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Prior to the 1990s, genetic analyses indicated that many autoimmune diseases are driven by T cell responses; however,
the identity of the pathogenic T cell populations responsible for dysfunctional autoimmune responses remained unclear.
Some 20 years ago, the discovery of numerous chemokines and their receptors along with the development of specific
mAbs to these provided a distinct advance. These new tools revealed a remarkable dichotomy and disclosed that some
chemokine receptors guided the constitutive migration of T cells through lymphoid tissues, whereas others, such as CCR5
and CXCR3, guided effector and memory T cell migration to inflammatory lesions. These T cell markers enabled a new
understanding of immune responses and the types of T cells involved in different inflammatory reactions.
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Chemokines and their 
receptors: leukocyte  
traffic control
Chemokines were all the rage in the 1990s 
and seemed to explain so many things, 
notably the specificity of a leukocyte to 
enter a given tissue. Furthermore, the 
discovery of chemokines indicated that 
it wasn’t just cell adhesion molecules, 
such as selectins and integrins, that were 
important for directing leukocyte traffick-
ing. As originally proposed by Springer and 
Butcher (1, 2), chemokines participate in 
the multistep process of leukocyte extrava-
sation and contribute to the combinatorial 
code that determines selectivity. In fact, 
the ensuing discovery of so many differ-
ent chemokines and chemokine recep-
tors — many more than the subtypes of 
selectins or integrins — suggested that the 
chemokine system dictated much of the 
fine specificity of leukocyte traffic. It was 
proposed and shown that chemokines and 
their receptors determine gut homing, skin 
homing, and lymphoid tissue homing as 
well as Th1- and Th2- dependent immune 

responses (3). In addition, chemokines and 
their receptors appeared to associate with 
particular types of immune responses, 
allowing for collective recruitment and 
interaction of several leukocyte types. 
A good example is the eotaxin receptor 
CCR3, which is expressed by multiple 
parasite/allergy-associated leukocytes, 
including eosinophils, basophils, mast 
cells, and Th2 cells. Likewise CXCR5 is 
expressed by T follicular helper (Tfh) cells 
and B cells and facilitates germinal center 
reactions. The identification and charac-
terization of chemokines and their recep-
tors explained, to a large degree, how the 
immune system was organized and how 
immune cells were recruited to and inter-
acted within specific tissues.

T cells that enter nonlymphoid tis-
sues provide front-line protection against 
pathogens; however, in autoimmune dis-
ease and allergy, their role is more sinister. 
It was therefore important to understand 
the nature of the T cells that actually enter 
inflammatory sites, as this might be infor-
mative of the type of immune responses 

that develop in response to invasion and 
in association with autoimmune disease 
(Th1, Th2, etc.). Prior to 1990, immunolo-
gists had assumed that most lymphocytes 
randomly recirculated throughout the 
body. Studies then emerged demonstrat-
ing that naive T cells migrated preferen-
tially through lymph nodes via high endo-
thelial venules (HEV), whereas memory/
effector (CD45RO+) T cells migrated to 
peripheral tissues, such as skin (4, 5). 
At this time, the precise nature of the  
T cells that traffic to inflammatory lesions 
received little attention.

In the 1990s, the discovery of numer-
ous chemokine receptors provided new T 
cell markers, including CCR5 and CXCR3, 
which bound the so-called “inflamma-
tory” chemokines, RANTES (CCL5) and 
IP-10 (CXCL10), respectively. At Leuko
Site Inc., Boston, we pioneered methods 
for developing mAbs to chemokine recep-
tors, and these mAbs proved valuable for 
characterizing chemokine receptor biol-
ogy. For instance, use of these antibodies 
revealed that CCR5 and CXCR3 preferen-
tially mark Th1 cells rather than Th2 cells 
(3). The results of these and other studies 
led to the notion that certain chemokines 
and their receptors were intimately asso-
ciated with certain types of inflammatory 
responses, whereas others were associ-
ated with constitutive homing by naive as 
well as a subset of memory T cells through 
lymph nodes. In support of this concept, 
CXCR4 and CCR7 proved to be receptors 
for lymph node homing by T cells, where-
as CCR5, CXCR3, and later CCR6 were 
determined to mark subsets of effector/
memory T cells (6).

