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Abstract 

Antibodies targeting human leukocyte antigen (HLA)/major histocompatibility complex (MHC) proteins 

limit successful transplantation and transfusion, and their presence in blood products can cause lethal 

transfusion-related acute lung injury (TRALI).  It is unclear which cell types are bound by these ‘anti-

leukocyte’ antibodies to initiate an immunologic cascade resulting in lung injury.  We therefore 

conditionally removed MHC class I (MHC I) from likely cellular targets in antibody-mediated lung injury.  

Only the removal of endothelial MHC I reduced lung injury and mortality, related mechanistically to 

absent endothelial complement fixation and lung platelet retention.  Restoration of endothelial MHC I 

rendered MHC I-deficient mice susceptible to lung injury.  Neutrophil responses, including neutrophil 

extracellular trap (NET) release, were intact in endothelial MHC I-deficient mice, whereas complement 

depletion reduced both lung injury and NETs.  Human pulmonary endothelial cells showed high HLA 

class I expression, and post-transfusion complement activation was increased in clinical TRALI.  These 

results indicate that the critical source of antigen for ‘anti-leukocyte’ antibodies is in fact the 

endothelium, which reframes our understanding of TRALI as a rapid-onset vasculitis.  Inhibition of 

complement activation may have multiple beneficial effects of reducing endothelial injury, platelet 

retention, and NET release in conditions where antibodies trigger these pathogenic responses. 
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Introduction 

Human leukocyte antigens (HLAs), the major histocompatibility complex (MHC) proteins in humans, are 

frequently the targets of antibodies that are a major barrier to the success of blood transfusion and 

organ transplantation therapies.  One complication known to arise from anti-HLA antibodies is a leading 

cause of mortality from blood transfusions - transfusion-related acute lung injury (TRALI), a non-

cardiogenic form of pulmonary edema developing within 6 hours of transfusion (1).  Research into the 

mechanistic basis of TRALI has directly led to successful mitigation strategies including exclusion from 

the donor pool of high plasma volume products from previously pregnant donors who have a high 

incidence of anti-HLA antibody positivity (2), however, substantial risk remains (3).  It also remains 

unclear how anti-HLA antibodies induce microvascular pathology and lung injury, and there is additional 

unmet need for improved pathological understanding to drive therapeutic innovation for anti-HLA-

mediated rejection of solid organ transplants (4). 

 

A major unresolved issue in TRALI pathogenesis research has been determining the site of antibody 

binding required for initiation of lung injury.  TRALI is classically associated with anti-granulocyte 

antibodies (5), and the binding of antibodies to monocytes has also been suggested to be critical for 

induction of anti-HLA class II-mediated TRALI (6).  However, non-leukocyte cells also express HLAs.  

In fact, a case report describing graft-localized TRALI in a unilateral lung transplant recipient transfused 

with blood containing lung donor-specific anti-HLA class I antibodies (7), and an irradiation and bone 

marrow reconstitution study in mice (8), point towards antibody binding to a non-hematopoietic cell as a 

probable initiating event in TRALI. 

 

In this study, we aimed to identify the critical binding site of antibody initiating lung injury in a mouse 

model of anti-MHC class I (MHC I)-mediated TRALI, and then to determine the immediate downstream 

immunologic events leading to lung barrier disruption.  To accomplish this aim, we first used a genetic 

approach for lineage-restricted deletion of B2m (9). The B2m gene encodes β-2-microglobulin (B2m), 
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which is required for surface expression of MHC I proteins (10, 11).  In this manner, MHC I proteins 

were selectively removed from the surface of each of the cell types likely to be bound by antibody 

following intravenous infusion: endothelial cells, different myeloid leukocyte subsets, or the 

megakaryocyte-platelet lineage.  To support findings in mice with conditional MHC I removal, we also 

developed a new mouse strain enabling lineage-restricted restoration of B2m expression in order to 

study the effect of restoring MHC I exclusively on one cell type.  Combining insights from genetic and 

pharmacological studies with intravital lung microscopy, we were able to identify the site of antibody 

binding critical for lung injury.  We also found distinct pathways leading to lung platelet retention and 

neutrophil extracellular trap (NET) formation, and an intervention that prevents immunologic injury to 

the lung.  These findings have direct relevance to blood transfusion therapy, as well as other conditions 

where host cells become the targets of antibodies resulting in inflammation and organ injury. 
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Results 

C57BL/6-congenic mice with H-2d MHC I enable anti-MHC I-mediated lung injury studies on an 

otherwise C57BL/6 background.  Experimental TRALI involves intravenous injection of the 34-1-2S 

monoclonal antibody (anti-H-2d, known to bind Kd and Dd) into mice possessing H-2d haplotypes, such 

as BALB/c mice (12).  Curiously, anti-H-2d can bind to Kb expressed by C57BL/6 (B6) mice (13) 

(Supplemental Figure 1A-F).  However, B6 mice are resistant to lung injury (8), unless the mice are T-

cell depleted and given high doses of anti-H-2d in combination with an additional anti-H-2Kb antibody 

(14).  B6.C-H2d/bByJ (B6.H2d) mice are on a B6 background except for their BALB/c-derived H2d locus 

which encodes the H-2d-type MHC I proteins, allowing the transfer of the H-2d-type to B6-background 

strains after 2 crosses rather than the >10 backcrosses required to produce congenic mice from hybrid 

crosses.  We hypothesized that B6.H2d mice would develop anti-H-2d-mediated lung injury using the 

same protocol (LPS priming followed by antibody injection) as used previously with the BALB/c strain 

(15).  Similar to BALB/c mice, B6.H2d mice treated with i.v. anti-H-2d antibody developed lung vascular 

permeability and pulmonary edema (Figure 1A, B).  This acute lung injury mostly resolved 24 hours 

after anti-H-2d injection (Supplemental Figure 2A, B).  When a higher dose of anti-H-2d was given, 

B6.H2d mice showed greater susceptibility to mortality than BALB/c mice (Figure 1C). 

 

Identification of the cell type bound by antibody to initiate lung injury.  Beta-2-microglobulin (B2m) is 

critical for cell surface expression of the MHC I proteins, and a B2mflox strain has recently been  

developed that allows for the lineage-restricted ablation of MHC I from cell surfaces when further 

crossed to existing promoter-specific Cre strains (9).  B2mfl/fl mice were crossed to strains expressing 

VE-Cadherin-Cre (VE-Cad-Cre) to target endothelial cells (16), PF4-Cre to target the megakaryocyte-

platelet lineage (17), LysM-Cre to target neutrophils and monocytes (18), and CX3CR1-Cre to target 

Ly6Clow monocytes (19, 20).  Additionally, all B2mfl/fl mice were crossed to homozygosity with B6.H2d 

mice for full H-2d MHC I expression (Supplemental Figure 3A-D). 
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Targeted removal of B2m from endothelial cells (VE-Cad-Cre × B2mfl/fl) resulted in efficient reductions 

in surface MHC I expression on pulmonary endothelial cells relative to Cre-negative littermates (Figure 

1D, E).  LPS-primed endothelial MHC I-deficient mice given anti-H-2d i.v. were protected from lung 

vascular permeability and edema (Figure 1F, G), and at a high anti-H-2d dose, were protected from 

mortality (Figure 1H), and alveolar flooding assessed using lung histology (Supplemental Figure 4A, B). 

