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Abstract 28 

Background 29 

Bacterial respiratory tract infections and exacerbations of chronic lung diseases are 30 

commonly caused by nontypeable Haemophilus influenzae (NTHi). Cell-mediated 31 

cytotoxicity may be key to controlling infection, but the responses of NTHi-specific T cell 32 

populations are not well understood. Mucosal-associated invariant T (MAIT) cells are a 33 

recently-discovered, innate-like subset of T cells with cytotoxic function, whose role in lung 34 

immunity is unclear.  35 

Objective 36 

The aim of this study was to determine the mechanisms behind conventional T and MAIT 37 

cell cytotoxic responses to NTHi.  38 

Methods 39 

Human ex vivo lung explants were infected with a clinical strain of NTHi. Monocyte-derived 40 

macrophages were also infected with NTHi in vitro and co-cultured with autologous T cells. 41 

Cytotoxic responses of T cell subsets were measured by flow cytometry.  42 

Results 43 

We found significant upregulation of the cytotoxic markers, CD107a and granzyme B, in lung 44 

CD4+, CD8+ and MAIT cell populations. We show that MAIT cell cytotoxic responses were 45 

upregulated by a combination of both time-dependent antigen presentation and through a 46 

novel mechanism by which IL-12 and IL-7 synergistically control granzyme B through 47 

upregulation of the IL-12 receptor.  48 

Conclusions 49 

Overall our data provide evidence for a cytotoxic role of MAIT cells in the lung and highlight 50 

important differences in the control of adaptive and innate-like T cell responses. 51 
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Understanding these mechanisms may lead to new therapeutic opportunities to modulate 52 

the anti-bacterial response and improve clinical outcome.    53 

  54 
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Key Messages 55 

• Lung MAIT cells upregulate markers of cytotoxicity in response to NTHi bacterial 56 

infection.  57 

• These responses are controlled by both antigen-presentation and by synergistic IL-58 

12 and IL-7 signalling.  59 

• Together, these findings indicate a role for MAIT cells in human lung infections.  60 

  61 

Capsule Summary 62 

The mechanisms controlling the cytotoxic response of MAIT cells to NTHi infection are 63 

unknown. Our observations provide a new understanding of protective immune mechanisms 64 

and also potential new therapeutic opportunities to improve clinical outcome.    65 

 66 

Keywords: T cells; MAIT cells; bacterial infection; cytotoxicity  67 

 68 

Abbreviations:   69 

APC: Antigen presenting cell 70 

COPD: Chronic obstructive pulmonary disease 71 

MAIT cell: Mucosal-associated invariant T cell 72 

MDM: Monocyte-derived macrophage 73 

MOI: Multiplicity of infection 74 

MR1: MHC-related protein 1 75 

NTHi: Non-typeable Haemophilus influenzae  76 

PFA: Paraformaldehyde  77 

PBMC: Peripheral blood mononuclear cells  78 

SMFI: Specific mean fluorescence intensity 79 

TCR: T cell receptor  80 
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Introduction 81 

The human lungs are colonised by a wide variety of commensal bacterial species, although 82 

much is still unknown about the role of the microbiome in the lung in health and disease 83 

[1][2][3][4][5][6][7]. In particular, it is unknown how microbiome interactions with the local 84 

immune system modulate the balance between protective immune response and 85 

inflammation [8][9].  86 

The Gram-negative bacterium non-typeable Haemophilus influenzae (NTHi) is a highly 87 

diverse commensal microbe which can become an opportunistic intracellular pathogen 88 

[10][11][12]. This obligate human pathogen is a leading cause of respiratory infections in the 89 

very young and elderly and is associated with a range of clinically important infections 90 

including acute otitis media, pneumonia and bacteraemia [13][14]. NTHi is also commonly 91 

associated with lung diseases such as chronic obstructive pulmonary disease (COPD), 92 

which is an increasingly prevalent condition and is predicted to be the 3rd leading cause of 93 

death by 2020 [15][16][17]. Microbial dysbiosis in COPD is dominated by a loss of microbial 94 

diversity and overgrowth of key species, with NTHi-induced exacerbations of COPD being 95 

the main drivers of disease progression and mortality [7][11][18][19].  96 

In the lung, NTHi appears capable of intracellular survival within macrophages [20] and this 97 

niche may explain the persistence of NTHi in the airway. Cell-mediated immune control of 98 

the airway microbiome is not well described and in particular the responses of T cells to 99 

NTHi are not well understood. Interestingly, an increase in CD8+ T cells is found in the 100 

COPD airway, but this does not appear to confer increased immunity to bacterial pathogens 101 

[21][22]. Recently, innate-like mucosal-associated invariant T (MAIT) cells have been 102 

identified and these recognise antigens derived from bacterial riboflavin (vitamin B2) 103 

synthesis, which are presented by the non-polymorphic MHC-related protein 1 (MR1) [23]. 104 

Upon activation, MAIT cells rapidly express effector cytokines such as TNFα, IFNγ and IL-105 

17[24][25] and are also able to inhibit intracellular bacterial growth within infected 106 

macrophages [26]. Whilst conventional T cells largely depend on antigen presentation for 107 
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activation, MAIT cells can produce IFNγ in response to T cell receptor (TCR)-independent, 108 

