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ABSTRACT 18 

Background: Group 2 innate lymphoid cells (ILC2s) expand in the lungs of mice during type 2 19 

inflammation induced by the fungal allergen Alternaria alternata. The increase in ILC2 numbers 20 

in the lung has been largely attributed to local proliferation and whether ILC2s migrate from the 21 

circulation to the lung following Alternaria exposure is unknown. 22 

Objective: We examined whether human (lung, lymph node, blood) and mouse lung ILC2s 23 

express β1 and β2 integrin adhesion molecules, and whether these integrins are required for 24 

trafficking of ILC2 into the lungs of mice  25 

Methods: Human and mouse ILC2s were assessed for surface expression of β1 and β2 integrins 26 

adhesion molecules by flow cytometry. The role of β1 and β2 integrins in ILC2 trafficking to the 27 

lungs was assessed by in vivo blocking of these integrins prior to airway exposure to Alternaria 28 

in mice. 29 

Results: Both human and mouse lung ILC2s express high levels of β1 and β2 integrin adhesion 30 

receptors. Intranasal administration of Alternaria challenge reduced ILC2s in the bone marrow 31 

and concurrently increased blood and lung ILC2 levels. In vivo blocking of β2 integrins (CD18) 32 

significantly reduced ILC2 levels in the lungs, but did not alter ILC2 proliferation, apoptosis, and 33 

function. In contrast, in vivo blocking of β1 integrins or α4 integrins did not affect lung ILC2 34 

levels. 35 

Conclusion: ILC2s increase in number in the mouse lung not only through local proliferation, 36 

but also through trafficking from the circulation into the lung using β2 rather than β1 or α4 37 

integrins.   38 
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KEY MESSAGES 39 

• Both human and mouse lung ILC2s express high levels of β1 and β2 integrin adhesion 40 

receptors. 41 

• ILC2s increase in number in the mouse lung not only through local proliferation, but also 42 

through trafficking from the circulation into the lung using β2 rather than β1 or α4 43 

integrins. 44 

 45 

 46 

CAPSULE SUMMARY 47 

ILC2s, which express high levels of Th2 cytokines, are not only resident in the lung, but also 48 

traffic from the bone marrow to the lung upon exposure to Alternaria, an allergen associated 49 

with severe asthma. 50 

 51 

 52 

KEY WORDS 53 

• ILC2 54 

• Integrin 55 

• Adhesion 56 

• Alternaria alternata  57 
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ABBREVIATIONS 58 

BM:  Bone marrow 59 

BMT:  Bone marrow transplanted 60 

CRTH2: Chemoattractant receptor-homologous molecule expressed on Th2 cells 61 

FSC:  Forward scatter 62 

gMFI:  Geometric mean of fluorescent intensity 63 

ICAM-1: Intercellular adhesion molecule-1 64 

ILC2:  Group 2 innate lymphoid cells 65 

LFA-1: Lymphocyte function-associated antigen-1 66 

Lin:  Lineage 67 

LN:  Lymph nodes 68 

MAdCAM-1: Mucosal vascular addressin cell adhesion molecule-1 69 

PBMCs: Peripheral blood mononuclear cells 70 

SSC:  Side scatter 71 

VCAM-1: Vascular cell adhesion molecule-1 72 

VLA-4: Very late antigen-4  73 
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INTRODUCTION 74 

As ILC2s express high levels of Th2 cytokines (IL-4, IL-5, and IL-13), studies have 75 

focused on understanding their role in the pathogenesis of human diseases including asthma, 76 

allergic rhinitis, and atopic dermatitis.1-5 While ILC2s and Th2 lymphocytes are both prominent 77 

sources of Th2 cytokines, ILC2s do not express antigen receptors and are instead activated by 78 

cytokines (i.e. IL-33, TSLP, IL-25) and lipid mediators (i.e. cysteinyl leukotrienes and 79 

prostaglandin D2).
6, 7 Prostaglandin D2 induces ILC2 Th2 cytokine production and is also a 80 

chemotactic factor for ILC2s through the binding to CRTH2, which is highly expressed by 81 

ILC2s.8 Mediators that activate ILC2s are known to be elevated in different Th2 disease states, 82 

including asthma and allergic rhinitis. The number of ILC2s is increased in the peripheral blood, 83 

BAL, and sputum of allergic and/or asthmatic individuals, and several studies demonstrate 84 

increased ILC2s in the lung of mice during Th2 inflammation.9-13  85 

While it is well accepted that T lymphocytes utilize adhesion molecules to traffic from 86 

the circulation to the lung following inhalation of allergen14, studies have not yet examined 87 

whether ILC2s migrate from the circulation to the lung following allergen challenge, and if so 88 

which adhesion receptors expressed by ILC2s may mediate this function. Several reports have 89 

demonstrated that local proliferation of ILC2s occurs in the tissues, including the lung.15-17 90 

