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Abstract
In contrast to conventional T lymphocytes, which carry an αβ T-cell receptor
and recognize antigens as peptides presented by major histocompatibility
complex class I or class II molecules, human γδ T cells recognize different
metabolites such as non-peptidic pyrophosphate molecules that are secreted
by microbes or overproduced by tumor cells. Hence, γδ T cells play a role in
immunosurveillance of infection and cellular transformation. Until recently, it
has been unknown how the γδ T-cell receptor senses such pyrophosphates in
the absence of known antigen-presenting molecules. Recent studies from
several groups have identified a unique role of butyrophilin (BTN) protein family
members in this process, notably of BTN3A1. BTNs are a large family of
transmembrane proteins with diverse functions in lipid secretion and innate and
adaptive immunity. Here we discuss current models of how BTN molecules
regulate γδ T-cell activation. We also address the implications of these recent
findings on the design of novel immunotherapeutic strategies based on the
activation of γδ T cells.
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Introduction
T lymphocytes are the specific effector cells of the adaptive  
immune system. T-cell differentiation takes place in the thymus, 
giving rise to large numbers of mature CD4 and CD8 T cells  
expressing a clonally variable αβ T-cell receptor (TCR). Interac-
tion with thymic stromal cells, transcription factors, and cytokines 
together drive the differentiation of early thymic progenitor cells 
into mature CD4 and CD8 αβ T cells which recognize pep-
tides presented in the context of major histocompatibility com-
plex (MHC) class I (CD8 T cells) or class II (CD4 T cells)1. The 
functional diversification of mature T cells into T helper type 1 
(Th1), Th2, and Th17 cells and memory cell subsets is induced 
by the context-dependent interaction with neighboring cells (e.g.  
dendritic and epithelial cells) and transcriptional networks which 
are further modulated by metabolic and epigenetic processes2–5. 
In addition to these “conventional” T cells, T cells with a highly 
restricted canonical αβ TCR repertoire exist which recognize 
non-peptide antigens in the absence of restriction by classical  
MHC molecules. Such “unconventional” human αβ T cells  
include the invariant natural killer T (iNKT) cells expressing a 
Vα24-Jα18-encoded TCR and the mucosa-associated invariant  
T (MAIT) cells expressing a Vα7.2-Jα33-encoded TCR. iNKT 
cells recognize endogenous and exogenous (microbial) lipids pre-
sented by CD1 (specifically CD1d) molecules, whereas MAIT 
cells recognize small intermediates generated in the riboflavin  
(vitamin B2) metabolic pathway which are presented by the  
MHC-related 1 (MR1) molecules6. Since unconventional αβ T cells 
are not dependent on the antigen processing machinery like con-
ventional CD4 and CD8 T cells, they can rapidly perform effector 
functions upon ligand recognition. Both iNKT and MAIT cells are 
found in the blood and at increased numbers not only in mucosal 
tissue but also in the liver and are important players in local  
immunosurveillance and anti-bacterial immunity7,8. More recently, 
innate lymphoid cells (ILCs) have been identified as innate 
homologs of differentiated effector T cells which do not express 
clonally rearranged TCR but share similar transcription factor  
and cytokine specifications9. Subsets of ILCs interact with innate 
and adaptive immune cells, epithelial cells, and microbiota and 
thereby contribute to tissue repair, metabolic homeostasis, and  
local inflammation10.

While it might appear that the above outlined arsenal of avail-
able immune cells should suffice to combat all dangerous (infec-
tious and non-infectious) antigens, evolution has conserved yet 
another class of unconventional T cells, i.e. T lymphocytes carry-
ing a CD3-associated γδ TCR heterodimer rather than the αβ TCR.  
It has been known for a long time that the major population of  
γδ T cells found in the peripheral blood of adults specifically  
recognizes non-peptidic small microbial pyrophosphate molecules, 
again without requirement for a dedicated MHC class I, MHC  
class II, or CD1 presenting molecule11–13. It thus remained a  
mystery for many years how such “phosphoantigens” (pAg) con-
tained in crude bacterial lysates14, purified by preparative anion 
exchange chromatography15, or chemically synthesized16 can  
trigger such potent γδ T-cell responses.

A landmark paper addressing the activation requirements of human 
γδ T cells in response to pAg was published in 2012 by Harly and 

co-workers17. These authors reported the unexpected finding that 
a member of the transmembrane butyrophilin (BTN) proteins 
was absolutely required for the activation of human γδ T cells by 
microbial or endogenous pAg. On the grounds of these findings, 
several groups set out to study the precise role of BTN proteins at 
the molecular level. Surprisingly, these investigations resulted in 
quite controversial models, assigning an essential role to either the 
extracellular18 or the intracellular domain19 of a particular BTN3A 
isoform. In this review, we discuss the current knowledge on the 
interplay of human γδ TCR with specific BTN proteins, both in 
terms of basic mechanisms of γδ T-cell activation and with respect 
to improving future strategies of γδ T-cell-based immunotherapies.

γδ T cells: unconventional T lymphocytes linking 
innate and adaptive immunity
γδ T cells account for approximately 2–5% of peripheral blood  
T cells in healthy adult donors but are present at much higher 
numbers in mucosal tissues, where they comprise 20–30% of  
intraepithelial lymphocytes in the small intestine20. In contrast to 
αβ T cells, there are only few variable (V) gene segments avail-
able in the germline genome which can be used during intrathymic 
TCR gene rearrangement to express functional TCR proteins.  
In humans, there are six expressed Vγ genes (Vγ2, 3, 4, 5, 8,  
and 9) and a similarly limited number of Vδ genes21. Nonethe-
less, γδ TCR can display an enormous CDR3 loop diversity22. γδ  
T cells expressing particular VγVδ pairing are not randomly  
distributed but are preferentially located in certain compart-
ments. Thus, the majority of γδ T cells in peripheral blood  
express Vδ2 (paired almost exclusively with Vγ9), while intraep-
ithelial γδ T cells frequently express Vδ1 (or other non-Vδ2  
segments) which can pair with different Vγ elements13. Most γδ 
T cells lack CD4 and CD8 surface expression, well in line with 
their MHC-independent ligand recognition (note, however, that a 
substantial proportion of γδ T cells can express CD8 at low lev-
els). Major efforts were made over the years to identify antigens 
and ligands that are specifically recognized by the γδ TCR22,23. A 
list of some currently identified ligands for human γδ T cells is  
presented in Table 1. Obviously, the best-characterized ligands  
are prokaryotic and eukaryotic pAg, which are exclusively rec-
ognized by human Vδ2Vγ9 γδ T cells24. Such pyrophosphates 

Table 1. Some examples of ligands that are specifically 
recognized by subsets of human γδ T cells.

γδTCR Ligand References

Vδ2Vγ9 Prokaryotic pAg, HMBPP 
Eukaryotic pAg, IPP 
F1-ATPase + apolipoprotein A-I 
hMSH2

15 
26 
28 
27

Vδ1 MICA 
CD1d-lipid

31 
30

Vδ5 EPCR 29

Abbreviations: EPCR, endothelial protein C receptor; HMBPP, (E)-4-
hydroxy-3-methyl-but-2-enyl pyrophosphate; hMSH2, human MutS homolog 
2; IPP, isopentenyl pyrophosphate; MICA, major histocompatibility 
complex class I-related chain A; pAg, phosphoantigen

Page 2 of 10

F1000Research 2017, 6(F1000 Faculty Rev):782 Last updated: 05 JUN 2017



are intermediates of the eukaryotic mevalonate or the prokarytic 
non-mevalonate (also termed Rohmer’s) pathway of isoprenoid  
synthesis15,25,26. Other ligands for Vδ2Vγ9 T cells include the  
ectopically expressed DNA mismatch repair protein hMSH227 and 
F1-ATPase together with apolipoprotein A-I28. Some of the iden-
tified ligands for non-Vδ2 γδ TCR include endothelial protein  
C receptor29 and lipids bound to CD1d30 but also the stress- 
inducible MHC class I-related chain A (MICA) molecules31. In 
all instances, recognition of respective ligands by the γδ TCR is 
a rapid event and addresses all γδ T cells carrying the appropri-
ate TCR with little, if any, contribution of CDR3 variation. Since 
Vδ2Vγ9 cells comprise the vast majority (up to 95%) of peripheral 
blood γδ T cells and all respond to pAg stimulation with no need 
for antigen processing, this implies that a large proportion (2–4%) 
of all peripheral blood T cells is rapidly activated (e.g. to produce 
cytokines including interferon-γ and tumor necrosis factor-α) upon 
encounter of such pAg13.

In addition to the TCR, γδ T cells express other activating cell  
surface receptors, notably natural killer group 2 member D 
(NKG2D), which is a receptor for multiple stress-inducible 
MHC class I-related molecules including MICA/B and six mem-
bers of the UL16 binding protein family (ULBP1-6)32. NKG2D 
is expressed on innate natural killer (NK) cells, some CD8 and 
CD4 T cells, and essentially all γδ T cells. While normal cells 
usually do not express NKG2D ligands, cell surface expression is 
induced by cell stress, DNA damage, and cellular transformation.  
Upon ligand binding, NKG2D transmits cellular activation  
via the PI3-kinase pathway, resulting in cytokine production and 

triggering of cytotoxic activity33. NKG2D ligands can be released 
from the surface of tumor cells via protease-mediated shedding or 
via exosome secretion, and soluble NKG2D ligands may block 
NKG2D receptor activation and thereby serve as a tumor immune 
escape mechanism34.