IL-12 and IL-18 stimulation [27] [26][28][29].  109 

Cytotoxic T cells are vital in the control and clearance of intracellular bacterial pathogens by 110 

degranulation of granzymes and perforin [30][31] [32][33]. However, little is known about the 111 

cytotoxic responses of MAIT cells. Recent work has shown that MAIT cells upregulate 112 

cytotoxic mediators such as granzyme B, but this has not been shown in the lung nor in 113 

response to respiratory pathogens [34][35][36]. The mechanisms controlling MAIT cell 114 

cytotoxicity is not fully understood, neither is it known how these mechanisms and responses 115 

differ from that of conventional T cells.  116 

As MAIT cells are antibacterial cells resident in the lung [37][38], it seems likely that they are 117 

playing a role in host defence to lung pathogens and in the potential surveillance and control 118 

of the lung microbiome. Given that there is no current vaccine for NTHi, understanding the 119 

mechanisms behind the NTHi-induced responses of both conventional and innate-like T cells 120 

is important in order to guide future vaccine development [39].  121 

Here we found that both conventional lung T cells and, more potently, MAIT cells exhibit 122 

cytotoxic responses to NTHi infection. We further demonstrate the mechanisms controlling 123 

these responses and suggest that innate cytokine signalling controls MAIT granzyme B 124 

expression through apparent regulation of the IL-12 receptor.  125 

  126 

  127 
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Methods 128 

Patient Recruitment 129 

Lung tissue distal from tumour sites was obtained from lobectomy patients. For the isolation 130 

of T cells and monocytes, blood was obtained from healthy human volunteers. All studies 131 

were approved by Southampton and South West Hampshire Research Ethics Committees 132 

(13/SC/0416, 09/H0504/109).  All participants provided written informed consent. 133 

 134 

Preparation of lung tissue and explant infection 135 

NTHi was prepared as previously described [40][41]. Lung tissue explants were prepared as 136 

previously described [42]. Tissue explants were infected with 5x106 CFU NTHi for 24 hours, 137 

after which T cells were dispersed from tissue by 0.5 mg/ml collagenase digestion.  138 

 139 

Blood T cell and Monocyte Isolation & differentiation  140 

CD3+ T cells and CD14+ monocytes were isolated from human peripheral blood 141 

mononuclear cells (PBMC) obtained from the blood of healthy volunteers using MACS 142 

(Miltenyi Biotec, Bisley, UK) and monocytes differentiated into macrophages (MDM) over 12 143 

days using 2 ng/ml GM-CSF as previously described [40].  144 

 145 

Macrophage infection 146 

MDM infection was performed as previously described [40]. Briefly, MDM were cultured for 2 147 

h at 37°C with NTHi. After 2 h, MDM were washed and  then incubated either alone or co-148 

cultured with autologous T cells for a further 22 h unless otherwise indicated. Viability of cells 149 

was confirmed by trypan blue staining.    150 

 151 
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MAIT Killing assay 152 

MAIT cells were FACS-sorted (purity >93%) from autologous T cells and co-cultured with 153 

MDM for 48 h at a ratio of 2:1. Killing of MDM by MAIT cells was confirmed by viability 154 

staining.   155 

 156 

Flow cytometry analysis 157 

Flow cytometry was performed as previously described [40]. Cells were first stained for 158 

surface markers or appropriate isotype controls. Cells were then resuspended in 159 

Cytofix/Cytoperm (BD Biosciences, Oxford, UK) before staining for intracellular 160 

markers.Flow cytometric analysis was performed on a FACSAria using FACSDiva software 161 

v5.0.3 (BD Biosciences).  The gating strategy is outlined in Figure 1.  162 

 163 

RNA Isolation & RT-PCR 164 

RNA was extracted from MDM and reverse transcribed to cDNA as previously described [40]. 165 

IL-12p35, IL-12p40 and IL-7 gene expression was analysed using TaqMan universal PCR 166 

master mix, No AmpErase® UNG in a 7900HT fast real-time PCR system instrument (all Life 167 

Technologies Loughborough, UK).  Gene expression was normalized to β2-microglobulin 168 

gene expression and quantified using the ∆∆ CT method. 169 

 170 

ELISA 171 

IL-12p70 ELISA MAX (Biolegend), and granzyme B duoset ELISA (R&D Systems) were all 172 

carried out according to the manufacturers’ protocol.   173 

 174 
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Statistics 175 

Statistical analyses were performed using either a Wilcoxon’s matched-pairs signed-rank 176 

test or Friedman test with Dunn’s multiple comparison testing (GraphPad Prism v6.0, 177 

GraphPad Software Inc., San Diego, USA). Data are expressed as medians. Results were 178 

considered significant if P<0.05.  179 

 180 

For additional information on methods, please see the online supplement  181 
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Results 182 

Conventional lung T cells and MAIT cells upregulate cytotoxic markers in response to NTHi 183 

To first determine the cytotoxic responses of conventional lung T cells and MAIT cells to 184 

NTHi, human lung tissue explants were infected with NTHi and cytotoxic responses were 185 

measured by flow cytometry. Gating strategies are outlined in figure 1.   186 

Significant (P<0.01) upregulation of granzyme B was detected in lung CD8+ T cells in 187 

response to NTHi infection (figure 2A). CD4+ T cells, which are classically associated with 188 

cytokine production, also upregulated both granzyme B expression and CD107a (both 189 

P<0.01; figure 2B) following infection. Similarly, a significant (P<0.01) upregulation of both 190 

cytotoxic markers was measured in MAIT cells in response to NTHi (figure 2C).  Analysis of 191 

lung explant supernatant showed that NTHi infection caused a 2-fold increase in granzyme B 192 

release (P<0.01; supplementary figure 1). 193 

 194 

Overall, these data show that both conventional T and MAIT cells in the human lung 195 

manifest cytotoxic responses to NTHi infection, which may be important in controlling 196 

bacterial respiratory infections and modulating the microbiome. Due to the nature of human 197 

tissue samples, the yields of cells derived from lung explants were often very limited.  198 

