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Abstract 12 

Mucosal-associated invariant T (MAIT) cells are innate-like T lymphocytes that are abundant in 13 

mucosal tissues and the liver where they can respond rapidly to a broad range of riboflavin 14 

producing bacterial and fungal pathogens. Neutrophils, which are recruited early to sites of 15 

infection, play a non-redundant role in pathogen clearance and are crucial for controlling infection. 16 

The interaction of these two cell types is poorly studied. Here, we investigated both the effect of 17 

neutrophils on MAIT cell activation and the effect of activated MAIT cells on neutrophils. We show 18 

that neutrophils suppress the activation of MAIT cells by a cell-contact and H2O2 dependent 19 

mechanism. Moreover, highly activated MAIT cells were able to produce high levels of TNFα that 20 

induced neutrophil death. We therefore provide evidence for a negative regulatory feedback 21 

mechanism in which neutrophils prevent over-activation of MAIT cells and, in turn, MAIT cells limit 22 

neutrophil survival. 23 

 24 
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Introduction 25 

Mucosal-associated invariant T (MAIT) cells are innate-like T cells that are rapidly activated by a 26 

broad range of bacterial and fungal pathogens.1 MAIT cells are characterised by a semi-invariant 27 

T cell receptor (TCR), Vα7.2-Jα12/20/33, and are restricted by the MHC class I-related protein 1, 28 

MR1.2 Their activating ligand is derived from 5-amino-6-D-ribitylaminouracil (5-A-RU), an 29 

intermediate in the riboflavin synthesis pathway, which is common in bacteria and fungi, but absent 30 

in humans.3, 4 31 

MAIT cells represent the most abundant innate-like T cell subset in human blood, comprising 32 

approximately 5% of T cells, and are enriched at mucosal sites, including the lungs and liver.1 MAIT 33 

cells are rapidly activated in response to riboflavin-producing bacteria via a TCR-dependent 34 

mechanism, producing effector cytokines (interferon-γ (IFNγ), tumour necrosis factor α (TNFα), and 35 

interleukin-17 (IL-17)), showing cytotoxic potential (through release of perforin and granzymes), and 36 

undergoing proliferation.
5, 6, 78

 TCR-independent activation by cytokine stimulation, including by IL-12 37 

and IL-18, results in a comparatively delayed response and altered effector responses.
6, 8

 38 

MAIT cells have been shown to influence various immune cell subsets to promote activation of the 39 

adaptive immune response. In a mouse model of Francisella tularensis pulmonary infection, 40 

monocyte differentiation to monocyte-derived dendritic cells was driven by the MR1-independent 41 

production of GM-CSF by MAIT cells, affecting recruitment and activation of CD4+ T cells.9, 10 42 

MAIT cells can furthermore instruct dendritic cell (DC) maturation in vitro through a CD40L and MR1-43 

dependent mechanism, promoting IL-12 production.11 Additionally, in a TCR-dependent manner, 44 

MAIT cells can provide help to B cells, inducing plasmablast differentiation and antibody production 45 

ex vivo.
12  Overall, alongside their cytotoxic effector functions, MAIT cells appear to have important 46 

immune modulatory functions, particularly for regulation of myeloid cells. 47 

Neutrophils are the most numerous myeloid cell type in the blood and play a crucial role in pathogen 48 

clearance.13, 14, 15 They are rapidly recruited to sites of inflammation.15 MAIT cells are able to produce 49 
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IL-17A, which can promote the production of the neutrophil chemokine CXCL8.7, 16, 17  In addition, 50 

activated MAIT cells can directly induce neutrophil chemotaxis.
8
 Therefore, MAIT cells may play a 51 

role in the recruitment of neutrophils to the site of infection. However, little is known about the 52 

interaction between neutrophils and MAIT cells at the site of infection. Neutrophils have been 53 

shown to suppress activation of conventional T cells and innate-like T cells, including γδ T cells and 54 

invariant natural killer T (iNKT) cells,
18, 19, 20, 21

 however, their effect on MAIT cell activation is yet to 55 

be explored. Similarly, the effect of activated MAIT cells on neutrophils has been sparsely studied. 56 

Davey et al. showed that both Vδ2+ γδ T cells and MAIT cells had a protective effect on neutrophil 57 

survival and induced an antigen presenting phenotype in neutrophils, dependent on GM-CSF, IFNγ, 58 

and TNFα.22  59 

Here, we set out to investigate the relationship between neutrophils and MAIT cells in the presence 60 

of a bacterial stimulus. We aimed to understand how neutrophils influence MAIT cell activation and, 61 

in turn, how ligand activated MAIT cells affect neutrophils to better understand their roles in 62 

response to bacterial infection. 63 

  64 
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Results 65 

Neutrophils are poor activators of MAIT cells and suppress MAIT cell activation 66 

To assess if neutrophils are able to activate MAIT cells in response to bacteria, neutrophils and 67 

Vα7.2
+
 cells (referred to as MAIT cells) were incubated with fixed E. coli for 6 or 22 hours. MAIT cell 68 

activation was assessed by intracellular cytokine staining for IFNγ and TNFα (Figure 1A). Neutrophils 69 

were unable to stimulate significant IFNγ production by MAIT cells at either 6 or 22 hours, or TNFα 70 

production at 6 hours (Supplementary figure 1A-C). However, a small population of MAIT cells were 71 

stimulated to produce TNFα at 22 hours, which was dependent on MR1 but not IL-12 (Figure 1B). To 72 

investigate whether the presence of another antigen presenting cell may enhance activation, CD14+ 73 

monocytes were added to the co-culture. MAIT cells were activated well in the presence of CD14+ 74 

monocytes alone, however this activation was significantly reduced with addition of neutrophils and 75 

did not differ significantly from MAIT cell activation in the presence of neutrophils alone 76 

(Figure 1C+D). Consistent with the effect observed with E. coli treatment, neutrophils alone were 77 

poor activators of MAIT cells with 5-A-RU treatment and suppressed MAIT cell activation by 78 

monocytes (Figure 1E+F). Little IFNγ production was seen with 5-A-RU treatment, but a similar 79 

proportion of MAIT cells produced TNFα in response to 5-A-RU as the co-cultures treated with E. coli 80 

