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Abstract

CD8+ T cells have conventionally been studied in relationship to pathogen or tumor clearance. 

Recent reports have identified novel functions of CXCR5+CD8+ T cells that can home to 

lymphoid follicles, a key site of antibody production. In this review we provide an in-depth 

analysis of conflicting reports regarding the impact of CXCR5+CD8+ T cells on antibody 

production and examine the data supporting a role for antibody-enhancement (B cell “helper”) and 

antibody-downregulation (antibody-suppressor) by CXCR5+CD8+ T cell subsets. CXCR5+CD8+ 

T cell molecular phenotypes are associated with CD8-mediated effector functions including 

distinct subsets that regulate antibody responses. Co-inhibitory molecule PD-1, among others, 

distinguish CXCR5+CD8+ T cell subsets. We also provide the first in-depth review of human 

CXCR5+CD8+ T cells in the context of clinical outcomes and discuss the potential utility of 

monitoring the quantity of peripheral blood or tissue infiltrating CXCR5+CD8+ T cells as a 

prognostic tool in multiple disease states.
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Introduction:

A review of the subset of CXCR5+CD8+ T cells must first acknowledge the abundance 

of work that identifies the critical role of CD8+ T cells in pathogen clearance. Cytotoxic 

type 1 CD8+ T cells (Tc1) that produce pro-inflammatory cytokines such as IFN-γ and 

TNF-α and are among the most well-defined CD8+ T cell subsets involved in clearance 
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of intracellular pathogens and tumors. Tc1 cells kill target cells via release of cytotoxic 

molecules, such as perforin and granzyme, and comprise the majority of CD8+ T cell subsets 

in the peripheral blood of healthy human blood donors (1). These cells are critical to the 

defense against intracellular bacteria, viruses, and protozoa, and clear immunogenic targets 

in a variety of conditions including autoimmune, tumor, transplant, and other inflammatory 

milieus. In addition to the Tc1 cell subset, other less-abundant CD8+ T effector cell 

subsets include inducible IL-4- and IL-5-producing (Tc2; active in mediating allergy, 

asthma, as well as defense against helminths and venoms), IL-9-producing [Tc9; active 

in preventing CD4+ T cell-mediated inflammation in the small intestine (2), exacerbating 

asthma and allergic inflammation in atopic dermatitis (3), and mediating anti-tumor effects 

(4)], IL-17-producing (Tc17; active in the defense against extracellular bacteria and fungi), 

and FoxP3-expressing regulatory (active in maintaining immune homeostasis) CD8+ T cells 

(5, 6). Given the disparate effector functions and plasticity of CD8+ T cell subsets, a more 

in-depth understanding of CD8+ T cell subpopulations is critical to their phenotypic and 

functional classification and to determination of their potential clinical utility in monitoring, 

preventing, and/or treating immune mediated disease.

Recent work in various models and disease states has identified unique subsets of CD8+ T 

cells expressing the chemokine receptor CXCR5, which directs these cells into secondary 

lymphoid follicles (7). Within these secondary follicles, CXCR5+CD8+ T cells may 

encounter a rich milieu of antigens, antigen presenting cells, and other follicular cells, and 

are reported to display a range of effector functions in distinct viral, tumor, and autoimmune 

settings. The bulk of literature to date has focused on CXCR5+CD8+ T cell-mediated 

clearance of viruses that have predilection for sequestration in lymphoid follicles, including 

HIV/SIV (8–17) and LCMV (18–20), as well as prognostic associations of CXCR5+CD8+ 

T cells detected in tumors and draining lymph nodes with improved clinical outcomes for 

malignancies such as colorectal (21, 22) and hepatocellular carcinoma (23, 24).

This review builds upon prior analyses of CXCR5+CD8+ T cells that have examined 

their role in viral immunity, autoimmunity and tumor immunity (7, 25–27), by focusing 

on this subset’s divergent roles on humoral immunity and by categorizing molecular 

phenotypes reported for subsets with distinct effector functions. While the full spectrum 

of CXCR5+CD8+ T cell function is included, we focus on an analysis of the data supporting 

a role for CXCR5+CD8+ T cell subsets on enhancement of antibody production (B cell 

“helper” function) versus downregulation of antibody-production (antibody-suppressor). We 

also provide an in-depth analysis of CXCR5+CD8+ T cells in a variety of clinical conditions 

(including viral or bacterial infection, malignancy, autoimmunity, and transplantation) and 

discuss their potential clinical utility.

CXCR5+CD8+ T Cells that Enhance Antibody Production

Similar to CXCR5+PD-1hiCD4+ T follicular helper cells (TFH) that support antibody 

production (28, 29), CXCR5+PD-1hiCD8+ T subsets have also been reported to exhibit a 

B cell helper function. CXCR5+CD8+ T cells in various disease states and models, ranging 

from colorectal malignancy to viral hepatitis to LCMV infection, have been reported to 
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enhance antibody production by 1) direct interaction with B cells in co-culture (23, 30–37), 

or 2) synergistic interactions with CD4+ T cells and B cells in co-culture (38, 39).

