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TRANSPLANTATION

Ex vivo enzymatic treatment converts blood type
A donor lungs into universal blood type lungs
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Donor organ allocation is dependent on ABO matching, restricting the opportunity for some patients to receive a
life-saving transplant. The enzymes FpGalNAc deacetylase and FpGalactosaminidase, used in combination, have
been described to effectively convert group A (ABO-A) red blood cells (RBCs) to group O (ABO-O). Here, we study
the safety and preclinical efficacy of using these enzymes to remove A antigen (A-Ag) from human donor lungs
using ex vivo lung perfusion (EVLP). First, the ability of these enzymes to remove A-Ag in organ perfusate solutions
was examined on five human ABO-A1 RBC samples and three human aortae after static incubation. The enzymes
removed greater than 99 and 90% A-Ag from RBCs and aortae, respectively, at concentrations as low as 1 pg/ml.
Eight ABO-A1 human lungs were then treated by EVLP. Baseline analyses of A-Ag in lungs revealed expression
predominantly in the endothelial and epithelial cells. EVLP of lungs with enzyme-containing perfusate removed
over 97% of endothelial A-Ag within 4 hours. No treatment-related acute lung toxicity was observed. An ABO-
incompatible transplant was then simulated with an ex vivo model of antibody-mediated rejection using ABO-O
plasma as the surrogate for the recipient circulation using three donor lungs. The treatment of donor lungs minimized
antibody binding, complement deposition, and antibody-mediated injury as compared with control lungs. These
results show that depletion of donor lung A-Ag can be achieved with EVLP treatment. This strategy has the potential

to expand ABO-incompatible lung transplantation and lead to improvements in fairness of organ allocation.

INTRODUCTION

Lung transplantation is a life-saving therapy for end-stage lung
diseases. Successful organ transplantation depends on using donor
organs that display protein or carbohydrate antigens on their
surface that are immunologically compatible with the recipient. If
not matched, preexisting donor-specific antibodies present in the
recipient’s circulation will initiate rapid immune responses, which
can lead to destruction of the graft and failure of the organ. Among
the more critical antigens requiring compatibility are the A and B
antigens, which are part of the ABO histo-blood group system. The
need to match multiple antigens reduces the probability of finding
a compatible donor, thereby increasing times on waitlists. This
situation results in not only increased waitlist mortality for some
patients but also wastage of donor organs that cannot be matched.
For example, ABO-O candidates for lung transplantation generally
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have to wait longer and have a 20% greater risk of dying while
awaiting an acceptable donor than do ABO-A, ABO-B, or ABO-AB
individuals (I). Thus, any means to decrease matching requirements
or effectively create “ABO-agnostic organs” would effectively expand
the donor pool for such recipients and markedly improve the
fairness and access to organ allocation.