Furthermore, γδ T cells can also express some receptors specifi-
cally associated with the innate immune system, notably Toll-like 
receptors (TLRs), and corresponding TLR ligands can co-stimulate 
γδ T-cell activation35. Conceivably, such effects might be primarily 
mediated via monocytic and/or dendritic cells when heterogene-
ous cell populations are investigated36, but it has also been dem-
onstrated that purified γδ T cells express certain TLRs and directly 
respond to TLR ligand co-stimulation37,38. To summarize, γδ T cells 
express receptors of both the innate (e.g. NKG2D and TLR) and 
the adaptive (TCR) immune system, and the outcome of functional 
responses is regulated through integration of various signaling 
pathways (Figure 1). There is another feature of human Vδ2Vγ9 
T cells which further places them as a link between the innate 
and adaptive immune systems: as initially reported by Bernhard  
Moser’s group, activated γδ T cells can serve as antigen-present-
ing cells to specifically stimulate peptide-specific αβ T cells39.  
Importantly, γδ T cells can even take up antigen particles, proc-
ess such antigens intracellularly, and load corresponding peptides  
onto MHC class I molecules for cross-presentation to antigen- 
specific CD8 αβ T cells, a process normally restricted to “pro-
fessional” antigen-presenting cells such as dendritic cells40. The  
antigen-presenting capacity of γδ T cells may help to initiate a  
subsequent tumor antigen-specific CD8 T-cell response once γδ 

Figure 1. Three classes of receptors regulating human γδ T-cell activation. (1) The activating natural killer (NK) receptor NK group 2 
member D (NKG2D) recognizes stress-inducible ligands including major histocompatibility complex class I-related chain A (MICA)/MICB 
and UL16 binding protein family (ULBP) 1–6 and triggers cytotoxic activity and cytokine production via the phosphoinositide 3 (PI3)-kinase 
pathway. (2) The CD3-associated T-cell receptor (TCR) recognizes ligands including “phosphoantigens” (pAg) in a butyrophilin (BTN)  
3A-dependent way and human MutS homolog 2 (hMSH2) (Vδ2Vγ9 TCR), or lipids bound to CD1d and endothelial protein C receptor 
(EPCR) (non-Vδ2 TCR). (3) Pattern recognition receptors including Toll-like receptors (TLRs) sense conserved microbial ligands such as 
acetylated lipids (TLR2/6 heterodimer) or poly I:C (intracellular TLR3) and co-stimulate γδ T-cell activation via the nuclear factor kappa-light- 
chain-enhancer of activated B cells (NF-κB) pathway. APC, antigen-presenting cell.
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T cells have killed opsonized tumor cells and taken up apoptotic 
tumor cell fragments41.

γδ T cells: important players in anti-tumor immunity
Many solid tumors and leukemia/lymphoma cells are quite sus-
ceptible to γδ T-cell-mediated lysis. In contrast to αβ T cells, γδ  
T cells recognize tumor cells not on the basis of tumor-specific  
antigenic peptides presented in the context of MHC class I or  
class II molecules but rather sense cell-surface-expressed stress 
molecules and/or metabolites of the dysregulated mevalonate  
pathway. Moreover, γδ T cells can make use of both the TCR  
and the NKG2D receptor to recognize and kill tumor cells42,43. 
Interestingly, the sensitivity of tumor cells to lysis by Vδ2Vγ9 
γδ T cells can be pharmacologically manipulated. Nitrogen- 
containing bisphosphonates (N-BPs) such as zoledronic acid are 
in clinical use to treat diseases associated with bone resorption.  
In addition to their anti-resorptive bone activity, N-BPs also  
interfere with the mevalonate metabolic pathway where γδ  
T-cell-stimulating pyrophosphates are generated25. N-BPs block 
an enzyme downstream of the synthesis of isopentenyl pyro-
phosphate (IPP), leading to increased accumulation of IPP and  
thereby to γδ T-cell activation44. Therefore, pretreatment of 
tumor cells with N-BP increases their susceptibility to γδ T-cell- 
mediated lysis45. Application of N-BPs to patients also induces  
in vivo activation of γδ T cells46, and in fact some clinical  
responses have been noted in small-scale studies in cancer patients 
given intravenous N-BPs together with low-dose interleukin-247. 
Moreover, γδ T cells have also been adoptively transferred to 
cancer patients, with no obvious major adverse effects but some  
clinical responses in a few patients47. The efficacy of tumor cell 
killing by γδ T cells can be further increased by specifically  
targeting γδ T cells to tumor cells via antibody-mediated cellu-
lar cytotoxicity (ADCC)48 or bispecific antibody constructs49,50.  
While Vδ2Vγ9 γδ T cells can be easily activated and expanded to 
large cell numbers by activation with pAg or N-BPs, it should be 

kept in mind that non-Vδ2 subsets of γδ T cells might also have 
potent anti-tumor activity, and protocols for selective expansion of 
those γδ T cells are in development51. Attempts to explore the anti-
tumor capacity of γδ T cells in a clinical setting were boosted by the 
recent demonstration in a large patient cohort that the proportion 
of γδ T cells among tumor-infiltrating immune cells was the best 
positive predictive parameter across a multitude of human tumor 
entities52. On the other hand, however, it must be considered that γδ  
T cells might also negatively regulate anti-tumor immune responses. 
For instance, it has been demonstrated that γδ T cells infiltrating 
into human breast cancer have a regulatory activity and inhibit αβ  
T-cell responses53. Moreover, other potentially tumor-promoting 
activities of γδ T cells have been reported in colorectal and pan-
creatic cancer54,55. Overall, however, it appears that γδ T cells are 
interesting and promising candidates for cellular immunotherapy 
supplementing other strategies such as NK cells and chimeric  
antigen receptor (CAR) T cells56,57.

Butyrophilins: a large family of proteins with 
immunomodulatory functions
BTNs were originally described as plasma-membrane-associated 
glycoproteins in the lactating mammary glands of many species 
which constitute a major component of the milk fat globule  
membrane58. The type 1 transmembrane BTN proteins belong to 
the immunoglobulin (Ig) superfamily and typically consist of  
extracellular Ig-like domains (IgV and IgC), a transmembrane 
domain, and, in some but not all cases, an intracellular B30.2 
signaling domain59–61. BTN and BTN-like (BTNL) proteins are  
variably related to the B7 family of costimulatory molecules (e.g., 
CD80 and CD86) which supports the role of (at least) some BTN 
members in the immune system62. The genes are clustered in two 
regions on human chromosome 6: BTN telomeric to HLA class I 
genes and BTNL near the HLA-DR genes. An additional BTNL  
gene cluster is located on human chromosome 5q3561. The protein 
domain structure of some functionally important BTN and BTNL 

Figure 2. Domain structure of butyrophilin (BTN) proteins. Typically, BTN and BTN-like (BTNL) proteins consist of extracellular 
immunoglobulin V (IgV)- and IgC-like domains, a transmembrane domain, and a cytosolic B30.2 (or PRYSPRY) domain. Three isoforms of 
BTN3A differ in their cytosolic structure (BTN3A1: B30.2 domain; BTN3A2: no B30.2 domain; BTN3A3: B30.2 domain plus additional stretch 
of amino acids). BTNL2 has two tandem repeats of IgV and IgC domains and lacks the cytosolic B30.2 domain.
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members is shown in Figure 2. The cytosolic B30.2 domain (also 
termed PRYSPRY) and the homologous SPRY domain are present 
in many cellular proteins, including tripartite motif molecules 
(TRIM), where they potentially interact with diverse intracellu-
lar molecules including NOD2, retroviral capsids, or Fc parts of 
IgG63,64. Given that BTN molecules have multiple roles in innate 
and adaptive immunity, it comes as no surprise that BTN gene 
polymorphisms may influence disease susceptibility. As an exam-
ple, BTN3A2 has been shown to be associated with susceptibil-
ity to type I diabetes65, and more examples are discussed in 60. 
Interestingly, genetic variants in BTN genes can also alter suscep-
tibility to infection, as has been demonstrated for a selection of  
hepatitis C virus genotypes and subsequent disease progression66.

BTN proteins are widely expressed in immune cells and epi-
thelial cells and can exert a multitude of immunoregulatory  
activities60,61. While a few binding partners have been identified 
(such as DC-SIGN [CD209] on dendritic cells and monocytes 
for BTN2A167), specific receptors are largely unknown. It also  
appears that the overall effect of specific BTN molecules depends 
on experimental conditions and respective reagents (recom-
binant proteins, soluble or immobilized antibodies, cell-surface-
expressed molecules, etc.). The extracellular domain of the human 
BTNL protein BTNL8 co-stimulates proliferation and cytokine  
production of anti-CD3 antibody-stimulated CD4 and CD8 αβ  
T cells, and a putative BTNL8 receptor on the cell surface of rest-
ing T cells was detected by flow cytometry with a BTNL8-Fc 
fusion protein68. Olive’s group has generated a number of mono-
clonal antibodies (mAb) directed against the extracellular domain 
of BTN3A molecules (also termed CD277), which do not dif-
ferentiate between the three isoforms BTN3A1, BTN3A2, and 
BTN3A362. They showed that anti-CD277 mAb clone 20.1 co-
stimulated cytokine production and early signaling cascades in 
purified human CD4 and CD8 T cells when immobilized together 
with anti-CD3 mAb in cell culture plates or on microbeads, point-
ing to an αβ T cell co-stimulating activity of BTN3A69. In con-
trast, another anti-CD277 mAb specific for a different epitope in 
the extracellular region of BTN3A (clone 232-5) rather inhibited  
T-cell activation when added to anti-CD3 mAb activated CD4 or 
CD8 T cells70. While these studies indicated that CD277 expressed 
on T cells can transmit positive or negative co-stimulatory sig-
nals, other studies showed that CD277 overexpressed on antigen- 
presenting cells profoundly inhibited T-cell proliferation and 
cytokine production71. Using a Myc-tagged extracellular CD277 
construct, Cubillos-Ruiz also obtained evidence for the expression 
of a CD277-binding protein on activated but not resting human  
T cells71. Together with their observation of strong CD277 expres-
sion on most of the analyzed ovarian cancer tissues, these authors 
argued that CD277 is a negative regulator of human T-cell activation 
with relevance for the immunosuppressive tumor micromilieu71. 
This view, however, does not integrate the fact that T cells them-
selves (like most, if not all, other immune cells) strongly express 
CD27762,69,72.