In the first such study to examine CXCR5+CD8+ T cell enhancement of antibody through 

direct interaction with B cells, Quigley et al. demonstrated that CXCR5+CD8+ T cells from 

human tonsillectomy specimens increase both the survival and non-specific IgG production 

of CD19+ B cells when co-cultured for seven days. While specific cellular mechanisms 

of B cell help were not explored in this study, it was noted that in vitro stimulated 

CXCR5+CD8+ T cells exhibited upregulated expression of molecules necessary for T cell­

dependent humoral immune responses (32), including CD70 (40), OX40 (41), and ICOS 

(42). The capacity of human CXCR5+CD8+ T cells to upregulate antibody production nearly 

2-fold or greater in culture has been reported in a number of other studies utilizing human­

derived cells from patients with various diseases including chronic hepatitis B infection (33), 

classical Hodgkin lymphoma (34), nasal polyps (35), and hepatocellular carcinoma (23). 

Since then, several groups have identified CXCR5+CD8+ T cells as direct B cell helpers in 

murine models.

In an IL-2 KO murine model of autoimmunity (autoimmune hemolytic anemia) that 

develops due to the absence of CD4+ T regulatory cells (TReg), the authors observed an 

increase in CXCR5+PD-1hiCD4+ T cells and CXCR5+PD-1hiCD8+ T cells in lymphoid 

tissue. Both subsets upregulated ICOS and Bcl6, known to be important for interactions 

between CD4+ TFH and follicular B cells (38). Depletion of either CD4+ T cells or CD8+ 

T cells resulted in increased survival, improved anemia, decreased frequency of B cells, 

and decreased IgG autoantibody binding of erythrocytes. Interestingly, the reduction of IgG 

was predominantly for IgG1 (IL-4 dependent) for CD4+ T cell depletion and both IgG1 and 

IgG3 (IFN-γ-dependent) for CD8+ T cell depletion, suggesting some differences in CD4- 

and CD8-mediated enhancement of autoantibody production in this model. Furthermore, 

supernatant from in vitro stimulated CXCR5+PD-1hiCD8+ T cells significantly upregulated 

IgG production by in vitro stimulated (anti-CD40, anti-IgM) wild type B cells. Notably, 

these CD8+ T cells supported IgG production to levels comparable to those observed with 

supernatants from CD4+ TFH cells (38). In contrast to these studies, co-cultures consisting 

of B cells and CXCR5+PD-1+CD8+ T cells from LCMV-infected wild type mice resulted in 

only mild increases in the percentage of IgG1+ B cells and in vitro production of IgG1 in the 

supernatant compared to B cells cultured alone (and significantly less than co-cultures of B 

cells with CXCR5+PD-1+CD4+ TFH cells) (31).

In Bcl6 KO mice, that have functional B cells but abrogated endogenous CD4+ TFH cell 

responses, the adoptive transfer of Runx3-deficient transgenic (LCMV GP33/Db-reactive) 

P14 CD8+ T cells enriched for CXCR5+CD8+ T cells promoted antibody production in 

response to KLH-GP33 immunization (but to half the extent when compared to adoptive 

transfer of CD4+ TFH cells) (30). However, the increase in IgG antibody production occurred 

in the absence of germinal center (GC) formation, suggesting an extrafollicular mechanism 

of B cell help. This observation is consistent with studies in the IL-2 KO mouse model, 

where adoptive transfer of IL-2 KO CD8+ T cells (enriched for CXCR5+PD-1hiCD8+ T 

cells) into TCRα KO mice resulted in increased plasma cells but not GC B cells. In contrast, 

Elzein et al. Page 3

J Immunol. Author manuscript; available in PMC 2022 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



adoptive transfer of CD4+ TFH cells resulted in expansion of both GC B cells and plasma 

cells (30).

In these murine and human studies, antibody-enhancing CXCR5+CD8+ T cells have 

routinely been reported to express IL-21, CD40L, ICOS, PD-1, and Bcl-6, though not 

necessarily to the extent expressed by CD4+ TFH cells. When comparing CXCR5+CD8+ 

T cells isolated from peritumoral tissue versus peripheral blood, hepatocellular carcinoma­

infiltrating CXCR5+CD8+ T cells were noted to express higher levels of IL-21, ICOS, and 

PD-1, illustrating the heterogeneity of CXCR5+CD8+ T cell subsets’ phenotypic expression 

and function not only between various disease states, but even in different immune locales 

within the same patient (23).

A few studies have investigated the specific cellular mechanisms by which CXCR5+CD8+ 

T cell-mediated upregulation of antibody production occurs. CXCR5+CD8+ T cells 

isolated from human tonsillectomy specimens and co-cultured with CD19+ B cells alone 

significantly increased levels of IgG, IgM, and IgA in a dose-dependent manner, albeit not 

to the level of CD4+ T cell:B cell co-cultures (36). Interestingly, the addition of anti-IL-21 

or anti-CD40L to CXCR5+CD8+ T:B cell co-cultures reduced production of IgG and IgM by 

40–60%, supporting a contact-dependent (CD40L-dependent) and soluble factor-mediated 

(IL-21-dependent) mechanism of antibody upregulation by these cells (36). The importance 

of CD40/CD40L interactions in CXCR5+CD8+ T cell-mediated help to B cells has also been 

reported in an LCMV mouse model, where addition of anti-CD40L neutralizing antibody to 

CXCR5+PD-1+CD8+ T:B cell cultures, or co-culture with CD40-deficient B cells, abrogated 

IgG1 production similar to levels observed in cultures of B cells alone (31). In this study, 

contact dependent B cell help for in vitro (and in vivo) antibody production provided by 

CXCR5+PD-1+CD8+ T cells was further supported by the requirement for MHC-I matching 

between CD8+ T cells and B cells.

