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Summary

Severe sepsis is often accompanied by a transient immune paralysis, which

is associated with enhanced susceptibility to secondary infections and

poor clinical outcomes. The functional impairment of antigen-presenting

cells is considered to be a major hallmark of this septic immunosuppres-

sion, with reduced HLA-DR expression on circulating monocytes serving

as predictor of mortality. Unconventional lymphocytes like cd T-cells have

the potential to restore immune defects in a variety of pathologies includ-

ing cancer, but their use to rescue sepsis-induced immunosuppression has

not been investigated. Our own previous work showed that Vc9/Vd2+ cd
T-cells are potent activators of monocytes from healthy volunteers

in vitro, and in individuals with osteoporosis after first-time administra-

tion of the anti-bone resorption drug zoledronate in vivo. We show here

that zoledronate readily induces upregulation of HLA-DR, CD40 and

CD64 on monocytes from both healthy controls and sepsis patients,

which could be abrogated by neutralising the pro-inflammatory cytokines

interferon (IFN)-c and tumour necrosis factor (TNF)-a in the cultures. In

healthy controls, the upregulation of HLA-DR on monocytes was propor-

tional to the baseline percentage of Vc9/Vd2 T-cells in the peripheral

blood mononuclear cell population. Of note, a proportion of sepsis

patients studied here did not show a demonstrable response to zole-

dronate, predominantly patients with microbiologically confirmed blood-

stream infections, compared with sepsis patients with more localised

infections marked by negative blood cultures. Taken together, our results

suggest that zoledronate can, at least in some individuals, rescue immuno-

suppressed monocytes during acute sepsis and thus may help improve

clinical outcomes during severe infection.

Keywords: gammadelta T-cells; immunosuppression; monocytes; sepsis;

zoledronate.

Introduction

The immune system has evolved to sense and fight a

myriad of viral, bacterial, fungal and parasitic pathogens.

Early inflammatory responses to infection aim to control

and clear the causative organism, yet there is emerging

evidence in critically ill patients of a subsequent, or paral-

lel, transition to a blunted hypoimmune state.1 This

acquired immune paresis is believed to render individuals

with severe sepsis susceptible to secondary, often hospital-

acquired, infections during recovery from the initial

insult.2 While previous interventions aimed at targeting

the immediate hyperinflammatory phase (‘cytokine

storm’) to improve outcomes from sepsis, often with

little success, more recent studies focus on utilising

immunotherapeutic approaches directed towards this

somewhat paradoxical immunosuppression.2–4 Addressing

immunosuppression brings significant survival benefits in

cancer,5 yet it remains to be shown to be effective in

reducing non-cancer morbidity. The lack of advance in

Abbreviations: HMB-PP, (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate
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treating infectious diseases is likely due to the challenges

in identifying and effectively targeting those patients that

would benefit most from intervention, as well as a pau-

city of safe therapeutic options.

Reduced HLA-DR expression by monocytes has

become a hallmark of sepsis immunosuppression, and is

being used not only as clinical predictor of poor out-

comes but also as potential target for novel interven-

tions.6–9 A series of clinical trials have aimed at restoring

myeloid cell functions, including HLA-DR levels on

monocytes, in sepsis patients by using recombinant

cytokines such as interferon (IFN)-c and granulocyte

macrophage colony-stimulating factor (GM-CSF), with

mixed results.10–12 However, despite more than two dec-

ades of basic and clinical research in this area, no cyto-

kine therapy has yet been shown to reduce mortality in

sepsis patients. Administration of cytokines with pleiotro-

pic roles in the immune system is prone to give rise to

unwanted side-effects. Targeted delivery of immunothera-

peutic drugs is therefore desirable to minimise off-target

effects. In this respect, those cellular mechanisms are of

particular interest that allow direct and contact-dependent

delivery of effector molecules in vivo. One such approach

is the delivery of immunomodulatory effector molecules

by unconventional T-cells such as cd T-cells.