Therefore in order to perform experiments to define function, we used a previously 199 

established autologous in vitro human model to further investigate both the cytotoxic 200 

responses of T cell and MAIT cells to NTHi infection and the mechanisms behind their 201 

activation [40]. 202 

 203 

Conventional T and MAIT cells upregulate cytotoxic markers following co-culture with NTHi-204 

infected macrophages 205 
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Monocyte-derived macrophages (MDM) were infected with NTHi and then co-cultured with 206 

autologous peripheral T cells for 22h. CD8+ T cells had a significant upregulation of both 207 

cytotoxic markers (figure 3A); granzyme B (uninfected 21.8% vs NTHi 40.6%, P=0.0005), 208 

CD107a (uninfected 2.8% vs NTHi 4.2%, P=0.002). There was no significant increase in 209 

either cytotoxic marker when MDM were infected with paraformaldehyde-killed-NTHi (PFA-210 

NTHi), indicating that the cytotoxic response of T cells in this model requires live NTHi 211 

infection. 212 

Similarly to lung T cells, the upregulation of granzyme B and CD107a was not restricted to 213 

blood CD8+ T cells. CD4+ T cells produced a minor but statistically significant increase in 214 

both granzyme B (uninfected 4% vs NTHi 8%, P=0.0005) and CD107a (uninfected 1.7% vs 215 

NTHi 2.5%, P=0.0015) following co-culture with NTHi-infected MDM (figure 3B). Significant 216 

upregulation of both granzyme B (uninfected 27% vs NTHi 65%; P=0.0005) and CD107a 217 

(uninfected 8% vs NTHi 20%; P=0.001), were also detected in MAIT cells in response to 218 

NTHi infection (figure 3C). PFA-NTHi did not cause upregulation of the cytotoxic markers in 219 

either CD4+ T or MAIT cell subset. Analysis of co-culture supernatant showed that NTHi 220 

infection caused a 5-fold increase in granzyme B release (P=0.01; supplementary figure 1). 221 

Both CD4+ and CD8+ T cells had a minor but significant (both P<0.05) upregulation in 222 

perforin in response to NTHi infection (supplementary figure 2). However, MAIT cells 223 

expressed high perforin levels at baseline, which were not upregulated further. For this 224 

reason, we decided to concentrate our further studies on CD107a and granzyme B.   225 

 226 

Conventional T cell cytotoxic responses to bacterial infection are completely inhibited by 227 

blocking antigen presentation  228 

To determine whether the NTHi-induced cytotoxic responses of CD8+ and CD4+ T cells 229 

were antigen-dependent, co-cultures were repeated with the addition of MHC-blocking 230 

antibodies. Anti-HLA-ABC and anti-HLA-DR antibodies respectively significantly reduced 231 
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CD8+ and CD4+ T cell granzyme B and CD107a expression to baseline (all P<0.01 IgG2a 232 

isotype vs blocking antibody) (figure 4A). The decrease to baseline suggests that other 233 

factors such as cytokine activation are less involved in the conventional T cells cytotoxic 234 

response. For this reason, conventional T cells were not investigated further in this study.   235 

 236 

MAIT cell cytotoxic responses are dependent on MR1 in a time-dependent manner  237 

For MAIT cell cytotoxic responses, blocking of MR1 was performed in both a 5 h and 22 h 238 

co-culture model, in line with our previous study [40]. At 5h, blocking of MR1 significantly 239 

(P=0.03) reduced CD107a upregulation back to baseline (IgG2a isotype 4.1% vs anti-MR1 240 

2.6%), but MR1 blocking in the 22 h co-culture did not affect CD107a expression (figure 4B). 241 

Conversely, granzyme B upregulation was not blocked at 5 h, but there was a significant 242 

(P=0.01) inhibition after the 22 h co-culture (IgG2a isotype 74% to anti-MR1 67%) (Figure 243 

4B). The modest effect of MR1 blocking could not reduce expression of granzyme B back to 244 

uninfected baseline. Blocking of HLA-DR had no effect on MAIT cell granzyme B but 245 

blocking of HLA-ABC only caused a minor inhibition (supplementary figure 3A). We 246 

reasoned that the requirement for MR1 in activating MAIT cells may be time-dependent and 247 

that MR1-independent factors such as cytokines were also responsible for controlling MAIT 248 

cell cytotoxic responses.  249 

 250 

Bacterial activation of MAIT cells in a non-contact model shows that soluble factors are 251 

capable of activating MAIT cells independently of MR1 252 

To further explore whether factors independent of antigen presentation could activate MAIT 253 

cells, the co-culture model was adapted to incorporate 0.4 µm transwells which prevented 254 

physical contact of T cells with NTHi-infected MDM. MAIT cells in transwells still significantly 255 

upregulated granzyme B expression (P=0.03; figure 5), although expression did not 256 
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approach the maximal response as seen when NTHi-infected MDM and T cells were in 257 

direct contact (figure 3C). Minor upregulation of MAIT CD107a was also observed (figure 5). 258 

To see if contact-dependency was required for other MAIT responses, IFNγ was also 259 

measured and was found to be upregulated in the transwell model, but again to a lesser 260 

extent compared to direct contact (supplementary figure 3B). In combination with the MR1 261 

blocking data, we demonstrate that MAIT cells can become activated in the absence of 262 

physical contact and antigen presentation, indicating that soluble factors such as cytokines 263 

may play an important role in MAIT activation during infections.  264 

 265 

MDM produce IL-12 in response to NTHi infection  266 

Previous reports have shown that IL-12 is capable of driving MAIT cell activation in E.coli 267 

infection [26][28], therefore we investigated if MR1-independent MAIT activation in our model 268 

was driven by IL-12.  269 

NTHi infection lead to a significant (P=0.01) 1200-fold induction of IL-12p40 mRNA but did 270 

not affect IL-12p35 gene expression by MDM (figure 6A). IL-12p70 protein levels were 271 

significantly (P=0.01) increased from 0 to 290 pg/ml at 22 h post-NTHi infection, but little IL-272 

