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Chemokine receptor CXCR3 affects the balance between effector and 

memory CD8 T-cell generation 

by 

Joyce K. Hu 

 

During infection, pathogen-specific T cells must efficiently recognize 

their cognate antigen, expand into effector cells, and form memory cells that 

provide protection during subsequent encounters with the same pathogen.  

Chemokines and chemokine receptors play essential roles in these processes.  

They mediate T cell surveillance of antigens in secondary lymphoid organs 

(SLOs) and facilitate T cell contacts with other immune cells that result in 

activation, expansion into effector cells, and formation of functional memory cells.  

Within the spleen, activated CD8 T cells move from distinct compartments of the 

white pulp (WP) to the marginal zone (MZ) and red pulp (RP), where they exit the 

spleen and migrate to inflamed tissues.  The molecular cues that guide activated 

CD8 T cells to splenic compartments and the effect of these movements on T cell 

differentiation are not completely understood.  The chemokine receptor CXCR3 

is expressed on activated CD8 T cells and guides these cells towards the 

interferon-inducible chemokines CXCL9, CXCL10, and CXCL11.  We used wild-

type (WT) and CXCR3 knock-out (KO) T cell receptor (TCR) transgenic P14 CD8 

T cells to determine if CXCR3 directs activated CD8 T cells to specific splenic 

compartments and if CXCR3-directed movements influence CD8 T cell 

differentiation.  Using lymphocytic choriomeningitis virus (LCMV) infection, we 
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found that CXCR3 directed activated CD8 T cells towards CXCR3 ligands in the 

MZ, where LCMV antigens were abundant.  In contrast, CXCR3 KO CD8 T cells 

were concentrated in the T zone away from antigen in the MZ.  Because antigen 

and inflammation promote the generation of short-lived effector cells, we 

examined whether CXCR3-mediated positioning affected CD8 T cell 

differentiation.  CD8 T cell clustering in the MZ was associated with increased 

generation of short-lived effector cells and decreased formation of memory 

precursor cells.  This led to the generation of fewer memory cells that were 

phenotypically and qualitatively different.  These data demonstrate that CXCR3 

increases CD8 T cell access to antigen and potentially inflammation in the MZ 

that affects the balance between effector and memory cell generation. 
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Coordinated immune cell movements are essential for immune responses 

Secondary lymphoid organs and antigen entry 

During infection, efficient recognition of cognate antigens by pathogen-

specific T and B cells is essential to mount an effective immune response.  

However, the precursor frequencies of T and B cells are relatively low compared 

to their overall numbers in the body.  For example, during infection with 

lymphocytic choriomeningitis virus (LCMV), precursor frequencies of the 

immunodominant gp33-41 epitope is 1 in 2x105 CD8 T cells or 100-200 in 2-

4x107 total estimated naïve CD8 T cells in an entire mouse [1].  Due to these low 

precursor frequencies, antigen surveillance in highly organized immune centers 

is essential.  Within these organized centers, called secondary lymphoid organs 

(SLOs), naïve T and B cells survey for cognate antigens and interact with other 

immune cells to elicit an immune response.   

The architecture of SLOs (Figure 1) facilitates antigen surveillance and 

immune cell interactions.  SLOs include the spleen, lymph nodes (LNs), and 

mucosa-associated lymphoid tissue (MALT), each of which acquires antigens 

that have entered via different routes.  The splenic red pulp filters blood for 

antigens and microorganisms [2], lymph nodes filter the lymph for antigens 

arriving from the skin or mucosa [3], and MALT acquire antigens from mucosal 

tissues.  The spleen is composed of the red pulp (RP) that filters blood and the 

white pulp (WP) that enables T and B cell responses.  Structured similarly, the 

splenic WP and LN contain a central T cell compartment called the periarteriolar 

lymphoid sheath (PALS) in the WP or the T zone in LNs.  B cell follicles border 
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the central T cell compartment and both T and B cell compartments are 

encapsulated within the marginal zone (MZ) of the spleen or the subcapsular 

sinus (SCS) of the LN. 

During infection, antigens enter SLOs in free form or in association 

with immune cells [3].  In the spleen, antigens enter from the blood into arterioles 

that terminate in the marginal sinus or marginal zone (MZ) [2].  From there, low 

molecular weight antigens can enter the white pulp via a conduit system [4] while 

larger antigens can flow from the MZ into the cords of the splenic RP or directly 

into venous sinuses back to the blood.  In the lymph node, antigens enter 

through the afferent lympatics into the SCS.  While small molecules may enter 

the lymph node parenchyma through a reticular conduit [4,5], other molecules 

can move into medullary sinuses where they exit through efferent lymphatics [4]. 

Alternatively, immune cells in different SLO compartments can capture 

antigens.  On either side of the marginal sinus, marginal zone macrophages 

(MZM) nearest to the RP and marginal metallophilic macrophages (MMM) 

nearest to the WP internalize and degrade pathogens [6,7].  Marginal zone B 

cells capture antigen and become IgM-secreting plasma cells [8] or they migrate 

to the WP where they shuttle antigen to B cell follicles [9] or participate in B cell 

[10] and T cell [11] responses.  Marginal zone dendritic cells, when activated, 

migrate into the white pulp and participate in adaptive immune responses 

[7,12,13].  Meanwhile, in the WP, dendritic cells can take up antigens that have 

moved through the splenic conduit system [3,7].  In the RP, macrophages 

encounter pathogens from blood such as bacteria and secrete molecules that 
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limit their growth [14].  Similarly to macrophages in the marginal zone, 

macrophages in the SCS of LNs also take up and degrade pathogens [3].  

Additionally, subcapsular sinus macrophages can transport antigen in the form of 

immune complexes to follicular B cells, which can then transport these 

complexes to follicular dendritic cells or the T zone to initiate a response [15].  In 

peripheral tissue, antigens can also be taken up and processed by dendritic cells, 

which mature and migrate to draining lymph nodes for presentation [16].   

 

Role of chemokines in antigen surveillance and immune cell activation, function, 

and differentiation 

Chemokines and chemokine receptors are critical for antigen 

surveillance, immune cell compartmentalization in SLOs, and immune cell 

movements during infection.  Chemokines are small protein chemoattractants 

classified by structure according to the number and spacing of conserved 

cysteine residues [17].  They bind to seven transmembrane chemokine receptors 

that signal through G proteins to direct cell movement.  Chemokines can further 

be grouped into homeostatic and inflammatory chemokines, although some 

chemokines have characteristics of both groups [18,19].  Homeostatic 

chemokines are constitutively expressed during homeostatic, or non-

inflammatory, conditions and are important for lymphocyte recirculation and 

compartmentalization in SLOs.  In contrast, inflammatory chemokines are 

induced by inflammatory stimuli and are important for the immune response 

during infection and disease.  Thus, regulation of homeostatic and inflammatory 
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chemokines is crucial for the switch between immune cell vigilance during normal 

states to immune cell responses during disease states. 

Lymphocyte entry into SLOs, compartmentalization within SLOs, and 

exit from SLOs requires chemokine receptors and the sphingosine 1-phosphate 

receptor-1 (S1P1).  S1P1 is a 7-transmembrane receptor that binds the 

lysophospholipid sphingosine 1-phosphate (S1P) and mediates lymphocyte exit 

from the thymus and SLOs [20,3,21].  T and B cells enter the spleen through 

arterioles into the marginal sinus, marginal zone, or red pulp [3,2].  From there, 

they move into the white pulp via bridging channels [22] in a pertussis toxin 

sensitive, or Gαi dependent [23], and integrin-dependent manner [24].  In lymph 

nodes, T and B cells enter through high endothelial venules (HEV) in a multi-step 

process involving selectin-mediated rolling, chemokine-mediated integrin 

activation, integrin-mediated adhesion, and transmigration across the HEV [3].  

After entry, chemokines attract T and B cells to distinct compartments of the 

splenic WP or LN.  CCR7-expressing naïve T cells are attracted to the 

homeostatic chemokines CCL19 [25] and CCL21 [26,27], which are secreted by 

stromal cells in the splenic PALS and LN T zone [28].  CXCR5-expressing naïve 

B cells are attracted to the homeostatic chemokine CXCL13 expressed by 

follicular stromal cells in B cell follicles.  After surveying for cognate peptide-MHC 

and antigen, T and B cells use the S1P1 receptor to exit LNs [20] towards a 

gradient of increased S1P within the efferent lymphatics [29].   

Chemokine receptor modulation is important for antigen transport and 

cell-cell interactions.  Dendritic cells modulate chemokine receptor expression to 
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move from peripheral tissues to draining lymph nodes to present antigen.  

Immature dendritic cells (DCs) express inflammatory chemokine receptors such 

as CCR1, CCR5, CCR6, and CXCR1 that allow these cells to migrate to 

peripheral tissues to survey for pathogenic antigens [30].  In particular, skin-

resident dendritic cells express CCR1, CCR5, and CXCR1, which allow them to 

survey the skin.  In response to activation signals, DCs produce inflammatory 

chemokines including CXCL8, CXCL10, CCL3, and CCL4 which may enhance 

neutrophil and monocyte recruitment to the affected tissue [31].  As dendritic 

cells mature, they downregulate inflammatory chemokine receptors and 

upregulate the homeostatic chemokine receptor CCR7 that guides them towards 

draining lymph nodes [32-34].  While migrating to lymph nodes or while in lymph 

nodes, DCs secrete CCL18, which preferentially attracts naïve T cells [35], and 

CCL17 [36] and CCL22 [37] which attracts activated T cells.  T and B cells also 

modulate chemokine receptor expression during the immune response.  

Activated CD4 T helper cells upregulate CXCR5 and activated B cells upregulate 

CCR7, which allows these cells to move towards the T-B boundary where they 

can give and receive help [38,39].  Another subset of CD4 T helper cells, called 

follicular B helper T cells, downregulate CCR7 and upregulate CXCR5 [40], 

allowing them to move into B cell follicles to aid the germinal center response 

[41].   

In addition to directing immune cells within the lymph node, 

chemokines also direct immune cells to peripheral tissues where they perform 

effector functions.  Activated CD4 and CD8 T cells upregulate expression of 
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inflammatory chemokine receptors CCR5, CXCR6, and CXCR3.  CCR5-

mediated migration of effector and memory cells to peripheral tissues is 

important to combat particular infections.  In one example, CCR5 expression on 

activated CD4 and CD8 T cells increased infiltration into the brain during West 

Nile virus infection and correlated with increased survival [42].  In another 

example, CCR5 mediated early memory CD8 T cell infiltration into the lung 

during secondary infection with Sendai virus, which was associated with 

decreased viral titers in the lung [43].  Similarly, CXCR6 may mediate T cell 

infiltration into inflamed peripheral sites [44-46].  Correlative studies showed that 

CXCR6-expressing T cells infiltrated rheumatoid joints, inflamed livers, and 

spinal cords of mice with experimental autoimmune encephalomyelitis (EAE).  A 

study using CXCR6 knockout mice demonstrated that CXCR6 partially mediated 

CD8 T cell infiltration into inflamed livers that expressed the CXCR6 ligand 

CXCL16 [47].  Likewise, CXCR3 may direct T cells into inflamed tissues in 

models of infection, graft-versus-host disease, and autoimmune disease.  

CXCR3 is expressed on effector and memory CD4 and CD8 T cells and attracts 

these cells to inflamed sites expressing the interferon-inducible CXCR3 ligands 

CXCL9, CXCL10, and CXCL11 [48-50].  The outcomes of CXCR3-mediated 

infiltration into inflamed tissues vary depending on the infection.  Intracranial 

infection of mice with lymphocytic choriomeningitis virus (LCMV) leads to death 

at seven to ten days post-infection.  In this infection model, CXCR3 expression 

increased T cell accumulation in the brain parenchyma and accelerated mortality 

in mice [51,52], possibly due to heightened immunopathology in the central 
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nervous system (CNS).  On the other hand, CXCR3 played a protective role in 

intracerebral infection with dengue virus.  CXCR3-mediated effector CD8 T cell 

recruitment to sites of dengue virus infection correlated with lower viral loads and 

a lower frequency of paralysis and death [53].  Similarly, during subcutaneous 

infections of Leishmania major, CXCR3 expression increased CD4 and CD8 T 

cell infiltration into lesions and correlated with decreased parasite loads at eight 

weeks post-infection [54].  Interestingly, recruitment of IFN-γ-expressing T cells to 

inflamed tissues may increase CXCR3 ligand expression, resulting in further 

recruitment of T cells to that tissue [55-58].  This can be seen during HSV-2 

infection, where effector CD8 T cell migration to the vaginal site of infection 

depended on CXCR3 ligand induction by IFN-γ-expressing CD4 T cells at the site 

of infection [59].  The amplification of signals for T cell recruitment could lead to 

aggravation of a disease or to protection during disease depending on the T cells 

recruited.  In graft-versus-host disease, CXCR3 recruited effector T cells into 

CXCR3 ligand-expressing allografts, leading to increased allograft rejection 

[60,61].  However, in experimental autoimmune encephalomyelitis (EAE), 

CXCR3 expression reduced EAE severity during its chronic phase possibly by 

recruitment of Foxp3+ regulatory T cells (Treg) to the central nervous system 

(CNS) [62].  These studies demonstrate the variable outcomes of CXCR3-

mediated T cell recruitment to inflamed peripheral tissues.  Although most 

studies focused on T cell recruitment to peripheral tissues, one study suggested 

that CXCR3 may guide T cells within lymph nodes.  In tonsils and lymph nodes of 

HIV-infected patients, CXCL9 expression around germinal centers was 

8



associated with the localization of CXCR3-expressing CD4 T cells around and 

within these germinal centers [63].  Overall, these studies show that inflammatory 

chemokine receptors CCR5, CXCR6, and CXCR3 are important for the trafficking 

of effector cells to sites where they perform effector functions. 

Importantly, chemokines also influence T cell differentiation.  CD8 T 

cell differentiation into functional memory cells requires CD4 T cell help [64-67].  