A small subset of transplants, mostly kidneys, is performed in
adults using organs from ABO-incompatible (ABOi) donors. The
procedure is performed primarily with subgroup ABO-non-Al
donors (low A antigen expression) into ABO-O or ABO-B recipients
(with low anti-A antibody titers) along with recipient desensitization
protocols to minimize rejection (2). It has been observed that,
although these patients may begin to produce ABO antibodies again
after ABOI transplantation, graft injury often does not occur. This
phenomenon, called “accommodation,” is effected by mechanisms
that remain incompletely understood (3, 4). Although 5-year survival
outcomes have been reported to be equivalent between ABO1 versus
ABO-compatible (ABOc) kidney transplants, higher early mortality
and complications have been observed in patients who received the
ABOi grafts. This is most likely due to the recipient-centric desensi-
tization protocols: For instance, the oversuppressed immune system
leads to higher risk of infectious complications, and repeated
plasmapheresis procedures led to changes in the coagulation sys-
tem and higher rates of bleeding events (5, 6). In contrast to kidney
transplantation, intentional ABOi transplant is not currently per-
formed in lung transplantation. Therefore, a donor-centric antigen
removal approach could be envisioned to decrease the burden of
augmented immunosuppression on the recipient and to safely
expand the practice of ABOi transplantation to all mismatch
combinations, instead of just the current small subset.
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The ABH(O) antigens are oligosaccharides. The difference
between A, B, and H antigens resides in whether an additional
terminal sugar epitope (a-galactose or N-acetyl-galactosamine) is
present on the nonimmunogenic H-oligosaccharide. Previous
attempts to convert A or B antigens on red cells to H involved the use
of a-N-acetyl-galactosaminidase or o-galactosidase enzymes, respec-
tively (7). Rahfeld et al. (8) recently identified enzymes (FpGalNAc
deacetylase and FpGalactosaminidase), hereafter called Azymes, that
removes A antigen (A-Ag) with high specificity and efficiency. The
authors demonstrated efficient conversion of whole units of ABO-A
blood to ABO-O using Azymes. In the present study, we evaluate the
early organ safety and preclinical efficacy of using Azymes to remove
A-Ag from donor lungs during ex vivo lung perfusion (EVLP). The
efficacy of Azymes was examined sequentially from in vitro cell-
and tissue-based studies to ex vivo human whole-organ studies.

RESULTS

A-Ag is removed by Azymes in lung perfusate solution

The concept of enzymatic removal of ABO antigen is illustrated in
Fig. 1A. The schematic overview of the study is illustrated in fig. S1.
Azymes were previously tested in phosphate-buffered saline (PBS)
and whole blood. Their ability to remove A-Ag in lung perfusate
solution, which contains human serum albumin and dextran 40 as
the key ingredients (9), was unknown. Here, we demonstrate that
Azymes effectively remove A-Ag in lung perfusate solution at the
dose range of 0.2 to 4 pg/ml when compared with PBS alone
(Fig. 1B). In lung perfusate solution after 30 min of static treatment
at 37°C, Azymes removed 44.5 + 5.2% (0.2 ug/ml dose), 82.2 + 4.7%
(0.5 ug/ml dose), 95.3 £ 2.1% (1 pg/ml dose), and 100.00 + 0.02%
(4 pg/ml dose) A-Ag from RBCs. Azymes in lung perfusate solution
achieved significantly higher (P < 0.0001) antigen removal at doses
of 0.2, 0.5, and 1 pug/ml than in PBS (Fig. 1C), demonstrating the
role of dextran, a component of the perfusate solution, in enhancing
Azyme activity, as previously described (10).

Static treatment of human aortae with Azymes

removes A-Ag

It was important to show the efficacy of Azymes in removing anti-
gens from tissue before treating whole organs. Human aortae from
organ donors were chosen as our initial tissue model and subjected
to static treatment with Azyme-spiked perfusate solution (Fig. 1D).
The dose of 1 pg/ml, at which over 90% removal of A-Ag was
observed for RBCs, was chosen as the starting dose for aorta treat-
ment, along with two additional higher doses of 2 and 5 pg/ml.
A-Ag expression in aortae was observed primarily on endothelial
cells, as staining for A-Ag colocalized with the endothelial marker,
CD31 (Fig. 1E, control). Upon treatment with the Azymes, the
positive staining of A-Ag was lost (Fig. 1E, treatment). Static treat-
ment of aortae using Azymes (1 pg/ml) in perfusate solution resulted
in removal of 92 + 1% of A-Ag (Fig. 1F). Similar effects were seen at
all three tested doses (1, 2, and 5 ug/ml), indicating that the lowest
dose tested could be an effective dose for use in EVLP treatment.