However, ILC2s are bone marrow-derived cells and mechanisms that regulate trafficking from 91 

blood to tissues could be important during inflammatory responses.18 Mice deficient in bone 92 

marrow CRTH2-expressing ILC2s had diminished ILC2 levels in the lungs following N. 93 

brasiliensis infection19, suggesting that a trafficking defect may be involved, but whether ILC2-94 

expressed adhesion receptors may account for this reduction in ILC2 levels in the lung was not 95 

examined. We hypothesized that bone marrow derived ILC2s migrating through the blood 96 
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express adhesion molecules that firmly bind to counter-receptors expressed by lung endothelium 97 

during allergic inflammation. This firm adhesion of ILC2s to pulmonary endothelium then 98 

allows for their subsequent migration into the tissues through chemotactic mediators, such as 99 

prostaglandin D2. 100 

The most common method by which leukocytes (other than ILC2s) are known to migrate 101 

from the blood into tissues and specifically the airways is mediated by leukocyte-expressed 102 

selectins and integrins.20 Leukocyte-expressed selectins, such as L-selectin (CD62L), mediate the 103 

first step of leukocyte tethering to endothelium in vivo, whereas leukocyte-expressed β1 and β2 104 

integrins mediate leukocyte firm adhesion to endothelium. Integrins are heterodimers comprised 105 

of α and β subunits. β1 (CD29) integrins, such as VLA-4 (α4/β1 or CD49d/CD29), are highly 106 

expressed on eosinophils, T lymphocytes, and basophils, but not neutrophils.21, 22 VLA-4 107 

expressed by leukocytes binds to vascular cell adhesion molecule (VCAM-1 or CD106) 108 

expressed by endothelium. In addition to β1 integrins, β2 and β7 integrins expressed by 109 

leukocytes also mediate firm adhesion. For example, lymphocytes utilize β2 (CD18) integrins, 110 

such as LFA-1 (αL/β2 or CD11a/CD18), to firmly adhere to intercellular adhesion molecule 1 111 

(ICAM-1 or CD54) expressed by endothelium.23 Although lymphocytes also utilize β7 integrins 112 

to firmly adhere to endothelium, this interaction of lymphocyte expressed β7 integrins (i.e. α4/β7) 113 

with endothelium is more prominent in migration of lymphocytes to the gut24, as the counter-114 

receptor for α4/β7 (i.e. MAdCAM-1) is most highly expressed in the gastro-intestinal tract rather 115 

than the lung, which is the focus of our ILC2 studies. 116 

Overall, studies of β integrins and leukocyte trafficking to sites of allergic inflammation 117 

have demonstrated an important role for both β1 and β2 integrins in eosinophil adhesion and 118 

trafficking to tissues.25 In contrast, for neutrophils β2 integrins, rather than β1 integrins, 119 
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predominantly mediate neutrophil trafficking to tissue sites of inflammation.26 We therefore 120 

profiled expression of integrin adhesion molecules on human and mouse ILC2s to determine 121 

which adhesion receptors were highly expressed by ILC2s, and used neutralizing antibodies to 122 

demonstrate that ILC2s traffic from the circulation using β2, but not β1, integrins during 123 

Alternaria induced lung inflammation.  124 
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METHODS 125 

Human ILC2 126 

Human ILC2s were identified by flow cytometry as CD45+Lin¯CRTH2+ lymphoid cells8, 27 in 127 

single cell suspensions of either post mortem human lungs and lymph nodes, or human 128 

peripheral blood, obtained as described in the online supplement. 129 

 130 

Mouse ILC2: Airway administration of Alternaria and in vivo blocking of integrins 131 

Mice were challenged intranasally with Alternaria Alternata three times (days 0, 3, and 6) and 132 

were sacrificed one day after the final challenge (day 7) as previously described10 and detailed in 133 

the online supplement. In experiments involving in vivo blocking of integrins, mice were 134 

administered intraperitoneally an integrin specific blocking or control antibody (β1, β2, α4, or αL 135 

antibody) (see Supplement Table EII ) prior to each Alternaria challenge (days 0, 3, and 6) as 136 

detailed in the online supplement. 137 

 138 

ILC2 proliferation, apoptosis, and Th2 cytokines 139 

ILC2 proliferation (Ki-67 staining), apoptosis (annexin V staining) and Th2 cytokines (IL-5, IL-140 

13 staining) were quantitated by flow cytometry as described in the online supplement. 141 

 142 

Statistical analysis 143 

Statistical analysis was performed using Prism software (Graphpad, La Jolla, CA) as 144 

described in the online supplement. P < 0.05 was considered statistically significant. 145 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

9 
 

RESULTS 146 

Human ILC2s express β1 and β2 integrins 147 

To determine whether human ILC2s express adhesion molecules commonly associated 148 

with migration of other leukocytes, human ILC2s derived from peripheral blood, lung tissue, and 149 

intrathoracic lymph nodes were analyzed for expression of adhesion molecules by flow 150 

cytometry. Human ILC2s were gated as CD45+Lin -CRTH2+ lymphoid cells (Figure 1A) and 151 

were detected at a mean frequency of 0.15% of CD45+ cells in the blood, 0.04% in the lungs and 152 

0.06% in lung lymph nodes (Figure 1B). Human ILC2s highly express both the integrin chains 153 

for β2 integrins (CD18 and CD11a) and moderately express both the integrin chains for β1 154 

integrins (CD29 and CD49d) (Figures 1C-E and Supplement Figures E1-E2). Compared with 155 

human CD4 cells, human ILC2s express similar levels of β1 and β2 integrin adhesion molecules 156 