These findings point towards anti-H-2d binding to endothelial MHC I being a critical event required to 

initiate full TRALI pathology. 

 

Ablation of B2m in the megakaryocyte-platelet lineage (PF4-Cre × B2mfl/fl) efficiently removed MHC I 

expression from the surface of blood platelets (Supplemental Figure 5A, B), but PF4-Cre × B2mfl/fl mice 

showed no reduction in anti-H-2d-induced lung injury relative to Cre-negative controls (Supplemental  

Figure 5C, D). 

 

Using LysM-Cre × B2mfl/fl and CX3CR1-Cre × B2mfl/fl mice, we measured the extent of removal of 

surface MHC I from neutrophils, as well as Ly6Clow, Ly6Cmid, and Ly6Chigh monocytes (Supplemental 

Figure 6A).  LysM-Cre × B2mfl/fl mice had >70% reductions in surface MHC I on neutrophils, and also 

reductions on Ly6Chigh and to a lesser extent, Ly6Clow monocytes (>60% and >35% reductions, 

Supplemental Figure 6B, C), but when challenged with anti-H-2d antibody, LysM-Cre × B2mfl/fl mice had 

unaltered lung injury compared to Cre-negative littermates (Supplemental Figure 6D, E). 

 

Relative to Cre-negative controls, CX3CR1-Cre × B2mfl/fl mice had efficient reductions in the notably 

high surface expression of MHC I on Ly6Clow monocytes and had unaltered MHC  

I expression on other myeloid cell subsets (Supplemental Figure 6F, G).  These observations are 

despite positive CX3CR1 expression on Ly6Chigh monocytes – likely a result of CX3CR1 expression too 

late in the development of these short-lived cells for removal of existing MHC I proteins (20). When 

challenged with anti-H-2d antibody, CX3CR1-Cre × B2mfl/fl mice had no reduction in the extent of lung 



7 
 

injury relative to Cre-negative littermate controls, but in fact had elevated pulmonary edema relative to 

controls (Supplemental Figure 6H, I).   

 

Together, these data suggest that antibody engagement of either platelet, neutrophil or Ly6Clow 

monocyte MHC I are dispensable for the initiation of lung injury, and that the presence of highly 

expressed Ly6Clow monocyte MHC I may be protective against antibody-mediated lung injury. 

 

Endothelial cell-restricted restoration of MHC I expression restores susceptibility to lung injury.  For 

further testing of the importance of endothelial versus leukocyte MHC I in antibody-mediated lung 

injury, a new mouse strain was created to allow the conditional reversion of globally inverted B2m 

(B2minv mouse).  In the endogenous B2m locus of this mouse, exons 2 and 3 were inverted and loxP-

flanked for conditional reversion and therefore restoration of MHC I expression after Cre recombination 

(Figure 2A).  These mice were also crossed onto the B6.H2d background for susceptibility to anti-H-2d-

mediated lung injury.  Mice homozygous for the modified allele (B2minv/inv) are globally deficient in B2m 

and therefore MHC I, but in VE-Cad-Cre × B2minv/inv mice, recombination inverts B2m to its natural 

orientation to restore full MHC I expression on endothelial cells (Figure 2B, C), but not on Cre-negative 

cells such as leukocytes (Figure 2D, E). 

 

In contrast to injury-resistant B2minv/inv mice, VE-Cad-Cre × B2minv/inv littermates challenged with i.v. 

injection of anti-H-2d developed robust lung vascular permeability and edema responses (Figure 2F, G), 

and died when challenged with a higher anti-H-2d dose (Figure 2H).  This result demonstrates that the 

expression of antigen exclusively on endothelium is sufficient to confer susceptibility to anti-MHC I-

mediated lung injury, and that expression of MHC I on other cells including leukocytes is not a 

requirement for lung injury responses in this model. 
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High surface expression of MHC I on pulmonary endothelial cells.  Observing high MHC I levels on 

pulmonary endothelial cells and blood monocytes, we directly compared surface MHC I expression 

across mouse lung cells.  Both monocytes and endothelial cells expressed the highest levels of surface 

MHC/HLA class I in mouse lung cells, and LPS priming upregulated only lung neutrophil and monocyte 

surface MHC I expression in mice (Supplemental Figure 7A-C).  These results, and the location of the 

lung microvasculature as the first capillary bed encountered by an intravenous injection, indicate that 

the pulmonary endothelium is a likely binding site for intravenously infused anti-MHC I antibodies. 

  

Lung intravital imaging of early immune events leading to lung injury.  To assess the kinetics and 

distribution of antibody retention in the lungs, we directly imaged the deposition of PE-conjugated anti-

H-2d in the lungs of lung injury-susceptible B6.H2d mice and lung injury-resistant B6 controls.  B6.H2d 

mice showed greater retention of anti-H-2d in the pulmonary vasculature (Figure 3A, B, Supplemental 

Movie 1), consistent with a requirement for the more avid antibody binding to H-2d versus H-2b-type 

MHC I proteins for lung antibody retention.   

 

Myeloid leukocytes and platelets are implicated as cellular effectors of TRALI (12, 15), so we 

simultaneously imaged these cells in lungs using dual reporter mice (BALB/c-congenic LysM-GFP × 

PF4-Cre × Ai14 (21)).  Platelet retention in lungs occurred within seconds of antibody injection with 

platelets displaying margination towards the endothelium (Figure 3C-E; Supplemental Movie 2).  LysM+ 

cell retention was also detected over 20 minutes following anti-H-2d injection (Figure 3C, E; 

Supplemental Movie 2).  Rendering platelet and LysM+ cell surfaces enabled quantification of the 

proportion of platelet signal arising from LysM+ cell-associated platelets versus those not visibly 

associated with LysM+ cells.  The majority of platelet signal was found in locations distinct from LysM+ 

cell surfaces, suggesting that platelet-leukocyte interactions are likely not solely responsible for lung 

platelet retention (Figure 3F,G, Supplemental Movie 2).  Platelet and neutrophil retention responses 

with similar kinetics could also be measured using flow cytometry on dissociated whole lungs 
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(Supplemental Figure 8A-E).  In addition to cell and platelet retention, we also live imaged transient 

ischemia, platelet aggregation, plasma extravasation, and the formation of neutrophil swarms in anti-

MHC I-injured lungs (Supplemental Figure 9A-B and 10; Supplemental Movies 3 and 4), all indicative of 

the rapid and severe immunologic events in the TRALI model.  These experiments demonstrate that 

antibody-induced platelet and neutrophil retention in lungs are rapid, but spatially distinct processes.  

