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Abstract

Purpose of Review—T follicular helper (Tfh) cells are an increasingly relevant CD4+ T cell 

subset responsible for the provision of help to B cells for the generation of an effective humoral 

immune response. Here we review recent studies that have provided critical insights into the 

mechanisms of Tfh cell differentiation and function, and introduce newly identified roles for Tfh 

cells in human disease.

Recent findings—Novel molecular regulators of the Tfh cell differentiation program along with 

newfound roles for the costimulatory and coinhibitory ICOS, PD-1 and CTLA-4 pathways on Tfh 

cell function have been appreciated. While circulating Tfh and Tfh-like subset signatures have 

been linked to numerous immune conditions, extrapolation of these findings to organ 

transplantation is just beginning.

Summary—The combination of recent progress with regard to Tfh cell biology at the basic 

science and clinical levels is guiding the elucidation of the role of Tfh cells in the alloimmune 

response. Application of this knowledge towards the development of novel therapeutic strategies 

for use in transplantation is imminent.
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Introduction

The discovery that T follicular helper (Tfh) cells likely constitute a distinct lineage of CD4+ 

T cells [1] has spurred a wealth of investigation into this area over the last decade. The 

importance of Tfh cells in the provision of T cell help to B cells, germinal center (GC) 

formation, affinity maturation and the generation of memory B cells and long-lived plasma 

cells is widely accepted in the context of salutary immune responses to pathogens and 

vaccination, and pathologically in autoimmunity [2, 3*]. However, a considerable 

knowledge gap exists regarding the role of Tfh cells in alloimmunity. Here we review the 

recent discovery of novel molecular and cellular mechanisms of Tfh cell regulation along 

with newly identified roles of Tfh cells in human disease that will help elucidate the role of 
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Tfh cells in donor-specific humoral immune responses and guide therapeutic strategies 

aimed at targeting Tfh cells to improve outcomes in organ transplantation.

Basic Tfh Biology

Tfh cells frequently encounter antigen during their multistage differentiation process, thus it 

makes teleological sense for them to have a very fine-tuned and sensitive TCR signaling 

response with great capacity for stimulatory and inhibitory control of their differentiation 

and activity. Novel molecular insights into the factors that regulate the Tfh cell 

differentiation program, including the increasing levels of ICOS, PD-1 and CTLA-4 

expression on Tfh cells as they differentiate into more polarized forms, present an 

opportunity for tight regulation and therapeutic manipulation of Tfh cell function.

Molecular regulation of Tfh cell differentiation

A critical knowledge deficit remains in our understanding of Tfh cell differentiation. The 

transcription factors LEF-1 and TCF-1 have just recently been implicated in orchestrating 

early Tfh cell differentiation by establishing responsiveness of naïve CD4+ T cells to Tfh 

cell signals, sustaining expression of the IL-6 cytokine receptor, enhancing expression of the 

costimulatory receptor ICOS, and promoting expression of the transcription factor Bcl6 [4*]. 

Later in the differentiation process, ICOS co-stimulation and its downstream signals have 

been shown to maintain the Tfh cell phenotype and control Tfh cell localization in the B cell 

follicle by regulating the novel transcription factor Klf2 via Foxo1 [5]. Additionally, 

sphingosine-1-phosphate receptor 2 is highly expressed in GC Tfh cells and, along with 

CXCR5, cooperatively regulates localization and retention of Tfh cells in GCs [6]. These 

novel insights provide a better understanding of Tfh cell development and offer molecular 

targets for Tfh-directed treatment strategies.

Expanded roles for ICOS:ICOSL interactions

Because B cells represent the major APC type for follicle-homing T cells at later stages of 

Tfh cell differentiation, recent studies have shown that the amount of antigen dictates the 

Tfh cell and GC B cell response, and that persistent antigen and GC B cells sustain the Tfh 

phenotype [7]. Importantly, ICOS:ICOSL and CD40:CD154 interactions were required for 

the maintenance of mature Tfh cells in response to antigen, and prolonged stimulation of Tfh 

cells led to an exaggerated humoral immune response.