A and H antigens are expressed in endothelia and epithelia
of blood group A human lungs

Individuals of blood group A subdivide into subgroup A1 (80% of
A population) and non-A1 (20% of A population), differing primarily
in density of antigen expression. To treat histo-blood group antigens
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from whole organs, it is essential to understand the distribution and
expression profile of the antigens in human lungs. We first used
immunostaining to determine the location of A-Ag and found that
it is expressed on lung endothelia and epithelia (Fig. 2A). A-Ag was
observed on blood vessels (solid arrow, CD31") and airspaces
(dashed arrow, CD317). To further elucidate the distribution and
quantify the blood group antigens, we used flow cytometry to mea-
sure the expression of A and H antigens among four main types of
pulmonary cells: endothelial cells, epithelial cells, alveolar macro-
phages, and leukocytes (Fig. 2B). Cells from both Al (n = 8) and
non-Al (n = 4) donors were evaluated. Regardless of subgroup
status, flow cytometric analysis revealed the expression of A-Ag
primarily located on pulmonary endothelial and epithelial cells,
corroborating our immunostaining results (Fig. 2A). In addition, we
found that A1 individuals expressed significantly higher A-Ag on endo-
thelial cells [median fluorescence intensity (MFI) = 29,130 + 6054],
almost 46 times higher MFI as compared with those in the non-Al
individuals (MFI = 638 + 161, P < 0.001) (Fig. 2C, top). In the
non-Al samples, the pulmonary endothelial blood group antigens
are mostly in the form of its precursor, the H antigen (Fig. 2C,
bottom). The expression profile of histo-blood group A and H antigens
on pulmonary endothelial cells from non-Al individuals more
closely resembles that of an ABO-O individual than an ABO-A1
individual (fig. S2). With this information, ABO-A1 lungs were
used to study whole-organ treatment, as they are more prevalent
and highly immunogenic to an ABOi recipient because of higher
antigen expression.

A-Ag was depleted from human lungs by Azyme

treatment using EVLP

Human lungs from multiorgan donors (ABO-A1, n = 8), determined
to be unsuitable for clinical transplantation, were treated with
Azymes using the Toronto EVLP protocol (fig. S3). The donor
characteristics are summarized in Table 1. Different doses and
treatment durations were tested for optimal treatment conditions.
Within 1 hour of treatment, a marked vascular clearance of A-Ag
was observed (Fig. 3A), accompanied by the appearance of H-Ag,
consistent with the Azymes’ proposed mechanism of action (Fig. 3B).
A-Ag was depleted by over 97% under all three tested conditions.
The 1-hour treatment with the 1 ug/ml dose led to 2.40 + 0.05%
(n = 2) remaining vascular A-Ag. The 3-hour treatment with the
1 ug/ml dose led to 2.43 + 0.60% (n = 5, P < 0.0001 versus pre-
treatment) remaining vascular A-Ag. The 3-hour treatment with
5 pg/ml led to 2.53% (n = 1) remaining vascular A-Ag (Fig. 3C).
A-Ag reduction was observed in lung epithelia as well (fig. S4).
Considering that our treatment was delivered through perfusion,
this observed reduction is likely due to leakiness of the rejected
lungs and extravasation of Azymes. No acute side effects were
observed in lung physiology (Fig. 3D). We also did not observe any
differences in inflammatory cytokines (Fig. 3E) after initiation of
the enzymatic treatment. These studies demonstrate that well within
the usual time span of clinical EVLP (4 hours) (9), the Azymes at the
lowest tested dose (1 ug/ml) were effective in achieving a high degree
of A-Ag removal along the endothelia of perfused human lungs.

