Isolation of human peripheral blood leucocytes

Mononuclear cells (lymphocytes + monocytes). Whole hep-
arinized blood was obtained, with signed informed ethical
consent (Greater Glasgow and Clyde NHS West Ethics Com-
mittee — Ref. no. 09/S0709/16), from 10 healthy subjects: four
male and six female (mean age =40) years. Mononuclear
cells were isolated using a standard lymphoprep method
and suspended in Iscove’s Dulbecco’s modified medium
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(IDMM) + L-glutamine, +25 mm HEPES (Gisco BRL, Invit-
rogen, Paisley, Scotland, UK) culture medium supplemented
with 20% heat-inactivated (56°C for 30 min) fetal calf serum
(I+S medium) at a final concentration of 5 x 10° cells/ml.
Cells were then added to plastic tissue culture plates (Falcon
24-well plates) using 1 ml/well and incubated at 37°C for 2 h
in 5% CO,. Non-adherent cells (lymphocytes) were washed
free (observed using an inverted microscope) leaving adher-
ent cells (monocytes) attached to plastic. The purity of the
lymphocyte preparations (97-100%) was confirmed by flow
cytometry immunophenotyping [Becton-Dickinson fluo-
rescence activated cell sorter (FACScalibur, Becton Dickin-
son (UK) Ltd, Oxford, England, UK)]. Cell surface and
cytoplasmic staining was conducted as described previously
[13]. The following antibodies were used for phenotyping:
from Dako Ltd (Cambridgeshire, UK), Dual-Tag CD45-
fluorescein  isothiocyanate (FITC)/CD14-RPE, FITC-
conjugated anti-CD66abce (clone Kat4c) and CD70 (clone
HNE.51); from Caltag Medsystems (Towcester, UK), FITC-
conjugated anti-CD4 (clone $3-5), CD16 (clone 3G8), CD27
(clone CLB27/1), CD28 (clone 15E8), CD64 (clone 10.1),
CD80 (clone MEM 233), CD86 (clone BU63) and major
histocompatibility complex (MHC) class II(DR) (clone
TU36); from BD Pharmingen UK (Oxford, UK), FITC-anti-
CD152 (clone BN13); and from Serotec (Oxford, UK), FITC-
anti-CD32 (clone AT10).

Granulocyte preparations were contaminated by a small
proportion of mononuclear cells consisting of a mixture of
monocytes, T cells, B cells and natural killer (NK) cells.
Peripheral blood lymphocyte preparations were virtually
100% pure. Monocytes were adherent to plastic and all non-
adherent lymphocytes were removed by extensive washings.
Purity (> 97%) was confirmed by morphological appearance
[haematoxylin and eosin (H&E) stain] and by immuno-
cytochemistry, using anti-CD14 as a marker.

Appropriate mouse IgG isotype controls obtained from
the same manufacturers were used to set background
thresholds.

Granulocytes. Granulocytes were recovered from the bottom
of lymphoprep gradients using a standard dextran sedimen-
tation protocol [13]. Contaminating erythrocytes were
removed by hypotonic lysis. Granulocytes were 97% pure, as
confirmed by immunophenotyping using a monoclonal
antibody specific for CD66abce (Dako Ltd).

Activation of leucocytes by cross-linking (X-L) cell
surface CD28

This method was conducted as described by Woerly et al.
[14]. Wells of Falcon (24-well) plastic plates were pretreated
with 125l goat F(ab’), anti-mouse IgG at 40 pg/ml in
phosphate-buffered saline (PBS) (GAM; AbD Serotec,
Oxford, UK) for 2 h at 37°C, and following two washes in
PBS were treated with mouse monoclonal [anti-CD28 —
clone 204.12 from Caltag Medsystems or ANC28.1/5D10
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from Axxora (UK) Ltd, Nottingham, UK] at 10 pg/ml PBS
for a further 2 h at 37°C and washed twice in PBS prior to
addition of cells in I + S culture medium. Granulocytes and
lymphocytes were added at a concentration of 2 x 10° cells/
well in 1 ml medium. For monocytes, the PBMCs were
added at 5 x 10%well and following incubation (37°C/2 h),
free cells (lymphocytes) were removed by repeated washings,
leaving only adherent monocytes (confirmed by morpho-
logical observation using an inverted microscope) attached
to the plastic surface.