CD4 T cells can help CD8 T cells by licensing DCs to give CD8 T cells the proper 

signals to form memory cells [67].  In inflamed lymph nodes, CCR5-expressing 

CD8 T cells were attracted to the CCR5 ligands CCL3 and CCL4 that were 

expressed by licensed DCs [68].  Thus, CCR5 promoted contacts between CD8 

T cells and licensed DCs, which promoted the generation of functional memory 

cells.  Moreover, chemokines influence CD4 T cell differentiation into T helper 

cell subsets.  CD4 T cell differentiation into helper cell subsets is influenced by 

the cytokine microenvironment during activation [69].  For example, IL-12 

promotes differentiation into T helper type 1 (Th1) cells [70], IL-4 and IL-13 

promote differentiation into T helper type 2 (Th2) cells [71-74], and IL-6 and IL-21 

promote differentiation into follicular T helper (TFH) cells [75-77].  Chemokines 

can promote the expression of cytokines that influence CD4 T cell differentiation 

[78].  For example, expression of CCL3 and CCL4 after Toxoplasma gondii 

infection induced IL-12 expression in DCs in a CCR5-dependent manner, thus 

creating a microenvironment favoring the differentiation of Th1 cells [79].  In 

contrast, CCL2 inhibited IL-12 expression in APCs and enhanced IL-4 expression 

in activated CD4 T cells, thereby promoting the differentiation into Th2 cells [78].  
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In conclusion, chemokines are important for antigen surveillance and T cell 

activation, differentiation, and function.       

 

CD8 T cell differentiation into effector and memory cells 

The formation of effector and memory CD8 T cells 

The formation of effector and memory CD8 T cells is essential for 

immune responses to repeated encounters with intracellular pathogens.  During 

an acute infection, pathogen-specific CD8 T cells are activated and expand to 

form a heterogeneous population of effector CD8 T cells.  These effector cells 

secrete inflammatory cytokines and kill infected cells, leading to the clearance of 

the pathogen by the peak of CD8 T cell expansion.  After the peak of expansion, 

a majority of effector CD8 T cells die during contraction.  However, a small 

percentage of these effector cells survive contraction and form long-lived, self-

renewing memory cells that respond efficiently to reencounters with the same or 

a similar pathogen.  During chronic infections, CD8 T cells display similar kinetics 

of expansion and contraction.  However, due to repeated stimulation by antigen, 

CD8 T cells become exhausted and form non-classical memory cells that depend 

on antigen stimulation to survive [80]. 

    

Effector and memory cell heterogeneity 

An important factor to consider when forming models on CD8 T cell 

differentiation is the heterogeneity of effector and memory cells.  Models must 

sufficiently explain how these heterogeneous pools are achieved.  Effector cell 
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populations are phenotypically and functionally heterogeneous in their 

proliferative capacity and their expression of various receptors and cytokines 

[81].  Memory cells are also heterogeneous and have been grouped into subsets 

that differ in their potential to migrate to different tissues and in their potential to 

secrete cytokines and expand during secondary infection [82-85].  Two broad 

subsets of memory cells have been characterized and are called effector 

memory (TEM) and central memory cells (TCM) [86].  TEM express low levels of 

CD62L (L-selectin) and the chemokine receptor CCR7 whereas TCM express high 

levels of both receptors.  CD62L is a cell adhesion molecule that mediates 

lymphocyte rolling on high endothelial venules (HEV), which is essential for entry 

into peripheral lymph nodes.  Subsequent binding of CCR7 on lymphocytes to 

CCL21 on HEV initiates integrin binding, firm arrest, and transmigration across 

the HEV into the lymph node [87].  Due to the roles of CD62L and CCR7 in entry 

into peripheral lymph nodes, it was proposed that CD62L+CCR7+ TCM were 

enriched in peripheral lymph nodes while CD62L-CCR7- TEM were enriched in 

peripheral tissues.  In response to polyclonal stimulation of human blood 

lymphocytes, TEM expressed more effector molecules including perforin and 

interferon-γ (IFN-γ) whereas TCM expressed slightly more interleukin-2 (IL-2) [82].  

Due to the distinct homing capabilities and effector functions of these memory 

cell subsets, a hypothesis was formed about the role of TEM and TCM.  During 

recall responses, TEM would be located in peripheral tissues to provide the first 

line of defense while TCM would be located in lymph nodes where they would 

expand to form a second pool of effector cells.   
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However, subsequent examination of memory subsets showed that the 

characterization of these subsets proved to be more complex.  Differences in 

immediate effector function in TEM and TCM aligned more with the location of the 

memory cells than with the expression of markers identifying TEM and TCM.  

Specifically, it was shown that both CD62Llo TEM and CD62Lhi TCM acquired traits 

of TEM when transferred from the spleen into the liver and lung [88].  Moreover, 

after stimulation with cognate peptide, TEM and TCM from the spleen both rapidly 

expressed similar amounts of effector cytokines such as IFN-γ and tumor 

necrosis factor-α (TNF-α) [83,89,90].  However, splenic TCM still expressed more 

IL-2 than splenic TEM and had a greater proliferative capacity as originally 

hypothesized [83].  Finally, it was shown that T cells that were engineered to 

constitutively express CD62L still formed similar memory cell subsets compared 

to wild-type cells as analyzed by expression of memory markers and by 

homeostatic turnover [91].  These data suggest that expression of CD62L does 

not determine characteristics of TEM and TCM.  Instead, the incorporation of 

signals through TCR stimulation, which affects CD62L expression [92], and other 

factors such as the tissue environment may influence characteristics of TEM and 

TCM.  Understanding the heterogeneity and qualities of effector and memory cell 

subsets is important in the generation of models of T cell differentiation. 

 

Signals that influence CD8 T cell differentiation 

Three important signals of T cell activation are antigenic stimulation, 

costimulation, and inflammation.  The strength of antigenic and inflammatory 
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stimulation contributes to differences in the CD8 T cell response.  By separating 

antigenic and inflammatory signals during infection, it has been shown that these 

signals play distinct roles in CD8 T cell differentiation.  One study used a 

recombinant vaccinia virus that was engineered to alter the amounts of 

ovalbumin-specific peptide presentation with the same dose of virus [93].  Using 

this system, it was shown that increasing antigenic stimulation in the presence of 

the same amount of inflammation increased the magnitude of the CD8 T cell 

response [93,94].  However, it did not noticeably alter the differentiation of CD8 T 

cells into terminally differentiated effectors versus memory precursor cells [94].  

On the other hand, increasing the amount of inflammation in the presence of the 

same amount of antigen promoted CD8 T cell differentiation into terminally 

differentiated effectors [94].  To a similar effect, decreasing amounts of 

inflammation accelerated the generation of functional memory cells [95].  To 

examine the impact of varying amounts of antigen and inflammation on T cell 

differentiation, one may also increase or decrease competition for these signals 

by varying T cell precursor frequencies.  Increasing the number of antigen-

specific precursor T cells decreased the amount of available signals per T cell, 

which resulted in the generation of more memory precursor-like cells [96].  

Moreover, increasing the number of antigen-specific precursor T cells promoted 

the generation of TCM over TEM cells [97].  Overall, decreasing the strength of 

antigen and inflammation increases the generation of memory precursors over 

terminal effectors and increases the generation of TCM over TEM.   
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The duration of antigenic and inflammatory stimulation also influences 

CD8 T cell differentiation. One day of in vitro stimulation with antigen is sufficient 

to elicit CD8 T cell division at least seven times over the course of several days 

into functional effector cells [98-101].  However, using antibiotics to curb 

antigenic and inflammatory stimulation in vivo at one day post-infection with 

Listeria monocytogenes led to the formation of fewer memory cells [98].  This 

may be due to an insufficient amount of other signals necessary for memory cell 

formation, including CD4 T cell help [64].  Although these studies showed that 

CD8 effector T cells can form after one day of antigenic and inflammatory 

stimulation, they do not address whether prolonged antigenic and inflammatory 

stimulation later during infection influences differentiation into terminal effectors, 

memory cells, and memory cell subsets.  One study demonstrated that curbing 

antigen and inflammation during later infection decreased the generation of 

terminally differentiated effectors and increased the generation of memory 

precursors and central memory cells [102]. 

In addition, the transcription factors T-bet, Blimp-1, and Eomesodermin 

are important for effector and memory CD8 T cell programming.  Antigen and 

inflammatory factors induce T-bet, which is required for the generation of 

terminally differentiated effector cells as identified by the marker killer cell lectin-

like receptor subfamily G member 1 (KLRG1) [94].  Increased expression of T-

bet promotes the generation of KLRG1hi terminal effectors.  Yet, some 

expression of T-bet is important for the formation of memory cells as it has been 

shown to regulate the expression memory precursor cell-specific genes [103,94].  
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Another transcription factor, Blimp-1, is a transcriptional repressor previously 

shown to be required for the differentiation of B cells into plasma cells [104,105].  

In T cells, expression of Blimp-1 promoted CD8 T cell differentiation into KLRG1hi 

terminal effectors while deletion of Blimp-1 led to the formation of more memory 

cells and central memory cells [106,107].  Similarly, a paralogue of T-bet, 

Eomesodermin, plays a role in effector CD8 T cell differentiation and function 

[108].  T-bet and eomesodermin together are important for the expression of the 

effector cytokine IFN-γ and the β chain of the IL-15 receptor and IL-2 receptor, 

CD122, which is necessary for memory CD8 T cell turnover [109].  Therefore, T-

bet, Blimp-1, and Eosmesodermin are important for the generation of effector 

cells while also affecting memory cell generation and maintenance.   

As well, the cytokines IL-2, IL-7, and IL-15 play roles in CD8 T cell 

proliferation and survival and memory cell turnover [110].  Although IL-2 is 

required for in vitro expansion of T cells, CD8 T cells expand well into effector 

cells in vivo in IL-2- and IL-2 receptor-deficient mice [110,111].  Although not 

required for effector cell expansion, IL-2 expression during priming was important 

to generate memory cells that expanded fully during secondary infection [112].  

Another cytokine, IL-7, has been shown to play roles in the survival of naïve CD8 

T cells and the maintenance of memory CD8 T cells [113].  The IL-7 receptor (IL-

7R) is expressed on naïve T cells, downregulated on activated T cells, and then 

upregulated again on CD8 T cells that have a greater potential to form memory 

cells [114].  However, overexpression of the IL-7R on effector CD8 T cells did not 

promote effector cell survival and the formation of memory cells [115], which 
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suggested that IL-7 did not direct memory CD8 T cell differentiation.  

Interestingly, TGF-β accelerated the apoptosis of KLRG1hi terminally 

differentiated cells that did not express the IL-7 receptor [116].  This implied that 

KLRG1hi effector cells that expressed the IL-7R are more resistant to TGF-β-

mediated apoptosis.  However, it has not been formally shown that IL-7R 

expression mediates the survival of effector cells.  Another important cytokine 

that maintains memory cell homeostasis is IL-15 [117].  IL-15 is important for 

effector cell survival during contraction [118,116] as well as memory CD8 T cell 

turnover and homeostatic proliferation [119-121].  Thus, IL-2, IL-7, and IL-15 play 

important and distinct roles in the T cell response to and primary and successive 

encounters of a pathogen. 

 

Models for the generation of effector and memory CD8 T cells 

Signals that direct CD8 T cell differentiation into effector cells versus 

memory cells have been vigorously examined.  However, questions still remain 

as to when CD8 T cells commit to one lineage or the other, and whether this 

decision is fixed or plastic.  To better understand the models that have been 

proposed to depict CD8 T cell differentiation, it is important to define and 

characterize differences between short-lived effector cells and memory cells.  

While short-lived effector cells are terminally differentiated and eventually die, 

memory cells are long-lived, undergo homeostatic proliferation, and respond 

more efficiently than naïve cells to reencounters of the same pathogen.   

16



Several models have been proposed to characterize CD8 T cell 

differentiation into effector and memory cells.  Three models are prominent today 

and have evolved primarily from advances in the last decade.  Previously, it was 

not known if effector and memory cells were derived from separate naïve T cell 

precursors [122].  Elegant studies following the differentiation of a single naïve 

CD8 T cell, either through single-cell transfer [123] or genetic tagging [124], 

demonstrated that a heterogeneous population of effector cells could differentiate 

from a single cell.  The following models were generated to depict the 

differentiation of a naïve T cell into a heterogeneous population of effector and 

memory cells: 1) Fixed lineage model 2) Decreasing potential model and 3) Fate 

commitment with progressive differentiation model [103] (Figure 2). 

The fixed lineage model states that naïve CD8 T cells differentiate 

directly into effector cells or directly into memory cells.  In this model, naïve T 

cells bifurcate into two distinct and fixed cell lineages shortly after activation 

[125].  In support of this model, it was found that lymphocytes can asymmetrically 

divide into two daughter cells that differentially displayed phenotypic and 

functional qualities of an effector cell and a memory cell [126].  This data could 

support a model where naïve T cells differentiate into either effector cells or 

memory cells, which do not enter an effector cell stage.  However, this study did 

not examine successive rounds of proliferation typical of in vivo infections to 

determine if these lineages were indeed fixed. 

An alternative model is the decreasing potential model, which states 

that the potential of a CD8 T cell to form into a memory cell decreases with 
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increasing antigenic stimulation [122].  In this model, all activated CD8 T cells 

differentiate into effector cells.  However, cells that receive less stimulation have 

a greater potential to recover and differentiate into memory cells while cells that 

receive more stimulation become terminally differentiated and die.  In support of 

this model, lineage tracing demonstrated that effector cells expressing IFNγ 

formed memory cells after infection that expanded well during secondary 

infection [127].  This demonstrated that memory cells entered an effector cell 

stage before differentiating into memory cells.  Additionally, several studies 

support the idea that increased stimulation increases the likelihood of cell death.  

For example, it was shown that inhibiting mTOR, which is activated downstream 

of TCR and cytokine signaling, improved the conversion of effector cells to 

memory cells [128,129].  This suggested that dampening TCR and cytokine 

signaling increased a cell’s potential to form into a memory cell.  Furthermore, 

increasing competition for stimulation promotes the generation of memory cells.  

During an immune response, antigen-specific T cells enter inflamed lymph nodes 

at different times during infection.  Naïve T cells that enter a lymph node after the 

initiation of a T cell response compete with already expanding T cells for 

stimulation by DCs [130].  As a result, these “late-comers” experience less 

stimulation and form more central memory T cells that expand better during a 

recall response [130].  In similar studies, others have transferred different T cell 

precursor frequencies to demonstrate that increased competition for stimulation 

resulted in the formation of more central memory cells [131,96,97].   
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A decade later, the fate commitment and progressive differentiation 

model [103] was formed as an extension of the decreasing potential model with 

changes that accommodated new findings in T-cell differentiation.  It states that 

precursors of terminal effector cells and memory cells can be identified during 

infection but that increasing stimulation can drive differentiation of memory 

precursors into terminally differentiated cells.  In support of this model, terminally 

differentiated effector cells and memory precursor cells could be identified by 

expression of KLRG1 and IL-7 receptor.  Furthermore, increased stimulation led 

to the increased formation of terminal effectors [94].  The fate commitment and 

progressive differentiation model further divides memory cells into effector 

memory and central memory subsets [82] and states that effector memory cells 

are transitional memory cells that eventually convert to central memory cells over 

time.  The idea of effector memory cells as a transitional memory cell subset is 

based on the finding that effector memory cells that were transferred into new 

recipients converted to central memory cells over time [83].  However, it was later 

shown that low precursor frequencies of T cells could lead to the generation of a 

stable population of effector memory cells that did not convert into central 

memory cells [97].  Therefore, this model may need a further adjustment to 

include a stable lineage of effector memory cells.   