Other BTN/BTNL members with reported modulatory activity 
on αβ T-cell activation include BTN2A2 and BTNL2. The extra-
cellular part of BTN2A2 (i.e. a BTN2A2-Fc fusion protein) 
inhibited early signaling events in anti-CD3 plus anti-CD28 mAb 

stimulated murine T cells and prevented cell cycle entry. Interest-
ingly, BTN2A2-Fc also induced de novo expression of FoxP3 in 
anti-CD3/anti-CD28 mAb activated naive CD4 T cells, suggest-
ing that BTN2A2 may attenuate T-cell activation through multiple 
pathways, including the induction of FoxP3-expressing regula-
tory T cells (Tregs)73. Recently, BTN2A2–/– mice were reported to 
exhibit enhanced T-cell responses as shown by greater severity of  
T-cell-dependent models of autoimmunity (experimental autoim-
mune encephalomyelitis [EAE]) but also enhanced response 
to tumor vaccination74. Quite similar to BTN2A2, BTNL2 also  
inhibits murine T-cell activation and co-stimulates FoxP3 induc-
tion and thus Treg induction when applied as immobilized  
BTNL2-Fc fusion protein75. Interestingly, BTNL2 was found to be 
upregulated during acute-phase malaria infection, pointing to a  
possible feedback loop between inhibitory BTN/BTNL molecules 
and T-cell activation in inflammation and infection76.

In addition to immune cells, BTN and BTNL proteins are expressed 
in the intestine and regulate tissue integrity, local immune  
responses, and inflammation. Recent gene expression data point 
to a correlation of upregulated intestinal BTN/BTNL gene expres-
sion with inflammatory bowel diseases, in line with an important  
role of BTN/BTNL proteins in shaping local T-cell responses77.  
In murine intestinal epithelial cells, BTNL1 and BTNL6 form 
heteromeric complexes which enhance the proliferative activity of 
intraepithelial lymphocytes, specifically of a subset of γδ T cells 
expressing the Vγ7Vδ4 TCR78,79. Interestingly, it was recently 
shown that human gut epithelial cells express BTNL3 and BTNL8, 
which together also regulate tissue-specific γδ T cells, in this case  
intestinal γδ T cells expressing a Vγ4 TCR80. Taken together, it 
is obvious that BTN and BTNL proteins regulate multiple T-cell 
responses in a negative or positive manner. One of the unsolved 
questions here is how such signals are transmitted to T cells (i.e.  
the nature of putative receptors), an issue which needs further  
investigation.

The puzzling role of BTN3A1 in γδ T-cell activation
As already mentioned, an indispensable role of CD277/BTN3A 
in the activation of human Vδ2Vγ9 γδ T cells by microbial or 
tumor-derived pAg was reported by Harly and colleagues17. These  
authors used CD277 knockdown and domain-shuffling strategies 
to demonstrate the importance of the BTN3A1 isoform (carrying 
the cytosolic B30.2 domain) in this process. They went on to show 
that the anti-CD277 mAb 20.1 (used in immobilized form in pre-
vious studies to demonstrate co-stimulatory activity on CD4 and  
CD8 αβ T cells69) could selectively activate Vδ2Vγ9 T cells when 
added in soluble form together with interleukin-2 to peripheral 
blood mononuclear cells, and furthermore sensitized a broad 
range of tumor cells to killing by γδ T cells17. They also identi-
fied another anti-CD277 antibody termed 103.2, which binds to 
a different epitope on the extracellular part of BTN3A and spe-
cifically inhibited Vδ2Vγ9 T-cell activation by pAg, N-BP, or 
agonistic mAb 20.117,81. The essential role of BTN3A1 for pAg 
stimulation of human γδ T cells was confirmed by several other  
reports18,19,82–86. While the original study by Harly et al. described 
the importance of BTN3A/CD277 for human γδ T-cell activation 
by pyrophosphate antigens, the molecular mechanism was not yet  
precisely identified. Subsequently, two largely conflicting models 
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Figure 3. Alternative models of the role of butyrophilin (BTN) 3A molecules in phosphoantigen (pAg)-mediated γδ T-cell activation.  
A: pAg directly bind to the extracellular immunoglobulin V (IgV) domain of BTN3A1 and are then “presented” to the γδ TCR; as-yet-unidentified 
transporter molecules would shuffle pAg (generated within tumor cells due to the dysregulated mevalonate pathway) from the cytosol to the 
extracellular compartment for presentation by BTN3A118,87. B: pAg bind to the cytosolic B30.2 domain, leading to the recruitment of linker 
proteins including periplakin and the activation of the RhoB GTPase, which together induce a spatial redistribution of BTN3A1 molecules 
recognized by the γδ TCR19,85,91. APC, antigen-presenting cell; TCR, T-cell receptor.

were proposed, i.e. a “presenting” versus a “pyrophosphate  
sensing” function of CD277 (Figure 3). Vavassori and co-workers 
reported that pAg IPP and HMBPP could directly bind with low 
affinity to the recombinant extracellular IgV domain of BTN3A1; 
furthermore, they also observed weak binding of recombinant 
soluble Vδ2Vγ9 TCR to immobilized BTN3A1 molecules, which 
was further facilitated by IPP18. These observations were in line 
with BTN3A1 serving as an antigen-presenting molecule for 
pAg to be specifically recognized by the human Vδ2Vγ9 TCR  
(Figure 3A18,87). However, direct binding of pAg to the extra-
cellular domain of BTN3A1 could not be verified by other  
groups19,82,84. Instead, Sandstrom and co-workers demonstrated 
that the cytosolic B30.2 domain could directly bind several γδ  
T-cell-stimulating pAg through a positively charged surface 
pocket19, an observation which was confirmed by others84–86,88.  
Currently, most available data thus support the pyrophosphate- 
sensing function of the cytosolic B30.2 domain89,90. How, then, 
can binding of pyrophosphates to the cytosolic domain of a trans-
membrane protein (BTN3A1) translate into TCR-dependent selec-
tive activation of a specific (Vδ2Vγ9) γδ T-cell subset? Recent 
progress in the field has helped to elucidate some of the molecu-
lar mechanisms. Overall, it appears that an “inside-out” signaling  
mechanism induced by intracellular pAg sensing conveys a spa-
tial redistribution or conformational change of the extracellu-
lar CD277 domain, which is then somehow recognized by the  
Vδ2Vγ9 TCR89,91. Recently, crucial steps along this pathway have 
been identified. The cytoskeletal adaptor protein periplakin has 
been shown to interact with a membrane-proximal intracellular  
part of BTN3A185. Periplakin is a member of a family of cytoskel-
etal linker proteins that interact with various membrane-associated 
proteins and are involved in cytoskeletal (re)organization92. It is 

thus conceivable that upon pAg binding the interaction of cytosolic  
parts with periplakin and possibly additional adaptor proteins  
contributes to the spatial rearrangement of BTN3A185. Another 
step in this process is the small GTPase RhoB, which was recently 
identified in a genome-wide screen as an important component in 
BTN3A1-dependent tumor cell recognition by Vδ2Vγ9 T cells91. 
RhoB interacts with and regulates the membrane mobility of 
BTN3A1, and intracellular redistribution of RhoB in different 
tumor cells correlated with their recognition by γδ T cells. These 
results point to a correlation in tumor cells between the dysregu-
lated mevalonate pathway (which also controls small GTPases), 
RhoB activity, accumulation of pyrophosphates, and sensitivity to 
γδ T-cell killing91.

Taken together, it is now clear that BTN3A/CD277 is required 
for pAg-mediated activation of Vδ2Vγ9 γδ T cells and that peri-
plakin and RhoB have important roles in spatial rearrangement of  
BTN3A1 following intracellular pAg sensing (Figure 3B). How-
ever, some pieces of the puzzle are still unsolved. While a mem-
brane reorganization of BTN3A1 (which can apparently also be 
induced by agonistic anti-CD277 antibodies89) is a crucial step, 
it is not yet known what precisely then the γδ TCR recognizes. 
Moreover, and in contrast to initial studies17, it appears that it is not 
just the BTN3A1 isoform and its cytosolic B30.2 domain which 
are involved in pAg-mediated γδ T cell activation—BTN3A2 and 
BTN3A3 isoforms have been implicated85. Furthermore, using  
Chinese hamster ovary cells retrovirally transduced with the  
human BTN3A1 gene and additionally harboring, or not, human 
chromosome 6, Riaño and co-workers obtained evidence for a  
role for additional genes in the BTN3A1-dependent activation  
of γδ T cells by pAg83. Therefore, we can expect to witness the  
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discovery of additional new players before we fully understand 
how cell-surface-rearranged BTN3A molecules and pAg exclu-
sively activate human Vδ2Vγ9 T cells. Along this line, it will be  
important to study in more detail the role of various accessory  
cells in this process. BTN3A is widely expressed on leukocytes, 
yet only monocytes serve as accessory cells for three mechanis-
tically different stimuli for Vδ2Vγ9 T cells, i.e. N-BP, pAg, and 
agonistic anti-CD277 mAb 20.172. In co-cultures with purified γδ 
T cells, purified CD277-positive CD4 T cells can “present” pAg 
HMBPP to γδ T cells72. Given that HMBPP is most likely not 
directly presented by extracellular BTN3A1 domains89,90, how 
then do pAg enter the cell to initiate γδ T-cell activation following  
binding to cytosolic B30.2? A putative transporter molecule has 
been postulated87 (Figure 3A) and recently an energy-dependent 
uptake of HMBPP was demonstrated86, but the precise molecular 
mechanisms remain to be clarified.