(Figure 1E+F). Neutrophil mediated suppression of MAIT cell TNFα production was significant, but 81 

not IFNγ production.  82 

Analysis of monocyte activation, as assessed by TNFα production in CD14
+
 cells, showed no 83 

significant effect of neutrophils on monocyte activation. Treatment with fixed E. coli resulted in 84 

TNFα production in over 90% of monocytes after 6 hours of incubation, regardless of neutrophil 85 

presence or absence (Figure 1G). A trend towards suppression of activation was seen with 86 

neutrophil presence when mean fluorescence intensity (MFI) was assessed, however, this did not 87 

reach significance (Supplementary Figure 1D). Therefore, neutrophils suppress the activation of 88 

MAIT cells, but have no significant effect on CD14+ monocyte activation.  89 
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Next, we investigated whether this suppression of MAIT cells by neutrophils is similarly evident in 90 

whole PBMCs. As neutrophils have previously been shown to suppress γδ T cell activation, 91 

comparison was made to the effect of neutrophils on Vδ2
+
 γδ T cell (Vδ2

+
 T cell) activation.

19
 To 92 

ensure the effect seen was not as a result of bacterial phagocytosis by neutrophils, PBMCs were 93 

treated in one of two ways: cells were mixed with equal numbers of neutrophils and co-cultured (c) 94 

directly with fixed E. coli for 6 hours, or PBMCs were pre-incubated (p) with fixed E. coli for 20 min 95 

and then washed before neutrophil addition. MAIT cell and Vδ2
+
 T cell activation were analysed by 96 

flow cytometry for activation marker expression (Figure 2A). The presence of neutrophils 97 

significantly inhibited the activation of both MAIT cells and Vδ2+ T cells in PBMCs independently of 98 

neutrophil exposure to bacteria. MAIT cells and Vδ2+ T cells showed a marked decrease in TNFα and 99 

IFNγ production alongside reduced CD69 upregulation and, for MAIT cells but not Vδ2+ T cells, 4-1BB 100 

upregulation (Figure 2B+C). While degranulation, as measured by CD107a surface expression, was 101 

significantly suppressed in MAIT cells in the presence of neutrophils, no significant change was seen 102 

in the expression of granzyme B and perforin in either cell subset (Figure 2C). As previously reported, 103 

Vδ2+ T cells generally expressed higher levels of both granzyme B and perforin than MAIT cells.23, 24, 25 104 

IL-17A production was insubstantial both in the absence and presence of neutrophils in both cell 105 

types (Figure 2C). 106 

The effect of neutrophils on monocyte activation in PBMCs was analysed by TNFα expression in 107 

CD14
+
 monocytes. Over 90% of monocytes expressed TNFα in response to E. coli treatment; this was 108 

not significantly affected by the presence of neutrophils (Figure 2D). However, when TNFα 109 

expression was assessed by MFI it was significantly reduced with neutrophil presence 110 

(Supplementary Figure 1E). Assessment of the effect of neutrophils on markers of activation and 111 

antigen presentation, including CD80, CD86, and MR1, on CD14+ monocytes in response to E. coli 112 

treatment showed no significant effect. However, HLA-DR expression on CD14+ monocytes was 113 

significantly increased in the presence of neutrophils in untreated, but not E. coli treated, samples 114 

(Figure 2E). 115 
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Overall, this data shows that neutrophils are poor activators of MAIT cells and have an inhibitory 116 

effect on the activation of MAIT cells and Vδ2
+
 T cells in the presence of other antigen presenting 117 

cells. This observed suppression appears to be a direct effect of neutrophils on MAIT cells and Vδ2
+
 T 118 

cells, as neutrophils had little effect on the activation or phenotype of CD14
+
 monocytes. 119 

Mechanism of suppression 120 

Following the above findings, we went on to investigate the mechanism through which neutrophils 121 

suppress MAIT cells. Firstly, to determine if the inhibition of MAIT cell activation by neutrophils was 122 

dependent on neutrophil viability, we analysed the ability of fixed neutrophils to suppress the 123 

activation of MAIT cells. Fixed neutrophils were less able to inhibit MAIT cell activation, showing only 124 

a mild suppression of IFNγ production (Figure 3A). In contrast, Vδ2+ T cell activation was suppressed 125 

by fixed neutrophils equivalently to fresh neutrophils (Figure 3A). Next, to analyse the importance of 126 

cell contact on neutrophil inhibition of MAIT cell and Vδ2
+
 T cell activation, neutrophils and PBMCs 127 

were separated using transwell plates. Control plates lacking transwells were analysed in parallel. 128 

The inhibitory effect of neutrophils on MAIT cell and Vδ2
+
 T cell activation was abolished with 129 

neutrophil and PBMC separation; no reduction of TNFα and IFNγ production was seen in samples 130 

separated by transwells. The loss of this suppressive effect of neutrophils was not overcome by using 131 

three times the amount of neutrophils (Figure 3B). 132 

Neutrophils have been shown to inhibit conventional T cells through a cell contact-dependent 133 

mechanism involving MAC-1 (CD18/CD11b) and the release of reactive oxygen species (ROS), 134 

including hydrogen peroxide (H2O2).20 We tested if this mechanism was responsible for the inhibitory 135 

effect seen on MAIT cells and Vδ2+ T cells. Blocking of MAC-1 with an antibody against CD11b did not 136 

prevent the inhibitory effect of neutrophils on TNFα and IFNγ production by MAIT cells and 137 

Vδ2+ T cells (Figure 3C, Supplementary Figure 2A). In contrast, removal of H2O2 through catalase 138 

addition reversed the suppressive effect of neutrophils on MAIT cells and Vδ2+ T cells. Both TNFα 139 

and IFNγ production in samples treated with catalase were significantly higher than in control 140 
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samples and were comparable to PBMCs alone for both cell types (Figure 3C, Supplementary 141 

Figure 2A). Catalase treatment of PBMCs alone also lead to significantly higher TNFα production in 142 

Vδ2
+
 T cells (Supplementary Figure 2A).  143 

Neutrophils have further been described to inhibit T cell function through the release of arginase, 144 

resulting in the degradation of arginine, which is required for the expression of the 145 

CD3 ζ-chain (CD3ζ) on T cells.26, 27, 28 Thus, low levels of arginine can affect T cell activation. 146 