Not only does ICOS on Tfh cells mediate positive costimulatory signaling for Tfh cell 

differentiation via binding of ICOSL on cognate antigen-specific B cells, the ICOS:ICOSL 

axis plays a newly discovered role in the follicular recruitment of activated T cells by 

inducing directional migration of CD4+ T cells [8]. This is a costimulation-independent 

process where non-cognate, follicular bystander B cells express ICOSL to collectively form 

an ICOS-engaging field that results in ICOS-driven motility and recruitment into the B cell 

follicle. Once the GC reaction is underway, ICOSL induces a dynamic state of cognate T-B 

cell entanglement with B cell acquisition of CD40 signals that promotes outer-zone co-

localization of GC B cells and Tfh cells [9**]. This ICOSL-mediated, contact-dependent 

positive feedback interaction gives high affinity GC B cells more access to Tfh help and 
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provides individual B cells the ability to competitively participate in the GC reaction and 

develop into high affinity plasma cells.

These results demonstrate both costimulation-dependent and -independent functions for 

ICOS expression on Tfh cells, and uncover key aspects of ICOS:ICOSL-mediated Tfh cell 

development, maturation, maintenance, and control of the quality of long-lived humoral 

immunity. Thus therapies aimed at disrupting the ICOS-ICOSL and Tfh cell-GC B cell 

interactions may be useful in the treatment of T cell-dependent antibody-mediated 

conditions.

Inhibition and regulation of Tfh cells through PD-1 and CTLA-4

This review period includes major key developments in the regulation of Tfh cells via the 

classic coinhibitors PD-1 and CTLA-4. First, it is now known that PD-1 exerts a 

coinhibitory effect on Tfh cells. Evidence for this includes work from Butler et al., who used 

a murine model of malarial infection to show that in vivo blockade of PD-L1 restored CD4+ 

T cell function, amplified the number of Tfh and GC B cells, enhanced protective 

antibodies, and rapidly cleared blood-stage malaria [10]. In humans, higher frequencies of 

PD-L1-expressing GC B cells exist in lymph nodes from HIV-infected individuals [11]. 

Importantly, in vitro analysis of lymph nodes from uninfected and infected persons showed 

that engagement of PD-1 on Tfh cells led to a reduction in ICOS expression and IL-21 

secretion, and PD-1 blockade enhanced HIV-specific immunoglobulin production.

CTLA-4 has long been implicated in controlling humoral responses, but the mechanisms by 

which CTLA-4 regulates antibody production are not known. Several groups have recently 

provided significant contributions to our current understanding of the role of CTLA-4 on 

Tfh cell-mediated immunity. Sage et al. observed that Tfh and T follicular regulatory (Tfr) 

cells express increased levels of CTLA-4, and that genetic deletion of CTLA-4 increased 

both Tfh and Tfr cell numbers and augmented B cell responses [12**]. In the effector phase 

following immunization, loss of CTLA-4 on Tfh cells resulted in improved B cell responses, 

whereas loss of CTLA-4 on Tfr cells resulted in defective suppression of antigen-specific 

antibody responses. Similarly, Wing et al. demonstrated that Treg control of antigen-specific 

Tfh cells and humoral responses is also accomplished via CTLA-4 [13**]. Furthermore, it 

has been reported that CTLA-4 controls Tfh cell differentiation by regulating the strength of 

CD28 engagement by its ligands in a graded fashion, and that the magnitude of CD28 

engagement as regulated by CTLA-4 determines the degree of Tfh cell differentiation 

[14**].

In total, these studies have identified various novel inhibitory and regulatory mechanisms by 

which PD-1 and CTLA-4 limit Tfh cell function. The suppressive potential of PD-1 and 

CTLA-4 on the humoral immune response is ripe for future investigations aimed at 

exploiting these axes to combat antibody-mediated rejection (AMR) following 

transplantation.

