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When neutrophils meet T cells: Beginnings of a
tumultuous relationship with underappreciated

potential
Shirin Kalyan and Dieter Kabelitz

Institute of Immunology, University of Kiel, Kiel, Germany

Neutrophils play a key role in the innate immune system’s response to infection. They
eliminate microbes through phagocytosis, the production of ROS, and the secretion of var-
ious proteases and antimicrobial peptides. In addition, they influence adaptive immune
responses by modulating B-cell antibody production, dendritic cell activation and anti-
microbial CD4* and CD8" T-cell responses. Here we discuss the current knowledge of
the reciprocal interactions between neutrophils and T cells. A special emphasis is put on
their interaction with y§ T cells, which respond in the early stages of infection to pro-
duce a pivotal source of neutrophil-recruiting IL-17. Human peripheral blood y$ T cells
are activated by microbe-derived and endogenous isoprenoid pyrophosphate antigens,
the levels of which can be enhanced by the therapeutic application of aminobisphos-
phonates. We specifically discuss intriguing new evidence showing how pyrophosphates
and aminobisphosphonates modulate the interplay between neutrophils and human y3$

T cells.
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Introduction

Neutrophils are short-lived primordial effector cells of the innate
immune system. They eliminate extracellular microbes through
the phagocytosis of pathogens, the release of proteolytic enzymes
from intracellular granules (e.g. lysozyme, serine proteases,
metalloproteases), and produce antimicrobial peptides (e.g.
a-defensins, cathelicidin) and ROS [1, 2]. In recent years it has
become evident that neutrophils do not constitute a homoge-
neous cell population, but rather, comprise subpopulations which
can be identified on the basis of surface markers and function
[2, 3]. Many effector functions are rapidly induced in neutrophils
upon activation by contact with microbes or bacterial products
including LPS or formyl-methionyl-leucyl-phenylalanine (fMLP),
a chemotactic peptide, which leads to further alteration of surface
marker expression. Increasing evidence indicates that neutrophils
also play important roles far beyond simply being innate effector
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cells. Neutrophils communicate extensively with other innate cells
including NK cells and DCs [4, 5]. It is now better recognized that
neutrophils share a sophisticated relationship with the stalwarts
of adaptive immunity, B cells and T cells [6, 7]. Recent excellent
reviews have covered many aspects of the ever- increasing known
functions of neutrophils as executors of innate immunity and mod-
ulators of adaptive immunity [8-10]. In this review we specifically
focus on the pathways regulating the neutrophil to T-cell cross-
talk, highlighting in particular new findings on the modulation of
y8 T-cell activity.

The regulatory arsenal of neutrophils

Activation of neutrophils is mainly driven by proinflammatory
signals initiated through TLR and chemoattractants. Phagocytosis
of microbes, the release of cargo from different types of granules
and the formation of neutrophil extracellular traps (NETs) con-
taining extracellular DNA, enzymes and antimicrobial peptides are
key antibacterial strategies of neutrophils [2, 10]. Many molecules
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induced or released by activated neutrophils have a direct or indi-
rect impact on T cells [2, 8-10]. Upon activation, neutrophils
produce ROS including H,O,, which are not only important for
antimicrobial activity, but also have the potential to potently
inhibit T-cell activation [11, 12]. Furthermore, serine proteases
can digest molecules involved in T-cell activation such as CD25
and thereby impact T-cell activation [13]. Neutrophil-derived
myeloperoxidase (MPO) inhibits activation and migration of DCs,
thereby reducing inflammatory T-cell responses [14]. Release of
arginase-1 from gelatinase-containing granules depletes the extra-
cellular levels of L-arginine which is essentially required for T-cell
activation. Amongst other effects, arginase-1 inhibits T-cell acti-
vation by downregulating CD3§ expression [15, 16]. Addition-
ally, neutrophils can also produce cytokines with known inhibitory
activity on T cells such as IL-10 and TGF-8 [8, 17]. On the other
hand, neutrophils can also contribute to the activation of T cells
in multiple ways, for example, through modulation and recruit-
ment of DCs and via the release of various initiatory chemokines
and cytokines [5, 7, 18, 19]. Moreover, recent evidence indicates
that neutrophils can transport antigens to sites of T-cell activation
[20, 21] and even act themselves as APCs [22]. An additional
level of plasticity of murine neutrophils was recently revealed by
Matsushima et al. [23]. These investigators demonstrated that
BM-derived neutrophils can acquire a hybrid phenotype exhibiting
phenotypic markers and functional properties of both neutrophils
and DCs when stimulated by GM-CSF. Neutrophil-DC hybrid cells
retained neutrophil functions such as extrusion of NETs while
simultaneously displaying DC morphology and functions includ-
ing Ag uptake and presentation, and secretion of IL-12 [23]. Thus,
multiple junctions of cross-regulation between neutrophils and
T cells exist that shape the nature and tempo of the adaptive
immune response at any given moment of time (Table 1).

