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T regulatory cells and dendritic cells protect against transfusion-related
acute lung injury via IL-10
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Transfusion-related acute lung injury (TRALI) is the leading cause of transfusion-related

fatalities and is characterized by acute respiratory distress following blood transfusion.

e CD47CD25"FoxP3™ T
regulatory cells and CD11c™
dendritic cells protect against
antibody-mediated murine
TRALL.

e Murine TRALI is associated
with reduced IL-10 levels, and
IL-10 administration prevents
and rescues TRALI
development.

Donor antibodies are frequently involved; however, the pathogenesis and protective
mechanisms in the recipient are poorly understood, and specific therapies are lacking.
Using newly developed murine TRALI models based on injection of anti-major his-
tocompatibility complex class | antibodies, we found CD4"CD25*FoxP3* T regulatory
cells (Tregs) and CD11c™ dendritic cells (DCs) to be critical effectors that protect against
TRALL Treg or DC depletion in vivo resulted in aggravated antibody-mediated acute lung
injury within 90 minutes with 60% mortality upon DC depletion. In addition, resistance to
antibody-mediated TRALI was associated with increased interleukin-10 (IL-10) levels, and
IL-10 levels were found to be decreased in mice suffering from TRALI. Importantly, IL-10
injection completely prevented and rescued the development of TRALI in mice and may
prove to be a promising new therapeutic approach for alleviating lung injury in this
serious complication of transfusion. (Blood. 2017;129(18):2557-2569)

Introduction

Transfusion-related acute lung injury (TRALI) is a syndrome charac-
terized by acute respiratory distress within 6 hours following blood
transfusions and is presently the leading cause of transfusion-related
mortality."> Apart from supportive measures (oxygen and ventilation),
no therapy currently exists for TRALI. A significant number of TRALI
cases are related to the presence of HLA- or human neutrophil
antigen—specific antibodies in the donor blood.** A 2-hit model has
been hypothesized to underlie antibody-mediated TRALI, where the
first hit comprises patient-predisposing factors such as inflammation
and the second hit is due to donor antibodies in the transfused blood.'
Other first-hit patient risk factors for TRALI include chronic alcohol
abuse, liver surgery, shock, higher peak airway pressure while
undergoing mechanical ventilation, smoking, and positive intravascular
fluid balance.” Systemic inflammation is characterized by elevated

recipient interleukin-6 (IL-6)*” and IL-8 levels™’ and appears to be a
major risk factor for TRALI induction. More specifically, the acute phase
protein C-reactive protein, a general biomarker for acute infection and
inflammation, was recently shown to synergistically act with 34-1-2s to
enhance antibody-mediated TRALI in otherwise TRALI-resistant mice.®
The lung injury of TRALI is considered part of the spectrum of acute
respiratory distress syndrome, although the mechanisms responsible for
TRALI are distinct from other lung injury states such as those associated
with sepsis or aspiration-induced lung injury.! The pathogenesis of
antibody-mediated TRALLI however, is still poorly understood, although
animal models have added to our understanding of some of the recipient
mechanisms of TRALI induction, for example using a mouse-model
based on injection of the anti-major histocompatibility complex (anti-
MHC) class I antibody 34-1-2s.° Polymorphonuclear neutrophils (PMNs),
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for instance, were shown to be directly stimulated by 34-1-2s enabling
reactive oxygen species (ROS) production and subsequent damage to
the pulmonary endothelium.®”

Of interest, wild-type (WT) BALB/c mice are generally resistant to
34-1-2s antibody-mediated TRALI, whereas mice with severe combined
immunodeficiency (SCID) are hypersensitive to the antibody’s effects.'®
The relative protection of BALB/c against antibody-mediated TRALI
was shown to be primarily mediated by T cells,'® although the
T lymphocyte subsets responsible were not thoroughly analyzed. We
demonstrate here that recipient resistance to the effects of TRALI-
inducing antibodies is mediated via the Treg—DC axis related to an IL-10
response to the transfusion. More importantly, IL-10 administration
completely protected against antibody-mediated TRALI induction, and
this suggests that stimulating the IL-10 anti-inflammatory pathway may
be a potent therapeutic strategy for alleviating the lung injury.

Methods

The study design is described in supplemental Methods (available on the Blood
Web site).

Mice

BALB/c (H-2, BALB/cAnNCil) and C57BL/6 (H-2°, C57BL/6NCrtl) mice
were obtained from Charles River Laboratories (Montreal, QC, Canada).
Gp91phox knockout (KO) mice (B6.129S6-Cybbtm1din/J background strain
129xC57BL/6), CD11c-DTR mice (B6.FVB-Tg(Itgax-DTR/EGFP)S7Lan/J,
background strain C57BL/6), and IL-10 KO mice (B6.129P2-1110tm1Cgn/J,
background strain C57BL/6) were obtained from The Jackson Laboratory (Bar
Harbor, ME). All gp91phox KO mice were examined for ROS production and
compared with WT C57BL/6 mice, as described in supplemental Methods. All
mice were males and were housed for at least 1 week in our animal facility before
initiating experiments at an age of 8 to 10 weeks. All animal studies were ap-
proved by the St. Michael’s Hospital Animal Care Committee, Toronto.

Antibodies and reagents, in vivo cell depletions, tissue processing, and bone
marrow collection are described in supplemental Methods.