12p70 protein was detected when MDM supernatants were harvested 5 h after NTHi 273 

infection (figure 6B). No IL-12p70 protein was detected in supernatants from MDM infected 274 

with PFA-NTHi, indicating that non-viable bacteria are not sufficient to induce IL-12 protein 275 

production. To confirm that IL-12 was relevant to the lung, supernatants from NTHi-infected 276 

lung explants were analysed for IL-12 protein. In agreement with our MDM data, infected 277 

explants released a small, but significant (P<0.01) amount of IL-12p70 (supplementary figure 278 

5A).  279 

 280 
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Blocking of IL-12 inhibits granzyme B but does not affect CD107a upregulation of NTHi-281 

activated MAIT cells 282 

Once we had established that NTHi-infected MDM release IL-12, MDM-T cell co-cultures 283 

were repeated in the presence of an anti-IL-12p40 antibody. A previous report by Kurioka et 284 

al showed that IL-12 played a role in modulating MAIT granzyme B [34]. In agreement with 285 

this report, blocking of IL-12p40 in our model significantly (P=0.01) impaired granzyme B 286 

upregulation (figure 6D) but had no effect on the upregulation of CD107a (figure 6C). 287 

Inhibition of granzyme B was further reduced to baseline when both MR1 and IL-12 blocking 288 

antibodies were present (figure 6E, P=0.03). Together with the MR1 blocking, our data show 289 

that the mechanisms of MAIT activation in response to NTHi are time dependent, with both 290 

MR1-dependent and IL-12-dependent responses.  291 

 292 

IL-12 stimulation can induce MAIT cell granzyme B expression in the absence of antigen 293 

presentation 294 

We next sought to determine whether IL-12 alone was sufficient to induce MAIT cell 295 

granzyme B activation to the same extent as NTHi-infected MDM. We found that stimulation 296 

of T cells alone with IL-12 did cause a minor increase in MAIT cell granzyme B (P=0.004; 297 

supplementary figure 4). However, when T cells were co-cultured with autologous MDM and 298 

IL-12 combined, a far greater upregulation of granzyme B was detected in MAIT cells 299 

(P=0.03, figure 6F).  300 

 301 

IL-7 is expressed by macrophages and contributes towards granzyme B upregulation 302 

To understand why the IL-12-induced granzyme B upregulation was greater in the presence 303 

of MDM, we reasoned that MDM may produce other cytokines which synergised with IL-12 304 

to induce granzyme B expression.  305 
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A previous report by Leeansyah et al showed that stimulation of MAIT cells with IL-7 caused 306 

upregulation of granzyme B [43]. We therefore hypothesised that IL-7 was also involved in 307 

the upregulation of granzyme B in our model. Quantitative-PCR indicated that MDM express 308 

IL-7 mRNA in response to NTHi infection (figure 7A). NTHi-infected MDM were then stained 309 

to detect the presence of intracellular IL-7 protein by flow cytometry. MDM appeared to 310 

express IL-7 at baseline and this was upregulated following NTHi infection (P=0.03; figure 311 

7A).  312 

T cells alone were then stimulated with IL-12 and/or IL-7 and granzyme B expression was 313 

measured by flow cytometry. Individually IL-7 and IL-12 caused a minor upregulation in 314 

MAIT cell granzyme B. However, combined IL-12 and IL-7 stimulation synergistically caused 315 

greater granzyme B expression (P<0.001; figure 7B), similar to the levels observed with 316 

NTHi infection. Consistent with this, blocking of IL-7 in the NTHi-infected co-culture model 317 

lead to a significant decrease in MAIT granzyme B expression (P<0.05; figure 7C). Taken 318 

together, our data show that granzyme B expression in MAIT cells can be activated by 319 

combined IL-12 and IL-7 signalling.  320 

 321 

The IL-12 receptor is upregulated on MAIT cells following NTHi infection in a mechanism 322 

dependent on IL-12 and IL-7 323 

We hypothesised that granzyme B upregulation could be controlled by expression of either 324 

the IL-12 or IL-7 receptor, so the expression of both receptors was first measured on MAIT 325 

cells in the NTHi-infected co-culture. NTHi infection upregulated both IL-12Rβ1 and IL-326 

12Rβ2 on MAIT cells (P<0.05; figure 7D). In contrast, expression of IL-7Rα expression on 327 

MAIT cells was significantly decreased following infection (P<0.05; figure 7D). IL-12Rβ2 was 328 

also significantly (P<0.05) upregulated on lung MAIT cells from NTHi-infected explants 329 

(supplementary figure 5B). 330 
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Finally, to deduce how IL-12 and IL-7 synergistically combine to control MAIT granzyme B 331 

expression, the IL-12 and IL-7 receptors were measured following stimulation of T cells 332 

alone with IL-12 and/or IL-7. IL-12Rβ1 expression was unaffected by stimulation with either 333 

cytokine, whereas IL-7 stimulation lead to a significant decrease in IL-7Rα (P<0.001; figure 334 

7E). However, MAIT cell IL-12Rβ2 expression was upregulated in the presence of both 335 

cytokines (P<0.01; figure 7E). Taken together, these data show that IL-7 in combination with 336 

IL-12 synergistically upregulates MAIT cell IL-12Rβ2 expression, which may allow greater IL-337 

12 signalling and resulting in upregulation of MAIT cell granzyme B expression.  338 