(Figure 1F-H).  157 

 158 

Mouse ILC2s express β1 and β2 integrins 159 

To study the functional importance of ILC2 expression of adhesion molecules to 160 

recruitment of ILC2 to the lung, we used a well validated model of Alternaria allergen challenge 161 

in non-sensitized wildtype mice which induces a rapid innate mediated increase in the number of 162 

ILC2s.13 To validate that mouse ILC2s expressed a similar profile of adhesion molecules as 163 

human ILC2s, the expression of the same adhesion molecules were assessed by flow cytometry 164 

on ILC2s from mouse lungs. Mouse ILC2s were identified as Lin-Thy1.2+ from the CD45+ 165 

lymphoid cell population (Figure 2A). We have previously used this gating strategy to show that 166 

the Lin-Thy1.2+ are ILC2s in naïve and Alternaria-challenged mice.28 To determine relative 167 
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levels of adhesion molecule expression, ILC2s and CD4+Thy1.2+ cells from the same naïve mice 168 

lungs were analyzed (Figure 2B-C and Supplement Figure E3).  169 

ILC2s showed slightly higher levels of expression compared to CD4 cells of the β1 170 

integrin CD29 (mean 99.1% compared to 79.8%) and CD49d (mean 90.5% compared to 79.4%), 171 

as well as the β2 integrin CD18 (mean 88.0% compared to 49.0%). In addition, ICAM-1 was 172 

more highly expressed on ILC2 compared to CD4 cells (mean 98.5% compared to 65.2%), while 173 

both populations showed equally high percentages of CD11a expression (mean > 99%; Figure 174 

2B). Interestingly, the percent of lung CD4 cells expressing L-selectin (CD62L; mean = 80.1%) 175 

was markedly higher compared to lung ILC2 cells expressing L-selectin (mean = 4.9%; p < 176 

0.0001) (Figure 2B).  177 

These differences were further demonstrated by the comparison of ∆gMFI between the 178 

ILC2s and CD4+Thy1.2+ populations (Figure 2C). ILC2s showed higher ∆gMFI for the β2 179 

integrins CD18 (∆∆gMFI = 744) and CD11a (∆∆gMFI = 29,590), as well as the β1 integrins 180 

CD29 (∆∆gMFI = 5,658) and CD49d (∆∆gMFI = 1,399), and ICAM-1 (∆∆gMFI = 4,896). 181 

However, ILC2s had decreased ∆gMFI of CD62L compared to the CD4+Thy1.2+ population 182 

(∆∆gMFI = 6,615; Figure 2C). As expected, ILC2 and CD4+Thy1.2+ populations had minimal 183 

expression or ∆gMFI for the endothelial adhesion molecule VCAM-1 (CD106). Thus, compared 184 

with human ILC2s, mouse lung ILC2s express high levels of both β2 (CD18/CD11a) and β1 185 

(CD29/CD49d) integrins, which are at slightly higher levels compared to CD4 cells. 186 

 187 

Effect of Alternaria challenge on levels of ILC2 adhesion molecule expression  188 

Non-sensitized naïve mice challenged with the fungal allergen Alternaria alternata over 189 

three days develop innate type 2 inflammation and ILC2 activation.27 Therefore, we assessed 190 
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lung ILC2 adhesion molecule expression after activation in vivo by Alternaria challenge (Figure 191 

2D-E). Similar to human lung ILC2s, the majority of naïve non-Alternaria challenged mouse 192 

lung ILC2s expressed high levels of the β2 integrins CD18 (mean = 97.7%) and CD11a (mean = 193 

98.6%) as well as the β1 integrins CD29 (mean = 98.0%) and CD49d (mean = 86.9%). Levels of 194 

ICAM-1 were highly expressed in mouse lung ILC2 (mean = 98.0%). In contrast, CD62L (mean 195 

= 2.5%) and VCAM-1 (mean = 8.2%) were expressed at low levels (Figure 2B). After 196 

Alternaria challenge, levels of lung ILC2 expression of the β2 integrin CD18 and the β1 integrin 197 

CD29, as well as CD62L, ICAM-1, and VCAM-1 did not change. However, there was a minimal 198 

but statistically significant increase in the percentage of ILC2s expressing the β2 integrin CD11a 199 

and the β1 integrin CD49d (Figure 2D). There was a statistically significant increase in the 200 

∆gMFI of mouse lung ILC2 β2 integrin subunits CD18 (∆∆gMFI = 4,954) and CD11a (∆∆gMFI 201 

= 19,114), as well as in the β1 integrin subunit CD49d (∆∆gMFI = 2,723) after Alternaria 202 

challenge (Figure 2E). In addition, after Alternaria challenge, levels of lung ILC2 ∆gMFI of 203 

CD29, CD62L, ICAM-1, and VCAM-1 did not change (Figure 2E). Thus, Alternaria challenge 204 

in mice led to modest increases in β1 and β2 integrin ∆gMFI adhesion molecule expression, but 205 

did not alter the overall expression profile. 206 

 207 

Alternaria challenge reduced ILC2s in the bone marrow and increased ILC2s in the blood 208 

and lungs  209 

 To determine whether ILC2s circulate from the bone marrow to the lungs following 210 