Simulation of ABOi lung transplant with a human

EVLP reperfusion model

Having identified conditions for effective removal of A-Ag, we
established an ex vivo plasma reperfusion model to simulate and
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Fig. 1. Azymes removed A-Ag from human ABO-A1 RBCs and aortae in the presence of perfusate solution.
(A) Concept of enzymatic removal of ABO antigen. The dashed boxes show basic ABH antigens on red blood cells
(RBCs) [modified from Rahfeld et al. (8)]. Enzymatic reactions by respective enzymes remove the terminal a-N-acetyl-
galactosamine or o-galactose monosaccharide and turn A/B red cells to an O type. This study examines the paired
enzymatic actions by FpGalNAc deacetylase and FpGalactosaminidase (Azymes) to remove A antigen (A-Ag) from organs.
Sugars are shown using the Consortium for Functional Glycomics (CFG) notation (30). (B) The histograms show A-Ag
expression on RBCs treated with Azymes at the indicated doses in either PBS or perfusate solution. RBCs were treated
for 30 min at 37°C. The positive control is untreated ABO-A RBCs, and the negative control is group ABO-O RBCs. Cells
were stained with fluorescein isothiocyanate (FITC)-conjugated anti-A antibody. (C) The degree of antigen removal
was quantified on the basis of percent changes in MFl relative to baseline. For each dose group, n =5 RBC treatments
were conducted. (D) The image shows static incubation of aortae in perfusate solution. Samples were incubated
without (control) or with Azymes (treatment) at 37°C for 4 hours. (E) Representative images of immunohistochemical
staining of aortae are shown, zoomed in the adventitial side. Positive staining is denoted by brown color and arrows.
A-Ag staining colocalized with CD31 staining, which indicates endothelial cells, in control aortae, but was reduced
after Azyme treatment. Scale bars, 100 um. (F) The dose effect of Azymes on aortae was quantified on the basis of percent
changein the abundance of A-Ag normalized to control aortae. Data in (C) and (F) are presented as means + SEM. Data
in (C) were analyzed using two-way analysis of variance (ANOVA) and Bonferroni’s multiple comparisons test.
**¥%P < 0.0001. Data in (F) were analyzed using Kruskal-Wallis test and Dunn’s multiple comparisons test. *P < 0.05.

assess the effects of antigen depletion on preventing or alleviating
antibody-mediated injuries in an ABOI transplant (Fig. 4A). Lungs
from the same donor (hence with similar antigen expression) were
split into left and right lungs and randomized as control or treatment.
Plasma samples from ABO-O individuals, with necessary antibodies
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and complement, were used as the
surrogate recipient circulation such that
the addition of plasma to the EVLP sys-
tem initiated the “reperfusion phase.”
Antibody-mediated injuries were as-
sessed on the basis of changes in circu-
lating anti-A antibodies, tissue-bound
antibodies, complement, inflammatory
cytokines, lung physiology, and lung
histology.

X-ray images of the donor lungs
before randomization are shown in
fig. S5. The pulmonary endothelial A-Ag
density and the concentrations of in-
flammatory cytokines in the paired con-
trol and treatment donor groups, and the
antibody and complement characteris-
tics of the “recipients” (ABO-O plasma)
before reperfusion are summarized in
Table 2 (n = 3). Consistent with our
results in the EVLP studies, enzyme
treatment of the lungs reduced the
vascular expression of A-Ag to 2.4, 1.7,
and 1.0%, respectively, when compared
to baseline, whereas that of the control
lungs remained high. In all three cases,
depletion of vascular A-Ag effectively pre-
vented antibody binding (Fig. 4, B to J).
Upon addition of ABO-O plasma, the
influx of circulating anti-A antibodies
was rapidly depleted in the control
groups because of absorption onto tissue
surfaces, but remained stable in the
treatment groups over the course of
reperfusion (Fig. 4, B to D). Corre-
spondingly, antibody was indeed shown
to be adsorbed onto the endothelia of
the control lung at the end of reper-
fusion (Fig. 4, E to G). Changes in the
circulating and tissue-bound antibodies
are summarized in Fig. 4 (Hto]). At the
end of reperfusion, changes in circulat-
ing complement factors were not sig-
nificantly different between the two
groups: Clq (P = 0.13), C3 (P = 0.21),
and C3b (P = 0.81) (Fig. 4K). The con-
trol lungs from all three cases showed
significantly higher concentrations of
the inflammatory cytokines tumor
necrosis factor-o (TNF-0) (P = 0.040)
and interferon—y (IFN-y) (P = 0.026),
comparing to the respective treatment
lungs (Fig. 4L).