Cytokine signaling in Tfh differentiation

Targeting cytokines critical for Tfh cell function represent another strategy to suppress 

antigen-specific humoral responses. IL-6 is required for early stage Tfh cell differentiation 
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[15, 16] and may mediate peripheral differentiation of human Tfh cells by circulating 

plasmablasts [17]. Anti-IL-6R treatment in mice sensitized with skin allografts successfully 

attenuated both de novo and secondary donor-specific antibody (DSA) responses [18, 19] by 

modulating a number of regulatory and effector cells, including a reduction of Tfh cells. 

Targeting of the IL-6/IL-6R axis may present a readily translational strategy to prevent 

primary DSA formation and control Tfh cell-mediated recall antibody responses in 

previously sensitized transplant recipients, as the humanized anti-IL-6R mAb tocilizumab is 

clinically available and approved by the FDA for the treatment of rheumatoid arthritis.

In contrast to IL-6, IL-7 has not been widely recognized as a critical cytokine for Tfh 

differentiation. Nonetheless, Sung and colleagues have recently demonstrated that IL-7 

plays a pivotal role in Tfh generation and GC formation in vivo [20]. Treatment with anti-

IL-7 neutralizing antibody markedly impaired the development of Tfh cells and IgG 

responses, while co-delivery of Fc-fused IL-7 significantly increased influenza virus 

vaccine-induced antibody responses, accompanied by robust expansion of Tfh cells and GC 

B cells. Furthermore, IL-7-mFc induced earlier and cross-reactive IgG responses, leading to 

striking protection against heterologous influenza virus challenge. These results suggest that 

while an IL-7 agonist could be used for inducing strong and cross-protective humoral 

immunity against highly mutable viruses, antagonism of the IL-7 axis may suppress DSA 

formation and the generation of heterologous alloantibodies in the setting of organ 

transplantation.

Finally, emerging evidence exists to suggest that the IL-12/23 pathway may play a role in 

Tfh differentiation and/or survival. In a clinical report, subjects lacking functional IL-12R1 

(a receptor for IL-12 and IL-23) displayed substantially less circulating memory Tfh and 

memory B cells, along with impaired GC formation than control subjects [21].

Clinical studies of Tfh cells: Circulating subsets

Defined subsets of CD4+CXCR5+ T cells that have experienced some aspects of Tfh 

differentiation and exhibit distinct effector and memory functions are continuously being 

defined in response to vaccination and in autoimmune conditions [2]. Contrary to previous 

dogma that GC Tfh cells were terminally differentiated and could not leave GCs, recent 

studies have clearly demonstrated Tfh cell memory in mice [22–24] and now humans [25–

27]. In one study, the induction of a subpopulation of circulating 

ICOS+CXCR3+CXCR5+CD4+ memory Tfh cells correlated with the development of 

protective antibody responses generated by memory B cells following influenza vaccination 

[25]. He et al. identified a CCR7loPD-1hi subset of circulating CXCR5+CD4+ Tfh cells in 

humans and mice with a partial Tfh effector phenotype that was indicative of active Tfh 

differentiation in lymphoid organs and correlated with clinical indices of autoimmune 

disease [26]. Another subpopulation of circulating PD1+CXCR5+CD4+ memory T cells was 

identified in normal individuals; these resting memory cells most related to GC Tfh cells by 

gene expression, cytokine profiles and functional properties, and their frequencies correlated 

with beneficial broadly neutralizing HIV antibody responses [27]. Thus, because access to 

lymphoid tissue is limited in humans, it is beneficial to study circulating Tfh and Tfh-related 

cells that comprise a small subset of lymphocytes [28, 29] in order to identify the best 
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correlates of B cell help in the context of human immunity and disease. Frequencies of 

circulating CD4+CXCR5+ T cells or subsets thereof could serve as biomarkers to monitor 

for protective antibody responses during infection or after vaccination, disease activity in 

cases of autoimmunity, or possibly in transplant rejection.

Tfh cells in Transplantation

Thus far the recent developments in Tfh biology presented in this review collectively 

highlight the potential for targeting Tfh cells through novel transcription factors, 

costimulatory and coinhibitory molecules, and cytokines that control their development to 

help B cells in mounting the humoral immune response. Coupled with the correlation of 

traceable circulating Tfh and Tfh-like cells, these novel findings are poised to guide 

investigational strategies aimed at understanding Tfh cell biology in response to alloantigen 

in the transplantation setting.