Antibody-mediated murine TRALI models

Mice were always weighed to determine the dose of the antibody. Depleting
antibodies or isotype antibodies were administered prior to initiating TRALIL On
the day of experiment, TRALI-inducing antibodies or isotype control antibodies
were injected, which marked the initiation of the experiment. All matching
isotype control antibodies were injected with the same dose of antibody as the
TRALI antibody. For the BALB/c TRALI model, 34-1-2s (4.5. mg/kg) was
injected IV in 100 L injection volume. For the C57BL/6 TRALI model, a
cocktail of 34-1-2s (45 mg/kg) and AF6-88.5.5.3 (4.5 mg/kg) was administered
IV as a single injection in a 600 L injection volume. TRALI-inducing antibody
dosages were selected upon pre-experimentation and matching isotype control
antibodies at the same dosages and volumes were used in each experiment to
exclude any effects of protein- and volume-related hydrostatic lung injury.
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Upon injection of TRALI-inducing antibodies or isotype control antibodies,
body temperatures indicative of systemic shock were recorded every 30
minutes (up to 90 minutes) using an RET-3 rectal probe for mice (VWR
International, Mississauga, ON, Canada) connected to a traceable digital
thermometer (model 77776-726; Physitemp Instruments, Inc., Clifton, NJ).
Recombinant mouse IL-10 (carrier-free; BioLegend, San Diego, CA)
was injected at 45 pg/kg IV either together with the TRALI antibodies
(prophylactic) or 15 minutes after injection of TRALI antibodies (therapeutic).
Therapeutic IL-10 injection was performed only after confirmation of at least a
2-degree drop in rectal temperatures 10 minutes after TRALI-antibody
injection, indicative of the onset of murine TRALIL Ninety minutes after
antibody injection, mice were anesthetized with Avertin (2% final in phosphate-
buffered saline [PBS], intraperitoneal), and blood was collected by cardiac
puncture for plasma cytokine analysis (described in supplemental Methods).
The lungs were harvested for macroscopic observation (imaging), determina-
tion of lung wet-to-dry (W/D) weight ratios, pulmonary PMN counts,
pulmonary myeloperoxidase (MPO) activity, and lung tissue histology as
described in supplemental Methods. Notably, all lung tissue histology slides
were blindly assessed by a board-certified and senior staff pathologist at
St. Michael’s Hospital in Toronto (G.Y.). Lung function measurements were
also performed as described in supplemental Methods.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 6.07 software for
Windows (GraphPad Software, San Diego, CA) with statistical significance set at
P < .05. The specific statistical tests used are listed in each of the figure legends.
All error bars in the manuscript represent standard deviation (SD).

Results

CD4™" Tregs protect against antibody-mediated TRALI in
BALB/c mice

To determine the lymphocyte subset capable of protecting against
murine antibody-mediated TRALLI, in vivo depletion of BALB/c
mice using antibodies specifically targeting either CD4" and/or
CDS8" T cells or B cells (supplemental Figures 1 and 2) was
performed prior to inducing TRALI by injection with 34-1-2s. By
90 minutes after antibody infusion, only mice depleted of CD4™"
T cells demonstrated a significant increase in lung W/D weight
ratios (Figure 1A-B). To determine which subset of CD4 " T cells
was responsible for the TRALI protection, CD4 " CD25 " FoxP3™"
Tregs were depleted in vivo by injection of an anti-CD25 depleting
antibody, and depletion efficiency was analyzed in spleen, thymus,
blood, and lungs (Figure 1C). This antibody did not affect the
conventional CD4 " and CD8™ T cells (supplemental Figure 3). Treg
depletion enabled the 34-1-2s TRALIl-inducing antibody to cause
significant acute lung injury as macroscopically observed with patchy
atelectasis and hemorrhages (Figure 1D) and additionally measured by
increased lung W/D weight ratios (Figure 1E). Lung histological analysis

Figure 1. CD4" CD25" FoxP3™" Tregs protect against antibody-mediated acute lung injury. (A-B) Lung W/D weight ratios of untreated (—) BALB/c mice or mice that first
underwent in vivo depletions of T cells (A) or B cells (B) by the indicated antibody injections (+) and were then injected with the TRALI-inducing antibody 34-1-2s or indicated
control antibodies. (C) Representative flow cytometric dot plot analysis of spleen, thymus, peripheral blood, and lung cells showing the extent of a typical in vivo depletion of
CD4"CD25"FoxP3" Tregs (splenic cells were depleted from 9.82% to 2.4%, thymic cells were depleted from 0.59% to 0.1%, peripheral blood cells were depleted from 2.52%
to 0.2%, and lung cells were depleted from 3.7% to 0.5% of total CD4* T cells). (D) Representative macroscopic images of lungs from a Treg-depleted mouse 90 minutes after
injection of the indicated control antibody (left) or 34-1-2s (right). (E) Lung W/D weight ratios of CD4"CD25"FoxP3* Treg-depleted BALB/c mice injected with the indicated
isotype control antibodies and/or 34-1-2s. (F) Lung histology from BALB/c mice receiving the indicated antibody injections: subpanels A1-E1 and A2-E2 represent lung tissue
images taken at magnification X20 and x40, respectively. Representative images of each indicated group are shown. A zoom of indicated square in E2 is depicted alongside
and shows alveolar PMN infiltration. Scale bars represent 100 nM in subpanels A1-E1 and 50 nM in subpanels A2-E2. (G) Measurement of tissue elastance in Treg-depleted
BALB/c mice that received either 34-1-2s injection or indicated isotype control. All mice were analyzed 90 minutes after the second injections. For the statistical analyses, only
significant comparisons of interest are shown. Panel A was analyzed with a 1-way ANOVA with a Tukey’s post hoc test, panel E was analyzed with a 1-way ANOVA with
Dunn’s post hoc test, and panel G was analyzed by a 1-tailed Mann-Whitney test. Each dot represents 1 mouse, and error bars represent SD. *P < .05, ***P < .001, ****P < .0001. IgG,
immunoglobulin G; NS, nonsignificant.
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Figure 2. Tregs inhibit TRALI-associated physiological responses. (A) Rectal temperatures of naive BALB/c mice or mice first treated (+) or not (—) with the
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also demonstrated increased alveolar thickening, acute inflammatory
infiltrates (mainly neutrophils in the airspaces), and alveolar exudates
indicating pulmonary edema'® (Figure 1F), and increased tissue elastance
was also observed (Figure 1G).

In vivo depletion of Tregs also caused several other physiological
changes associated with the acute lung injury at 90 minutes after 34-1-2s
injection. All Treg-depleted mice had a significant drop in rectal
temperatures (Figure 2A), and pulmonary PMN accumulation was
significantly increased compared with controls as determined by
microscopic examination of lung tissue cytospins (Figure 2B) as well
as biochemically by measuring lung tissue MPO activity (Figure 2C).
Furthermore, compared with either Treg-depleted mice administered an
isotype control antibody or nondepleted mice, Treg-depleted mice
administered 34-1-2s showed significantly elevated serum macrophage
inflammatory protein 2 (MIP-2; the murine equivalent of human IL-8)
levels after injection of 34-1-2s (Figure 2D).