Chemokine receptors define  
T cell subsets
The above information provided a back-
drop to the relatively simple question: what 
is the actual phenotype of T cells associat-
ed with different inflammatory reactions, 
particularly autoimmune lesions? The 
answer to this may enable development 

Conflict of interest: Charles Mackay has part ownership of a company that has licensed anti-C5aR antibodies and  
related technology to Novo Nordisk. Charles Mackay has patented anti-CXCR3 antibodies for use in inflammatory  
diseases. These are the subject of a license agreement with a pharmaceutical company.
Reference information: J Clin Invest. 2014;124(9):3682–3684. doi:10.1172/JCI77837.

Prior to the 1990s, genetic analyses indicated that many autoimmune 
diseases are driven by T cell responses; however, the identity of the 
pathogenic T cell populations responsible for dysfunctional autoimmune 
responses remained unclear. Some 20 years ago, the discovery of numerous 
chemokines and their receptors along with the development of specific 
mAbs to these provided a distinct advance. These new tools revealed a 
remarkable dichotomy and disclosed that some chemokine receptors  
guided the constitutive migration of T cells through lymphoid tissues, 
whereas others, such as CCR5 and CXCR3, guided effector and memory  
T cell migration to inflammatory lesions. These T cell markers enabled a  
new understanding of immune responses and the types of T cells involved  
in different inflammatory reactions.



The Journal of Clinical Investigation      H i n d s i g h t

3 6 8 3jci.org      Volume 124      Number 9      September 2014

model of MS, chemokine and receptor 
inhibitors ameliorate disease (reviewed in 
ref. 10); however, use of these inhibitors in 
human clinical trials has so far been frus-
trating. Maraviroc, a small molecule CCR5 
inhibitor, failed to demonstrate efficacy in a 
trial of patients with RA; therefore, at least 
in humans, CCR5 appears not to be the crit-
ical molecule for recruitment of disease-
causing cells. CXCR3 inhibitors have not 
yet entered clinical trials, although several 
companies have performed clinical trials 
with mAb inhibitors of one CXCR3 ligand, 
IP-10 (CXCL10), with promising results; 
however, it still remains to be determined 
whether CCR5+CXCR3+ T cells are driving 
pathogenesis in human RA, IBD, and other 
inflammatory diseases. There is evidence 
that other pathways may underlie these 
diseases. For example, in KxB/N, SKG, 
and collagen-induced murine models of 
inflammatory arthritis, inhibition of C5aR, 
a chemoattractant receptor for comple-

T cell subset associates with many other 
inflammatory lesions in human autoim-
mune diseases, notably the colonic muco-
sa in ulcerative colitis and myelinated neu-
ral tissue in MS (8). CCR5+CXCR3+ T cells 
are an effector population associated with 
IFN-γ production (3), although CXCR3 can 
also be expressed by Th17 T cells. This sug-
gests that IFN-γ or IL-17 is associated with 
the abundance of CCR5+CXCR3+ T cells in 
the arthritic joint and so contributes to dis-
ease pathogenesis. Interestingly, polymor-
phisms within the gene encoding IFN-γ 
have been linked to human RA (9).

Targeting CCR5 and CXCR3  
in inflammatory disease
The results of our 1998 study (7) suggested 
that chemokine or receptor inhibition could 
be an effective treatment for inflammatory 
diseases such as RA. In animal models of 
inflammatory arthritis and the experimen-
tal autoimmune encephalomyelitis (EAE) 

of novel inhibitors to chemokine recep-
tors with potential to limit inflammation in 
autoimmune and allergic diseases, such as 
rheumatoid arthritis (RA), asthma, inflam-
matory bowel disease (IBD), multiple scle-
rosis (MS), and others. One of the striking 
results from our 1998 study published in 
the JCI (7) was the revelation that CXCR3 
and CCR5 marked a relatively small sub-
set of T cells in blood, but were present 
on the vast majority of T cells in synovial 
fluid or synovium from patients with RA. 
This striking discrepancy indicated that 
there was a strong and highly selective 
recruitment of T cells from blood to the 
sites of this inflammatory reaction. Fur-
thermore, our results implied that these 
CXCR3+CCR5+ T cells actually contribute 
to disease pathogenesis and suggested that 
relevant chemokines, CCR5 ligands, or 
CXCR3 ligands might be attracting these 
T cells, thereby promoting disease. It now 
appears that this CXCR3+ and/or CCR5+ 

