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ABSTRACT  
 

Pulmonary ischemia-reperfusion injury (IRI) is a major contributor to poor lung transplant 

outcomes.  We recently demonstrated a central role of airway-centered NK cells in mediating 

IRI; however, there are no existing effective therapies for directly targeting NK cells in humans. 

We hypothesized that a depleting anti-CD94 monoclonal antibody (mAb) would provide 

therapeutic benefit in mouse and human models of IRI based on high levels of KLRD1 (CD94) 

transcripts in bronchoalveolar lavage samples from lung transplant patients. We found that 

CD94 is highly expressed on mouse and human NK cells, with increased expression during 

IRI. Anti-mouse and anti-human mAbs against CD94 showed effective NK cell depletion in 

mouse and human models and blunted lung damage and airway epithelial killing. In two 

different allogeneic orthotopic lung transplant mouse models, anti-CD94 treatment during 

induction reduced early lung injury and chronic inflammation relative to control therapies. Anti-

CD94 did not increase donor antigen-presenting cells that could alter long-term graft 

acceptance. Lung transplant induction regimens incorporating anti-CD94 treatment may safely 

improve early clinical outcomes. 



   

 

   

 

INTRODUCTION 

Lung transplantation is a life-prolonging therapy for patients with advanced lung disease [1]. 

However, the potential benefit of lung transplant is hampered by early ischemia reperfusion 

injury (IRI) [2].  Severe IRI manifests clinically as primary graft dysfunction (PGD), defined as 

diffuse bilateral pulmonary opacities on imaging and hypoxemia during day 2 or 3 following 

transplantation [3]. PGD is a multifaceted disease that occurs in up to 1/3 of all lung transplant 

recipients, drives 50% of the first-year mortality, is associated with poor quality of life and 

chronic rejection, and is increasing in incidence [4-8].  Like other acute lung injury syndromes, 

PGD has no medical therapies known to be effective for prevention or improvement of injury.  

The pathophysiology of IRI results from a cascade of events initiated with endothelial and 

epithelial injury leading to inflammatory mediator release and graft infiltration by innate 

immune cells [9].  We have described a central role for Natural Killer (NK) cells in mediating 

the early injury of IRI [10].  NK cells are innate immune cells with the primary function to surveil 

for missing, damaged, or transformed self [11].  In contrast to B and T cells, where antigen 

specificity is dependent upon genetic rearrangement, NK cell actions are determined by the 

integration of a myriad of somatically encoded inhibitory or activating receptors [10].  In 

experimental models of IRI and in human PGD samples, we identified that NK cell activation 

occurs via recognition of stress molecules on the surfaces of epithelial and endothelial cells 

through the NKG2D receptor [12-14].  Moreover, NK cell depletion or NKG2D blockade 

blunted lung injury in vitro and in vivo.  

Lung transplant recipients can receive a variety of immunosuppression agents throughout 

the life of the allograft [15].  Pertinent to PGD, many centers give induction regimens that 

contain corticosteroids, anti-thymocyte globulin, calcineurin inhibitors, cell cycle inhibitors, or 

IL-2 receptor blockade [16].  Notably, NK cells are resistant to many of these agents as they 

are resident in the graft and thus difficult to expose to therapeutic drug concentrations. 

Moreover, their effector functions are not dependent upon transcription as they store their 

effector molecules in pre-formed cytoplasmic granules [17].  In fact, IL-2 receptor blockade 

may lead to NK cell activation through secondary scavenging of IL-2 [18]. mTOR inhibition 

dampens NK cell function but cannot be given early after lung transplant due to issues with 

anastomotic healing [19, 20]. To date, there are no NK cell specific therapies available for 

direct depletion or broad receptor inhibition in humans.  

Mouse and human NK cells have many homologous receptors, co-receptors, and adapter 

molecules [21].  While NK cell depletion targeting the NK1.1 receptor results in efficient 

depletion of mouse NK cells, there has not yet been a successful approach in effecting human 

NK cell depletion and the human ortholog of NK1.1 (CD161) is not expressed by all NK cells 

[13, 22]. Moreover, targeting NK cells via NKG2D receptor blockade in inflammatory bowel 

disease did not result in clinically meaningful differences in outcomes in most patients [23].  



   

 

   

 

Thus, there is need for an alternate and broader NK cell targeted approach.  Here, we sought 

to identify a novel target for NK cell subset depletion. We hypothesized that a monoclonal 

antibody against a cell surface protein preferentially expressed on all NK cells, but only a minor 

subset of T cells, would efficiently deplete NK cells in the mouse lung and human blood cells 

and would blunt injury in mouse experimental and human in vitro models of IRI. 

  

 

 



   

 

   

 

RESULTS 

Human RNA sequencing screen of PGD BAL cells identifies KLRD1 as rational NK cell target. 

Bronchoalveolar lavage (BAL) was collected on the 1st postoperative day after lung 

transplantation and cells from participants with severe PGD (n = 20) and those without PGD 

(n= 18) underwent RNA sequencing, as reported previously [12]. To identify a plausible marker 

for NK cell targeting, we performed a genomic screen of 18 NK cell-associated transcripts 

using a random forest model to predict severe PGD with leave one out validation. The model 

had high sensitivity and specificity (AUC ROC, 0.76, 95% Confidence Interval [CI], 0.61-0.91) 

with accuracy displayed in a receiver operator curve plot (Figure 1A). We found that KLRD1, 

encoding the CD94 surface protein, had the highest feature importance across the 18 NK cell 

genes (Figure 1B).  We investigated KLRD1 gene transcript counts and found that KLRD1 

was increased in BAL from recipients with severe PGD compared to recipients without PGD 

(Figure 1C, p = 0.02). We stratified this cohort by PGD status and median of KLRD1 gene 

counts from the group without PGD.  We found KLRD1hiPGD participants had an 8.5-fold 

increased risk (95% CI 3.2-22.2, p< 0.0001) for ICU care after transplantation as compared to 

the other participants (Figure 1D).  These data identify CD94 as a rational target against NK 

cells that may be exploited to modulate PGD risk.   

 

Mouse pulmonary CD94+ NK cells co-express NKG2A and are activated.  

CD94 is covalently bonded to the NKG2A or NKG2C proteins forming a heterodimeric 

receptor that recognizes non-classical MHC I (HLA-E in humans and Qa-1 in mice)[24].  

Because CD94/NKG2A+ NK cells in the mouse lung have not been fully characterized, we 

measured CD94 and NKG2A on cells in the blood, spleen, and lung from C57BL/6 mice (n = 

6, Supplemental Figure 1).  We found that CD94+ NK cells had high expression of NKG2A 

(Figure 2A).  NKG2A+ NK cells comprised nearly 100% of the CD94+ population and median 

fluorescence intensity of CD94 was similar on NK cells in the blood, spleens, and lungs of 

mice (Figures 2B & 2C).   

To understand the potential impact of anti-CD94 monoclonal antibody treatment, we 

examined immunophenotypes of NKG2A+ and NKG2A- NK cells from C57BL/6 mice (n = 10) 

in blood, spleen, thoracic lymph nodes, and lungs (Figure 2D).  Across all tissues, NKG2A+ 

NK cells comprised a median 44.8%(interquartile range [IQR] 42.3 – 47.8%) of the total NK 

cell population (Figure 2E). CD11b and CD27 are acquired NK cell markers of maturation 

progressing to CD11b+CD27- NK cells (Figure 2F).  We found that NKG2A+ NK cells were 

immature and had higher expression of CD27 than NKG2A- NK cells (Figures 2G-2J). We 

also measured 15 additional markers on lung NK cells (Figure 2K).  We found no differences 

in Ly6c, CXCR4, CXCR6, CCR2, Ly49CI, or CD69.  Notably, in tissues, NKG2A+ NK cells had 

increased CD49a, a marker of tissue residency. DNAM1 and KLRG1, markers of activation, 



   

 

   

 

were also increased in the NKG2A+ population relative to NKG2A- NK cells. NKG2A+ NK cells 

had increased chemokine receptors (CCR5, CXCR2, CXCR3) and CD62L, suggesting a 

circulating source for some of this population. Together, these data suggest that anti-CD94 

monoclonal antibody treatment would target an immature or activated subset of NK cells that 

comprise roughly half of the pulmonary NK cell niche.  