Overall, these models are representative of our current knowledge of T 

cell differentiation and will likely evolve with an improved understanding of T cell 

differentiation over time. 
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Lymphocytic choriomeningitis virus (LCMV) infection 

Lymphocytic choriomeningitis virus is a non-cytolytic arenavirus, which 

is an enveloped virus with a nucleocapsid containing two single-stranded RNA.  

The two single-stranded RNA of LCMV are ambisense and the large (L) strand 

encodes the polymerase and z protein while the small (S) strand encodes the 

nucleocapsid protein and two surface glycoproteins.  There are several genetic 

variants of LCMV that differ in their virulence [132].  Two commonly used strains 

are the acute Armstrong strain, which is cleared within eight to ten days post-

infection, and the chronic Clone-13 strain, which persists for several months 

[133] (Figure 3).  Differences in these two strains include five point mutations, 

two of which result in coding changes: the first mutation changes a lysine to a 

glutamine in the polymerase and the second mutation changes a phenylalanine 

to a leucine in the glycoprotein [134-136].  The polymerase mutation in Clone-13 

increases viral replication in macrophages and the mutation in the glycoprotein 

increases the number of macrophages infected [137].  Furthermore, the mutation 

in the glycoprotein in Clone-13 results in higher binding affinity to α-dystroglycan, 

the receptor for the virus [138], which is preferentially expressed on DCs.  This 

leads to improved virus binding and infection of DCs, suppression of the effector 

CD8 T cell response, and viral persistence [139,140].  The acute and chronic 

strains of LCMV also vary in the infection of different areas of the spleen [141].  

At one day post-infection, Armstrong and Clone-13 infection is focused in 

marginal zones of the spleen.  However, at three days post-infection, Armstrong 

infection is contained in marginal zone areas whereas Clone-13 spreads to the T 

20



zones where the virus infects fibroblastic reticular cells (FRCs).  This infection of 

FRCs contributes to disruption of the splenic architecture and FRC conduit 

network [142].  By 8 days post-infection, Armstrong infection is cleared in the 

spleen whereas Clone-13 infection persists in the white pulp and red pulp 

[141,142].  Additionally, lymphocytes play different roles in acute versus chronic 

infections with LCMV.  CD8 T cells are critical for the clearance of both strains 

[143].  Although CD4 T cells are not required to generate the CTL response or to 

clear acute infection, CD4 T cells are critical for the eventual clearance of the 

chronic strain [143].  Similarly, B cells are not required for viral clearance during 

acute infection but are important for limiting virus dissemination and resolving 

infection with the chronic strain [144]. 

 

Thesis work 

The aim of this thesis work was to understand how inflammatory 

chemokine receptor expression influences CD8 T cell differentiation into effector 

and memory cells.  T cell differentiation is influenced by access to antigenic and 

inflammatory stimuli as well as access to survival factors.  Importantly, 

chemokine receptor expression can influence access to stimuli by promoting 

movement to different microenvironments.  Previously, it had been shown that 

activated CD8 T cells moved to different compartments of the spleen during the 

course of the infection [145].  Activated CD8 T cells formed clusters near B cell 

follicles and in the marginal zone before moving through bridging channels into 

the red pulp, where they exited from the spleen [145].  Yet, the molecular signals 
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involved in CD8 T cell movement to different areas of the spleen and the 

resulting effect on CD8 T cell differentiation was not explored.   

Activated CD8 T cells upregulate expression of inflammatory 

chemokine receptor CXCR3, which directs them to areas that express the 

interferon-inducible ligands CXCL9, CXCL10, and CXCL11.  A previous study 

demonstrated that CXCL9 was expressed in particular compartments of a 

chronically inflamed lymph node [63].  This suggested a potential role for CXCR3 

in directing activated T cells to different microenvironments of the SLO during T 

cell expansion and differentiation.   

Using acute LCMV (LCMVArm) as an infection model, we found that 

CXCL9 was expressed around follicles and in marginal zones of inflamed 

spleens at 3-5 dpi.  Activated CD8 T cells upregulated CXCR3 by 3 dpi and 

formed clusters around B cell follicles and in marginal zones at 3-5 dpi.  By 

cotransferring wild-type (WT) and CXCR3 knock-out (KO) LCMV-specific, TCR-

transgenic P14 CD8 T cells into mice and infecting them, we found that CD8 T 

cells were directed to these areas in a CXCR3-dependent manner.  Moreover, 

immunofluorescent staining revealed that LCMV antigen was abundant in the 

marginal zone during this time.  Cells in the marginal zone include marginal zone 

macrophages and marginal zone metallophilic macrophages.  These cells 

contained LCMV RNA and were likely infected with virus.  Therefore, activated 

CXCR3-expressing CD8 T cells that moved to the marginal zone also gained 

access to infected cells with the potential to present viral peptide:MHC and 
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secrete inflammatory cytokines.  In contrast, activated CXCR3 KO CD8 T cells 

were concentrated in the T zone away from the antigen-abundant marginal zone. 

CXCR3-dependent access to antigenic and inflammatory stimuli was 

associated with the formation of more short-lived effector cells.  However, both 

WT and CXCR3 KO cells proliferated similarly at 2.5 dpi and expressed similar 

levels of the effector molecules IFN-γ, TNF-α, and Granzyme B at 8 dpi.  This 

showed that CXCR3 was not required for expansion into functional effector cells.  

When we followed WT and CXCR3 KO cells into memory phases, we found that 

CXCR3 KO CD8 T cells generated 2-4-fold more memory cells.  Moreover, these 

CXCR3 KO memory CD8 T cells were phenotypically different and contained 

greater proportions of central memory cells.  Furthermore, CXCR3 KO memory 

CD8 T cells proliferated more than WT memory CD8 T cells during secondary 

infection.  Although not required for the formation of effector or memory cells, the 

inflammatory chemokine receptor CXCR3 influenced CD8 T cell differentiation 

into effector cells at the expense of memory cells and affected the phenotype and 

quality of memory cells that were formed. 
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Figure 1 

Spleen and lymph node architecture 

Architecture of spleen (A), splenic white pulp (B), and lymph node (C), adapted 

from reviews [3,7].  Arrows show the flow of blood through arteries (red) into the 

spleen and through veins out of the spleen (blue) (A) or the flow of lymph through 

afferent lymphatics into the lymph node and through efferent lymphatics out of 

the lymph node (C). 
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Figure 2 

T cell differentiation models  

Fixed lineage model (A), decreasing potential model (B), and fate commitment 

with progressive differentiation model, adapted from reviews [103,122]. 
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Figure 3  

Kinetics of CD8 T cell response during acute and chronic virus infection 

LCMV-specific CD8 T cell numbers (blue line) and viral loads in the spleen (red 

line) and serum (green line) during acute and chronic LCMV infection, adapted 

from article and review [80,146]. 
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ABSTRACT: 

Generation of a robust immunological memory response is essential 

for protection upon subsequent encounters with the same pathogen.  The 

magnitude and quality of the memory CD8 T cell population is shaped and 

influenced by the strength and duration of the initial antigenic stimulus as well as 

inflammatory cytokines. Although chemokine receptors have been established to 

play a role in recruitment of effector CD8 T cells to sites of inflammation, their 

contribution to determination of T cell fate and shaping of the long-lived memory 
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T cell population is not fully understood.  Here we investigated whether reduced 

access to antigen and inflammation through alterations in expression of 

inflammatory and homeostatic chemokine receptors has an impact on generation 

of effector and memory CD8 T cells.  We found that in mice infected with 

lymphocytic choriomeningitis virus, co-localization of virus specific CD8 T cells 

with antigen in spleen is dependent on expression of the inflammatory 

chemokine receptor, CXCR3.  In addition, absence of CXCR3 expression on 

CD8 T cells leads to formation of fewer short-lived effector cells and more 

memory precursor cells.  Furthermore, the memory CD8 T cell population derived 

from CXCR3 deficient cells has fewer cells of the effector memory phenotype 

and exhibits a recall response of greater magnitude than wild-type cells.  These 

data demonstrate that CD8 T cell positioning relative to antigen and inflammatory 

cytokines in secondary lymphoid organs affects the balance of effector and 

memory T cell formation and has both a quantitative and qualitative impact on the 

long- lived memory CD8 T cell population. 

 

INTRODUCTION: 

In response to an infection with an intracellular pathogen, antigen 

specific CD8 T cells undergo rapid clonal expansion while differentiating into 

cytotoxic effector T cells that then control the infection through lysis of the 

infected cells and production of cytokines [1].  After the peak of the expansion, 

the majority of effector T cells undergo apoptosis leaving behind a small fraction 

that gives rise to long-lived self-renewing memory CD8 T cells with a superior 

44



recall response to the same antigen.  In the past decade major advances have 

been made in our understanding of the lineage relationship between short- lived 

effector cells and the precursor cells that give rise to long-lived memory CD8 T 

cells.  Elegant cell tracing studies have shown that an individual naïve CD8 T cell 

can have multiple fates and give rise to both short-lived effector and long-lived 

memory cells [2].  However, the proportion of effector cells that give rise to long-

lived memory cells can be affected by several factors including the strength and 

duration of antigenic stimulus as well as pro-inflammatory cytokines and other 

environmental factors. Progress in identification of terminal effector and memory 

precursor cells within the heterogeneous effector population at early times after 

infection, through their expression of markers such as KLRG-1 and IL-7Rα, has 

paved the way for elucidating how cell intrinsic and extrinsic factors, including 

positional cues, alter the balance between effector and memory T cell generation 

[3, 4]. 

Naïve CD8 T cells continuously circulate between blood and 

secondary lymphoid organs in search of their cognate antigen.  They express 

high levels of CCR7 and thus, localize within the T zone areas of the spleen and 

lymph nodes where the CCR7 ligands CCL19 and CCL21 are homeostatically 

expressed.  Upon activation by both antigen and innate stimuli, such as type I 

interferons, CD8 T cells alter their expression of chemokine receptors [5].  

Receptors, such as CCR7 and S1PR1, are down-regulated and inflammatory 

chemokine receptors, such as CXCR3, CXCR6, and CCR5 are up- regulated [6-

9].  These receptors then guide effector CD8 T cells towards activated dendritic 
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cells to receive further “help” from CD4 T cells or recruit them to inflamed tissues 

to control the infection.  One particular receptor, CXCR3, has been shown to be 

important in recruitment of effector CD8 T cells to allografts and to sites of viral 

infection within the CNS and the genital tract where its ligands, CXCL9 and 

CXCL10 are induced by IFN-γ [10-15].  

In addition to regulating the trafficking patterns of effector CD8 T cells, 

chemokine receptors also have an impact on the interaction of these cells with 

their microenvironment.  How chemokine receptors influence these interactions 

and affect CD8 T cell differentiation is not completely understood.  In this study 

we examined the role of CXCR3 in differentiation of activated CD8 T cells in vivo 

in response to infection of the host with lymphocytic choriomeningitis virus 

(LCMV).  We found that absence of CXCR3 on CD8 T cells leads to less co-

localization of effector T cells with antigen within the spleen and affects the 

balance between generation of short-lived effector and memory precursor cells.  

More strikingly, absence of CXCR3 leads to generation of more long-lived 

memory CD8 T cells with a qualitatively better recall response. 

 

RESULTS: 

CXCR3 is gradually up-regulated on antigen specific CD8 T cells during the 

course of infection.  

To determine whether chemokine receptors play a role in CD8 T cell 

fate determination after activation, we analyzed expression of a number of these 

receptors on Ag-specific CD8 T cells following LCMV infection.  One particular 
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receptor, CXCR3, was up-regulated approximately ten-fold as early as day 3 

post-infection on P14 TCR Tg CD8 T cells specific for LCMV DbGP33-41 (Fig. 

1A).  CXCR3 expression reached peak levels by day 5 but was then partially 

down-regulated on a small fraction of the cells by day 8 post-infection (Fig. 1A).  

Several recent studies have shown that within the heterogeneous effector CD8 T 

cell population level of expression of KLRG1 can distinguish those cells that are 

terminally differentiated and are destined to die (KLRG1hi) from those that give 

rise to long-lived memory cells (KLRG1lo) [3, 4]. Further analysis of KLRG1hi and 

KLRG1lo subsets of effector CD8 T cells showed that both populations 

expressed similar levels of CXCR3 at day 5 post-infection (Fig. 1B). However, 

the KLRG1hi terminally differentiated CD8 T cells had reduced levels of CXCR3 

expression by day 8, whereas the KLRG1lo memory precursor cells maintained 

uniform and stable high levels of CXCR3 expression (Fig. 1B). Of the three 

known CXCR3 ligands, C57BL/6 mice express only two, CXCL9 and CXCL10 

[16-19].  As determined by quantitative RT-PCR, both ligands were up-regulated 

in spleens of mice on day 1 post-infection and were maintained at somewhat 

lower levels throughout the course of infection (Fig. 1C).  The continuous 

presence of CXCR3 ligands in the spleen suggested that lower expression of 

CXCR3 on KLRG1hi cells may be attributable to ligand induced receptor 

endocytosis as this population may be localized differently within the spleen than 

the KLRG1lo subset and encounter different amounts of CXCR3 ligands (20). To 

address this possibility we evaluated CXCR3 mRNA expression by quantitative 

RT- PCR in sorted KLRG1hi and KLRG1lo CD8 effector populations at various 
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times after in vivo activation.  Consistent with cell surface CXCR3 expression, 

both populations had similar levels of CXCR3 mRNA at day 4 post-infection (Fig. 