Flow cytometry dot-plots of forward- versus side-scatter
also confirmed that cells recovered from plastic plates were
depleted of all monocytes. Cells incubated on plastic alone
(presaturated at 37°C/2 h with I+ S medium alone) were
used to provide a negative control for wells coated with
anti-CD28. Furthermore, wells coated with goat anti-mouse
IgG (GAM) alone, or GAM + mouse IgG1 or IgG2a (Sigma;
mouse myeloma protein at 100 pg/ml) in place of specific
anti-CD28 monoclonal antibodies, provided additional
negative controls. Following incubation on a plastic surface
at 37°C in 5% CO,, cells (granulocytes or lymphocytes) were
removed by repeated washings and processed for flow
cytometry. Cell surface expression of CD28 and CD66 was
measured relative to time zero control. Similarly, mRNA
specific for CD28 and TNF-o was quantified by reverse
transcription—polymerase  chain  reaction (RT-PCR).
Cytospin preparations of these cells were stained with hae-
matoxylin and eosin (H&E) for morphology studies and for
fluorescence microscopy using FITC-anti-CD66 or FITC-
anti-CD28. Sections were mounted in Vectashield mounting
medium (Vector Laboratories, Peterborough, UK) supple-
mented with 4’,6-diamidino-2-phenylindole (DAPI; 0-2 mg/
ml) and the coverslips sealed with nail varnish. Cells were
then inspected using an Olympus IX51 inverted fluorescence
microscope at a magnification of X600.

Adherent monocytes were treated directly with Trizol and
RNA extracted as described. Supernatants from these cell
cultures were retained and centrifuged at 400 g for 5 min (to
remove any cells) and the level of soluble TNF-ot measured
by enzyme-linked immunosorbent assay (ELISA).

Multiplex cytokine assay

The concentrations of mediators were quantified simulta-
neously using a sensitive cytokine thirty-plex antibody bead
kit (lot no. 497124) from Invitrogen Ltd (Paisley, UK). This is
a validated kit with sensitivity levels available online on the
kit information sheet (catalogue no LHC6003). The assay
was a standard Luminex fluoroimmunoassay, and activity
was measured by Bio-Plex System platform (Bio-Rad Labo-
ratories Ltd, Hemel Hempstead, UK). Samples were tested in
duplicate and concentrations were calculated by interpola-
tion into a standard curve of known values using National
Institute for Biological Standards and Control (NIBSC) cali-
bration standards.
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Mediators were subdivided broadly into four groups
based on the known functions of these molecules.

* Proinflammatory: interleukin ~ (IL)-1fB, IL-5, IL-6,
IL-12p40/70, IL-13, IL-15, IL-17, TNF-a, interferon
(IFN)-y.

* Regulatory: IL-1RA, IL-2R, IL-4, IL-10, IFN-c.

+ Chemokines: IL-8(CXCL8), macrophage inflammatory
protein (MIP)-10i(CCL3), MIP-1B(CXCL4L1), IFN-y-
induced protein (IP)-10(CXCL10), monokine induced by
IFN-y (MIG)(CXCL9), eotaxin(CCL11), regulated upon
activation normal T cell expressed and secreted
(RANTES)(CCL5), monocyte chemoattractant protein
(MCP)-1(CCL2).

+ Growth factors: IL-2, IL-7, vascular endothelial growth
factor  (VEGF), granulocyte—-macrophage colony-
stimulating factor (GM-CSF), G-CSE EGE fibroblast
growth factor (FGF)-basic and hepatocyte growth factor
(HGF).

Standard ELISA

ELISA for TNF-a. protein in cell-free supernatants was per-
formed using Biosource human TNF-o CytoSet™ according
to the manufacturer’s instructions. Samples were added in
duplicate and optical densities were compared to a standard
curve produced from recombinant human TNF-a. to obtain
protein concentrations.

Detection of mRNA by quantitative RT-PCR

Design of primers. Primer sequences (sense and anti-sense)
were designed using the Universal Probe library assay
designer on the Roche Applied Science website.

Primer sequences used in this study were as follows:

Specific mRNA  Primer Sequence Probe

Housekeeping ~ Sense ATTGGCAATGAGCGGTTC 11

beta-actin Reverse GGATGCCACAGGACTCCAT

TNF-o Sense CAGCCTCTTCTCCTTCCTGAT 29
Reverse GCCAGAGGGCTGATTAGAGA

CD28 exon 3 Sense ATTTCCCGGACCTTCTAAGC 28
Reverse CTATAGCAAGCCAGGACTCCA

Extraction of RNA and production of ¢cDNA. RNA was
extracted from purified leucocytes using a standard protocol.
Cells were lysed in 1 ml Trizol (containing phenol; Sigma)
and stored at —80°C until required. RNA was extracted using
chloroform followed by chloroform/phenol (pH6:6) extrac-
tion and precipitation with isopropanol at —20°C. The dried
nucleic acids were resuspended in molecular grade water.
DNA was removed from the samples using DNA-free kit
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(Ambion, Warrington, England, UK), and the RNA concen-
tration quantified using NanoDrop. cDNA was synthesized
in 20 pl reactions from 1 pg RNA using transcriptor reverse
transcriptase (Roche Applied Science, West Sussex, England,
UK), 1 ug random primers (Invitrogen), 10 mm deoxyribo-
nucleotide triphosphate (dANTPs) (Invitrogen Ltd, Paisley,
Scotland, UK), RNase OUT (Invitrogen) and 0-6 pl dimeth-
ylsulphoxide (DMSO) (Sigma). cDNA was stored at —20°C
until required for RT-PCR assay.