 

Mouse NKG2A+ NK cells are increased, activated and tissue-resident during IRI. 

To understand the pulmonary NKG2A+ NK cell profile during warm IRI (Figure 3A), where 

lungs are not exposed to static cold storage, we investigated differences in the most prevalent 

markers following hilar clamp (HC, n = 7) and sham procedures (S, n = 7).  Overall, the 

frequency of NKG2A+ NK cells was increased in the lung following HC as compared to sham 

thoracotomy (Figure 3B, p = 0.04). Notably, tissue-resident NKG2A+ NK cells were increased 

in HC lungs (Figures 3C & 3D) compared to sham lungs (p = 0.002).  DNAM1, a marker of 

NK cell activation, was also increased during lung IRI (Figures 3E & 3F, p=0.05), but no 

differences were observed in KLRG1 expression (Figures 3G & 3F). These data suggest that 

IRI leads to a skewed NKG2A+ NK cell population described by increased frequencies of 

tissue-resident and activated cells.  

 

 Anti-mouse Anti-CD94 treatment reduces lung NK cells  

We hypothesized that CD94-based depletion would reduce lung NK cells following warm 

IRI (Figure 4A).  To test this hypothesis, we generated an anti-mouse anti-CD94 monoclonal 

antibody (Supplemental Figures 2A-2D).  This antibody demonstrated high affinity for CD94 

antigen (Supplemental Figure 2E) and high staining of CD94-transuced mouse Ba/F3 cells 

(Supplemental Figure 2F).     

As expected, anti-mouse anti-CD94 monoclonal antibody-treated mice had reduced 

frequencies of lung NK cells compared to isotype-matched control IgG-treated mice (p = 

0.004) and sham mice (p = 0.03, Figures 4B and 4C). As the airways and alveoli are primary 

sites of injury within this model, we examined BAL separately from lung tissue. Absolute BAL 

NK cells were reduced in the anti-mouse anti-CD94 monoclonal antibody group when 

compared to isotype-matched IgG-treated mice (p = 0.04, Figure 4D). We found no significant 

differences in the minority of NK cells in the BAL that express CD49a (Figure 4E). However, 

anti-CD94 treatment markedly reduced the overall CD49a+ NK cells in the lung 

(Supplemental Figure 3A, p = 0.001) during IRI. In addition, anti-CD94 treatment reduced 

the CD49a+NKG2A+ subsets in the lung (Supplemental Figure 3B) and BAL (Supplemental 

Figure 3C & 3D).  Altogether, these data indicate that anti-CD94 antibodies can effectively 

penetrate the airway, alveolar, and lung tissue compartments.  



   

 

   

 

Other lymphocytes, specifically minor subsets of T cells, can express NK receptors, 

including NKG2A [25].  Therefore, we measured the depletion efficiency of CD8 and γδ T cells 

within the lung. We found no differences in depletion in CD8+ T cell (Figure 4F, p = 0.3) or γδ 

T cells (Figure 4G, p = 0.8) across the 3 conditions.   We examined NKG2A+ populations 

across all NK cells within the lung (Figure 4H). As expected, the frequency of NKG2A+ NK 

cells were significantly reduced in the anti-mouse anti-CD94 monoclonal antibody group (3.5 

IQR 2.9 – 7.7%) compared to both the isotype-matched IgG-treated (38.2 IQR 34.7 – 44.2%, 

p = 0.004) and sham groups (45.8 IQR 28.8 – 47.1%, p = 0.004, Figure 4I). We also found 

that anti-mouse anti-CD94 monoclonal antibody resulted in reduced NKG2A+ lymphocytes 

compared to the other mice (Figure 4J). In summary, these data suggest that anti-mouse anti-

CD94 monoclonal antibody treatment targets most lung NK cells but also the broad population 

of NKG2A-bearing lymphocytes.  

 

Anti-mouse Anti-CD94 treatment blunts lung IRI damage 

We previously reported that NK cells mediate pulmonary IRI in mice [13].  Here, we 

hypothesized that anti-mouse anti-CD94 NK cell depletion would reduce lung damage from 

warm IRI (Figure 5A). Representative H&E histopathology (n = 5 for each condition) from 

sham, isotype-matched IgG-treated HC, and anti-mouse anti-CD94 monoclonal antibody-

treated HC lungs are shown in Figure 5B. We performed qualitative assessments of the 

histopathology[26].  Relative to sham mice, the lungs from isotype-matched IgG-treated HC 

mice had diffuse alveolar damage that was abrogated in the anti-mouse anti-CD94-treated HC 

lungs.  Diffuse alveolar damage is characterized by neutrophilic infiltration, alveolar interstitial 

thickening, and pulmonary edema. 

We quantified lung injury by measuring arterial oxygen (PaO2) and with radiolabeled 

albumin I125 to derive lung extravascular lung water,  extravascular plasma equivalents and 

endothelial permeability.  The anti-mouse anti-CD94-treated HC mice had significantly higher 

PaO2 (462 IQR 439 – 515 mmHg) relative to isotype-matched IgG-treated HC mice (323 IQR 

256 – 377 mmHg, Figure 5C, p = 0.009) and similar PaO2 to sham-treated mice (622 IQR 

592 – 647 mmHg, p = 0.34).  We found comparable volumes of extravascular lung water 

(Figure 5D) between sham (16.7 IQR 10.8 – 20.5 uL) and anti-CD94-treated HC mice (24.8 

IQR 18.6 – 28 uL, p = 0.34) with increased volumes within the isotype-matched IgG-treated 

HC mice (33.9 IQR 27.9 – 44, p = 0.004 and p = 0.02 respectively). There was a similar pattern 

of findings between the 3 groups for extravascular plasma equivalents (Figure 5E). 

Extravasation of albumin was reduced in anti-CD94 HC lungs compared to isotype-matched 

control Ig-treated HC lungs (Figure 5F, p = 0.01) but was increased relative to sham lungs (p 

= 0.05). Finally, we observed similar findings in endothelial permeability across the 3 groups 

(Figure 5G).  Separately, we found no differences in PaO2 or histology between sham mice 



   

 

   

 

treated with anti-CD94 antibody compared to those without antibody (Supplemental Figure 

4). 

Unlike the mouse model of hilar clamping-induced lung IRI, human lung transplantation 

is almost always allogeneic. To investigate the effect of anti-CD94 treatment on IRI in 

allogeneic conditions, we assessed the effect of anti-CD94 versus isotype treatment in 

C57BL/6 (B6, MHC type: H-2b) recipients given orthotopic lung allografts from H-2d C57BL/6 

(B6.H2d, MHC type: H-2d) mice following 4 hours of cold ischemic time (n = 5, Figure 5H). 

Anti-mouse anti-CD94 treatment resulted in effective NK cell depletion relative to isotype-

control (Figure 5I, p = 0.02). NKG2A+ NK cells (Figure 5J, p = 0.008) and NKG2A+ 

lymphocytes in general (Figure 5K, p = 0.008) were efficiently depleted in anti-mouse anti-

CD94-treated group. Injury to the allografts was quantified by assessing quantitative pathology 

scores, BAL protein content, and arterial PaO2. The anti-mouse anti-CD94-treated transplants 

had a trend toward lower pathology score (Figures 5L & 5M, p = 0.08), lower BAL protein 

content (Figure 5N, p = 0.03), and higher PaO2 (Figure 5O, p = 0.03). Together, data from 

two mouse models of IRI suggest that CD94-based depletion reduces quantitative and 

qualitative measures of lung damage after IRI. 