Supplementation with L-arginine partially reduced the inhibitory effect of neutrophils on MAIT cells 147 

and Vδ2+ T cells. TNFα expression was significantly higher than in control samples for both cell 148 

types (Figure 3D), though this effect was not consistently evident when production of IFNγ  was 149 

assessed (Supplementary Figure 2D). TNFα production by Vδ2+ T cells in PBMCs alone was slightly 150 

increased with L-arginine treatment (Figure 3D). Inhibition of arginase with either nor-NOHA or L-151 

valine did not reverse the suppressive effect of neutrophils on MAIT and Vδ2+ T cell activation 152 

(Figure 3D, Supplementary Figure 2B-D).  153 

Both supplementation of L-arginine and addition of catalase prevented the inhibitory effect of 154 

neutrophils on CD107a upregulation on MAIT cells and Vδ2
+
 T cells (Supplementary Figure 3A). The 155 

effect of these treatments on granzyme B, perforin, and IL-17A expression was not as clear 156 

(Supplementary Figure 3B-D). A slight reduction of granzyme B expression in both cell types was 157 

seen in samples where neutrophils were present. This reduction was not seen in samples treated 158 

with catalase, however, the difference between non-catalase and catalase treated samples was not 159 

statistically significant (Supplementary Figure 3B). 160 

CD3ζ expression on MAIT and Vδ2+ T cells was significantly reduced when neutrophils were present, 161 

even in untreated samples (Figure 3E). In contrast, CD3ε expression was significantly increased in the 162 

presence of neutrophils, and TCR expression was increased in MAIT cells but decreased in 163 

Vδ2
+
 T cells (Supplementary Figure 3E-F). L-arginine treatment did slightly increase CD3ζ expression, 164 

but not to the level of that in PBMCs alone. Addition of catalase did not significantly alter CD3ζ 165 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 28, 2019. ; https://doi.org/10.1101/745414doi: bioRxiv preprint 

https://doi.org/10.1101/745414
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 

 

expression in either cell type. Interestingly, CD3ζ was expressed at higher levels by Vδ2+ T cells than 166 

MAIT cells, and in response to bacteria MAIT cells slightly downregulated CD3ζ, whereas it was 167 

slightly upregulated by Vδ2
+
 T cells (Figure 3E). 168 

Another mechanism of T cell suppression is through adenosine. Binding of adenosine to adenosine 169 

receptors on T cells can inhibit or skew effector cytokine production. In iNKT cells it has been 170 

observed that adenosine inhibits IFNγ production but induces IL4 production.29 Neutrophils are 171 

known to be a source of extracellular adenosine,30, 31, 32 therefore, we tested if this might be a 172 

mechanism through which neutrophils inhibit MAIT cell and Vδ2+ T cell activation. Treatment of 173 

E. coli stimulated samples with the adenosine receptor antagonist, ZM241385, did not influence the 174 

effect of neutrophils on MAIT cell or Vδ2+ T cell activation (Supplementary Figure 4). 175 

Overall, the inhibitory effect of neutrophils on MAIT cell and Vδ2
+
 T cell activation appeared to be 176 

dependent on cell contact, ROS but not MAC-1, partially on arginine concentration, and, for MAIT 177 

cells, on neutrophil viability. 178 

Activated MAIT cells kill neutrophils 179 

Previously, CD3/CD28 bead activated MAIT cells have been reported to protect against neutrophil 180 

death.22 Here, we tested if ligand activated MAIT cells similarly promote neutrophil survival. Vα7.2+ 181 

(MAIT) cells were isolated and activated for either 4 or 24 hours using the MAIT cell ligand precursor, 182 

5-A-RU, and adherent THP1 cells. 5-A-RU reacts non-enzymatically with methylglyoxal or glyoxal, 183 

present in metabolising cells, to form the MAIT cell activating ligand. Activated MAIT cells or 184 

conditioned media from the activation cultures were added to freshly isolated autologous 185 

neutrophils (Figure 4A). Neutrophil survival was measured by both Annexin V staining after 5 hours, 186 

as well as CD16 and viability staining after 24 hours. Adherent THP1 cells treated with 5-A-RU 187 

(control) or co-cultured untreated THP1 cells and MAIT cells (UT) were used as controls. Neutrophils 188 

treated with supernatant from either 4 or 24 hour activated MAIT cells showed poorer survival 189 

compared to control samples. The frequency of both Annexin V positive cells and dead cells were 190 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 28, 2019. ; https://doi.org/10.1101/745414doi: bioRxiv preprint 

https://doi.org/10.1101/745414
http://creativecommons.org/licenses/by-nc-nd/4.0/


10 

 

increased in samples treated with conditioned media from activated MAIT cells (Figure 4B+C). 191 

Neutrophils co-cultured with 4 hour pre-activated MAIT cells (at a ratio 1:5 MAIT cells to neutrophils) 192 

also showed higher levels of cell death, but not significantly higher Annexin V staining. This effect 193 

was dependent on the ratio of neutrophils to MAIT cells, with fewer MAIT cells (ratio 1:10 and 1:50 194 

MAIT cells to neutrophils) resulting in less cell death, and returning to the level in control samples at 195 

the 1:50 ratio (Figure 4D+E). A reduction of Annexin V staining was also observed when neutrophils 196 

were treated with fewer MAIT cells (Figure 4D). In contrast, neutrophils treated with 24 hour 197 

activated MAIT cells showed no change in neutrophil viability and minimal change in Annexin V 198 

staining (Figure 4F+G). Treatment of neutrophils with 4 or 24 hour activated MAIT cells significantly 199 

reduced the frequency of CD16high neutrophils; when fewer MAIT cells were added, the frequency of 200 

CD16high neutrophils increased (supplementary figure 5A-B). Treatment with conditioned media from 201 

activated MAIT cells also lead to reduced frequencies of CD16high neutrophils, although the 202 

differences were not statistically significant (supplementary figure 5C). Comparison of Annexin V and 203 

dead cell staining of neutrophils treated with conditioned media or cells from the controls (loosened 204 

adherent THP1 cells treated with 5-A-RU (control) and co-cultures of untreated adherent THP1 cells 205 

and MAIT cells (UT)) revealed a small reduction of Annexin V staining in samples treated with non-206 

activated MAIT cells. No other treatment showed any significant effect on neutrophils 207 