Alternaria challenge, we assessed ILC2 levels in the bone marrow, blood, and lungs of mice 211 

challenged every three days with Alternaria allergen. Mice were sacrificed 24 hours after either 212 

the second challenge on day 4, or the third challenge on day 7 (Figure 3). Mouse bone marrow 213 
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and blood ILC2s were characterized as Lin-Thy1.2+CD127+ST2+ from the CD45+ lymphoid cell 214 

population (Supplement Figure E4). Intranasal administration of Alternaria significantly 215 

diminished bone marrow ILC2 levels on day 7 compared to both naïve and day 4 mice (Figure 216 

3A). There were little to no detectable blood ILC2s in the naïve and day 4 mice. However, 217 

Alternaria challenge significantly increased blood ILC2 levels on day 7 compared to naïve and 218 

day 4 mice (Figure 3B). In addition, ILC2 levels in the lung lymph nodes and spleen were found 219 

to be increased on day 7 (Supplemental Figures E4 C-D and E5 A-B). As expected, mice 220 

sacrificed on both day 4 and day 7 had increased levels of lung ILC2s compared to naïve mice 221 

(Figure 3C). Summary of the changes in overall CD45+ cell levels are depicted in Supplement 222 

Figure E5 C-G. Together, these studies demonstrate that intranasal administration of Alternaria 223 

reduced ILC2s in the bone marrow and concurrently increased blood and lung ILC2 levels on 224 

day 7.  225 

 226 

ILC2s in the lungs following Alternaria challenge originate in bone marrow in mice 227 

 In order to determine whether ILC2s migrate from the bone marrow to the airways, we 228 

generated bone marrow transplanted (BMT) mice in which either CD45.1 or CD45.2 donor bone 229 

marrow was transplanted into irradiated recipient CD45.2 mice, and challenged them with 230 

Alternaria (as described in the Methods in the Online Supplement). In both the CD45.1 and the 231 

CD45.2 BMT mice, over 95% of all the hematopoietic cells in the blood were of donor origin 232 

(Figure 3D-E). Alternaria challenge significantly increased CD45.1 ILC2 levels in the blood 233 

and lungs of the CD45.1 donor BMT mice, but did not increase CD45.2 ILC2 levels (Figure 3F-234 

G and Supplemental figure E6 A-C). In addition, there was a significant increase in the total 235 

number of proliferating (Ki-67 expressing) CD45.1 ILC2s in the Alternaria challenged CD45.1 236 
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BMT mice compared to the naïve CD45.1 BMT mice (Figure 3H). There was little Ki-67 237 

expressing CD45.2 ILC2s in both the naïve and Alternaria challenged CD45.1 BMT lungs 238 

(Supplemental Figure E6 D). These results suggest that ILC2s migrate from the bone marrow 239 

to the lungs. 240 

 241 

In vivo blocking of β2 integrins reduced ILC2 recruitment to the lung 242 

Due to the high levels of β2 integrins we noted to be expressed on both human and mouse 243 

ILC2s we examined whether administering neutralizing antibodies to β2 integrins would inhibit 244 

the accumulation of ILC2s in the lungs of Alternaria challenged mice (Figure 4A). Alternaria 245 

challenged mice treated with control antibody had significantly higher total numbers of ILC2s in 246 

the lungs compared to naïve mice (Figure 4B). In contrast, Alternaria-challenged mice 247 

pretreated with an αCD18 β2 integrin blocking antibody had significantly reduced absolute 248 

ILC2s per lung compared to Alternaria challenged mice (61.3% reduction of Alternaria-induced 249 

ILC2 increase in lung) (Figure 4B).  250 

 251 

In vivo blocking of β2 integrins does not inhibit ILC2 proliferation, or induce ILC2 252 

apoptosis 253 

To confirm that the effect of the αCD18 antibody on the levels of lung ILC2 following 254 

Alternaria challenge was due to inhibition of ILC2 migration rather than inhibition of ILC2 255 

proliferation or induction of ILC2 apoptosis, ILC2 levels of Ki-67 and Annexin V were 256 

determined (Figure 4C). Alternaria challenge induced increased lung ILC2 proliferation, as 257 

previously described.29 Administration of the αCD18 antibody to Alternaria challenged mice did 258 

not inhibit lung ILC2 proliferation (Ki-67+ ILC2s) or ILC2 apoptosis (Annexin V+ ILC2s) 259 
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(Figure 4C). Thus, β2 integrins are required for the accumulation of lung ILC2s from the blood 260 

without affecting proliferation or apoptosis. 261 

 262 

Effect of in vivo blocking of β2 integrins on ILC2 Th2 cytokine expression 263 

To determine whether pretreatment with the αCD18 antibody had an effect on the 264 

activation of ILC2s, we assessed IL-5 and IL-13 production. Alternaria allergen challenge 265 

induced increased numbers of IL-5+ ILC2, IL-13+ ILC2, as well as ILC2s that were double 266 

positive for IL-5 and IL-13 (Figure 4D). The ILC2s in the lung following Alternaria allergen 267 

challenge include ILC2 expressing Th2 cytokines IL-5 and IL-13 (approximately 23% and 17% 268 

of total lung ILC2 respectively), as well as a population of ILC2 not expressing Th2 cytokines. 269 