 

Altered lung pathology in the absence of endothelial MHC I.  Inspired by lung imaging results, we next 

studied the effect of endothelial MHC I removal on platelet and neutrophil responses.  At 5 minutes 

after antibody injection, VE-Cad-Cre × B2mfl/fl mice had reduced lung platelet retention as assessed by 

immunofluorescence and flow cytometry and a reduction in the severity of thrombocytopenia (Figure 

4A-D).  However, anti-H-2d-treated mice lacking endothelial MHC I still became neutropenic, displayed 

normal neutrophil activation in lungs (surface CD11b upregulation), and had an exaggerated release of 

NETs at 5 minutes after anti-H-2d treatment (Figure 4E-G).  At 60 minutes after antibody injection, 

these mice had similar levels of lung neutrophil recruitment to control mice with intact endothelial MHC I 

(Figure 4H).  These results indicate that endothelial MHC I ligation by antibody is important for lung 

platelet retention but dispensable for neutrophil responses. 

 

Complement fixation onto pulmonary endothelial cells leads to lung platelet retention and edema in 

anti-MHC I-mediated lung injury.  Complement deposition in lungs has been implicated in the induction 

of TRALI (8).  Since mouse platelets lack Fcγ receptors for direct antibody engagement, we 

hypothesized that complement fixation onto the pulmonary endothelium could lead to the retention of 

platelets and the development of pulmonary edema in the mouse TRALI model.  Mice selectively 

deficient in endothelial MHC I (VE-Cad-Cre × B2mfl/fl) showed deposition of C3 in their lungs at 5 

minutes post anti-H-2d injection, but closer inspection and flow cytometry analysis of dissociated lung 

cells revealed that the C3 deposition was limited to leukocytes and largely absent on pulmonary 

endothelial cells in endothelial MHC I-deficient mice (Figure 5A-D).  
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To establish a causal link between complement and lung platelet retention, we treated mice with cobra 

venom factor (CVF) to deplete complement through breakdown of C3 and C5.  Mice treated with CVF 

showed reductions in plasma levels of C3 by >80% (Figure 6A) and had complete reductions in C3 

fixation on lung endothelial cells and leukocytes when challenged with anti-H-2d (Figure 6B-D).  CVF-

treated mice did not develop lung platelet retention at 5 minutes after anti-H-2d administration and were 

protected from pulmonary vascular permeability, edema and mortality 2 hours after anti-H-2d injections 

(Figure 6F-H).  Interpreted together with our studies of endothelial MHC I-deficient mice, these findings 

suggest that complement activation on the endothelial surface is critical for anti-MHC I-mediated lung 

platelet retention, pulmonary edema and mortality. 

 

Human pulmonary endothelial HLA class I expression and complement activation in clinical TRALI.  We 

hypothesized that if pulmonary endothelial antigen engagement and complement activation played a 

role in clinical TRALI, human pulmonary endothelial cells would have high surface HLA class I 

expression and complement activation would be detectable in blood plasma samples taken after 

development of TRALI.  Reflecting the pattern observed in mice (Supplemental Figure 7A-C), human 

pulmonary endothelial cells and monocytes showed high cell surface HLA class I expression with lower 

expression on granulocytes and platelets (Figure 7A, B).  Classical/lectin pathway complement 

activation in humans can be detected through assessment of changes in C4d levels and the C4d:C4 

ratio (22).  To test for the potential involvement of complement in human TRALI, we measured the C4 

and C4d content of pre- and post-transfusion plasma samples from a study of patients receiving 

transfusions who either developed TRALI or did not (23) (Supplemental Table 1).  Group comparisons 

showed that, accounting for baseline pre-transfusion levels, plasma C4d levels and C4d:C4 ratios were 

elevated post-transfusion in patients who developed TRALI relative to transfused control patients who 

did not (Figure 7D-G).  One subject from the TRALI group showed a particularly high elevation in 

complement activation post-transfusion, but an effect of TRALI status on complement activation was 
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still detected even with this potential outlier removed (post-transfusion control vs. post-transfusion 

TRALI, Holm’s tests: C4d: P = 0.043; C4d:C4: P = 0.046).  These results suggest that human 

pulmonary endothelium is a feasible target for infused anti-HLA class I antibodies, and that complement 

activation occurs following transfusion in human TRALI cases. 

 

Endothelial complement activation and antibody-mediated rejection of lung transplants.  We also 

explored the role of anti-MHC antibodies and complement activation in a lung transplantation cohort.  

Anti-HLA donor-specific antibodies (DSAs) cause antibody-mediated rejection (AMR), which has 

emerged as an important cause of chronic lung allograft dysfunction (CLAD) or death in lung 

transplantation (4).  It is plausible that mechanisms which drive complement-dependent AMR pathology 

are related to those which we identified in TRALI, as pulmonary microvascular endothelial complement 

C4d staining is used in AMR diagnosis and can be accompanied by histological and radiographic 

evidence of acute lung injury (Figure 8A-C, Supplemental Figure 11A-C). 

 

Anti-HLA de novo DSAs have previously been associated with increased risk of CLAD or death in lung 

transplantation (24–29), so we tested whether this was also the case in a cohort of 215 lung transplant 

recipients at UCSF (Supplemental Table 2).  Of these patients, 44 tested positive for de novo DSAs 

against HLA class I or II.  We found a 120% increased risk for CLAD or death in subjects who 

developed these DSAs at any time after lung transplantation relative to subjects without de novo DSAs 

(multivariable hazard ratio (HR) 2.2, 1.3-3.9, P = 0.005).  By treating the serologic detection of DSAs as 

a time-dependent variable, the persistence of DSAs also conferred an increased risk of CLAD or death 

(Figure 8D, multivariable HR 1.5, 1.1-1.9, P = 0.003).  Both anti-HLA class I and anti-HLA class II DSAs 

were associated with greater risk of CLAD or death (class I: multivariable HR 1.4, 1.0-1.9, P = 0.044; 

class II: multivariable HR 1.7, 1.2-2.2, P < 0.001), and the presence of antibodies against both HLA 

classes appeared to have an additive effect (Figure 8E, multivariable HR 2.9, 1.2-7.1, P = 0.02).  These 
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observations add to the evidence that anti-HLA DSAs, which can activate complement on the 

pulmonary endothelium, are harmful in lung transplantation.   