(Supplementary Figure 5D-E). 208 

The amount of TNFα produced by MAIT cells influences neutrophil survival 209 

Activated MAIT cells rapidly produce high levels of TNFα (see figure 2B).8 It has been described that 210 

high levels of TNFα (>10 ng/mL) induce TNFR dependent apoptosis in neutrophils 33. Therefore, we 211 

analysed whether the killing effect seen by conditioned media from cultures of activated MAIT cells 212 

was dependent on TNFα. Addition of a blocking antibody against TNFα significantly inhibited 213 

apoptosis and cell death in neutrophils treated with activated MAIT cell conditioned media. Viability 214 

staining after 24 hours of incubation was significantly reduced with addition of the TNFα blocking 215 
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antibody, reducing it to the level of the controls (Figure 5A). Measurement of TNFα in the 216 

conditioned media of 4 and 24 hour 5-A-RU activated MAIT cells revealed mean concentrations of 217 

approximately 100 ng/mL and 70 ng/mL, respectively. Therefore, allowing for dilution, neutrophils 218 

were exposed to mean concentrations of >25 ng/mL and >17 ng/mL, respectively. In control 219 

samples, mean levels of TNFα between 1-10 ng/mL were measured (exposure of 0.25-2.5 ng/mL, 220 

respectively) (Figure 5B). Therefore, TNFα production by activated MAIT cells can induce neutrophil 221 

death.  222 

  223 
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Discussion 224 

Neutrophils are critical early responders to bacterial infection, phagocytosing and killing microbes.15 225 

They also regulate the immune response by modulating other immune cells, including T cells.34 MAIT 226 

cells are also important early effector cells during bacterial infection and are present in mucosal 227 

tissues. Here, we have investigated the interaction between MAIT cells and neutrophils. We show 228 

for the first time that neutrophils suppress the activation of MAIT cells in response to bacteria. The 229 

ability of neutrophils to suppress MAIT cell activation was dependent on 1) neutrophil viability, 2) 230 

cell contact, 3) H2O2 but not MAC-1, and was independent of 4) arginase, but was weakened by 231 

arginine supplementation, and 5) was unaffected by adenosine receptor antagonist, ZM241385. We 232 

further investigated the effect of activated MAIT cells on neutrophil survival and found that, in 233 

contrast to CD3/CD28 bead activated MAIT cells,
22

 5-A-RU activated MAIT cells produced TNFα at 234 

levels able to promote neutrophil death. Therefore, we propose that neutrophils and MAIT cells 235 

negatively regulate each other to control inflammation. 236 

The effect of neutrophils on MAIT cell activation was investigated by assessment of a broad range of 237 

activation markers; comparison was made to another prominent innate-like T cell population, 238 

Vδ2+ T cells. IFNγ and TNFα production was substantially suppressed in both cell subsets, as was 239 

upregulation of CD69. In MAIT cells only, upregulation of 4-1BB and degranulation marker CD107a 240 

was also inhibited. Neutrophils did not have any significant effect on granzyme B, perforin, or IL-17A 241 

expression. Therefore, we can conclude that neutrophils suppress MAIT cell and Vδ2+ T cell 242 

activation and do not induce a major change in their effector phenotype. For MAIT cells, this 243 

suppression was seen both in co-culture of isolated cells as well as in whole PBMCs. The suppressive 244 

effect was maintained both when bacteria were pre-incubated with PBMCs and when MAIT cells 245 

were activated with 5-A-RU alone; this eliminated phagocytosis of bacteria by neutrophils as the 246 

cause of the suppression. In both co-culture and whole PBMC experiments, the presence of 247 

neutrophils had minimal effect on monocyte activation. Therefore, it is probable that neutrophils act 248 
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directly on MAIT and Vδ2+ T cells. This is supported by the observation that neutrophils interact 249 

directly with γδ T cells.
19

 Moreover, neutrophils have been shown to inhibit conventional T cell 250 

activation through a cell contact-dependent mechanism involving MAC-1 (CD11b/CD18) and the 251 

localised release of H2O2 in an immunological synapse.
20

 Suppression of MAIT cells and Vδ2
+
 T cells 252 

by neutrophils was dependent on H2O2, but not MAC-1, and cell contact was required. Neutrophils 253 

have similarly been implicated in the suppression of invariant natural killer cells (iNKT) through an 254 

unidentified cell contact-dependent mechanism.
18

 It is plausible that suppression of these two 255 

innate-like lymphocyte subsets is dependent on the interaction of other surface molecules which 256 

have either a direct inhibitory effect, such as PD-1,35 or facilitate cell binding, in addition to soluble 257 

factors, such as H2O2. Therefore, it is likely that neutrophils are able to affect activation of innate-like 258 

lymphocytes through a generalised mechanism dependent on cell contact, or proximity, and soluble 259 

factors. 260 

Neutrophil viability was important for MAIT cell inhibition, however, the inhibition of Vδ2+ T cell 261 

activation was not dependent on neutrophil viability. Sabbione et al. previously showed that γδ T cell 262 

inhibition was dependent on viability.
19

 This contradiction may be explained by different 263 

experimental setups. Sabbione et al. used isolated γδ T cells and activated these using the Vδ2
+
 T cell 264 

ligand, (E)-4-Hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP), whereas we used whole PBMCs 265 

and a bacterial stimulus for activation.  266 

The release of arginase by neutrophils and the resulting reduction in arginine concentration has 267 

previously been described to inhibit T cell activation through the downregulation of the 268 

CD3ζ-chain.36, 37, 38 Indeed, CD3ζ expression in both MAIT and Vδ2+ T cells was drastically reduced in 269 

the presence of neutrophils. L-arginine supplementation slightly increased CD3ζ expression in MAIT 270 

cells and Vδ2+ T cells, however, CD3ζ expression was still significantly lower than in PBMC samples 271 

alone. Therefore, the effect of neutrophils on CD3ζ expression cannot be explained by changes in 272 

L-arginine concentration alone. The potential of neutrophils to suppress MAIT cells and Vδ2+ T cells 273 
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was reduced when L-arginine was added, however, inhibition of arginase using either L-valine or 274 

nor-NOHA did not have an effect. A previous report found arginine supplementation had no effect 275 

on neutrophil suppression of γδ T cells, though this was assessed using only one activation marker, 276 