 

Anti-human anti-CD94 therapy reduces human airway cytotoxicity via NK cell depletion 

To evaluate the effects of CD94-targeted depletion in humans, we characterized CD94 

expression on T cells and NK cells from lung transplant recipient PBMCs.  NK cells and T cells 

were enumerated (Figure 6A). We observed higher frequency of CD94 expression on NK 

cells as compared to CD45+CD3+ T cells (Figure 6B). Specifically, only median 16.3% (IQR 

16 - 29.8%) of the CD8 T cells were CD94+ (p = 0.004, Figure 6C), whereas 79% (IQR 77 - 

85.7%) of the NK cells were CD94+ (p = 0.0005, Figure 6D). We surmised that anti-human 

anti-CD94 treatment of human PBMCs could deplete up to 80% of the human NK cell 

population.  

To understand the specific phenotypes of lung lymphocytes in patients with PGD, we 

characterized NK cell markers on BAL cells from human lung transplant recipients in the first 

2 weeks after transplantation. Baseline characteristics for this cohort are shown in 

Supplemental Table 1.  BAL NK cells had high frequencies of CD94 expression (86.7% IQR 

77.8 - 90.5%, Figure 6E, p = 0.0005). We stratified NK cells by CD94 and PGD status (Figure 

6F) and found that BAL CD94hi NK cells from recipients with PGD had increased NKG2D as 

compared to no PGD CD94hi populations (Figures 6F and 6G). We concluded that by using 

an anti-CD94-targeted depletion strategy, we would also be depleting a majority of the 

NKG2D+ NK cells.  

We also investigated CD94 expression on BAL T cells. Nearly all CD4 T cells in the BAL 

lacked CD94 (Supplemental Figure 5A, p < 0.0001). CD8 T cells in the BAL had 



   

 

   

 

heterogeneous CD94 expression, with nearly equal CD94low (or negative) and CD94hi expression 

(Supplemental Figure 5B, p = 0.3). We observed increased NKG2D on CD94hi CD8 T cells 

(p = 0.8), but little NKG2D expression on  CD4 T cells (Supplemental Figure 5C). Thus, a 

CD94-targeted depletion strategy would be expected to deplete CD8 BAL T cells but largely 

spare the CD4 T cell compartment.     

We assessed the in vitro depletion efficacy of anti-human anti-CD94 monoclonal antibody 

in recipient PBMCs relative to isotype-matched control antibody (Figure 6H)[27].  Compared 

to isotype-matched control IgG, PBMCs treated with >1x10-5 ug/uL of anti-CD94 had reduced 

frequencies of NK cells (Figures 6I & 6J). Based on the EC50 of 1.3x10-4 ug/uL, a 

concentration of 0.1 ug/ul anti-CD94 monoclonal antibody was set as the effective NK cell 

depletion dose.  

We further hypothesized that anti-human anti-CD94 antibody would reduce killing in our 

in vitro cultures employing hypoxic airway epithelial cells to model IRI. Following 24 hours of 

hypoxia (1% O2) epithelial cells were co-cultured with lung transplant recipient PBMCs pre-

treated with anti-CD94 monoclonal antibody or isotype-matched IgG control (Figure 6K). 

Airway epithelial cells were identified via cell tracer and cytotoxicity was determined by viability 

(Supplemental Figure 6).  There was reduced killing of hypoxic epithelial cells with anti-

human anti-CD94 monoclonal antibody treatment compared to isotype-matched control IgG 

treatment (p = 0.04, Figure 6L & 6M). These data suggest that anti-human anti-CD94-targeted 

therapy is effective at reducing airway epithelial killing, a key surrogate of human PGD.  

 

Anti-mouse CD94-targeted depletion did not affect donor antigen-presenting cells in the 

allogeneic orthotopic lung transplant model 

NK cells have been shown to enhance lung allograft tolerance in an orthotopic lung 

transplant (OLT) model of acute and chronic T cell-mediated rejection via selective depletion 

of donor antigen presenting cells (APCs) [28].  It is unknown how NK cell depletion may 

modulate long-term allogeneic lung allograft outcomes, independently from IRI.  We 

hypothesized that anti-CD94 NK cell depletion would not alter long-term tolerance in an 

allogeneic OLT model. Therefore, we treated recipient mice with intraperitoneal isotype-

matched IgG control antibody (n = 5), anti-mouse anti-CD94 antibody (αCD94, n = 4), or IL-

15 receptor complex (IL15RC, n = 4) 1-hour preceding BALB/c allogeneic donor OLT with 

minimal warm ischemia (MWI, no IRI) and measured outcomes at 3 days (Figure 7A). IL-

15RC was used to stimulate NK cells as a positive control. We found that anti-mouse anti-

CD94 antibody reduced lung NK cells (Figure 7B, p = 0.02), most profoundly in the NKG2A+ 

population (Figure 7C, p = 0.0001) relative to isotype-matched IgG treatment. As expected, 

we found reduced donor APCs in IL15RC mice compared to isotype-matched IgG-treated 

mice (Figure 7D, p = 0.02). Anti-mouse anti-CD94 antibody had no impact on donor APCs 



   

 

   

 

relative to control (p = 0.83).  We observed no differences in PaO2 (Figure 7E), BAL protein 

(Figure 7F), or cell-free DNA (Figure 7G) across the 3 groups.  

 

NK cell depletion in a mouse allogeneic orthotopic lung transplant model does not alter graft 

acceptance 

In addition to a role in allograft tolerance, NK cells have also been shown to mediate 

obliterative airway disease in an allogeneic heterotopic tracheal transplant model in an 

NKG2D-dependent fashion [29]. It is unknown how NK cell depletion would alter lung 

pathology in the allogeneic OLT model as tracheas lack the complexity of the lung. Therefore, 

we assessed 4 different histopathology measures 14 days following transplantation of an 

untreated isograft or allografts treated with isotype-matched IgG-control antibody, anti-mouse 

anti-CD94-based depletion, or IL-15 receptor complex (Figure 7H).  Representative H&E 

images are shown in Figure 7I and Supplemental Figure 7. We found that IgG-treated lungs 

had increased inflammation by nuclei counted per high-powered field (Figure 7J, p = 0.01) 

and surrounding airways (Figure 7K, p = 0.03) relative to isografts. There was also reduced 

airway patency (Figure 7L, p = 0.01) and increased pleural thickness in the control IgG-treated 

lungs (Figure 7M, p = 0.03) relative to isografts. Notably, anti-mouse anti-CD94 monoclonal 

antibody treatment blunted inflammation around airways relative to IgG-treated mice (p = 0.03) 

and IL15RC had no impact on any of these measures. Together, these suggest a trend to 

reduced chronic inflammation with NK cell depletion.  



   

 

   

 

DISCUSSION 

Here, we describe a novel approach to target an important innate immune cell implicated in 

the pathogenesis of pulmonary ischemia reperfusion injury (IRI).  We show that CD94 is 

abundant on mouse and human NK cells and that a monoclonal antibody efficiently depletes 

>50% of lung NK cells in the mouse.  In mouse and human experimental models, we find that 

CD94 depletion is effective at reducing lung injury and airway epithelial cell killing, 

respectively. These findings represent a critical step towards clinical NK cell depletion.  

There are key differences in NK cell receptor repertoires between mice and humans. While 

both species express CD94, it is expressed on ~50% of mouse NK cells, while it is found on 

most human NK cells as a bimodal population of CD94dim and CD94bright [30-32].  This explains 

the roughly 50% depletion efficiency we observed in the mouse.  Compared to historic 

published data, anti-NK1.1-based treatment resulted in almost complete NK cell depletion due 

to expression of NK1.1 on all mouse NK cells and, concordantly, achieved nearly twice the 

reduction in injury relative to our observations here [13].  Nonetheless, we observed clinically 

significant reductions in mouse lung injury with CD94 depletion.  In humans, we found nearly 

80% of lung transplant recipient circulating and BAL NK cells expressed CD94 and would 

expect a greater reduction in NK cells with in vivo depletions compared to the mouse. NK cell 

in vitro depletions could potentially be limited by reduced sources of cytokines and viability of 

cells due to cryopreservation, resulting in diminished antibody-dependent cell-mediated 

cytotoxicity.  