In contrast to the preceding data suggesting provision of direct help to B cells by 

CXCR5+PD-1+CD8+ T cells, two groups have demonstrated CD8+ T cell-mediated help to 

B cells through synergistic interactions with CD4+ TFH cells to enhance antibody production 

(38, 39). In one study, when CXCR5+CD8+ T cells from human patients (with hepatitis 

B) were incubated with either CD19+CD27− naïve B cells or CD19+CD27+ memory B 

cells alone (stimulated with staphylococcal enterotoxin B), they failed to upregulate in 
vitro antibody production (despite expressing IL-21, a cytokine known to induce B cell 

antibody production). However, addition of the CXCR5+CD8+ T cells to CXCR5+CD4+ T:B 

cell co-culture elicited significantly increased IgG antibody production (~2-fold) compared 

to CXCR5+CD4+ T:B cell co-culture alone (39). In TCRα KO mice immunized with 

keyhole limpet hemocyanin (KLH), followed by adoptive transfer of IL-2 KO CD8+ T cells 

(CXCR5+PD-1hiBcl-6+IL-21+CD8+ T cells) alone, was associated with increased frequency 

of B220intCD138+ plasma cells but not B220+GL-7+Fas+ GC B cells in recipient spleens, 

and did not promote IgG production. However, when IL-2 KO CD8+ T cells were transferred 

along with IL-2 KO CD4+ TFH cells, a synergistic effect resulting in increased IgG2b titer 

(to a greater extent than IgG1 and no effect on IgG2a titer) was observed (38). The results 

of these studies suggest that CXCR5+CD8+T cell subsets under some circumstances may act 
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synergistically with CD4+ TFH cells (rather than through independent stimulation of B cells) 

to enhance antibody production.

It remains elusive whether antigen immunogenicity, genetic, and/or acquired immune 

conditions or immune locales play a key role in driving CXCR5+CD8+ T cell 

subsets’ differentiation, effector function, and capacity to influence antibody production. 

Phenotypic markers, cytokines, effector molecules, and transcription factors characterizing 

CXCR5+CD8+ T cell subsets investigated in specific models are shown in Table 1. 

Most CXCR5+CD8+ T cell subsets that are reported to enhance humoral immunity 

or regulate viral, tumor, and autoimmunity express some similar transcription factors, 

co-inhibitory molecules, co-stimulation molecules, cytokines, and effector molecules. In 

contrast, antibody-suppressor CXCR5+CD8+ T cells identified in transplantation models are 

distinguished from all of these other subsets by the absence of the co-inhibitory molecule 

PD-1, absence of the co-stimulatory molecules ICOS/ICOSL, and lack of production 

of IL-10 or IL-21 (43). Furthermore, antibody-suppressor CXCR5+CD8+ T cells are 

distinguished from CD8+ T regulatory cells (44–49) by their expression of IFN-γ, perforin/

granzyme, and CD28 and the lack of expression of PD-1, IL-10, and the transcription 

factor FoxP3 (Table 1). Further investigation of CXCR5+CD8+ T cells with complex 

immunophenotyping may improve the categorization of these heterogeneous subsets, clarify 

mechanisms of action, and implicate lineage relationships.

CXCR5+CD8+ T Cells that Mediate Downregulation of Antibody Production

In contrast to the literature supporting an antibody enhancing function of CXCR5+CD8+ T 

cells, our research group has identified a novel subset of antibody-suppressor CXCR5+IFN-

γ+CD8+ T cells (CD8+ TAb-supp cells) using in vivo transplant experimental murine models. 

We have reported that this subset suppresses in vivo alloantibody production 5- and 10-fold 

following allogeneic kidney (50) and hepatocyte transplant (51), respectively. This reduction 

in alloantibody formation is associated with significant enhancement of graft survival 

following CD8+ TAb-supp adoptive cellular therapy in both kidney (15 days to 52 days) (50) 

and hepatocyte (14 days to 35 days) (51) transplant recipients using models in which graft 

loss occurs by antibody-mediated rejection. Alloantibody suppression is mediated, in part, 

by CD8-mediated clearance of antibody-producing B cells through both FasL and perforin 

mechanisms (52). This cytotoxic clearance is antigen-specific, as CD8+ TAb-supp cells do not 

kill naïve or third-party primed IgG+ B cells in vitro or in vivo (51, 52). Recently, our group 

has identified CXCR5+CD8+ T cells in the peripheral blood of human kidney transplant 

recipients. The quantity of both CXCR5+CD8+ and CXCR5+IFN-γ+CD8+ T cells inversely 

associates with the incidence of de novo donor-specific antibody (53), suggesting a human 

correlate of murine CD8+ TAb-supp cells. In experimental murine models, we found that IFN-

γ is critical to antibody-suppressor CD8+ T cell function (54), since CD8+ T cells isolated 

from IFN-γ KO mice do not develop antibody-suppressor function. Approximately 70% 

of CD44+CXCR5+CD8+ T cells in both murine (51) and human (53) transplant recipients 

express IFN-γ. The CD8+ TAb-supp cells that our group has investigated lack expression 

of PD-1, ICOS/ICOSL, and CD8+ T regulatory cell (CD8+ TReg) markers IL-10, CD103, 

and FoxP3 (51), and thus represent a subset of CXCR5+CD8+ T cells that are distinct from 

CD8+ TReg cells (44–49) as well as PD-1+CXCR5+CD8+ T cell subsets with, antiviral, 
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anti-tumor, anti-autoimmune (Qa-1 restricted) and antibody-enhancing functions (Table 1). 