Vc9/Vd2 T-cells typically comprise 1%–5% of circulat-

ing T-cells in human blood, and are potent producers of

pro-inflammatory cytokines including IFN-c, tumour

necrosis factor (TNF)-a and GM-CSF with activity on

myeloid cells.13–16 A major physiological role of Vc9/Vd2
T-cells is the sensing of microbial pathogens that produce

the isoprenoid precursor (E)-4-hydroxy-3-methyl-but-2-

enyl pyrophosphate (HMB-PP), which include most

Gram-negative and many Gram-positive bacteria.17 How-

ever, Vc9/Vd2 T-cells also readily respond to stimulation

with zoledronate, a clinically approved drug used success-

fully in patients with malignant and non-malignant bone

resorption disorders.17,18 This Vc9/Vd2 T-cell response is

dependent on monocyte uptake of zoledronate19 and

involves the interruption of the intracellular mevalonate

pathway, leading to accumulation of upstream intermedi-

ates such as isopentenyl pyrophosphate and recognition

of sensitised monocytes via the butyrophilin-like molecule

BTN3 by the Vc9/Vd2 T-cell receptor.17,20,21

In co-culture experiments, cd T-cells activate mono-

cytes, promote their survival, induce upregulation of

markers associated with antigen-presenting cells (APCs)

including HLA-DR, and enhance their APC function.13

Clinical evidence in support of such a mechanism comes

from our own study in osteoporosis patients demonstrat-

ing that administration of zoledronate in otherwise

healthy individuals increases expression of APC markers

on circulating monocytes in vivo and boosts plasma levels

of IFN-c, TNF-a and GM-CSF.22 We here tested the

potential of zoledronate to activate peripheral monocytes

in patients with acute sepsis and provide evidence that

zoledronate treatment helps upregulate the expression of

HLA-DR and other APC markers on monocytes in vitro.

Our findings open potentially new therapeutic avenues

toward rescuing the immunosuppressed state of acutely ill

patients.

Materials and methods

Ethics statement

Recruitment of sepsis patients was approved by the

Health and Care Research Wales Research Ethics Com-

mittee under reference 17/WA/0253, protocol number

SPON1609-17 and IRAS project ID 231993, and con-

ducted according to the principles expressed in the Decla-

ration of Helsinki. All participants provided written

informed consent for the collection of samples and their

subsequent analysis. A waiver of consent system was used

when patients were unable to provide prospective

informed consent due to the nature of their critical illness

or therapeutic sedation at the time of recruitment. In all

cases, retrospective informed consent was sought as soon

as the patient recovered and regained capacity. In cases

where a patient passed away before regaining capacity,

the initial consultee’s approval would stand. Recruitment

of healthy adult volunteers was approved by Cardiff

University’s School of Medicine Research Ethics Commit-

tee under reference 18/04.

Subjects

Sepsis patients were over 18 years old with a diagnosis of

sepsis according to the Third International Consensus

Definitions for Sepsis and Septic Shock (‘Sepsis-3’), were

cared for in the intensive care unit at the University

Hospital of Wales in Cardiff, and were recruited within

36 hr of the presumed onset of the infective illness when

they already had or would require arterial cannulation as

part of standard treatment. This study cohort comprised

a total of n = 24 sepsis patients, with an age ranging from

28 to 82 years (median 57 years), 70�8% of which were

female. Age- and gender-matched healthy donors served

as non-infected controls (n = 19; age range 25–66 years,

median 59 years; 57�9% female).

Patients were excluded if they were pregnant or breast-

feeding, or were females of childbearing age in whom a

pregnancy test had not been performed; if they had severe

immune deficiency, for example a diagnosis of AIDS or

treatment with anti-rejection transplant drugs or high-

dose corticosteroids; if they had haematological malig-

nancy or ongoing chemotherapy; if they had severe liver

failure (Child’s score III or worse); if they were adjudged

by the admitting clinician to be unlikely to survive for

the duration of the study period regardless of treatment;
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if they were admitted post-cardiac arrest; or if they had

an underlying impairment of higher function that would

make it impossible for informed consent to be given

upon recovery (e.g. severe learning disability).