NK cell depletion, rather than receptor blockade, may carry broader repercussions as NK 

cells participate in a variety of other mechanisms that may impact lung transplant outcomes.  

Our observations that CD94+ NK cells in the BAL of recipients with PGD have increased 

NKG2D receptor expression suggest that CD94-based depletion may preferentially target this 

critical sub-population of NK cells.  Consequently, in skin and lung, NK cells have been shown 

to support early allograft acceptance via selective depletion of donor APC [28, 33].  It was 

unknown if one-time NK cell depletion at induction would alter this effect. Here, we find that 

while NK cell stimulation via IL-15-IL-15 receptor complexes augments donor APC killing, 

CD94-based depletion had no impact on donor APCs relative to control animals, likely 

because half of the NK cells were depleted.  We also found no detrimental effect of NK cell 

depletion on chronic graft injury, suggesting that selective depletion of CD94 subsets does not 

impact this APC-dependent tolerance mechanism. Notably, NK cells play a central role in 

mitigating human and mouse cytomegalovirus infection [34-37].  However, we previously 

reported that the CMV-specific NK cell populations bearing NKG2C receptors may be 

deleterious following lung transplantation [38].  NK cells may also mediate chronic lung 

allograft dysfunction through NKG2D-mediated recognition of stress molecules on small 

airway cells [29]. Finally, NK cells are key mediators of antibody-mediated transplant rejection 



   

 

   

 

via antibody dependent cell-mediated cytotoxicity [39-42].  While we have shown that selective 

CD94-based NK cell depletion blunts acute injury following ischemia-reperfusion with minimal 

impact on tolerance, further work is required to determine if depletion may impact these other 

important endpoints.  

A particular strength of this study is the concordance of findings within two established 

mouse models of IRI and in an in vitro human model of airway cell killing.  In addition, we 

modeled and replicated an important mechanism of NK cell tolerance and demonstrated no 

large differences in long-term outcomes with CD94-based NK cell depletion versus positive 

and negative control conditions. Another important limitation is that the in vitro human model 

of airway cell killing used recipient cells from the circulation rather than bronchoalveolar lavage 

as there are too few lymphocytes in these samples for these experiments.  While tissue-

specific functional differences may be unaccounted for in this study, we previously reported 

that most NK cells responding to lung IRI are from the circulation [13]. This study focused on 

NK cells, but CD94 is expressed in lower frequencies on T cells [43]. As such, the results 

observed from CD94-based depletion may not be due to impacts on NK cell populations alone.    

These findings have broad implications outside of lung transplantation. Notably, existing 

studies have identified NK cells and hypoxia signaling as important transcriptional pathways 

in acute respiratory distress syndrome (ARDS) patients with bacterial lower respiratory 

infections [44, 45].  In kidney IRI, NK cells have also been shown to mediate damage through 

NKG2D activation [46-48]. Together, these data suggest that CD94-based depletion strategies 

may be beneficial in other acute injury syndromes.  

In conclusion, we describe a novel and efficacious approach to deplete NK cells prior to 

pulmonary IRI.  These findings represent a critical intermediary step to a human trial of CD94-

based NK cell depletion in lung transplantation to prevent PGD.  Such a strategy may rationally 

be included in induction therapy.       
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METHODS 

Mice  

Male C57BL/6J (#000664), BALB/cJ (#000651), and C57BL/6J CD45.1 (B6.SJL-

Ptprca Pepcb/BoyJ, #002014) mice weighing 25–30 grams were purchased from Jackson 

Laboratories (Bar Harbor, ME). B6.C-H2d/bByJ (B6.H2d, #000359) mice originated from 

Jackson Laboratories and were bred and maintained at UCSF[49]. Mice were housed in a 

pathogen-free barrier facility and experiments were conducted according to protocols 

approved by the UCSF Institutional Animal Care Use Committee. 

 

Experimental models of lung IRI and lung transplantation  

Warm IRI was performed by an experienced microvascular surgeon, as previously 

described [13, 25, 50].   After anesthetization, mice underwent a left thoracotomy, then a 

slipknot suture was tied around the left hilum (hilar clamp, HC) or left untied as a sham 

surgery (S). The suture was removed after 2 hours of ischemia, and animals were 

euthanized after 4 hours of reperfusion. Mice were treated 24 hours preceding IRI surgery 

with 10 mg/kg of anti-mouse anti-CD94 antibody (Dren Bio, CA) or 10 mg/kg of anti-mouse 

IgG2a isotype-matched control (Clone C1.18.4, BioXCell, BP0085). Single left lung 

bronchoalveolar lavage was performed by gently lavaging 300 uL of PBS. BAL, bilateral 

lungs, and blood were collected for analysis. 

We also performed allogeneic orthotopic lung transplantation with minimal warm ischemia 

(OLT-MWI) without immunosuppression to assess the chronic rejection of obliterative 

airway disease [51]. Left BALB/c donor lungs were procured and transplanted into C57BL/6 

or C57BL/6 CD45.1 recipient mice using interrupted sutures for the anastomoses.  Recipient 

mice received 10 mg/kg of anti-mouse anti-CD94 antibody (Dren Bio, CA), 10 mg/kg of anti-

mouse IgG2a isotype-matched control (Clone C1.18.4, BioXCell, BP0085), or 0.4 mg/kg of 

IL-15-IL-15 receptor complex 1 hour before OLT-MWI. IL15 was complexed prior to injection 

by mixing 1.5ug of mouse recombinant IL-15 (R&D Systems, 447ML010CF) with 10.05 ug 

of mouse recombinant IL-15Rα-Fc (R&D Systems, 551MR100) and incubated at 37°C for 

20 minutes. As a negative control, we also performed syngeneic orthotopic left lung 

transplantation from a C57BL/6 donor to a C57BL/6 recipient with minimal warm ischemia 

(isograft). The recipient animals were euthanized 3 days or 14 days after transplantation. 

The left and right lungs and blood were collected for analysis.  

We also performed allogeneic orthotopic lung transplantation with cold ischemia (OLT-CI) 

without immunosuppression to assess IRI in a setting more closely approximating human 

lung transplantation. Left lungs from B6.H2d mice, congenic except at the MHC locus, were 

procured, perfused with 1ml of heparinized saline, covered with a saline-soaked gauze, and 

placed at 4C for 4 hours of cold ischemia before being transplanted into C57BL/6 recipient 



   

 

   

 

mice using the same surgical method detailed above for the allogeneic OLT-MWI. Donor and 

recipient mice received 10 mg/kg of anti-mouse anti-CD94 antibody (Dren Bio, CA) or 10 

mg/kg of anti-mouse IgG2a isotype-matched control (Clone C1.18.4, BioXCell, BP0085) 24 

hours before OLT-CI. The recipient animals were euthanized 20 hours after transplantation. 

The left lung was collected for analysis. 

  

Acute lung injury measurements and lung digestion 

We assessed lung vascular permeability to 125I-labeled albumin (Jeanatope, Iso-Tex 

Diagnostics, Pearland, TX), gamma counts of 125I-labeled albumin per gram of dried lung, and 

arterial PaO2 as previously described [13, 50]. Endothelial permeability was calculated by 

quantifying the clearance of 125I-labeled albumin across the endothelium and into 

extravascular space as previously described [52, 53].  Lung samples for histopathology were 

collected in 1% paraformaldehyde (#047392.9M, ThermoFisher), stored in 70% ethanol before 

paraffin embedding, sectioning, and hematoxylin and eosin (H&E) staining. Slides were 

scanned with a Zeiss Axio ScanZ.1 microscope and digitally assessed with ImageJ software 

[54].  Lungs were placed into 1 mL PBS with 10 μL of 10 μg/μL collagenase D (Sigma-Aldrich, 

# 11088858001) and 10 μL of 10 μg/μL DNAse I (#10104159001, Sigma-Aldrich), dissociated, 

and processed as previously described [13].    