RT-PCR assay. RT-PCR was performed using a standard
Roche Universal probe library assay. In each well, 1 ul of
c¢DNA was added to 1 ul of each primer (7-2 UM, sense and
reverse), 1 [l of corresponding probe (2 um), 10 pl of Roche
Tagq LC480 mastermix and water to 20 pl. Sealed plates were
placed in a Roche Light Cycler. Results for the expression of
each gene were reported as percentage of beta-actin. Nega-
tive controls were included where no enzyme (RT) was
added.

Human umbilical vein endothelial cells (HUVECs)

HUVECs were obtained from Lonza Pharmaceuticals (Basel,
Switzerland) and cultured according to the manufacturer’s
instructions. These cells were pooled originally from 10
donors.

Granulocytes and PBMCs were incubated separately with
HUVECs adherent to 12-well tissue plastic culture plates
(Costar®) at 37°C for 2h and 18 h. Untreated cells were
compared with cells preincubated with mouse monoclonal
anti-CD28 (clone 204.12) or with an appropriate isotype
control (mouse IgG2a) at the same concentration. Superna-
tants were collected for cytokine analysis.

We chose clone 204.12 for these experiments because it is
an 1gG2a class murine antibody, and would bind to human
CD64 much more effectively than the mouse IgGl class
ANC28.1.

Human CD64 binds human IgG3>IgG1>IgG4>>>1gG2
Human CD64 binds murine IgG3>IgG2a>>>IgGl, IgG2b
http://www.sciencegateway.org/resources/prow/guide/
1336793022_g.htm

Statistical analysis

For the purposes of this study, a non-parametric Wilcoxon’s
two-sample test was used in all comparisons, with a P-value
of < 0-05 regarded as significant. In the multiplex assay the
level of each cytokine was analysed separately relative to the
control values. A cytokine was considered to be up-regulated
significantly when the test value was elevated relative to the
appropriate isotype control value. The level of significance
was set at P < 0-05; no correction was made for multiple
testing.

© 2010 The Authors
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Results

Cross-linking leucocyte CD28 induces cytokine release

Highly purified (>98%) lymphocytes, granulocytes and
monocytes were isolated and incubated separately at 37°C
for 2h with mouse monoclonal anti-CD28 (clones
ANC28.1,1.293 and 202.12) bound to tissue-culture wells as
described in Methods. Thirty mediators were measured in
cell-free supernatants using a multiplex assay.

Monocytes showed significantly elevated levels of TNF-c,
IL-1B, IL-17, IL-2R and MIP-1o (CCL3) within 2 h relative
to background isotype control values with all three clones of
anti-CD28 (Table 1). In addition, clones ANC28.1 ‘superago-
nist’ and L293 both up-regulated monocyte IL-8(CXCLS8)
and clone ANC28.1 up-regulated monocyte IL-4, IL-6 and
MIP-1f, while clone L293 additionally up-regulated IL-12,
IL-15 and RANTES(CCLS5). Taken together, a total of 12 of
22 proinflammatory or regulatory cytokines or chemokines
were up-regulated by monocytes in response to an anti-
CD28 stimulus within 2 h. No significant increase in any of
the eight growth factors measured was observed — see
Supplementary Table Sla.

In parallel experiments using highly purified lymphocytes
or granulocyes from the same donors no significant
up-regulation of any of the 30 mediators tested was observed
— see Supplementary Table S1b,c. Furthermore, in some
experiments we used PBMCs and peripheral blood leucocytes
(PBL) in parallel from the same donors, and it was evident
that cytokines were produced from PBMCs but not from
purified PBL (data not shown). The increase in cytokine levels
relative to control antibody treatment and the difference
between cytokine levels produced by PBMC and monocyte-
depleted PBL make it unlikely that any preactivation during
monocyte preparation could explain the differences seen.

To validate the multiplex TNF-a results, this experiment
was repeated and the TNF-o protein and mRNA was mea-
sured in parallel by ELISA and RT-PCR. As shown in
Table 2, significant up-regulation of TNF-q, protein and
mRNA was observed only with monocytes.

Monocytes therefore appear to have the capacity to
actively synthesize TNF-a in vitro at equivalent concentra-
tions and within a similar 2-h time-frame of the clinical trial,
the only caveat being that anti-CD28 had to be presented to
these cells in the form of a multimeric array.

If monocytes express very low levels of cell surface CD28
this may be sufficient to achieve cross-linking when pre-
sented to anti-CD28 in the form of a multimeric array and
may also explain why anti-CD28, when added to cells in
suspension, fails to elicit a cytokine response in vitro, i.e.
insufficient densities for cross-linking to occur [6].

For this reason we therefore conducted flow cytometric
analysis to determine whether or not monocytes have CD28
on the cell surface. Furthermore, we also looked for evidence
for intracellular expression of CD28, the rationale being that
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Table 1. Cytokines produced by monocytes (from 1 x 10° cells) following cross-linking (X-L) of CD28 at 37°C for 2 h.