 

Complement assists anti-MHC I-activated neutrophils to release NETs.  Lung neutrophils still became 

activated (upregulating surface CD11b) in CVF-treated mice following anti-H-2d injections, indicating a 

complement-independent (i.e., Fcγ receptor-mediated (8, 12)) pathway to neutrophil activation (Figure 

9A).  However, in marked contrast to endothelial MHC I deficient mice, complement-depleted mice 

showed complete reductions in intravascular NETs (Figure 9B).  NET formation was live imaged in 

antibody-injured lungs using membrane-impermeant SYTOX Green DNA dye injected intravenously 

(30), which revealed swollen cells with compromised membranes, filamentous strands of intravascular 

NETs, and abundant particles of extracellular DNA within minutes of anti-H-2d injection (Figure 9C, 

Supplemental Movie 4). 

 

As release of NETs into blood was present and enhanced in the absence of endothelial MHC I (Figure 

4G), we hypothesized that antibody binding to blood cell MHC I was sufficient to activate neutrophils 

and elicit NETs.  In EDTA-anticoagulated B6.H2d mouse blood incubated with antibodies for 5 minutes, 

neutrophils displayed anti-H-2d dose-dependent activation, upregulating surface CD11b, and shedding 

CD62L (Figure 9D-G).  

 

EDTA inhibits complement activation whereas PPACK, an anticoagulant that inhibits thrombin and the 

contact system, spares extracellular Ca2+ and Mg2+ to permit complement cascade activation.  With 

PPACK anticoagulation, anti-H-2d antibody caused a greater proportion of neutrophils to take up 

membrane-impermeant DAPI DNA dye, indicating membrane pore formation (Figure 9H-J).  Incubation 

of PPACK-anticoagulated blood and antibody with the fixable membrane-impermeant DNA dye, 

DRAQ7, enabled immunofluorescence confirmation of anti-H-2d-induced neutrophil membrane 

permeabilization, nuclear swelling and DNA release (Figure 9K, L).  The release of in vitro-elicited 
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NETs into plasma could also be detected by ELISA (Figure 9M).  Finally, CVF pretreatment of mice 

reduced the in vitro release of NETs into plasma following incubation with anti-H-2d (Figure 9N).  These 

data suggest that local complement activation can act to drive antibody-activated neutrophils towards 

NET formation, which is a critical pathophysiologic mechanism in TRALI.   
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Discussion 

The major findings of this study were that: (a) antibody engagement of endothelial antigen is necessary 

and sufficient for initiation of anti-MHC I-mediated lung injury, (b) complement activation is critical for 

both pulmonary edema and NET release downstream of antibody binding, and (c) lungs can tolerate 

massive antibody-induced complement activation, neutrophil retention and NET release without lethal 

edema when the endothelium is spared from antibody and complement binding.  In the course of these 

studies we also developed a new B6-congenic approach to modelling TRALI in mice, a new mouse 

model permitting conditional restoration of MHC I expression, and a novel assay for complement-driven 

NET release in whole blood. These methods may be useful for the growing number of research groups 

using mouse TRALI models, researching HLA/MHC I immunology, or studying the release of NETs. 

 

Our results have potential implications beyond anti-HLA class I-mediated TRALI.  In addition to 

HLA/MHC class I, endothelial cells also express other antigens implicated in TRALI, including human 

neutrophil antigen-3a/CTL2 (31) and HLA/MHC class II (32), so it is possible that endothelium-directed 

complement activation is a central mechanism driving antibody-mediated TRALI.   

 

Associations between de novo anti-HLA DSAs and reductions in CLAD-free survival that we identified 

in the cohort of lung transplant patients are also further evidence that antibodies are mediators of lung 

injury in this context.  Increasing evidence suggests that complement is a mediator of graft injury in 

antibody-mediated lung transplant rejection (33, 34), and the role of NETs and the potential utility of 

complement inhibition are subjects of ongoing investigations in AMR (4, 35).  Adapted mouse TRALI 

models may be useful for proof of concept studies for potential AMR therapeutics.   

 

NETs are important mediators of antibody-induced lung injury (36, 37), and can directly cause 

endothelial damage (36), and induce alternative pathway complement activation (38).  Here we also 

identified that, similar to the induction of NETs by some bacterial strains (39), complement activation is 
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a required step for neutrophils to release NETs in response to antibody engagement of host cells.  This 

requirement may help to prevent potentially-harmful NET formation when antibodies bind cells but do 

not also sufficiently activate complement, and might be mediated via the CD35 or CD11b complement 

receptors (39), or through terminal complement activation on neutrophil surfaces leading to membrane 

pore formation analogous to the role previously described for Gasdermin D pore formation (40).  A 

requirement for complement activation also explains previous observations that the neutrophil reactive 

oxygen species burst was not induced by anti-H-2d antibody using washed, bone marrow-derived 

neutrophils in complement-free media (12). 

 

Recent studies have indicated that the pulmonary vasculature may be an important site for ‘depriming’ 

of activated neutrophils (41).  Our results demonstrate that substantial retention of activated neutrophils 

and release of NETs can occur in the absence of major lung injury so long as endothelium-directed 

complement activation is absent.  This observation is consistent with our previous finding that DNase I 

treatment increased NETs in plasma but protected against injury (36), suggesting that increases in 

levels of circulating NETs alone is not sufficient for lung injury in this model.  At present, it is unknown 

to what extent pulmonary edema in TRALI results from a direct endothelium-intrinsic response to 

fixation with complement, or whether excessive leak is primarily a result of neutrophil or monocyte 

activation by, or phagocytosis of, pulmonary endothelial cells tagged with antibody and complement 

(42).  A deeper understanding of the essential complement components, signaling pathways and 

effector mechanisms will be important for targeting of strategies to prevent antibody-induced pulmonary 

edema, and for understanding how the lung protects the rest of the body from primed neutrophils 

without sustaining injury. 

 

Our measurements of high pulmonary endothelial MHC I expression in human lungs, elevated post-

transfusion complement activation in TRALI cases, and associations of anti-HLA DSAs with reduced 

CLAD-free survival in lung transplantation are suggestive that the mechanisms we identified as causal 
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in murine TRALI may also occur in humans.  However, there are many differences between the 

immune systems of mice and humans, and the role that complement activation plays in clinical TRALI 

and AMR is incompletely understood (4, 43).  Our study of C4d levels in TRALI patient plasma was 

limited by the small number of available samples, the indirect approach of measuring residual C4d and 

C4 in blood plasma, and the heterogeneous nature of human TRALI (1).  Blood plasma C4d levels 

were high in some patients who developed TRALI and some controls who did not, likely reflective of the 

hospitalized health status of this patient cohort (23) (Supplemental Table 1).  Nevertheless, our data 

are consistent with post-transfusion C4d generation as a feature of at least some clinical TRALI cases. 