 339 

Killing of NTHi-infected MDM by MAIT cells 340 

To confirm that MAIT cells were capable of actually killing NTHi-infected MDM, the co-341 

culture model was adapted so that MDM were co-cultured with pure FACS-sorted MAIT cells 342 

and death of macrophages was assessed by viability staining. At 24 h no increase in MAIT 343 

cell-induced death of MDM from MDM-MAIT co-culture was detected (data not shown). 344 

However, at 48 h, there was a significant (P=0.03) increase in MAIT cell-induced death of 345 

NTHi-infected MDM compared to uninfected MDM, indicating that MAIT cells are capable of 346 

killing NTHi-infected macrophages (figure 8A&B). Consistent with this, an increase in LDH 347 

was detected in NTHi-infected MDM-MAIT co-cultures (data not shown). MAIT cell granzyme 348 

B was also significantly (P<0.05) upregulated in response to NTHi infection in this killing 349 

assay at 48 h (figure 8C). Overall, we show that MAIT cells are cytotoxic cells that respond 350 

to NTHi infection and kill infected macrophages. 351 

  352 
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Discussion 353 

MAIT cells are rapidly gaining recognition as important effector cells with potential roles in a 354 

variety of diseases. Here we show for the first time that human lung MAIT cells exhibit 355 

cytotoxic responses to the respiratory pathogen, NTHi. In combination with our previous 356 

study [40], these observations provide further evidence that NTHi represents a target of lung 357 

MAIT cell immunity.  358 

Little is known about the mechanisms behind MAIT cell cytotoxic responses, nor how they 359 

differ from that of conventional T cells. Here, conventional CD4+ and CD8+ T cell granzyme 360 

B responses were dependent exclusively on antigen presentation. In contrast, MAIT cell 361 

expression of granzyme B was regulated by a combination of both MR1-antigen presentation 362 

and through IL-12 and IL-7 stimulation. The ability of MAIT cells to upregulate granzyme B in 363 

response to cytokines may represent a mechanism which allows MAIT cells to become 364 

primed and rapidly respond to infection.  365 

Previous studies have also reported that IL-12 and IL-7 are involved in MR1-independent 366 

MAIT cell IFNγ and cytotoxic responses [26][28][43]. However, this is the first study to our 367 

knowledge which links IL-12 and IL-7 stimulation together in a novel mechanism whereby 368 

both cytokines synergise to positively regulate the IL-12 receptor, allowing increased IL-12 369 

signalling and leading to greater granzyme B upregulation.  370 

Since IL-7, -12, -15 and -18 have all been reported to activate MAIT cells, further work is 371 

needed to explore the full interactions and combined effects of these cytokines on MAIT cell 372 

activation[44][45]. The ability of MAIT cells to respond to cytokine stimulation alone expands 373 

their definition as anti-bacterial cells and indicates a role for bystander activation in infections 374 

with non-riboflavin synthesising bacteria and viruses [46][45][47]. Diseases characterised by 375 

an increased inflammatory environment could also result in bystander activation of MAIT 376 

cells, furthering inflammation. Indeed, elevated levels of IL-12 have been found in COPD 377 

patients and inversely correlates with lung function [48]. Whether increased IL-12 mediates 378 
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lung function decline by activating MAIT cell cytotoxicity is a question that remains to be 379 

addressed.  380 

In addition to upregulation of cytotoxic markers, we show that MAIT cells are able to kill 381 

NTHi-infected MDM, but, due to technical limitations we were unable to demonstrate that IL-382 

12/IL-7 blocking actually impaired the killing ability of MAIT cells. However, increases in 383 

granzyme B correlated with increases in killing, suggesting a role for IL-12/IL-7 in this killing 384 

mechanism. Further work will be required to fully address this. 385 

Although upregulation of granzyme B is controlled by IL-12 and IL-7, degranulation 386 

appeared to be largely dependent on cell contact and antigen presentation. This would 387 

indicate that whilst MAIT cells can substantially accumulate cytotoxic mediators 388 

intracellularly in response to cytokine stimulation, cytotoxic release is mainly controlled by 389 

cell contact. However, as the requirement for MR1 in degranulation appeared to be time-390 

dependent and as minor CD107a upregulation was also seen in the transwell setup, other 391 

non-contact factors may contribute to degranulation. Overall, it seems likely that MR1 is 392 

required to initiate MAIT degranulation but is not required in the beginning to induce 393 

granzyme B expression. Initial degranulation may release other granzymes, such as 394 

granzyme A and granzyme K, whilst granzyme B release occurs later [34].  395 

The type of pathogen, intracellular location of pathogen, inflammatory environment and type 396 

of infected cell may all be factors in determining the extent to which MAIT activation is MR1-397 

dependent or –independent. Indeed, the responses in our transwell model were surprising at 398 

first as a previous report using transwells showed that MAIT cells did not activate in the 399 

absence of cell-to-cell contact, possibly due to lack of expression of IL-12 or IL-7 in that 400 

system [49]. Anatomical location may also be important, as a recent study found that 401 

granzyme B production by MAIT cells from tuberculosis pleural effusions was not inhibited 402 

by IL-12 blocking [50]. The time-course of activation could also be a key factor in 403 

determining which pathway predominates for MAIT activation. Ussher et al found that short 404 
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incubations of infected APCs caused IFNγ upregulation by MAIT cells in an MR1-mediated 405 

manner, but longer incubations meant that MAIT activation was dependent on both MR1 and 406 

IL-12 [28].  407 

Although conventional cytotoxic T cells are typically thought of as just CD8+, CD4+ T cells 408 

have also been found to express CD107a following viral challenge [51] and are known to 409 

express granzyme B [52], but have not been investigated in the context of NTHi infection. 410 

