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Technical Note

Introduction

CC–chemokine receptor 7 (CCR7) is a G protein–coupled 
receptor (GPCR) ordinarily expressed on several varieties 
of immune cells, including T cells, B cells, and dendritic 
cells. In vivo, CCR7 responds to two known ligands, CCL19 
and CCL21, and plays a critical role in their chemotaxis and 
trafficking into secondary lymphoid tissue.1,2

The downstream signaling events following CCR7 ligation 
have been described previously. CCR7 is coupled to a Gαi/o 
subunit complexed to complementary Gβγ proteins. Upon 
receptor activation, these subunits dissociate so that Gαi/o is 
free to inhibit adenylate cyclase and the Gβγ proteins are avail-
able to stimulate phospholipase C. These respective events 
then result in a fall in cytoplasmic cAMP levels and a calcium 
flux from the endoplasmic reticulum. In addition, CCR7 liga-
tion can result in the phosphorylation of its cytoplasmic domain 
by G protein receptor kinases (GRKs), which in turn results in 
the recruitment of cytosolic β-arrestin to the receptor tail and 
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Abstract
CC–chemokine receptor 7 (CCR7) is a G protein–coupled receptor expressed on a variety of immune cells. CCR7 plays a 
critical role in the migration of lymphocytes into secondary lymphoid tissues. CCR7 expression, however, has been linked 
to numerous disease states. Due to its therapeutic relevance and absence of available CCR7 inhibitors, we undertook 
a high-throughput screen (HTS) to identify small-molecule antagonists of the receptor. Here, we describe a robust HTS 
approach using a commercially available β-galactosidase enzyme fragment complementation system and confirmatory 
transwell chemotaxis assays. This work resulted in the identification of several compounds with activity against CCR7. 
The most potent of these was subsequently determined to be cosalane, a cholesterol derivative previously designed as 
a therapeutic for human immunodeficiency virus. Cosalane inhibited both human and murine CCR7 in response to both 
CCL19 and CCL21 agonists at physiologic concentrations. Furthermore, cosalane produced durable inhibition of the 
receptor following a cellular incubation period with subsequent washout. Overall, our work describes the development 
of an HTS-compatible assay, completion of a large HTS campaign, and demonstration for the first time that cosalane is a 
validated CCR7 antagonist. These efforts could pave the way for new approaches to address CCR7-associated disease 
processes.
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subsequent signaling through the ERK kinase pathway. 
Notably, the actions of CCL19 and CCL21 on the receptor are 
not entirely identical. While both appear to bind to CCR7 and 
to activate G protein signaling with similar potencies, CCL19 
appears to have somewhat biased activity toward the β-arrestin 
pathway and in contrast to CCL21 is able to induce receptor 
desensitization.3,4

CCR7 is absolutely required for the normal movement of 
lymphoid cells into and through lymphatic tissue. While 
there are no known human conditions associated with the 
genetic loss of CCR7, CCR7 expression has been linked to 
graft-versus-host disease following hematopoietic stem cell 
transplantation and to the growth and lymphatic spread of a 
range of human malignancies.5–7 As a result, we deemed 
CCR7 to be an attractive therapeutic target.

Since there are no reported CCR7 small-molecule inhib-
itors, we undertook a high-throughput screen (HTS) to 
identity small-molecule antagonists of the receptor. Here 
we report for the first time that the antiviral compound 
cosalane, originally developed as an agent for the treatment 
of human immunodeficiency virus (HIV),8 antagonizes 
human and mouse CCR7 signaling in response to CCL19 
and CCL21 stimulation at nanomolar to low micromolar 
concentrations.

Materials and Methods

Cells and Cell Lines

PathHunter Chinese hamster ovary (CHO)–K1 CCR7 β-
arrestin cells (cat. 93-0195C2 and 93-0528C2 for human 
and mouse CCR7, respectively) were obtained from 
DiscoveRx (Fremont, CA) and licensed for use. Human H9 
cells (cat. HTB-176) were obtained from American Type 
Culture Collection (Manassas, VA). Primary mouse T cells 
were obtained from C57BL/6 mice purchased from The 
Jackson Laboratory (Bar Harbor, ME).

This study was carried out in strict accordance with the 
recommendations in the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health. 
The protocol was approved by the Institutional Animal Care 
and Use Committee of the University of North Carolina at 
Chapel Hill (protocol number 15-208.0).