 

Anti-mouse anti-CD94 monoclonal antibody production and purification 

 The antibody sequence vector and plasmid DNA were constructed using the pCDNA3.4 kit 

(ThermoFisher, #A14697). Antibody variable light gene and variable heavy gene were cloned 

into pFUSE2-CLIg-hK (Invivogen, #pfuse2-hclk) and pFUSE-CHIg-hG1 (Invivogen, 

#pfusehchg1), respectively (Supplemental Figures 2A and 2B). Cloning was done by 

Genscript (Piscataway, NJ). A HEK-293 (Invitrogen, Carlsbad, CA) cell line lacking fucosyl 

transferase (293-NF) was used to produce non-fucosylated antibody.  293-NF and suspension 

HEK-293 cells were co-transfected with expression plasmid containing genes encoding the 

heavy chain and the light chain in a 1:1  ratio using an ExpiFectamine 293 Transfection Kit 

(ThermoFisher, #A14524) according to the manufacturer’s recommendations.  Cells were 

collected 5 days after transfection and cell culture fluid was obtained through centrifugation 

and sterile filtration. Cell culture fluid was purified using a Protein A affinity chromatography 

column on an AKTA Pure 150 (Cytiva, Marlborough, MA). Protein concentration was 

determined by UV-absorbance at 280 nm.  Monomer content was determined by high 

performance liquid chromatography size exclusion using a HiLoad Superdex 200 column 

(Cytiva, Supplemental Figure 2C).  Glycan distribution across fucosylated and non-

fucosylated antibodies was determined with the Glycan Profiling Assay Release Kit 

(PerkinElmer, #CLS155434, Supplemental Figure 2D).  Binding of the antibody to mouse 



   

 

   

 

CD16a and mouse CD94 were measured by Biolayer Interferometry (BLI) on an Octet  

(Sartorius, Ann Arbor, Michigan, Supplemental Figure 2E). To assess antibody affinity for 

antigen bound to the cell surface, mouse CD94-transduced Ba/F3 cells were generated 

(Lewis L. Lanier)[14].  Anti-mouse CD94 antibody was titrated with 3-fold dilutions and 

incubated with CD94+ Ba/F3 cells for 30 minutes followed by staining with 1:300 dilution of 

AffiniPure Goat Anti-Mouse IgG, Fcγ fragment specific Alexa fluor 647 secondary antibody 

(Jackson Immunoresearch, # 115-605-071). Data were acquired on a CytoFlex LX flow 

cytometer (Beckman Coulter, Brea, CA) and MFI values were obtained with FlowJo 

(Ashland, Oregon, Supplemental Figure 2F). 

  

BAL protein quantification 

  BAL fluid was centrifuged at 300 x g for 10 minutes at 4°C to pellet cells. Isolated BAL 

supernatant was stored at -80°C as recommended by the assay kit manufacturer. Protein 

quantification was done using the BCA assay kit (Pierce BCA Protein Assay Kit, #23225, 

ThermoFisher) according to the manufacturer's instructions. 

 

Cell-free DNA quantification 

Blood was collected from mice using EDTA-coated tubes to prevent coagulation. Blood 

was mixed gently by inverting the tube a few times to ensure thorough mixing with the 

anticoagulant. Blood collecting tubes were centrifuged at 1,600 x g for 10 minutes at 4°C to 

separate the plasma from cellular components. Plasma was collected (top layer) into a 2 

mL microcentrifuge tube without disturbing the buffy coat or red blood cell layer and cfDNA 

isolation from blood plasma were done according to MagMAX Cell free DNA isolation kit 

(ThermoFisher, # A29319).  Isolated cfDNA was quantified using Qubit HSDNA Assay Kit. 

 

Mouse lung immunophenotyping  

Lung cell suspensions were washed and incubated at 37°C with anti-mouse anti-

CD16+CD32 (BioLegend, # 101320) to block non-specific binding and stained with viability 

exclusion dye. Cells were further stained with the remaining fluorophore-conjugated 

antibodies at 4°C and washed. Antibody panels and gating strategies are detailed for 4 

different flow cytometry panels used to: 1) immunophenotype CD94+ NK cells at rest 

(Supplemental Table 2, Supplemental Figure 1), 2) assess NKG2A+ NK cells during IRI 

(Supplemental Table 3, Supplemental Figure 1), 3) quantify NK cells during IRI depletion 

experiments (Supplemental Table 4, Supplemental Figure 1), and 4) measure donor 

antigen presenting cells following allogeneic OLT-MWI (Supplemental Table 5, 

Supplemental Figure 8). Data were acquired on BD Biosciences LSR II and LSR Fortessa 



   

 

   

 

flow cytometers, respectively. Flow cytometry data were visualized and analyzed with FCS 

express (De Novo Software, Pasadena, CA).  

 

Human in vitro NK cell depletion and airway epithelial cell co-culture experiments 

Human samples were collected from consenting adults. Peripheral blood mononuclear cells 

(PBMCs) from 5 lung transplant recipients who underwent lung transplantation at the 

University of California, San Francisco (UCSF) were obtained within the first year after 

transplantation. Supplemental Table 6 shows baseline characteristics for this cohort. NK 

cells, CD4 T cells, and CD8 T cells were quantified with flow cytometry (Supplemental Table 

7) before and after treatment with anti-βgal human IgG1 isotype-matched control antibody 

(InvivoGen, #bgal-mab13) and anti-human anti-CD94 monoclonal antibody (Dren Bio) across 

a range of concentrations from 1x10-6 ug/mL to 10 ug/mL.  

To assess airway epithelial cell cytotoxicity, human bronchial epithelial cells (16HBE14o-, 

Sigma Aldrich, SCC150) were plated and allowed to adhere overnight. They were then 

exposed to hypoxia (1% O2) for 24 hours and then co-cultured in a 2:1 effector-to-target ratio 

with PBMCs treated with IgG isotype-matched control antibody or anti-CD94 antibody for an 

additional 24 hours. Airway epithelial cells were stained with CellTrace Violet (Invitrogen, 

C34557) prior to plating to distinguish PBMCs from epithelial cells. Upon collection, cells were 

stained with Fixable Viability Dye eFluor 660 (Invitrogen, 65-0864-14) and data were collected 

on a BD FACSAria Fusion flow cytometer.   

 

Human lung transplant BAL RNA sequencing and immunophenotyping 

Bronchoalveolar lavage was collected on the first post-transplant day from consenting lung 

allograft recipients at 2 centers through a previous study [12]. RNA sequencing was performed 

on the BAL cell pellet as previously described [12]. Supplemental Table 8 shows the baseline 

characteristics for this cohort, which contains 2 additional samples from the previously 

published cohort. All studies of human samples were conducted according to approved 

institutional review board protocols.  

As previously reported, we also collected bronchoalveolar lavage from lung transplant 

recipients with severe PGD (n = 5) and those without PGD (n = 7) within 2 weeks of lung 

transplantation (25).  Samples from recipients with PGD were matched based on age, sex, 

transplant indication, and ethnicity to no-PGD recipient samples. Supplemental Table 1 

shows the baseline characteristics for the recipients included in these analyses.  

 

Statistical analyses  

Experimental data were tested for normality with Shapiro-Wilk tests. Comparisons of means 

in experiments with multiple groups were made with Kruskal-Wallis test or ANOVA, and post-



   

 

   

 

hoc differences were assessed with 2-tailed Mann-Whitney U tests or Student’s t-tests, as 

appropriate. All tests were adjusted for multiple comparisons with the Benjamini-Hochberg 

approach.  Differences between NK cell surface markers were determined with paired 

testing. Results were visualized using box and whisker plots showing individual data points 

bound by boxes at 25th and 75th percentiles and medians depicted with bisecting lines.  RNA 

sequencing NK cell genetic screen was performed with a random forest model using 18 NK 

cell genes as predictors of severe PGD with leave one out validation. The model results 

were visualized via feature plot relative importance and the model’s fit was tested with area 

under the curve of the receiver operator curve (AUC ROC). A p-value <0.05 was considered 

significant. Analyses and plotting were performed in R (R Foundation for Statistical 

Computing, Vienna, Austria).  