CD25, and the experimental setup differed to this study.
19

 In addition to arginase activity, 277 

neutrophils are able to rapidly deplete exogenous arginine through importation and nitric oxide 278 

synthase (NOS) mediated metabolism to nitric oxide (NO) and citrulline.
39

 Future experiments should 279 

examine the effect of blocking NOS activity alone, as well as in combination with arginase inhibition, 280 

as these enzymes are known to compete for arginine.40 281 

Previously, CD3/CD28 bead activated MAIT cells were shown to promote neutrophil survival, which 282 

was dependent on TNFα, IFNγ, and GM-CSF.22 The levels of TNFα produced in response to CD3/CD28 283 

bead activation were, on average, over 1 ng/mL and less than 10 ng/mL. In our experimental setup, 284 

levels of TNFα were significantly higher, with 5-A-RU activated MAIT cells producing an average of 285 

over 100 ng/mL TNFα. High concentrations (>10 ng/mL) of TNFα have been shown to induce TNFR 286 

dependent apoptosis in neutrophils.33 Therefore, bead activation of MAIT cells results in a much 287 

milder activation of MAIT cells; not enough to produce sufficient TNFα to induce neutrophil death. 288 

TNFα levels in sputum of patients with acute respiratory distress syndrome and  synovial fluid  of 289 

patients with severe rheumatoid arthritis, have been shown to reach 10 ng/mL, though generally 290 

levels are lower than that. 
41, 42

 We recently found median levels of TNFα of 343 pg/mL (range 4 291 

pg/mL – >7.0 ng/mL) in sputum samples of patients with pneumonia.
43

  292 

We propose a model whereby activated MAIT cells recruit neutrophils to the site of infection8 and 293 

neutrophils suppress MAIT cells, preventing excess activation. At the same time, while moderately 294 

activated MAIT cells may support neutrophils survival, strongly activated MAIT cells will induce 295 

neutrophil apoptosis in a TNFα-dependent manner. Therefore, the balance between MAIT cells and 296 

neutrophils may be an important factor in providing an effective, but controlled immune response.  297 
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Methods 298 

Cells 299 

Peripheral blood mononuclear cells (PBMCs) were isolated from heparinised blood of healthy 300 

donors (collected with informed consent with approval from the University of Otago Human Ethics 301 

Committee (Health)) using Lymphoprep (Alere Technologies GmbH, Germany) and centrifugation at 302 

800xg for 30min. PBMCs were used immediately or cryopreserved in foetal bovine serum (FBS) 303 

supplemented with 10% dimethyl sulfoxide (DMSO, Sigma Aldrich, USA) and stored in liquid 304 

nitrogen. Thawed PBMCs were rested overnight in R10 media (RPMI 1640 containing L-glutamine 305 

and supplemented with 1% Penicillin/Streptomycin and 10% FBS (all ThermoFisher Scientific, USA) at 306 

37°C with 5% CO2. Neutrophils were isolated as previously using Lymphoprep separation.44 307 

Vα7.2+ cells (referred to as MAIT cells) and CD14+ cells (referred to as CD14+ monocytes) were 308 

isolated using an anti-Vα7.2-PE labelled antibody (3C10; BioLegend, USA) and anti-PE microbeads or 309 

CD14 microbeads (Miltenyi Biotec, Germany), respectively, as per the manufacturer’s instructions. 310 

THP1 cells were cultured in R10 media. All experiments were performed in flat-bottom 96-well 311 

plates (ThermoFisher Scientific, USA), unless otherwise stated. 312 

Antibodies and Dyes 313 

The following antibodies and labelled proteins were used: Vα7.2 PE (3C10), Vα7.2 PE-Cy7 (3C10), 314 

CD3 BV510 (OKT3), CD3 PE-Cy7 (UCHT1), CD14 BV605 (M5E2), CD15 Pacific Blue (W6D3), 315 

CD15 PE-Cy7 (W6D3), CD16 BV510 (3G8), CD69 FITC (FN50), CD80 FITC (2D10), CD86 APC (IT2.2), 316 

CD107a PE (H4A3), CD137 (4-1BB) BV421 (4B4-1), CD247 (CD3ζ) FITC (6B10.2), granzyme B 317 

FITC (QA16A02), HLA-DR AF700 (LN3), IFNγ PerCP-Cy5.5 (4S.B3), IL-17A PE/Dazzle 594 (BL168), MR1 318 

PE (26.5), Perforin PerCP-Cy5.5 (B-D48), TNFα FITC (MAb11), Vδ2 Pacific Blue (B6), Vδ2 PerCP (B6), 319 

Annexin V AF647 (Annexin A5) (all BioLegend, USA), CD161 APC (191B8, Miltenyi Biotec, Germany). 320 

Samples were stained with Live/Dead fixable near IR dye (ThermoFisher Scientific, USA). 321 
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Inhibitors, Cytokines and Functional Antibodies 322 

The following antibodies were used for blocking experiments: anti-IL-12 (Miltenyi Biotec, Germany), 323 

anti-MR1 (26.5), anti-CD11b (ICRF44), anti-TNFα (MAb11), and IgG1 (MOPC-21) and 324 

IgG2a (MOPC-173) isotype controls (all BioLegend, USA). Catalase from Corynebacterium 325 

glutamicum, L-arginine, L-valine, and ZM241385 were purchased from Sigma-Aldrich (USA), and 326 

nor-Nω-hydroxy-L-arginine (nor-NOHA) from Cayman Chemical (USA). 327 

Bacteria 328 

E. coli (HB101) were grown overnight in Luria Broth (ThermoFisher Scientific, USA). For fixation, 329 

E. coli were washed twice in phosphate buffered saline (PBS), fixed for 20 min at room temperature 330 

in 2% paraformaldehyde/PBS (PFA), and washed twice in PBS. Bacterial concentration was estimated 331 

by flow cytometry using 123count eBeads (ThermoFisher Scientific, USA). Ten bacteria per antigen 332 

presenting cell/PBMC (bpc) were used, unless otherwise stated. 333 

5-A-RU 334 

5-A-RU was synthesised as described previously.8 335 

MAIT cell activation 336 

105 Vα7.2+ cells and 5x105 neutrophils (1:5 ratio) were co-cultured for 6 or 24 hours in a flat-bottom 337 

96-well plate and treated with E. coli with or without blocking antibodies against MR1, IL-12, or 338 

isotype controls. Alternatively, 105 Vα7.2+ cells were co-cultured for 6 or 24 hours with or without 339 