1D). However, by day 8, the KLRG1lo subset had approximately 5-fold higher 

CXCR3 mRNA expression than the KLRG1hi T cells.  Similarly, in a functional 

chemotaxis assay, we did not find any differences in migration of KLRG1hi and 

KLRG1lo CD8 T cells to CXCL9 on day 5 post-infection (Fig. 1E).  However, 

consistent with CXCR3 expression data, by day 8 post- infection, KLRG1hi cells 

had a somewhat lower chemotactic response to CXCL9 when compared to 

KLRG1lo cells (Fig. 1E). 

 

Absence of CXCR3 expression on CD8 T cells leads to the development of 

more memory precursor and fewer terminally differentiated effector CD8 T 

cells. 

 CXCR3 and its ligands have been implicated to play a role in the 

trafficking of effector CD8 T cells to specific organs in several microbial infections 

and allograft rejection [10,11, 14, 15, 21-24]. To determine whether CXCR3 also 

influences the generation of effector and memory CD8 T cells, we co-transferred 

wild-type and CXCR3 deficient P14 T cells expressing different CD45 congenic 

alleles into wild-type mice and followed their expansion and phenotype in 

response to infection with LCMV.  At the peak of CD8 T cell response, we 

consistently found a slightly higher proportion of wild-type P14 cells compared to 

those lacking CXCR3 (Fig. 2A).  This was not due to a global alteration in CD8 T 

cell trafficking, since similar differences were observed in blood and other tissues 
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examined (Fig. 2A and data not shown).  More strikingly, when compared to wild-

type cells, a smaller proportion of CXCR3-deficient cells had phenotypic 

characteristics of short-lived effector cells (KLRG-1hi IL-7Rαlo) and a greater 

proportion expressed markers of memory-precursor effector cells (KLRG-1lo IL-

7Rαhi) (Fig. 2A). This shift in effector population subsets became evident at the 

peak of the response on day 8 and corresponded to a modest decrease in the 

number of CXCR3-deficient short-lived effector cells. In contrast, the number of 

CXCR3-deficient memory precursor cells was increased (Fig. 2A and C). We did 

not observe any differences between wild-type and CXCR3-deficient cells at the 

peak of the response with respect to expression of several activation markers 

and the ability to make the effector cytokines IFN-γ and TNF-α (Fig.2B).  These 

data suggest that expression of CXCR3 favors the development of short-lived 

effector CD8 T cells as opposed to memory precursor cells. 

 

Restoration of CXCR3 expression in CXCR3 deficient CD8 T cells leads to 

development of more terminally differentiated effector cells and fewer 

memory precursor cells. 

To further determine whether expression of CXCR3 can drive 

differentiation of activated CD8 T cells towards short-lived effector cells rather 

than long-term memory cells, we utilized an MSCV based retroviral vector to 

express mouse CXCR3 in CXCR3-deficient P14 cells.  CXCR3-deficient T cells 

were activated in vivo and then transduced ex-vivo with a construct containing 

mouse CXCR3 followed by an IRES-Thy1.1 that allows distinguishing between 
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transduced from non-transduced cells within the same starting population (Fig. 

3A). Shortly after transduction, the cells were transferred into mice that were 

infected several hours earlier with LCMV and the fate of the cells was then 

followed in vivo. Expression of CXCR3 on transduced cells was slightly lower 

than on wild-type non-transduced P14 cells (Fig. 3B).  Restoration of partial 

CXCR3 expression led to greater expansion of P14 T cells in vivo and the 

generation of more short-lived effector cells (KLRG-1hi IL-7Rαlo) at the expense of 

long-lived memory precursor cells (KLRG-1lo IL-7Rαhi) (Fig. 3C).  Similar to what 

was observed when we compared wild-type and CXCR3 deficient P14 cells (Fig. 

2C), the effect of CXCR3 expression on CD8 effector T cell differentiation was 

evident only at the peak of the response and during the contraction phase, but 

not at day 5 post-infection (Fig. 3D).  These data suggest that although CXCR3 is 

not a major determinant of CD8 T cell activation and proliferation, its expression 

can affect the later stages of the CD8 response and have a negative impact on 

the generation of long-lived memory T cells. 

In addition to affecting CD8 T cell fate, retroviral mediated expression 

of CXCR3 also affected expansion of effector CD8 T cells. At the peak of the 

response, we found a greater proportion of CXCR3-transduced cells to be 

Thy1.1+ when compared to those transduced with the control empty vector, 

despite similar initial transduction efficiencies (Fig. 3C and data not shown).  

Since CXCR3 is expressed only on a small subset of naïve P14 T cells (Fig. 1A), 

these results suggested that early retroviral expression of CXCR3 might facilitate 

exposure of CD8 T cells to antigen and further drive their expansion. We relied 
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on the observation that about 10-15% of naïve P14 T cells express CXCR3 to 

test this hypothesis by co-transferring either sorted CXCR3+ or CXCR3- WT P14 

cells with CXCR3 KO cells and determining their expansion and differentiation 

(Fig. S1A). When CXCR3+ WT P14 cells were co-transferred with CXCR3 KO 

cells, WT cells expanded four to five-fold more in number. In contrast, when WT 

P14 cells that lacked CXCR3 expression were used, the WT cells expanded only 

two to three-fold more than CXCR3KO cells. (Fig. S1B).  Regardless of whether 

the starting WT population expressed CXCR3 or not at the time of transfer, within 

the effector population at the peak of the response, there were proportionately 

more terminally differentiated effector cells (KLRG-1hi IL-7Rαlo) and fewer 

memory precursor cells (KLRG-1lo IL-7Rαhi) than in the CXCR3 KO population 

(Fig. S1B).  These results suggest that the differences observed between WT 

and CXCR3-deficient P14 T cells are not due to expression of CXCR3 on a sub- 

population of naïve wild-type cells during the initial stages of activation. 

 

Absence of CXCR3 leads to more rapid phenotypic and functional 

maturation of memory CD8 T cells.   

To further examine the impact of CXCR3 expression on CD8 T cell 

memory development, we analyzed the phenotype and distribution of wild-type 

and CXCR3-deficient P14 TCR Tg T cells in various tissues within the same 

animal after day 40 and up to day 356 post-immunization.  We consistently found 

~2-4-fold more CXCR3 deficient memory CD8 T cells than wild type cells within 

the same recipient in all the examined tissues (Fig. 4A). At earlier times after 
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immunization, compared to wild-type, a greater proportion of CXCR3-deficient 

P14 memory cells were KLRG1lo IL-7Rαhi, consistent with a faster transition to a 

more mature memory population (Fig. 4B) [25]. Similarly, when compared to wild-

type memory cells, a smaller proportion of CXCR3- deficient cells had phenotypic 

characteristics of effector memory cells (CCR7lo CD62Llo) (Fig. 4B) [26].  These 

differences were observed in all the examined tissues, ruling out a contribution 

from differential trafficking patterns, and gradually diminished over time, 

suggesting that the CXCR3-deficient cells had acquired a more mature memory 

phenotype more rapidly than wild-type cells (Fig. 4C) [27]. Alternatively, CXCR3- 

deficient memory precursor cells might be less likely to give rise to effector 

memory cells.  The greatest difference we observed between wild-type and 

CXCR3-deficient memory CD8 T cells was within the CD62Llo population.  In the 

absence of CXCR3, a greater proportion of this population was CCR7hi at all the 

examined times after infection.  This CD62Llo CCR7hi population may represent a 

transitional state to the central memory phenotype since these cells express very 

high and uniform levels of CXCR3, similar to the KLRG1lo IL-7Rαhi and central 

memory (CD62Lhi CCR7hi) populations (Fig. S2).  In contrast, effector memory 

cells, postulated to descend mostly from the KLRG1hi population express lower 

levels of CXCR3 consistent with expression on the KLRG1hi population (Fig. S2) 

[4]. 

In addition to cell surface phenotypic differences and consistent with a 

more mature functional memory phenotype, a greater proportion of CXCR3-

deficient memory CD8 T cells were capable of producing IL-2 and were CD27hi 
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compared to wild-type cells (Fig.4D).  To determine whether there were any 

additional functional differences between wild-type and CXCR3-deficient memory 

CD8 T cells, CD62Lhi P14 memory cells of each genotype were sorted and 

transferred either separately or together at a 1:1 ratio into groups of naïve mice.  

Recipient mice were challenged with LCMV, and at the peak of the secondary 

response we found that regardless of whether the two populations were 

transferred together or separately, there were about two-fold more CXCR3-

deficient CD8T cells compared to wild-type cells (Fig. 4E).  Similar differences 

were observed in the secondary response of sorted CD62Llo memory 

populations, although consistent with other reports, the extent of proliferation was 

much lower than that of CD62Lhi memory cells (data not shown) [27].  These 

results indicate that the CXCR3-deficient memory CD8 T cells have a higher 

proliferative response and are thus functionally more mature than wild-type cells. 

A major advantage of using a TCR Tg system is that the contribution of 

a specific molecule to T cell function can be evaluated by comparing cells that 

are sufficient and deficient for that molecule within the same organism.  To 

determine whether our observations were restricted to a TCR Tg system or were 

more widely applicable to CD8 T cell biology, we generated mixed bone marrow 

chimeras by reconstituting lethally irradiated mice with a 1:1 mixture of wild-type 

and CXCR3-deficient bone marrow cells with CD45 congenic haplotypes distinct 

from each other and the recipient mice.  As a control, a group of mice were 

reconstituted with a 1:1 mixture of wild-type bone marrow cells of differing CD45 

congenic haploytpes as well. The ratio of CXCR3-deficient and sufficient CD8 T 
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cells was determined before immunization with LCMV.  At the peak of the 

effector response and during the memory phase, the frequency of CD8 T cells 

specific for the major epitopes of LCMV in each population was determined by 

tetramer staining. Similar to the results obtained with the Tg system, there were 

fewer CXCR3-deficient effector cells compared to wild-type cells at the peak of 

the response, and relatively more CXCR3-deficient memory cells in the later 

stages (Fig. S3A and C).  Consistent differences were not observed between 

CD8 T cells derived from either wild-type donor bone marrow cells in control 

chimeras (Fig. S3B and D).  These results suggest that the effect of CXCR3 on 

generation of effector and memory CD8 T cells is not restricted to the TCR Tg 

system. 

 

Effector CD8 T cells co-localize in the spleen with antigen and CXCL9 in a 

CXCR3- dependent manner.  

The role of CXCR3 in trafficking of effector CD8 T cells to inflamed 

organs and especially the CNS has been well established.  However, very little is 

known about the function of CXCR3 in localization of responding CD8 T cells 

within a lymphoid organ during the course of an immune response. We 

hypothesized that such differences in localization may contribute to effector CD8 

T cell fate determination.  To address this question, wild-type and CXCR3-

deficient naïve P14 cells expressing distinct congenic alleles of CD45 and Thy1 

were co-transferred in a 1:1 ratio into naïve mice.  At different times after 

infection with LCMV, localization of the responding cells, as well as viral antigen 
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and CXCL9, a CXCR3 ligand, was determined by immunofluorescent staining of 

spleen sections.  Consistent with previous reports, we found the majority of 

LCMV antigen localized within the marginal zone of the spleen and diminished in 

amount by day 5 post-infection (Fig. 5A) [28].  In addition, CXCL9 was localized 

in the same area as viral antigen, and marginal zone macrophages sorted from 

LCMV infected mice contained high levels of both viral RNA and mRNA for the 

CXCR3 ligands, CXCL9 and CXCL10 (Fig. 5A and B).  Even though viral antigen 

was less readily visualized by day 5 post-infection, CXCL9 could still be detected 

in sections.  Within the same spleen, wild-type P14 T cells co-localized with 

CXCL9 and viral antigen in the marginal zone area, whereas CXCR3-deficient 

P14 T cells were mostly found within the T zone area and were less readily found 

associated with CXCL9 and viral antigen (Fig.5A and C and Fig. S4).  These 

results show that CXCR3 can affect localization of effector CD8 T cells within 

secondary lymphoid organs and provide more or prolonged access to antigen. 

 

CXCR3-deficient CD8 T cells show reduced proliferation during the later 

stages of infection.   

We have found that activated CXCR3-deficient CD8 T cells do not co-

localize as effectively as wild-type cells with antigen in vivo and produce fewer 

terminally differentiated effector cells and more central memory cells.  To 

delineate more specifically the stage at which CXCR3 affects CD8 T cell 

responses, we examined activation, proliferation, and survival of wild-type and 

CXCR3-deficient P14 T cells in vivo at various times after infection.  CXCR3 
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expression was not required for early events of activation and proliferation, since 

there were no differences between WT and KO cells in up-regulation of CD25 on 

day 1 and CFSE dilution by day 2.5 post-infection (Fig. 6A and B).  These results 

were not entirely unexpected since CXCR3 was not highly expressed on CD8 T 

cells during early stages of activation (Fig. 1A and D).  Since the earliest effects 

of CXCR3 were observed between days 5 and 8 post-infection, we examined the 

survival and proliferation of activated CD8 T cells during this period.  We did not 

observe any differences in the frequency of dying WT and KO cells, as measured 

by annexin V staining (Fig. 6C). Similarly, there was no effect of CXCR3 

expression on the proportion of CD8 T cells that incorporated BrdU on day 5 

post-infection.  However, on days 6 and 7, approximately half as many CXCR3-

deficient CD8 T cells incorporated BrdU relative to WT cells (Fig. 6D).  Further 

phenotypic characterization of CD8 T cells WT and KO cells in BrdU 

incorporation was in the KLRG1lo IL-7Rαlo population (Fig.6E). This population 

has been shown to mostly give rise to long-lived memory CD8 T cells but also 

retain the potential to become terminally differentiated effector cells as well [3, 4].  

Since the KLRG1lo IL-7Rαlo CD8 T cells also express CXCR3, our data suggest 

that further exposure to antigen and inflammatory stimuli driven by this 

chemokine receptor may affect the balance between generation of terminally 

differentiated effector cells and long-lived memory cells as well as the quality of 

the latter population.  The effect of CXCR3 on the production of terminal effectors 

and memory precursors occurs towards the end of the CD8 T cell response and 
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is consistent with the fate commitment with progressive differentiation model [29, 

30]. 

 

Persistent CCR7 expression tips the balance towards the development of 

more memory precursors than terminally differentiated effector CD8 T cells.  