CHO-K1 CCR7 β-Arrestin Enzyme 
Complementation Assay

Human CCL19 (582102) and CCL21 (582202), as well as 
mouse CCL19 (587802) and CCL21 (586402), were pur-
chased from BioLegend (San Diego, CA). PathHunter 
CHO-K1 CCR7 β-arrestin cells were plated in 20 µL 
Dulbecco’s modified Eagle’s medium (DMEM)–F12 
(ThermoFisher, Waltham, MA) containing 2% bovine 
serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO) at a 

concentration of 5,000 cells per well into Corning 384-well 
white-wall, clear-bottom plates (Corning, NY) and allowed 
to adhere overnight. After 24 h, 2.5 µL of 10× compounds 
diluted in Hank’s balanced salt solution (HBSS) containing 
2 mM HEPES was added to cell assay plates at a final con-
centration of 10 µM using a MultiMek automated liquid 
dispenser (Nanoscreen, Charleston, SC) for 30 min. The 
final DMSO concentration in test wells was 0.5%, which 
was well within the DMSO tolerance of the cells. A 
Multidrop Combi Reagent Dispenser (ThermoFisher) was 
used to add 2.5 µL of 10× chemokine ligand diluted in 1% 
BSA/phosphate-buffered saline (PBS) at the EC80 concen-
tration to the test wells and incubated for 90 min at room 
temperature. Last, 12 µL of PathHunter detection reagents 
(DiscoveRx) was added and the plates incubated at room 
temperature for 60 min before reading chemiluminescence 
on an EnVision Multilabel plate reader (PerkinElmer, 
Waltham, MA).

EC80 concentrations for the CCR7 agonists were deter-
mined by analyzing dose curves of CCL19 or CCL21 from 
a four-parameter curve fit (GraphPad Prism; GraphPad 
Software, La Jolla, CA) for use in the screen. A CCL19 
ligand titration was included on each HTS plate to ensure 
assay conditions were consistently optimal along with high 
and low controls for Z factor determination (Z′).9 All plates 
were subjected to PASS/FAIL quality control, and only 
those achieving Z factors >0.5 were assigned PASS and 
uploaded to the database for analysis (ScreenAble Solutions, 
Chapel Hill, NC).

Compound libraries were initially screened at single 
concentrations of 10 µM (“single shot”) using a final cutoff 
of 50% inhibition to determine hits for follow-up. For hit 
confirmation, 10-point dose-response data for compounds 
diluted 1:3 from a top 30-µM concentration were fit with a 
four-parameter curve model to determine IC50 values. Purity 
assessments for confirmed hits were made by standard ana-
lytical liquid chromatography/mass spectroscopy (LC/MS) 
and/or proton nuclear magnetic resonance (NMR). Error 
bars represent standard deviations.

Counterscreen

We used a counterscreen to eliminate false positives that 
directly inhibit β-galactosidase activity and that quench 
chemiluminescence independent of CCR7 activity. The 
counterscreen was performed using the same methods as 
described above with the following change: compounds 
starting at 5 µM were added 90 min after the addition and 
incubation of CCL19 ligand.

Cytotoxicity Screen

Active compounds from all screening efforts at the Center for 
Integrative Chemical Biology and Drug Discovery (CICBDD) 
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are routinely evaluated for cytotoxicity using HeLa cells 
(ATCC) by the CellTiter-GLO (CTG) Luminescent Cell 
Viability Assay (Promega, Madison, WI) after a 72-h incuba-
tion with compounds in 10-point dose curves. Cytotoxicity for 
dose curves of compounds starting at 50 µM was calculated as 
the percent inhibition of luminescence normalized to vehicle 
control wells containing cells (0%) versus wells containing 
media without cells (100%).

Cosalane/Steroids

Cosalane was obtained from the Southern Research Institute 
(Birmingham, AL). Subsequently, additional cosalane was 
synthesized at the University of North Carolina using pub-
lished methods.8,10

The steroids used in several chemotaxis assays were pur-
chased from Sigma.