Furthermore, while antibody suppressor CXCR5+CD8+ T cells are antigen-specific, the 

antigen specificity of the CXCR5+PD-1hiCD8+ T cells that enhance antibody production 

has not been tested. Collectively, these findings raise the prospect of further refining and 

developing this CD8+ T cell subset as a cellular therapy for the prevention or treatment of 

antibody mediated rejection.

Another subset with antibody suppressive function, identified as 

CD3+CD8+CXCR5hiCD44hi T “follicular regulatory” (TFR) cells, has been reported to 

inhibit ex vivo CD4+ TFH IL-21 production and GC B cell (CPG-TLR9 stimulated 

CD19+CD38+) IgG production in the setting of HIV infection (55). These CD8+ TFR 

cells exhibit enhanced expression of IL-10, as well as Tim-3, CD122, and GITR, but 

reduced expression of perforin compared to conventional CD8+ T cells. Many other markers 

shown in Table 1 have not been reported for this subset. CD8+ TFR cell suppression 

of CD4+ TFH IL-21 production in culture was Tim-3 dependent, since addition of anti­

Tim3 antibody abrogated the effect. Virus-primed tonsillar CD8+ TFR cells reduced IgG 

production in co-culture greater than 3-fold when compared to IgG production by virus 

infected GC B cells alone (55). However, the exact mechanism of human CXCR5+CD8+ 

T cell-mediated inhibition of antibody production in these studies, whether via cytokine­

facilitated suppression or direct cytotoxicity to B cells, was not explored. CD8+ TFR cells are 

distinguished from CD8+ TAb-supp cells by expression of IL-10.

An additional subset of antibody downregulating CXCR5+CD8+ T cells has been identified 

in the setting of murine autoimmunity models and is characterized by the triad of CD44, 

CD122, and Ly49 (a MHC-I inhibitory receptor) surface marker expression (56). These 

cells express ICOSL, PD-1, and are restricted to interaction with Qa-1+CD4+ T cells 

and protect against autoimmunity (many other markers shown in Table 1 have not been 

reported for this subset). Qa-1, a murine homolog of HLA-E, is expressed on activated 

T and B lymphocytes and dendritic cells, and promotes expansion of antigen-specific 

CD8+ T cells when bound to their TCR (57). Adoptive transfer of Qa-1-restricted effector 

CD8+ T cells (CD44+CD122+Ly49+) into Rag2−/− hosts reconstituted with Qa-1+ B 

and Qa-1+CD4+ T cells inhibits primary autoantibody responses by 10-fold (58). In the 

setting of rheumatoid arthritis, cellular therapy with Qa-1-restricted effector CD8+ T cells 

resulted in clearance of autoreactive CD4+Qa-1+ TFH cells, suppression of downstream 

autoantibody, and amelioration of disease progression (as evidenced by assessment score 

of limb swelling and erythema) (56). Recently, CXCR5+CD44+CD122+Ly49+CD8+ Tregs 

were reported to mediate key protection against lethal autoimmunity that is distinct from 

CD4+ TReg cells (59). In this study, genetic deletion of TGF-β receptor (TGF-βR) and 

the transcription factor Eomesodermin (Eomes) resulted in enhanced spontaneous GCs 

in the spleen, increased percentage of GC B cells, increased CD4+ TFH cells, increased 

anti-double stranded DNA autoantibodies, and reduced overall survival. These double 

knockout (DKO) mice had unaltered CD4+ TFR cells but significantly decreased quantity 

of CXCR5+CD44+CD122+Ly49+CD8+Helios+ Tregs, and only adoptive transfer of the latter 

CD8+ Treg population could rescue the autoimmune phenotype. CD122hiLy49hiCD8+ T 

cells from DKO mice displayed increased effector molecules and markers such as granzyme 

A, granzyme B, and KLRG-1, consistent with their lower expression of the transcription 
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factor Helios that is associated with TReg identity. Furthermore, these authors reported that 

while TGF-βR is critical for expression of the transcription factor Helios and CD8+ TReg 

development, the transcription factor Eomes regulates the expression of CXCR5 critical for 

follicular localization and GC regulation. However, both TGF-βR and Eomes contribute 

to expression of pro-survival Bcl-2 and in vivo CD8+ TReg cell survival and homeostasis. 