Monoclonal ANC 28.1

superagonist Monoclonal L293 Monoclonal 204.12
n=4 n=3 n=4
Group Control X-L CD28 Control X-L CD28 Control X-L CD28
1. Proinflammatory
TNEF-o 68 = 22 276 = 94 40 =13 120 £ 56 187 * 54 438 *+ 86
IL-18 29 £ 10 82 28 202 63 £ 13 51 17 349 * 102
IL-17 6*6 46 £ 21 60 *+ 18 84*4 5+x4 157
IL-6 5815 120 £ 43 54 = 20 99 = 30 553 £ 179 917 £ 188
IL-12 97 £22 146 * 34 29 X 16 82 28 103 £ 20 125 £ 16
IL-15 0 0 16 £2 302 0 0
2. Regulatory
IL-2R 63 = 22 145 £ 56 95 * 38 224 * 80 194 £ 52 345 * 58
IL-4 7/ 35 5 23*13 5*0 9*4 146 185
3. Chemokines
MIP-1 o 386 * 110 1119 * 297 445 * 162 1561 * 624 1969 * 693 5976 * 2061
CCL3
IL-8 1723 * 588 4455 * 1300 1662 * 648 7218 % 3031 3814 * 2061 4889 * 1876
CXCL
MIP-1B 503 * 125 1079 * 306 545 *+ 198 996 * 360 1986 + 611 3612 * 867
CCL4L1
RANTES 553 = 154 1083 * 448 151 * 32 329 77 244 * 114 275 * 89
CCL5

Three clones of anti-CD28 were compared. Clone ANC28.1 is a known ‘superagonist’ while the others are not. Values are shown in pg/ml for the
number of experiments shown (#). Values significantly (P < 0-05: Wilcoxon’s two-sample test) elevated relative to controls are shown in bold type and
shaded. Note: Although 30 cytokines were tested, this table shows those only that were elevated significantly by anti-CD28 relative to the isotype control.
Data for all 30 monocyte derived cytokines are shown in Supplementary Table Sla—c. Highly purified lymphocytes and granulocytes from the same
donors were tested in parallel and these data are shown in Supplementary Tables S2 and S3. Apart from lymphocyte interleukin (IL)-1B, with clone
204.12, no significant up-regulation of any of the 30 cytokines tested was found with these cells following cross-linking of CD28. TNF: tumour necrosis
factor; MIP: macrophage inflammatory protein; RANTES: regulated upon activation normal T cell expressed and secreted.

rapid translocation from cryptic ‘intracellular stores’ onto
the cell surface, following cell activation, could amplify the
opportunity for binding of anti-CD28 and consequently
boost cytokine synthesis.

Detection of leucocyte cell surface and cytoplasmic
CD28 by flow cytometry and by fluorescence
microscopy

CD28 was detected by flow cytometry before and after fixa-
tion and permeabilization of human peripheral blood leu-

cocytes, obtained from 10 healthy donors, to demonstrate
surface and cytoplasmic expression, respectively. The pres-
ence of cytoplasmic CD28 was demonstrated by a significant
increase in net mean fluorescence intensity (MFI) following
permeabilization relative to the net surface MFI.

From flow cytometry dot-plots of cell size versus granu-
larity, lymphocytes, monocytes and granulocytes were gated
as regions 1, 2 and 3, respectively (R1-R3) (Fig. 1).

Mononuclear cells. CD28 was detected by flow cytometry
using FITC-conjugated antibody (clone 15E8), as illus-

Table 2. Up-regulation of tumour necrosis factor (TNF)-o. by anti-CD28: comparison of protein and mRNA.

Lymphocytes Monocytes Granulocytes
Control X-L CD28 Control X-L CD28 Control X-L CD28
TNE-a protein (pg/ml) 210 * 38 606 * 209 3100 x£ 700 6560 * 1115 190 = 70 255+ 90
TNF-o mRNA (%actin) 34 *08 52*10 9:5 %09 225+ 14 0-6 =03 1-4 = 02