Chemotaxis Assays

Human H9 cells were expanded in T175 flasks. Murine T cells 
were isolated 1 day prior to chemotaxis by collecting spleens 
from C57BL/6 mice and using column purification methods 
previously described.11 T cells were then cultured overnight on 
Costar ultra-low-attachment 24-well plates (Corning) in the 
presence of interleukin 2 (Peprotech, Rocky Hill, NJ) at 100 
IU/mL. Chemotaxis assays were performed using a Neuro 
Probe 96-well chamber (Gaithersburg, MD) with cells sus-
pended in serum-free, phenol red-free DMEM media 
(ThermoFisher). 2.0 × 105 cells were loaded into wells of the 
upper portion of the chamber with antagonist or vehicle. Cells 
sat on a polyvinylpyrrolidone (PVP)–treated filter with pore 
size of 3 µM for murine T cells or 5 µm for H9 cells. Chemotaxis 
media containing the appropriate chemokines filled the bottom 
portion of the chamber of a 96-well Microfluor black microti-
ter plate (ThermoFisher) below the PVP filter. All chemokines 
were obtained from Peprotech: murine CCL19 (250-27B), 
murine CCL21 (250-13), human CCL19 (300-29B), and 
CCL21 (300-35). The MBA96 apparatus was then incubated 
for 3.5 h at 37 °C. Upon removal from the incubator, the upper 
chamber of each well was aspirated. Migrating cells were then 
collected in each well by centrifugation as the microplate with 
PVP filter was spun at 400 rcf for 15 min. Cells at the bottom 
of the wells were quantified using a CyQUANT cell prolifera-
tion assay kit (ThermoFisher) and detected on a Biotek 
(Winooski, VT) Synergy 2 microplate reader at emission/exci-
tation wavelengths of 480 nm/530 nm.

Data Analyses

Unless otherwise specified, continuous variables were com-
pared using a two-sided Student t test. A p value ≤0.05 was 
considered statistically significant. Bar graph error bars rep-
resent SEM.

Results and Discussion

Design and Validation of the HTS Assay

For our primary diversity library screening assay, we elected 
to use a DiscoveRx PathHunter β-arrestin platform. We pur-
chased and were thus licensed to use Chinese hamster ovary 
(CHO) K1 cells expressing either human CCR7 (hCCR7) 
or murine CCR7 (mCCR7). This platform allows for CCR7 
activity to be monitored by detecting the interaction of β-
arrestin with the activated receptor using β-galactosidase 
(β-gal) enzyme fragment complementation. In this system, 
cytosolic β-arrestin is fused to an N-terminal deletion 
mutant of β-gal, and the CCR7 receptor is fused to a smaller, 
complementary β-gal fragment. When CCL19 or CCL21 is 
added to the culture medium, β-arrestin is recruited to the 
cytosolic domain of the CCR7 receptor bringing the two β-
gal fragments together. When this occurs, intact β-gal is 
formed, which in turn produces a luminescent signal upon 
the addition of substrate. As a result, a small-molecule 
diversity library can be screened for CCR7 inhibitors by 
examining a compound’s ability to block signal production 
in the presence of agonist at its EC80 concentration.

Our overall HTS strategy is depicted in Figure 1A. 
When designing our HTS approach, we believed that it was 
important to identify compounds with antagonist properties 
against both human and murine CCR7 given our ultimate 
goal of testing lead agents for efficacy and toxicity in mouse 
disease model systems. In addition, we wished to identify 
agents capable of blocking CCR7 signaling in response to 
CCL19 and CCL21, since both of these ligands function as 
CCR7 agonists and may in some instances serve a redun-
dant function in vivo.2 To minimize costs, however, we 
planned to use CHO-K1 cells expressing human CCR7 for 
all initial library screens in response to a single ligand, 
CCL19. CCL19 was chosen over CCL21 since the former 
had previously been shown to be a more consistent recruiter 
of β-arrestin following CCR7 stimulation.3,4 Any hits 
(defined as those compounds found to inhibit greater than 
50% of the CCL19 response) identified during the initial 
runs would be confirmed in full 10-point dose-response 
curves spanning 4 log units of concentration in the hCCR7/
CCL19 primary assay and assessed in parallel for purity and 
identity using analytical LC/MS and/or proton NMR spec-
troscopy. To eliminate apparent inhibitors that interfere 
nonspecifically with the luminescent assay, all hits would 
be evaluated in a counterscreen in which compounds are 
added at the very end of the assay after the agonist incuba-
tion period had occurred. This would allow us to determine 
if they were nonspecifically quenching the signal via direct 
action on the β-gal enzyme. All confirmed hits from the pri-
mary screen would then be tested using a Promega CellTiter-
GLO cytotoxicity assay in a sentinel cell line. Confirmed 
hits showing activity against hCCR7 in response to CCL19 
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without evidence of activity in the counterscreen or cyto-
toxicity would then be tested for action against hCCR7 
using CCL21 as the agonist. Those compounds exhibiting 
activity in the hCCR7/CCL21 assay would be profiled in 
the PathHunter β-arrestin mouse orthologue assay against 
CCL19 and/or CCL21. Compounds that were active in all 
four permutations would be progressed to secondary che-
motaxis assays.

We began by confirming that our primary HTS assay 
behaved well in 384-well format and was sufficiently sensi-
tive to identify potential inhibitory compounds. We fully 
optimized this assay by evaluating the following parame-
ters: cell culture conditions, plate type and volume, time 
course, DMSO tolerance (up to 1%), and adaptation to auto-
mated equipment (data not shown). In addition, we formally 
validated the HTS in our facilities in accordance with 

National Institutes of Health (NIH) Chemical Genomics 
Center guidelines.12 During our screening validation, our Z 
scores9 were found to consistently be >0.85.