Costimulation Blockade

CD28/CD80/86 and CD40/CD154 costimulatory interactions are essential for effective Tfh 

cell development and T-dependent antibody responses. Rabant et al. reported that donor-

specific memory CD4+ T cells deliver help to CD40-deficient B cells and induce DSA in 

CD40 knockout heart recipient mice in a CD40-independent manner [30]. However, this 

process was not accompanied by GC formation and failed to maintain stable levels of DSA 

and induce long-lived plasma and memory B cells, emphasizing that targeting the T:B cell 

interaction is critical to any attempt at curbing the development of durable humoral 

alloimmunity. In a related follow up study, short-term neutralization of BAFF alone or 

BAFF plus APRIL synergized with anti-CD154 mAb to prolong heart allograft survival in 

recipients containing donor-reactive memory CD4+ T cells [31*]. The prolongation was 

associated with a reduction in anti-donor antibody responses, and inhibition of reactivation 

and helper functions of memory CD4+ T cells. Further, the discovery that IFN-γ production 

by memory helper T cells is required for CD40-independent alloantibody responses in the 

same murine heart allograft model offers another alternative target to help combat 

costimulation blockade-resistant T cell-dependent antibody responses in transplantation 

[32]. While Tfh cells were not specifically described in these studies, the authors’ 

conclusions are relevant to Tfh cells as approximately 20% of all human central memory 

CD4+ T cells are CXCR5+ [33].

Costimulation blockade of the CD28 pathway in the form of CTLA-4Ig is known to 

attenuate DSA, but whether this effect is mediated through Tfh cells is yet to be determined. 

The data reviewed here implicating CTLA-4 as a critical mediator of Tfh regulation and 

inhibition supports that Tfh suppression may be enhanced by selective CD28 blockade 

rather than CTLA-4Ig, which indiscriminately blocks both CD28 and the co-inhibitor 

CTLA-4 [34]. Based on this hypothesis our group showed that Tfh cells express high levels 

of CTLA-4, and that selective CD28 blockade led to a greater reduction in donor-specific 

Tfh cells, prolonged murine skin allograft survival, and exhibited superior suppression of 

DSAs when compared to CTLA-4Ig [35*]. These observations suggest that selective CD28 

blockade in the presence of intact inhibitory CTLA-4 signaling facilitates improved 

suppression of Tfh cells and T cell dependent alloantibody responses, and should serve to 
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guide the preclinical development of agents aimed at targeting the CD28 costimulation 

pathway for use in transplantation.

Antibody-mediated rejection

In a murine model of chronic graft versus host disease (cGVHD) caused in part by 

alloantibody secretion, blockade of GC formation suppressed cGVHD [36]. Definition of the 

cellular components of this cGVHD model showed that increased Tfh and GC B cells were 

required, and that IL-21, ICOS and CD40 blockade hindered GC formation and 

alloantibody-mediated cGVHD [37]. Likewise, in a nonhuman primate (NHP) kidney 

transplant model of AMR, the use of belatacept (second generation CTLA-4Ig) or anti-

CD40 each prevented de novo DSA formation [38*]. Belatacept and anti-CD40 treatment 

were associated with the maintenance of immature circulating IgM+ B cell phenotypes and 

reduced B cell clonal expansion, GC Tfh cells and IL-21 production. DSA prevention using 

these methods of costimulation blockade are well documented at the small and large animal 

level [39, 40], including human studies [41], but the mechanism of DSA suppression has not 

been elucidated. These data are the first in large animals to implicate the Tfh and GC axis in 

pathologic alloantibody formation, supporting blockade of these pathways to prevent de 

novo DSA formation in transplant recipients. Using the same NHP model of T cell depletion 

and AMR, treatment with atacicept to achieve BAFF blockade led to decreased levels of 

DSA and shifted the histologic character of rejection from humoral to cellular [42], 

suggesting that BAFF/APRIL blockade with atacicept may reduce humoral rejection in the 

setting of clinical T cell depletion.