Mean * standard error of the mean for four experiments shown. Cells were incubated on a multimeric array (MMA) of anti-CD28 (clone 204.12)
as described in Methods at 37°C for 2 h. TNF-o. was measured in cell-free supernatants, using a standard immunoperoxidase enzyme-linked immun-
osorbent assay (ELISA). Number of cells = 5 X 10°. mRNA specific for TNF-0. was measured, relative to actin, by quantitative reverse transcription—
polymerase chain reaction (RT-PCR). Controls: anti-CD28 was replaced with an isotype control antibody (mouse immunoglobulin G2a at 10 ug/ml)
to provide background control values. Values significantly elevated relative to the background control are shaded and shown in bold type. Wilcoxon
two-sample paired test (P < 0-05). Note: Although lymphocytes did appear to show some up-regulation of TNF-o. protein as measured using the
standard ELISA protocol, it was the monocytes that were the main source of this cytokine at 2 h and were the only cell type to show up-regulation of
specific TNF-o. mRNA.
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Fig. 1. Demonstration of surface and cytoplasmic staining for CD28 by flow cytometry. Typical examples are shown as histogram overlays with an
appropriate isotype control (shown as a grey infill) used to provide background values. (a) Dot-plot of forward-scatter (cell size) versus side-scatter
(granularity) showing lymphocytes gated as region 1 (R1). The histogram overlay shows that CD28 was expressed on a distinct subpopulation of
lymphocytes as indicated by the arrow i.e. T cells. (b) Dot-plot of forward- versus side-scatter showing monocytes gated as region 2 (R2). (¢c)
Dot-plot of forward- versus side-scatter showing neutrophils gated as region 3 (R3). Cytoplasmic staining: cell surface staining (solid line) of viable
cells was compared to staining following fixation and permeabilization of cells (dotted line). These experiments were conducted on leucocytes
obtained from 10 healthy donors. Net mean fluorescence intensity (MFI) are shown below. A significant (Wilcoxon two-sample test) increase in net
MFI following fixation and permeabilization, relative to surface values, indicates the presence of cytoplasmic ‘stores’ of CD28. Inspection of
permeabilized granulocytes, showing distinctive polymorphonuclear morphology, by fluorescence microscopy confirmed that cytoplasmic CD28
(green) was confined to granules. Nuclear staining (blue) was demonstrated using 4’,6-diamidino-2-phenylindole (DAPI). No significant ‘stores’
were detected within T cells or monocytes. Data obtained from 10 healthy donors are shown below. Average MFI = standard error of the mean

shown.

CD28 net MFI for 10 donors Lymphocytes (T cells) Monocytes Granulocytes

Control (surface) 292 £ 52 6+ 12 73+ 12

Fixed & Permeabilized (cytoplasmic) 14-1 = 34 9+ 19 153 *+ 37
P<0-05

trated in the parallel histograms shown in Fig. 1. In agree-
ment with the published literature, a distinct lymphocyte
subpopulation expressing CD28 was identified in all 10
healthy donors with an average net MFI value [+ standard
error of the mean (s.e.m.)] of 29-2 * 5-2, range 9-57. In
contrast, monocytes (R2) showed very weak surface expres-
sion of CD28 (net MFI =6 * 1-2, range 2-13). Following
cell permeabilization, no significant increase in CD28 stain-
ing was observed, either by flow cytometry or by fluores-
cence microscopy, suggesting that mononuclear cells do

© 2010 The Authors

not appear to have cytoplasmic stores of CD28 (see
Fig. 1a and b).

Granulocytes. Granulocytes were gated as region 3 (R3), as
shown in Fig. 1c. These cells also showed very weak surface
staining for CD28, with an average net MFI of 7-3 * 1:2,
range 5-31. Following fixation and permeabilization of
granulocytes, a significant increase in CD28 detection was
observed (net MFI =153 * 37, range 35-425, P < 0-05) (see
Fig. 1c). Visualization by fluorescence microscopy confirmed
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Fig. 2. Effect of cross-linking (X—L) CD28 on cell surface expression of CD28. (a) Flow cytometry dot-plots of forward-scatter (cell size) versus log

fluorescence [fluorescein isothiocyanate (FITC)-anti CD28, clonel5E8] shows baseline values for lymphocytes and neutrophils. CD28 was detected

on a distinct subpopulation of cells (T cells) as indicated by the population appearing above the dotted line with a mean fluorescence intensity

(MFI) of 45. In contrast, all neutrophils in this example showed very weak surface staining for CD28 (MFI = 22). (b) Flow cytometry dot-plots of
forward-scatter (cell size) versus log fluorescence (FITC-anti CD28, clone 15E8) shows the effect of cross-linking CD28 at 37°C for 1 h. No change
was observed in the MFI for CD28 on the surface of T cells. There was a striking increase, however, in surface staining for CD28 on all neutrophils

(MFI=75). (c) Cells visualized by fluorescence microscopy using FITC-anti-CD28 (green) and counterstained with 4’,6-diamidino-2-phenylindole

(DAPI) (blue). Lymphocytes show surface staining for CD28 in a continuous ring pattern. This was not altered by cross-linking CD28. In contrast,

CD28 was not visible by fluorescence microscopy on the surface of control neutrophils but following cross-linking of CD28 at 37°C for 1 h, CD28

was clearly visible in the form of large heterogeneous clusters on the cell surface.

that CD28 was located within neutrophil cytoplasmic gran-
ules (Fig. 1, panel).

This observation of cytoplasmic CD28 within granulo-
cytes was unexpected, as CD28 is regarded as T cell-specific,
and for this reason was investigated further.

Following cross-linking of CD28, granulocytes showed a
rapid translocation of cytoplasmic CD28 onto the cell
surface in the form of large heterogeneous clusters. This
was not observed with lymphocytes from the same donors
(Fig. 2). Kinetic studies showed that increased surface
expression of CD28 occurred rapidly and was accompanied
by increased surface expression of the granulocyte acti-
vation marker CD66 (Fig.3). Granulocyte activation,
induced by CD28 cross-linking, was also noted to produce
a striking change in neutrophil nuclear morphology,
known as the pseudo-Pelger—Huét anomaly, which mani-
fests as a reduction in the number of nuclear lobes (Fig. 4).
These in vitro observations are important, because this
nuclear anomaly was observed in all recipients of TGN1412
[4].