Antibody-mediated TRALI requires PMNs and ROS in
C57BL/6 mice

We developed an antibody-mediated TRALI model on the C57BL/6
background to enable us to conduct specific gene KO studies. C57BL/6
mice were injected with a cocktail of 2 MHC class I monoclonal

antibodies, 34-1-2s and AF6-88.5.5.3. AF6-88.5.5.3 reacts specifically
with the H-2K® haplotype,” whereas 34-1-2s is specific for the H-2K/D*
MHC antigens but also cross-reacts with MHC class I molecules of
the H-2K® haplotype.®! Similar to the BALB/c TRALI model,
when C57BL/6 mice were CD4" T-cell depleted and administered
the cocktail of monoclonal antibodies, TRALI occurred and was
characterized by significantly elevated lung W/D weight ratios
(Figure 3A). The lung injury could be prevented by prior in vivo
PMN depletion (supplemental Figure 4), suggesting that PMNs were
the effector cells responsible for the acute lung damage (Figure 3A).
PMN depletion did not exert a decrease in rectal temperatures in CD4 ™+
T-cell-depleted WT mice upon TRALI-inducing antibody injection
(Figure 3B) but did cause an increase in MIP-2 levels (Figure 3C).
Further support for the role of PMNs as effector cells in TRALI
was shown by demonstrating that the TRALI-inducing antibody
cocktail did not stimulate lung injury in CD4™ T-cell-depleted
gp91phox KO mice lacking ROS production (supplemental
Figure 5; Figure 3A). Additionally, compared with CD4™" T-cell-
depleted WT mice, the CD4™ T-cell-depleted gp91phox KO mice
did not display a reduction in rectal temperatures (Figure 3B) and
displayed statistically comparable levels of MIP-2 (Figure 3C),
pulmonary PMN infiltration (Figure 3D), and lung MPO activity
(Figure 3E).

20z AeN 91 uo ysanb Aq Jpd-G818G.Po0IA/F8000Y L/ L5S5C/81L/6Z 1 /HPd-a1ole/poo|gAeusuoledlqndyse//:diy wol) papeojumoq



BLOOD, 4 MAY 2017 - VOLUME 129, NUMBER 18 Treg- AND DC-RELATED IL-10 PROTECTS AGAINST TRALI 2561

A [ 1 1
*kkk
o 6.5 1
S 6.0 1 ‘12
= 55+
2 50 ° ° °
= 2V
Q4.5-%§;_{i #%..ﬁé
= 40-
2
S 3.5 A
4
First injection:
Depletion of CD4 - - + + + - - + +
Isotype Rat IgG2b  + + - - - + + - -
PMN depletion - - - - + - - - -
Second injection:
34-1-2s + AF6-88.5.5.3 - + - + + - + - +
Isotype Mouse IgG2a + - + - - + - + -
| 1o |
I 1 I
WT C57BL/6 gp91phox -/-
B C —
* 350
@ 45 I 1 °
= — — 300 A °
S G 40 A E 2501
R Seges o5t =3
g— s ° £ 200 °
2 E %7 150 1 ° °e
i = ]
g2 304 e s 100
& 50 A
25 T T T 0 T T T
First injection: First injection:
Depletion of CD4 + + + Depletion of CD4 + + +
Isotype Rat IgG2b - - - Isotype Rat IgG2b - - -
PMN depletion - + - PMN depletion - + -
Second injection: Second injection:
34-1-2s + AF6-88.5.5.3 + + + 34-1-2s + AF6-88.5.5.3 + + +
Isotype Mouse IgG2a L T - | Isotype Mouse IgG2a L o - |
I 11 | I 11 1
WT C57BL/6 gp91phox -/- WT C57BL/6 gp91phox -/-
D E ';‘
*
100 4 Kkkk (=] 1.4
90 I £ .,
2 80 4 Hkkk 8 . ) A
g‘ pee 70 ° = 1.0 1
= 60 - . ®le
5 Z 501 -'Eo- $ 08 f ®
E o 404 5 0.6
TS 304 € 0.4 -
[a N1 ° R
[eb] -
g 207 - 202-
)
O T T T — 0-0 T T T
Eirst injection: Eirst injection:
Depletion of CD4 + + + Depletion of CD4 + + +
Isotype Rat IgG2b - - - Isotype Rat IgG2b - - -
PMN depletion - + - PMN depletion - + -
Second injection: Second injection:
34-1-2s + AF6-88.5.5.3 + + + 34-1-2s + AF6-88.5.5.3 + + +
Isotype Mouse IgG2a L T - | Isotype Mouse 1gG2a LT T - |
I 1T 1 I 1T 1
WT C57BL/6  gp91phox -/- WT C57BL/6 gp91phox -/-
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inducing antibody cocktail 34-1-2s + AF6-88.5.5.3 or indicated control antibodies. (D) Lung histology from naive WT C57BL/6 mice (subpanel A1-A2) and CD11c-DTR mice
(subpanels B-E) receiving the indicated antibody injections. Subpanels A1-E1 and A2-E2 represent lung tissue images taken at original magnification X20 and x40,
respectively. Representative images of each indicated group are shown. A zoom of indicated square in subpanel E2 (lung section from mice depleted of DCs and injected with
34-1-2s + AF6-88.5.5.3) is depicted and shows alveolar PMN infiltration. Scale bars represent 100 pM in subpanels A1-E1 and 50 uM in subpanels A2-E2. (E) Quasistatic
lung compliance in DC-depleted CD11¢c-DTR mice that were injected (+) or not (—) with the indicated antibodies. All mice were analyzed 90 minutes after the second injection.
For the statistical analyses, only significant comparisons of interest are shown. Panel C was analyzed with a 1-way ANOVA with a Tukey’s post hoc test, panel E was analyzed
by a 1-tailed unpaired t test. Each dot represents 1 mouse, and error bars represent SD. ***P < .001, ****P < .0001.
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Figure 5. DCs inhibit TRALI-associated physiological responses. (A-D) Rectal temperatures (A), MIP-2 levels (B), pulmonary PMN percentages (C), and lung MPO
enzyme activity (D) of either naive WT C57BL/6 mice or CD11¢c-DTR mice that were injected (+) or not (—) with the indicated reagents or antibodies. All mice were analyzed
90 minutes after the second injection. For the statistical analyses, only significant comparisons of interest are shown. The comparisons shown in panels A,C-D were analyzed
by a 1-way ANOVA with a Tukey’s post hoc test. Each dot represents 1 mouse, and error bars represent SD. *P < .05, ****P < .0001.