Concluding remarks
BTN and BTNL have emerged as potent immunomodulatory  
proteins. The T-cell-inhibitory activity of some BTN/BTNL mem-
bers suggests that they might be novel targets for checkpoint  
inhibitors, in addition to established checkpoint proteins such as 
CTLA-4, PD1, and PD-L193. Some BTN/BTNL proteins have a 
unique role in recruiting and activating particular subsets of uncon-
ventional γδ T cells. The recently discovered role of BTNL3 and 
BTNL8 for shaping Vγ4 γδ T cells in the human gut might be  

relevant for the loss of mucosal barrier function in inflamma-
tory bowel diseases. The perhaps most fascinating example is 
the ménage à trois of BTN3A, pyrophosphate molecules, and the 
human Vδ2Vγ9 TCR. The availability of anti-BTN3A/CD277 
antibodies which selectively activate (e.g. mAb 20.1) or inhibit  
(e.g. mAb 103.2) Vδ2Vγ9 γδ T cells opens new avenues for γδ  
T-cell-directed immunotherapies. In a pre-clinical xenotransplan-
tation model of acute myeloid leukemia, therapeutic application  
of mAb 20.1 enhanced the therapeutic efficacy of adoptively  
transferred Vδ2Vγ9 T cells94. Therefore, humanized agonistic 
anti-BTN3A/CD277 antibodies might be a novel and highly spe-
cific approach to activate tumor-reactive γδ T cells in vivo. Vice 
versa, humanized inhibitory anti-BTN3A/CD277 antibodies might  
represent potent reagents for selective silencing of Vδ2Vγ9 T cells 
in clinical conditions where they might contribute to the disease 
process, e.g. in autoimmune diseases95.

Competing interests
The authors declare that they have no competing interests.

Grant information
Work from the authors’ laboratory has been supported by the  
Deutsche Forschungsgemeinschaft (Ka 502/16-1, JA 610/7-1, and 
ExC 306 Inflammation-at-Interfaces).

References F1000 recommended

1.	 Blom B, Spits H: Development of human lymphoid cells. Annu Rev Immunol. 
2006; 24: 287–320.  
PubMed Abstract | Publisher Full Text 

2.	  Dimeloe S, Burgener AV, Grählert J, et al.: T-cell metabolism governing 
activation, proliferation and differentiation; a modular view. Immunology. 2017; 
150(1): 35–44.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

3.	  De Obaldia ME, Bhandoola A: Transcriptional regulation of innate and 
adaptive lymphocyte lineages. Annu Rev Immunol. 2015; 33: 607–42.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

4.	 Wang C, Collins M, Kuchroo VK: Effector T cell differentiation: are master 
regulators of effector T cells still the masters? Curr Opin Immunol. 2015; 37: 
6–10.  
PubMed Abstract | Publisher Full Text 

5.	  Durek P, Nordström K, Gasparoni G, et al.: Epigenomic Profiling of Human 
CD4+ T Cells Supports a Linear Differentiation Model and Highlights Molecular 
Regulators of Memory Development. Immunity. 2016; 45(5): 1148–61.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

6.	 Mori L, Lepore M, De Libero G: The Immunology of CD1- and MR1-Restricted T 
Cells. Annu Rev Immunol. 2016; 34: 479–510.  
PubMed Abstract | Publisher Full Text 

7.	  Gao Y, Williams AP: Role of Innate T Cells in Anti-Bacterial Immunity. Front 
Immunol. 2015; 6: 302.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

8.	  Godfrey DI, Uldrich AP, McCluskey J, et al.: The burgeoning family of 
unconventional T cells. Nat Immunol. 2015; 16(11): 1114–23.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

9.	 Kang J, Malhotra N: Transcription factor networks directing the development, 
function, and evolution of innate lymphoid effectors. Annu Rev Immunol. 2015; 
33: 505–38.  
PubMed Abstract | Publisher Full Text | Free Full Text 

10.	  Tait Wojno ED, Artis D: Emerging concepts and future challenges in innate 
lymphoid cell biology. J Exp Med. 2016; 213(11): 2229–48.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

11.	 Constant P, Davodeau F, Peyrat MA, et al.: Stimulation of human gamma delta T 
cells by nonpeptidic mycobacterial ligands. Science. 1994; 264(5156): 267–70.  
PubMed Abstract | Publisher Full Text 

12.	 Morita CT, Beckman EM, Bukowski JF, et al.: Direct presentation of nonpeptide 
prenyl pyrophosphate antigens to human gamma delta T cells. Immunity. 1995; 
3(4): 495–507.  
PubMed Abstract | Publisher Full Text 

13.	 Bonneville M, O'Brien RL, Born WK: Gammadelta T cell effector functions: a 
blend of innate programming and acquired plasticity. Nat Rev Immunol. 2010; 
10(7): 467–78.  
PubMed Abstract | Publisher Full Text 

14.	 Kabelitz D, Bender A, Schondelmaier S, et al.: A large fraction of human 
peripheral blood gamma/delta + T cells is activated by Mycobacterium 
tuberculosis but not by its 65-kD heat shock protein. J Exp Med. 1990; 171(3): 
667–79.  
PubMed Abstract | Publisher Full Text | Free Full Text 

15.	  Hintz M, Reichenberg A, Altincicek B, et al.: Identification of (E)-4-hydroxy-3-
methyl-but-2-enyl pyrophosphate as a major activator for human gammadelta 
T cells in Escherichia coli. FEBS Lett. 2001; 509(2): 317–22.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

16.	 Espinosa E, Belmant C, Pont F, et al.: Chemical synthesis and biological activity 
of bromohydrin pyrophosphate, a potent stimulator of human gamma delta T 
cells. J Biol Chem. 2001; 276(21): 18337–44.  
PubMed Abstract | Publisher Full Text 

17.	  Harly C, Guillaume Y, Nedellec S, et al.: Key implication of CD277/
butyrophilin-3 (BTN3A) in cellular stress sensing by a major human γδ T-cell 
subset. Blood. 2012; 120(11): 2269–79.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

18.	  Vavassori S, Kumar A, Wan GS, et al.: Butyrophilin 3A1 binds phosphorylated 
antigens and stimulates human γδ T cells. Nat Immunol. 2013; 14(9): 908–16.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

19.	  Sandstrom A, Peigné CM, Léger A, et al.: The intracellular B30.2 domain 
of butyrophilin 3A1 binds phosphoantigens to mediate activation of human 
Vγ9Vδ2 T cells. Immunity. 2014; 40(4): 490–500.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

Page 7 of 10

F1000Research 2017, 6(F1000 Faculty Rev):782 Last updated: 05 JUN 2017

http://www.ncbi.nlm.nih.gov/pubmed/16551251
http://dx.doi.org/10.1146/annurev.immunol.24.021605.090612
https://f1000.com/prime/726596613
http://www.ncbi.nlm.nih.gov/pubmed/27479920
http://dx.doi.org/10.1111/imm.12655
http://www.ncbi.nlm.nih.gov/pmc/articles/5341500
https://f1000.com/prime/726596613
https://f1000.com/prime/725355570
http://www.ncbi.nlm.nih.gov/pubmed/25665079
http://dx.doi.org/10.1146/annurev-immunol-032414-112032
https://f1000.com/prime/725355570
http://www.ncbi.nlm.nih.gov/pubmed/26319196
http://dx.doi.org/10.1016/j.coi.2015.08.001
https://f1000.com/prime/726981292
http://www.ncbi.nlm.nih.gov/pubmed/27851915
http://dx.doi.org/10.1016/j.immuni.2016.10.022
https://f1000.com/prime/726981292
http://www.ncbi.nlm.nih.gov/pubmed/26927205
http://dx.doi.org/10.1146/annurev-immunol-032414-112008
https://f1000.com/prime/725600356
http://www.ncbi.nlm.nih.gov/pubmed/26124758
http://dx.doi.org/10.3389/fimmu.2015.00302
http://www.ncbi.nlm.nih.gov/pmc/articles/4463001
https://f1000.com/prime/725600356
https://f1000.com/prime/725857548
http://www.ncbi.nlm.nih.gov/pubmed/26482978
http://dx.doi.org/10.1038/ni.3298
https://f1000.com/prime/725857548
http://www.ncbi.nlm.nih.gov/pubmed/25650177
http://dx.doi.org/10.1146/annurev-immunol-032414-112025
http://www.ncbi.nlm.nih.gov/pmc/articles/4674156
https://f1000.com/prime/726851805
http://www.ncbi.nlm.nih.gov/pubmed/27811053
http://dx.doi.org/10.1084/jem.20160525
http://www.ncbi.nlm.nih.gov/pmc/articles/5068238
https://f1000.com/prime/726851805
http://www.ncbi.nlm.nih.gov/pubmed/8146660
http://dx.doi.org/10.1126/science.8146660
http://www.ncbi.nlm.nih.gov/pubmed/7584140
http://dx.doi.org/10.1016/1074-7613(95)90178-7
http://www.ncbi.nlm.nih.gov/pubmed/20539306
http://dx.doi.org/10.1038/nri2781
http://www.ncbi.nlm.nih.gov/pubmed/2137854
http://dx.doi.org/10.1084/jem.171.3.667
http://www.ncbi.nlm.nih.gov/pmc/articles/2187785
https://f1000.com/prime/1003868
http://www.ncbi.nlm.nih.gov/pubmed/11741609
http://dx.doi.org/10.1016/S0014-5793(01)03191-X
https://f1000.com/prime/1003868
http://www.ncbi.nlm.nih.gov/pubmed/11279081
http://dx.doi.org/10.1074/jbc.M100495200
https://f1000.com/prime/720025806
http://www.ncbi.nlm.nih.gov/pubmed/22767497
http://dx.doi.org/10.1182/blood-2012-05-430470
http://www.ncbi.nlm.nih.gov/pmc/articles/3679641
https://f1000.com/prime/720025806
https://f1000.com/prime/718043454
http://www.ncbi.nlm.nih.gov/pubmed/23872678
http://dx.doi.org/10.1038/ni.2665
https://f1000.com/prime/718043454
https://f1000.com/prime/718340213
http://www.ncbi.nlm.nih.gov/pubmed/24703779
http://dx.doi.org/10.1016/j.immuni.2014.03.003
http://www.ncbi.nlm.nih.gov/pmc/articles/4028361
https://f1000.com/prime/718340213