 

The susceptibility of mice with MHC I expression exclusively on endothelium to experimental TRALI 

confirms the importance of endothelial antigen engagement in this model.  This finding is consistent 

with the conclusions of a previous bone marrow transfer mouse study which implicated non-

hematopoietic MHC I in TRALI initiation (8), and avoids potential confounding factors of the approach of 

this prior study (irradiation, transfer of MHC-mismatched hematopoietic cells, and anti-H-2d reactivity 

with H-2Kb as well as H-2d antigens).  Among the hematopoietic cell types that we studied, our most 

notable results were that monocytes showed particularly high surface MHC I expression, and removal 

of Ly6Clow monocyte MHC I increased antibody-induced pulmonary edema.  It is therefore possible that 

this large pool of antigen on monocytes may act as a “sink” for antibody that would cause additional 

harm were it to bind endothelial antigen.  Alternatively, removal of Ly6Clow monocyte MHC I might have 

exacerbated edema by sparing injury-promoting monocytes from antibody-mediated clearance (8, 44). 

 

Platelets are implicated as effectors of lung injury in TRALI (36, 45–48), although the role of platelets in 

promoting antibody-mediated injury has been controversial (8, 49).  Intravital lung imaging revealed 

platelet adhesion to pulmonary endothelium and occasional thrombosis events.  The complement-

dependence of recruitment of platelets to antibody-tagged endothelium explains the rapid reaction of 

platelets in mice where platelet Fcγ receptors are absent, and thrombotic responses to antibody may be 
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increased in human platelets with FcγRIIA expression (50).  There are many pathways through which 

platelets might become adhesive in response to complement activation on endothelium: through 

platelet receptors for complement (αIIbβ3-Factor H (51), P-selectin-C3b (52), C3aR-C3a (53)); or 

through endothelial cell exocytosis or exposure of the basement membrane during inter-endothelial gap 

formation.  Together with previous findings of reductions in lung injury with platelet depletion or αIIbβ3 

inhibition (15, 36, 46), observations of platelet thrombi and loss of perfusion in TRALI lungs point 

towards a scenario where pulmonary thrombosis could impair gas exchange through limiting lung 

microvascular perfusion - especially where there is thrombus involvement of activated neutrophils and 

NETs (54).  Additionally, platelets can amplify complement activation, providing a mechanistic link 

between platelet activation, NET release and endothelial permeability (36, 52).  Aspects of platelet 

function may also be protective against bleeding in TRALI (49), so it will be important to determine 

whether platelet recruitment to endothelium observed here in experimental TRALI, and previously 

following LPS inhalation (55), or the AMR of skin grafts (56), is a protective or harmful response. 

 

In summary, our findings suggest that TRALI resulting from anti-MHC/HLA antibodies is secondary to 

antibody binding to these antigens on endothelial cells.  Responses dependent on endothelial antigen 

(pulmonary edema and platelet retention) and independent of presence of endothelial antigen (release 

of NETs) shared a dependence on complement activation, so targeting complement activation may 

therefore be useful in TRALI and in other settings where endothelial injury, microvascular platelet 

retention, and the release of NETs make contributions to pathology. 
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Methods 

Mice. Mice were housed in the UCSF Laboratory Animal Research Center specific pathogen-free 

facility, and experiments performed with approval from the UCSF Institutional Animal Care and Use 

Committee.  BALB/c mice (Charles River) and C57BL/6 mice (Jackson Laboratory) were housed in the 

UCSF vivarium for ≥2 weeks prior to use.  Other strains were both bred and housed at UCSF (see 

Supplemental Table 3 for origins), genotyped using PCR, and were used at age 6-12 weeks, with male 

mice at 8-12 weeks used for lung injury experiments.  The B2minv strain was created by James C. 

Zimring (University of Virginia, Charlottesville) using homologous recombination to modify the B2m 

locus in embryonic stem cells of B6 genetic background (Bruce-4 cell line).  Mice were generated from 

neomycin resistant clones with the desired recombination (as confirmed by Southern blot); the NEO 

cassette was flanked with FRT sites and removed through exposure to FLP recombinase (omitted in 

simplified diagrammatic representation of B2m locus).  Exons 2 and 3 of B2m were inverted and 

flanked with LoxP and Lox2272 variants such that exposure to Cre would result in an irreversible 

reversion of the exon (57).  The resulting locus was predicted to not express B2m unless it encountered 

Cre recombinase, resulting in reversion of exons 2 and 3 and a normal open reading frame for 

translation of B2m (Figure 2A).    

 

TRALI model.  Mice were primed with LPS (O55:B5 serotype, Millipore-Sigma, 0.1 mg/kg, i.p.) 24 

hours before injections of anti-H-2d antibody or isotype (BE0180 clone 34-1-2S or BE0085 clone 

C1.18.4, BioXCell, given at 1 or 4.5 mg/kg, i.v. where indicated). Antibody infusions were carried out 

under ketamine/xylazine anesthesia (0.6/0.1 mg/kg, i.p.) with samples collected at indicated time 

points.  For measurements of lung extravascular plasma equivalents (lung vascular permeability) and 

bloodless extravascular lung water, 125I-albumin (0.1 MBq/kg, i.v., Iso-Tex) was injected together with 

antibody, then at 2 hours later or at cessation of respiratory movements blood was collected via cardiac 

puncture and lungs were excised for quantification of radioactivity (Packard 5000 series) and 

gravimetric analysis, as previously described (12, 15, 36). 
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Flow cytometry.  Blood (50 µl) was sampled via submandibular vein or inferior vena cava, red cells 

lysed (red cell lysis buffer: 53 mM NHCl4, 10 mM KHCO3, 0.1 mM EDTA), and platelets and leukocytes 

resuspended in FACs buffer (PBS + 0.3% BSA + 0.5 mM EDTA). Mouse lungs were excised en bloc, or 

10 mm3 segments were sampled from the inferior right lower lobe of human donor lungs that did not 

meet clinical criteria for transplantation utilization (Donor Network West).  Lungs were kept on ice and 

subsequently diced into pieces <2mm in diameter in PBS with 1 mg Liberase TM (Roche) and 100 U 

DNase I (Roche).  Samples were then incubated at 37°C for 2 hours before passing through a 40 µm 

filter, red cell lysis, and resuspension of 1/5 of total lung cells in FACs buffer + Fc block (Clone 2.4G2, 

UCSF monoclonal antibody core, 1 µg/ml) for staining. Fluorophore-tagged antibodies (See 

Supplemental Table 4) were incubated with samples at 4°C for 30 minutes.  For absolute cell counts, 

quantification beads (CountBright, ThermoFisher) were used.  Samples were analyzed using an LSRII 

flow cytometer (BD) with gating and measurements using FlowJo software (BD) (representative full 

gating strategies are shown in Supplemental Figure 12). 