 

Study approval  

The UCSF institutional review board approved the human subject components of this 

study under protocol 13–10738. Written informed consent was obtained from all participants 

prior to inclusion in the study. All animal procedures and experiments were conducted 

according to protocols approved by the UCSF Institutional Animal Care Use Committee. 
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FIGURES  

Figure 1. Bronchoalveolar lavage RNA sequencing screen of potential NK cell targets. 
RNA sequencing was performed on BAL collected on the 1st postoperative day after lung 
transplantation in recipients with severe PGD (n = 20) and those without PGD (n= 18). We 
generated a random forest model using 18 NK cell genes as predictors of severe PGD with 
leave one out validation. (A) Receiver operator curve demonstrating the test characteristics of 
the model. (B) Relative feature importance of each of the 18 NK cell genes.  (C) Transcript 
counts of KLRD1, the top feature in the model, stratified by PGD status. (D) Cumulative 
incidence plot of discharge from the intensive care unit (ICU) for recipients stratified by high 
BAL KLRD1 gene transcript counts and PGD status.  Box and whisker plots are bound by 25th 
and 75th percentile with boxes bisected by the median. Comparisons of gene counts were 

made with Mann-Whitney U test.  Difference in time to ICU discharge was assessed with Cox 
Proportional Hazards model, displaying log-rank p value.   



   

 

   

 

 
Figure 2. Mouse CD94+ NKG2A+ NK cell profiles. To determine the NK cell expression of 
CD94 and NKG2A in C57BL/6 mice, several tissues were collected and characterized by 
spectral flow cytometry. (A) NK cells (CD3-CD19-F4/80-NKp46+) expressing CD94 co-
express NKG2A in a 1:1 ratio. (B) The percentage of NKG2A expression on CD94+ cells is 
increased across blood, spleen, and lung NK cells.  (C) In CD94+ NK cells, NKG2A mean 
fluorescence intensity is increased on CD94+ NK cells  (D) Representative contour plots of 
NKG2A gates. (E) NKG2A+ NK cells constitute 40-50% of the NK cell population in blood, 
spleen, lymph node, and lung. (F) As indicated by arrow directionality, NK cell maturation is 
defined by acquisition of CD27, gain of CD11b, and finally loss of CD27 [55]. We assessed 
differences in NKG2A across the four NK cell maturation states: (G), CD11b-CD27- (H) 
CD11b-CD27+ (I), CD11b+CD27+ and (J) CD11b+CD27-. (K) We assessed additional 
activation, chemotaxis, and tissue-resident markers and show differences in MFI in a heatmap.  

Experiments in B&C studied 5 mice for each condition and other experiments show 10 mice. 
Box and whisker plots display individual data points bound by boxes at 25th and 75th 
percentiles and medians depicted with bisecting lines. Differences were assessed using the 
Mann-Whitney U test with Benjamini-Hochberg corrections for multiple comparisons and 
paired testing for comparisons within individual animals. P values; * <0.05, ** <0.01, *** 
<0.001.  



   

 

   

 

Figure 3. NKG2A+ NK cells in pulmonary ischemia-reperfusion injury.  We identified 
differences during IRI in the NKG2A+ populations. (A) We performed warm ischemia 
reperfusion injury with the hilar clamp model. A slip knot (HC, n = 7) or a sham suture (sham, 
n = 7) was tied around the left hilum and released 2 hours later, followed by 4 hours of 
reperfusion before the mice were euthanized. (B) There was an increase in percentage of 
NKG2A+ NK cells in the lungs following hilar clamp. (C) Representative contour plots of 
CD49a in NKG2A+ NK cells. (D) CD49a was increased on NKG2A+ NK cells in the lung 

following HC. (E) Representative contour plots of DNAM1 in NKG2A+ NK cells (F) Of the 
NKG2A+ NK cell population, lungs that underwent hilar clamp have an increased percentage 
of DNAM1. (G) Representative contour plots of KLRG1 in NKG2A+ NK cells (H) There was 
no difference in expression of KLRG1 between conditions. Experiments studied 5 mice for 
each condition. Box and whisker plots display individual data points bound by boxes at 25th 
and 75th percentiles and medians depicted with bisecting lines. Differences were assessed 
using the Mann-Whitney U test with p<0.05 considered significant.  



   

 

   

 

Figure 4. Lung and bronchoalveolar lavage NK cells are reduced with anti-CD94 
treatment. (A) C57BL/6 mice underwent sham procedures (n = 5) or were treated with 10 
mg/kg of anti-CD94 antibody (n = 6) or isotype-matched control IgG (n = 5) at 7 days and 1 
day prior to HC procedures. (B) Representative contour plots of NK cells (CD3-CD19-F4/80-
NKp46+) across conditions. (C) Percentages of lung NK cells were increased during HC in the 
isotype-matched IgG-treated group and decreased with anti-CD94 treatment. (D) Absolute 
bronchoalveolar lavage NK cells were reduced with anti-CD94 treatment.   (E) Absolute 
bronchoalveolar lavage CD49a+ NK cells.  (F). CD8+ T cells in the lung across the conditions.  
(G)  Percentage of γδ T cells in the lung. (H) Representative contour plots of NKG2A+ NK 
cells in the lung across the 3 conditions. (I) Percentage of lung NKG2A+ NK cells. (J) 
Percentage of NKG2A+ lymphocytes in the lung across the conditions. Box and whisker plots 

display individual data points bound by boxes at 25th and 75th percentiles and medians 
depicted with bisecting lines. Differences were assessed using the Mann-Whitney U test with 
Benjamini-Hochberg correction for multiple comparisons with p<0.05 considered significant. 



   

 

   

 

  
Figure 5. CD94-based NK cell depletion reduces lung ischemia-reperfusion injury. (A) 
Mice underwent sham procedures or received intraperitoneal anti-CD94 antibody (αCD94) or 
isotype-matched control antibody (IgG) 7 days and 1 day preceding hilar clamp. (B) H&E 
staining of representative lungs (n = 3 per condition).  Quantitative injury metrics were 
collected for each condition and displayed as (C) partial pressure of oxygen in arterial blood, 
(D) extravascular lung water, (E) extravascular plasma equivalents, (F) gamma counts of I125-
albumin per gram of dry lung, and (G) endothelial permeability. PaO2 experiments show 

sham-treated (n=5), IgG (n = 6) and anti-CD94-treated mice (n = 6) whereas other metrics 
display sham-treated (n = 6), IgG (n = 8), and anti-CD94-treated mice (n = 9). (H) H2d C57BL/6 
donor and H2b C56BL/6 recipient mice were treated with intraperitoneal isotype-matched IgG 

control antibody (IgG, n = 5) or anti-CD94 antibody (CD94, n = 5) 24 hours preceding the 
donor lung procurement. H2d C57BL/6 donor lung was subjected to 4 hours of cold ischemia 
before orthotopic lung transplant into a C57BL/6 recipient. (I) NK cells as a percentage of total 
lymphocytes in the lung were decreased with treatment. (J) NKG2A+ NK cells in the lung were 

depleted. (K) NKG2A+ lymphocytes in the lung were depleted. (L) Representative H&E 
staining of representative lungs (n = 5). We assessed injury via (M) quantitative pathology 
score, (N) BAL protein, and (O) PaO2. Box and whisker plots display individual data points 
bound by boxes at 25th and 75th percentiles and medians depicted with bisecting lines. 
Differences were assessed using the Mann-Whitney U test with Benjamini-Hochberg 
correction for multiple comparisons with p<0.05 considered significant. 