DCs potently protect against antibody-mediated TRALI

As Treg function is intimately associated with DCs, we determined
whether DCs could also suppress TRALIL We depleted DCs in vivo by
administering diphtheria toxin (DT) to CD1 1c-diphteria toxin receptor
(DTR) transgenic mice,”® which caused significant depletion of
CD11c " cells 24 hours after DT injection (Figure 4A). Importantly,
DC-depleted mice injected with the TRALI-inducing antibody cocktail
displayed significant lung injury within 90 minutes, characterized by
diffuse macroscopic pulmonary hemorrhage (Figure 4B), high lung
W/D weight ratios (Figure 4C), and clear histologic signs of lung
damage, including increased alveolar thickening, acute inflammatory
infiltrates (mainly neutrophils in the alveolar space), and alveolar
exudates indicating pulmonary edema'® (Figure 4D). Lung function was

also heavily impaired in these mice, as evident from decreased
quasistatic lung compliance (the slope of the pressure—volume loop
and, as such, reflects the static elastic recoil pressure of the lungs at a
given lung volume), which indicates the lungs are become “stiffer”
(Figure 4E). To negate the effects of volume overload, none of these
events occurred in control mice given identical volumes of isotype
control antibodies (Figures 3-6).

Similar to the Treg-depleted mice, DC depletion followed by
injection of the TRALI-inducing antibodies also resulted in a significant
drop in rectal temperature (Figure 5A) and similar MIP-2 levels
(Figure 5B) but a very high percentage of pulmonary PMN accumu-
lation (Figure 5C) and lung MPO activity (Figure 5D). Moreover, 60%
of the DC-depleted TRALI mice died within 90 minutes after antibody
injection, with death being accompanied by excessive oral frothing,
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treated (+) or not (—) with the indicated antibodies for Treg depletion and then injected with the TRALI-inducing antibody 34-1-2s or indicated control antibodies. (B) Plasma
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(45 pg/kg IV) after onset of TRALI (at least 2-degree drop in rectal temperature 10 minutes after TRALI-antibody injection). All mice were analyzed 90 minutes the second
injection. For the statistical analysis, only significant comparisons of interest are shown. The comparisons shown in panels A-B,E-I were analyzed a with 1-way ANOVA with
Tukey'’s post hoc test; panels D,J,L-M were analyzed with 1-tailed unpaired ttest; and panel K was analyzed with a 1-tailed Mann-Whitney test. Each dot represents 1 mouse,
and error bars represent SD. *P < .05, **P < .01, ***P < .001, ***P < .0001.
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which may also have prevented any further increase in MIP-2 levels.
Sodium dodecyl sulfate gel electrophoresis of the froth revealed the
presence of a large amount of albumin and other proteins (supplemental
Figure 6).

Murine TRALI is associated with reduced IL-10 levels, and IL-10
administration fully prevents and rescues TRALI development

We next tested if Tregs and DCs may be conveying their TRALI
protective effects via secretion of IL-10, a cytokine with potent anti-
inflammatory properties.”> When TRALI-resistant WT BALB/c mice
were injected with 34-1-2s, there was a significant increase in plasma
IL-10 production (Figure 6A); however, if the mice were first depleted
of Tregs and then infused with 34-1-2s, IL-10 production was signi-
ficantly diminished (Figure 6A). To address the role of DCs in IL-10
production, CD11¢c-DTR mice either depleted of DCs or not were
injected with the TRALI-inducing antibody cocktail. Nondepleted
CD11c-DTR mice infused with the TRALI-inducing antibody cocktail
demonstrated a significant increase in IL-10 production, whereas DC
depletion abolished IL-10 production (Figure 6B). TRALI-resistant
mice, which were injected with anti-MHC class I antibodies and
displayed increased IL-10 levels, demonstrated a 1.5-fold increase
in DCs, whereas the Treg numbers remained relatively unaltered
(Figure 6C).

When IL-10 KO mice were treated with the TRALI-inducing
antibodies, as expected, there was no effect on IL-10 production
(Figure 6D), but the infused mice showed significantly increased lung
W/D weight ratios (Figure 6E), decreased rectal temperatures
(Figure 6F), increased MIP-2 levels (Figure 6G), and increased
pulmonary PMN accumulation (Figure 6H) and lung MPO activity
(Figure 6I). To directly test the prophylactic and TRALI-preventing
potential of IL-10, TRALI-susceptible CD4 " T-cell-depleted C57BL/6
mice were coinjected with IL-10 or PBS together with the TRALI-
inducing antibodies. Compared with depleted mice receiving PBS,
administration of IL-10 resulted in the complete prevention of TRALI
development (Figure 6J). Similarly, and more specifically, IL-10
coinjection with the TRALI-inducing antibodies also prevented severe
acute injury upon Treg depletion (Figure 6K) or DC depletion
(Figure 6L). To test the therapeutic potential of IL-10 in rescuing
TRALL IL-10 was injected 15 minutes after onset of TRALI (after at
least a 2-degree drop in rectal temperatures after 10 minutes) and resulted
in normalization of rectal temperatures (supplemental Figure 8) and
complete rescue of TRALI compared with mice injected with PBS
(Figure 6M). All the IL-10-injected mice (Figure 6J-M) also had
significantly higher plasma IL-10 levels compared with the PBS-injected
control mice (data not shown).

Discussion

In the current study, we investigated the pathogenesis of antibody-
mediated TRALI using newly developed immunocompetent murine
models. The 34-1-2s antibody used in this study was initially described
as a TRALI-inducing antibody in BALB/c mice in 2006 and
approximates human TRALI well.” Our current murine models, which
are novel expansions of the original model, also approximate human
anti-HLA class I antibody—mediated TRALI closely based on several
parameters. First, in human TRALI, anti-HLA class I antibodies are
frequently implicated in pulmonary reactions in ~19% to 50% of
cases,”*?% and our murine models are based on anti-MHC class |
antibody injection. Toy et al did not find a significant role for anti-HLA
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class I antibodies as a risk factor for human TRALI in their study”;
however, not all anti-HLA class I antibodies are pathogenic, and the
cohort by Toy and colleagues may contain a significant degree of
nonpathogenic anti-HLA antibodies. In support, several studies have
described transfused recipients in whom TRALI did not develop
despite receiving cognate antibodies in the transfused product.>”>’
In addition, anti-HLA class I antibodies have been implicated in severe
as well as fatal cases of TRALL?® which coincides with the 60%
mortality we observed in the case of murine DC-depleted TRALI
induction (Figures 4 and 5). Secondly, human TRALI occurs very
rapidly, mostly occurring during transfusion or within the first 1 or 2 hours
after transfusion,**>* and these temporal kinetics are very similar to what
we observed in our murine models (severe TRALI reactions within
90 minutes). Thirdly, pulmonary edema is one the hallmarks of acute
lung injury and has been described in TRALI patients.>**® The murine
models also show similar pulmonary edema assessed by increased lung
W/D weight ratios as well as high levels of protein content in the
pulmonary froth (Figures 1A.E, 3A, 4C, and 6E,J-M; supplemental
Figure 5). Fourthly, we recently confirmed that injection of 34-1-2s into
mice results in significant thrombocytopenia,® a finding that has also
been reported in human TRALI patients.>” " Lastly, we can clearly
demonstrate pulmonary PMN accumulation in murine TRALI
by histology as well as biochemically and this has also been observed
in the lungs of TRALI patients upon autopsy.*' Taken together, these
novel murine models, on a BALB/c and importantly on a C57BL/6
background, will provide a means to further advance our knowledge of
TRALI pathogenesis by allowing us to use genetically altered mice to
interrogate in vivo physiological responses.