105 CD14+ cells and/or 5x105 neutrophils (1:1:5 ratio) and treated with E. coli or 2 μM 5-A-RU. In 340 

some cases, neutrophils were pre-treated with E. coli for 30 min, washed, then added to the 341 

co-cultures. For experiments with PBMCs, 106 cells were mixed with 106 neutrophils (1:1 ratio) and 342 

treated with E. coli. In some cases, PBMCs were pre-treated with E. coli for 20 min, washed twice, 343 

then mixed with neutrophils. For analysis of MR1 expression, the antibody was mixed with 20% 344 

mouse serum (Sigma-Aldrich, USA) in PBS and added at the start of treatment.45 For analysis of 345 
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CD107a, the antibody was added at the start of treatment. Brefeldin A (3 μg/mL, BioLegend, USA) 346 

was added for the final 4 hours of culture for the analysis of cytokine expression. 347 

Analysis of mechanism of MAIT cell suppression 348 

 Neutrophils were fixed for 10 min in 2% PFA, washed twice in PBS, and resuspended in R10. 349 

Co-cultures were treated with 4000 U/mL catalase, 10 μg/mL blocking antibody against CD11b or an 350 

isotype control, 5 mM L-arginine, 20 mM L-valine, 500 μM nor-NOHA, or 1 μM ZM241385 (A2AR 351 

antagonist) where indicated. For analysis of cytokine expression, brefeldin A (3 μg/mL, BioLegend, 352 

USA) was added for the final 4h of culture. Transwell (0.4 μm pore size, polycarbonate membrane; 353 

Corning, USA) experiments were performed by addition of 3.5x106 PBMCs to the bottom well and 354 

3.5-10.5x106 neutrophils to the top well; appropriate controls were performed alongside in 24-well 355 

plates. 356 

Effect of activated MAIT cells on neutrophils 357 

105 THP1 cells were treated with 20 ng/mL phorbol myristate acetate (PMA, Sigma Aldrich, USA) for 358 

24 hours, washed, and rested for 24 hours, to generate adherent monocyte-derived macrophages. 359 

2x105 MAIT (Vα7.2+) cells were then activated on these adherent THP1 cells for 4 or 24 hours with 360 

2 μM 5-A-RU. Controls containing untreated MAIT cells on THP1 cells or 2 μM 5-A-RU treated THP1 361 

cells without MAIT cells were prepared in parallel. Following, neutrophils were isolated from fresh 362 

blood of the same donor. 0.5-5x104 of 2 μM 5-A-RU-activated Vα7.2+ (MAIT) cells, 5x104 untreated 363 

MAIT cells, 2 μM 5-A-RU treated THP1 cells (cells that dislodged during pipetting), or 50 µL of their 364 

supernatant were mixed with 2.5x105 neutrophils (200 µL total) and incubated for 5 or 24 hours. In 365 

some experiments, 10 μg/mL blocking antibody against TNFα or an isotype control were added. 366 

Immunostaining 367 

Samples were stained with various panels of antibodies against CD3, CD14, CD15, CD16, CD69, CD80, 368 

CD86, HLA-DR, CD137 (4-1BB), CD161, and Vδ2, as well as a Live/Dead fixable near IR dye for 25 min 369 

at 4°C, washed and fixed for 10 min in 2% PFA at room temperature. For intracellular protein 370 
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analysis, samples were washed in PBS and 1X Permeabilization Wash Buffer (BioLegend, USA), prior 371 

to staining for CD3, CD247 (CD3ζ), Vα7.2, granzyme B, IFNγ, IL-17a, perforin, and TNFα for 25 min at 372 

room temperature.  373 

For Annexin V staining, cells were stained with antibodies against CD3, CD15, and CD16 and with 374 

Live/Dead fixable near IR dye for 25 min on ice, washed once in PBS and once in annexin binding 375 

buffer (10 mM HEPES (pH 7.4), 140 mM sodium chloride, 2.5 mM calcium chloride; all Sigma-Aldrich, 376 

USA) prior to staining with Annexin V for 10 min on ice. Samples were kept on ice and acquired 377 

immediately on the flow cytometer.  378 

Flow Cytometry 379 

Flow cytometry was performed on a BD FACSCanto II or a BD Fortessa (BD Bioscience, USA). Gating 380 

strategies for different panels and experiments are shown in Supplementary Figures 6-7. Analysis 381 

was performed with FlowJo version 10.4 (TreeStar, USA).  382 

TNFα ELISA 383 

Conditioned media was analysed for TNFα concentration using the human uncoated ELISA kit with 384 

plates from ThermoFisher Scientific (USA). Manufacturer’s instructions were followed and plates 385 

analysed using the Varioskan Lux plate reader (ThermoFisher Scientific, USA). A second order 386 

polynomial (quadratic) fitted standard curve was used to interpolate sample concentrations using 387 

GraphPad prism software, version 7.00 (USA). 388 

Statistical Analysis 389 

Data were analysed in GraphPad Prism software version 7.00. Unless otherwise stated, means with 390 

the standard error of the mean (SEM) and all data points are shown. Specific statistical tests used are 391 

described in the figure legends. Generally, two-tailed, repeated measures one or two-way ANOVA 392 

were used with multiple comparisons tests where appropriate. A p value below 0.05 was considered 393 

statistically significant.  394 
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Figure Legends 557 

Figure 1: Neutrophils are poor activators of MAIT cells and inhibit MAIT cell activation by 558 

monocytes. 559 

A Vα7.2
+
 cells and neutrophils (1:5 ratio) were activated with 10bpc fixed E. coli (B-D, and G) or 2 µM 560 

5-A-RU (E-F) and incubated B for 22 hours ± blocking antibodies against MR1 and/or IL-12, or C-D for 561 