The upstream biological changes led

to somewhat different degrees of downstream effects reflected in
the lung physiology and histology in the three cases. In case 1, the
control lung experienced an increase in peak airway pressure from
12 to 17 cmH,0, whereas that of the treatment lung changed from
11 to 12 cmH,0 (Fig. 5A). The changes in dynamic lung compliance
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Fig. 2. ABH antigens are differentially expressed in blood group A1 and non-A1 human lungs. (A) Representative immunohistochemical images show expression of
A-Ag on endothelium (solid arrow, CD31%) and epithelium (dashed arrow, CD317) of lung tissue from an ABO-A1 donor. Scale bars, 100 um. (B) Scatter plots show the
expression of A and H antigens on different types of cells isolated from subgroup A1 (n=8) or non-A1 (n =4) donor lungs. (C) MFls of A-Ag (top) are primarily observed in
endothelial and epithelial cells of A1 donor, whereas H-Ag (bottom), the precursor of A-Ag, is seen on endothelial cells from both A1 and non-A1 lungs. Data in (C) are
presented as means + SEM. Data were analyzed using two-way ANOVA with Bonferroni’s multiple comparisons test. ***P < 0.001.

Table 1. Donor information for lungs that received EVLP treatment. DCD, donation after cardiac death; NDD, neurological determination of death;

F, female; M, male.

Donor no. Age Sex Lungs treated Paired control DCD or NDD ct“r:i::nl,‘izlt'l(’hzif;;e d1;rseea(t:;7:‘tl) IeIrget?\t(mhce):trs)
Treatment studies
1 ............................... 36 ,,,,,,,,,,,,,,,,,,,,,,,,, F ,,,,,,,,,,,,,,,,,,,,,,,,,,,, nght NDD ................................. 4 P 1 ............................... 1 ..............

2 .............................. 78 ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ |v| ,,,,,,,,,,,,,,,,,,,,,,,,,,, nght NDD ................................. 4 P 1 ............................... 3 ..............

3 .............................. 71 ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ |= ,,,,,,,,,,,,,,,,,,,,,,,,,,,, ngh t ............................................................ D CD .................................. 4 ................................... 5 ............................... 3 ..............

4 .............................. 28 ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ |v| ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, L eﬁ ............................ nght NDD ................................. 0 1 ............................... 3 ..............

5 .............................. 53 ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ |v| ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |_ eﬂ ............................................................. D CD .................................. 0 P 1 ............................... 3 ..............

5 .............................. 49 ,,,,,,,,,,,,,,,,,,,,,,,,, F ,,,,,,,,,,,,,,,,,,,,,,,,,,,, nght ............................................................ D CD .................................. 0 P 1 ............................... 3 ..............
Treatment+p|asma.—eperfusmn stud|es ..............................................................................................................................................................................................................
7 .............................. 59 ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ M ,,,,,,,,,,,,,,,,,,,,,,,,,,, nght ............................. |_ eft ......................... D CD .................................. 4 P 1 ............................... 1 ..............
8 .............................. 59 ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ M ,,,,,,,,,,,,,,,,,,,,,,,,,,, nght ............................. |_ eft ......................... D CD .................................. 0 P 1 ............................... 3 ..............
9 .............................. 41 ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ M ,,,,,,,,,,,,,,,,,,,,,,,,,,, nght ............................. |_ eft NDD ................................. 4 P 1 ............................... 3 ..............

and PaO, were similar between the two lungs (Fig. 5, B and C).
More edema was observed in the control lung as indicated by the
increased wet-to-dry ratio (Fig. 5D). In case 2, the treated lung had
stable physiology, whereas the control lung presented drastic
deterioration (Fig. 5, E to H). In case 3, both the control and treat-
ment lungs had stable physiology (Fig. 5, I to K) during reperfusion
and low wet-to-dry ratio (Fig. 5L) despite the distinct pattern observed
in antibody binding (Fig. 4, D to J). Similar trends to those observed
in lung physiology were also observed in the tissue C4d deposition
(Fig. 5M). The control lungs from the three cases had borderline
positive, positive, and negative C4d staining, respectively, whereas all
three treatment lungs had negative staining. No marked differences
were observed in lung histology (Fig. 5, N and O) or terminal

Wang et al., Sci. Transl. Med. 14, eabm7190 (2022) 16 February 2022

deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick end labeling-positive (TUNEL") cells, as a readout of apoptosis
in the lung tissue (Fig. 5, P and Q).