20.	 Kalyan S, Kabelitz D: Defining the nature of human γδ T cells: a biographical 
sketch of the highly empathetic. Cell Mol Immunol. 2013; 10(1): 21–9.  
PubMed Abstract | Publisher Full Text | Free Full Text 

21.	 Hinz T, Wesch D, Halary F, et al.: Identification of the complete expressed 
human TCR V gamma repertoire by flow cytometry. Int Immunol. 1997; 9(8): 
1065–72.  
PubMed Abstract | Publisher Full Text 

22.	 Chien YH, Meyer C, Bonneville M: γδ T cells: first line of defense and beyond. 
Annu Rev Immunol. 2014; 32: 121–55.  
PubMed Abstract | Publisher Full Text 

23.	 Vantourout P, Hayday A: Six-of-the-best: unique contributions of γδ T cells to 
immunology. Nat Rev Immunol. 2013; 13(2): 88–100.  
PubMed Abstract | Publisher Full Text | Free Full Text 

24.	 Bukowski JF, Morita CT, Tanaka Y, et al.: V gamma 2V delta 2 TCR-dependent 
recognition of non-peptide antigens and Daudi cells analyzed by TCR gene 
transfer. J Immunol. 1995; 154(3): 998–1006.  
PubMed Abstract 

25.	 Kabelitz D: Small molecules for the activation of human gammadelta T cell 
responses against infection. Recent Pat Antiinfect Drug Discov. 2008; 3(1): 1–9.  
PubMed Abstract | Publisher Full Text 

26.	 Tanaka Y, Morita CT, Tanaka Y, et al.: Natural and synthetic non-peptide 
antigens recognized by human gamma delta T cells. Nature. 1995; 375(6527): 
155–8.  
PubMed Abstract | Publisher Full Text 

27.	 Dai Y, Chen H, Mo C, et al.: Ectopically expressed human tumor biomarker 
MutS homologue 2 is a novel endogenous ligand that is recognized by human 
γδ T cells to induce innate anti-tumor/virus immunity. J Biol Chem. 2012; 
287(20): 16812–9.  
PubMed Abstract | Publisher Full Text | Free Full Text 

28.	  Scotet E, Martinez LO, Grant E, et al.: Tumor recognition following 
Vgamma9Vdelta2 T cell receptor interactions with a surface F1-ATPase-related 
structure and apolipoprotein A-I. Immunity. 2005; 22(1): 71–80.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

29.	  Willcox CR, Pitard V, Netzer S, et al.: Cytomegalovirus and tumor stress 
surveillance by binding of a human γδ T cell antigen receptor to endothelial 
protein C receptor. Nat Immunol. 2012; 13(9): 872–9.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

30.	 Uldrich AP, Le Nours J, Pellicci DG, et al.: CD1d-lipid antigen recognition by the 
γδ TCR. Nat Immunol. 2013; 14(11): 1137–45.  
PubMed Abstract | Publisher Full Text 

31.	 Xu B, Pizarro JC, Holmes MA, et al.: Crystal structure of a gammadelta T-cell 
receptor specific for the human MHC class I homolog MICA. Proc Natl Acad Sci 
U S A. 2011; 108(6): 2414–9.  
PubMed Abstract | Publisher Full Text | Free Full Text 

32.	 Lanier LL: NKG2D Receptor and Its Ligands in Host Defense. Cancer Immunol 
Res. 2015; 3(2): 575–82.  
PubMed Abstract | Publisher Full Text | Free Full Text 

33.	 El-Gazzar A, Groh V, Spies T: Immunobiology and conflicting roles of the 
human NKG2D lymphocyte receptor and its ligands in cancer. J Immunol. 2013; 
191(4): 1509–15.  
PubMed Abstract | Publisher Full Text | Free Full Text 

34.	 Chitadze G, Bhat J, Lettau M, et al.: Generation of soluble NKG2D ligands: 
proteolytic cleavage, exosome secretion and functional implications. Scand J 
Immunol. 2013; 78(2): 120–9.  
PubMed Abstract | Publisher Full Text 

35.	 Wesch D, Peters C, Oberg H, et al.: Modulation of γδ T cell responses by TLR 
ligands. Cell Mol Life Sci. 2011; 68(14): 2357–70.  
PubMed Abstract | Publisher Full Text 

36.	 Kunzmann V, Kretzschmar E, Herrmann T, et al.: Polyinosinic-polycytidylic acid-
mediated stimulation of human gammadelta T cells via CD11c dendritic cell-
derived type I interferons. Immunology. 2004; 112(3): 369–77.  
PubMed Abstract | Publisher Full Text | Free Full Text 

37.	 Wesch D, Beetz S, Oberg H, et al.: Direct costimulatory effect of TLR3 ligand 
poly(I:C) on human gamma delta T lymphocytes. J Immunol. 2006; 176(3): 
1348–54.  
PubMed Abstract | Publisher Full Text 

38.	 Pietschmann K, Beetz S, Welte S, et al.: Toll-like receptor expression and 
function in subsets of human gammadelta T lymphocytes. Scand J Immunol. 
2009; 70(3): 245–55.  
PubMed Abstract | Publisher Full Text 

39.	  Brandes M, Willimann K, Moser B: Professional antigen-presentation 
function by human gammadelta T Cells. Science. 2005; 309(5732): 264–8.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

40.	 Brandes M, Willimann K, Bioley G, et al.: Cross-presenting human gammadelta T 
cells induce robust CD8+ alphabeta T cell responses. Proc Natl Acad Sci U S A. 
2009; 106(7): 2307–12.  
PubMed Abstract | Publisher Full Text | Free Full Text 

41.	 Himoudi N, Morgenstern DA, Yan M, et al.: Human γδ T lymphocytes are licensed 
for professional antigen presentation by interaction with opsonized target 
cells. J Immunol. 2012; 188(4): 1708–16.  
PubMed Abstract | Publisher Full Text 

42.	 Rincon-Orozco B, Kunzmann V, Wrobel P, et al.: Activation of V gamma 9V delta 
2 T cells by NKG2D. J Immunol. 2005; 175(4): 2144–51.  
PubMed Abstract | Publisher Full Text 

43.	 Wrobel P, Shojaei H, Schittek B, et al.: Lysis of a broad range of epithelial 
tumour cells by human gamma delta T cells: involvement of NKG2D ligands 
and T-cell receptor- versus NKG2D-dependent recognition. Scand J Immunol. 
2007; 66(2–3): 320–8.  
PubMed Abstract | Publisher Full Text 

44.	 Roelofs AJ, Jauhiainen M, Monkkonen H, et al.: Peripheral blood monocytes 
are responsible for gammadelta T cell activation induced by zoledronic acid 
through accumulation of IPP/DMAPP. Br J Haematol. 2009; 144(2): 245–50.  
PubMed Abstract | Publisher Full Text | Free Full Text 

45.	 Braza MS, Klein B: Anti-tumour immunotherapy with Vγ9Vδ2 T lymphocytes: 
from the bench to the bedside. Br J Haematol. 2013; 160(2): 123–32.  
PubMed Abstract | Publisher Full Text 

46.	  Dieli F, Vermijlen D, Fulfaro F, et al.: Targeting human {gamma}delta} T cells 
with zoledronate and interleukin-2 for immunotherapy of hormone-refractory 
prostate cancer. Cancer Res. 2007; 67(15): 7450–7.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

47.	  Buccheri S, Guggino G, Caccamo N, et al.: Efficacy and safety of γδT cell-
based tumor immunotherapy: a meta-analysis. J Biol Regul Homeost Agents. 
2014; 28(1): 81–90.  
PubMed Abstract | F1000 Recommendation 