CHO K1 cells expressing hCCR7 produced a robust sig-
nal in a dose-dependent fashion in response to CCL19 and 
CCL21, with the former being the more potent agonist as 
expected (Suppl. Fig. S1). Following up on these data, we 
also compared the ability of CCL19 and CCL21 to mobilize 
calcium using fluorescence imaging plate reader (FLIPR) 
detection in the DiscoveRx β-arrestin line. These results 
were subsequently compared with FLIPR results obtained 
with the Chem-1 CCR7 cell line (Millipore, Bedford, MA) 
containing a promiscuous G protein, Gα15 (Suppl. Fig. 
S2). As reported by Zidar et al.3 and Kohout et al.,4 our 
FLIPR calcium flux studies revealed that CCL19 and 
CCL21 have similar potencies and efficacies in activating  

Figure 1. (A) Schema for high-
throughput screening compound 
progression strategy. (B) Structure 
of UNC10150582/Cosalane.



Hull-Ryde et al. 1087

G protein signaling in Chem-1 CCR7 cells where the pro-
miscuous Gα15 is overexpressed. However, in the 
DiscoveRx β-arrestin line, which does not express Gα15, 
ligand-stimulated calcium flux mirrored the β-arrestin 
translocation responses, with CCL19 eliciting a more potent 
and robust ability to mobilize calcium than CCL21. 
Collectively, these data indicated that the DiscoveRx cells 
were generally more sensitive to CCL19 ligation versus 
CCL21 and supported our original plan to use CCL19 as 
agonist for all initial diversity library screens.

Cosalane Is Active against Human and Murine 
CCR7 in β-Galactosidase Enzyme Fragment 
Complementation Reporter Assays

Over several years, we screened numerous compound libraries 
(http://cicbdd.web.unc.edu/resources/) totaling 150,375 struc-
tures. For primary screening, a cutoff of 50% was chosen to 
provide a suitable number of compounds to progress to hit 
confirmation. A total of 2597 compounds were identified, 
yielding a primary hit rate of 1.7%. Of these 2597 structures, 
614 were available in sufficient quantities to evaluate in full 
dose-response curves, and 97 of 614 were found to demon-
strate IC50s ≤10 µM (confirm rate of 15.8%). Based on com-
pound potency/structure and supply considerations, 25 
confirmed hits were subsequently progressed.

In total, we identified 14 hits that were active in our pri-
mary screening assay against hCCR7/CCL19, nonreactive 
in the counterscreen and cytotoxicity assays, and active 
against CCL21 and the corresponding murine orthologue. 
In general, their structures were fairly diverse, and no con-
sistent structure-activity relationships could be identified 
between the compounds. Potencies for the hit compounds 
were modest, yielding IC50s against human CCR7 in the 
low micromolar range in response to both CCL19 and 
CCL21 (Suppl. Table S1).

Of these 14 compounds, UNC10150582 was found to be 
the most potent. Its structure, depicted in Figure 1B, shows 
that it is a lipophilic, cholesterol-like analogue consisting of 
cholestane with a dichlorinated disalicylmethane moiety at 

the C3 position. Upon review of the literature, our group 
determined that UNC10150582 was structurally identical to 
an HIV medication termed cosalane.8 Henceforth, in this 
article, UNC10150582 will be referred to as cosalane.

The primary assay data for cosalane (Southern Research 
Institute) as the structure was advanced through our pro-
gression strategy are depicted in Supplemental Figure S3 
and summarized in Table 1. Cosalane exhibited nearly 
identical activity against the human and murine orthologues 
of the receptor. Also, cosalane was consistently more active 
in blocking receptor activation by CCL19 than CCL21 by 
approximately one order of magnitude. To verify that simi-
lar results could be obtained with a separate batch of 
cosalane, we repeated chemiluminescence assays for 
hCCR7/CCL19 and hCCR7/CCL21 using cosalane synthe-
sized at the University of North Carolina. Cosalane from 
both sources behaved similarly (Table 1).