DISCUSSION

Here, we present our strategy to overcome the ABO compatibility
requirement in lung transplantation by converting A-Ag of donor
lungs to H antigen using an EVLP treatment approach. By perfusing
human donor lungs with specific Azymes (FpGalNAc deacetylase and
FpGalNase) (8) that remove the A epitopes of N-acetyl galactosamine,
we successfully converted ABO-A1 donor lungs to “universal” donor
ABO-O lungs. Subsequent ABOi transplant simulation demonstrated
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Fig. 3. Azymes removed A-Ag from perfused human lung. (A) Scatter plots are shown of A-Ag and precursor H-Ag expression on endothelial cells (CD45"CD31%)
homogenized from human lungs that were treated with Azymes (1 ug/ml) for 1 hour; blue is pretreatment, and red is posttreatment. (B) Representative immunohistochemical
images of lung before and after treatment with Azymes are shown. Positive staining is denoted by red color. Pretreatment, staining for both A-Ag and H-Ag, was observed
on blood vessels. After treatment, vascular A-Ag staining was not observed, whereas H-Ag staining remained positive. Solid arrows denote CD31-expressing regions.
Scale bars, 100 um. (C) Effects of dose and treatment duration on depletion of endothelial A-Ag were quantified by MFI of A-Ag signal from CD45-CD317 cells. The MFI of
the pretreatment sample from each case was set to 100% to normalize the posttreatment A-Ag signals. The tested conditions include 1 pg/ml for 1 hour (n=2), 1 pg/ml
for 3 hours (n=5), and 5 ug/ml for 3 hours (n=1). Data in (C) were analyzed using two-way ANOVA and Bonferroni’s multiple comparisons test. ****P < 0.0001. (D) No
significant impairment was observed in parameters of lung function test after 3 hours of treatment at 1 ug/ml (n =5), which was administered after assessment at
hour 1 (1h) as baseline. Lung physiology was expressed as change from baseline to adjust for variability in quality among the human donor lungs declined for clinical
transplantation. Peak awP, peak airway pressure; Plat awP, plateau airway pressure; Mean awP, mean airway pressure; Cdyn, dynamic compliance; Cstat, static compliance;
APO,/FiO,, functional oxygenation; PVR, pulmonary vascular resistance. Data in (D) were analyzed using two-way ANOVA and Dunnett’s multiple comparisons test. ns,
not significant. (E) Inflammatory responses were measured in paired single lungs (n = 3 per group) receiving 3 hours of normal perfusion (control) versus Azyme treatment
(1 ug/ml). Each pair of control and treatment was from the same donor. The concentration (pg/ml) shown on the graphs is the differences between the hour-4 cytokine
(after 3 hours of treatment or normal perfusion) and hour-1 cytokine (before treatment or normal perfusion). Data in (E) were analyzed using paired t test. Data are
presented as means + SEM.

that the Azyme preconditioned lung was able to tolerate perfusion
with plasma of an ABOi recipient, thus avoiding the early phases of
antibody-mediated injury.