Cell culture

The culture medium was RPMI-1640 supplemented with

2 mM L-glutamine, 1% sodium pyruvate, 50 lg/ml peni-

cillin/streptomycin and 10% foetal calf serum (Invitrogen,

Paisley, UK). Peripheral blood mononuclear cells (PBMCs)

were isolated from peripheral blood of healthy volunteers

using Lymphoprep (Axis-Shield, Dundee, UK) and cul-

tured with and without 10 µM zoledronate (Zometa;

Novartis, Basel, Switzerland) for 16 hr; a combination of

10 ng/ml recombinant IFN-c and 20 ng/ml recombinant

TNF-a (both Miltenyi, Woking, UK) was used as positive

control. For blocking experiments, anti-IFN-c (B27; Biole-

gend, London, UK) and sTNFR p75-IgG1 fusion protein

(etanercept/Enbrel; Amgen, Cambridge, UK) were used at

10 lg/ml each. Cell culture supernatants were analysed in

duplicate on a CLARIOstar microplate reader (BMG Lab-

tech, Aylesbury, UK), using a sandwich ELISA kit for the

detection of TNF-a (Invitrogen).

Flow cytometry

Cells were acquired on a BD LSRFortessa flow cytometer

(BD Biosciences, Wokingham, UK) and analysed with

FLOWJO version 10 (TreeStar, Ashland, OR, USA). Single

cells of interest were gated based on their appearance in

side and forward scatter area/height, exclusion of live/

dead staining (fixable Aqua; Invitrogen) and surface stain-

ing (CD3� CD19� CD14+ monocytes, Vd2+ CD3+ cd

T-cells). The following mAbs were used for surface

labelling: anti-CD3 (SP34-2), anti-CD64 (10�1) and anti-

TCR-Vd2 (B6) from BD Biosciences; anti-TCR-pan-cd
(Immu510) and anti-CD40 (mAB89) from Beckman

Coulter, High Wycombe, UK; and anti-CD14 (M5E2),

anti-CD86 (IT2�2) and anti-HLA-DR (L243) from

Biolegend.

Statistics

Statistical analyses were performed using GRAPHPAD Prism

6.0. Variables were tested for normal distribution using

D’Agostino�Pearson tests. All statistical tests were two-

tailed; differences were considered significant at P < 0�05.

Results

Zoledronate treatment of PBMCs induces activation
of monocytes

Our earlier research demonstrated that purified human

cd T-cells readily induce activation of co-cultured mono-

cytes, when stimulated with the microbial metabolite

HMB-PP.13 We here tested whether this effect on mono-

cytes could be reproduced in PBMC cultures and by

replacing HMB-PP with the clinically approved drug zole-

dronate. Indeed, overnight stimulation of PBMCs with

zoledronate led to a general activation of the monocyte

population as evidenced by upregulation of HLA-DR,

CD40 and CD64; upregulation of CD86 failed to reach

statistical significance (Fig. 1).

The zoledronate-dependent effect on monocytes was

largely abrogated in the presence of neutralising reagents

against IFN-c and TNF-a, indicating that these two
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Figure 1. Zoledronate-induced activation of healthy monocytes. Peripheral blood mononuclear cells (PBMCs) from healthy volunteers were cul-

tured in medium alone or treated overnight with zoledronate in the absence (n = 19) or presence of anti-interferon (IFN)-c and sTNFR (Inhibi-

tors; n = 15), or with a combination of recombinant IFN-c and tumour necrosis factor (TNF)-a (Cytokines; n = 11). Monocyte activation was

calculated as fold upregulation of the indicated surface markers (determined as mean fluorescence intensities), in relation to medium controls

with a value of 1, and is shown as box and whisker plots (min to max). Data were analysed using Kruskal�Wallis tests, together with Dunn’s

multiple comparison post hoc tests; asterisks indicate significant differences: *P < 0�05; **P < 0�01; ***P < 0�001.
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cytokines were major drivers of monocyte activation in

PBMC cultures treated with zoledronate. As control,

incubation of PBMCs with recombinant IFN-c and TNF-

a led to a similarly pronounced upregulation of HLA-

DR, CD40, CD64 and CD86 on monocytes as seen in

zoledronate-treated cultures (Fig. 1). In further support

of the key role for cd T-cells in mediating the observed

effects on monocytes, the extent of HLA-DR upregulation

achieved in zoledronate-treated PBMC cultures correlated

directly with the original proportion of Vd2+ T-cells in

the blood from healthy individuals (Fig. 2). Upregulation

of CD40, CD64 and CD86 followed a similar trend but

was much less pronounced.