Cosalane Impairs CCR7-Dependent Chemotaxis 
of Human and Murine T Cells

While useful from a screening perspective, our primary 
assays were not physiologic. As a result, it was important to 
confirm that promising hits could block an actual function 
mediated by native CCR7. For this, we used a well-
described transwell chemotaxis assay system using human 
H9 cells, a human lymphoma known to express CCR7 and 
to migrate in response to its ligands,13 and primary mouse T 
cells. As depicted in Figure 2A, human H9 cells in the 
upper chambers of the chemotaxis device migrated through 
the separating membrane when CCL19 was present in the 
lower chamber. Human H9 cells also migrated in response 
to CCL21, although this agonist was less potent as was the 
case in our primary HTS assay (Fig. 2B). When cosalane 
was added to the upper chambers, cell migration in response 
to CCL19 was inhibited versus DMSO (Fig. 2A). CCL21-
driven chemotaxis was also reduced by cosalane, although 
this did not achieve statistical significance (Fig. 2B). 
Murine T-cell chemotaxis was also impaired by cosalane in 
response to both CCL19 and CCL21 (Fig. 2C,D).

Table 1. Activity of Cosalane in β-Arrestin Enzyme Complementation Assay, Counterscreen, and Cytotoxicity Assays.

Compound
Human CCR7 IC50 

(µM) to CCL19
Human CCR7 IC50 

(µM) to CCL21
Murine CCR7 IC50 

(µM) to CCL19
Murine CCR7 IC50 

(µM) to CCL21 Counterscreen
Cytotoxicity  

(µM)

UNC10150582/
cosalane 
(Southern 
Research 
Institute)

0.207 2.66 0.193 1.98 Nonreactive >50 (nontoxic)

UNC10150582/
cosalane (UNC 
Synthesis)

0.243 3.32 Not performed Not performed Not performed Not 
performed



1088 SLAS Discovery 23(10)

Figure 2. (Continued)
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While these studies focused primarily on cosalane, we 
did evaluate two other hits identified during our HTS effort 
in this chemotaxis system. Both UNC10150759 and 
UNC10155741 (structures depicted in Fig. 2E) were con-
siderably less potent than cosalane in our primary assay sys-
tem, demonstrating IC50s of 8.9 µM and 7.9 µM against 
hCCR7/CCL19, respectively. Nevertheless, they were also 
capable of blocking H9 chemotaxis in response to CCL19 
when present at high concentrations (Fig. 2F). The fact that 
all three of these compounds significantly inhibited hCCR7/
CCL19-driven chemotaxis at four or five times their respec-
tive IC50s in the primary reporter assay while maintaining 
their rank-order potencies further validated our overall 
compound progression strategy.

Cosalane was designed to imbed in the plasma mem-
brane by way of its hydrophobic cholestane moiety.8 Based 
on these data, we hypothesized that cosalane’s actions 
against CCR7 might prove to be durable and persist even 
after free cosalane was removed from the chemotaxis 
media. To evaluate this possibility, human H9 cells were 
incubated with 10 µg/mL (13 µM) of cosalane versus 
DMSO vehicle for 1 h, washed free of the compound, and 
then placed into the chemotaxis chamber. As shown in 
Figure 2G,H, chemotaxis in response to both CCL19 and 
CCL21 was significantly reduced by cosalane pretreatment 
alone. Similar experiments were performed with primary 
mouse T cells. As was the case with the human H9 cells, the 
chemotaxis of primary murine T cells in response to both 
CCL19 and CCL21 was significantly reduced by cosalane 
pretreatment versus DMSO vehicle (Fig. 2I,J).

Cosalane’s Ability to Impair CCR7-Dependent 
Chemotaxis Depends on the Entire Molecule 
and Not Just the Steroid Moiety

Previous reports in the literature have indicated that choles-
terol itself plays a role in stabilizing chemokine receptors 

within the plasma membrane.14 In addition, the extraction 
of cholesterol from the cell membranes of T cells or the 
addition of the oxysterol 22-hydroxycholesterol has been 
shown to reduce the binding of stromal cell–derived factor 
1 (SDF-1) to CXC–chemokine receptor 4 (CXCR4) and the 
binding of CCL4 to CC–chemokine receptor 5 (CCR5).15–17 
As a result, we hypothesized that cosalane’s anti-CCR7 
properties may have been attributable to the steroid portion 
of the molecule. To test this hypothesis, we examined the 
ability of various nonoxidized and oxidized steroids to 
impair human H9 cell chemotaxis in vitro. We began by 
examining 5α-cholestane itself as it is most similar structurally 
to cosalane’s steroid moiety. As demonstrated in Figure 3A, 
5α-cholestane afforded no significant inhibition of chemo-
taxis at three separate concentrations up to 20 µM (10 times 
that used for cosalane in Fig. 2). Similarly, no inhibition of 
chemotaxis was achieved with either cholesterol or choles-
tanol, its 5-dihydro derivative, over a range of concentra-
tions (Fig. 3B). In addition, we examined a variety of 
oxysterols for their ability to impair CCR7-driven chemo-
taxis, including 25-hydroxycholesterol, androsterone, pro-
gesterone, testosterone, aldosterone, and hydrocortisone, as 
well as the LXR antagonist T0901317, which had previ-
ously been linked to chemokine receptor expression.18 None 
of these compounds, however, was able to block CCR7-
driven chemotaxis at 20-µM concentrations (Fig. 3C,D). 
Thus, we concluded that cosalane’s ability to impair CCR7-
dependent chemotaxis does indeed require the complete 
molecule and is not a more generalized steroid effect.