Interestingly, Choi et al reported that host mice with a mutation impairing Qa1 interaction 

with the CD8+ T cell receptor (60), resulted in robust alloantibody response after full MHC 

disparate heart transplant and accelerated rejection despite peri-transplant treatment with 

CTLA-4 Ig, owing to disruption of Qa-1 restricted CD8+ TReg cell inhibition of CD4+ TFH 

expansion (61). In contrast, CD8+ TAb-supp cells that also significantly suppress alloantibody 

production after transplant express KLRG-1 (associated with effector cell function) and 

mediate antigen specific antibody suppression, features that distinguish them from KLRG-1­

negative Qa-1-restricted CD8+ T follicular regulatory cells (CD8+ TFR) that downregulate 

excessive or dysregulated Qa1+-expressing CD4+ TFH cells (59). Furthermore, while these 

Qa-1-restricted CD8+ TFR have been reported to eliminate target Qa-1+CD4+ TFH cells 

in a perforin-dependent manner, their inhibitory effect on antibody production does not 

occur through direct interaction with B cells. Thus, while Qa-1-restricted CD8+ TFR have 

capacity to inhibit antibody production, their exclusive targeting of CD4+ TFH cells is 

decidedly different from B cell helper CXCR5+PD-1hiCD8+ T cells and antibody-suppressor 

CXCR5+PD-1−CD8+ T cells that exert direct effects on B cells (Figure 1).

Clinical Correlations of Human CXCR5+CD8+ T Cells

Given the identification of CXCR5+CD8+ T cells in a wide array of both clinical diseases 

and murine models, their potential to serve as indicators of disease severity and/or as 

useful predictive tools warrants consideration. Table 2 provides a comprehensive listing 

of all reports of human CXCR5+CD8+ T cells and their clinical correlations in patients 

with viral infection, bacterial infection, malignancy, autoimmune disease or after kidney 

transplantation. Owing to their unique CD8+ T cell follicular homing capabilities, several 

groups have noted a direct correlation between the quantity of CXCR5+CD8+ T cells 

with the suppression of viral load for viruses known to sequester in lymphoid follicles, 

such as HIV and SIV (8, 14, 18, 33, 62, 63). CXCR5+CD8+ T cell quantity is increased 

in HIV infected patients compared to healthy controls and their frequency is inversely 

correlated with HIV viral load (8). In addition, CXCR5+CD8+ T cell quantity has been 

introduced as an indicator of disease severity since among HIV infected patients, those 

with lower frequencies of circulating CXCR5+CD8+ T cells also have lower CD4+ T cell 

counts (8). None of the aforementioned studies reported concurrent anti-viral antibody titers. 

However, Roider et al. identified a significant positive correlation between the frequency of 

circulating CXCR5+CD8+ T cells and HIV neutralization by plasma from HIV infected 

and antiretroviral therapy naïve children who reportedly have higher titers of broadly 

neutralizing antibody compared to adults (64). Perinatally infected HIV-positive children 

exhibit significantly lower CXCR5+CD8+T cell frequencies compared to HIV-negative 

unexposed children (65).

Qiu et al. noted, in a study of 36 patients infected with Dengue virus 2 (DENV2), that 

higher quantity of peripheral blood PD-1+CXCR5+CD8+ T cells correlated with decreased 
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viral load at time of diagnosis. In addition, their quantity was protective for virally mediated 

kidney injury (a common complication of DENV2 infection), as patients without kidney 

injury exhibited significantly higher quantities of CXCR5+CD8+ T cells compared to those 

with kidney injury (66). These results were not correlated with anti-viral antibody responses.

In a study of 65 patients hospitalized for bacterial pneumonia, Shen et al. found that quantity 

of peripheral blood CXCR5+CD8+ T cells correlated with the severity of community­

acquired and hospital-acquired pneumonia, noting a nearly 3-fold or greater increase 

in circulating CXCR5+CD8+ T cells during community-acquired and hospital-acquired 

pneumonia exacerbations, respectively, compared to patients with controlled disease. 

Furthermore, in assessing the diagnostic correlation associated with monitoring of these 

cells, the AUC for the ratio of CXCR5+CD8+ T/CD8+ T cells was determined to be 

0.944 (Sensitivity = 90.5%; Specificity = 93%), leading the authors to suggest that CXCR5­

expressing CD8+ T cell quantity alone can predict exacerbation of community- or hospital­

acquired pneumonia (67). This direct correlation with disease severity suggests a deleterious 

pro-inflammatory immunity or an inhibitory impact of these cells on protective immunity. 

However, the correlation of CXCR5+CD8+ T cell quantity with the strength of humoral 

immunity to specific pathogens was not assessed in these studies.

The prevalence and phenotypic characteristics of CXCR5+CD8+ T cell subsets also correlate 

with patient outcomes in non-viral disease states, such as with malignancy. In patients with 

hepatocellular carcinoma (HCC), a high percentage of tumor-infiltrating CXCR5+CD8+ T 

cells correlated with a lower risk of early recurrence (within three years) and metastasis (23). 

Interestingly, the authors of this study also noted a co-localization of IL-21+CXCR5+CD8+ 

T cells and CD19+ B cells in some patients and a positive correlation between the 

frequency of tumor infiltrating CXCR5+CD8+ T cells and tumor-infiltrating CD19+ B 

cells. Furthermore, co-culture of tumor-infiltrating CXCR5+CD8+ T cells with autologous 

CD19+ B cells resulted in significantly higher in vitro IgG production than co-culture of 

CXCR5+CD8+ T cells and B cells from healthy donors. The frequency of tumor-infiltrating 

CD138+ plasmablasts in these HCC patients also positively correlated with overall and 

disease-free survival. However, these authors did not investigate tumor-antigen specific 

antibody production in these patients.