Tfh in human kidney transplantation

The identification of circulating Tfh cells and their ability to mediate humoral alloreactivity 

in transplantation is just beginning to be explored. In a small number of renal transplant 

recipients, peripheral Tfh cells were identified before and after transplant [43*]. These Tfh 

cells had diminished ability to make IL-21 ex vivo, but retained their ability to induce IL-21-

mediated B cell differentiation and immunoglobulin production despite immunosuppression. 

Interestingly, the authors identified Tfh cells co-localized with B cells and immunoglobulins 

in kidney biopsies taken during rejection, suggesting the presence of follicular-like 

structures in the rejecting kidney. The authors speculate that functional Tfh cells circulate in 

kidney transplant patients on immunosuppression with the potential to contribute to the 

humoral immune response, possibly through ectopic lymph node-like structures in the 

allograft. This hypothesis is supported by the well documented increase in Tfh and Tfh-like 

cells in patients with autoimmune diseases [2] and the recent identification of functional Tfh 

cells in inflamed human renal tissue in the setting of in situ inflammation [44**]. Based on 

these observations and what is known about Tfh cells and clinical disease, Baan et al. 

propose that the problems of DSA and AMR in transplantation are mediated by Tfh cell 

production of IL-21 in secondary and ectopic lymphoid organs, and that targeting the IL-21 

axis has great therapeutic potential [45].
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Conclusion

Despite great strides in understanding the molecular and cellular mechanisms of Tfh cells 

and their roles in human disease, much more remains to be learned regarding the balance of 

costimulatory and coinhibitory signaling on activated CD4+ T cells committed to Tfh 

differentiation, and their regulation by cellular mechanisms that determine their ultimate 

function, particularly in the setting of transplantation. While it is now generally accepted 

that circulating CD4+CXCR5+ cells and their subsets are related to bona fide Tfh cells and 

have been linked to the state of the humoral immune response, further examination of these 

cells in the context of transplantation is imminent and heavily warranted.

Acknowledgements

None.

Financial support and sponsorship

The authors are supported by the following sources: R01 AI073707 (M.L.F.), R01 AI104699 (M.L.F.), and an 
ASTS Fellowship in Transplantation Grant (I.R.B.)

References

1. Yu D, Rao S, Tsai LM, et al. The transcriptional repressor Bcl-6 directs T follicular helper cell 
lineage commitment. Immunity. 2009; 31:457–468. [PubMed: 19631565] 

2. Tangye SG, Ma CS, Brink R, Deenick EK. The good, the bad and the ugly - TFH cells in human 
health and disease. Nat Rev Immunol. 2013; 13:412–426. [PubMed: 23681096] 

3. Crotty S. T follicular helper cell differentiation, function, and roles in disease. Immunity. 2014; 
41:529–542. [PubMed: 25367570] In depth review outlining current understandings of Tfh cell 
biology and their fundamental roles in vaccination and autoimmmune disease.

4. Choi YS, Gullicksrud JA, Xing S, et al. LEF-1 and TCF-1 orchestrate TFH differentiation by 
regulating differentiation circuits upstream of the transcriptional repressor Bcl6. Nat Immunol. 
2015; 16:980–990. [PubMed: 26214741] Identifies two novel transcription factors that regulate the 
incompletely understood process of Tfh cell differentiation.

5. Weber JP, Fuhrmann F, Feist RK, et al. ICOS maintains the T follicular helper cell phenotype by 
down-regulating Kruppel-like factor 2. J Exp Med. 2015; 212:217–233. [PubMed: 25646266] 

6. Moriyama S, Takahashi N, Green JA, et al. Sphingosine-1-phosphate receptor 2 is critical for 
follicular helper T cell retention in germinal centers. J Exp Med. 2014; 211:1297–1305. [PubMed: 
24913235] 

7. Baumjohann D, Preite S, Reboldi A, et al. Persistent antigen and germinal center B cells sustain T 
follicular helper cell responses and phenotype. Immunity. 2013; 38:596–605. [PubMed: 23499493] 