 

Intravital microscopy. Two-photon intravital lung microscopy was performed as previously described 

(58, 59). Following anesthesia with ketamine/xylazine (0.6/0.1 mg/kg i.p.), the right jugular vein was 

cannulated and kept patent with 150 µl/hour normal saline for i.v. dosing (Instech), before ventilation 

with room air + 1% isoflurane at 125 breaths/min at 10 µl/g body weight breath volume (Minivent, 

Harvard Apparatus), with 2-3 cmH2O positive end-expiratory pressure. A thoracic window was then 

inserted into an intercostal incision and a section of the left lung was immobilized against the window 

with 25-30 mmHg negative pressure.  Imaging experiments used a Nikon A1r (UCSF BIDC) with a 

CFI75 Apochromat 25XC W 1300 objective (Nikon), scanning with a 950 nm laser line from a Mai Tai 

DeepSee Ti:Sapphire laser, with emitted light collected through 400-492, 500-550, 563-588, and 601-

657 nm bandpass filters. Where indicated, FITC-dextran (70 kDa, 50 mg/kg), Evans blue (3 mg/kg), or 

SYTOX green (0.6 mg/kg) were given i.v. before imaging.  Image processing and analysis was 
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performed using Imaris (Bitplane), using sum fluorescence intensities of fluorophores for quantification 

with channel arithmetic (Matlab) used to subtract fluorophore spillover where required. 

 

Immunofluorescence.  Lungs were fixed by inflation and immersion in 1% formaldehyde for 2 hours, 

cryoprotected with 30% sucrose overnight and frozen in OCT.  Cryosections (100 µm) were stained 

with primary antibodies in PBS + 0.3% Triton X-100 + 0.2% BSA + 10% secondary host serum 

overnight, washed, and incubated with secondary antibodies in PBS + 0.3% Triton X-100 (antibody 

details in Supplemental Table 4, before a final wash.  Blood smears were fixed with 4% formaldehyde 

for 10 minutes, blocked with PBS + 1% BSA for 15 minutes, washed, and incubated with labelled 

antibody in PBS + 1% BSA for 2 hours before a final wash. Confocal imaging was carried out using a 

Nikon A1r (UCSF BIDC) with a CF175 LWD 16X W objective. 

 

Blood counts.  Blood was collected via cardiac puncture into K2EDTA MiniCollect tubes (Greiner) for 

complete blood counts using a Genesis analyzer (Oxford Science). 

 

Histology.  Mouse lungs were fixed by inflation and immersion in 4% formaldehyde for >24 hours.  

Mouse lungs and human transbronchial biopsies were processed, paraffin wax-embedded, sectioned at 

4 µm, and stained with hematoxylin and eosin for analysis using standard methods. 

 

Complement depletion.  Immediately after LPS priming, at -24 hours before antibody injections, mice 

were injected with cobra venom factor (0.4 mg/kg i.p., #233552 from Naja naja kaouthia, Millipore-

Sigma) or PBS vehicle. 

 

NETs ELISA.  Neutrophil elastase-DNA complexes were quantified using anti-neutrophil elastase 

capture antibody (sc-55549, G-2, Santa Cruz) coated 1:250 onto a MaxiSorp plate (Nunc), with 

peroxidase-conjugated anti-DNA reporter antibody (MCA-33, Roche) followed by tetramethylbenzidine 
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development (R&D Systems) according to the manufacturers’ instructions, as previously reported (30, 

60).  NETs units were calculated relative to serial dilution calibration curves of BAL supernatant from 

mice 9 days after i.n. dosing with 50 PFU of influenza A virus (A/PR/8/34 H1N1, 1 U = bioequivalence).  

 

Complement ELISAs. Pre-transfusion and post-transfusion plasma samples were tested from 

transfused controls and TRALI subjects from the UCSF arm of the TRALI case-control study (23).  

ELISAs for mouse C3 (ab157711, Abcam), human C4 (ab108824, Abcam), and human C4d (A009, 

Quidel), were used according to manufacturers’ instructions. 

 

Clinical lung transplant studies.  Adults who received single lung, bilateral lung, or heart-lung 

allografts at UCSF between 12/01/2006 and 08/16/2018 were included if they survived to the first 

follow-up lung function study (approximately 14 days), had at least one donor-specific antibody 

measurement, and provided informed consent.  Chronic lung allograft dysfunction (CLAD) was defined 

according to established criteria as an unresolving 20% decline in FEV1 or FVC lasting over 30 days 

(61), and adjudicated as previously described (62, 63).  CLAD-free survival was quantified as days after 

transplantation of freedom from CLAD or death.  Standard post-transplant induction regimens for all 

subjects included methylprednisolone, mycophenolate, and basiliximab.  Maintenance 

immunosuppressant therapy included tacrolimus, prednisone, and mycophenolate mofetil.  Donor 

specific antibodies (DSAs) were measured on a Luminex based platform as part of routine clinical care 

according to established protocols (29).  Positivity for DSAs was defined as mean fluorescent index 

(MFI) greater than 2000.  Persistently positive DSAs were treated with monthly infusions of intravenous 

immunoglobulin. 

 

In vitro neutrophil assays.  Mice were anesthetized with isoflurane and blood was collected from the 

inferior vena cava, anticoagulated with either EDTA (2 mg/ml, K2EDTA MiniCollect, Greiner)  or 

PPACK (80 µM, H-D-Phe-Pro-Arg-chloromethylketone (PPACK) trifluoroacetate, Bachem) and 
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incubated with antibodies at 37°C for indicated times.  At stated time points, blood was either RBC-

lysed and cooled to 4°C for flow cytometry experiments, immediately used for blood smears, or 

transferred to a K2EDTA tube for separation of plasma. 

 

Experimental design and statistics.  For genetic experiments, mice were assigned numerical IDs at 

the time of genotyping, which were used for blinded identification during data collection. Cobra venom 

factor/anti-H-2d treatments were assigned unblinded using within-cage blocked randomization, with 

survival analysis carried out blinded to treatment group.  Residuals vs. predicted plots were used to 

assess requirement for transformations and for identification of outliers, and violations of proportional 

hazards were assessed visually and with the Schoenfeld test.  For data from lung transplant recipients, 

we used Cox proportional hazards models to determine CLAD-free survival hazard ratios as a function 

of DSA episodes and antigen, which included covariates for subject characteristics frequently 

associated with poor transplant outcomes: age at transplantation, recipient sex, recipient reported 

ethnicity, transplant diagnosis and transplant type (single, double, or heart-lung).  Additional analyses 

were also adjusted for the time-dependence of DSA measurements.  Statistical tests were applied as 

per figure legends with P <0.05 as the significance threshold.  All t-tests were two-tailed.  Graphpad 

Prism, InVivoStat and R (using the “survminer”, “plyr”, “ggplot”, “survival”, “stringr”, and “ggpubr” 

packages) were used for data analysis and graphing. 