48.	 Capietto A, Martinet L, Fournie J: Stimulated γδ T cells increase the in vivo 
efficacy of trastuzumab in HER-2+ breast cancer. J Immunol. 2011; 187(2): 
1031–8.  
PubMed Abstract | Publisher Full Text 

49.	 Oberg H, Peipp M, Kellner C, et al.: Novel bispecific antibodies increase γδ T-cell 
cytotoxicity against pancreatic cancer cells. Cancer Res. 2014; 74(5): 1349–60.  
PubMed Abstract | Publisher Full Text 

50.	 Oberg H, Kellner C, Gonnermann D, et al.: γδ T cell activation by bispecific 
antibodies. Cell Immunol. 2015; 296(1): 41–9.  
PubMed Abstract | Publisher Full Text 

51.	 Almeida AR, Correia DV, Fernandes-Platzgummer A, et al.: Delta One T Cells for 
Immunotherapy of Chronic Lymphocytic Leukemia: Clinical-Grade Expansion/
Differentiation and Preclinical Proof of Concept. Clin Cancer Res. 2016; 22(23): 
5795–804.  
PubMed Abstract | Publisher Full Text 

52.	  Gentles AJ, Newman AM, Liu CL, et al.: The prognostic landscape of genes 
and infiltrating immune cells across human cancers. Nat Med. 2015; 21(8): 
938–45.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

53.	 Ye J, Ma C, Wang F, et al.: Specific recruitment of γδ regulatory T cells in 
human breast cancer. Cancer Res. 2013; 73(20): 6137–48.  
PubMed Abstract | Publisher Full Text | Free Full Text 

54.	  Wu P, Wu D, Ni C, et al.: γδT17 cells promote the accumulation and 
expansion of myeloid-derived suppressor cells in human colorectal cancer. 
Immunity. 2014; 40(5): 785–800.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

55.	  Daley D, Zambirinis CP, Seifert L, et al.: γδ T Cells Support Pancreatic 
Oncogenesis by Restraining αβ T Cell Activation. Cell. 2016; 166(6): 1485–1499.
e15.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

56.	 Poggi A, Zocchi MR: γδ T Lymphocytes as a First Line of Immune Defense: 
Old and New Ways of Antigen Recognition and Implications for Cancer 
Immunotherapy. Front Immunol. 2014; 5: 575.  
PubMed Abstract | Publisher Full Text | Free Full Text 

57.	  Zou C, Zhao P, Xiao Z, et al.: γδ T cells in cancer immunotherapy. 
Oncotarget. 2017; 8(5): 8900–9.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

58.	 Heid HW, Winter S, Bruder G, et al.: Butyrophilin, an apical plasma membrane-
associated glycoprotein characteristic of lactating mammary glands of diverse 
species. Biochim Biophys Acta. 1983; 728(2): 228–38.  
PubMed Abstract | Publisher Full Text 

59.	 Afrache H, Gouret P, Ainouche S, et al.: The butyrophilin (BTN) gene family: 
from milk fat to the regulation of the immune response. Immunogenetics. 2012; 
64(11): 781–94.  
PubMed Abstract | Publisher Full Text 

60.	 Arnett HA, Viney JL: Immune modulation by butyrophilins. Nat Rev Immunol. 
2014; 14(8): 559–69.  
PubMed Abstract | Publisher Full Text 

61.	 Rhodes DA, Reith W, Trowsdale J: Regulation of Immunity by Butyrophilins. 
Annu Rev Immunol. 2016; 34: 151–72.  
PubMed Abstract | Publisher Full Text 

62.	 Compte E, Pontarotti P, Collette Y, et al.: Frontline: Characterization of BT3 
molecules belonging to the B7 family expressed on immune cells. Eur J 
Immunol. 2004; 34(8): 2089–99.  
PubMed Abstract | Publisher Full Text 

63.	 Rhodes DA, de Bono B, Trowsdale J: Relationship between SPRY and B30.2 
protein domains. Evolution of a component of immune defence? Immunology. 

Page 8 of 10

F1000Research 2017, 6(F1000 Faculty Rev):782 Last updated: 05 JUN 2017

http://www.ncbi.nlm.nih.gov/pubmed/23085947
http://dx.doi.org/10.1038/cmi.2012.44
http://www.ncbi.nlm.nih.gov/pmc/articles/4003173
http://www.ncbi.nlm.nih.gov/pubmed/9263003
http://dx.doi.org/10.1093/intimm/9.8.1065
http://www.ncbi.nlm.nih.gov/pubmed/24387714
http://dx.doi.org/10.1146/annurev-immunol-032713-120216
http://www.ncbi.nlm.nih.gov/pubmed/23348415
http://dx.doi.org/10.1038/nri3384
http://www.ncbi.nlm.nih.gov/pmc/articles/3951794
http://www.ncbi.nlm.nih.gov/pubmed/7529807
http://www.ncbi.nlm.nih.gov/pubmed/18221182
http://dx.doi.org/10.2174/157489108783413218
http://www.ncbi.nlm.nih.gov/pubmed/7753173
http://dx.doi.org/10.1038/375155a0
http://www.ncbi.nlm.nih.gov/pubmed/22433851
http://dx.doi.org/10.1074/jbc.M111.327650
http://www.ncbi.nlm.nih.gov/pmc/articles/3351303
https://f1000.com/prime/1023869
http://www.ncbi.nlm.nih.gov/pubmed/15664160
http://dx.doi.org/10.1016/j.immuni.2004.11.012
https://f1000.com/prime/1023869
https://f1000.com/prime/718359865
http://www.ncbi.nlm.nih.gov/pubmed/22885985
http://dx.doi.org/10.1038/ni.2394
https://f1000.com/prime/718359865
http://www.ncbi.nlm.nih.gov/pubmed/24076636
http://dx.doi.org/10.1038/ni.2713
http://www.ncbi.nlm.nih.gov/pubmed/21262824
http://dx.doi.org/10.1073/pnas.1015433108
http://www.ncbi.nlm.nih.gov/pmc/articles/3038733
http://www.ncbi.nlm.nih.gov/pubmed/26041808
http://dx.doi.org/10.1158/2326-6066.CIR-15-0098
http://www.ncbi.nlm.nih.gov/pmc/articles/4457299
http://www.ncbi.nlm.nih.gov/pubmed/23913973
http://dx.doi.org/10.4049/jimmunol.1301071
http://www.ncbi.nlm.nih.gov/pmc/articles/3736343
http://www.ncbi.nlm.nih.gov/pubmed/23679194
http://dx.doi.org/10.1111/sji.12072
http://www.ncbi.nlm.nih.gov/pubmed/21560072
http://dx.doi.org/10.1007/s00018-011-0699-1
http://www.ncbi.nlm.nih.gov/pubmed/15196204
http://dx.doi.org/10.1111/j.1365-2567.2004.01908.x
http://www.ncbi.nlm.nih.gov/pmc/articles/1782511
http://www.ncbi.nlm.nih.gov/pubmed/16424161
http://dx.doi.org/10.4049/jimmunol.176.3.1348
http://www.ncbi.nlm.nih.gov/pubmed/19703014
http://dx.doi.org/10.1111/j.1365-3083.2009.02290.x
https://f1000.com/prime/1026470
http://www.ncbi.nlm.nih.gov/pubmed/15933162
http://dx.doi.org/10.1126/science.1110267
https://f1000.com/prime/1026470
http://www.ncbi.nlm.nih.gov/pubmed/19171897
http://dx.doi.org/10.1073/pnas.0810059106
http://www.ncbi.nlm.nih.gov/pmc/articles/2650152
http://www.ncbi.nlm.nih.gov/pubmed/22250090
http://dx.doi.org/10.4049/jimmunol.1102654
http://www.ncbi.nlm.nih.gov/pubmed/16081780
http://dx.doi.org/10.4049/jimmunol.175.4.2144
http://www.ncbi.nlm.nih.gov/pubmed/17635809
http://dx.doi.org/10.1111/j.1365-3083.2007.01963.x
http://www.ncbi.nlm.nih.gov/pubmed/19016713
http://dx.doi.org/10.1111/j.1365-2141.2008.07435.x
http://www.ncbi.nlm.nih.gov/pmc/articles/2659391
http://www.ncbi.nlm.nih.gov/pubmed/23061882
http://dx.doi.org/10.1111/bjh.12090
https://f1000.com/prime/3212957
http://www.ncbi.nlm.nih.gov/pubmed/17671215
http://dx.doi.org/10.1158/0008-5472.CAN-07-0199
http://www.ncbi.nlm.nih.gov/pmc/articles/3915341
https://f1000.com/prime/3212957
https://f1000.com/prime/727640924
http://www.ncbi.nlm.nih.gov/pubmed/24750794
https://f1000.com/prime/727640924
http://www.ncbi.nlm.nih.gov/pubmed/21670311
http://dx.doi.org/10.4049/jimmunol.1100681
http://www.ncbi.nlm.nih.gov/pubmed/24448235
http://dx.doi.org/10.1158/0008-5472.CAN-13-0675
http://www.ncbi.nlm.nih.gov/pubmed/25979810
http://dx.doi.org/10.1016/j.cellimm.2015.04.009
http://www.ncbi.nlm.nih.gov/pubmed/27307596
http://dx.doi.org/10.1158/1078-0432.CCR-16-0597
https://f1000.com/prime/725660593
http://www.ncbi.nlm.nih.gov/pubmed/26193342
http://dx.doi.org/10.1038/nm.3909
http://www.ncbi.nlm.nih.gov/pmc/articles/4852857
https://f1000.com/prime/725660593
http://www.ncbi.nlm.nih.gov/pubmed/23959855
http://dx.doi.org/10.1158/0008-5472.CAN-13-0348
http://www.ncbi.nlm.nih.gov/pmc/articles/3800256
https://f1000.com/prime/718382374
http://www.ncbi.nlm.nih.gov/pubmed/24816404
http://dx.doi.org/10.1016/j.immuni.2014.03.013
http://www.ncbi.nlm.nih.gov/pmc/articles/4716654
https://f1000.com/prime/718382374
https://f1000.com/prime/726694346
http://www.ncbi.nlm.nih.gov/pubmed/27569912
http://dx.doi.org/10.1016/j.cell.2016.07.046
http://www.ncbi.nlm.nih.gov/pmc/articles/5017923
https://f1000.com/prime/726694346
http://www.ncbi.nlm.nih.gov/pubmed/25426121
http://dx.doi.org/10.3389/fimmu.2014.00575
http://www.ncbi.nlm.nih.gov/pmc/articles/4226920
https://f1000.com/prime/726942594
http://www.ncbi.nlm.nih.gov/pubmed/27823972
http://dx.doi.org/10.18632/oncotarget.13051
http://www.ncbi.nlm.nih.gov/pmc/articles/5352452
https://f1000.com/prime/726942594
http://www.ncbi.nlm.nih.gov/pubmed/6830779
http://dx.doi.org/10.1016/0005-2736(83)90476-5
http://www.ncbi.nlm.nih.gov/pubmed/23000944
http://dx.doi.org/10.1007/s00251-012-0619-z
http://www.ncbi.nlm.nih.gov/pubmed/25060581
http://dx.doi.org/10.1038/nri3715
http://www.ncbi.nlm.nih.gov/pubmed/26772212
http://dx.doi.org/10.1146/annurev-immunol-041015-055435
http://www.ncbi.nlm.nih.gov/pubmed/15259006
http://dx.doi.org/10.1002/eji.200425227