The group that originally described 34-1-2s as a TRALI-inducing
antibody in 2006° subsequently could not replicate the antibody-
mediated TRALI response.* They attributed this to a change in animal
housing from standard vivarium housing to a pathogen-free housing.**
This is in accordance with our previous data demonstrating that BALB/c
mice are resistant to 34-1-2s-TRALI induction.®'® We demonstrated
that infusion of the acute phase protein C-reactive protein together with
34-1-2s could break that resistance and induce TRALI in BALB/c mice.?
Moreover, in the current paper, we uncovered a novel TRALI-protective
axis consisting of the classical immunosuppressive CD4 " CD25 *FoxP3 *
Tregs, DCs, and their ability to stimulate secretion of IL-10. Using a
murine SCID model, we previously suggested that T cells are
protective in TRALI'®; however, the protective effect was also found for
CD8™ Tcells. In that study, CD8 ™ T cells were positively selected in vitro
via an anti-CD8 antibody, and the selected CD8 ™ T cells with bound anti-
CD8 antibodies were subsequently injected into SCID mice. We believe
the protective effect of that infusion may not have been due to the CD§ ™
T cells themselves but more likely due to the anti-CD8 antibody, which
remained bound to the CD8* T cells. Those antibodies may have induced
immune complex formation or blockade of Fc receptors in vivo, prior to
the infusion of the 34-1-2s antibody. As Fc receptors have been suggested
to be crucial in MHC class I-mediated TRALI,9 blockade of Fc receptors
by those anti-CD8 antibodies most likely prevented 34-1-2s—mediated
TRALI in the SCID model. Using our immunocompetent murine models
in the current study, without adoptive transfer of positively selected cells,
we demonstrate that only removal of CD4 ™ Tregs, DCs, or IL-10 resulted
in severe TRALI reactions upon MHC class I antibody injection (Figures
1E, 4C, and 6E). DC depletion in our murine model involved CD1 1c*
DCs, of which at least a fraction appeared to be CD8" (25%) and
CD4" (15%), as determined by anti-CD4 and anti-CD8 treatment
(supplemental Figure 7). We believe that likely there is hierarchy of
effects in which CD11c™ DCs play a more prominent role in antibody-
mediated TRALI than Tregs. Firstly, when depleting CD11c™ DCs
in vivo, the severity of antibody-mediated acute lung injury was
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significantly worse than when eliminating Tregs in vivo (lung W/D
ratios of 7.33 on average plus 60% mortality upon DC depletion vs
lung W/D ratios of 5.50 on average plus no deaths upon Treg depletion;
Figures 4C and 1E). These effects also corresponded to IL-10 levels, as
IL-10 dropped to nearly undetectable levels upon DC depletion
(Figure 6B), while upon Treg depletion, there was still some detectible
IL-10 present despite being significantly lower (Figure 6A). Moreover,
we have shown that within the same TRALI-resistant mice (no cellular
depletion in vivo) in which IL-10 levels were significantly increased
upon TRALI-inducing antibody injection, the CD11c* DC numbers
were increased while the Treg numbers stayed relatively constant
(Figure 6C).

Secretion of the anti-inflammatory cytokine IL-10 is known to
require stimulation by agents such as microbial products or specific
antibodies.”® Accordingly, WT mice (BALB/c or C57BL/6) stimulated
with the anti-MHC class I antibodies had significantly elevated levels of
plasma IL-10 and were resistant to TRALI induction (Figure 6A-B).
We investigated if this resistance was caused by a direct hit by the
TRALI antibodies on DCs or Tregs by isolating CD11C" DCs and
CD4"CD25 FoxP3™ Tregs, culturing them with the TRALI anti-
bodies, and analyzing the supernatants for IL-10. We could not detect
any IL-10 production in vitro (data not shown), indicating that the
TRALI antibodies may be working indirectly and required in vivo
factors are missing in vitro. As mentioned, we could demonstrate that
in this TRALI-resistant setting, CD1 Ic* DCs were 1.5-fold increased
while Treg numbers remained relatively constant (Figure 6C), suggest-
ing that the DCs are perhaps higher in the hierarchy of protecting against
TRALL although further studies are needed to more thoroughly test this
hypothesis. In contrast to the TRALI-resistant setting, depletion of
Tregs or DCs reversed the parameters; depleted mice had significantly
lower levels of plasma IL-10 along with severe TRALI reactions
(Figure 6A-B). Furthermore, IL-10 KO mice succumbed to TRALI
upon anti-MHC class I antibody injection (Figure 6E). Furthermore,
our murine findings are in full agreement with a previous study where
IL-10 levels were increased in patients with transfusion-associated
circulatory overload (n = 29) but low in patients with TRALI (n = 70).7
In apparent contrast, however, the same group found IL-10 levels
to be increased in TRALI patients in an earlier study (n = 38).** We
believe this discrepancy could be explained by the fact that they
originally investigated fold-changes of paired samples prior to and
following transfusion* in contrast to the comparison of posttransfusion
TRALI samples vs transfused controls.” In addition, Looney et al
originally demonstrated that an injection of 34-1-2s into BALB/c mice
stimulated increased plasma levels of IL-10 while inducing TRALI®;
however, that response was subsequently lost,** and our current data do
not support increased IL-10 levels in antibody-mediated TRALI
(Figure 6A-B). Taken together, in contrast to other acute transfusion-
induced lung disorders such as transfusion-associated circulatory
overload, TRALI may perhaps be uniquely characterized by lack of
IL-10 secretion.