22 hours or E-G 6 hours ± CD14
+
 monocytes (1:1 ratio to Vα7.2

+
 cells). MAIT cell activation was 562 

assessed by intracellular staining for TNFα and IFNγ by flow cytometry. TNFα and/or IFNγ production 563 

in MAIT cells (CD161
++

Vα7.2
+
CD3

+
) is shown for B (n=7), C-D (n=12), E-F (n=5), and G (n=8). Graphs 564 

show mean with SEM. Each data point represents an individual blood donor. B Repeated measures 565 

one-way ANOVA with Tukey multiple comparisons test, or C-G Repeated measures one-way ANOVA 566 

with Bonferroni’s multiple comparison test of preselected pairs. * p<0.05, ** p<0.01, *** p<0.001, 567 

ns = not significant.  568 

Figure 2: Neutrophils suppress MAIT and Vδ2
+
 T cell activation in PBMCs. 569 

A Equal numbers of freshly isolated PBMCs and neutrophils (1x N) were mixed and activated with 570 

10bpc fixed E. coli either by adding bacteria to the co-culture (c) (B) or by pre-incubating (p) PBMCs 571 

with bacteria for 20 min and washing before addition of neutrophils (B-E). Control samples without 572 

addition of neutrophils (no N) were run in parallel. Samples were incubated for 6 hours, with 573 

brefeldin A added for the last 4 hours if cytokine production was assessed. Activation markers were 574 

analysed in MAIT cells (CD161++Vα7.2+CD3+) and Vδ2+ CD3+ T cells. B TNFα, IFNγ, and CD69 575 

expression in MAIT cells (top) and Vδ2+ T cells (bottom) is shown (n=9 and n=6, respectively). C 576 

Expression of activation markers 4-1BB (n=9 for MAIT cells; n=6 for Vδ2+ T cells), CD107a (n=7), 577 

granzyme B, perforin, and IL-17A (all n=5) in MAIT cells and Vδ2+ T cells is presented. D TNFα 578 

expression (n=8) and E geometric mean of fluorescence intensity of CD80, CD86, HLA-DR, and MR1 579 

on CD14+ monocytes is shown (n=6). B-E RM two-way ANOVA with Bonferroni’s multiple 580 
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comparisons test was performed. Each data point represents an individual blood donor. * p<0.05, 581 

*** p<0.001, **** p<0.0001, ns = not significant. 582 

Figure 3: Neutrophils suppress MAIT cells and Vδ2
+
 T cells by a cell-contact and H2O2 dependent 583 

mechanism. 584 

A PBMCs were pre-activated with 10bpc fixed E. coli for 20 min, washed, and cultured for 6 hours in 585 

the absence (no N) or presence of equal numbers (1x N) of freshly isolated, or fixed neutrophils (n=9 586 

for MAIT cells and n=7 for Vδ2+ T cells). B Pre-activated PBMCs were seeded in the lower 587 

compartment of a 0.4 μm pore size membrane transwell system and cultured for 6 hours in the 588 

absence (no N), presence of equal numbers (1x N), or triple the number (3x N) of freshly isolated 589 

neutrophils in the upper compartment. Control plates without transwells were run in parallel. TNFα 590 

and IFNγ expression was assessed by flow cytometry in MAIT (n=6) and Vδ2
+
 T cells (n=7). C-D Pre-591 

activated PBMCs were cultured for 6 hours in the absence (no N) or presence of equal numbers (1x 592 

N) of freshly isolated neutrophils and treated with C an isotype control (10 μg/mL), anti-CD11b 593 

blocking antibody (10 μg/mL), or catalase (4000 U/mL) (n=7), or D with L-arginine (5 mM) or 594 

nor-NOHA (500 μM) (n=6). TNFα expression by MAIT cells and Vδ2
+
 T cells was assessed by flow 595 

cytometry. E Untreated (UT) or pre-activated PBMCs (E. coli (p)) were cultured for 6 hours in the 596 

absence (no N) or presence of equal numbers (1x N) of freshly isolated neutrophils and treated with 597 

L-arginine (5 mM) or catalase (4000 U/mL) (n=8). Expression of CD3ζ by MAIT and Vδ2+ T cells was 598 

assessed by flow cytometry. All graphs show mean with SEM. Each data point represents an 599 

individual blood donor. A-E Repeated measures two-way ANOVA with Bonferroni’s multiple 600 

comparisons test was performed. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns = not 601 

significant.  602 

Figure 4: Activated MAIT cells kill neutrophils. 603 

A Isolated Vα7.2+ cells were seeded on adherent PMA-treated THP1 cells at a 2:1 ratio. Cells were 604 

either left untreated for 20 hours, then treated with 2 μM 5-A-RU for 4 hours, or treated with 2 μM 605 
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5-A-RU for 24 hours. Untreated co-cultures (UT) and THP1 cells treated with 2 μM 5-A-RU for 606 

24 hours in the absence of Vα7.2
+
 cells (Control) were used as controls. Both non-adherent cells and 607 

conditioned media were harvested and co-cultured with freshly isolated autologous neutrophils. 608 

Annexin V staining (at 5 hours), dead cell staining, and CD16 expression (both at 24 hours) were 609 

assessed by flow cytometry. Neutrophils treated with conditioned media were stained for B 610 

Annexin V (at 5 hours) (n=7) and C dead cells (at 24 hours) (n=6). D Annexin V staining after 5 hours 611 

(n=5) and E dead cell staining after 24 hours of neutrophil co-culture with 4 hour 5-A-RU activated 612 

MAIT cells at different ratios, as indicated (n=4). F Annexin V staining after 5 hours (n=7) and G dead 613 

cell staining after 24 hours of neutrophil co-culture with 24 hour 5-A-RU activated MAIT cells at 614 

different ratios as indicated (n=5). B-G All graphs show mean with SEM. Each data point represents 615 

an individual blood donor. Repeated measures one-way ANOVA with Tukey’s multiple comparisons 616 

test was performed. * p<0.05. 617 

Figure 5: MAIT cell killing of neutrophils is TNFα dependent. 618 

A Dead cell staining of neutrophils treated with conditioned media from activated MAIT cells or 619 

controls (see Figure 4A) and isotype control or TNFα blocking antibody (both 10 μg/mL) for 24 hours, 620 

as indicated (n=6). B TNFα concentration of conditioned media from activated MAIT cells or controls 621 