Neutrophils suppress T-cell activation

As mentioned above, it has been appreciated for some time
that neutrophils can suppress human T-cell activation in vitro
[11]. Major effector mechanisms include the release of ROS,
MPO, and arginase-1 [7, 14, 24]. Recent studies have uncovered
more details of these mechanisms, also with respect to possible
(patho)physiological relevance. Since human studies are mostly
performed using in vitro culture of PBMCs with neutrophils added
back, it is important to consider the possible impact of different
isolation methods in light of the relative fragility of neutrophils
[25]. Moreover, when using polyclonal T-cell activation with anti-
CD3 mADb, neutrophils can inhibit T-cell activation by interfer-
ing with the anti-CD3 mAb rather than with T cells [26]. This
notwithstanding, it is clear that purified (and usually unavoid-
ably activated) neutrophils can inhibit human T-cell responses
to polyclonal and antigen-specific stimuli [3, 26-29]. Based
on inhibitor studies of arginase-1 and H,O, production (using
NC¢-Hydroxy-L-arginine (NOHA) and catalase, respectively), these
agents have been identified as suppressive molecules released by
neutrophils. Induction of T-cell death by activated neutrophils
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Table 1. Effector pathways of neutrophils regulating T-cell-dependent
immunity?®

Impact on T-cell activation

Suppressive pathways

ROS Inhibition
arginase-1 Inhibition (depletion of arginine)
serine proteases Inhibition (cleavage of cytokine
receptors)
IL-10 Inhibition
TGF-B Inhibition
Stimulatory pathways
IL-12 Activation
Chemokines (e.g. T-cell recruitment
CCL20, CCL1,
MCP-1)

MHC class II Activation of naive CD4" T cells

expression and Ag

presentation

Antigen Activation of naive CD8" T cells
cross-presentation

NETs (co)stimulation of human T cells

a)C.‘ompiled from [1, 2, 7, 8, 9, 17, 43]. As briefly discussed in the text,
additional indirect effects on T-cell activation by neutrophils results
from regulatory interactions of neutrophils with DCs.

might also contribute to T-cell suppression in some circumstances
[26, 28]. Suppressive neutrophils have been identified as being
CD62L4™/CD11cM g /CD16PMght [3, 29]. Importantly, the sup-
pressive action of neutrophils appears to be integrin-dependent,
requires close contact with T cells [28], and involves the highly
localized release of H,O, into the immunological synapse [3].
Two clinically relevant examples for neutrophil mediated T-cell
inhibition are observed in cancer patients and in normal preg-
nancy. Ficoll-Hypaque-separated PBMCs from cancer patients are
significantly contaminated with granulocytes which inhibit T-cell
activation via H,O, production [27]. Increased proportions of
arginase-1 producing neutrophils have been observed in glio-
blastoma patients, associated with reduced T-cell function [30].
Again, targeting arginase-1 by NOHA was found to restore the
defective T-cell responsiveness [30]. Interestingly, regulation of
L-arginine levels by neutrophils might also contribute to tolerance
of the semiallogeneic fetus. Thus, during normal human preg-
nancy, neutrophils in the blood and placenta were found to express
increased levels of arginase-1, again associated with transient
T-cell hyporesponsiveness [31].

Various lines of evidence indicate that neutrophils similarly
control T-cell responses in mice. CD4™ T-cell and B-cell responses
to protein antigens are inhibited by neutrophils at the level of
antigen presentation in LNs, both through competition with DCs
for antigen and additional direct effects on DCs [32]. A suppressive
function of neutrophils has also been noted in several infection
models. As an example, elimination of the intracellular microbe
Brucella abortus was more efficient in neutropenic as compared
with WT mice, due to enhanced B-cell and Th1-cell responses [33].
The impact of neutrophils on adaptive immune responses has also

wWww.eji-journal.eu



Eur. J. Immunol. 2014. 44: 627-633

been studied in mycobacterial infections [34]. Here, neutrophils
were shown to exert differential suppressive activity on Th1 versus
Th17 cells in vivo, with only Th17 cells being selectively inhibited
in an IL-10-dependent manner [34].