Administration of the αCD18 antibody did not reduce cytokine-producing ILC2 numbers 270 

(Figure 4D), despite reducing the total number of ILC2 (Figure 4B) suggesting a reduction in 271 

the number of ILC2s that do not express Th2 cytokines after administration of the αCD18 272 

antibody (Supplement Figure E7). 273 

 274 

In vitro adhesion of ILC2s to ICAM-1 is dependent on β2 integrins 275 

 In order to determine direct interaction between ILC2s and ICAM-1, sorted mouse lung 276 

ILC2s were plated on ICAM-1 coated plates and allowed to adhere for 90 minutes (as described 277 

in the Methods in the Online Supplement). There was a significant increase in the number of 278 

adherent ILC2s in the ICAM-1 coated wells compared to control coated wells (Figure 4E). To 279 

determine the role of β2 in the adherence of ILC2s to ICAM-1, sorted ILC2s were preincubated 280 

in the presence or absence of the αCD18 antibody prior to plating on ICAM-1 coated plates. 281 

There was a significant reduction in the number of ICAM-1 adherent ILC2s in wells containing 282 
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ILC2s preincubated with αCD18 compared to control ILC2s (Figure 4E). This demonstrates the 283 

direct interaction between ILC2s and ICAM-1 in vitro, which is dependent on ILC2 expression 284 

of CD18.   285 

 286 

 287 

In vivo blocking of the β2 binding integrin,  αL, inhibits ILC2 recruitment to the airways 288 

Both human and mouse ILC2s had high expression of αL, which is one of the α integrins 289 

that interacts with β2. Therefore, we tested whether blocking the integrin αLβ2 (LFA-1), would 290 

also inhibit ILC2 recruitment to the airways. Alternaria challenged mice pretreated with a 291 

blocking anti-αL integrin (αCD11a) antibody30 had a significant reduction in lung ILC2 levels 292 

compared to the lung ILC2 levels of Alternaria challenged mice that were pretreated with the 293 

isotype control (Figure 4F).  294 

 295 

In vivo blocking of either β1 or  α4 integrins does not inhibit ILC2 recruitment to the airways 296 

As ILC2s also express high levels of β1 integrins, we investigated whether blocking this 297 

pathway would inhibit ILC2 numbers in the lung following Alternaria challenge. Alternaria 298 

challenged mice pretreated with a blocking anti-β1 integrin (αCD29) antibody31 had no reduction 299 

in total lung ILC2 (Figure 5A). Administration of the αCD29 antibody to Alternaria challenged 300 

mice did not inhibit lung ILC2 proliferation (Figure 5B). Similarly, administration of the αCD29 301 

antibody to Alternaria challenged mice did not induce lung ILC2 apoptosis (Figure 5C).  302 

As the α4 integrin (CD49d), may associate with either a β1 integrin (α4β1) or a β7 integrin 303 

(α4β7), we also examined whether they expressed β7 integrins. Human ILC2s from PBMCs, 304 

lymph nodes, and lungs were assessed for the surface expression of integrin β7 alone and for dual 305 
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expression of CD49d and β7 (Figure 5D). Human ILC2s, regardless of tissue source, showed 306 

low percentages of ILC2s expressing β7 and even lower levels of ILC2s expressing both CD49d 307 

and β7 (Figure 5D). In contrast to human ILC2s, mouse ILC2s expressed high levels of β7 308 

integrin in both naïve mice (mean = 67.8%) and Alternaria challenged mice (mean = 74.0%; 309 

Figure 5E). Due to the high levels of α4β1 and α4β7 expression on mouse lung ILC2s, the role of 310 

blocking α4 integrins in Alternaria-induced ILC2 recruitment was assessed. 311 

Alternaria challenged mice pretreated with a blocking anti-α4 integrin (αCD49d) 312 

antibody32 also had no reduction in total lung ILC2 (Figure 5F). Administration of the αCD49d 313 

antibody to Alternaria challenged mice did not inhibit lung ILC2 proliferation (Figure 5G). 314 

Similarly, administration of the αCD49d antibody to Alternaria challenged mice did not induce 315 

lung ILC2 apoptosis (Figure 5H). These studies suggest that neither α4β1 nor α4β7 integrins play 316 

a significant role in ILC2 recruitment to the lung.  317 
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DISCUSSION 318 

ILC2s expand in the lungs of mice during type 2 inflammation induced by Alternaria 319 

challenge.13, 27 The increase in ILC2 numbers in the lung has previously been attributed to local 320 

proliferation alone17 as studies have not demonstrated that ILC2 migrate from the circulation to 321 

the lung following allergen challenge. We report that both human and mouse ILC2s express high 322 

levels of β1 and β2 integrin adhesion receptors, known to be used by other circulating leukocytes 323 

to adhere to endothelium and traffic to the lung. In addition, we show that after the 7 day 324 