Zoledronate induces activation of monocytes from
sepsis patients

Loss of HLA-DR surface expression is a well-known phe-

nomenon in sepsis, as surrogate marker of immunosup-

pression and predictor of poor outcomes.6–9 Here,

monocytes in sepsis patients expressed lower levels of

HLA-DR and CD86 during the first 36 hr of presenting

with acute illness, compared with healthy controls

(Fig. 3), suggesting functional defects in those patients. In

PBMC cultures, zoledronate treatment led to an upregula-

tion of HLA-DR as well as CD40 and CD64 on sepsis

monocytes, which at least in the case of HLA-DR and

CD40 could be inhibited by the addition of neutralising

reagents against IFN-c and TNF-a (Fig. 4). In accordance

with the role of TNF-a in these stimulation experiments,

treatment of PBMCs from sepsis patients with zole-

dronate led an increased release of TNF-a into the culture

supernatant (Fig. 5).

Patients with positive blood cultures have lower
responses to zoledronate

Overall, there was substantial patient-to-patient variation

with regard to the expression of surface markers on circu-

lating monocytes and their potential to respond to zole-

dronate stimulation. While in some individuals

zoledronate induced substantial upregulation of APC

markers (‘high responders’), in others zoledronate
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Figure 2. The frequency of blood cd T-cells determines the degree

of monocyte activation in response to zoledronate. Peripheral blood

mononuclear cells (PBMCs) from healthy volunteers (n = 19) were

cultured in medium alone or treated overnight with zoledronate.

Monocyte activation was calculated as fold upregulation of the indi-

cated surface markers (determined as mean fluorescence intensities),
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were analysed using linear regression.
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Figure 3. Peripheral monocytes in sepsis patients express reduced levels of HLA-DR, CD40, CD64 and CD86. Blood from adult sepsis patients

(n = 30) and from age- and gender-matched healthy volunteers (n = 19) was analysed by flow cytometry for expression of the indicated surface

markers on peripheral CD14+ monocytes. Data are shown as mean fluorescence intensities (MFIs) and were analysed using Mann�Whitney tests;
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treatment had only very little effect (‘low responders’;

Fig. 6). This variable responsiveness did not correlate with

the severity of the clinical symptoms as assessed by

APACHE II scores (data not shown). In addition, it was

independent of the actual cd T-cell stimulus provided

in vitro as exposure to zoledronate and HMB-PP induced

similar responses (Fig. 7). However, monocytes from sep-

sis patients with systemic bacterial infections as confirmed

by positive blood cultures showed only very little respon-

siveness to zoledronate, compared with sepsis patients

with more localised infections marked by negative blood

cultures (Fig. 8). Of note, there were no quantitative

differences in peripheral Vc9/Vd2 T-cell or monocyte

levels between patients with negative and positive blood

cultures that could have explained this phenomenon (data

not shown).

Discussion

The present study is the first demonstration that experi-

mental exposure of human PBMCs to the anti-bone

resorption drug zoledronate drives upregulation of APC

markers on monocytes from both healthy individuals and

patients with acute sepsis. These findings extend our ear-

lier investigations in cd T-cell–monocyte co-cultures

in vitro13 and in zoledronate-treated individuals with

osteoporosis in vivo.22 Taken together, we conclude that

zoledronate treatment has the potential, at least partially,

to rescue aspects of the pronounced immunosuppression

frequently observed in sepsis patients and may thereby

help improve clinical outcomes.

Our data are consistent with the view that once taken

up by monocytes, zoledronate causes intracellular accu-

mulation of metabolites of the mevalonate pathway such

as isopentenyl pyrophosphate, which is then sensed by

Vc9/Vd2 T-cells. Vc9/Vd2 T-cells produce copious

amounts of pro-inflammatory cytokines like IFN-c and

TNF-a upon activation, which in turn affect the function

of bystander cells in the microenvironment, including

monocytes, neutrophils and local tissue cells.16,23,24 This

model is supported by the present observation that neu-

tralising the effects of IFN-c and TNF-a in zoledronate-

treated PBMC cultures blocked the upregulation of HLA-

DR and CD40 on monocytes from both healthy individ-

uals and patients with severe sepsis, and that exposure of
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Figure 4. Zoledronate-induced activation of monocytes from sepsis patients. Peripheral blood mononuclear cells (PBMCs) from patients with

acute sepsis were cultured in medium alone or treated overnight with zoledronate in the absence (n = 24) or presence of anti-interferon (IFN)-c
and sTNFR (Inhibitors; n = 24), or with a combination of recombinant IFN-c and tumour necrosis factor (TNF)-a (Cytokines; n = 17). Mono-

cyte activation was calculated as fold upregulation of the indicated surface markers (determined as mean fluorescence intensities), in relation to

medium controls with a value of 1, and is shown as box plots (min to max). Data were analysed using a Kruskal�Wallis test, together with