Here we describe the design and implementation of a 
robust and efficient HTS strategy for the detection of small-
molecule inhibitors of the CCR7 signaling axis. Our 
approach has allowed for the robotic screening of numerous 
diversity libraries totaling over 100,000 compounds and has 
resulted in the identification of multiple hits with limited in 
vitro toxicity that are active against both the murine and 
human orthologues. Importantly, several of these hits have 

Figure 2. Cosalane impairs CCR7-driven human and murine T-cell chemotaxis. (A, B) Chemotaxis media with or without CCL19 
(A) or CCL21 (B) were added to the lower chambers of the chemotaxis device. Previously untreated H9 cells were then placed in 
the upper chambers of the device with or without cosalane at a concentration of 2 µM. The chamber was then placed at 37 °C for 4 h 
and total H9 migration from each upper to lower chamber determined. (A) *p ≤ 0.05 for comparison between H9 cells/30 nM CCL19 
(positive controls) and H9 cells/30 nM CCL19/2 µM cosalane by Student t test. (B) p > 0.05. (C, D) Chemotaxis media with or with-
out CCL19 (C) or CCL21 (D) were added to the lower chambers of the chemotaxis device. Previously untreated primary murine  
T cells were then placed in the upper chambers of the device with or without cosalane at a concentration of 2 µM. Total  
T-cell migration from each upper to lower chamber was then determined. (C) *p ≤ 0.05. (D) ***p ≤ 0.001. (E) Structures of  
confirmed hits “UNC10150759” and “UNC10155741” identified during high-throughput screening (HTS). (F) Chemotaxis media with 
or without CCL19 were added to the lower chambers of the chemotaxis device. Previously untreated H9 cells were then placed in 
the upper chambers of the device with or without cosalane (2 µM) or one of two other CCR7 inhibitors identified during the HTS (40 
µM). Total H9 migration was then determined. *p ≤ 0.05. (G, H) Chemotaxis media with or without CCL19 (G) or CCL21 (H) were 
added to the lower chambers of the chemotaxis device. H9 cells were incubated with either DMSO vehicle alone or an equal volume 
of cosalane at a concentration of 10 µg/mL (13 µM) for 1 h at 37 °C. The cells were then washed and placed in fresh compound-free 
media prior to being added to the upper chambers of the chemotaxis apparatus. Total cell migration was then determined.  
(G) ***p ≤ 0.001. (H) *p ≤ 0.05. (I, J) Chemotaxis media with or without CCL19 (I) or CCL21 (J) were added to the lower chambers 
of the chemotaxis device. Primary murine T cells were incubated with either DMSO vehicle alone or an equal volume of cosalane at a 
concentration of 10 µg/mL (13 µM). The cells were then washed and placed in fresh compound-free media prior to being added to the 
upper chambers of the chemotaxis apparatus. (I) ***p ≤ 0.001. (J) ***p ≤ 0.001.
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been confirmed to impair CCR7 signaling in subsequent 
physiologic cellular chemotaxis studies and to perform with 
similar rank-order potencies in these secondary assays, as 
was observed in the primary screen.

To our knowledge, our work demonstrated for the first 
time that cosalane is an inhibitor of both human and murine 
CCR7. Cosalane and/or its derivatives, however, were pre-
viously shown to impair CCR1-dependent chemotaxis in 
response to its ligand, CCL5 (RANTES). In work by 
Howard et al.,19 cosalane’s inhibitory effects appeared to 
depend on both the chemokine agonist and its associated 
chemokine receptor, as cosalane was unable to block CCR1-
driven chemotaxis in response to either of its other ligands, 
CCL3 (MIP-1a) or CCL4, and failed to inhibit CCL5-
dependent chemotaxis using cells expressing its other bind-
ing partner, CCR5. Nevertheless, in that study, cosalane 
appeared to function primarily by binding to the chemokine 
agonist, as acetylation of CCL5 completely abrogated the 
ability of cosalane to inhibit CCR1-driven chemotaxis.