Wilkinson et al also found an inverse correlation between CD4+ cells and patient symptoms 411 

following viral challenge [51], suggesting an important role of CD4+ cytotoxic activity in 412 

response to influenza infection. The data presented here may also suggest a role for 413 

cytotoxic CD4+ cells in responding to NTHi infection.  414 

The mechanisms involved in NTHi colonising the lower airways and becoming pathogenic 415 

are not well understood, but could potentially be due to impaired T cell responses, as a 416 

result of cigarette-smoke induced damage [55][56][57]. We have previously shown that 417 

cytotoxic T cells are dysregulated in the COPD lung by aberrant regulation of the 418 

programmed cell death protein (PD) -1 signalling pathway and this may be a mechanism by 419 

which T cells contribute to excessive inflammation in response to respiratory pathogens 420 

(McKendry et al. 2016). Future work is needed in order to understand the mechanisms 421 

controlling T cell activation and how these become impaired in diseases associated with 422 

chronic NTHi colonisation.   423 

In summary, we show here that both conventional T cells and, more potently, MAIT cells 424 

demonstrate cytotoxic responses to NTHi infection. We have also highlighted important 425 

differences in the mechanisms of innate and adaptive T cell cytotoxic responses. Further 426 

work is needed to understand the mechanisms behind innate and adaptive T cell responses 427 

to bacterial pathogens in airways diseases. More importantly, with their ability to respond to 428 

cytokine stimulation, MAIT cells could be an important source of bystander inflammation and 429 

cytotoxic-mediated damage in a variety of lung diseases and infections. This observation 430 
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therefore provides both new understanding of protective immune mechanisms but also 431 

potential new therapeutic opportunities to modulate this response and improve clinical 432 

outcome.    433 

    434 

  435 
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Figure Legends 616 

Figure 1  617 

Gating strategies for T cells. A) Gating for lung CD4+ and CD8+ T cells and MAIT cells 618 

obtained from lung explants. B) Gating for CD4+ and CD8+ T cells and MAIT cells from 619 

CD3+ cells that were MACS sorted from peripheral blood mononuclear cells. C) 620 

Representative plots for CD107a and granzyme B expression. DN= double negative 621 

populations DP= double positive populations.  622 

 623 

Figure 2 624 

Cytotoxic responses of lung T cells in response to NTHi infection.  CD107a and granzyme B 625 

expression in A) CD8+ B) CD4+ and C) MAIT cells from lung explants. For all graphs, 626 

median values are shown; data are from different donors (N=8-9) and are paired. Statistical 627 

significance was determined by Wilcoxon signed-rank test. *P<0.05, **P<0.01.  628 

 629 

Figure 3 630 

Cytotoxic responses of peripheral T cells in response to NTHi-infected MDM.  CD107a and 631 

granzyme B expression in A) CD8+ B) CD4+ and C) MAIT cells from autologous MDM-T cell 632 

co-cultures. For all graphs, median values are shown; data are from different donors (N=8-633 

11) and are paired. Statistical significance was determined by Wilcoxon signed-rank test. 634 

*P<0.05, **P<0.01, and ***P<0.001 635 

 636 

Figure 4  637 

Blocking of antigen presentation impairs cytotoxicity. CD107a and granzyme B expression in 638 

A) CD8+ and CD4+ cells or B) MAIT cells from autologous MDM-T cell co-cultures in the 639 
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presence of either 10 µg/ml anti-HLA-ABC (W6/32), 10 µg/ml anti-HLA-DR (L243), 5 µg/ml 640 

anti-MR1 (26.5) respectively or IgG2a isotype control. For all graphs, median values are 641 

shown; data are from different donors (N=5-12) and are paired. Red line indicates uninfected 642 

baseline expression. Statistical significance was determined by Wilcoxon signed-rank test. 643 

*P<0.05 and **P<0.01.  644 

 645 

Figure 5 646 

Antigen-independent factors affect cytotoxic responses of T cells. CD107a and granzyme B 647 

expression in MAIT cells from autologous MDM-T cell co-cultures incorporating 0.4 µm 648 

transwells. For all graphs, median values are shown; data are from different donors (N=5) 649 

and are paired. Statistical significance was determined by Wilcoxon signed-rank test. 650 

*P<0.05 651 

 652 

Figure 6 653 

Macrophages express IL-12 in response to NTHi and IL-12 contributes to granzyme B 654 

expression. A) Gene expression of IL-12a (p35) and IL-12b (p40) expressed as ∆∆Ct 655 

normalised to β2M. B) IL-12 p70 expression measured by ELISA. C) CD107a and D&E) 656 

Granzyme B expression in MAIT cells from autologous MDM-T cell co-cultures in the 657 

presence of either 10 µg/ml anti-IL-12 (C8.6), IgG1 isotype control or 5 µg/ml anti-MR1 658 

(26.5). Red line indicates uninfected baseline expression. F) Granzyme B expression in 659 

MAIT cells from IL-12-simulated autologous MDM-T cell co-cultures. For all graphs, median 660 

values are shown; data are from different donors (N=5-7) and are paired. Statistical 661 

significance was determined by Wilcoxon signed-rank test. *P<0.05.  662 

 663 
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Figure 7 664 

IL-7 and IL-12 control MAIT cell granzyme B via IL-12 receptor expression. A) IL-7 gene 665 

expression as ∆∆Ct normalised to β2M and IL-7 protein expression expressed as specific 666 

mean fluorescence intensity (SMFI) determined by intracellular flow cytometry. B) Granzyme 667 

B expression in MAIT cells from IL-12 and/or IL-7 stimulated T cells. C) Granzyme B 668 

expression in MAIT cells from autologous MDM-T cell co-cultures in the presence of either 669 