Dunn’s multiple comparison post hoc test; asterisks indicate significant differences: *P < 0�05; **P < 0�01; ***P < 0�001.
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Figure 5. Zoledronate induces release of tumour necrosis factor

(TNF)-a by peripheral blood mononuclear cells (PBMCs). PBMCs

from patients with acute sepsis (n = 11) were cultured in medium

alone (– Zol) or treated overnight with zoledronate (+ Zol). Levels

of TNF-a released into the culture supernatants were determined by

ELISA. Data were analysed using a Wilcoxon matched pairs signed

rank test; ***P < 0�001.
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sepsis PBMC to zoledronate led to an increased release

of TNF-a into the culture medium. While we were

unable to confirm the cellular source of TNF-a, our pre-

vious work suggests that TNF-a is produced by both

Vc9/Vd2 T-cells and monocytes under such condi-

tions.13,14 Unfortunately, the limited amounts of patient

blood available for the present study and the low num-

bers of Vc9/Vd2 T-cells in most samples (with a median

frequency of 0�58% among live PBMCs; data not shown)

did not allow us to assess directly markers of successful

Vc9/Vd2 T-cell activation. These limitations notwith-

standing, our findings support considerations to use

aminobisphosphonates like zoledronate – or related cd
T-cell-stimulating treatments such as HMB-PP analogues

or anti-BTN3 agonistic antibodies – as novel

immunotherapies in sepsis patients. However, care

should be taken to balance such potential benefits with

the risk of possible side-effects. While the pro-inflamma-

tory nature of cd T-cell responses will be able to boost

APCs and thus help rescue the underlying immunosup-

pression, the very nature of such responses may simulta-

neously give rise to an acute phase-like reaction, which

will have to be carefully mitigated.22,25,26 Also, while

zoledronate treatment clearly has stimulatory effects on

monocytes, others have shown that zoledronate-treated

monocytes and macrophages may become targets for cd
T-cell-mediated killing,27,28 thereby potentially limiting

the therapeutic window.

Strikingly, a proportion of sepsis patients studied here

did in fact not show a demonstrable response to zole-

dronate, predominantly patients with microbiologically

confirmed bloodstream infections. There was generally

good correlation between responses to zoledronate and

the microbial metabolite HMB-PP serving as control,
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Figure 6. Patient to patient variation in the responsiveness of monocytes to zoledronate stimulation. Peripheral blood mononuclear cells (PBMCs)

from patients with acute sepsis were cultured in medium alone (shaded histograms) or treated overnight with zoledronate in the absence (solid line)

or presence of anti-interferon (IFN)-c and sTNFR (dotted line; Inhibitors), or with a combination of recombinant IFN-c and tumour necrosis factor
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thereby ruling out a potential defect in low responders

affecting zoledronate uptake by monocytes and/or its

intracellular mode of action. Low responsiveness to zole-

dronate in certain individuals has been described before,

most notably in patients with chronic lymphocytic

leukaemia or multiple myeloma.29,30 The underlying

mechanism for the unresponsiveness in blood culture-

positive sepsis patients remains unclear but may involve

a systemic dysfunction of cd T-cells and/or monocytes

as a result of the severe infection, differences in the

activity of the mevalonate pathway in monocytes, ele-

vated levels of regulatory T-cells or immunosuppressive

molecules, and genetic and environmental factors. More

research is needed to be able to stratify patients with

regard to the underlying pathology, nature of the infec-

tive organism (e.g. with regard to their potential to pro-

duce HMB-PP), treatment options and general

demographics, and identify those sepsis patients who

may benefit most from a zoledronate-based therapy.
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Figure 7. Responsiveness of sepsis monocytes to zoledronate and

HMB-PP. Peripheral blood mononuclear cells (PBMCs) from

patients with acute sepsis (n = 16) were cultured in medium alone

or treated overnight with either 10 µM zoledronate or 100 nM HMB-

PP. Monocyte activation was calculated as fold upregulation of the

indicated surface markers (determined as mean fluorescence intensi-

ties), in relation to medium controls with a value of 1. Data were

analysed using linear regression.