In a study of twelve patients with pancreatic cancer, high quantities of tumor-infiltrating 

CXCR5+CD8+ T cells (at the time of tumor resection) correlated with prolonged disease free 

survival time (68). CXCR5+CD8+ T cells are a small population of total CD8+ T cells in 

the peripheral blood of healthy controls (0.4–5.0%). However, in pancreatic cancer patients, 

circulating CXCR5+CD8+ T cells were significantly increased and comprised 7–21% of 

total peripheral CD8+ T cells. Furthermore, CXCR5+CD8+ T cells comprised more than 

50% of total CD8+ T cells in pancreatic tumor specimens. CXCR5+CD8+ T cells in this 

study were PD-1+Tim-3+ and mediated higher in vitro cytotoxicity to target cells compared 

to CXCR5−CD8+ T cells. Interestingly, these investigators utilized autologous human B 

cells as targets in these in vitro cytotoxicity assays which is analogous to the CD8:B cell 

cytotoxicity assays used in our murine studies to investigate CD8+
Ab-supp T cell mediated B 

cell killing.
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In patients with bladder cancer, high quantities of tumor-infiltrating CXCR5+CD8+ T cells 

also correlated with higher overall and disease-free survival (69). In another study involving 

44 patients with Stage II colorectal cancer, patients with high quantity of CXCR5+CD8+ 

T cells in tumors or tumor-draining lymph node and patients with high IFN-γ, perforin, 

and granzyme B expression by tumor CXCR5+CD8+ T cells exhibited significantly longer 

disease-free survival (22). Taken together, these studies highlight an important positive 

correlation between quantity of CXCR5+CD8+ T cells detected in tumors and/or tumor 

draining lymph nodes with enhanced tumor immunity and raises the potential for including 

quantitative assessment of tumor-infiltration by CXCR5+CD8+ T cells as an additional 

prognostic tool for some malignancies. More studies are warranted to investigate the cellular 

and humoral immune mechanism(s) associated with these improved clinical outcomes.

One study investigated CXCR5+CD8+ T cells in human follicular lymphoma, a non­

Hodgkin lymphoma that arises from malignant GC B cells (70). The authors found 

that CXCR5+CD8+ T cells were more abundant in follicular lymphoma compared to 

normal human tonsillar tissue. Co-culture of autologous flow-sorted CXCR5+CD8+ T 

cells (expanded in vitro with α−CD3/CD28, TGF-β and IL-23) with autologous follicular 

lymphoma tumor cells (activated with soluble CD40L and IL-4) revealed in vitro tumor 

killing. They also determined that autologous CXCR5+CD8+ T cells suppressed CD4+ 

TFH mediated differentiation of CD38+CD19+ plasmablasts (stimulated with staphylococcal 

enterotoxin B) in a cell contact independent mechanism. Thus, while this study focused 

on CXCR5+CD8+ T cell-mediated cytotoxic killing of tumor cells, these tumor cells were 

malignant GC B cells, and is consistent with the CD8+ TAb-supp cells that our group has 

reported has the functional capacity to kill alloprimed B cells and reduce alloantibody 

production after transplant in mice (51).

A recent study reported the critical roles of TFG-β receptor and transcription factor 

Eomes on development, homeostasis and survival of Ly49+CD122hiCXCR5+CD8+ Tregs 

that control GC reactions and mediate protection against lethal autoimmunity in mice. These 

authors also analyzed peripheral blood mononuclear cells (PBMCs) from patients with 

the autoimmune disease systemic lupus erythematosus (SLE) and found that SLE patients 

compared to healthy controls had reduced quantity of CD158e+CD8+ T cells with reduced 

expression of Helios, a key Treg associated transcription actor. Corresponding autoantibody 

titers in these SLE patients were not reported (59). The CD158 gene family encodes killer 

cell immunoglobulin-like receptors (KIR). In these studies, CD158e+CD8+ T cells were 

analyzed based on their presumed similarity to human CD122hiKIR+Eomes+CD8+ T cells 

described in other studies (71) and resemblance to murine anti-autoimmune Qa-1-restricted 

Ly49+CD122hiCD8+ T cells.

In a prospective study of 95 first-time kidney transplant recipients, our group demonstrated 

an inverse association between the quantity of peripheral blood CXCR5+CD8+ T cells (and 

CXCR5+IFN-γ+CD8+ T cells) and risk for development of de novo donor-specific antibody 

(DSA) after transplant. Transplant recipients who developed de novo DSA exhibited 2­

fold lower quantity of CXCR5+CD8+ T cells (and CXCR5+IFN-γ+CD8+ T cells) both 

pre-transplant as well as post-transplant compared to recipients who did not develop DSA. 

Furthermore, pre-transplant quantity of CXCR5+IFN-γ+CD8+ T cells less than 3,300 per 
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million peripheral blood mononuclear cells was highly associated with the development of 

de novo DSA [Area Under the Curve (AUC) = 0.81; Sensitivity = 93%; Specificity = 62%] 

(53). This pre-transplant immune assessment suggests that prospective kidney transplant 

recipients could be stratified into groups that are low or high risk for de novo DSA 

production. This is the only prospective study reporting a direct correlation between the 

quantity of human CXCR5+CD8+ T cells with in vivo antibody responses.