Alternaria challenge ILC2 levels in the bone marrow decreased, while they increased in the 325 

circulation and lungs of mice, suggesting that ILC2s are released from the bone marrow to traffic 326 

to the lung following Alternaria challenge. In addition, BMT studies demonstrated that ILC2s 327 

derived from the bone marrow traffic to the lung following Alternaria challenge. In vivo 328 

blocking of β2 integrins (CD18) prior to Alternaria allergen challenge in mice significantly 329 

diminished ILC2 levels in the lungs. The effect of the αCD18 blocking antibody was specific to 330 

trafficking, as αCD18 treatment did not affect Alternaria-induced ILC2 proliferation, apoptosis, 331 

or Th2 cytokine expression. Moreover, in vitro we demonstrated that ILC2s adhere to ICAM-1 332 

and that the adherence was inhibited by blocking antibodies to the β2 integrin. This was further 333 

confirmed by in vivo blocking of the αL integrin, a subunit of integrin αLβ2 (LFA-1), which 334 

showed a reduction in lung ILC2 levels when αCD11a was administered. Importantly, we also 335 

demonstrate that in vivo blocking of β1 or α4 integrins did not affect Alternaria-induced ILC2 336 

levels in the airways. Therefore, we demonstrate an additional novel mechanism by which 337 

Alternaria allergen challenge increases airway ILC2 levels by recruiting ILC2s from the bone 338 

marrow to the circulation through integrin mediated trafficking that is dependent on β2 integrins, 339 

but not β1 integrins. 340 
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We have previously demonstrated that human subjects with allergic rhinitis due to cat 341 

allergen exposure, when challenged with cat allergen in the laboratory develop a significant 342 

increase in numbers of peripheral blood ILC2s, which is not noted on a separate diluent nasal 343 

challenge visit.9 In addition, ILC2s levels in grass pollen allergic individuals increase in the 344 

blood during the grass pollen season.33 These studies demonstrate that exposure to inhaled 345 

allergens in allergic subjects can significantly increase peripheral blood ILC2 levels. At present it 346 

is not known in humans whether the increase in peripheral blood ILC2s following exposure to 347 

inhaled allergens is due to a signal to the bone marrow to release ILC2 from the bone marrow 348 

which then traffic to tissue sites such as the upper or lower airway, where they can express Th2 349 

cytokines and contribute to allergic inflammation. In contrast, studies in mice have provided 350 

evidence that ILC2s have tissue residency in the airways and do not recirculate.16, 17 However, 351 

these studies have not examined whether the expansion of ILC2 numbers in the lung following 352 

Alternaria challenge may be mediated by trafficking of ILC2 from the bone marrow to the lung. 353 

Our study provides evidence that ILC2 numbers increase in the mouse lung following Alternaria 354 

allergen challenge through mechanisms that include β2 integrin, but not β1 integrin, mediated 355 

trafficking from the circulation to the lung, as well as due to local proliferation of ILC2s in 356 

response to local inflammatory mediators. These results are in agreement with a prior study by 357 

our group, showing Alternaria challenge increases the percentage of Ki-67 proliferating ILC2s in 358 

the lungs.15  When considered together, it is likely that one subset of ILC2s that are increased in 359 

the lung following Alternaria challenge are a result of migration from the blood, while a second 360 

subset of ILC2s are the pre-existing lung ILC2s that proliferate and increase ILC2 lung numbers 361 

independent of migration from the circulation.  362 
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As ILC2 express high levels of the β2 integrin which is known to mediate firm adhesion 363 

of other leukocytes to ICAM-1 expressed by endothelium, the reduction in lung ILC2 we have 364 

noted in Alternaria challenged mice treated with an αCD18 antibody can best be explained by 365 

reduced ILC2 β2 integrin adhesion to ICAM-1 expressed by endothelium in the lung. Our in vitro 366 

studies demonstrated that ILC2s adhere to ICAM-1 in a β2 integrin dependent manner. As ILC2s 367 

and endothelium both express ICAM-1, administration of an anti-ICAM-1 antibody to Alternaria 368 

challenged mice would unfortunately not only block ICAM-1 function on endothelium, but also 369 

ICAM-1 function on ILC2 making interpretation of this in vivo experiment problematic. One of 370 

the weaknesses of this study is the lack of the blocking of CD18 specifically on ILC2s, which 371 

would demonstrate direct CD18 expression on ILC2 involvement in ILC2 migration. In addition, 372 

our study demonstrates that the αCD18 antibody does not inhibit the numbers of ILC2 in the 373 

subset of ILC2 expressing Th2 cytokines. This lack of inhibition of ILC2 Th2 cytokine 374 

expression would be anticipated as there is currently no evidence that inhibition of β2 integrins 375 

inhibits Th2 cytokine responses. 376 

Although we demonstrated that both human and mouse ILC2s expressed significant 377 

levels of β1 integrins (α4β1 or VLA-4), blocking β1 integrin did not reduce the number of ILC2 in 378 

the lungs of Alternaria challenged mice. Thus, β1 integrins, are not as central as β2 integrins in 379 

mediating the increase in number of lung ILC2 following Alternaria challenge. In addition to β1 380 

and β2 integrins, β7 integrins (in particular α4β7) can mediate adhesion to MAdCAM-1 expressed 381 

by endothelium. In this study we found that β7 integrin is expressed at low levels on human 382 

