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Active immunotherapy and the adop-
tive transfer of immune effector cells are 
emerging approaches for the treatment 
of various tumors. However, the efficacy 
of these immunotherapeutic regimens 
can be significantly hampered by insuf-
ficient infiltration of neoplastic lesions 
by endogenous or adoptively transferred 
immune cells.1-3 At least in part, this 
reflects specific features of tumor vascu-
larization, which not only provides malig-
nant lesions with oxygen and nutrients, 
but also helps facilitate immune escape. 
Normally, in response to stress or inflam-
mation, endothelial cells increase expres-
sion of selectins, intercellular adhesion 
molecules (ICAM), vascular cell adhe-
sions molecules (VCAMs), and proteo-
glycans on their surface.4 These events 
promote leukocyte rolling adhesion as 
leukocytes are captured from the blood 
stream and roll along the vessel walls. At 
the same time, chemokines secreted at 
inflammatory sites are immobilized on 
proteoglycan molecules at the luminal 
side of endothelial cells where they can 
engage the corresponding receptors on 
rolling leukocytes.4 For example, chemo-
kine (C-X-C motif) ligand 10 (CXCL10) 

is involved in the recruitment of activated 
T cells and natural killer cells, as it binds 
to chemokine (C-X-C motif) receptor 3 
(CXCR3) found on these effector cells.

By contrast, tumor endothelium often 
exhibits reduced baseline expression levels 
as well as a limited ability to upregulate 
these adhesion molecules in response to 
pro-inflammatory stimuli. In addition, 
proteoglycan molecules expressed on the 
surface of the tumor endothelium are 
often subjected to cleavage (shedding) and 
other enzymatic modifications.5 In line 
with this notion, a reduced interaction of 
leukocytes with the wall of tumor-associ-
ated vessels, resulting in defective tumor-
infiltration by immune cells has been 
observed in many oncological settings. 
This phenomenon has been referred to as 
“endothelial anergy”, and has been sug-
gested as a potential explanation for the 
limited success of adoptive T-cell therapy 
in some clinical studies.1-3

In order to overcome the problems 
associated with endothelial anergy, we 
developed a novel class of fusion pro-
teins based on chemokine biology. These 
reagents were designed to enhance the 
migration of immune effector cells to 

select tissue microenvironments by creat-
ing a non-diffusible chemotactic gradient 
that selectively recruits specific leukocyte 
subsets based on their expression of a given 
chemokine receptor.6

The backbone of these fusion pro-
teins was derived from chemokine 
(C-X3-C motif) ligand 1 (CX3CL1), 
a membrane-anchored chemokine. 
CX3CL1 consists of an N-terminal 
76 amino acid chemokine domain fused 
to a 241 amino acid mucin-like domain 
linked to a hydrophobic transmembrane 
domain and an intracellular tail. The 
mucin domain forms an extended stalk that 
protrudes 26 nm away from the cell mem-
brane, displaying the chemokine domain 
at its end.7 This exceptional architecture 
gives CX3CL1 unique characteristics in 
that it can directly induce the adhesion of 
CX3CR1-epressing cells in the absence of 
other adhesion molecules such as ICAM1 
or VCAM1 in vitro, and can facilitate 
leukocyte capture under conditions of 
physiologic blood flow.8 Importantly, the 
specificity of CX3CL1 can be modified 
by exchanging its chemokine domain 
with that of other chemokines resulting in 
the recruitment of leukocytes expressing 
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adoptive or active cancer immunotherapy can fail owing to the inefficient recruitment of effector leukocytes to 
malignant lesions. The intratumoral injection of recombinant proteins comprising a chemokine-derived domain linked 
to the mucin stalk of chemokine (C-X3-C motif) ligand 1 (CX3CL1) and a glycosylphosphatidylinositol anchor can specifi-
cally enhance the recruitment of effector cell subsets to solid tumors.
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chemokine receptors targeted by the new 
chemokine domain.8

We harnessed this phenomenon by 
generating recombinant proteins com-
prising a defined N-terminal chemokine 
head, linked to the CX3CL1 mucin 
domain. In addition, the transmembrane 
domain of CX3CL1 was replaced by a 
C-terminal glycosylphosphatidylinosi-
tol (GPI) membrane anchor (Fig. 1A). 
GPI anchors tether proteins to the outer 
leaflet of the plasma membrane.9 The 
anchor itself hereby consists of a phos-
phatidylinositol group that is linked to 
the C-terminus of the protein via a car-
bohydrate core. Purified GPI-anchored 
proteins possess the ability to integrate 
spontaneously into the plasma membrane 
of virtually any cell. Following this incor-
poration, they can still exert their natural 
bioactivity (Fig. 1B).9 Almost any protein 

can be expressed as a GPI-anchored ver-
sion by fusing it to an appropriate signal 
sequence that results in the addition of a 
GPI anchor.9 In many settings, this con-
cept of “cell painting” represents an effi-
cient and safe alternative to conventional 
gene transfer.

As a proof of concept for this novel 
class of recombinant proteins, we gener-
ated a fusion protein containing a CXCL10 
chemokine head (CXCL10-mucin-GPI), 
along with a series of control proteins.6 All 
proteins were expressed in a mammalian 
system and it was verified that the GPI 
anchor signal could correctly target them 
to the plasma membrane. The ability of the 
CXCL10 fusion proteins to bind and acti-
vate the CXCR3 receptor was validated in 
assays that measured receptor internaliza-
tion, calcium mobilization, and enhanced 
adhesion of T cells to cell monolayers as 

readouts. Following the identification of 
a suitable detergent for solubilization, the 
proteins were isolated from cell extracts 
using affinity chromatography.

Purified fusion proteins were found to 
efficiently reintegrate into cell membranes 
in a process that critically depended 
upon the GPI anchor. In vitro models 
of leukocyte recruitment showed that 
primary microvascular endothelial cells 
incubated with low concentrations of 
the CXCL10-mucin-GPI chimera could 
efficiently recruit CXCR3-expressing 
NK cells under conditions of physiologic 
flow, in a process that relied on the pres-
ence of the mucin domain but not on 
inflammatory priming. When purified 
and injected into an experimental tumor, 
fusion proteins integrated into the plasma 
membranes of malignant and stromal 
cells by means of their GPI anchor. In 

Figure 1. structure and applications of membrane-anchored chemokine fusion proteins. (A) Composition of membrane-anchored chemokine fusion 
proteins. The mucin domain of chemokine (C-X3-C motif) ligand 1 (CX3CL1) is combined with a new chemokine domain and stably expressed as a gly-
cosylphosphatidylinositol (GPI)-anchored protein in Chinese hamster ovary (ChO) cells. (B) application of membrane-anchored chemokine fusion pro-
teins. recombinant proteins are isolated from the plasma membrane of ChO cells and purified using fast protein liquid chromatography (FPLC). Purified 
recombinant proteins efficiently incorporate into plasma membranes and can hence be used to foster the recruitment of leukocyte subsets expressing 
the complementary chemokine receptor.
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this setting, the CXCL10-mucin-GPI 
chimera was found to be much more effi-
cient in recruiting NK cells than soluble 
CXCL10. Thus, fusion proteins such as 
the CXCL10-mucin-GPI chimera repre-
sent promising candidates to act as novel 
adjuvants in cellular immunotherapy.

In a parallel study, a similar approach 
based on CXCL12 rather than CXCL10 
was used to support the recruitment of 
CXCR4-expressing endothelial progenitor 
cells in an in vivo model of vessel repair, 
further validating the general concepts out-
lined here. 10
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