In addition to demonstrating that removal of the Treg—-DC-IL-10
axis in vivo resulted in severe lung injury after anti-MHC class I
antibody infusion, we validated an important role for PMNs and ROS in
mediating the lung damage (Figure 3). We show that neutrophil ROS
production was critically involved in exerting TRALI damage and that
increased MIP-2 levels were associated with increased neutrophil influx
into the lungs. While the cellular source of MIP-2 was not evaluated,
our previous work in SCID mice suggests that monocytes are the most
likely source of the chemokine.** In the current study, however, mice
depleted of Tregs and treated with 34-1-2s had significantly higher
plasma MIP-2 levels than non-depleted mice, suggesting that Tregs also
may suppress monocyte chemokine production.*®
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Apart from IL-8 being a known risk factor for human TRALIL, one of
the other major risk factors for TRALI is chronic alcohol abuse.'”
We believe our current data may explain this risk factor for TRALI
as peripheral CD4"CD25" Tregs are significantly decreased in pa-
tients with alcoholic hepatitis, a condition generally resulting from
chronic alcohol abuse.*® Moreover, our data suggest that patients
with deficiencies in Treg numbers such as autoimmune diseases like
immune thrombocytopenia*’ may be at increased risk for TRALI
induction. Interestingly, CD4*CD25*Foxp3 " Tregs have also been
shown to resolve acute lung injury in an lipopolysaccharide lung injury
model without involvement of pathogenic antibodies.*® This report,
however, implicated Tregs to be involved after the onset of the acute
lung injury insult in the recovery phase, while to our knowledge, our
current study is the first to show that in antibody-mediated lung injury,
Tregs actively contribute to the protection against the TRALI reaction.
In addition, an antibody-independent Th17-Treg imbalance with
associated decreased IL-10 levels was reported in smoke inhalation-
induced acute lung injury in rats, as well as in a mouse model of smoke-
exposed chronic obstructive pulmonary disease,**>* and other studies
have found that IL-10 protects against non-antibody mediated acute
lung injury in murine models.’'>* Taken together, the results indicate
that Tregs and IL-10 are 2 of the critical factors which can protect a host
against various forms of lung injury and the current paper demonstrates
that this is also applicable to TRALI Although there are no current
therapies for TRALI apart from oxygen/ventilator support, aspirin,**
and IV immunoglobulin® were suggested to prevent TRALI in a
lipopolysaccharide-infused BALB/c and SCID mouse model, respec-
tively. The effect of aspirin, however, was found to be irreproducible
by another group.”®> We have not tested the effects of aspirin or IV
immunoglobulin in our current TRALI mouse models. Our data show
that both prophylactic (Figure 6J-L) as well as therapeutic IL-10
administration (Figure 6M) can prevent and rescue the development of
antibody-mediated TRALI in mice. IL-10-therapy could be very feasible
in humans for several reasons. Only short-acting IL-10 effects are needed
(sufficient IL-10 levels for up to 6 hours posttransfusion). In addition,
IL-10 administration to healthy volunteers has previously been shown to
be safe and well tolerated without serious side effects at doses of up to
25 pg/kg and with only mild to moderate flu-like symptoms occurring in
a fraction of the volunteers at doses up to 100 wg/kg.”® In the current
paper, we tested a dose of 45 pg/kg and, consistent with the published
human studies, we also did not observe any side effects in the mice. It will
be important to validate the findings of this paper on the human level,
both mechanistically and therapeutically. Future studies will investigate
the role of human Tregs and DCs and their association with IL-10 in
protecting against TRALI in a human setting. The cross-talk between
Tregs and DCs will be further evaluated, including a possible signaling
during TRALI-protection through the dendritic cell c-type lectin receptor
DC-specific ICAM-3—grabbing nonintegrin, as for instance DC-specific
ICAM-3—grabbing nonintegrin was shown to be essential for IL-10
production by DCs in a setting of human leprosy.>” Interestingly, Tregs
have also been suggested to inhibit allergic and asthmatic immune
responses via IL-10 in experimental models.”® While we have not shown
a direct proof that DCs or Tregs are the source of the IL-10, we do show
that they are involved in the protection against TRALI via IL-10.
Alternatively, other cells may be responsible for IL-10 production, and
we are currently studying this (also using human cells). Therapeutically,
we suggest that IL-10 administration may be a highly promising and
feasible translational strategy to explore in targeting human TRALIL As
our TRALI models are specifically antibody mediated, IL-10 therapy
may not be effective in treating other forms of acute lung injury.

In conclusion, a novel first-hit factor we have identified in
murine TRALI is the lack of an inhibitory response released by
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Tregs and DCs. This lack of inhibitory response was shown to be
associated with low IL-10 levels, and the lack of this inhibitory
signal could be compensated by administration of IL-10, both
prophylactically and therapeutically, thereby preventing and
rescuing TRALI development in mice. IL-10 therapy may
potentially rescue transfused patients from antibody-mediated
severe acute lung injury and possibly mortality.

Acknowledgments

This work was supported by grants from Health Canada and Canadian
Blood Services (JJW.S. and W.M.K.) and the National Institutes of
Health (NIH) (M.T.R. and A.S.W.). RK. is the recipient of a
postdoctoral fellowship from Canadian Blood Services. M.J.M. is
supported by a Canadian Blood Services and Health Canada Graduate
Research Fellowship. S.S. was the recipient of a Canadian Blood
Services Summer Studentship. A.Z. is the recipient of a postdoctoral
fellowship from the Swiss National Science Foundation (P300PB-
164760). M.T.R. is supported by the NIH, National Heart, Lung, and
Blood Institute (grants HL112311 and HL126547) and the NIH,
National Institute on Aging (grant AG048022). A.S.W. is supported by

References

BLOOD, 4 MAY 2017 - VOLUME 129, NUMBER 18

the NIH, National Heart, Lung, and Blood Institute (grants HL112311
and HL126547).

Authorship

Contribution: R.K. designed all research, performed experiments,
collected data, analyzed and interpreted data, performed statistical
analyses, made the figures, and wrote and edited the paper; M.K., R.A.,
M.JM.,J.L.,Y.L.,andS.S. performed experiments and collected data;
A.T. and A.L. conducted murine lung function measurements; G.Y.
assessed lung tissue histology slides; M.T.R., W.M.K., L.P., and
A.S.S. edited the manuscript; all authors, including E.R.S., A.S.W.,
A.Z., and H.Z., analyzed and interpreted data; and J.W.S. provided
financial resources and edited the manuscript.

Conflict-of-interest disclosure: The authors declare no competing
financial interests.

The current affiliation for A.Z. is Centre de Recherche du CHU de
Québec, CHUL-UL, Québec, QC, Canada.

Correspondence: John W. Semple, Lund University, BMC C14,
Klinikgatan 26, 221 84 Lund, Sweden; e-mail: john_w.semple @
med.lu.se.

1. Peters AL, Van Stein D, Vlaar AP. Antibody- 11. Fung YL, Silliman CC. The role of neutrophils in 22. Jung S, Unutmaz D, Wong P, et al. In vivo

mediated transfusion-related acute lung injury;
from discovery to prevention. Br J Haematol.
2015;170(5):597-614.