ILC2s isolated from PBMCs, lung tissue, and lung lymph nodes. Prior studies have also not 383 

detected significant expression of β7 integrin on mouse lung ILC2s and human peripheral blood 384 

ILC2s.34, 35 Thus, β7 integrins are unlikely to play a major role in human ILC2 adhesion. In 385 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

20 
 

contrast to human lung ILC2s, we did note high levels of expression of β7 integrin on mouse 386 

lung ILC2s. Prior studies have reported the expression of CD49d/β7 integrin on the surface of 387 

mouse ILC precursors in the bone marrow18, but minimal expression on mouse lung ILC2s.34, 35 388 

Despite the varying levels of mouse ILC2 CD49d/β7 integrin expression reported in different 389 

studies, we demonstrated that the inhibition of CD49d did not alter ILC2 levels in the airways 390 

and therefore CD49d/β7 is unlikely to play a significant role in ILC2 migration to the lungs 391 

following Alternaria challenge. 392 

β1 and β2 integrins, expressed by ILC2s, bind to known counter-receptors such as 393 

VCAM-1 and ICAM-1 expressed by vascular endothelium. Alternaria inhalation challenge is 394 

known to induce high levels of lung IL-33 within hours of challenge.13 In addition, IL-33 has 395 

been shown to induce VCAM-1 and ICAM-1 expression by endothelial cells.36 As this study 396 

demonstrated that blocking β2 integrins (i.e. the ICAM-1 counter-receptor pathway) reduced 397 

numbers of ILC2s in the lung following Alternaria challenge, whereas blocking the β1 integrin 398 

pathway (i.e. the VCAM-1 counter-receptor pathway) did not reduce lung ILC2 numbers, it 399 

suggests that either the VLA-4/VCAM pathway only mediates minor firm adhesion of ILC2s to 400 

endothelium pathway that can be bypassed by the β2 integrin/ICAM-1 pathway, or that VLA-4 401 

expressed on ILC2 is in a low affinity state37 which does not permit firm adhesion to 402 

endothelium. We also demonstrated that mouse lung ILC2s did not express VCAM-1, but did 403 

express ICAM-1, which is in agreement with another study.34 404 

In summary, this study makes the novel observation that the expansion of ILC2s in the 405 

lung following Alternaria challenge is not only mediated by the well described local lung 406 

proliferation of ILC2s17, but is also mediated by recruitment of circulating ILC2s from the blood 407 

to the lungs. Interestingly, ILC2 expression of β2 integrins plays an important role in the 408 
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recruitment of ILC2s to the lung, as demonstrated in in vivo studies blocking β2 integrins prior to 409 

Alternaria allergen challenge. In contrast, in vivo blocking of β1 integrins, or α4 integrins, did not 410 

affect ILC2 levels in the airways. In vivo blocking of β2 integrins did not inhibit ILC2 411 

proliferation, induce ILC2 apoptosis, or inhibit Th2 cytokine responses. Thus, ILC2 numbers 412 

increase in the lung following Alternaria allergen challenge through mechanisms that include β2 413 

integrin, but not β1 integrin, mediated trafficking of ILC2s from the circulation to the lung, as 414 

well as due to local proliferation of ILC2s in response to local inflammatory mediators. 415 
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FIGURE LEGENDS 514 

 515 

Figure 1. Human ILC2s express CD18/CD11a (β2/αL) and CD29/CD49d (β1/α4) integrins.  516 

 (A) Representative ILC2 gating strategy from human lymph nodes. (B) The frequency of 517 

ILC2s from CD45+ human PBMCs, lungs, and lung lymph nodes. Summary of ILC2 adhesion 518 

molecule expression from (C) PBMCs (n=7), (D) lung tissue (n=8), and (E) lymph nodes (n=7). 519 

Comparison of ILC2 and CD4+CRTH2+ cell adhesion molecule ∆gMFI from (F) PBMCs (n=5), 520 

(G) lungs (n=3), and (H) lymph nodes (n=5) of the same donor. Solid circles represent ILC2 521 

populations and open circles represent CD4+CRTH2+ populations. Data depicted as boxplots 522 

(whiskers: 10th-90th percentile) or individual points; mean represented as a line ± SEM. *P<0.05 523 

by Student’s paired t test. 524 

 525 

 526 

Figure 2. Adhesion molecule expression on mouse lung ILC2s. 527 

 (A) Representative gating strategy of mouse lung ILC2s.Mouse lung ILC2s (open circles) 528 

compared to lung CD4+Thy1.2+ cells (gray squares) (B) percent adhesion molecule expression 529 

and (C) adhesion molecule ∆gMFI (n=3).Comparison of mouse lung ILC2 (D) percent 530 

expression and (E) ∆gMFI of adhesion molecules between naïve mice (open circles) and 531 

Alternaria challenged mice (solid circles; n=7). Independent experiments depicted as individual 532 

points; mean represented as a line ± SEM. *P<0.05, **P<0.01, ***P<0.001 by Student’s t test. 533 