HLA-DR

Negative Positive

16

F
ol

d 
up

re
gu

la
tio

n

8

4

2

1

0·5
Negative Positive

16

8

4

2

1

0·5
Negative

Blood culture result

Positive

16

8

4

2

1

0·5
Negative Positive

16

8

4

2

1

0·5

CD40
*

CD64 CD86

P = 0·06
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ª 2019 The Authors. Immunology Published by John Wiley & Sons Ltd., Immunology, 159, 88–9594

L. Raffray et al.



Disclosures

The authors have no conflicts of interest.

Author contributions

MPM and ME designed the study, LR, RJB and SEB per-

formed the experiments, LR, RJB and ME discussed and

analysed the data, and ME wrote the paper. All authors

contributed to and approved the final version.

References

1 Boomer JS, To K, Chang KC, Takasu O, Osborne DF, Walton AH et al. Immunosup-

pression in patients who die of sepsis and multiple organ failure. JAMA 2011;

306:2594–605.

2 Hotchkiss RS, Monneret G, Payen D. Sepsis-induced immunosuppression: from cellular

dysfunctions to immunotherapy. Nat Rev Immunol 2013; 13:862–74.

3 Venet F, Monneret G. Advances in the understanding and treatment of sepsis-induced

immunosuppression. Nat Rev Nephrol 2018; 14:121–37.

4 Kaufmann SHE, Dorhoi A, Hotchkiss RS, Bartenschlager R. Host-directed therapies for

bacterial and viral infections. Nat Rev Drug Discov 2018; 17:35–56.

5 Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF et al.

Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N Engl J Med

2012; 366:2443–54.

6 Lukaszewicz AC, Grienay M, Resche-Rigon M, Pirracchio R, Faivre V, Boval B et al.

Monocytic HLA-DR expression in intensive care patients: interest for prognosis and

secondary infection prediction. Crit Care Med 2009; 37:2746–52.

7 Landelle C, Lepape A, Voirin N, Tognet E, Venet F, Boh�e J et al. Low monocyte

human leukocyte antigen-DR is independently associated with nosocomial infections

after septic shock. Intensive Care Med 2010; 36:1859–66.

8 Wu JF, Ma J, Chen J, Ou-Yang B, Chen MY, Li LF et al. Changes of monocyte human

leukocyte antigen-DR expression as a reliable predictor of mortality in severe sepsis.

Crit Care 2011; 15:R220.

9 Drewry AM, Ablordeppey EA, Murray ET, Beiter ER, Walton AH, Hall MW et al.

Comparison of monocyte human leukocyte antigen-DR expression and stimulated

tumor necrosis factor alpha production as outcome predictors in severe sepsis: a

prospective observational study. Crit Care 2016; 20:334.

10 D€ocke WD, Randow F, Syrbe U, Krausch D, Asadullah K, Reinke P et al. Monocyte deac-

tivation in septic patients: restoration by IFN-c treatment. Nat Med 1997; 3:678–81.

11 Bo L, Wang F, Zhu J, Li J, Deng X. Granulocyte-colony stimulating factor (G-CSF) and

granulocyte-macrophage colony stimulating factor (GM-CSF) for sepsis: a meta-analy-

sis. Crit Care 2011; 15:R58.

12 Mathias B, Szpila BE, Moore FA, Efron PA, Moldawer LL. A review of GM-CSF ther-

apy in sepsis. Medicine 2015; 94:e2044.

13 Eberl M, Roberts GW, Meuter S, Williams JD, Topley N, Moser B. A rapid crosstalk of

human cd T cells and monocytes drives the acute inflammation in bacterial infections.

PLOS Pathog 2009; 5:e1000308.