2. Fatalities Reported to FDA Following Blood
Collection and Transfusions. Annual Summary
for Fiscal Year 2014. Washington, DC: US
Department of Health and Human Services,
Office of the Assistant Secretary of Health; 2015.

the pathogenesis of transfusion-related acute lung
injury. Transfus Med Rev. 2009;23(4):266-283.

12. Jensen S, Jersild C, Grunnet N. Severe
transfusion reaction to donor plasma containing
HLA antibody. Vox Sang. 1990;59(1):62. 23. Saraiva M, O’Garra A. The regulation of IL-10

13. Win N, Montgomery J, Sage D, Street M, Duncan
J, Lucas G. Recurrent transfusion-related acute

depletion of CD11c+ dendritic cells abrogates
priming of CD8+ T cells by exogenous cell-
associated antigens. Immunity. 2002;17(2):
211-220.

production by immune cells. Nat Rev Immunol.
2010;10(3):170-181.

lung injury. Transfusion. 2001;41(11):1421-1425. 24. Kopko PM, Popovsky MA, MacKenzie MR,

3. Bux J, Becker F, Seeger W, Kilpatrick D,

Chapman J, Waters A. Transfusion-related acute ~ 14. Kopko PM, Marshall CS, MacKenzie MR, Holland
PV, Popovsky MA. Transfusion-related acute lung
injury: report of a clinical look-back investigation.
JAMA. 2002;287(15):1968-1971. 25. Kopko PM, Paglieroni TG, Popovsky MA, Muto

lung injury due to HLA-A2-specific antibodies in
recipient and NB1-specific antibodies in donor
blood. Br J Haematol. 1996;93(3):707-713.

4. Middelburg RA, van Stein D, Briét E, van der Bom 15. Nicolle AL, Chapman CE, Carter V, Wallis JP.
Transfusion-related acute lung injury caused by
two donors with anti-human leucocyte antigen
class Il antibodies: a look-back investigation.
Transfus Med. 2004;14(3):225-230. 26. Reil A, Keller-Stanislawski B, Gunay S, Bux J.

5. Toy P, Gajic O, Bacchetti P, et al; TRALI Study 16. Silliman CC, Fung YL, Ball JB, Khan SY.
Transfusion-related acute lung injury (TRALI):
current concepts and misconceptions. Blood Rev.

JG. The role of donor antibodies in the
pathogenesis of transfusion-related acute lung
injury: a systematic review. Transfusion. 2008;
48(10):2167-2176.

Group. Transfusion-related acute lung injury:
incidence and risk factors. Blood. 2012;119(7):

Paglieroni TG, Muto KN, Holland PV. HLA class Il
antibodies in transfusion-related acute lung injury.
Transfusion. 2001;41(10):1244-1248.

KN, MacKenzie MR, Holland PV. TRALI:
correlation of antigen-antibody and monocyte
activation in donor-recipient pairs. Transfusion.
2003;43(2):177-184.

Specificities of leucocyte alloantibodies in
transfusion-related acute lung injury and results of
leucocyte antibody screening of blood donors.
Vox Sang. 2008;95(4):313-317.

1757-1767. 2009;23(6):245-255.

6. Viaar AP, Hofstra JJ, Determann RM, et al. 17. Shaz BH, Stowell SR, Hillyer CD. Transfusion- ~ 2- 32;’4'2gzbogfgggfgs.';”;‘g'??d acute lung -
Transfuswnl—relatled acute Iur?g injury in cardiac related acute lung injury: from bedside to bench 2 ;288(3):315-316, author reply .
surgery patients is characterized by pulmonary and back. Blood. 2011;117(5):1463-1471. 28. Toy P, Hollis-Perry KM, Jun J, Nakagawa M.

inflammation and coagulopathy: a prospective

nested case-control study. Crit Care Med. 2012; 18. Fung YL, Kim M, Tabuchi A, et al. Recipient

T lymphocytes modulate the severity of antibody-
mediated transfusion-related acute lung injury.
Blood. 2010;116(16):3073-3079.

40(10):2813-2820.

7. Roubinian NH, Looney MR, Kor DJ, et al; TRALI
Study Group. Cytokines and clinical predictors in

distinguishing pulmonary transfusion reactions. 19. Matute-Bello G, Downey G, Moore BB, et al;
Acute Lung Injury in Animals Study Group. An
official American Thoracic Society workshop
report: features and measurements of 30. Silliman CC, Ambruso DR, Boshkov LK.
experimental acute lung injury in animals. Am J
Respir Cell Mol Biol. 2011;44(5):725-738.

Transfusion. 2015;55(8):1838-1846.

8. Kapur R, Kim M, Shanmugabhavananthan S, Liu
J, Li'Y, Semple JW. C-reactive protein enhances
murine antibody-mediated transfusion-related
acute lung injury. Blood. 2015;126(25):

Recipients of blood from a donor with multiple
HLA antibodies: a lookback study of transfusion-
related acute lung injury. Transfusion. 2004;
44(12):1683-1688.

29. Muniz M, Sheldon S, Schuller RM, et al. Patient-
specific transfusion-related acute lung injury. Vox
Sang. 2008;94(1):70-73.

Transfusion-related acute lung injury. Blood.
2005;105(6):2266-2273.

2747-2751. 20. Wall KA, Lorber MI, Loken MR, McClatchey S, 31. Silliman CC, Paterson AJ, Dickey WO, et al. The

9. Looney MR, Su X, Van Ziffle JA, Lowell CA,
Matthay MA. Neutrophils and their Fc gamma
receptors are essential in a mouse model of
transfusion-related acute lung injury. J Clin Invest.

Fitch FW. Inhibition of proliferation of Mis- and la-
reactive cloned T cells by a monoclonal antibody
against a determinant shared by I-A and I-E.

J Immunol. 1983;131(3):1056-1064.

association of biologically active lipids with the
development of transfusion-related acute lung
injury: a retrospective study. Transfusion. 1997;
37(7):719-726.

2006;116(6):1615-1623. 21. Ozato K, Mayer NM, Sachs DH. Monoclonal 32. Silliman CC, Boshkov LK, Mehdizadehkashi Z,

10. Bux J, Sachs UJ. The pathogenesis of
transfusion-related acute lung injury (TRALI). BrJ

Haematol. 2007;136(6):788-799. 113-120.

antibodies to mouse major histocompatibility
complex antigens. Transplantation. 1982;34(3):

et al. Transfusion-related acute lung injury:
epidemiology and a prospective analysis of
etiologic factors. Blood. 2003;101(2):454-462.