Our own results with CCR7 bear some similarities to 
these findings. In both our primary enzyme complementa-
tion assays and in several of our subsequent confirmatory 
chemotaxis studies, the nature of the CCR7 agonist affected 
the ability of the compound to block CCR7 signaling. 
Specifically, cosalane was approximately 10-fold more 

potent against CCL19-driven receptor activation versus 
CCL21 in our primary screening assay and was a more 
effective inhibitor of CCL19-driven human H9 chemotaxis. 
However, unlike the aforementioned findings for CCR1/
CCL5, our data would suggest that cosalane inhibits CCR7 
not via binding to chemokine ligand but rather via actions 
on the receptor itself. In our assays, cosalane was placed in 
the upper chambers of the chemotaxis device along with the 
migrating cells (as opposed to being mixed with chemokine 
and then added directly to the lower chambers). More 
important, however, cosalane was able to impair human and 
murine chemotaxis after an isolated 1-h preincubation step 
with the migrating cells, with no additional compound used 
during the subsequent assay. Consistent with previous 
reports, this would suggest that the compound was imbed-
ding itself into the cell membrane where it then continued to 
inhibit cell surface CCR7 even after the cells were washed. 
Cosalane’s increased potency against hCCR7/CCL19 ver-
sus hCCR7/CCL21 in our primary reporter system was 
somewhat unexpected, as the assays were run with both 
ligands at their respective EC80 concentrations. While the 
mechanism for this difference is unclear, CCL19 and 
CCL21 are known to induce somewhat different CCR7 con-
formations.20 We hypothesize that cosalane may bind the 
two receptor/ligand pairs with different affinity at a separate 

Figure 3. 5α-Cholestane, cholesterol, cholestanol, and a variety of oxysterols fail to impair CCR7-driven human T-cell chemotaxis. 
(A–D) Chemotaxis media with or without CCL19 were added to the lower chambers of the chemotaxis device. Previously untreated 
H9 cells were then placed in the upper chambers of the device with or without various steroids at the indicated concentrations. 
The chamber was then placed at 37 °C for 4 h and total H9 migration from each upper to lower chamber determined. p > 0.05 for 
comparison between H9 cells/30 nM CCL19 (positive controls) and all wells containing H9 cells/30 nM CCL19 plus steroid by Student 
t test for all of the chemotaxis runs depicted in the figure.
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allosteric site. Future work will be directed toward better 
understanding cosalane’s mechanism of action in blocking 
CCR7 signaling.

In summary, we have developed an HTS approach that 
has allowed for the rapid screening of diversity libraries in 
search of small-molecule antagonists of CCR7 signaling. 
This effort has allowed us to demonstrate for the first time 
that the antiviral agent cosalane possesses an ability to 
impair CCR7 activity in response to both of its natural 
ligands. Additional efforts are ongoing to identify other 
inhibitors of the receptor.

Acknowledgments

We thank Dr. Stephen Frye for his advice and general support for 
the project. In addition, we acknowledge Dr. Jeffrey Aubé’s sup-
port for cosalane’s synthesis. FLIPR assays were generously pro-
vided by the National Institute of Mental Health’s Psychoactive 
Drug Screening Program.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect 
to the research, authorship, and/or publication of this article.

Funding

The authors disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: This 
work was supported by the National Institutes of Health 
(5K08HL111205-04) and the University of North Carolina’s 
University Cancer Research Fund and Translational and Clinical 
Sciences Institute.

ORCID iD

James M. Coghill   https://orcid.org/0000-0002-4736-0877

References

 1. Forster, R.; Schubel, A.; Breitfeld, D.; et al. CCR7 Coordinates 
the Primary Immune Response by Establishing Functional 
Microenvironments in Secondary Lymphoid Organs. Cell 
1999, 99, 23–33.

 2. Comerford, I.; Harata-Lee, Y.; Bunting, M. D.; et al. A Myriad 
of Functions and Complex Regulation of the CCR7/CCL19/
CCL21 Chemokine Axis in the Adaptive Immune System. 
Cytokine Growth Factor Rev. 2013, 24, 269–283.

 3. Zidar, D. A.; Violin, J. D.; Whalen, E. J.; et al. Selective 
Engagement of G Protein Coupled Receptor Kinases (GRKs) 
Encodes Distinct Functions of Biased Ligands. Proc. Natl. 
Acad. Sci. U.S.A. 2009, 106, 9649–9654.

 4. Kohout, T. A.; Nicholas, S. L.; Perry, S. J.; et al. Differential 
Desensitization, Receptor Phosphorylation, β-Arrestin 
Recruitment, and ERK1/2 Activation by the Two Endogenous 
Ligands for the CC Chemokine Receptor 7. J. Biol. Chem. 
2004, 279, 23214–23222.