   

 

   

 

 
 
 
 
 
 
 

 
 

 
Figure 6. Human lung transplant recipient PBMCs treated with anti-CD94 results in NK 
cell depletion and reduced in vitro IRI. (A) NK cells, and CD4 and CD8 T cells were 
quantified with flow cytometry from lung transplant recipient PBMC (n = 5). CD94 was 
quantified on PBMCs with plots showing: (B) histograms for NK and T cells,  (C) CD8 T cells, 
and (D) NK cells. NK cell CD94 expression was quantified in BAL from lung transplant 
recipients with (n = 5) and without PGD (n = 7). (E) NK cells in the BAL have high frequency 
of CD94 expression. (F) Heatmap of NK cell marker MFI differences between CD94hi and 
CD94low (or negative) NK cells from patients with and without PGD. (G) Differences in NKG2D MFI 
values shown by boxplots. (H) In vitro depletion of NK cells from lung transplant whole PBMC 
was performed. (I) Representative contour plots from isotype-matched control IgG-treated and 

anti-CD94 (αCD94)-treated PBMCs treated at 0.1ug/ul. (J) Percentages of NK cells are shown 
relative to IgG control across different anti-CD94 concentrations (K) To assess cytotoxicity, 
airway epithelial cells were subjected to hypoxia (1% O2) for 24 hours and then co-cultured 
with PBMCs treated with control IgG or anti-CD94 antibody for an additional 24 hours. Airway 
epithelial cells are stained with CellTrace Violet prior to plating to distinguish PBMCs from 
epithelial cells during flow cytometry analysis. (L) Representative contour plots of viability in 
co-culture across 2 conditions at 2:1 PBMC to epithelial ratio. (M) Killing plots of airway 
epithelial cells across the 2 conditions. Box and whisker plots display individual data points 
bound by boxes at 25th and 75th percentiles and medians depicted with bisecting lines. 
Differences were assessed using the Mann-Whitney U test. P values; * p<0.05, ** p <0.01, 
and *** p <0.001.  



   

 

   

 

Figure 7. CD94-based NK cell depletion in the allogeneic orthotopic lung transplant 
model (A) CD45.1 C57BL/6 mice were treated with intraperitoneal isotype-matched IgG 
control antibody (IgG, n = 5), anti-CD94 antibody (αCD94, n = 4), or  IL-15-IL-15 receptor 
complex (IL15RC, n = 4) 1-hour preceding orthotopic lung transplant with minimal warm 
ischemia from a BALB/c donor. We measured lung allograft (B) total NK cells, (C) NKG2A+ 
NK cells, (D) donor APCs. Injury was quantified by (E) PaO2, (F) BAL protein, and (G) plasma 
cell-free DNA.  (H) We also assessed chronic injury on post-operative day 14 in isografts (n = 

4) and allograft recipients pre-treated with intraperitoneal isotype-matched IgG control 
antibody (IgG, n = 4), anti-CD94 antibody (αCD94, n = 4), or IL-15-IL-15 receptor complex 
(IL15RC, n = 3) 1-hour preceding orthotopic lung transplant with minimal warm ischemia from 
a BALB/c donor. (I) Representative H&E slide sections from each group.  We assessed 
pathologic injury via (J) median nuclei per high powered field (hpf), (K) median nuclei 
surrounding the airways per square millimeter, (L) airway patency, and (M) pleural thickness.  
Box and whisker plots display individual data points bound by boxes at 25th and 75th 
percentiles and medians depicted with bisecting lines. Comparisons across experimental 
groups were made with the Kruskal Wallis test. Differences were assessed using the Mann-
Whitney U test with Benjamini-Hochberg correction for multiple comparisons with p<0.05 
considered significant. 



   
 

   
 

SUPPLEMENTAL MATERIAL 
Supplemental Tables 
Supplemental Table 1. Human BAL immunophenotyping cohort characteristics 
 

 No PGD (N = 7) PGD (N = 5) P value 

Age, mean (SD) 60.7 (8.1) 55.2 (13.1) 0.44 

Female sex, N (%)      4 (47.1)      1 (20) 0.49 

Diagnosis group, N (%)     1 

     COPD      1 (14.3)      1 (20)  

     ILD      6 (85.7)      4 (80)  

Double transplant, N (%)      7 (100)      5 (100) 1 

Ethnicity, N (%)   0.83 

     Caucasian      3 (42.9)      2 (40)  

     Hispanic      1 (14.3)      0 (0)  

     Asian      2 (28.6)      2 (40)  

     Multiracial      1 (14.3)      1 (20)  

 



   
 

   
 

 

Supplemental Table 2. Markers for CD94+ NK cell spectral cytometry panel  

Fluorophore Marker Clone Supplier Catalog # 

BUV395 CD25 PC61 BD Biosciences 564022 
BUV615 CD11c N418 BD Biosciences 751222 
Viability UV Live/Dead Blue NA ThermoFisher Scientific L34962 
BUV661 CD11b M1/70 BD Biosciences 612977 
BUV737 CD49a Ha31/8 BD Biosciences 741776 
BV421 KLRG1 2F1/KLRG1 BioLegend 138414 
Pacific Blue CD69 H1.2F3 BioLegend 104524 
BV510 PD1 29F.1A12 BioLegend 135241 
BV570 Ly6C HK1.4 BioLegend 128030 
BV605 NK1.1 PK136 BioLegend 108740 

BV650 Ly49C/I 5E6 BD Biosciences 744030 
BV711 NKp46 29A1.4 BioLegend 137621 
FITC CD94 18d3 ThermoFisher Scientific 11-0941-82 
Perc CD8a 53-6.7 BioLegend 100732 
Perc/Cy5.5 CD45.2 104 BioLegend 109828 
Perc-eFluor 710 NKG2D CX5 ThermoFisher Scientific 46-5882-82 
PE NKG2AB6 16A11 ThermoFisher Scientific 12-5897-83 
PE/Dazzle594 CD27 LG.3A10 BioLegend 124228 
PE/Cy5 CD62L MEL-14 BioLegend 104410 
PE/Cy7 CD49b HMα2 BioLegend 103518 
APC CD16 S17014E BioLegend 158006 
APC-Cy7 CD3 17A2 BioLegend 100222 

Alexa Fluor 700 CD19 6D5 BioLegend 115528 



   
 

   
 

Supplemental Table 3. Mouse spectral flow cytometry antibodies in IRI  

Fluorophore Marker Clone Supplier Catalog # 

BUV395 CD27 LG 3A10 BD Biosciences 740247 
Viability UV Live/Dead  N/A Invitrogen L34962 
BUV496 CXCR2 V48-2310 BD Biosciences 750142 
BUV563 CXCR3 CXCR3-173 BD Biosciences 741438 
BUV615 CCR2 475301 BD Biosciences 751074 
BUV737 CCR3 83103 BD Biosciences 741699 
BUV805 NKG2ACE 20D5 BD Biosciences 741990 
BV421 NKp46 29A1.4 BioLegend 137612 
SB436 NK1.1 PK136 ThermoFisher 62-5941-82 

Pacific Blue CD69 H1.2F3 BioLegend 104524 
BV510 CD19 6D5 BioLegend 115545 
Pacific Orange CD8a 5H10 ThermoFisher MCD0830 
BV570 Ly6C HK1.4 BioLegend 128030 
BV605 Ly49C/I 5E6 BD Biosciences 744029 
BV650 CD11b M1/70 BioLegend 101239  
BV711 DNAM1 TX42.1 BioLegend 133609 
BV785 KLRG1 2F1/KLRG1 BioLegend 138429 
BB515 CCR5 C34-3448 BD Biosciences 565093 
Spark Blue 550 CD3e 17A2 BioLegend 100259 
PerCP CD45 30-F11 BioLegend 103130 
BB700 CD49a Ha31/8 BioLegend 742164 