20z AeN 91 uo ysanb Aq Jpd-G818G.Po0IA/F8000Y L/ L5S5C/81L/6Z 1 /HPd-a1ole/poo|gAeusuoledlqndyse//:diy wol) papeojumoq


mailto:john_w.semple@med.lu.se
mailto:john_w.semple@med.lu.se

BLOOD, 4 MAY 2017 - VOLUME 129, NUMBER 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Wallis JP. Transfusion-related acute lung injury
(TRALI)—under-diagnosed and under-reported.
Br J Anaesth. 2003;90(5):573-576.

Yost CS, Matthay MA, Gropper MA. Etiology of
acute pulmonary edema during liver
transplantation : a series of cases with analysis of
the edema fluid. Chest. 2001;119(1):219-223.

Culliford AT, Thomas S, Spencer FC. Fulminating
noncardiogenic pulmonary edema. A newly
recognized hazard during cardiac operations.

J Thorac Cardiovasc Surg. 1980;80(6):868-875.

Hashim SW, Kay HR, Hammond GL, Kopf GS,
Geha AS. Noncardiogenic pulmonary edema after
cardiopulmonary bypass. An anaphylactic
reaction to fresh frozen plasma. Am J Surg. 1984;
147(4):560-564.

Looney MR, Gropper MA, Matthay MA.
Transfusion-related acute lung injury: a review.
Chest. 2004;126(1):249-258.

Yomtovian R, Kline W, Press C, et al. Severe
pulmonary hypersensitivity associated with
passive transfusion of a neutrophil-specific
antibody. Lancet. 1984;1(8371):244-246.

Ausley MB Jr. Fatal transfusion reactions caused
by donor antibodies to recipient leukocytes. Am J
Forensic Med Pathol. 1987;8(4):287-290.

Leger R, Palm S, Wulf H, Vosberg A, Neppert J.
Transfusion-related lung injury with leukopenic
reaction caused by fresh frozen plasma
containing anti-NB1. Anesthesiology. 1999;
91(5):1529-1532.

Dry SM, Bechard KM, Milford EL, Churchill WH,
Benjamin RJ. The pathology of transfusion-
related acute lung injury. Am J Clin Pathol. 1999;
112(2):216-221.

Looney MR, Nguyen JX, Hu Y, Van Ziffle JA,
Lowell CA, Matthay MA. Platelet depletion and

43.

44,

45.

46.

47.

48.

49.

50.

Treg- AND DC-RELATED IL-10 PROTECTS AGAINST TRALI

aspirin treatment protect mice in a two-event
model of transfusion-related acute lung injury.
J Clin Invest. 2009;119(11):3450-3461.

Looney MR, Roubinian N, Gajic O, et al;
Transfusion-Related Acute Lung Injury Study
Group. Prospective study on the clinical course
and outcomes in transfusion-related acute
lung injury*. Crit Care Med. 2014;42(7):
1676-1687.

McKenzie CG, Kim M, Singh TK, Milev Y,
Freedman J, Semple JW. Peripheral blood
monocyte-derived chemokine blockade prevents
murine transfusion-related acute lung injury
(TRALI). Blood. 2014;123(22):3496-3503.

Taams LS, van Amelsfort JM, Tiemessen MM,
et al. Modulation of monocyte/macrophage
function by human CD4+CD25+ regulatory

T cells. Hum Immunol. 2005;66(3):222-230.

Almeida J, Polvorosa MA, Gonzalez-Quintela A,
et al. Decreased peripheral blood CD4+/CD25+
regulatory T cells in patients with alcoholic
hepatitis. Alcohol Clin Exp Res. 2013;37(8):
1361-1369.

Semple JW, Italiano JE Jr, Freedman J. Platelets
and the immune continuum. Nat Rev Immunol.
2011;11(4):264-274.

D’Alessio FR, Tsushima K, Aggarwal NR, et al.
CD4+CD25+Foxp3+ Tregs resolve
experimental lung injury in mice and are present in
humans with acute lung injury. J Clin Invest. 2009;
119(10):2898-2913.

Zhang F, Li MY, Lan YT, Wang CB. Imbalance of
Th17/Tregs in rats with smoke inhalation-induced
acute lung injury. Sci Rep. 2016;6:21348.

Wang H, Peng W, Weng Y, et al. Imbalance of
Th17/Treg cells in mice with chronic cigarette

51.

52.

53.

54.

55.

56.

57.

58.

2569

smoke exposure. Int Immunopharmacol. 2012;
14(4):504-512.

Li HD, Zhang QX, Mao Z, Xu XJ, Li NY, Zhang H.
Exogenous interleukin-10 attenuates hyperoxia-
induced acute lung injury in mice. Exp Physiol.
2015;100(3):331-340.

Hiroshima Y, Hsu K, Tedla N, et al. S100A8
induces IL-10 and protects against acute lung
injury. J Immunol. 2014;192(6):2800-2811.

Guo Z, Wen Z, Qin A, et al. Antisense
oligonucleotide treatment enhances the recovery
of acute lung injury through IL-10-secreting M2-
like macrophage-induced expansion of CD4+
regulatory T cells. J Immunol. 2013;190(8):
4337-4348.

Semple JW, Kim M, Hou J, et al. Intravenous
immunoglobulin prevents murine antibody-
mediated acute lung injury at the level of
neutrophil reactive oxygen species (ROS)
production. PLoS One. 2012;7(2):e31357.

Hechler B, Maitre B, Magnenat S, et al. Platelets
are dispensable for antibody-mediated
transfusion-related acute lung injury in the mouse.
J Thromb Haemost. 2016;14(6):1255-1267.

Moore KW, de Waal Malefyt R, Coffman RL,
O’Garra A. Interleukin-10 and the interleukin-10
receptor. Annu Rev Immunol. 2001;19:683-765.

Kumar S, Naqvi RA, Bhat AA, et al. IL-10
production from dendritic cells is associated with
DC SIGN in human leprosy. Immunobiology.
2013;218(12):1488-1496.

Hawrylowicz CM, O’Garra A. Potential role of
interleukin-10-secreting regulatory T cells in
allergy and asthma. Nat Rev Immunol. 2005;5(4):
271-283.

20z AeN 91 uo ysanb Aq Jpd-G818G.Po0IA/F8000Y L/ L5S5C/81L/6Z 1 /HPd-a1ole/poo|gAeusuoledlqndyse//:diy wol) papeojumoq