These anti-CD28-activated granulocytes were also shown
to significantly up-regulate mRNA specific for CD28 by 18 h,
thus providing further evidence that these cells express con-
stitutively and have the capacity to synthesize CD28
(Table S1).
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Although these observations are of interest with regard to
the complex role of CD28 within the immune system, it is
clear that neutrophils do not either release or synthesize
TNF-q, or any other of the 30 cytokines tested, within 2 h

CDe66 CD28
300071 _&_ Control 601 o Control
-u- X-L CD28 -=- X-L CD28
2000
MFI
1000 +
0

Oh 1h 2h 3h 4h ° Oh 1h 2h 3h 4h
Incubation at 37°C (time)
Fig. 3. The effect of cross-linking (X-L) granulocyte CD28 on surface
expression of CD66 and CD28: kinetic studies. Purified granulocytes
were incubated on a multimeric array of anti-CD28 (clone 204.12) or
mouse IgG1 antibody as a control, at 37°C for various time-intervals
prior to measurement of cell surface CD66 (clone Kat4c) and CD28
(clone 15E8) by flow cytometry using fluorescein isothiocyanate
(FITC)-conjugated antibodies. Results are shown as the mean
fluorescence intensity (MFI). Mean * standard error of the mean of
three experiments.
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Fig. 4. The effect of cross-linking (X-L) CD28 using a multimeric array (clone 204.12) on neutrophil granulocyte nuclear morphology. Cells were

incubated at 37°C for 1 h on a multimeric array of anti-CD28 (or isotype control immunoglobulin G) as described in Methods prior to flow

cytometry or morphological inspection using cytospin preparations of cells. (a) Dot-plot of forward- versus side-scatter (cell size versus granularity)

showing control neutrophils and a haematoxylin and eosin (H&E)-stained cytospin preparation of neutrophils showing the characteristic

multi-lobed structure of the nucleus. The bar chart shows counts performed on 300 cells showing that the vast majority of control neutrophils have

three or four lobes. (b) Cross-linking of neutrophil CD28 produces a reduction in side-scatter (granularity) and a reduction in nuclear lobes with

the vast majority of cells (76%) now showing one or two lobes. This is known as the pseudo-Pelger—Huét anomaly that was observed in all six

recipients of TGN1412 [4].

(see Table 1c). For this reason it seems highly unlikely that
activated neutrophils play a direct role in the TGN1412
response, but it reinforces the view that a cell expressing very
low levels of surface CD28 can indeed be activated by anti-
CD28 as long as it is in the form of a multimeric array.

This raises the crucial question: how could such a multi-
meric array form in vivo? It has been implied that TGN1412
may have interacted in some way with vascular endothelial
cells to form a multimeric array in vivo but no mechanism
was proposed for this interaction [6]. We therefore consid-
ered the possibility that TGN1412 (a humanized 1gG4 class
antibody) may bind to CD64 (high-affinity FcyRI) expressed
on vascular endothelial cells.

Demonstration of CD64 (FcyRI) on HUVECs

CD64 was demonstrated on the surface of HUVECs by
immunofluorescence being distributed on the cell surface in
the form of small homogeneous clusters (Fig.5b). This
experiment was repeated on three separate occasions.
Similar results were obtained.

Enhanced binding of anti-CD28 opsonized PBMCs
to HUVECs

PBMC that had been pre-opsonized at 4°C for 1 h with
anti-CD28 or with an appropriate isotype control antibody
at the same concentration were incubated with HUVECs
adherent to plastic tissue culture wells. Binding of control

© 2010 The Authors

PBMCs to HUVECs was observed by 18 h (Fig. 5¢), and the
number of adherent cells increased considerably when anti-
CD28-pre-opsonized PBMCs were used (Fig. 5d).

Binding of anti-CD28 opsonized PBMCs to HUVECs
causes cytokine release

We tested for a functional consequence of binding of anti-
CD28-opsonized PBMCs to HUVECs resulting in cytokine
production. A significant increase in TNF-o, IL-6, MIP-
lao and possibly IP-10 (CXCL10) was observed in cell-
free supernatants obtained from anti-CD28-opsonized
PBMCs + HUVECs. Addition of opsonized granulocytes to
HUVECs did not result in up-regulation of any of the 30
mediators tested (Table 3 and Table S3).

As further controls for these experiments, the addition of
prefixed PBMC to HUVEC:s did not result in up-regulation
of cytokines, and cross-linking of HUVEC CD64 using
unconjugated mouse monoclonal anti-CD64 (clone 10.1 at
10 pg/ml) + GAM (40 pg/ml) did not stimulate cytokine
release from these cells (data not shown).

Discussion
This study was designed to address the following two

questions.