Figure 1. Likely phases of RA development, emphasizing CXCR3+ effector 
T cells. (A) Environmental and genetic triggers, including gut microbiota, 
smoking, infection, and PTPN22, TNF, and IFNG polymorphisms may 
promote Th17 and Th1 differentiation, and limit Treg development. Numer-
ous environmental stimuli likely trigger disease through poorly understood 
processes. RA-associated genetic predispositions, including HLA-DR4 
alleles, indicate that T cells drive RA; however, the pathogenic T cell subset 
is unknown. Dysfunctional MHCII and/or T cell responses could also alter 
gut microbiota, subsequently influencing disease. (B) During the lymphoid 
phase, naive T cells differentiate into disease-associated effector and mem-
ory T cells. IFN-γ–producing Th1 cells generally express CCR5 and CXCR3, 
whereas Th17 cells express CCR6 and CXCR3 to some extent. Tfh cells, which 
facilitate B cell antibody production, express CXCR5. Following generation in 
the lymph nodes (LN), CXCR3+ effector/memory T cells enter the blood and 
are a minority of T cells. During this stage, development and distribution of 
autoreactive effector cells and autoantibody-producing cells promote loss 
of immune tolerance. (C) The articular phase involves numerous cell types 
and inflammatory mediators, although the sequence of events remains 
uncertain. CXCR3+ effector/memory T cells are enriched in RA synovium, 
where their cytokine products, such as IFN-γ or IL-17, may drive inflam-
mation and leukocyte recruitment. Additionally, deposition of immune 
complexes and complement activation in joints may initiate inflammation 
and leukocyte recruitment. Leukocyte products may damage joint tissue or 
promote synovial fibroblast proliferation. It is not clear whether CXCR3+ Th1 
or Th17 cells underlie rheumatoid joint pathogenesis. See ref. 12 for more 
detailed information.
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Conclusions
Our 1998 JCI report (7) reinforced the con-
cept that the migration of T cells to inflam-
matory lesions is very different than their 
migration to lymphoid tissue. Accord-
ingly, chemokine receptors, such as CCR5, 
CXCR3, and CCR6, remain excellent 
markers for functional T cell subsets, and 
these molecules likely facilitate the highly 
directed migration of effector T cells to 
inflammatory lesions. However, the jury is 
still out on which T cells pull the trigger to 
initiate disease.
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ment component C5a, results in a striking 
disease inhibition (11), and trials are cur-
rently under way to evaluate the efficacy 
of an anti-C5aR drug in human RA. These 
RA models suggest that development of 
rheumatoid factor or citrullinated peptide 
antibodies might activate the complement 
cascade that then attracts tissue-damaging 
C5aR+ leukocytes, such as neutrophils and 
activated macrophages, to the joints. Acti-
vated macrophages produce TNF or IL-6 
(12), which in turn mediate synovial inflam-
mation (Figure 1). The chemokine ligands 
of CCR5 or CXCR3 are then induced by 
inflammatory cytokines such TNF and 
IFN-γ. Perhaps T cells in the joint then 
exacerbate disease through production 
of inflammatory cytokines, particularly 
IL-17 and IFN-γ. Of course, the genetic ele-
ment that implicates T cell involvement in 
human RA could relate entirely to another 
arm of the T cell response, such as T cell 
help for B cells that produce pathogenic 
autoantibodies (Figure 1). Regarding other 
inflammatory diseases, effector T cells 
actually do appear to drive pathogenesis. 
In psoriasis, agents that block the Th17 
cytokine IL-17 have been highly promis-
ing in human clinical trials. Th17 cells are 
marked by the chemokine receptor CCR6, 
which likely facilitates Th17 cell migration 
to the skin, although CXCR3 probably also  
plays a role.