 Our results suggest that inflammatory chemokine receptors, such as 

CXCR3, can affect differentiation of activated CD8 T cells by promoting 

encounters with antigen and inflammatory cues.  These encounters may also be 

facilitated by down-regulation of homeostatic chemokine receptors, such as 

CCR7, that usually maintain T cells in the T zone areas.  Expression of CCR7 in 

antigen specific CD8 T cells declined at both mRNA and protein levels early after 

in vivo activation (Fig. S5).  However, the extent of down-regulation was higher in 

KLRG1hi when compared to KLRG1lo cells, and the latter, regained partial surface 

expression of CCR7 by day 8 post-infection (Fig. S5B).  These results are 

consistent with reported observations demonstrating that KLRG1lo cells display a 

greater chemotactic response to the CCR7 ligand CCL19, and are localized 

within the T zone areas of the spleen at day 8 post-infection [20].  A previous 

study has shown that persistent transgenic expression of CCR7 in P14 cells 

leads to sequestration of effector CD8 T cells within the splenic T zone [31].  To 

determine whether this altered localization affects the differentiation of antigen 

experienced CD8 T cells, we generated P14 TCR Tg mice that were also 

transgenic for mouse CCR7 driven by a mouse CD4 promoter lacking the intronic 

transcriptional silencer that remains active in both CD4 and CD8 T cells [32].  In 
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contrast to wild-type cells, CCR7 Tg P14 CD8 cells maintained cell surface 

expression of CCR7 after in vivo activation (Fig. 7A).  Furthermore, fewer CCR7 

Tg cells were found in blood compared to wild-type, indicating that altered CCR7 

expression led to sequestration within lymphoid tissues (Fig. 7B).  More 

strikingly, in both blood and spleen, a greater proportion of CCR7 Tg P14 cells 

were KLRG1lo IL-7Ráhi when compared to wild-type cells (Fig. 7C and D), 

suggesting that the former had less exposure to signals that drive terminal 

effector differentiation, such as antigen and inflammation.  Indeed, at day 4 post-

infection, we found wild-type P14 T cells localizing with viral antigen in the 

spleen, whereas CCR7 Tg P14 T cells were found mostly in the T zone areas 

and away from viral antigen (Fig. 7E). These results suggest that in addition to 

the expression of inflammatory chemokine receptors, down-regulation of 

chemokine receptors that homeostatically position T cells within the T zone areas 

of the spleen contributes to their exposure to antigen and inflammatory signals 

and have an impact on their fate determination. 

 

DISCUSSION: 

A number of studies have established that the magnitude and quality of 

CD8 T cell effector and memory responses are influenced by T cell precursor 

frequencies as well as the extent and duration of antigen and inflammation [33-

36]. In this study we demonstrated that chemokine receptors also affect CD8 T 

cell differentiation in response to an infection and influence the quality and 

quantity of long-lived memory CD8 T cells. Absence of an inflammatory 
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chemokine receptor, CXCR3, on CD8 T cells led to fewer short-lived effector 

cells and more memory precursor cells at the peak of the response. The long-

lived memory CD8 T cells derived from this population had fewer cells with 

phenotypic characteristics of effector memory cells and displayed a more robust 

recall response than wild-type cells. Similarly, constitutive expression of a 

homeostatic chemokine receptor, CCR7, normally down-regulated upon T cell 

activation, led to development of more memory precursor cells.  We found that in 

the absence of CXCR3, effector CD8 T cells were more localized in the T cell 

zone than with viral antigen present in the marginal zone areas of the spleen.  

Similarly, persistent expression of CCR7, a homeostatic chemokine receptor that 

is usually down-regulated upon T cell activation, led to sequestration of effector 

CD8 T cells within the T zone areas and away from antigen and skewed the CD8 

T cell response towards more memory precursor cells. Since both of these 

changes in chemokine receptor expression affected localization of effector CD8 T 

cells, the observed effects on CD8 T cell fate are most likely due to alterations in 

the access and exposure of these cells to antigen and inflammatory stimuli.  

Differential localization of effector and memory CD8 T cells within 

secondary lymphoid tissues has been well described.  A number of studies using 

various infection models and approaches have found effector CD8 T cells mostly 

localized in the red pulp of the spleen with a small fraction residing in the T cell 

zone at the peak of the response [7, 20, 37, 38]. In contrast, memory CD8 T cells 

were found primarily in the T cell areas of the spleen.  A recent study showed 

that this differential localization of effector and memory CD8 T cells could be 
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dictated by transcription factors that regulate CD8 T cell fate.  Localization of 

terminally differentiated KLRG1hi IL-7Rálo effector CD8 T cells in the red pulp was 

dependent on expression of T-bet and Blimp-1 [20].  In the absence of either of 

these transcription factors, CD8 T cells were predominantly in the T cell zone of 

the spleen and had phenotypic characteristics of long-lived memory CD8 T cells 

(KLRG1lo IL-7Rαhi). As part of regulating distinct transcriptional programming of 

terminal effector and memory precursor CD8 T cells, T-bet and Blimp-1 may also 

regulate differential expression of various chemokine receptors leading to altered 

localization of these cells within the spleen [20, 39].  However, the molecular 

nature of the cues that guide effector CD8 T cells out of the T cell zone is not well 

understood.  Although CXCR3 is up- regulated on activated CD8 T cells, we 

found that up to day 5 post-immunization, it was not differentially expressed in 

terminal effector and memory precursor CD8 T cells. Furthermore, up to this time 

after infection, CXCR3 expression did not have an impact onthe proportion of 

effector CD8 T cells that were KLRG1hi suggesting that this chemokine receptor 

is not a major determinant of CD8 T cell fate.  However, absence of CXCR3 

expression on CD8 effector T cells had three effects: 1) fewer cells became 

KLRG1hi terminal effectors between days 5 and 8 post-infection; 2) a smaller 

proportion of memory CD8 T cells had an effector memory phenotype; and 3) 

both the quality and quantity of long-lived memory CD8 T cells were increased.  

Since the KLRG1hi effector cells gradually down-regulated CXCR3 expression 

between days 5 and 8 post-infection through an unknown mechanism, it is most 

likely that these observed phenotypes are due to the presence of CXCR3 on the 

60



KLRG1lo IL-7Rαlo CD8 T cell population.  Several studies have shown that the 

majority of cells in this population are destined to become long-term memory 

cells of both central and effector phenotype [3, 4].  However, consistent with the 

fate commitment with progressive differentiation model, these cells retain the 

potential to become terminally differentiated effector cells as well when given the 

appropriate signals [3]. These results suggest that expression of CXCR3, 

particularly when the amount of antigen has diminished during the later stages of 

infection (between days 5-8), may facilitate encounter of the KLRG1lo IL-7Rαlo 

CD8 T cells with antigen and/or inflammatory signals that further drive their 

proliferation and differentiation intoKLRG1hi IL-7Rαlo effector cells and away from 

becoming long-lived memory cells. Repeated exposure of memory precursor 

cells to antigen or inflammation is known to diminish the quality of the memory 

CD8 T cells that are generated [40]. Therefore, it is likely that CXCR3 facilitates 

exposure of the KLRG1lo IL-7Rαlo CD8 T cells to antigen and inflammation, thus 

negatively impacting the quality and phenotype of the memory CD8 T cells that 

are generated.  Because IL-7 is mostly expressed in the T zone areas of the 

spleen, it is also possible that the altered localization of CD8 T cells within these 

areas in the absence of CXCR3 or through constitutive expression of CCR7 may 

lead to better survival and eventual formation of long-lived memory cells.  

However, the fact that expression of IL-7R itself is not sufficient to drive 

differentiation of CD8 T cells towards memory argues against this possibility [41]. 

Therefore, expression of an inflammatory chemokine receptor can tip the balance 
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towards more terminal effector cells as well as have an impact on the quality of 

the memory CD8 T cells that are generated (Fig. S6). 

Several recent studies on the role of the mTOR pathway in CD8 

effector T cells have highlighted an important role for a metabolic switch in 

transitioning from memory precursor to mature long-lived CD8 T cells [25, 42, 

43].  Treatment of mice with rapamycin, an inhibitor of mTOR, during the course 

of infection with LCMV led to a phenotype that is very similar to that of CXCR3-

deficient CD8 T cells:  generation of fewer short lived effector CD8 T cells and 

more memory precursor cells, as well as an increase in both the quantity and 

quality of long-lived memory cells.  In T cells, mTOR is activated by various 

cytokines as well as engagement of T cell receptor by antigen, resulting in a 

switch from catabolic metabolism to anabolic metabolism [44, 45]. Generation of 

long-lived memory T cells requires a reversal of this metabolic switch to the 

homeostatic catabolic state.  Inhibition of mTOR presumably accelerates this 

return to the baseline metabolic state, resulting in a more robust long-lived 

memory T cell population.  Since CXCR3 deficiency phenocopies mTOR 

inhibition, it is possible that expression of CXCR3 leads to more encounters with 

antigen and inflammatory stimuli resulting in further activation of mTOR in 

effector CD8 T cells.  Further studies are necessary to determine if there were 

any links between expression of inflammatory chemokine receptors and 

metabolic state of effector CD8 T cells.  

Several pro-inflammatory cytokines have been shown to act as “signal 

3” and affect CD8 T cell responses to various infections [46].  In particular, 
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absence of IFN-γ leads to a reduction in expansion of CD8 T cells in response to 

an LCMV infection [47].  Most of this effect is attributable to direct action of IFN-

γ on CD8 T cells [48].  Nevertheless, because IFN-γ is an inducer of CXCR3 

ligands, in light of our findings, some of the effects of this cytokine could be 

mediated indirectly through recruitment of effector CD8 T cells to antigen, leading 

to further expansion or decreased potential to form memory T cells. Furthermore, 

because production of CXCR3 ligands is most likely secondary to local 

production of IFN-γ by other activated T cells, recruitment of CXCR3 expressing 

effector CD8 T cells to these sites will also expose them directly to more IFN-γ.  

Thus, the IFN-γ and CXCR3 ligands together may provide a positive feedback 

loop for further exposure of effector CD8 T cells to antigen and inflammation.  

Although in this study we focused on localization of T cells within the spleen, it is 

also possible that in other infected tissues, IFN-γ and CXCR3 may play a similar 

role in exposure of effector CD8 T cells to antigen and pro-inflammatory 

cytokines. 

Our study did not find a major role for CXCR3 in early recruitment, 

activation, and expansion of CD8 T cells, which is consistent with lack of 

expression of this receptor on the majority of naïve CD8 T cells.  However, 

CXCR3 expression on a minor population of naïve P14 cells gave these cells a 

slight proliferative advantage.  In addition, retroviral mediated forced expression 

of CXCR3 at an early time in T cell activation also led to an increase in the 

magnitude of the CD8 T cell response.  Since CXCR3 is constitutively expressed 

at high levels on memory CD8 T cells and its ligands are also expressed shortly 
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after infection, we expected that wild-type memory CD8 T cells would have an 

advantage over CXCR3 deficient memory cells in a secondary recall response. 

Surprisingly, we found that CXCR3 KO memory CD8 T cells had a larger 

secondary response than wild-type cells, suggesting that absence of CXCR3 led 

to development of qualitatively superior memory CD8 T cells (Fig. S6). In 

addition, these results indicate that CXCR3 is not necessary for a recall response 

to LCMV infection.  This could be attributable to redundancy in expression of 

inflammatory chemokine receptors, such as CXCR6, which may facilitate 

encounter of memory CD8 T cells with antigen-presenting cells.  These results 

do not completely rule out a role for CXCR3 in a secondary response, because 

whatever competitive advantage expression of CXCR3 might have offered was 

overshadowed by qualitative differences between WT and CXCR3 KO memory 

CD8 T cells. 

During the acute phase of infection, although CXCR3-deficient effector 

cells did not localize to antigen in the marginal zone areas of the spleen, they 

were readily found in blood and other tissues indicating that this receptor was not 

necessary for either egress from lymphoid tissues or recruitment to other sites of 

infection.  One study has implicated a role for another inflammatory chemokine 

receptor, CCR5, in guiding CD8 effector T cells to sites of antigen-specific 

dendritic cell-CD4 T cell interactions to receive necessary help to form a 

functional memory population [49].  Since CXCR3- deficient memory CD8 T cells 

demonstrated a robust response to a secondary challenge, expression of this 

receptor on CD8 effector T cells is not necessary to receive CD4 T cell help.  
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These results suggest that each inflammatory chemokine receptor may play a 

unique role in development and function of CD8 T cells.  Further investigation is 

necessary to address whether these differences can be generalized to other 

infections or immunization protocols and determine the role of other inflammatory 

chemokine receptors, such as CXCR6, that are up-regulated on activated CD8 T 

cells [50]. 

In this study we showed that alterations in chemokine receptor 

expression can alter distribution of effector CD8 T cells within lymphoid tissues 

and have an impact on their differentiation and generation of memory CD8 T 

cells.  Further studies on the role of various chemokine receptors and other 

guidance cues will advance our understanding of the interplay between these 

signals, localization within tissue microenvironments, and shaping of the effector 

and memory T cell responses. In addition, it will be interesting to determine the 

role of chemokine receptors in repeated exposure of CD8 T cells to antigen in a 

chronic viral infection and their impact on T cell exhaustion.  Our findings suggest 

that targeting chemokine receptors, such as CXCR3, as part of vaccination 

protocols for protection against infections or cancer, may provide an approach to 

generate a more robust memory CD8 T cell response. 
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MATERIALS AND METHODS Mice 

C57BL/6 (CD45.2), B6.BoyJ (CD45.1), and Thy1.1 mice were 

purchased from the Jackson Laboratory (Bar Harbor, ME) or the National Cancer 

Institute (Fredrick, MD). CD45.1/CD45.2 P14 and Thy1.1 P14 mice bearing the 

DbGP33-specific TCR were maintained in our animal colony.  Cxcr3-/- mice were 

a generous gift from Dr. C. Gerard (Children’s Hospital, Harvard Medical School, 

Boston, MA).  CCR7 transgenic mice were a generous gift from Dr. N. Killeen 

(University of California, San Francisco, CA). All animals were housed in the 

specific pathogen–free facility at the University of California, San Francisco, and 

were treated according to protocols approved by university animal care ethics 
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and veterinary committees in accordance with guidelines of the US National 

Institutes of Health. 