1. Which cell type was responsible for the rapid rise in
plasma cytokine levels reported in all recipients of
TGN1412?
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Fig. 5. Human umbilical vein endothelial cells
(HUVECs) express FcyRI (CD64). (a,b)
HUVECs before and after incubation with
fluorescein isothiocyanate (FITC)-conjugated
mouse anti-human CD64 (FcyRI),

clone 10.1 [immunoglobulin (Ig) G1].

Cells were counterstained with
4’,6-diamidino-2-phenylindole (DAPI). Cell
surface CD64 appears as punctate staining. (c)
Human peripheral blood mononuclear cells
(PBMCs), i.e. lymphocytes (L) plus monocytes
(M) adhering spontaneously to HUVECs
following incubation for 18 h at 37°C. Cells
were visualized using an inverted microscope at
a magnification of x400. Examples of adherent
cells are indicated by arrows. (d) Increased
binding of PBMCs to HUVECS (18 h at 37°C)
as a result of preincubating the same number of
cells (opsonization) with mouse anti-CD28
(clone 204.12). No increase in binding was
observed when cells were preincubated at 4°C
for 1 h with mouse IgG2a at the same
concentration (4 lg per 10° cells). Based on
microscopic inspection of 100 HUVECs the
ratio of PBMC : HUVEC was 1:1 for
non-opsonized cells and 2:1 for anti-CD28
opsonized cells.

2. How could an antibody that was innocuous in preclinical
trials trigger a cytokine storm initiated by TNF-o?

Studies conducted by the UK National Institute for Biologi-
cal Standards and Controls showed that TGN1412 could
activate human T cells and stimulate cytokine synthesis
release in vitro by 18 h, but only when presented to cells in
the form of a multimeric array (MMA) [6]. Exactly how such
an array may have formed in vivo is not clear.

The assumption that CD28" T cells were the primary
target for TGN1412 has been questioned [7]. The rapid onset
of clinical symptoms suggests that other ‘faster-acting’ cell
types may have been involved [7]. Furthermore, although
T cells can produce TNF-o0, this cytokine is associated
more commonly with cells of the monocyte/macrophage
lineage.

Granulocytes were considered as possible candidates for
initiation of the cytokine storm. These cells are known to
respond rapidly to activation signals, and low levels of CD28
have been detected on the surface of these cells [14-17]. In
addition, cross-linking of granulocyte CD28, by murine
monoclonal antibodies in the form of a multimeric array,
was shown to result in up-regulation of certain cytokines by
24 h [14-17].
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In this study we have confirmed that human granulocytes
do indeed express low levels of cell surface CD28 and have
shown, for the first time, that they contain significant cyto-
plasmic ‘stores’ of CD28. Granulocytes appeared to be acti-
vated by the anti-CD28-MMA as evidenced by the following:

1. A rapid increase in surface expression of the activation
marker CD66 [18] and CD28 (in clusters).

2. A distinct change in nuclear morphology (the pseudo-
Pelger—Huét anomaly) consistent with the in vivo effect
observed in all recipients of TGN1412.

3. Up-regulation of specific CD28 mRNA.

These findings are of general interest and raise many ques-
tions with regard to the function of CD28 within the
immune system, but cytokine up-regulation data (shown in
Supplementary Table Slc) suggest that activated granulo-
cytes were not involved, at least directly, in the initiation of
the TGN1412-induced cytokine storm.

To our surprise, it was monocytes that appeared to be the
main cell type responsible for anti-CD28-induced TNF-o.
synthesis at 2 h. Furthermore, up-regulation of TNF-ot was
demonstrated using anti-CD28 clone ANC28.1, shown pre-
viously to behave in vitro in a similar manner to TGN1412,

© 2010 The Authors
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809 * 638
2076 = 1094

619 + 481

2956 = 1917

19 965 * 354 1189 = 946
2233 = 1203

14 244 * 625

375 £ 134 12 465 * 422

IL- 6

22358 = 7541 18 154 = 7 835 32146 * 4094

132

MIP-1a.

CCL3

IP-10

21338 £ 2407 > 100 000" 2656 = 1007 2868 = 1564 2473 *+ 1470

17 816 = 8 968

CXCL10

HUVECs were incubated at 37°C for 18 h with human peripheral blood mononuclear cells (PBMCs) or with granulocytes (GRAN). Cells were pre-opsonized with mouse monoclonal anti-CD28 (clone

204.12) at 2 ng/10° cells and washed prior to addition to HUVECs adherent to wells of plastic tissue culture plates. Non-opsonized cells or cells pre-opsonized with an appropriate isotype control mouse

immunoglobulin G (IgG) antibody, at the same concentration, were used to provide controls. Cytokines were measured in cell-free culture supernatants by the multiplex assay. Values for each of 30 mediators

are shown in pg/ml: mean = standard error of the mean for three experiments. This table shows significantly (P < 0-05 Wilcoxon’s two-sample test) up-regulated values relative to the isotype control as

indicated by figures in bold type within the shaded boxes. Data for all 30 mediators is shown in Supplementary Table S3. Note: The relatively high levels of certain cytokines released into the supernatants

of HUVEC:s plus control non-opsonized PBMCs is probably a reflection of some spontaneous activation of monocytes that have been exposed to a plastic surface at 37°C for 18 h. fIndicates an extrapolated

value. TNF: tumour necrosis factor; MIP: macrophage inflammatory protein; IP: interferon-y-induced protein.