Neutrophils can also enhance T-cell
responses

Reflecting the surprisingly large plasticity of their functional
repertoire, neutrophils can also enhance various T-cell responses
either directly or indirectly through activation of DCs. Neu-
trophils induce maturation of DCs in a cell contact- and cytokine-
dependent manner and thus contribute to subsequent T-cell acti-
vation [5, 18], which has been studied in various infection models.
In a mouse influenza infection model, the depletion of neutrophils
by Ly6G-specific mAb reduced the overall virus-specific CD8*
T-cell response at the level of cytokine production and killer activ-
ity while having no impact on antigen presentation and expan-
sion of naive CD8*" T-cells in secondary LNs [35]. The role of
neutrophils in mycobacterial infection appears to be complex:
while IL-10 producing neutrophils shut down Th17 CD4" T cells
[32], they were found to promote activation and proliferation of
Mycobacterium tuberculosis-specific CD4" T cells in lung-draining
mediastinal LNs [36]. Thus, in the presence of neutrophils, lung
DCs take up M. tuberculosis-infected neutrophils and can then effi-
ciently migrate to the LNs, whereas in the case of neutrophil deple-
tion, DCs are directly infected with M. tuberculosis which reduces
their migratory capacity and subsequently the T-cell response in
the LN [36]. Furthermore, neutrophils support T-cell responses
through the secretion of chemokines that attract DCs or T cells
to specific sites of inflammation. This has been documented in
murine models of Leishmania major infection (CCL3; [19]), con-
tact hypersensitivity (CCL1, CCL2, CCL5; [37]), and allospecific
CD8* responses (MCP-1; [38]) as well as in human in vitro studies
(CCL2, CCL20 for Th17; CCL20, CXCL10 for Th1; [39]). Under in
vitro conditions, this appears to be a bidirectional phenomenon
as Th17 cells also attract neutrophils via the secretion of the neu-
trophil chemotactic factor, CXCL8 (IL-8) [39]. Intriguingly, neu-
trophils can additionally promote T-cell responses through amelio-
rating the inhibitory capacity of other suppressive cell populations.
In a murine model of sterile systemic chronic inflammation, Ryan
et al. demonstrated that IFN-y-secreting neutrophils confer T-cell
resistance to the antiinflammatory activity of myeloid derived
suppressor cells (MDSCs), thereby promoting the maintenance
of chronic inflammation [40]. Moreover, neutrophils stimulate
T-cell responses at the level of antigen presentation. In this respect,
it is interesting to note that neutrophils themselves can pick up and
transport antigens to the LNs as the site of T-cell priming [20] and
to the BM as a site for maintaining memory CD8" T cells [21].
In addition, neutrophils can also act as APCs, expressing typi-
cal APC markers including MHC class II, CD80, and CD86, and
thereby driving antigen-specific murine and human T-cell acti-
vation [22, 41]. Importantly, neutrophils can even cross-present
exogenous antigens to naive CD8% T cells, as has been nicely
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shown in the OT-1 in vivo model by Beauvillain et al. [42]. Last
but not the least, NETs decorated with extracellular DNA and
antimicrobial peptides have been shown to directly prime human
T-cell activation in vitro. In the presence of NETs, the prolifer-
ation and cytokine production of T cells in response to specific
antigen or suboptimal TCR stimulation was shown to be signif-
icantly enhanced [43]. Taken together, neutrophils can utilize
multiple pathways to directly or indirectly support adaptive T-cell
responses.

T cells reciprocally modulate neutrophil
activation and function

In a reciprocal manner, T cells can also modulate neutrophil acti-
vation and function. Th17 cells contribute to the recruitment
of neutrophils to sites of infection through secretion of IL-17
[44], although early sources of IL-17 are innate lymphoid cells
(ILCs) and y3 T cells rather than Th17 CD4*" T cells (discussed
below). Quite surprisingly, human Treg cells can also recruit
neutrophils through the secretion of CXCL8 [45]. Furthermore,
activated human CD4" and CD8* T cells have been shown to
upregulate CD11b, CD64, and CD62L on neutrophils and delay
neutrophil apoptosis, mainly via the secretion of IFN-y and
GM-CSF [46]. Murine NKT cells expressing invariant TCR trigger
IFN-y production in neutrophils and thereby promote their infiltra-
tion into ischemic kidneys [47], and modulate neutrophil suppres-
sive activity by inhibiting their IL-10 production and stimulating
IL-12 secretion [48]. There is less published evidence for inhibitory
effects of T cells on neutrophils. Given that neutrophils express
death receptors [49] and are susceptible to TNF-triggered apop-
tosis [50], it is conceivable, however, that activated T cells also
exert negative effects on neutrophils via secreted or cell surface
expressed death receptor ligands.