8. Xu H, Li X, Liu D, et al. Follicular T-helper cell recruitment governed by bystander B cells and 
ICOS-driven motility. Nature. 2013; 496:523–527. [PubMed: 23619696] 

9. Liu D, Xu H, Shih C, et al. T-B-cell entanglement and ICOSL-driven feed-forward regulation of 
germinal centre reaction. Nature. 2015; 517:214–218. [PubMed: 25317561] Reinforces the 
importance of ICOS:ICOSL interactions for Tfh control of the germinal center reaction through a 
novel mechanism of Tfh-B cell entanglement and positive feedback CD40 signaling that leads to the 
selection of high affinity B cells for plasma cell formation.

10. Butler NS, Moebius J, Pewe LL, et al. Therapeutic blockade of PD-L1 and LAG-3 rapidly clears 
established blood-stage Plasmodium infection. Nat Immunol. 2012; 13:188–195. [PubMed: 
22157630] 

11. Cubas RA, Mudd JC, Savoye AL, et al. Inadequate T follicular cell help impairs B cell immunity 
during HIV infection. Nat Med. 2013; 19:494–499. [PubMed: 23475201] 

Badell and Ford Page 7

Curr Opin Organ Transplant. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



12. Sage PT, Paterson AM, Lovitch SB, Sharpe AH. The coinhibitory receptor CTLA-4 controls B cell 
responses by modulating T follicular helper, T follicular regulatory, and T regulatory cells. 
Immunity. 2014; 41:1026–1039. [PubMed: 25526313] Identifies multifaceted regulatory roles for 
CTLA-4 in Tfh, Tfr and Treg cell control of humoral immunity, and a mechanism by which 
CTLA-4 influences antibody production.

13. Wing JB, Ise W, Kurosaki T, Sakaguchi S. Regulatory T cells control antigen-specific expansion 
of Tfh cell number and humoral immune responses via the coreceptor CTLA-4. Immunity. 2014; 
41:1013–1025. [PubMed: 25526312] Determined that Treg and Tfr cells control Tfh cell and GC 
development via CTLA-4-dependent regulation of CD80 and CD86 expression on B cells.

14. Wang CJ, Heuts F, Ovcinnikovs V, et al. CTLA-4 controls follicular helper T-cell differentiation 
by regulating the strength of CD28 engagement. Proc Natl Acad Sci U S A. 2015; 112:524–529. 
[PubMed: 25548162] Provides evidence for CTLA-4 control of Tfh differentiation by graded 
CD28 engagement, thus supporting the idea that the net balance of costimulatory and coinhibitory 
effects on Tfh cells determines their fate.

15. Nurieva RI, Chung Y, Hwang D, et al. Generation of T follicular helper cells is mediated by 
interleukin-21 but independent of T helper 1, 2, or 17 cell lineages. Immunity. 2008; 29:138–149. 
[PubMed: 18599325] 

16. Choi YS, Kageyama R, Eto D, et al. ICOS receptor instructs T follicular helper cell versus effector 
cell differentiation via induction of the transcriptional repressor Bcl6. Immunity. 2011; 34:932–
946. [PubMed: 21636296] 

17. Chavele KM, Merry E, Ehrenstein MR. Cutting edge: circulating plasmablasts induce the 
differentiation of human T follicular helper cells via IL-6 production. J Immunol. 2015; 194:2482–
2485. [PubMed: 25681343] 

18. Wu G, Chai N, Kim I, et al. Monoclonal anti-interleukin-6 receptor antibody attenuates donor-
specific antibody responses in a mouse model of allosensitization. Transpl Immunol. 2013; 
28:138–143. [PubMed: 23562586] 

19. Kim I, Wu G, Chai NN, et al. Anti-interleukin 6 receptor antibodies attenuate antibody recall 
responses in a mouse model of allosensitization. Transplantation. 2014; 98:1262–1270. [PubMed: 
25286051] 