(see Figure 4A) was assessed by ELISA, as indicated (n=3 for control; n=6 for all others). One THP1 622 

cells only control was tested per experiment, each containing two MAIT cell donors. C CD16 and 623 

dead cell staining of untreated or 2 μM 5-A-RU treated neutrophils cultured with Vα7.2+ cells alone, 624 

or both with or without monocytes for 24 hours (n=9). A-C All graphs show mean with SEM. Each 625 

data point represents an individual blood donor. RM two-way ANOVA with Bonferroni’s multiple 626 

comparisons test was performed. ** p<0.01, *** p<0.001, **** p<0.0001. 627 

Supplementary Figure 1: Neutrophils are poor activators of MAIT cells.  628 

Vα7.2+ cells and neutrophils (1:5 ratio) were activated with 10bpc fixed E. coli and incubated A 629 

± blocking antibodies against MR1 and/or IL-12 for 22 hours, or B-D ± CD14+ monocytes (1:1 ratio to 630 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 28, 2019. ; https://doi.org/10.1101/745414doi: bioRxiv preprint 

https://doi.org/10.1101/745414
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 

 

Vα7.2+ cells) for 6 hours, with brefeldin A added for the final 4 hours. E PBMCs were pre-incubated 631 

(p) with 10bpc fixed E. coli for 20 min prior to washing, addition to neutrophils, and incubation for 6 632 

hours, with brefeldin A added for the final 4 hours. A IFNγ (n=7) and B-C IFNγ and TNFα (n=2) 633 

production in MAIT cells (CD161
++

Vα7.2
+
CD3

+
) is shown. D-E geometric mean of fluorescence 634 

intensity of TNFα in CD14
+
 monocytes is shown for (n=8). Mean with SEM of IFNγ and/or TNFα 635 

production in MAIT cells (CD161
++

Vα7.2
+
CD3

+
) or CD14

+
 monocytes is shown. Each data point 636 

represents an individual blood donor. A Repeated measures one-way ANOVA with Tukey multiple 637 

comparisons test B-D Repeated measures one-way ANOVA with Bonferroni’s multiple comparison 638 

test of pre-selected pairs was performed. E Repeated measures two-way ANOVA with Bonferroni’s 639 

multiple comparisons test. ** p<0.01, *** p<0.001, ns = not significant. 640 

Supplementary Figure 2: Mechanism of MAIT cell suppression by neutrophils.  641 

Pre-activated PBMCs were cultured for 6 hours in the absence (no N) or presence of equal numbers 642 

(1x N) of freshly isolated neutrophils and treated with A an isotype control (10 μg/mL), anti-CD11b 643 

blocking antibody (10 μg/mL), or catalase (4000 U/mL) (n=7), or B L-arginine (5 mM) or nor-NOHA 644 

(500 μM) (n=6), or C-D L-arginine (5 mM) or L-valine (20 mM) (n=7). IFNγ (A, B, and D) and TNFα (C) 645 

expression was assessed by flow cytometry in MAIT cells and Vδ2+ T cells. A-D All graphs show mean 646 

with SEM. Each data point represents an individual blood donor. Repeated measures two-way 647 

ANOVA with Bonferroni’s multiple comparisons test was performed. * p<0.05, ** p<0.01, *** 648 

p<0.001, **** p<0.0001.  649 

Supplementary Figure 3: Suppression of MAIT cells by neutrophils. A-F Pre-activated PBMCs were 650 

cultured for 6 hours in the absence (no N) or presence of equal numbers (1x N) of freshly isolated 651 

neutrophils and treated with L-arginine (5 mM) or catalase (4000 U/mL). Expression of A CD107a 652 

(n=7), B granzyme B (n=5), C perforin (n=5), D IL-17A (n=5), E CD3ε (n=6), and F Vα7.2 and Vδ2 653 

(respectively) (n=8) was assessed by flow cytometry on MAIT cells and Vδ2
+
 T cells. A-F All graphs 654 

show mean with SEM. Each data point represents an individual blood donor. Repeated measures 655 
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two-way ANOVA with Bonferroni’s multiple comparisons test was performed. * p<0.05, ** p<0.01, 656 

*** p<0.001, **** p<0.0001, ns = not significant. 657 

Supplementary Figure 4: Effect of adenosine on MAIT cell activation. 658 

A-B Pre-activated PBMCs were cultured for 6 hours in the absence (no N) or presence of equal 659 

numbers (1x N) of freshly isolated neutrophils and treated with ZM241385 (1 μM) (n=6). TNFα (A) 660 

and IFNγ (B) expression was assessed by flow cytometry in MAIT cells and Vδ2+ T cells. All graphs 661 

show mean with SEM. Each data point represents an individual blood donor. Repeated measures 662 

two-way ANOVA with Bonferroni’s multiple comparisons test was performed.   663 

Supplementary Figure 5: Effect of activated MAIT cells on neutrophil viability. A-C CD16 staining of 664 

neutrophils after treatment for 24 hours with A 4 hour (n=6), or B 24 hour (n=8) 5-A-RU activated 665 

MAIT cells at different ratios, as indicated, or C treated with conditioned media as indicated (n=7). D 666 

Annexin V staining after 5 hours (n=7), or E dead cell staining after 24 hours (n=5) of untreated 667 

neutrophils (-), co-cultured with dislodged control THP1 cells or untreated MAIT cells, or conditioned 668 

media, as indicated. A-D All graphs show mean with SEM. Each data point represents an individual 669 

blood donor. Repeated measures one-way ANOVA with Tukey’s multiple comparisons test was 670 

performed. * p<0.05, ** p<0.01. 671 

Supplementary Figure 6: Gating strategy for identification of MAIT cells, Vδ2
+
 cells, and CD14

+
 672 

monocytes.  673 

All cells were gated for single cells, prior to separation into monocyte and lymphocyte subsets. Cells 674 

were further gated for viable cells, identified by live/dead cell staining. CD14+ monocytes are defined 675 

as CD14+CD15- cells on the monocyte subset. MAIT cells are identified as CD14-CD15-676 

CD3+CD161++Vα7.2+ cells and Vδ2+ cells are identified as CD14-CD15-CD3+Vδ2+ cells, each on the 677 

lymphocyte subset.  678 

Supplementary Figure 7: Gating strategy for identification of neutrophils. 679 
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All cells were gated for single cells, prior to the identification of neutrophils by forward and side 680 

scatter. Neutrophils were further defined as CD15
+
 cells. Gating strategies for additional markers, 681 

CD16
high

 and Annexin V, are shown. For each cell subset, dead cells were excluded from analysis by 682 

live/dead staining. 683 
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