2005; 116(4): 411–7.  
PubMed Abstract | Publisher Full Text | Free Full Text 

64.	 D'Cruz AA, Babon JJ, Norton RS, et al.: Structure and function of the SPRY/
B30.2 domain proteins involved in innate immunity. Protein Sci. 2013; 22(1): 
1–10.  
PubMed Abstract | Publisher Full Text | Free Full Text 

65.	 Viken MK, Blomhoff A, Olsson M, et al.: Reproducible association with type 
1 diabetes in the extended class I region of the major histocompatibility 
complex. Genes Immun. 2009; 10(4): 323–33.  
PubMed Abstract | Publisher Full Text 

66.	 Ampuero J, del Campo JA, Rojas L, et al.: Fine-mapping butyrophilin family 
genes revealed several polymorphisms influencing viral genotype selection in 
hepatitis C infection. Genes Immun. 2015; 16(5): 297–300.  
PubMed Abstract | Publisher Full Text 

67.	 Malcherek G, Mayr L, Roda-Navarro P, et al.: The B7 homolog butyrophilin 
BTN2A1 is a novel ligand for DC-SIGN. J Immunol. 2007; 179(6): 3804–11.  
PubMed Abstract | Publisher Full Text 

68.	 Chapoval AI, Smithson G, Brunick L, et al.: BTNL8, a butyrophilin-like molecule 
that costimulates the primary immune response. Mol Immunol. 2013; 56(4): 
819–28.  
PubMed Abstract | Publisher Full Text 

69.	 Messal N, Mamessier E, Sylvain A, et al.: Differential role for CD277 as a  
co-regulator of the immune signal in T and NK cells. Eur J Immunol. 2011; 
41(12): 3443–54.  
PubMed Abstract | Publisher Full Text 

70.	 Yamashiro H, Yoshizaki S, Tadaki T, et al.: Stimulation of human butyrophilin 
3 molecules results in negative regulation of cellular immunity. J Leukoc Biol. 
2010; 88(4): 757–67.  
PubMed Abstract | Publisher Full Text 

71.	 Cubillos-Ruiz JR, Martinez D, Scarlett UK, et al.: CD277 is a negative 
co-stimulatory molecule universally expressed by ovarian cancer 
microenvironmental cells. Oncotarget. 2010; 1(5): 329–38.  
PubMed Abstract | Publisher Full Text | Free Full Text 

72.	 Nerdal PT, Peters C, Oberg HH, et al.: Butyrophilin 3A/CD277-Dependent 
Activation of Human γδ T Cells: Accessory Cell Capacity of Distinct Leukocyte 
Populations. J Immunol. 2016; 197(8): 3059–68.  
PubMed Abstract | Publisher Full Text 

73.	 Ammann JU, Cooke A, Trowsdale J: Butyrophilin Btn2a2 inhibits TCR activation 
and phosphatidylinositol 3-kinase/Akt pathway signaling and induces Foxp3 
expression in T lymphocytes. J Immunol. 2013; 190(10): 5030–6. 
PubMed Abstract | Publisher Full Text | Free Full Text 

74.	  Sarter K, Leimgruber E, Gobet F, et al.: Btn2a2, a T cell immunomodulatory 
molecule coregulated with MHC class II genes. J Exp Med. 2016; 213(2): 177–87.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

75.	 Swanson RM, Gavin MA, Escobar SS, et al.: Butyrophilin-like 2 modulates B7 
costimulation to induce Foxp3 expression and regulatory T cell development 
in mature T cells. J Immunol. 2013; 190(5): 2027–35.  
PubMed Abstract | Publisher Full Text 

76.	 Subramaniam KS, Spaulding E, Ivan E, et al.: The T-Cell Inhibitory Molecule 
Butyrophilin-Like 2 Is Up-regulated in Mild Plasmodium falciparum Infection 
and Is Protective During Experimental Cerebral Malaria. J Infect Dis. 2015; 
212(8): 1322–31.  
PubMed Abstract | Publisher Full Text | Free Full Text 

77.	  Lebrero-Fernández C, Wenzel UA, Akeus P, et al.: Altered expression of 
Butyrophilin (BTN) and BTN-like (BTNL) genes in intestinal inflammation and 
colon cancer. Immun Inflamm Dis. 2016; 4(2): 191–200.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

78.	  Lebrero-Fernández C, Bergström JH, Pelaseyed T, et al.: Murine Butyrophilin-
Like 1 and Btnl6 Form Heteromeric Complexes in Small Intestinal Epithelial Cells 
and Promote Proliferation of Local T Lymphocytes. Front Immunol. 2016; 7: 1.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

79.	 Lebrero-Fernández C, Bas-Forsberg A: The ontogeny of Butyrophilin-like (Btnl) 1 

and Btnl6 in murine small intestine. Sci Rep. 2016; 6: 31524.  
PubMed Abstract | Publisher Full Text | Free Full Text 

80.	  Di Marco Barros R, Roberts NA, Dart RJ, et al.: Epithelia Use Butyrophilin-
like Molecules to Shape Organ-Specific γδ T Cell Compartments. Cell. 2016; 
167(1): 203–218.e17.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

81.	 Palakodeti A, Sandstrom A, Sundaresan L, et al.: The molecular basis for 
modulation of human Vγ9Vδ2 T cell responses by CD277/butyrophilin-3 
(BTN3A)-specific antibodies. J Biol Chem. 2012; 287(39): 32780–90.  
PubMed Abstract | Publisher Full Text | Free Full Text 

82.	 Wang H, Henry O, Distefano MD, et al.: Butyrophilin 3A1 plays an essential role 
in prenyl pyrophosphate stimulation of human Vγ2Vδ2 T cells. J Immunol. 2013; 
191(3): 1029–42.  
PubMed Abstract | Publisher Full Text | Free Full Text 

83.	  Riaño F, Karunakaran MM, Starick L, et al.: Vγ9Vδ2 TCR-activation by 
phosphorylated antigens requires butyrophilin 3 A1 (BTN3A1) and additional 
genes on human chromosome 6. Eur J Immunol. 2014; 44(9): 2571–6.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

84.	  Wang H, Morita CT: Sensor Function for Butyrophilin 3A1 in Prenyl 
Pyrophosphate Stimulation of Human Vγ2Vδ2 T Cells. J Immunol. 2015; 195(10): 
4583–94.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

85.	  Rhodes DA, Chen H, Price AJ, et al.: Activation of human γδ T cells by 
cytosolic interactions of BTN3A1 with soluble phosphoantigens and the 
cytoskeletal adaptor periplakin. J Immunol. 2015; 194(5): 2390–8.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

86.	  Kilcollins AM, Li J, Hsiao CC, et al.: HMBPP Analog Prodrugs Bypass 
Energy-Dependent Uptake To Promote Efficient BTN3A1-Mediated Malignant 
Cell Lysis by Vγ9Vδ2 T Lymphocyte Effectors. J Immunol. 2016; 197(2): 419–28.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

87.	 De Libero G, Lau SY, Mori L: Phosphoantigen Presentation to TCR γδ Cells, a 
Conundrum Getting Less Gray Zones. Front Immunol. 2014; 5: 679.  
PubMed Abstract | Publisher Full Text | Free Full Text 

88.	 Hsiao CC, Lin X, Barney RJ, et al.: Synthesis of a phosphoantigen prodrug that 
potently activates Vγ9Vδ2 T-lymphocytes. Chem Biol. 2014; 21(8): 945–54.  
PubMed Abstract | Publisher Full Text 