PerCP/Cy5.5 CCR4 2G12 BioLegend 131220 
PE S1P5 1196A R&D FAB9084P 
PE/Dazzle594 CX3CR1 SA011F11 BioLegend 149014 
AlexaFluor594 MHC-II M5/114.15.2 BioLegend 107650 
PE/Cy5 gdTCR GL3 ThermoFisher 15-5711-81 
PE/Cy5.5 CXCR4 2B11 ThermoFisher 35-9991-80 
PE/Cy7 CD49b DX5 BioLegend 108921  
APC CCR1 S15040E BioLegend 152504 
AlexaFluor647 CXCR6 SA051D1 BioLegend 151115 
APC-R700 F4/80 T45-2342 BD Biosciences 565787 
APC/eF780 CD62L MEL-14 ThermoFisher 47-0621-80 

 
  



   
 

   
 

Supplemental Table 4. Antibodies for mouse immunophenotyping 

Fluorophore Marker Clone Supplier Catalog # 

Fixable Viability 
Blue 

Live/Dead N/A Invitrogen L23105 

AF700 CD45 30-F11 BD Biosciences 560510 

PerCP CD3e 145-2C11 BioLegend 553067 

PE NKG2A 16A11 BioLegend 142804 

FITC NKp46 29A1.4 BD Biosciences 560756 

BV605 CD19 1D3 BD Biosciences 563148 

BV421 F4/80 T45-2342 BD Biosciences 565411 

APC CD49a HMα1 BioLegend 142606 

APC/Fire750 CD8a 53-6.7 BioLegend 100766 

PE/Cy7 γδTCR GL3 BioLegend 118124 



   
 

   
 

 Supplemental Table 5. Donor antigen presenting cell cytometry panel 
 

Fluorophore Marker Clone Supplier Catalog # 

Fixable 
Viability Blue 

Live/Dead N/A Invitrogen L23105 

BV421 F4/80 T45-2342 BD Biosciences 545411 

PerCP CD3e 145-2C11 BD Biosciences 145-2C11 

FITC NKp46 29A1.4 BioLegend 560756 

PE NKG2A 16A11 BioLegend 142804 

APC CD45.1 A20 BioLegend 110713 

APC/Fire750 CD45.2 104 BioLegend 109851 

PE/Cy7 CD11c N418 BioLegend 117317 

 
 



   
 

   
 

Supplemental Table 6. Baseline characteristics for human depletion 
 

 
 
 
 

Patient Age Sex Transplant type Race or Ethnicity Diagnosis 

A 70 M Single Caucasian COPD 
B 69  M Double Caucasian COPD 

C 60 F Double Caucasian COPD 
D 60 M Double Hispanic COPD 
E 56 F Double Asian COPD 



   
 

   
 

 
Supplemental Table 7. Human quantification antibodies    

Fluorophore Marker Clone Supplier Catalog # 

BUV395 CD45 HI30 BD Bioscience 563792 
BV605 CD3 SK7 BioLegend 344836 
PerCP-Cy5.5 CD4 OKT4 BioLegend 317428 
BV786 CD8 SK1 BioLegend 344740 
APC/Cy7 CD19 HIB19  BioLegend 302218 
PE/Cy7 CD14 M5E2 BioLegend 301814 
FITC CD56 HCD56 BioLegend 318304 
BV510 CD57 3G8 BioLegend 302026 
AF700 CD16 QA17A04  BioLegend 393314 
APC CD94 HP-3D9 BD Bioscience 559876 
PE  NKG2A Z199 Beckman Coulter IM3291U 
BV421 NKG2D 1D11 BioLegend 320822 
PE-CF594 viability  BioLegend 77475 

 
 
 
 
 
 
 
 
 
 
 



   
 

   
 

Supplemental Table 8. Human BAL RNA sequencing cohort baseline characteristics  

Variable No PGD 
(N = 18) 

Severe PGD 
(N = 20) 

P value 

Age, mean (SD) 61.9 (9.4) 55.3 (15.7) 0.12 
Male Sex, N (%) 10 (55.6) 6 (30) 0.21 
Diagnosis, N (%)   0.94 
    COPD 3 (16.7) 2 (10)  
    PAH 1 (5.6) 1 (5)  
    CF 1 (5.6) 1 (5)  
    ILD 13 (72.2) 16 (80)  
Transplant Type, N (%)   1 

    Single-Lung 0 (0) 1 (5)  
    Double-Lung 18 (100) 19 (95)  
Ethnicity, N (%)   0.82 
    Caucasian 14 (77.8) 14 (70)  
    African American 1 (5.6) 1 (5)  
    Hispanic 3 (16.7) 5 (25)  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



   
 

   
 

Supplemental Figures 
 

 
 
Supplemental Figure 1. NK cell and T cell gating strategy. Events were gated by: (A) 
Single cells, (B) cells, (C) viable lymphocytes, (D) cell lacking B cell or macrophage markers, 
(E) presence of CD3, (F) NK cells, (G) γδ T cells, (H) CD8 T cells, and by expression of (I) 
NKG2A.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



   
 

   
 

 
 
Supplemental Figure 2. Anti-mouse anti-CD94 monoclonal antibody characteristics. (A) 
Plasmid map for construction of the mAb light chain. Anti-CD94 variable light region was 
cloned into a plasmid expressing the mouse kappa chain constant region. (B) Plasmid map 
for construction of the mAb heavy chain. Anti-CD94 variable heavy region was cloned into a 
plasmid expressing the mouse IgG1 heavy chain. (C) Fucosylated and non-fucosylated 
antibodies were purified by size exclusion chromatography. (D) Glycan distribution across 
fucosylated and non-fucosylated antibodies. (E) Binding of anti-mouse anti-CD94 monoclonal 
antibody to mouse CD16 (mCD16) compared to mouse CD94 (mCD94).  (F) Anti-mouse anti-
CD94 monoclonal antibody affinity for CD94+ Ba/F3 cells across a range of concentrations.   



   
 

   
 

Supplemental Figure 3. Lung and BAL NK cell expression of CD49a and NKG2A in the 
HC IRI model. (A) Lung CD49a+ NK cells as a percentage of the total NK cell population 
across HC and sham conditions. (B) Percent of lung CD49a+NKG2A+ NK cells. (C) Absolute 
count of BAL CD49a+NKG2A+ NK cells. (D) Percent of BAL NKG2A+ NK cells that are 
CD49a+.  



   
 

   
 

 
Supplemental Figure 4. Comparisons across shams. (A) Histopathology scores and (B) 
arterial PaO2 were compared between sham animals that received anti-CD94 monoclonal 

antibody 24 hours preceding sham thoracotomy and sham animals with no treatment.  
Differences were assessed via Mann Whitney U testing.   



   
 

   
 

Supplemental Figure 5. BAL T cell characteristics of patients with and without PGD. (A) 
CD94 expression as a percentage of CD4 T cells. (B) CD94 expression as a percentage of 
CD8 T cells. (C) NKG2D MFI on CD4 and CD8 T cells in patients with and without PGD.  



   
 

   
 

Supplemental Figure 6. Coculture Killing Assay Gating Strategy for Epithelial Cells. 
CellTrace-labeled epithelial cells were gated by (A) size and (B) CellTrace expression. (C) 
EpCAM expression was used to confirm CellTrace labeling of epithelial cells.  

 
 



   
 

   
 

Supplemental Figure 7. 14-day pathology from OLT models. The top row shows low 
magnification representative lung sections with H&E staining.  The middle row shows 
representative airways from each condition.  The bottom row displays representative pleura 
from each condition.  Bars represent 100 um.  
 



   
 

   
 

Supplemental Figure 8. Donor antigen presenting cell (APC) gating strategy.  Events 
were gated to define (A) cells, (B) singlets, (C) viable cells, (D) lymphocyte of donor or 
recipient origin, (E) T cells, (F) myeloid cells, (G) APCs and (H) NK cells. 

  



   
 

   
 

 