10 µg/ml anti-IL-7 (BVD10-40F6) or IgG1 isotype control. Red line indicates uninfected 670 

baseline expression. D) IL-12Rβ1 and β2 and IL-7Rα expression in MAIT cells from 671 

autologous MDM-T cell co-cultures. E) IL-12Rβ1 and β2 and IL-7Rα expression in MAIT 672 

cells from IL-12 and/or IL-7 stimulated T cells. For all graphs, median values are shown; data 673 

are from different donors (N=5-6) and are paired. Statistical significance was determined by 674 

Wilcoxon signed-rank test or Friedman test with Dunn’s multiple comparison. *P<0.05 675 

**P<0.01 ***P<0.001.  676 

 677 

Figure 8 678 

Killing of NTHi-infected MDM by MAIT cells. A) MDM were first gated on size, then on HLA-679 

DR-APC-CY7 and Zombie Violet Fixable Viability dye. B) MDM were co-cultured with FACS-680 

sorted autologous MAIT cells for 48 h and killing of MDM by MAIT cells was assessed by 681 

viability staining measured by flow cytometry. C) Granzyme B expression in MAIT cells from 682 

autologous MDM-MAIT cell co-cultures. For all graphs, median values are shown; data are 683 

from different donors (N=5) and are paired. Statistical significance was determined by 684 

Wilcoxon signed-rank test. *P<0.05 685 

 686 
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Supplementary  1 

Supplementary Methods 2 

Preparation of NTHi 3 

A strain of NTHi cultured from the sputum of a Southampton COPD patient was used as 4 

previously described [40]. Briefly, NTHi was cultured on chocolate agar plates and colonies 5 

were used to inoculate brain-heart infusion media supplemented with 10 mg/L nicotinamide 6 

adenine dinucleotide, 30 mg/L hemin and 44 mL/L glycerol. Bacterial suspension was grown 7 

to mid-log phase and heat-inactivated foetal calf serum (FCS) was added at a final 8 

concentration of 20%. 1 ml aliquots were stored at -80℃ as described [41].  9 

 10 

Patient Recruitment 11 

For ex vivo human explant experiments, lung tissue distal from tumour sites was obtained 12 

from patients undergoing lung resection surgery performed at Southampton General 13 

Hospital. For the isolation of T cells and monocytes for in vitro experiments, blood was 14 

obtained from healthy volunteers. All studies were approved by Southampton and South 15 

West Hampshire Research Ethics Committees (13/SC/0416, 09/H0504/109).  All participants 16 

provided written informed consent. 17 

 18 

Preparation of lung tissue and explant infection 19 

Lung tissue explants were prepared as previously described [42]. Briefly, lung tissue 20 

obtained from patients undergoing lung re-sectioning was taken from sites distal to any 21 

tumours present. Lung tissue was cut into 3-5mm3 cubes and washed extensively before 22 

being place in RPMI (Sigma-Aldrich, Poole, UK) supplemented with 2 mg/ml L-glutamine, 23 

1% gentamicin and 0.5 µg/ml amphotericin B (all from Invitrogen, Paisley, UK) and 24 
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incubated overnight 37℃, 5% CO2. Tissue explants were then infected with 5x106 CFU NTHi 25 

for 24 hours, after which T cells were dispersed from tissue by 0.5 mg/ml collagenase 26 

digestion. T cells were then stained for flow cytometry.   27 

 28 

Blood T cell and Monocyte Isolation & differentiation  29 

CD3+ T cells and CD14+ monocytes were isolated from human peripheral blood 30 

mononuclear cells (PBMC) obtained from the blood of healthy volunteers using MACS 31 

(Miltenyi Biotec, Bisley, UK) and monocytes differentiated into macrophages (MDM) over 12 32 

d using 2 ng/ml GM-CSF as previously described [40]. CD3+ cells were frozen at -80°C in 33 

10% dimethyl sulfoxide (DMSO) in FCS until needed. CD3+ T cells were chosen so as to not 34 

exclude double negative (CD4-CD8-) MAIT cells.  35 

 36 

Macrophage infection 37 

MDM infection was performed as previously described [40]. Briefly, MDM were cultured for 2 38 

hours at 37°C with either live or paraformaldehyde- fixed (PFA-) NTHi at multiplicity of 39 

infection (MOI)-10 in antibiotic-free 0.1% FCS-RPMI. After 2 h, MDM were washed and then 40 

incubated either alone or with autologous T cells in 0.1% FCS-RPMI with antibiotics for a 41 

further 22 h unless otherwise indicated. Where specified, co-cultures were carried out with 42 

the addition of either anti-MR1 (26.5), -HLA-DR (L243), -HLA-ABC (W6/32), -IL-12 (C8.6) or 43 

-IL-7 (BVD10-40F6) or appropriate isotype controls at 5 or 10 µg/ml as indicated (all 44 

Biolegend, San Diego, USA). For cytokine stimulations, cells were incubated with 10 ng/ml 45 

recombinant IL-12 or IL-7 as indicated (both Biolegend). To measure intracellular IL-7, 46 

monensin was added to the final 5 h of culture. Viability of cells was confirmed by trypan 47 

blue staining.    48 

 49 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3 

 

MAIT Killing Assay 50 

MDM were infected as described above and were co-cultured with autologous FACS-sorted 51 

MAIT cells to create a pure MDM-MAIT cell co-culture (>93% purity). MDM and MAIT cells 52 

were co-cultured for 48 h, after which cells were harvested. MDM were stained for HLA-DR-53 

APC-CY7 (BD Biosciences, Oxford, UK) and for viability with Zombie Violet Fixable Viability 54 