14 Davey MS, Lin CY, Roberts GW, Heuston S, Brown AC, Chess JA et al. Human neu-

trophil clearance of bacterial pathogens triggers anti-microbial cd T cell responses in

early infection. PLOS Pathog 2011; 7:e1002040.

15 Davey MS, Morgan MP, Liuzzi AR, Tyler CJ, Khan MWA, Szakmany T et al. Microbe-

specific unconventional T cells induce human neutrophil differentiation into antigen

cross-presenting cells. J Immunol 2014; 193:3704–16.

16 Vantourout P, Hayday A. Six-of-the-best: unique contributions of cd T cells to

immunology. Nat Rev Immunol 2013; 13:88–100.

17 Vermijlen D, Gatti D, Kouzeli A, Rus T, Eberl M. cd T cell responses: How many

ligands will it take till we know? Semin Cell Dev Biol 2018; 84:75–86.

18 Silva-Santos B, Mensurado S, Coffelt SB. cd T cells: pleiotropic immune effectors with

therapeutic potential in cancer. Nat Rev Cancer 2019; 19:392–404.

19 Roelofs AJ, Jauhiainen M, M€onkk€onen H, Rogers MJ, M€onkk€onen J, Thompson K.

Peripheral blood monocytes are responsible for cd T cell activation induced by zole-

dronic acid through accumulation of IPP/DMAPP. Br J Haematol 2009; 144:245–50.

20 Riganti C, Massaia M, Davey MS, Eberl M. Human cd T-cell responses in infection

and immunotherapy: common mechanisms, common mediators? Eur J Immunol 2012;

42:1668–76.

21 Gu S, Borowska MT, Boughter CT, Adams EJ. Butyrophilin3A proteins and Vc9Vd2 T

cell activation. Semin Cell Dev Biol 2018; 84:65–74.

22 Welton JL, Morgan MP, Mart�ı S, Stone MD, Moser B, Sewell AK et al. Monocytes and

cd T cells control the acute-phase response to intravenous zoledronate: insights from a

phase IV safety trial. J Bone Miner Res 2013; 28:464–71.

23 Eberl M, Moser B. Monocytes and cd T cells: close encounters in microbial infection.

Trends Immunol 2009; 30:562–8.

24 Liuzzi AR, Kift-Morgan A, Lopez-Anton M, Friberg IM, Zhang J, Brook AC et al.

Unconventional human T cells accumulate at the site of infection in response to micro-

bial ligands and induce local tissue remodeling. J Immunol 2016; 197:2195–207.

25 Thiebaud D, Sauty A, Burckhardt P, Leuenberger P, Sitzler L, Green JR et al. An

in vitro and in vivo study of cytokines in the acute-phase response associated with bis-

phosphonates. Calcif Tissue Int 1997; 61:386–92.

26 Thompson K, Keech F, McLernon DJ, Vinod K, May RJ, Simpson WG et al. Fluvastatin

does not prevent the acute-phase response to intravenous zoledronic acid in post-

menopausal women. Bone 2011; 49:140–5.

27 Fowler DW, Copier J, Dalgleish AG, Bodman-Smith MD. Zoledronic acid causes cd T

cells to target monocytes and down-modulate inflammatory homing. Immunology 2014;

143:539–49.

28 Fowler DW, Copier J, Dalgleish AG, Bodman-Smith MD. Zoledronic acid renders

human M1 and M2 macrophages susceptible to Vd2+ cd T cell cytotoxicity in a per-

forin-dependent manner. Cancer Immunol Immunother 2017; 66:1205–15.

29 Coscia M, Vitale C, Peola S, Foglietta M, Rigoni M, Griggio V et al. Dysfunctional

Vc9Vd2 T cells are negative prognosticators and markers of dysregulated mevalonate

pathway activity in chronic lymphocytic leukemia cells. Blood 2012; 120:3271–9.

30 Castella B, Foglietta M, Sciancalepore P, Rigoni M, Coscia M, Griggio V et al. Anergic

bone marrow Vc9Vd2 T cells as early and long-lasting markers of PD-1-targetable

microenvironment-induced immune suppression in human myeloma. Oncoimmunology

2015; 4:e1047580.

ª 2019 The Authors. Immunology Published by John Wiley & Sons Ltd., Immunology, 159, 88–95 95

Zoledronate in sepsis