89.	 Gu S, Nawrocka W, Adams EJ: Sensing of Pyrophosphate Metabolites by 
Vγ9Vδ2 T Cells. Front Immunol. 2015; 5: 688.  
PubMed Abstract | Publisher Full Text | Free Full Text 

90.	 Harly C, Peigne C, Scotet E: Molecules and Mechanisms Implicated in the 
Peculiar Antigenic Activation Process of Human Vγ9Vδ2 T Cells. Front Immunol. 
2014; 5: 657.  
PubMed Abstract | Publisher Full Text | Free Full Text 

91.	  Sebestyen Z, Scheper W, Vyborova A, et al.: RhoB Mediates 
Phosphoantigen Recognition by Vγ9Vδ2 T Cell Receptor. Cell Rep. 2016; 15(9): 
1973–85.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

92.	 Boczonadi V, Maatta A: Functional Analysis of Periplakin and Envoplakin, 
Cytoskeletal Linkers, and Cornified Envelope Precursor Proteins. Meth 
Enzymol. 2016; 569: 309–29.  
PubMed Abstract | Publisher Full Text 

93.	  Menon S, Shin S, Dy G: Advances in Cancer Immunotherapy in Solid 
Tumors. Cancers (Basel). 2016; 8(12): pii: E106.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

94.	  Benyamine A, Le Roy A, Mamessier E, et al.: BTN3A molecules considerably 
improve Vγ9Vδ2T cells-based immunotherapy in acute myeloid leukemia. 
Oncoimmunology. 2016; 5(10): e1146843.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

95.	 Paul S, Shilpi, Lal G: Role of gamma-delta (γδ) T cells in autoimmunity. J Leukoc 
Biol. 2015; 97(2): 259–71.  
PubMed Abstract | Publisher Full Text 

Page 9 of 10

F1000Research 2017, 6(F1000 Faculty Rev):782 Last updated: 05 JUN 2017

http://www.ncbi.nlm.nih.gov/pubmed/16313355
http://dx.doi.org/10.1111/j.1365-2567.2005.02248.x
http://www.ncbi.nlm.nih.gov/pmc/articles/1802431
http://www.ncbi.nlm.nih.gov/pubmed/23139046
http://dx.doi.org/10.1002/pro.2185
http://www.ncbi.nlm.nih.gov/pmc/articles/3575854
http://www.ncbi.nlm.nih.gov/pubmed/19295542
http://dx.doi.org/10.1038/gene.2009.13
http://www.ncbi.nlm.nih.gov/pubmed/25928882
http://dx.doi.org/10.1038/gene.2015.14
http://www.ncbi.nlm.nih.gov/pubmed/17785817
http://dx.doi.org/10.4049/jimmunol.179.6.3804
http://www.ncbi.nlm.nih.gov/pubmed/24036152
http://dx.doi.org/10.1016/j.molimm.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21918970
http://dx.doi.org/10.1002/eji.201141404
http://www.ncbi.nlm.nih.gov/pubmed/20610803
http://dx.doi.org/10.1189/jlb.0309156
http://www.ncbi.nlm.nih.gov/pubmed/21113407
http://dx.doi.org/10.18632/oncotarget.165
http://www.ncbi.nlm.nih.gov/pmc/articles/2992324
http://www.ncbi.nlm.nih.gov/pubmed/27619996
http://dx.doi.org/10.4049/jimmunol.1600913
http://www.ncbi.nlm.nih.gov/pubmed/23589618
http://dx.doi.org/10.4049/jimmunol.1203325
http://www.ncbi.nlm.nih.gov/pmc/articles/3736090
https://f1000.com/prime/726102544
http://www.ncbi.nlm.nih.gov/pubmed/26809444
http://dx.doi.org/10.1084/jem.20150435
http://www.ncbi.nlm.nih.gov/pmc/articles/4749920
https://f1000.com/prime/726102544
http://www.ncbi.nlm.nih.gov/pubmed/23359506
http://dx.doi.org/10.4049/jimmunol.1201760
http://www.ncbi.nlm.nih.gov/pubmed/25883389
http://dx.doi.org/10.1093/infdis/jiv217
http://www.ncbi.nlm.nih.gov/pmc/articles/4577049
https://f1000.com/prime/727109845
http://www.ncbi.nlm.nih.gov/pubmed/27957327
http://dx.doi.org/10.1002/iid3.105
http://www.ncbi.nlm.nih.gov/pmc/articles/4879465
https://f1000.com/prime/727109845
https://f1000.com/prime/726115474
http://www.ncbi.nlm.nih.gov/pubmed/26834743
http://dx.doi.org/10.3389/fimmu.2016.00001
http://www.ncbi.nlm.nih.gov/pmc/articles/4717187
https://f1000.com/prime/726115474
http://www.ncbi.nlm.nih.gov/pubmed/27528202
http://dx.doi.org/10.1038/srep31524
http://www.ncbi.nlm.nih.gov/pmc/articles/4985744
https://f1000.com/prime/726756019
http://www.ncbi.nlm.nih.gov/pubmed/27641500
http://dx.doi.org/10.1016/j.cell.2016.08.030
http://www.ncbi.nlm.nih.gov/pmc/articles/5037318
https://f1000.com/prime/726756019
http://www.ncbi.nlm.nih.gov/pubmed/22846996
http://dx.doi.org/10.1074/jbc.M112.384354
http://www.ncbi.nlm.nih.gov/pmc/articles/3463320
http://www.ncbi.nlm.nih.gov/pubmed/23833237
http://dx.doi.org/10.4049/jimmunol.1300658
http://www.ncbi.nlm.nih.gov/pmc/articles/3884521
https://f1000.com/prime/718431577
http://www.ncbi.nlm.nih.gov/pubmed/24890657
http://dx.doi.org/10.1002/eji.201444712
https://f1000.com/prime/718431577
https://f1000.com/prime/725855192
http://www.ncbi.nlm.nih.gov/pubmed/26475929
http://dx.doi.org/10.4049/jimmunol.1500314
http://www.ncbi.nlm.nih.gov/pmc/articles/4848273
https://f1000.com/prime/725855192
https://f1000.com/prime/725333624
http://www.ncbi.nlm.nih.gov/pubmed/25637025
http://dx.doi.org/10.4049/jimmunol.1401064
http://www.ncbi.nlm.nih.gov/pmc/articles/4337483
https://f1000.com/prime/725333624
https://f1000.com/prime/726406439
http://www.ncbi.nlm.nih.gov/pubmed/27271567
http://dx.doi.org/10.4049/jimmunol.1501833
http://www.ncbi.nlm.nih.gov/pmc/articles/4935553
https://f1000.com/prime/726406439
http://www.ncbi.nlm.nih.gov/pubmed/25642230
http://dx.doi.org/10.3389/fimmu.2014.00679
http://www.ncbi.nlm.nih.gov/pmc/articles/4295553
http://www.ncbi.nlm.nih.gov/pubmed/25065532
http://dx.doi.org/10.1016/j.chembiol.2014.06.006
http://www.ncbi.nlm.nih.gov/pubmed/25657647
http://dx.doi.org/10.3389/fimmu.2014.00688
http://www.ncbi.nlm.nih.gov/pmc/articles/4303140
http://www.ncbi.nlm.nih.gov/pubmed/25601861
http://dx.doi.org/10.3389/fimmu.2014.00657
http://www.ncbi.nlm.nih.gov/pmc/articles/4283718
https://f1000.com/prime/726375433
http://www.ncbi.nlm.nih.gov/pubmed/27210746
http://dx.doi.org/10.1016/j.celrep.2016.04.081
http://www.ncbi.nlm.nih.gov/pmc/articles/5035041
https://f1000.com/prime/726375433
http://www.ncbi.nlm.nih.gov/pubmed/26778565
http://dx.doi.org/10.1016/bs.mie.2015.06.019
https://f1000.com/prime/727040384
http://www.ncbi.nlm.nih.gov/pubmed/27886124
http://dx.doi.org/10.3390/cancers8120106
http://www.ncbi.nlm.nih.gov/pmc/articles/5187504
https://f1000.com/prime/727040384
https://f1000.com/prime/727614465
http://www.ncbi.nlm.nih.gov/pubmed/27853633
http://dx.doi.org/10.1080/2162402X.2016.1146843
http://www.ncbi.nlm.nih.gov/pmc/articles/5087298
https://f1000.com/prime/727614465
http://www.ncbi.nlm.nih.gov/pubmed/25502468
http://dx.doi.org/10.1189/jlb.3RU0914-443R


 

Open Peer Review

  Current Referee Status:

Editorial Note on the Review Process
 are commissioned from members of the prestigious   and are edited as aF1000 Faculty Reviews F1000 Faculty

service to readers. In order to make these reviews as comprehensive and accessible as possible, the referees
provide input before publication and only the final, revised version is published. The referees who approved the
final version are listed with their names and affiliations but without their reports on earlier versions (any comments
will already have been addressed in the published version).

The referees who approved this article are:
Version 1

 Division of Cellular Therapy/Bone Marrow Transplantation, Duke University, Durham, NC,Richard D. Lopez
USA

 No competing interests were disclosed.Competing Interests:

1

 Pathology Department, Tennis Court Road, University of Cambridge, Cambridge, UKJohn Trowsdale
 No competing interests were disclosed.Competing Interests:

1

Page 10 of 10

F1000Research 2017, 6(F1000 Faculty Rev):782 Last updated: 05 JUN 2017

http://f1000research.com/collections/f1000-faculty-reviews/about-this-channel
http://f1000.com/prime/thefaculty