A whirling dance: neutrophils and y3 T cells

y8 T cells have a prominent role in immunosurveillance, given
their recognition of stress-induced molecules and production of
cytokines regulating local immune responses and tissue repair
[51]. Studies based on the comparison of WT and TCR-y8 KO
mice have revealed an important role of y§ T cells in recruit-
ing neutrophils to sites of bacterial infection and epithelial wound
healing. As an example, y3 T cells were found to govern neutrophil-
mediated host defense against Streptococcus pneumoniae lung
infection by promoting the production of TNF-a and CXCL2 in
the infected tissue [52]. Recruitment of neutrophils required for
epithelial wound healing in a model of corneal epithelial abrasion-
induced inflammation was similarly found to depend on the pres-
ence of y8 T cells [53]. In recent years, IL-17 has been recognized
as a major driving factor for the recruitment of neutrophils to
sites of infection and inflammation. Together with ILCs, y3 T cells
have been identified as early producers of IL-17, thus stimulating
the recruitment of neutrophils. IL-17-producing y8 T cells have
been shown to control the neutrophil influx in different infection
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models including intraperitoneal inoculation of Escherichia coli
and systemic infection with Candida albicans [54, 55]. y3 T cells
were also shown to regulate the accumulation of neutrophils in
the lung and small intestine in a thermal injury model where
neutrophils are responsible for the secondary tissue damage; the
helper activity of y3 T cells could be related to their secretion of
CCL4 and CXCL1 [56]. While these results indicate that y3 T cells
support neutrophil recruitment, there is also evidence that neu-
trophils can actually inhibit or limit y§ T-cell functions. Wozniak
et al. [57] studied y3 T cells and IL-17 production in mice infected
with the opportunistic fungal pathogen Cryptococcus neoformans,
which leads to pulmonary cryptococcosis. They identified both
neutrophils and pulmonary y3 T cells as a source of IL-17A [57].
Following depletion of neutrophils, they observed increased pro-
portions of IL-17-producing y3 T cells in the lung coinciding with
increased levels of CXCL1 and IL-6, suggesting that neutrophils
exert a regulatory effect on y8 T cells [57].

In humans, the dominant population of peripheral blood 8§
T cells expresses a Vy9Vs2 TCR. Instead of peptides bound to MHC
molecules, Vy9V32 T cells recognize pyrophosphate intermedi-
ates of the microbial or eukaryotic isoprenoid synthesis pathways.
Microbial pyrophosphates such as (E)-4-hydroxy-3-methyl-but-2-
enyl pyrophosphate (HMB-PP) activate human y3 T cells at pico-
to nanomolar concentrations, whereas endogenous isopentenyl
pyrophosphate (IPP) requires 3-log higher (micromolar range)
concentrations [51, 58]. Such high concentrations are not pro-
duced by healthy cells but are an accumulated product of the
dysregulated metabolism of tumor cells, which then forms the
basis for the MHC nonrestricted antitumor reactivity of human
Vy9Vs2 T cells [58]. Once activated, Vy9V32 T cells can stimulate
neutrophil phagocytosis, chemotaxis, and a-defensin release via
the production of CCL8 [59] and further promote neutrophil sur-
vival [60]. On the other hand, both human and murine y8 T cells
can kill neutrophils that have been induced to express HSP72 in
response to proinflammatory stimuli [61]. There are two scenar-
ios where pyrophosphates dictate the interaction between human
neutrophils and y3 T cells. In the context of infection, neutrophils
take up bacteria by phagocytosis. This leads to the release of
microbial HMB-PP which then selectively activates Vy9V32 T cells
[60]. On the other hand, the levels of endogenous pyrophosphate
IPP can be manipulated by nitrogen-containing aminobisphospho-
nates (N-BP), drugs that are in clinical use for the treatment of
osteoporosis and related bone fragility disorders. N-BP such as
zoledronate inhibit an enzyme downstream of IPP synthesis in the
mevalonate pathway resulting in increased accumulation of IPP
and subsequent selective Vy9V32 T-cell activation and expansion
in PBMC responder cells [62]. Utilizing fluorophore-conjugated
zoledronate to study the uptake in various cell populations, we
observed efficient ingestion by not only monocytes but also by
neutrophils — a consequence that has been largely ignored previ-
ously. When analyzing zoledronate stimulation of Ficoll-Hypaque-
separated PBMCa (devoid of neutrophils) versus RBC-lysed whole
leukocytes, we found strong expansion of Vy9V32 T cells within
PBMCs but very little within whole leukocyte responder cells, par-
ticularly if CD14" monocytes were depleted from those leuko-
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cytes [63]. Further studies revealed that zoledronate-activated
neutrophils potently inhibit the response of Vy9Vvs2 T cells to
pyrophosphate antigens and zoledronate itself. In searching for
the underlying mechanism of suppression, we found that the
inhibitory activity of neutrophils on y3§ T-cell expansion could be
fully overcome by collectively blocking ROS, arginase-1 and serine
proteases [63]. We have recently reported that the proportion of
peripheral blood Vy9Vs2 T cells strongly declines in osteoporosis
patients who are on continuous intravenous N-BP treatment [64].
The underlying mechanism of this loss of Vy9V32 T cells in patients
on N-BP treatment is unknown, but our in vitro studies suggest
it may very well be related to the zoledronate-induced inhibitory
effect of neutrophils. An important but as yet not unambiguously
settled issue is the impact of the neutrophil lifespan on the inter-
play between neutrophils and (y8) T cells. While it is commonly
believed that neutrophils are short-lived cells with a circulatory
half-life in the range of about 6 to 8 h, some studies (summa-
rized in [65]) suggest a much longer (up to several days) half-life.
Obviously, this would be highly relevant in the context of the
above discussed N-BP-induced inhibitory effect of neutrophils on
v T-cell activation, an issue that clearly deserves further investi-
gation.