 534 

 535 
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Figure 3. ILC2 levels change in bone marrow, blood, and lungs following Alternaria 536 

challenge in wt and BMT mice.  537 

 Total ILC2s from (A) bone marrow, (B) blood, and (C) whole lung from naïve (white; 538 

n≥23), 4-day Alternaria challenged (gray; n=8), and 7-day Alternaria challenged mice (black; 539 

n≥14). CD45.1 or CD45.2 donor bone marrow was transplanted into CD45.2 irradiated recipient 540 

mice (D) Representative plots of BMT mouse blood ILC2 expression of CD45.1 and CD45.2. 541 

(E) Total CD45.1 (black) and CD45.2 (white) blood cells from BMT mice. Total ILC2s from (F) 542 

blood and (G) whole lung from naïve (n=8) or Alternaria challenged (n=4) BMT mice. (H) Total 543 

lung Ki-67+ ILC2s from BMT mice. Data summarized as bar graphs representing mean ± SEM. 544 

*P< 0.05, **P< 0.01, ***P< 0.001 by Student’s t test. 545 

 546 

Figure 4. In vivo blocking of CD18 diminishes Alternaria-induced ILC2 recruitment to the 547 

airways. 548 

(A) Mice treated with anti-CD18 antibody (αCD18) or the isotype control and challenged 549 

with Alternaria (Alt) (B) Total ILC2s per mouse whole lung (n≥10). (C) Representative plots of 550 

ILC2 Ki-67 and Annexin V expression and summary of the percentage of Ki-67+ ILC2s (n≥10) 551 

and live Annexin V+ ILC2s (n≥4) per mouse lung. (D) Summary of total IL-5, IL-13, and IL-552 

5/IL-13 producing ILC2s in the lung (n≥4; data was log transformed for normalcy). (E) Total 553 

number of sorted ILC2s adherent to ICAM-1 coated wells compared to control coated wells ± 554 

preincubation of ILC2s with αCD18 (two independent experiments). (F) Total ILC2s per lung of 555 

mice treated ± Alt and ± anti-CD11a antibody (n≥6). Data summarized as bar graphs or 556 

individual points; mean represented as a line ± SEM. (NS) not significant, *P< 0.05, **P< 0.01, 557 

*** P< 0.001 by Student’s t test. 558 
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Figure 5. In vivo blocking of CD29 and CD49d does not alter Alternaria–induced ILC2 559 

recruitment. 560 

 (A) Total number of lung ILC2s, (B) total Ki-67+ ILC2s, and (C) live Annexin V+ ILC2s 561 

per mouse treated ± anti-CD29 antibody (n≥6). (D) Percentage of human ILC2s expressing 562 

integrin β7 and both CD49d and β7 from PBMCs (white; n=4), lung tissue (black; n=3), and 563 

lymph nodes (gray; n=4). (E) Summary of the percentage of mouse lung ILC2s expressing 564 

CD49d and integrin β7 from both naïve and Alt challenged mice (n=8). (F) Total number of lung 565 

ILC2s, (G) total Ki-67+ ILC2s, and (H) live Annexin V+ ILC2s per mouse treated ± anti-CD49d 566 

antibody (n≥5). Mean represented as a line ± SEM. (NS) not significant, *P< 0.05, **P< 0.01, 567 

*** P< 0.001 by Student’s t test. 568 
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Figure 1 (2 column) 
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Figure 2 (1.5 column) 
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Figure 3 (2 column) 
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Figure 4 (1.5 column) 
  

 

 

 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Naïve Alt Alt+CD11a
0

1

2

3

** **

IL
C

2
 /

 L
u

n
g

 (
x1

0
5
)

N
aï

ve A
lt

C
D
18



A
lt+

0

20

40

60

80

100

NS

%
 o

f 
IL

C
2

N
aï

ve A
lt

C
D
18



A
lt+

0

20

40

60

80

100

***
***

%
 o

f 
IL

C
2

Naïve Alt Alt+CD18
0

1

2

3

4 ***

IL
C

2
 /

 L
u

n
g

 (
x1

0
5
)

Ki-67+ Annexin V+ Alt+αCD18 Naïve Alt 

K
i-
6

7
 

 

35.8 33.7 12.0 

A
n
n

e
x
in

 V
 

FSC 

11.7 13.9 12.1 

N
aï

ve A
lt

C
D
18



A
lt+

103

104

105

106

*
*

IL
C

2
 /

 L
u

n
g

N
aï

ve A
lt

C
D
18



A
lt+

103

104

105

106

***
***

IL
C

2
 /

 L
u

n
g

N
aï

ve A
lt

C
D
18



A
lt+

102

103

104

105

106

***
***

IL
C

2
 /

 L
u

n
g

IL-5+ IL-13+ IL-13+ IL-5+ 

A B 

C 

Analysis 

6 0 7 3 Day: 

i.p. αCD18/Iso; 3 h i.n. Alt 

D 

E F 

0

5

10

15

20

25

30

35
**

CD18:

ICAM-1: + +

--

--

-- +

A
d

h
e

re
n

t 
IL

C
2

s
 (

x1
0

3
)



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 5 (single column) 
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Figure E1 
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Figure E3 
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Figure E4 
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Figure E6 
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Figure E7 
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