 

Infection, Adoptive transfer and Bone marrow Chimeras 

LCMV Armstrong was propagated on BHK cells and titered on Veros 

cells as described [27].  Unless indicated below, P14 chimeric mice were 

generated by adoptive transfer of 2x104 wild-type (WT) and 2x104 CXCR3 KO, or 

2x104 WT and 2x104 CCR7 transgenic(Tg) P14 T cells into C57BL/6 recipients 

that were infected i.p. 1-3 days later with 2x105 PFU LCMV Armstrong. 2x105 

P14 T cells were adoptively transferred for the sorting of KLRGhi and KLRG1lo 

cells and for the retroviral transductions; 2x105 to 1x106 P14 T cells were 

adoptively transferred for localization experiments; 1x106 P14 cells were 

transferred for CFSE dilution assays. Mice were infected i.v. with 2x106 PFU 

LCMV for secondary infections, 2x106 PFU LCMV i.p. for immunofluorescence.  

To generate mixed bone marrow chimeras, 6-8-week-old C57BL/6 mice were 

lethally irradiated by γ irradiation from a Cesium source. Bone marrow cells from 

WT and Cxcr3-/- mice were mixed in a 1:1 ratio and used to reconstitute the 

irradiated mice.  The mice were maintained on antibiotics for 6 weeks during 

reconstitution and then bled to determine the proportion of CD8 T cells derived 

from each donor. Mice were infected i.p. with 2x105 PFU LCMV Armstrong and 

LCMV-specific CD8 T cells were analyzed after infection. 

 

Isolation of lymphocytes from non-lymphoid organs 
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Mice were perfused with PBS before removal, mincing, and passage of 

liver and lung through a 70 µm filter mesh.  Lymphocytes were enriched from the 

homogenates at the interface of a 40-60% discontinuous Percoll (GE Healthcare 

Bio-Sciences AB) gradient. 

 

Cell sorting 

Marginal zone macrophages and marginal metallophilic macrophages 

were sorted from uninfected and LCMV-infected spleens at one day post-

infection.  Macrophages were enriched by negative selection using a biotinylated 

antibody cocktail (CD4, CD19, and Thy1.2), streptavidin microbeads, and an 

autoMACS instrument (Miltenyi Biotec). Enriched cells were sorted using 

antibodies to CD11b, CD169, CD209b, and DAPI on a FACSAria (BD 

Biosciences).  For some experiments, naïve, effector, or memory P14 T cells 

were enriched by negative selection using a biotinylated antibody cocktail 

(CD4,CD19, and I-Ab), streptavidin microbeads, and an autoMACS instrument.  

Enriched cells were stained with antibodies to CD8 and CXCR3 to sort for naïve 

cells; antibodies to CD8, CD45.1, and KLRG1 to sort for effector cells; or 

antibodies to CD8, CD45.1, CD90.1, and CD62L to sort for memory cells. The 

purity of FACS-sorted T cells was ~99% and the purity of enriched T cells 

isolated by AutoMACS was ~90%.  

 

Antibodies and reagents 
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Anti-LCMV serum and MHC I tetramers were generous gifts from Dr. 

R. Ahmed (Emory University School of Medicine, Atlanta, GA).  CCL19-Fc was a 

generous gift from Dr. J. Cyster (University of California, San Francisco, CA).  All 

antibodies were purchased from Biolegend except for anti-mouse KLRG1 

(Southern Biotech and eBioscience); anti- mouse CXCL9 (R&D Systems); anti-

mouse CD25, CD45.1, CD62L, CD90.1, CD90.2, CD169, and CD209b 

(eBioscience); anti-mouse CD45R and CD122 (BD Pharmingen); anti-mouse 

CD4, CD11b, CD16/32, CD19, and Ly6G (UCSF Antibody Core Facility); anti-

human Granzyme B (Invitrogen); anti-human LFA3 (Biogen); and anti-human 

IgG, anti-guinea pig IgG, and anti-goat IgG (Jackson Immunoresearch). 

 

Quantitative RT-PCR 

Previously snap frozen tissues were homogenized and RNA was 

isolated using TRIzol Reagent (Invitrogen) per manufacturer’s instructions.  Total 

RNA was reverse- transcribed using a M-MLV reverse transcriptase kit 

(Invitrogen).  The resulting cDNA was analyzed for expression of different genes 

by quantitative PCR using FastStart Universal SYBR Green Master (ROX) 

(Roche) or AmpliTaq Gold DNA polymerase (Applied Biosystems) on an ABI 

7300 Real Time PCR System (Applied Biosystems). Relative gene expression 

was normalized to the housekeeping genes, hypoxanthine 

phosphoribosyltransferase (Hprt) or glyceraldehyde 3-phosphate dehydrogenase 

(Gapdh).  PCR primer pairs were as follows: Hprt: 5’-

AGGTTGCAAGCTTGCTGGT and 5’-TGAAGTACTCATTATAGTCAAGGGCA, 
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probe 5’- TGTTGGATACAGGCCAGACTTTGTTGGAT; Gapdh: 5’- 

GGTCTACATGTTCCAGTATGACTCCAC and 5’-

GGGTCTCGCTCCTGGAAGAT; Cxcl9: 5’-CCCAAGCCCCAATTGCA and 5’-

ATTTGCCGAGTCCGGATCTAG, probe 5’- 

CAAAACTGAAATCATTGCTACACTGAAGAACGGAG; Cxcl10: 5’- 

AGCACCATGAACCCAA and 5’- CAGTTGCAGCGGACCGTC, probe 5’- 

TGGGACTCAAGGGATCCCTCTCGC; and LCMV S segment: 5’- 

CGTCATTGAGCGGAGTCTGT and 5’-AGATCATGAGGTCTGAAAGGC. 

 

Retroviral transduction 

The mouse stem cell virus (MSCV)-IRES-Thy1.1 vector was a 

generous gift from Dr. A. Abbas (University of California, San Francisco, CA).  

cDNA was made from LCMV- infected spleens and Cxcr3 was amplified by PCR 

using the following primers: 5’- 

TAGTAGGCGGCCGCACCATGTACCTTGAGGTTAGTGAACGTCAA and 

5’TAGTAGATCGATGAATTACAAGCCCAGGTAGGAGGC.  The amplified 

product was cloned into NotI and ClaI restriction sites of the MSCV-IRES-Thy1.1 

vector and the sequence was verified by automated sequencing.  Retroviruses 

were packaged by transient transfection of Phoenix cells using Lipofectamine 

2000 (Invitrogen) per manufacturer’s instructions.  For retroviral transduction of 

P14 T cells, CD45.1 CXCR3 KO P14 mice were infected i.v. with 2x106 PFU 

LCMV Armstrong.  One day later, P14 T cells from infected spleens were 

transduced with empty MSCV-IRES-Thy1.1 vector or MSCV-CXCR3-IRES-
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Thy1.1 vector by spin infection (2000 rpm for two hours at 30°C). C57BL/6 

recipients were i.p. infected with 2x105 PFU LCMV Armstrong one to two hours 

before receiving 2x105 transduced CXCR3 KO P14 T cells. 

 

CFSE, BrdU, Annexin V, Chemokine receptors and Chemotaxis 

Spleens and lymph nodes were enriched for naïve P14 T cells as 

described above. Enriched P14 T cells were incubated in PBS with 7 µM CFSE 

(5-(and-6)- carboxyfluorescein diacetate, succinimidyl ester; Invitrogen) for 20 

minutes at room temperature.  The cells were quenched with FBS and washed in 

RPMI 1640 + 10% FBS. 1x106 CFSE-labelled P14 T cells were adoptively 

transferred into naïve C57BL/6 mice. The next day, recipients were infected i.v. 

with 2x105 PFU LCMV Armstrong.  Mice were injected i.p. with 1 mg BrdU (5-

bromo-deoxyuridine; BD Pharmingen) at 5, 6, and 7 days post-infection.  Spleens 

were harvested 1 hour later and the FITC BrdU Flow Kit (BD Pharmingen) was 

used per manufacturer’s instructions.  Annexin V-FITC Apoptosis Detection Kit I 

(BD Pharmingen) was used per manufacturer’s instructions.  To stain for 

chemokine receptors, cells were first incubated for thirty minutes at 37° C.  For 

CCR7, cells were stained with CCL19-Fc or hLFA3-Fc as a control for thirty 

minutes. Chemotaxis assays were performed as described (50). 

 

Intracellular staining 

Spleen cells were cultured in media as described in the presence of 1 

µg/ml GolgiPlug(BD Biosciences) and 0.2 µg/ml of LCMV GP33-41 peptide (27).  
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After 5 h of culture, cells were stained for surface markers, washed and fixed with 

2% formaldehyde, and then stained for intracellular cytokines in the presence of 

0.5% saponin. 

 

Immunofluorescence and Imaging 

Mice were euthanized and spleens were embedded in optimum cutting 

temperature embedding compound (Sakura Finetek) and then frozen.  Six µm-

thick sections were cut with a cryomicrotome (Leica Microsystems) and collected 

onto Superfrost/Plus microscope slides (Fisher Scientific). Acetone-fixed 

sections were blocked with 5% non- fat dry milk and stained with fluorescent 

antibodies for 45 minutes in tris-buffered saline containing 0.1% BSA, 1% normal 

mouse serum, and 1% normal donkey serum.  Spleen sections were imaged 

using the Zeiss Axio Imager M1 upright microscope (Carl Zeiss Microimaging, 

Inc.), a Zeiss objective with a 20x magnification and a 0.8 aperture, and an 

AxioCam MRc camera.  Axiovision software program MosaiX was used to 

generate a stitched image from individual tiles. 

 

Statistical Analysis 

Prism software (GraphPad Software, Inc.) was used for all statistical 

analyses.  All results are expressed as mean ± SEM.  Two groups were 

compared using the two-tailed Student’s t test or two-way ANOVA as noted in 

figure legends.  P < 0.05 was considered significant. 
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FIGURE LEGENDS: 

Figure 1. CXCR3 is gradually up-regulated on antigen specific CD8 T cells 

during the course of infection.   

C57BL/6 mice containing CD45.1/CD45.2 WT P14 T cells were infected with 

LCMV. (A) Expression of CXCR3 on splenic P14 T cells was determined by flow 

cytometry at the indicated times after infection. Plots are gated on CD8+ CD45.1+ 

P14 T cells. (B) Cell surface expression of CXCR3 on KLRG1hi and KLRG1lo 

subsets of P14 T cells was determined at the indicated times after infection. (A-

B) Data shown are representative of three independent experiments (n=6 for 

each time). (C) Expression of mRNA for CXCR3 ligands CXCL9 and CXCL10 in 

spleen samples was measured by quantitative RT-PCR at the indicated times 

after infection. Data from one representative experiment are shown (n=2-3 for 

each time). (D) Expression of CXCR3 mRNA in sorted KLRG1hi and KLRG1lo 

P14 T cells was measured by quantitative RT-PCR at the indicated times. Data 

shown are averages of three independently sorted samples. (C-D) Graphs show 

mean data ± SEM. (E) Chemotactic response of splenic KLRG1hi and KLRG1lo 

WT and CXCR3 deficient P14 T cells to 1 µg ml-1 CCL21, 1 µg ml-1 CXCL9, and 

0.3 µg ml-1 CXCL12 was determined at the indicated times after infection. Data 

shown are averages of duplicate samples with bars representing the range. 
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Figure 1. Hu et al. 
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Figure 2. Absence of CXCR3 expression on CD8 T cells leads to the 

development of more memory precursor and fewer terminally differentiated 

effector CD8 T cells. 

Mice containing equal numbers of CD45.1/CD45.2 WT and CD45.1/CD45.1 

CXCR3 KO P14 T cells were infected with LCMV. (A) Dot plots on the left show 

frequencies of WT and CXCR3 KO P14 T cells within the CD8 T cell population 

in blood and spleen on day 8 post-infection.  Density plots on the right show 

surface expression of KLRG1 and IL-7Rα on WT and CXCR3 KO P14 T cells in 

spleen at the indicated times after infection. (B) Expression levels of cell surface 

markers and intracellular cytokines in WT and CXCR3 KO P14 T cells was 

determined on day 8 post-infection. (C) Total number of WT and CXCR3 KO P14 

T cells and their KLRG1hiIL-7Rlo and KLRG1loIL-7Rhi subsets in spleen were 

determined at the indicated times after infection. (A-C) Data are representative of 

three independent experiments (n=4-8 for each time). Graphs show mean data 

± SEM.  Statistics were done using a two-tailed unpaired Student’s t test. 
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Figure 3.  Restoration of CXCR3 expression in CXCR3 deficient CD8 T cells 

leads to development of more terminally differentiated effector and fewer 

memory precursor cells.   

(A) CD45.1+ CXCR3 deficient P14 T cells were activated in vivo and, the next 

day, transduced ex-vivo with retroviral preparations expressing either nothing 

(empty vector) or mouse CXCR3 followed by IRES-Thy1.1. C57BL/6 mice that 

were infected a few hours earlier with LCMV received 2x105 transduced CXCR3 

KO P14 T cells and were analyzed at the indicated times after infection. (B) 

Surface expression of CXCR3 on transduced CXCR3 KO P14 T cells in spleens 

of recipients was determined at the indicated times after infection. Histograms 

are gated on CD8+ CD45.1+ Thy1.1+ transduced or CD8+ CD45.1+ Thy1.1- non-

transduced CXCR3 KO P14 T cells within the same recipient mouse. Dotted 

histograms show CXCR3 expression on WT P14 T cells at the indicated times.  

(C) Transduced (Thy1.1+) and non-transduced (Thy1.1-) cells were gated from 

adoptively transferred CXCR3 KO P14 T cells and analyzed for surface 

expression of KLRG1 and IL-7Rα. (D) Frequencies of KLRG1hiIL-7Rlo and 

KLRG1loIL-7Rhi effector cell subsets in transduced (black bars) and non-

transduced (white bars) CXCR3 KO P14 T cells in spleens of recipient mice were 

determined at the indicated times after infection. (A-D) Data shown are 

representative of three independent experiments (n=2-8 per group per day).  

Graphs show mean ± SEM.  Statistics were done using a two-tailed unpaired 

Student’s t test. 