 

Study approval.  All animal experiments were approved by the Institutional Animal Care and Use 

Committee at the University of California, San Francisco (UCSF).  All human subjects were enrolled in 

a protocol approved by the UCSF Committee for Human Research (IRB).
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Figure 1. Removal of MHC I from endothelium is protective in anti-MHC I-mediated lung injury. LPS-primed 

BALB/c or B6.H2d mice were administered isotype or anti-H-2d antibody i.v. for measurements of (A) lung 

vascular permeability and (B) extravascular lung water 2 hours after antibody injection (n=7-10, “anti-H-2d: -” 

indicates use of isotype control). (C) LPS-primed B6, BALB/c, or B6.H2d mice were given high-dose anti-H-2d i.v. 

and mortality was assessed over 2 hours post injection (n=10). Lungs of B6.H2d × B2mfl/fl mice either positive or 

negative for VE-Cad-Cre were dissociated and used for measurement of H-2Kd MHC class I (MHC I) expression 

on pulmonary endothelial cells. (D) Gating strategy and representative histograms and (E) median fluorescence 

intensity (MFI) quantification (n=5). Separate mice were given LPS i.p. and isotype or anti-H-2d i.v. and used for 

assessment of (F) lung vascular permeability and (G) extravascular lung water at 2 hours after i.v. anti-H-2d 

antibody (isotype controls: n=5; + anti-H-2d i.v.: Cre- n=14, Cre+ n=16). (H) Additional mice were given LPS and 

high-dose anti-H-2d antibody i.v. and monitored for survival (n=14). Mean ± SEM. (A, B, F, G) Two-way ANOVA 

with Holm’s test, (C, H) log-rank test, with (C) Bonferroni correction; (E) unpaired t-test, *P <0.05, **P<0.01, ***P 

<0.001. 
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Figure 2. Restoration of MHC I exclusively on endothelium is sufficient to induce susceptibility to anti-MHC I-

mediated lung injury.  B2minv mice were created in which exons 2 and 3 of the B2m locus were inverted and flanked by loxP 

and lox2272 sites to permit conditional restoration of B2m expression and therefore surface MHC I expression in response to 

Cre recombination.  (A) Schematic showing wild-type and modified B2m loci with and without Cre recombination. Lungs from 

B6.H2d reference controls, B6.H2d background B2minv/inv Cre-negative mice and their VE-Cad-Cre × B2minv/inv littermates were 

dissociated for measurement of H-2Kd MHC I expression on CD41-, CD45-, CD31+ pulmonary endothelial cell surfaces: (B) 

Representative histograms showing pulmonary endothelial H-2Kd expression, and (C) quantification of median fluorescence 

intensity (MFI) of pulmonary endothelial surface H-2Kd (n=6).  Blood was also tested to confirm H-2Kd MHC I removal from 

CD45+ leukocytes in B2minv/inv mice: (D) Representative leukocyte H-2Kd histograms, and (E) quantification of leukocyte H-2Kd 

MFI (B6.H2d and VE-Cad-Cre-: n=13, VE-Cad-Cre+: n=5).  Separate mice were LPS-primed and challenged with 1 mg/kg anti-

H-2d i.v. for measurements of: (F) lung vascular permeability and (G) extravascular lung water (both n=6), or (H) 4.5 mg/kg 

anti-H-2d i.v. for survival assessment (B6.H2d and VE-Cad-Cre-: n=10, VE-Cad-Cre+: n=8).  Mean ± SEM, (F, G) horizontal 

lines are reference data from Figure 1 from mice given isotype control i.v., (C, E, F, G) one-way ANOVA with Tukey's test, (H) 

log-rank test with Bonferroni correction, *P <0.05, **P <0.01, ***P <0.001. 
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Figure 3. Spatially distinct retention of antibody, neutrophils, and platelets in the pulmonary vasculature during 

initiation of anti-MHC I-mediated lung injury.  C57BL/6 (B6) or B6.H2d mice were given LPS i.p., 70 kDa FITC-dextran i.v. 

(green) and then i.v. injections of anti-H-2d-PE (magenta) during 2-photon lung intravital imaging.  (A) Representative images 

of antibody deposition responses in B6.H2d pulmonary blood vessels and (B) quantification of anti-H-2d-PE signal in imaged 

regions of lungs over time (B6: n=3, B6.H2d: n=4).  LysM-GFP × PF4-Cre × Ai14 mice (LysM+ cells: green, PF4+ platelets: 

red) were given LPS i.p., Evans blue i.v. (blue) and then i.v. injections of anti-H-2d or isotype control during 2-photon lung 

intravital imaging (n=4).  (C) Responses to anti-H-2d in a pulmonary blood vessel and quantification of (D) platelet and (E) 

LysM+ cell signal over time.  (F) Surface renderings showing platelets associated with LysM+ cell surfaces (white) and those 

not (red).  (G) Quantification of platelet signal from LysM+ cell-associated platelets and those not associated with LysM+ cells.  

Mean ± SEM, two-way ANOVA with P-value for post-baseline effect of genotype (B), treatment (D, E) or LysM+ cell 

association (G), *P <0.05, **P <0.01, ***P <0.001.  
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Figure 4. Removal of endothelial MHC I reduces lung platelet retention but not neutrophil activation in 

anti-MHC I-mediated lung injury.  LPS-primed B6.H2d × B2mfl/fl mice either positive or negative for VE-Cad-Cre 

were administered i.v. anti-H-2d or isotype control. After 5 minutes, (A) lungs were collected for 

immunofluorescence staining for platelet CD41 (red) and collagen IV (blue) (representative of samples from 2 

mice per group).  In separate mice, blood plasma was sampled and lungs were collected for dissociation and flow 

cytometry analysis. (B) Gating strategy for identification of lung platelets and neutrophils, (C) quantification of 

platelets from lungs, and (D) blood. (E) Blood neutrophil counts and (F) lung neutrophil CD11b MFI normalized to 

isotype control group values. (G) Plasma neutrophil elastase-DNA complexes (NETs) quantified by ELISA. (H) 

Lung neutrophil counts using flow cytometry at 60 minutes post antibody injections.  Mean ± SEM, (C–H) one-way 

ANOVA and Dunnett’s test vs. VE-Cad-Cre+ anti-H-2d-treated group, n=8. *P <0.05, **P <0.01, *** = P<0.001. 
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Figure 5. Removal of endothelial cell MHC I selectively spares pulmonary endothelial cells from fixation 

with complement in anti-MHC I-mediated lung injury.  LPS-primed B6.H2d × B2mfl/fl mice either positive or 

negative for VE-Cad-Cre were administered anti-H-2d or isotype control antibody i.v. and lungs collected 5 

minutes later for (A) immunofluorescence staining of endothelial CD31 (green) and complement C3 (magenta) 

(representative of samples from 2 mice per group) or (B-D) dissociation for measurement of complement C3 

deposition on lung cells using flow cytometry. (B) Gating strategy and representative histograms and 

quantification of median fluorescence intensity (MFI) of C3 on surfaces of lung endothelial cells (C) or leukocytes 

(D). Mean ± SEM, horizontal lines are reference data from FMO controls, one-way ANOVA and Dunnett’s test vs. 