While the clinical utility of monitoring CXCR5+CD8+ T cells is promising, several potential 

barriers exist to their routine use in assessing clinical disease or for their development as a 

cellular therapy. First, the relatively low percentage of CXCR5+CD8+ T cells, comprising 

1.9% of all peripheral blood mononuclear cells (PBMC) in healthy individuals (32) and 

ranging from less than 1% of all PBMC (22, 37) to 5% of CD3+ T cells even in active 

disease (68, 72) renders the isolation, consistent quantification, and characterization of these 

cells challenging. Second, although expression of CXCR5 differentiates a subset of effector 

CD8+ T cells in various models and diseases, its expression in peripheral blood lymphocytes 

may fluctuate over time as CXCR5+CD8+ T cells traffic in and out of the circulation from 

their functional niches in lymphoid follicles and other sites. More research is needed to 

understand how the quantity of peripheral blood CXCR5+CD8+ T cells correlates with their 

quantity and differentiated phenotype in lymphoid depots or other tissues. Third, the marked 

phenotypic heterogeneity of CXCR5+CD8+ T cell subsets, as highlighted in this review, 

further complicates the categorization and separation of disease related CXCR5+CD8+ T 

cell subsets by effector (including regulatory) functions. Finally, factors that contribute 

to expansion of the various CXCR5+CD8+ T cell subsets (in vivo or in vitro) require 

further investigation. Despite these and other challenges ahead, significant potential exists 

to enhance existing knowledge and to develop the prognostic and therapeutic potential of 

CXCR5+CD8+ T cells. Promising results from murine models in which CXCR5+CD8+ T 

cells tested as a cellular therapy reduced autoantibody (56, 58) or alloantibody (50, 51) 

levels and associated antibody-mediated tissue damage encourage the clinical translation of 

these studies. This review highlights the need for further studies to elucidate the biology of 

this newly emerging subset including its role in modulating antibody responses in a variety 

of clinical conditions, including transplantation.

Conclusions:

Emerging interest in immune properties of CXCR5+CD8+ T cells has led to investigation 

of their role in a variety of experimental and clinical settings in the past few years. These 

cells, owing to their follicular-homing capabilities unique amongst known CD8+ T cell 

subsets, participate in a wide variety of functions in lymphoid-associated viral, tumor, 

auto- and allo-immune disease processes. CXCR5+CD8+ T cell subsets in some studies 

have been reported to enhance antibody production, while in others have been reported 

to downregulate antibody production. It is likely then that phenotypic and functional 

differentiation of distinct CXCR5+CD8+ T cell subsets account for these differences. It 

remains to be determined how the diverse phenotypes and effector functions reported to 

date for CXCR5+CD8+ T cells correlate with their lineage, differentiation, and plasticity. 

Knowledge gained from these future studies is critical to refine the application of 

CXCR5+CD8+ T cell subsets for potential diagnostic, prognostic, and therapeutic purposes.
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Figure 1. Distinct Mechanisms by which CXCR5+CD8+ T Cell Subsets Impact Humoral 
Immunity.
CXCR5+CD8+ T cell subsets are reported to mediate different effects upon antibody 

production. Antibody-enhancing CXCR5+CD8+ T cells express PD-1, ICOS, CD40L, 

and cytokines such as IFN-γ and IL-21. In vitro co-culture studies suggest that antibody­

enhancing CXCR5+CD8+ T cells interact directly with antibody-producing B cells, or 

synergistically with CD4+ TFH cells, to increase antibody production by antibody secreting 

cells (ASC). In contrast, one subset of CXCR5+CD8+ T cells that protects against 

autoimmunity is Qa-1 restricted (CD44+ICOSL+PD-1+CD122+Ly49+) and exerts cytotoxic 

killing of autoreactive CD4+ TFH cells resulting in decreased autoantibody production. 

Another subset of antibody-suppressor CXCR5+CD8+ T cells (CD44+ICOSL−PD-1−IFN-

γ+) is MHC-I restricted, antigen-specific, and directly mediates killing of allo-primed IgG+ 

B cells resulting in reduction of alloantibody production after transplant.
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Table 1.

Phenotype of CXCR5+CD8+ T cell Subsets by Function

CD8+ T cell subsets

CXCR5+CD8+ T cells
Evidence for Antibody Regulation

CXCR5+CD8+ T 
Cells

Antibody 
Regulation Not 

Reported

CD8+ T 
Regulatory 

cells
(for 

reference)

Effector Function
Antibody-

enhancer**

Antibody-Suppression

Anti-
viral

Anti-
tumor CD8+ T regs

Qa-1-
restricted

(Anti-
autoimmune)

Follicular 
regulatory
(Anti-Viral 
immunity)

Antibody-
suppressor
(Transplant 

Alloimmunity)

Transcription 
factors

Bcl-6 (30, 31, 34–
37) nr nr

*

(9, 12, 
17, 20, 

73)
(74) nr

Tbet (30, 35) nr nr * (19) nr nr

Tcf1 (30) nr nr * (19) nr nr

Eomes (30, 38) (59) nr * (19) (74) (44)

FoxP3 nr (58) nr (51) nr nr (44, 45)

Co-inhibitory 
molecules

PD-1 (23, 31, 33–
35) (58) nr (51)