20. Seo YB, Im SJ, Namkoong H, et al. Crucial roles of interleukin-7 in the development of T 
follicular helper cells and in the induction of humoral immunity. J Virol. 2014; 88:8998–9009. 
[PubMed: 24899182] 

21. Schmitt N, Bustamante J, Bourdery L, et al. IL-12 receptor beta1 deficiency alters in vivo T 
follicular helper cell response in humans. Blood. 2013; 121:3375–3385. [PubMed: 23476048] 

22. Luthje K, Kallies A, Shimohakamada Y, et al. The development and fate of follicular helper T cells 
defined by an IL-21 reporter mouse. Nat Immunol. 2012; 13:491–498. [PubMed: 22466669] 

23. Hale JS, Youngblood B, Latner DR, et al. Distinct memory CD4+ T cells with commitment to T 
follicular helper- and T helper 1-cell lineages are generated after acute viral infection. Immunity. 
2013; 38:805–817. [PubMed: 23583644] 

24. Choi YS, Yang JA, Yusuf I, et al. Bcl6 expressing follicular helper CD4 T cells are fate committed 
early and have the capacity to form memory. J Immunol. 2013; 190:4014–4026. [PubMed: 
23487426] 

25. Bentebibel SE, Lopez S, Obermoser G, et al. Induction of ICOS+CXCR3+CXCR5+ TH cells 
correlates with antibody responses to influenza vaccination. Sci Transl Med. 2013; 5:176ra132.

26. He J, Tsai LM, Leong YA, et al. Circulating precursor CCR7(lo)PD-1(hi) CXCR5(+) CD4(+) T 
cells indicate Tfh cell activity and promote antibody responses upon antigen reexposure. 
Immunity. 2013; 39:770–781. [PubMed: 24138884] 

27. Locci M, Havenar-Daughton C, Landais E, et al. Human circulating PD-1+CXCR3-CXCR5+ 
memory Tfh cells are highly functional and correlate with broadly neutralizing HIV antibody 
responses. Immunity. 2013; 39:758–769. [PubMed: 24035365] 

28. Breitfeld D, Ohl L, Kremmer E, et al. Follicular B helper T cells express CXC chemokine receptor 
5, localize to B cell follicles, and support immunoglobulin production. J Exp Med. 2000; 
192:1545–1552. [PubMed: 11104797] 

Badell and Ford Page 8

Curr Opin Organ Transplant. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



29. Schaerli P, Willimann K, Lang AB, et al. CXC chemokine receptor 5 expression defines follicular 
homing T cells with B cell helper function. J Exp Med. 2000; 192:1553–1562. [PubMed: 
11104798] 

30. Rabant M, Gorbacheva V, Fan R, et al. CD40-independent help by memory CD4 T cells induces 
pathogenic alloantibody but does not lead to long-lasting humoral immunity. Am J Transplant. 
2013; 13:2831–2841. [PubMed: 24102790] 

31. Gorbacheva V, Ayasoufi K, Fan R, et al. B cell activating factor (BAFF) and a proliferation 
inducing ligand (APRIL) mediate CD40-independent help by memory CD4 T cells. Am J 
Transplant. 2015; 15:346–357. [PubMed: 25496308] Reported successful adjunctive targeting of 
BAFF cytokine network to enhance CD40/CD154 costimulation blockade in order to control 
CD40-independent CD4+ memory T cell driven humoral and cellular alloresponses in a murine 
heart allograft model.

32. Gorbacheva V, Fan R, Wang X, et al. IFN-gamma production by memory helper T cells is required 
for CD40-independent alloantibody responses. J Immunol. 2015; 194:1347–1356. [PubMed: 
25548230] 

33. Chevalier N, Jarrossay D, Ho E, et al. CXCR5 expressing human central memory CD4 T cells and 
their relevance for humoral immune responses. J Immunol. 2011; 186:5556–5568. [PubMed: 
21471443] 

34. Ford ML, Adams AB, Pearson TC. Targeting co-stimulatory pathways: transplantation and 
autoimmunity. Nat Rev Nephrol. 2014; 10:14–24. [PubMed: 24100403] 

35. Badell IR, Liu D, Suchard SJ, et al. Selective CD28 blockade exhibits superior suppression of 
donor-specific antibody relative to CLTA4Ig. Am J Transplant. 2014; 14:36. First report to show 
that selective CD28 blockade over CTLA-4Ig leads to improved donor-specific Tfh cell and 
antibody suppression following skin transplantation in mice, supporting the pursuit of strategies to 
selectively block CD28 in the presence of intact CTLA-4 signaling for greater inhibition of T cell 
dependent antibody responses.