VE-Cad-Cre+ anti-H-2d-treated group, n=6. ***P <0.001. 
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Figure 6. Complement depletion prevents anti-MHC I-mediated lung platelet retention, lung injury and 

mortality.  BALB/c mice were treated i.p. with LPS and either cobra venom factor (CVF) or vehicle, and 24 hours 

later were given i.v. injections of anti-H-2d or isotype control antibody.  (A) Plasma C3 concentrations, (B, D) cell 

surface C3 measurements from flow cytometry analysis of endothelial cells (ECs) or leukocytes (Leu) from 

dissociated lungs, (E) platelet counts from dissociated lungs 5 minutes after antibody injections at 1 mg/kg. (F, G) 

Plasma extravasation and edema in lungs 2 hours after antibody injections at 1 mg/kg, and (H) survival after anti-

H-2d antibody injections at 4.5 mg/kg.  Mean ± SEM with: (A, C-G) two-way ANOVA and Holm’s test, or: (H) log-

rank test, all n=8 with exception of (C, D) where n=4, *P <0.05, **P <0.01, ***P <0.001. 
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Figure 7. High endothelial HLA class I expression in human lungs and complement activation post-

transfusion in clinical TRALI.  Samples of human lungs were dissociated for measurement of cell surface HLA 

class I (HLA-ABC) expression using flow cytometry. (A) Gating strategy, (B) representative histograms of fully 

stained cells relative to FMO controls, and (C) quantification of HLA class I expression on different cells 

expressed as MFI (D-G) (n=4). Plasma content of the classical/lectin pathway complement component C4 and its 

activation and degradation product C4d were measured using pre- and post-transfusion samples from patients 

diagnosed with TRALI or control patients who did not develop TRALI after transfusion. (D) Concentrations of C4d 

and (E) fold change in C4d post-transfusion, and (F) C4d:C4 ratios and (G) fold change in C4d:C4 ratios post 

transfusion.  Normalized data (E, G) provided for enhanced display of individual changes post-transfusion.  Mean 

(D, F, bars) or median (E, G, lines) and individual values (D, F). (D, F) Two-way repeated measures mixed model 

approach with pre-transfusion values set as covariates, followed by Holm’s multiplicity correction for comparisons 

of effect of TRALI development post-transfusion and effect of transfusion within the control group and the TRALI 

group.  Control group: n=19, TRALI group: n=9.  P-values <0.05 shown.   
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Figure 8. Anti-HLA antibodies in lung transplant recipients activate complement on pulmonary 

endothelium and increase risk of CLAD or death.  Serial sections of a transbronchial biopsy from a lung 

transplant recipient diagnosed with antibody-mediated rejection (AMR) showing: (A) diffuse, strong linear 

microvascular endothelial C4d positivity (immunohistochemistry: C4d = brown, hematoxylin counterstain = blue), 

and (B) organizing acute lung injury with increased neutrophils (hematoxylin & eosin (H&E) staining).  (C) Chest 

computed tomography (CT) scan from lung transplant recipient diagnosed with AMR showing bilateral 

consolidations.  (D-E) Kaplan-Meier curves showing chronic lung allograft dysfunction (CLAD)-free survival over 

time in lung transplant recipients comparing effects of: (D) number of episodes of anti-HLA donor specific 

antibodies (DSAs) (adjusted curves from Cox proportional hazards model using serologic detection of DSAs as a 

time-dependent variable), or (E) different reactivities of de novo anti-HLA DSAs (actual CLAD-free survival within 

groups).  (D, E) P-values are from log-rank tests from whole Cox models, n=215 with 15 patients with anti-HLA 

class I DSAs only, 22 with anti-HLA class II DSAs only, and 7 with detected DSAs against both HLA classes. 
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Figure 9. Legend overleaf. 
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Figure 9. Anti-MHC I-mediated release of NETs into blood requires complement activation. Effect of cobra 

venom factor (CVF) pre-treatment and anti-H-2d injections (1 mg/kg i.v., +5 minutes) on (A) lung neutrophil 

surface CD11b expression and (B) release of NETs into plasma in LPS-primed BALB/c mice (n=8).  (C) Intravital 

lung imaging of release of NETs following anti-H-2d antibody injection into LPS-primed B6.H2d × PF4-Cre × 

mTmG mice (Cells in lungs: red; SYTOX Green-DNA: green; platelets: blue) (representative of imaging from 6 

mice).  (D-J) Blood was collected from LPS-primed B6.H2d mice, EDTA anticoagulated, and stimulated with anti-

H-2d/isotype for 5 minutes before flow cytometry measurements of DAPI- neutrophil (E, F) CD11b and (G, H) 

CD62L surface expression (n=4).  (H-J) Blood was collected from LPS-primed B6.H2d mice, anticoagulated with 

EDTA or PPACK, and uptake of DAPI by neutrophils was assessed using flow cytometry following 5 minutes of 

anti-H-2d/isotype stimulation (n=4).  (K-M) Alternatively, PPACK-anticoagulated blood was used for: (K-L) imaging 

of neutrophil uptake of DRAQ7 (Neutrophil Ly6G: green; DRAQ7-DNA: magenta), and (M): ELISA measurements 

of release of NE-DNA NETs into plasma following 60 minutes of 0.01 mg/ml anti-H-2d stimulation (normalized to 

isotype controls).  (N) Separate B6.H2d mice were given i.p. LPS and either CVF or vehicle, and blood plasma 

was collected for ELISA measurements of NE-DNA NETs following 60 minutes of 0.01 mg/ml anti-H-2d stimulation 

(normalized to isotype controls) (n=10). Mean ± SEM, (A, B) two-way ANOVA with Holm’s test, (J) one-way 

ANOVA main effect of anticoagulant, (K, M) paired t-test, (N) unpaired t-test, *P <0.05, **P <0.01, ***P <0.001. 
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