(8, 12, 
18, 19, 
66, 73, 

75)

(24, 74, 
76) (46)

Tim-3 (33) nr (55) *
(9, 18, 

19) (24) nr

CTLA-4 (33) (58) nr * (17) (76) (44, 45)

Co-stimulatory 
molecules

CD27 (32, 36) nr nr * nr (74, 76) nr

CD28 (32, 38) nr nr * (73) (74) (47, 48)

CD40L (31, 36) nr nr * (12) nr nr

ICOS (23, 31, 32, 
34, 35) nr nr *

(9, 20, 
73) nr (45)

ICOSL nr (58) nr (51) (9) nr nr

Cytokines

IFN-γ (30, 32, 33, 
35–37, 39) nr nr (51, 53, 54) (12, 

18, 66)
(22, 76, 

77) (49)

IL-10 (39) (57) (55) (51) (17, 
66) (77) (46)

IL-21 (31, 33–36, 
39) nr nr * (12) nr nr

Effector 
molecules

Perf (32, 34, 36) (58) (55) (52) (18) (76, 78) (45)

Gzmb (34, 36) nr nr * (18) (22, 24, 
76, 78) (45)

Chemokine 
Receptor CXCR5 (30, 31, 34–

37) (58) (55) (51, 53)
(9, 12, 
17, 19, 
20, 73)

(20, 23, 
24, 74, 

76)
nr

Red highlight = Positive expression; Green highlight = Not expressed.

*
Unpublished data; nr = Not reported

**
CXCR5+CD8+ T cells enhance antibody in models of viral infection, autoimmunity, and tumor
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Table 2.

Clinical Correlations and Phenotype of Human CXCR5+CD8+ T cell subsets

Clinical Condition/
Number of Patients 

(n)

CXCR5+CD8+ T cell 
phenotype CXCR5+CD8+ T cell Clinical Correlation Reference

Anti-viral

HIV
(n=36) IL-2+IFN-γ+IL-17+

High circulating CXCR5+CD8+ T cell 
quantity correlates with HIV neutralization 

by plasma from HIV-infected children
(64)

HIV
(n=115)

CCR7−/loCD62LhiIL-21hi 

TCF1hiBCL6hiBLIMP1−

High circulating CXCR5+CD8+ T cell 
quantity correlates with reduced HIV viral 

load
(63)

HIV
(n=101) PD-1+

High circulating HIV-specific CXCR5+CD8+ 

T cell quantity correlates with reduced HIV 
viral load

(8)

HIV
(n=14)

PD-1+CD44+KLRG1+ IFN-
γ+CD107a+

High circulating HIV-specific CXCR5+CD8+ 

T cell quantity correlates with reduced HIV 
viral load

(18)

Dengue Virus 2
(n=57) PD-1+

High circulating anti-viral CXCR5+CD8+ T 
cell quantity correlates with reduced viral 

load and protection from associated kidney 
injury

(66)

Bacterial Infection Bacterial Pneumonia
(n=65) PD-1+CD103lo

High circulating CXCR5+CD8+ T cell 
quantity correlates with exacerbation of 

pneumonia severity
(67)

Anti-tumor

Colorectal cancer
(n=44)

PD1hiTim3hiLAG3hi 

IFN-γhiTNF-αhiIL-2hi 

PRF1hiGZMBhi

High CXCR5+CD8+ T cell quantity in tumors 
or tumor draining lymph nodes correlates 
with increased cancer-free survival times

(22)

HCC
(n=40) PD-1hiICOShi IL-21hi

High tumor-infiltrating CXCR5+CD8+ T 
cell quantity negatively correlates with 

microvascular invasion, TNM staging and 
early recurrence

(23)

Pancreatic cancer
(n=12) PD-1+TIM-3+

High tumor-infiltrating and circulating 
CXCR5+CD8+ T cell quantity correlates with 

disease-free survival after tumor resection
(68)

Bladder cancer
(n=11, fresh 

tissue for flow 
cytometry; n=249 

bioinformatics gene 
signature)

PD-1+CTLA-4+ 

CD62L+LAG3+ IFN-
γ+GZMB+ TNF-α+CD107a+

High tumor-infiltrating CXCR5+CD8+ T cell 
quantity correlates with lower tumor stage 
and prolonged overall survival and cancer­

free survival

(69)

Follicular (Germinal 
Center B cell) 

lymphoma
(n=187, 

bioinformatics gene 
expression)

PD-1+IFN-γ+TNF-α+
High tumor expression of CXCR5+CD8+ T 

cell signature genes correlates with prolonged 
survival

(70)

Autoimmunity SLE
(n=79)

CD158e+ (Inhibitory, Killer 
cell Ig-like receptor, KIR+)

Reduced quantity of circulating 
CD158e+CD8+ T cells in SLE patients 

compared to healthy controls; KIR+CD8+ T 
cells potential human counterpart to murine 
Ly49+ Qa-1-restricted CD122hiCD8+ T cell 

related to protection from autoimmunity

(59)

Transplantation Kidney Transplant
(n=95) CD44+CD62L−IFN-γ+

High circulating CXCR5+CD8+ T cell 
quantity correlates with lower incidence of 
de novo donor specific antibody production 

and improved clinical outcomes at 1 year post 
transplant

(53)
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