TGN1412 clinical trial

i.e. a superagonist [12], as well as clones L293 and 204.12:
non-superagonists. Triggering of monocyte TNF-a synthesis
does not therefore seem to require any particular ‘superago-
nist’ properties of the antibody. Eleven other monocyte
cytokines were also up-regulated significantly by anti-CD28
within 2 h (see Table 1). These findings are surprising, as
monocytes are not thought to express any cell surface CD28.
Here we have shown, for the first time, that these cells do in
fact express very low levels of cell surface CD28. This level is
insufficient for direct cross-linking by anti-CD28 when pre-
sented to cells in suspension, but sufficient when antibody is
presented to cells in the form of a multimeric array.

In the second part of this study we have attempted to
address the following question: how could such a multimeric
array of anti-CD28 form in vivo?

We speculated that TGN1412 (an IgG4-class antibody)
binds to CD64 (FcyRI) [19] on vascular endothelial cells,
thereby forming a multimeric array in vivo. However, the
evidence that human vascular endothelial cells express FcyRI
is controversial [20-23]. In addition, high-affinity FcyRI may
be saturated in vivo by plasma IgG [19]. If, however, the
antibody bound first to cells expressing CD28 this would
effectively create a complex that could competitively displace
any bound IgG monomer from CD64 [24], thus allowing
cells to bind to the vascular endothelium and permit cross-
linking of CD28. Opsonized lymphocytes may also bind to
adjacent HUVEC-adherent monocytes via CD64, thereby
boosting cytokine production.

Here we have shown that HUVECs do indeed express
CD64 and that PBMCs can bind to HUVECs. Addition of
pre-opsonized cells to HUVECs up-regulated TNF-o and
MIP-1o. (CCL3) significantly by 18 h, but no significant
increase was observed at 2 h. This failure to detect rapid
cytokine release via HUVECs may be a technical problem
requiring further optimization of experimental conditions,
but may simply reflect the fact that we have used a murine
monoclonal anti-CD28 instead of TGN1412 in this model
system.

The main aim of the present study was to identify the cell
type(s) responsible for producing TNF-o and initiating the
cytokine storm, but it has not escaped our notice that our
model system does not explain satisfactorily the extremely
high levels of IFN-y(up to 5000 pg/ml) that appeared rapidly
following administration of TGN1412 in vivo [4]. It there-
fore seems likely that another cell type may have been
involved in the production of this cytokine (see hypothesis:
Fig. 6).

The primary source of rapidly produced IFN-y in large
quantities is thought to be the NK cell [25,26]. Some NK cells
have been shown to express a variant of CD28 that differs
from the molecule expressed on T cells [27]. It is possible
that this CD28 variant (vCD28) may have been recognized
by TGN1412, thus accounting for the rapid, prolonged eleva-
tion of IFN-y observed in vivo. [4] It may also be relevant
that MIP-10,, found to be up-regulated by all three clones of
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CcDz28

TGN1412

3]

Vascular endothelium

Fig. 6. Hypothesis: (1) TGN1412 binds to CD28" cells, including monocytes, to form a complex. (2) Complex binds to CD64 (FcyRI) on vascular
endothelial cells displacing any passively bound plasma immunoglobulin (Ig)G. (3) Cross-linking of monocyte CD28 occurs leading to cell

activation and rapid up-regulation of multiple cytokines, including tumour necrosis factor (TNF)-o and macrophage inflammatory protein
(MIP)-1ct. (4) MIP-1a recruits natural killer (NK) cells. (5) Cross-linking of CD28 on NK cells (known to express a variant form of CD28: vCD28)
causes release of other ‘storm’ cytokines including interferon (IFN)-y, that in turn activate monocytes. (6) Opsonized NK cells could also interact

with CD64 on adjacent monocytes to provide a further amplification signal.

anti-CD28 in the multimeric array and by the interaction
between opsonized PBMCs and HUVECs, has been shown
to recruit NK cells and to promote IFN-y delivery at sites of
inflammation [28].

In conclusion, in this study we have developed an in vitro
model system that suggests strongly that monocytes were the
probable source of TNF-o., responsible for initiating the
cytokine storm in the TGN1412 clinical trial. However, the in
vivo situation is inevitably more complex, and an explana-
tion for the high plasma levels of IFN-y reported in all recipi-
ents requires elucidation by further studies, preferably using
TGN1412 itself.
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Additional Supporting Information may be found in the
online version of this article:

Table S1. Cytokines produced by human peripheral blood
leucocytes following cross-linking of CD28.

Table S2. Effect of cross-linking (X-L) leucocyte CD28 on
mRNA specific for CD28.

Table S3. Up-regulation of cytokines following an interac-
tion between anti-CD28-opsonized leucocytes and human
umbilical vein endothelial cells (HUVECS).
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plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
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