 

81



87 13

37 63

44 6

2228

44 7

20

40 8

25

66 6

10

Not
transduced Transduced

Empty
vector

CXCR3
vector

Thy1.1

C
D

8

K
LR

G
1

IL-7Rα

Not
transduced Transduced

C

Day 15Day 8Day 5

Empty
vector

CXCR3
vector

Transduced
Not transduced

B

D

Not transduced
Transduced

E
m

pt
y

Ve
ct

or
C

X
C

R
3

Ve
ct

or

5 dpi 8 dpi 15 dpi

%
 K

LR
G

1lo
IL

-7
R
αhi

 ce
lls

%
 K

LR
G

1hi
IL

-7
R
αlo

 c
el

ls

* p = 0.0231

**** p < 0.0001

****

*

*** p = 0.0004
** p = 0.0075

***

**

A

In vitro
transduction of

CXCR3 KO P14 T cellsDonor
CXCR3 KO P14 

LCMV

Day 0 Day 1 Day 5-15

AnalyzeRecipient

Infected 
1-2 hrs
earlier

Te
rm

in
al

 e
ffe

ct
or

s

M
em

or
y 

pr
ec

ur
so

rs

CXCR3

CXCR3 KO P14 WT P14
Not transduced

80

60

40

20

0

60

40

20

0

29

27 18

E
m

pt
y

Ve
ct

or
C

X
C

R
3

Ve
ct

or

E
m

pt
y

Ve
ct

or
C

X
C

R
3

Ve
ct

or

E
m

pt
y

Ve
ct

or
C

X
C

R
3

Ve
ct

or

5 dpi 8 dpi 15 dpi

E
m

pt
y

Ve
ct

or
C

X
C

R
3

Ve
ct

or

E
m

pt
y

Ve
ct

or
C

X
C

R
3

Ve
ct

or

Figure 3. Hu et al.
82



Figure 4. Absence of CXCR3 leads to more rapid phenotypic and functional 

maturation of memory CD8 T cells.  

(A-C) C57BL/6 mice containing equal numbers of WT and CXCR3 KO P14 T 

cells were infected with LCMV. (A) Ratio of CXCR3 KO to WT memory P14 T 

cells in blood or the indicated tissues.  Data are combined for days 40 and 60 

post-infection (n=2 mice for each time) and are representative of three 

experiments. (B) At the indicated times after infection, WT and CXCR3 KO 

memory P14 T cells in blood were analyzed by flow cytometry for expression of 

KLRG1 and IL-7Rα (left panel) and CD62L and CCR7 (right panel). Plots show 

data from one representative experiment (n=2-4 mice for each time). (C) 

Frequencies of effector memory (CD62Llo CCR7lo), central memory (CD62Lhi 

CCR7hi), and CCR7hi cells in WT and CXCR3 KO P14 T cell populations in 

various tissues were determined at the indicated times after infection. Plots show 

combined data from three independent experiments (n=2-4 for each time).  (D) 

Historgrams show proportion of WT and CXCR3 KO memory P14 T cells in the 

spleen that express IL-2 or CD27 on days 60 and 40 post-infection, respectively. 

Gray historgrams correspond to unstimulated P14 T cells for IL-2 and non-TCR 

Tg naïve CD8 T cells for CD27.  Corresponding bar graphs show the frequencies 

of IL-2 expressing cells and CD27hi cells in the spleen.  Data are from two 

independent experiments (n=4 mice per group).  Statistics were done using a 

two-tailed unpaired Student’s t test.  (E) Recall response of WT and CXCR3 KO 

memory P14 T cells to secondary infection. B6.BoyJ (CD45.1) mice containing 

CD45.2/CD45.2 WT P14 T cells and C57BL/6 mice containing CD45.1/CD45.1 
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CXCR3 KO P14 T cells were infected with LCMV. After 110 days post-infection, 

memory cells were sorted and 5x103 CD62L+
 WT and 5x103 CD62L+ CXCR3 KO 

memory P14 T cells were transferred either separately (single transfer) or 

together in a 1:1 ratio (co-transfer) into naïve mice.  Two days later, recipients 

were infected i.v. with 2x106 PFU LCMV and the number of WT and CXCR3 KO 

P14 T cells in blood and spleen was determined at day 8 post-infection. Data 

shown are representative of three experiments (n=7 mice per group). Graphs 

show mean data ± SEM.  Statistics were performed using two way ANOVA. 
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Figure 5. Effector CD8 T cells co-localize in the spleen with antigen and 

CXCL9 in a CXCR3-dependent manner.  

(A and C) Equal numbers of Thy1.1+ WT and CD45.1/CD45.1 CXCR3 KO P14 T 

cells were co-transferred into C57BL/6 recipients that were then infected with 

LCMV. Consecutive sections were prepared from spleens taken at the indicated 

times after infection and were stained for viral antigen, CXCL9, WT P14 (Thy1.1), 

CXCR3 KO P14 (CD45.1), and B220. Data are representative of two 

independent experiments (n=4 for each time). Scale bars are 100 µm in length. 

(B) Expression of LCMV RNA or mRNA for CXCR3 ligands, CXCL9 and 

CXCL10, in marginal zone macrophages sorted from naïve mice or those 

infected a day earlier with LCMV was determined by quantitative RT-PCR.  

Expression is shown relative to Gapdh for LCMV RNA and relative to Hprt for 

CXCL9 and CXCL10. Data shown are averages of two independent sorted 

samples (n=4-5 mice for each sample). 
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Figure 6. CXCR3 deficient CD8 T cells show reduced proliferation during 

the later stages of infection.   

(A) Mice containing equal numbers of CD45.1/CD45.2 WT and CD45.1/CD45.1 

CXCR3 KO P14 T cells were infected with LCMV.  Histograms show CD25 

expression on WT and CXCR3 KO P14 T cells in spleen at one day post-

infection. (B) Equal numbers of CFSE labeled CD45.1/CD45.2 WT and 

CD45.1/CD45.1 CXCR3 KO P14 T cells were transferred into C57BL/6 mice and 

then infected a day later with LCMV.  Histograms show CFSE dilution of the 

indicated population within the spleen 2.5 days after infection.  Data shown are 

representative of two independent experiments (n=4). (C) C57BL/6 mice 

containing equal numbers of CD45.1/CD45.2 Cxcr3+/- and CD45.1/CD45.1 Cxcr3-

/- P14 T cells were infected with LCMV and the proportion of apoptotic cells in 

each population within the spleen was determined by flow cytometry at the 

indicated times. Cxcr3+/- and Cxcr3-/- P14 T cells were gated from CD8+ PI- cells 

to determine the frequency of AnnexinV+ apoptotic cells in each population. Data 

shown are representative of two mice at each time. (D-E) C57BL/6 mice 

containing equal numbers of CD45.1/CD45.2 WT and CD45.1/CD45.1 CXCR3 

KO P14 T cells were infected with LCMV and at the indicated times after 

infection, were pulsed with BrdU for one hour and then analyzed by flow 

cytometry. (D) Dot plots show BrdU incorporation of WT and CXCR3 KO P14 T 

cells in spleen at the indicated times after infection. (E) Proportion of BrdU+ cells 

in KLRG1lo IL-7Rlo, KLRG1hi IL-7Rlo, and KLRG1lo IL-7Rhi
 subsets of WT and 

CXCR3 KO P14 T cell populations was determined by flow cytometry at the 
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indicated times post-infection. Averages and SEM are shown. Data shown are 

representative of two independent experiments (n=4 for each time). 
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Figure 7. Persistent CCR7 expression tips the balance towards 

development of more memory precursors than terminally differentiated 

effector CD8 T cells.  

(A-D) B6.BoyJ (CD45.1) mice containing equal numbers of Thy1.1+, CD45.2+ WT 

and Thy1.2+, CD45.2+ CCR7 transgenic (Tg) P14 T cells were infected with 

LCMV and analyzed at the indicated times. (A) Histograms show surface 

expression of CCR7 on WT and CCR7 transgenic (Tg) P14 T cells in spleen at 

the indicated times after infection. Gray histograms show the isotype control. (B) 

Frequencies of WT and CCR7 Tg P14 T cells in the blood and spleen were 

determined on day 8 post-infection. Plots are gated on CD8+ T cells. (C) Density 

plots show proportion of WT and CCR7 Tg CD8+ P14 T cells that express KLRG1 

and IL-7Rα at the indicated times after infection. (D) Frequencies of KLRG1lo IL-

7Rαhi memory precursor CD8 T cells within WT and CCR7 Tg P14 T cell 

populations in blood and spleen were determined by flow cytometry at the 

indicated times after infection.  Data are representative of three independent 

experiments (n=9-11 mice per indicated time). Graphs show mean data ± SEM.  

Statistics were done using a two-tailed unpaired Student’s t test. (E) C57BL/6 

mice containing equal numbers of Thy1.1+, CD45.2+ WT and Thy1.2+, CD45.1+ 

CCR7 transgenic (Tg) P14 T cells were infected with LCMV. Sections were 

prepared from spleens at day 4 post-infection and stained for viral antigen, B220, 

and WT P14 (Thy1.1) and CCR7 Tg P14 (CD45.1) cells. Scale bars are 100 µm 

in length. 
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Supporting Figure Legends 

 

Supplementary Figure 1. Early expression of CXCR3 leads to generation of 

more CD8+ T cells at the peak of expansion. (A) Naïve WT P14 T cells were 

sorted based on expression of CXCR3. Histograms are gated on CD8+ TCR 

Vα2+ P14 T cells and show expression of CXCR3 on pre-sort and post-sort 

populations. As a control, naïve CXCR3 deficient cells were sorted using the 

same cocktail of antibodies used for WT cells. (B) Equal numbers of either 

CXCR3- or CXCR3+ CD45.1/CD45.2 WT P14 cells were co- transferred with 

CD45.1/CD45.1 CXCR3 KO P14 T cells into C57BL/6 mice that were then 

infected with LCMV. Left panel shows the proportion of each population within 

the CD8+ gate in spleen at day 8 post-infection.  Right panel shows proportion of 

cells within each P14 population that express KLRG1 and IL-7Rα. Data shown 

are representative of two independent experiments (n=4 for each time). 
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Supplementary Figure 2. CXCR3 is differentially expressed on subsets of 

memory P14 T cells. Memory cell subsets defined by the expression of (A) 

KLRG1 and IL-7Rα or (B) CD62L and CCR7 were gated for expression of 

CXCR3 in the spleen at day 60 post-infection. (A-B) Colored histograms on the 

right show CXCR3 expression within memory cell subsets designated by boxes 

of the same color on the left. 
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Supplementary Figure 3. Non-TCR-transgenic CXCR3 deficient CD8 T cells 

generate fewer antigen specific effector cells and more memory cells after 

infection. (A-D) Irradiated C57BL/6 mice were reconstituted with a 1:1 mixture of 

bone marrow cells from CD45.1/CD45.2 WT and CD45.1/CD45.1 CXCR3 KO 

mice or CD45.1/CD45.2 WT and CD45.1/CD45.1 WT mice as a control. 

Following reconstitution, chimeric mice were bled to determine the proportions of 

CD8+ T cells derived from each bone marrow donor population (labeled “Naïve”). 

The mice were then infected with LCMV and analyzed at either day 8 (effectors) 

or day 220+ (memory) after infection to determine the ratio of tetramer+ antigen 

specific CD8+ T cells derived from each bone marrow donor population in the 

indicated tissues.  Empty squares show data before infection and filled triangles 

show tetramer+  (GP33, GP276, NP396) effector or memory CD8 T cells after 

infection. A line connects data from individual mice. Data from one set of 

chimeras is shown (n=4 for each group). Statistics were done using two- way 

ANOVA. 
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Supplementary Figure 4. Effector CD8 T cells co-localize with antigen and 

CXCL9 in a CXCR3 dependent manner.  Equal numbers of Thy1.1+ 

CD45.2/CD45.2 WT and Thy1.2+ CD45.1/CD45.1 CXCR3 KO P14 T cells were 

co-transferred into C57BL/6 recipients that were then infected with LCMV. 

Consecutive sections were prepared from spleens taken on day 4 post-infection 

and were stained for viral antigen, CXCL9, WT P14 (Thy1.1), CXCR3 KO P14 

(CD45.1), and B220. Scale bars are 300 µm in length. Data are representative of 

two independent experiments (n=4 for each time). Boxes delineate areas shown 

at higher magnification in Fig. 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100



Supplementary Figure 4. Hu et al.
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Supplementary Figure 5. CCR7 is differentially expressed on KLRG1hi and 

KLRG1lo effector CD8 T cells. (A) Expression of CCR7 mRNA in sorted 

KLRG1hi and KLRG1lo effector P14 CD8 T cells at the indicated times after 

infection was determined by qRT-PCR and is expressed relative to Gapdh 

mRNA. Data shown are averages of three independently sorted samples. (B) 

Cell surface expression of CCR7 on KLRG1hi and KLRG1lo CD8+ effector P14 

T cells at the indicated times after infection was determined by flow cytometry. 

Histograms are gated on P14 T cells or total CD8 T cells for the naïve mouse 

with isotype control shown as a shaded histogram. Data shown are 

representative of two independent experiments (n=4 for each time). 
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Supplementary Figure 6.  Model of the contribution of CXCR3 to CD8 T cell 

differentiation.  In the spleen, marginal zone macrophages and marginal 

metallophilic macrophages are infected with LCMV and express the CXCR3 

ligand CXCL9. Activated effector CD8 T cells express CXCR3 and move towards 

CXCL9 in marginalzone areas where they are exposed to antigen. Consequently, 

WT CD8 T cells encounter more antigen and inflammation than CXCR3 deficient 

cells. As a result, CXCR3 expressing cells tend to become short-lived effector 

cells instead of long-lived memory precursors. In contrast, CD8 T cells that lack 

CXCR3 localize away from marginal zone areas and, as a result, are less 

exposed to antigen and inflammatory stimuli.  This leads to generation of more 

long-lived memory CD8 T cells that are qualitatively better than wild- type cells. 
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This work demonstrated that expression of the inflammatory 

chemokine receptor CXCR3 on CD8 T cells promoted the generation of more 

terminally differentiated effector cells and fewer memory precursor cells.  This 

difference occurred between 5 to 8 days post-infection (dpi), suggesting that 

CXCR3 was not a major determinant of CD8 T cell fate.  Rather, it shifted the 

balance towards the generation of more terminal effectors later during infection.  

The resulting CXCR3-expressing cells formed fewer memory precursor cells and 

2- to 4-fold fewer memory cells.  These memory cells generated from wild-type 

(WT) and CXCR3 knockout (KO) cells were phenotypically and functionally 

different.  WT memory cells contained a greater proportion of effector memory 

cells and a smaller proportion of central memory cells, as delineated by the 

markers L-selectin/CD62L and CCR7.  Central memory cells are associated with 

increased IL-2 expression [1], which is required for increased expansion during 

the recall response [2].  Indeed, WT memory cells displayed decreased 

expression of IL-2.  When compared on a per cell basis, central memory cells 

from the WT population did not expand as well as central memory cells from the 

CXCR3 KO population during secondary infection.  This work demonstrated that 

CXCR3 promoted CD8 T cell differentiation into terminal effectors and decreased 

the quantity and quality of memory cells that were formed. 