Figure 1 summarizes the emerging cross-regulation of the two
relatively enigmatic players of the innate immune system, neu-
trophils and y3 T cells, in their attempts to guard against the
threat of infection while brokering a semblance of homeostasis.

Concluding remarks

A substantial body of evidence now exists for reciprocal interac-
tions between neutrophils and T cells, both in vivo and in vitro,
across mouse and human studies. Manipulation of the neutrophil
compartment or targeting their regulatory products (e.g. enzymes,
cytokines, ROS) modulates T-cell responses and might provide fur-
ther avenues for immunotherapeutic approaches in infection and
tumor immunity. However, we would also like to stress some prac-
tical implications. The standard procedure for in vitro analysis
of human T-cell/B-cell activation is to isolate PBMCs via Ficoll-
Hypaque density gradient centrifugation. This method deliber-
ately removes granulocytes, and the subsequent in vitro studies
with PBMCs are performed in the absence of those cells that
account for roughly 50% of blood leukocytes. In view of the potent
immunoregulatory activity of neutrophils we raise a caveat on the
interpretation of experiments performed with PBMCs in vitro: that
the potential influence of neutrophils should be considered when
extrapolating their possible significance in vivo. To address these
issues, it might be advisable to include experiments with whole
leukocyte cultures [63] and/or to add back purified neutrophils
to PBMCs. This is perhaps best exemplified with the numerous
studies showing the efficacy of N-BP in expanding and activat-
ing the effector functions of human peripheral blood Vy9Vs2
T cells for cancer immunotherapy in vitro using PBMC cell culture
systems [66, 67]; clinical efficacy has been difficult to achieve
due in part to the in vivo loss of these effector T cells [67]. As
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Figure 1. The reciprocal interplay between neutrophils and y8 T cells. Both in vitro experiments using human cells and various murine in
vivo models comparing WT and TCR$ KO mice suggest that neutrophils interact with y8 T cells in a cross-regulatory manner. The particular
characteristics of the initiatory stimulant or stress determines whether their effects on each other are ultimately “activating” (“+”, top half)
or “inhibiting” (“—”, bottom half) in nature. N-BP, aminobisphosphonate; HMB-PP, (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (microbial

phosphoantigen for human peripheral blood y$ T cells).

discussed in this article and elsewhere [63, 64], inhibitory effects
of N-BP-activated neutrophils might contribute to the loss and/or
“silencing” of y3 T cells in vivo. We conclude that the regula-
tory interplay between neutrophils and various subsets of T cells
requires further investigation, with the potential of delineating
new avenues for modulating T-cell responses in vivo.

Note: Independent of our report [63], Sabbione et al. very
recently also observed suppression of human y3§ T-cell function
by neutrophils. In their studies, ROS was identified as the major
inhibitory principle [68], in line with our own results that catalase
partially reverts the suppression.
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