36. Srinivasan M, Flynn R, Price A, et al. Donor B-cell alloantibody deposition and germinal center 
formation are required for the development of murine chronic GVHD and bronchiolitis obliterans. 
Blood. 2012; 119:1570–1580. [PubMed: 22072556] 

37. Flynn R, Du J, Veenstra RG, et al. Increased T follicular helper cells and germinal center B cells 
are required for cGVHD and bronchiolitis obliterans. Blood. 2014; 123:3988–3998. [PubMed: 
24820310] 

38. Kim EJ, Kwun J, Gibby AC, et al. Costimulation blockade alters germinal center responses and 
prevents antibody-mediated rejection. Am J Transplant. 2014; 14:59–69. [PubMed: 24354871] 
Provides evidence that costimulation blockade prevents AMR in a NHP kidney transplant model 
through the regulation of Tfh cells and alteration of the GC response.

39. Linsley PS, Wallace PM, Johnson J, et al. Immunosuppression in vivo by a soluble form of the 
CTLA-4 T cell activation molecule. Science. 1992; 257:792–795. [PubMed: 1496399] 

40. Levisetti MG, Padrid PA, Szot GL, et al. Immunosuppressive effects of human CTLA4Ig in a non-
human primate model of allogeneic pancreatic islet transplantation. J Immunol. 1997; 159:5187–
5191. [PubMed: 9548454] 

41. Vincenti F, Larsen CP, Alberu J, et al. Three-year outcomes from BENEFIT, a randomized, active-
controlled, parallel-group study in adult kidney transplant recipients. Am J Transplant. 2012; 
12:210–217. [PubMed: 21992533] 

42. Kwun J, Page E, Hong JJ, et al. Neutralizing BAFF/APRIL with atacicept prevents early DSA 
formation and AMR development in T cell depletion induced nonhuman primate AMR model. Am 
J Transplant. 2015; 15:815–822. [PubMed: 25675879] 

43. de Graav GN, Dieterich M, Hesselink DA, et al. Follicular T helper cells and humoral reactivity in 
kidney transplant patients. Clin Exp Immunol. 2015; 180:329–340. [PubMed: 25557528] First 
study to examine circulating Tfh cells in human kidney transplant recipients.

44. Liarski VM, Kaverina N, Chang A, et al. Cell distance mapping identifies functional T follicular 
helper cells in inflamed human renal tissue. Sci Transl Med. 2014; 6:230ra246. Introduces the 
possibility that cognate Tfh-B cell interactions that lead to a productive humoral immune response 
may occur in the periphery outside of secondary lymphoid organs in tissues undergoing active in 
situ inflammation.

Badell and Ford Page 9

Curr Opin Organ Transplant. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



45. Baan CC, de Graav GN, Boer K. T Follicular Helper Cells in Transplantation: The Target to 
Attenuate Antibody-Mediated Allogeneic Responses? Curr Transplant Rep. 2014; 1:166–172. 
[PubMed: 25927019] 

Badell and Ford Page 10

Curr Opin Organ Transplant. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Key Points

• ICOS has critical costimulation-dependent and –independent roles in Tfh cell 

differentiation and function.

• PD-1 and CTLA-4 limit Tfh cell function through novel inhibitory and 

regulatory mechanisms.

• Circulating Tfh cell subsets that correlate with clinical indices of human 

immunity and disease are being increasingly recognized.

• New knowledge of Tfh cell biology is readily being applied to guide 

costimulation blockade-based strategies to prevent DSA formation and combat 

AMR in transplantation.
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