Kit (Biolegend). To determine specific MAIT cell-induced killing of NTHi-infected MDM, % 55 

death of MDM alone (not co-cultured with MAIT cells) was deducted from % death of MDM 56 

from MDM-MAIT co-culture.  57 

 58 

Flow cytometry analysis 59 

All cells were resuspended in 100 µl FACS buffer (2 mM EDTA, 0.5% w/v BSA in PBS) with 60 

2 mg/ml purified IgG from human serum (Sigma-Aldrich) per tube. Cells were stained for 61 

surface markers or appropriate isotype controls for 30 min on ice. Cells were then washed 62 

and were resuspended in 200 µl Cytofix/Cytoperm (BD Biosciences) and incubated on ice 63 

for 20 min. Following fixation, cells were washed in 1x Perm/Wash, resuspended in 100 µl 1 64 

x Perm/Wash buffer and stained for intracellular markers on ice for 30 min. Cells were then 65 

washed again and resuspended in FACS buffer. T cells were stained for surface markers: 66 

CD4-PERCP-CY5.5, CD8-APC-CY7, CD161-APC and CD107a-BV510 (all BD Bioscience); 67 

Vα7.2-PE and IL-7Rα-BV510 (both Biolegend); and IL-12Rβ1-FITC and IL-12Rβ2-AF488 68 

(R&D Systems, Abingdon, United Kingdom). T cells were stained intracellularly for: IFNγ-69 

FITC, Perforin-FITC (Biolegend) and Granzyme B-FITC (BD-Bioscience). Staining for lung T 70 

cells was identical to above, with the addition of CD3-PE-CY7 (BD Bioscience). For MDM-IL-71 

7 staining, MDM were first fixed and permeablised as above and then stained intracellularly 72 

for purified human anti-IL-7 (BVD10-40F6) and then anti-rat IgG1-PE (MRG1-58) (both 73 

Biolegend).  74 
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Specific mean fluorescence intensity (SMFI) was derived by subtracting isotype fluorescence 75 

values from each sample’s MFI.  76 

Flow cytometric analysis was performed on a FACSAria using FACSDiva software v5.0.3 77 

(BD Biosciences).  The gating strategy is outlined in Figure 1.  78 

 79 

RNA Isolation & RT-PCR 80 

RNA was extracted from MDM using TriFast (PeqLab, VWR, Erlangen, Germany).  Reverse 81 

transcription was performed according to the manufacturer’s protocols using a High Capacity 82 

cDNA Reverse Transcription Kit (Life Technologies Loughborough, UK) with random 83 

hexamers.  IL-12p35, IL-12p40 and IL-7 gene expression was analysed using TaqMan 84 

universal PCR master mix, No AmpErase® UNG in a 7900HT fast real-time PCR system 85 

instrument (all Life Technologies).  Gene expression was normalized to β2-microglobulin 86 

gene expression and quantified using the ∆∆ CT method. 87 

 88 

ELISA 89 

IL-12p70 ELISA MAX (Biolegend), and granzyme B duoset ELISA (R&D Systems) were all 90 

carried out according to the manufactures’ protocol.   91 

 92 

Statistics 93 

Statistical analyses were performed using either a Wilcoxon’s matched pairs signed rank test 94 

or Friedman test with Dunn’s multiple comparison testing (GraphPad Prism v6.0, GraphPad 95 

Software Inc., San Diego, USA). Data are expressed as medians. Results were considered 96 

significant if P<0.05.  97 
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Supplementary Figure Legends 99 

Supplementary Figure 1  100 

Granzyme B is produced in response to NTHi infection. Supernatants from lung explants or 101 

autologous MDM-T cell co-cultures were measured for granzyme B by ELISA. Median 102 

values are shown; data are from different donors (N=6-7) and are paired. Statistical 103 

significance was determined by Wilcoxon signed-rank test. *P<0.05, **P<0.01.  104 

 105 

Supplementary Figure 2 106 

Further cytotoxic responses of peripheral T cells in response to NTHi-infected MDM. Perforin 107 

expression in CD8+, CD4+ and MAIT cells from autologous MDM-T cell co-cultures. For all 108 

graphs, median values are shown; data are from different donors (N=6) and are paired. 109 

Statistical significance was determined by Wilcoxon signed-rank test. *P<0.05. 110 

 111 

Supplementary Figure 3 112 

Further effects of inhibiting antigen presentation. A) Impact of blocking HLA-DR and HLA-113 

ABC on MAIT cell granzyme B. B) MAIT cells produce IFNγ in response to antigen-114 

independent factors. IFNγ expression in MAIT cells from autologous MDM-T cell co-cultures 115 

incorporating 0.4 µm transwell inserts. For all graphs, median values are shown; data are 116 

from different donors (N=5-7) and are paired. Statistical significance was determined by 117 

Friedman test with Dunn’s multiple comparison or Wilcoxon signed-rank test. *P<0.05.  118 

 119 

Supplementary Figure 4 120 

MAIT cells in the absence of MDM can still produce minor granzyme B in response to IL-12 121 

stimulation. Granzyme B expression in MAIT cells from IL-12 stimulated T cells. Median 122 
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values are shown; data are from different donors (N=9) and are paired. Statistical 123 

significance was determined by Wilcoxon signed-rank test. **P<0.01.  124 

 125 

Supplementary Figure 5 126 

IL-12 in the lung. A) Supernatants from lung explants were measured for IL-12p70 by ELISA. 127 

B) IL-12Rβ2 expression on lung MAIT cells. Median values are shown; data are from 128 

different donors (N=5-7) and are paired. Statistical significance was determined by Wilcoxon 129 

signed-rank test. *P<0.05, **P<0.01.  130 

 131 
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