Importantly, this work showed that T cell differentiation was influenced 

by chemokine receptor-mediated localization in splenic microenvironments.  After 

LCMV infection, CXCL9 protein was expressed in marginal zone areas of the 

spleen at 1-5 dpi.  CXCL9 mRNA and viral RNA were detected in macrophages 
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in the marginal zone, demonstrating that macrophages that were infected or had 

taken up viral RNA were a source of CXCL9.  Because previous reports have 

shown that CXCL9 can be expressed by both macrophages [3] and dendritic 

cells [4], it is important to consider that there may be other cellular sources of 

CXCL9 in the MZ.  By staining LCMV-specific TCR transgenic WT and CXCR3 

KO P14 T cells within the same spleens, I found that CXCR3-expressing cells 

formed clusters in marginal zone (MZ) areas near CXCL9 at 3-5 dpi.  In contrast, 

most CXCR3 KO CD8 T cells were concentrated in the T zone away from 

marginal zone areas.  Spleen sections further showed that LCMV antigen was 

abundant in the MZ at 3-4 dpi and detectable at 5 dpi.  Consequently, WT cells 

that clustered in MZ areas were more exposed to antigen.  Interestingly, it was 

previously shown that the maintenance of CD8 T cell clusters in the MZ largely 

depended on antigen-presentation [5].  This suggested that antigen presentation 

contributed to the formation of CD8 T cell clusters in MZ areas.  In addition to 

increased exposure to antigen, CD8 T cells in the MZ may be more exposed to 

inflammatory factors.  Type I interferons (IFN-α/β) are a family of important early 

antiviral factors that are expressed in the MZ by marginal metallophilic 

macrophages (MMM), marginal zone macrophages (MZM), and plasmacytoid 

dendritic cells (pDCs) [6-11].  IFN-α/β act directly on CD8 T cells and 

dramatically increase their survival during T cell expansion [12].  However, 

because differences in WT and CXCR3 KO T cell clustering in the MZ occur after 

type I IFN expression has declined, this family of cytokines may not contribute to 

CXCR3-mediated effects on CD8 T cell differentiation.  Instead, other 
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inflammatory factors may contribute to these differences.  Another inflammatory 

cytokine, interferon-γ (IFN-γ), has been shown to act directly on CD8 T cells to 

increase CD8 T cell expansion during LCMV infection [13].  Interestingly, 

activated CD8 T cells express IFN-γ and consequently, CD8 T cells that cluster in 

the MZ may receive both autocrine and paracrine IFN-γ stimulation.  Moreover, 

IFN-γ expression by CD8 T cells may induce the expression of more interferon-

inducible CXCR3 ligands that recruit more activated CD8 T cells.  This further 

increases CD8 T cell exposure to IFN-γ in the MZ.  In conclusion, CXCR3 

increases CD8 T cell access and exposure to antigen and inflammation in the MZ 

that likely influences differentiation.     

The interpretation of the role of CXCR3 on differentiation requires 

careful examination of the kinetics of CXCR3-mediated clustering in the MZ.  

Because greater precursor frequencies accelerate the kinetics of expansion and 

contraction [14] and because I transferred high frequencies of CD8 T cells (0.2-

1x106) to examine localization, it is possible that WT exposure to antigen and 

inflammation in the MZ occurs later during infection around 5 dpi.  A previous 

report visualized the movements of endogenous antigen-specific CD8 T cells in 

the spleen during acute Listeria monocytogenes (Lm) and vesicular stomatitis 

virus (VSV) infection [5].  In this report, endogenous antigen-specific CD8 T cells 

were found at T-B boundaries and in the MZ at 3 dpi, localized to the 

periarteriolar lymphoid sheath (PALS) at 4 dpi, and formed clusters around B cell 

follicles and in the MZ at 5 dpi.  Similarly, visualizing endogenous WT and 

CXCR3 KO CD8 T cells in the spleen is an important way to examine the 
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modulation and kinetics of T cell movement within different splenic compartments 

and to dissect the role of CXCR3 in these movements.  Furthermore, determining 

the precise timing of CXCR3-mediated movements of activated CD8 T cells to 

the MZ influences our interpretation of when and how CXCR3 influences CD8 T 

cell differentiation.  A recent report similarly demonstrated that CXCR3 promoted 

differentiation into terminal effector cells and reduced the quantity of memory 

cells in acute Lm and vaccinia virus (VV) infections [15].  However, when they 

transferred 1-3x106 CD8 T cell precursors, significant differences in WT 

clustering in MZ areas occurred only at 2 dpi when IFN-α/β was still detectable.  

Although they commented that transferring lower precursor frequencies led to 

delayed clustering in the MZ, they concluded that CXCR3 was a key factor that 

influenced early programming of CD8 T cell differentiation.  Further studies will 

be required to determine if CXCR3 is a key determinant in the early programming 

of CD8 T cells at 1-2 dpi or if CXCR3 influences differentiation by altering T cell 

exposure at later times during infection.  

Because CXCR3 promotes CD8 T cell differentiation into terminal 

effectors, one may hypothesize that activated cells that express more CXCR3 

have a greater potential to differentiate into terminal effector cells while those that 

express less CXCR3 have a greater potential to generate memory precursors.  

However, upon examination of mRNA and protein expression of CXCR3 among 

effector subsets, it was clear that terminally differentiated cells downregulated 

CXCR3 while memory precursors retained high levels of CXCR3 expression.  

Instead, it would be important to examine how multiple receptors controlled the 
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movement of activated CD8 T cells to different splenic microenvironments and 

how these movements alter the type and amount of stimulation T cells received.  

For example, CCR7 expression mediates T cell movement to the T zone and this 

can be seen when transferring CCR7 Tg P14 T cells into mice and infecting 

them.  Examination of static spleen sections conveys the notion that CD8 T cells 

appear to remain in particular splenic microenvironments over days.  However, T 

cell movements are dynamic and continuous movements of each cell to different 

microenvironments may lead to differences in the overall stimulation received.  

We hypothesize that CXCR3 increases movement towards the inflamed MZ 

whereas CCR7 mediates T cell movement to the T zone.   Dynamic movements 

to different microenvironments contribute to the overall stimulation received by a 

cell.  At 4 dpi, KLRG1lo cells express CXCR3, which increases exposure to 

antigen and inflammation.  This may induce more T-bet expression and promote 

differentiation into KLRG1hi terminal effectors instead of IL-7Rαhi memory 

precursors.  Although CXCR3 and CCR7 are key receptors that mediate T cell 

localization in the spleen during infection, there may be additional receptors that 

influence T cell exposure to antigen and inflammation. 

To better understand how CXCR3 increases the quantity of terminal 

effectors by 8 dpi, I examined CD8 T cell proliferation and death.  There were no 

significant differences between WT and CXCR3 KO P14 T cell apoptosis 

between 5 to 8 dpi.  However, at 6 and 7 dpi, WT cells proliferated more than 

CXCR3 KO cells.  The greatest differences in proliferation occurred in the 

KLRG1loIL-7Rαlo effector subset.  Between 5 to 8 dpi, this subset can further 
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differentiate into KLRG1hiIL-7Rαlo terminally differentiated cells or into KLRG1loIL-

7Rαhi memory precursor cells.  With further antigenic and inflammatory 

stimulation, these KLRG1loIL-7Rαlo cells may proliferate more and differentiate 

into KLRG1hiIL-7Rαlo cells, leading to greater numbers of terminally differentiated 

cells.  

In addition to influencing the differentiation of effector cell subsets, 

CXCR3 influences the proportion of memory cell subsets as identified by L-

selectin/CD62L and CCR7.  During the formation of T cell memory in the 

contraction phase, KLRG1lo memory precursors upregulate CCR7 whereas 

KLRG1hi terminally differentiated cells do not.  The expression of CCR7 on 

memory cells localizes them to the T zone of lymphoid tissues [16,17].  CXCR3 

deficiency increased the proportion of memory cells that expressed L-

selectin/CD62L and CCR7, which led to the increased accumulation of CXCR3 

KO memory cells in lymph nodes compared to other tissues.  Although it was 

shown that decreasing the availability of antigen during CD8 T cell priming 

increased the proportion of CD62L-expressing memory cells [18], it is not known 

whether decreasing the availability of antigen later during infection influences 

CD62L re-expression in memory cells.  Our data suggests that antigen 

stimulation acquired after T cell priming has an impact on the expression of 

CD62L and CCR7 on memory cells. 

This work supports both the “decreasing potential model” and “fate 

commitment with progressive differentiation model”.  It suggests that increased 

access to antigenic and inflammatory stimulation promotes the formation of 

112



terminally differentiated effector cells at the expense of the formation of memory 

precursors.  Moreover, it shows that the stimulation experienced later during 

infection affects differentiation.  It may do this either by reducing a CD8 T cell’s 

potential to become a memory cell as in the “decreasing potential model” or by 

stimulating memory precursors to differentiate into terminal effectors as in the 

“fate commitment with progressive differentiation model”.  Interestingly, this work 

suggests that the duration of stimulation a CD8 T cell receives also influences 

the proportion of memory cell subsets formed.  Increased stimulation generates 

more effector memory cells in both lymphoid organs and peripheral tissues.  

These effector memory cells may arise from longer-lived, but still terminally 

differentiated cells or from memory precursor cells as a transitional stage to 

central memory cells, or both.  Over time, there are proportionately more central 

memory cells, suggesting that either the effector memory cells die over time or 

that effector memory cells convert to central memory cells over time, or both.  

However, the amount of conversion to central memory cells may be 

overrepresented in these experiments due to the high precursor frequency of 

P14 T cells (1x104), which reduces the formation of a stable lineage of effector 

memory cells [19].  Further examination of effector and central memory T cells 

within endogenous CD8 T cell populations will aid in our understanding of the 

maintenance of these subsets over time.  This work provides support for current 

CD8 T cell differentiation models and emphasizes the importance of T cell 

movement and localization to the process of differentiation. 
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In conclusion, CXCR3 increases CD8 T cell exposure to antigen and 

inflammation in the MZ, which affects T cell differentiation and impacts the 

quantity and quality of memory cells formed.  Additional studies of other 

homeostatic and inflammatory chemokine receptors may elucidate how 

coordinated T cell movements in lymphoid organs impacts T cell differentiation 

during infection.  Furthermore, future studies in chronic infections will add to our 

understanding of the role of chemokine receptors in T cell expansion, 

differentiation, and exhaustion in situations were antigen persists for prolonged 

periods. 
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Figure 1  

In lymph nodes, WT P14 T cells cluster at T-B boundaries, around B cell 

follicles, and in the subcapsular sinus (SCS) while CXCR3 KO P14 T cells 

are spread out in T zone areas. 

5x105 Thy1.1+CD45.2+ WT and Thy1.2+CD45.1+ CXCR3 KO P14 T cells were 

transferred into Thy1.2+CD45.2+ mice that were infected with 2x106 PFU LCMV 

(Armstrong) i.p. the next day.  At 4 days post-infection, axillary lymph nodes (A), 

brachial lymph nodes (B), and inguinal lymph nodes (C) were sectioned and 

stained for localization of WT (red) and CXCR3 KO (green) P14 T cells.   
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Figure 2 

Most WT and CXCR3 KO P14 T cells are found in the red pulp of the spleen 

at 8 days post-infection. 

1x103 Thy1.1+CD45.2+ WT and Thy1.2+CD45.1+ CXCR3 KO P14 T cells were 

transferred into Thy1.2+CD45.2+ mice that were infected with 2x105 PFU LCMV 

(Armstrong) i.p. the next day.  At 8 days post-infection, spleens were sectioned 

and stained for localization of WT (green) and CXCR3 KO (red) P14 T cells.   
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Figure 2
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Figure 3 

CXCR3 affects effector and memory differentiation in recombinant Listeria 

monocytogenes-GP33 infection. 

C57BL/6 mice containing equal numbers of CD45.1/CD45.2 WT and 

CD45.1/CD45.1 CXCR3 KO P14 T cells were infected with 1x103 CFU 

recombinant Listeria monocytogenes-GP33.  Plots are gated on WT or CXCR3 

KO P14 T cells and show KLRG1 and IL-7Rα expression at 8 days post-infection 

in the indicated tissues.  
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Figure 4 

Interferon-γ  (IFN-γ) prolongs expression of CXCR3 ligands and influences 

CD8 T cell differentiation. 

Transcriptional expression of the CXCR3 ligands, CXCL9 and CXCL10, was 

measured in wild-type (WT) and IFNγR knock-out (KO) mice infected with 2x105 

PFU LCMV (Armstrong) i.p. (A). (B) WT and IFNγR KO mice containing equal 

numbers of CD45.1/CD45.2 WT and CD45.1/CD45.1 CXCR3 KO P14 T cells 

were infected with 2x105 PFU LCMV (Armstrong) i.p. and T cell differentiation 

was examined at 5, 6, and 7 days post-infection (dpi). (C) KLRG1 and IL-7Rα 

expression was examined on WT and CXCR3 KO P14 T cells transferred into 

WT and IFNγR KO mice at the indicated times after infection.  
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Figure 5 

IL-15 affects the proportion of KLRG1hiIL-7Rlo WT and CXCR3 KO P14 T 

cells at 8 and 15 days post-infection. 

WT and IL-15-/- KO mice containing equal numbers of CD45.1/CD45.2 WT and 

CD45.1/CD45.1 CXCR3 KO P14 T cells were infected with 2x105 PFU LCMV 

(Armstrong) i.p. KLRG1 and IL-7Rα expression was examined on WT and 

CXCR3 KO P14 T cells transferred into WT and IL-15-/- KO mice at the indicated 

times after infection (A). (B) Proportions of KLRG1hiIL-7Rlo WT and CXCR3 P14 

T cells in WT and IL-15-/- KO hosts were plotted.  
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Figure 6 

CCR5 does not affect CD8 T cell differentiation into short-lived effector 

cells and memory precursor cells. 

C57BL/6 mice containing equal numbers of CD45.1/CD45.1 WT and 

CD45.1/CD45.2 CCR5 KO P14 T cells were infected with 2x105 PFU LCMV 

(Armstrong) i.p. (A) Frequencies of WT and CCR5 KO CD8 T cells were 

measured in the indicated tissues at the indicated days post-infection. (B) KLRG1 

and IL-7Rα expression was examined on WT and CCR5 KO P14 T cells in the 

indicated tissues at the indicated days post-infection.  
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