 5. Coghill, J. M.; Carlson, M. J.; Panoskaltsis-Mortari, A.; et al. 
Separation of Graft-Versus-Host Disease from Graft-Versus-

Leukemia Responses by Targeting CC–Chemokine Receptor 
7 on Donor T Cells. Blood 2010, 115, 4914–4922.

 6. Yang, J.; Wang, S.; Zhao, G.; et al. Effect of Chemokine 
Receptors CCR7 on Disseminated Behavior of Human T Cell 
Lymphoma: Clinical and Experimental Study. J. Exp. Clin. 
Cancer Res. 2011, 30, 51.

 7. Cabioglu, N.; Yazici, M.; Arun, B.; et al. CCR7 and CXCR4 as 
Novel Biomarkers Predicting Axillary Lymph Node Metastasis 
in T1 Breast Cancer. Clin. Cancer Res. 2005, 11, 5686–5693.

 8. Cushman, M.; Golebiewski, W. M.; McMahon, J. B.; et al. 
Design, Synthesis, and Biological Evaluation of Cosalane, a 
Novel Anti-HIV Agent Which Inhibits Multiple Features of 
Virus Reproduction. J. Med. Chem. 1994, 37, 3040–3050.

 9. Zhang, J. H.; Chung, T. D. Y.; Oldenburg, K. R. A Simple 
Statistical Parameter for Use in Evaluate on and Validation of 
High Throughput Screening Assays. J. Biomol. Screen. 1999, 4, 
67–73.

 10. Golebiewski, W. M.; Bader, J. P.; Cushman, M. Design and 
Synthesis of Cosalane, a Novel Anti-HIV Agent. Bioorg. 
Med. Chem. Lett. 1993, 3, 1739–1742.

 11. Carlson, M. J.; West, M. L.; Coghill, J. M.; et al. In Vitro 
Differentiated Th17 Cells Mediate Lethal Acute GVHD with 
Severe Cutaneous and Pulmonary Manifestations. Blood 
2009, 113, 1365–1374.

 12. Sittampalam, G. S.; Coussens, N. P.; Brimacombe, K.; et al., 
editors. Assay Guidance Manual [Internet]. Bethesda, MD: 
Eli Lilly & Company and the National Center for Advancing 
Translational Sciences; 2004. Available from: https://www.
ncbi.nlm.nih.gov/books/NBK53196/

 13. Ott, T. R.; Pahuja, A.; Lio, F. M.; et al. A High-Throughput 
Chemotaxis Assay for Pharmacological Characterization of 
Chemokine Receptors: Utilization of U939 Monocytic Cells. 
J. Pharmacol. Toxicol. Methods 2005, 51, 105–114.

 14. Legler, D. F.; Matti, C.; Laufer, J. M.; et al. Modulation of 
Chemokine Receptor Function by Cholesterol: New Prospects 
for Pharmacological Intervention. Mol. Pharmacol. 2017, 91, 
331–338.

 15. Nguyen, D. H.; Taub, D. CXCR4 Function Requires 
Membrane Cholesterol: Implications for HIV Infection. J. 
Immunol. 2002, 168, 4121–4126.

 16. Nguyen, D. H.; Taub, D. Cholesterol is Essential for 
Macrophage Inflammatory Protein 1 Beta Binding and 
Conformational Integrity of CC Chemokine Receptor 5. 
Blood 2002, 99, 4298–4306.

 17. Nguyen, D. H.; Taub, D. Membrane Incorporation of 
22-Hydroxycholesterol Inhibits Chemokine Receptor 
Activity. Exp. Cell Res. 2003, 285, 268–277.

 18. Villablanca, E. J.; Raccosta, L.; Zhou, D.; et al. Tumor-
Mediated Liver X Receptor-Alpha Activation Inhibits CC 
chemokine receptor-7 Expression on Dendritic Cells and 
Dampens Antitumor Responses. Nat. Med. 2010, 16, 98–105.

 19. Howard, O. M.; Dong, H. F.; Oppenheim, J. J.; et al. Inhibition 
of RANTES/CCR1-Mediated Chemotaxis by Cosalane and 
Related Compounds. Bioorg. Med. Chem. Lett. 2001, 11, 
59–62.

 20. Jorgensen, A. S.; Rosenkilde, M. M.; Hjorto, G. M. 
Biased Signaling of G Protein-Coupled Receptors—From 
a Chemokine Receptor CCR7 Perspective. Gen. Comp. 
Endocrinol. 2018, 258, 4–14.

https://www.ncbi.nlm.nih.gov/books/NBK53196/
https://www.ncbi.nlm.nih.gov/books/NBK53196/