There are about 100,000 patients on U.S. organ transplant waiting
lists (11). These patients require organs that must be compatible to
their major cell surface antigens. The process to find compatible
organs is not trivial. Because of this, patients with progressively failing
organs often wait years for a life-saving transplant, and some will die,
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never receiving an optimally matched organ. In 2017, less than
one-third of patients on the lung transplant waiting list received an
organ in the United States (11). Specifically, access to an organ from
an ABOc donor is inequitable among patients of the four major
ABO phenotypes. Because organs from ABO-O donors are compatible
with recipients of all blood groups, a recent report showed that
ABO-O patients face a higher risk of dying while waiting for an
acceptable lung allograft than do those of the other blood groups
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Fig. 4. Azyme treatment reduced evidence of
rejection in an exvivo simulation of ABOi
lung transplant. An ABOi lung transplant
simulation was used to determine effects of enzy-
matic preconditioning on antibody-mediated
biological processes including antibody bind-
ing, complement activation, and inflammation.
(A) A schematic shows the design of the ex vivo
reperfusion model for ABOi lung transplanta-
tion. Lungs from same donor were separated to
two distinct EVLP circuits and randomized into
control (standard EVLP) or treatment (EVLP +
enzyme) groups. ABO-O plasma was added to
initiate reperfusion. (B to J) Antibody binding
was measured over time after reperfusion. Anti-
gen depletion in the treated lungs reduced
antibody binding. (B to D) Histograms of anti-A
antibodies in the perfusate sampled from the
control and treatment groups before and after
reperfusion are shown. (E to G) Histograms of anti-
body deposited on endothelial cells (CD317CD457)
isolated from the lungs are shown. BL is the
baseline, before lungs were perfused or treated.
(H and I) MFIs of circulating anti-A IgM (left y
axis) and tissue-bound antibodies (Abs) (right y
axis) were quantified over time. (K) Complement
deposition was compared between control and
treatment groups. The concentration (ug/ml) shown
on the graphs is the difference in the concen-
tration of complement components in the
perfusate before and 3 hours after reperfusion.
Data were analyzed using paired t test. (L) Change
in the concentration of TNF-q, IFN-y, IL-1B, IL-2,
IL-6, IL-8, CX3CL1, CXCL9, and CCL5 was mea-
sured in control lungs as compared with their
treated counterparts. The concentration (pg/ml)
shown is the difference in cytokine concentra-
tion in the perfusate before and 3 hours after
reperfusion. Each pair of control and treatment
lungs was from the same donor. Data were
analyzed using paired t test. *P < 0.05.

(1). In addition, for heart transplanta-
tion, the median U.S. waiting time is
longest (13.8 months) for ABO-O can-
didates compared to ABO-A or ABO-B
(5 months) and ABO-AB (2 months)
patients (12). For kidney transplanta-
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tion, the median U.S. waiting time for a deceased donor transplant
is reported to be 4.9 years for ABO-B candidates, 4.4 years for
ABO-O, 2.7 years for ABO-A, and 1.6 years for ABO-AB candidates
(13). Clearly, the development of strategies to reduce transplant
waiting lists by eliminating the need for ABO compatibility would
be very attractive and would have a major impact in access to and

fairness of organ allocation.
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The use of glycolytic enzymes to cleave relevant carbohydrate
epitopes from the surface of RBCs, thereby converting group A or
B blood to “universal donor” group O, has been demonstrated
previously (7). In 2009, Kobayashi et al. (14) intravenously adminis-
tered an endo-galactosidase to baboons. However, the available
enzymes were not specific or efficient enough to render this approach
practical or safe on any substantial scale. The recent demonstration
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Table 2. Profiles of donor A-Ag, cytokine expression, plasma antibody titers, and complement concentration before transplant simulations. Data were
collected after treatment and before plasma reperfusion. IS, immediate spin; IAT, indirect antiglobulin test.

Case 1 Case 2 Case 3
Control Treatment Control Treatment Control Treatment
Donor A-Ag (MFI) 4,070 238 28,985 336 19,301 254
TNF-a. 57.54 38.75 53.95 81.37 7.67 84.76
IFN-y 30.04 31.28 30.97 31.28 30.04 33.14
IL-1B 321.79 433.92 37.25 50.23 62.14 162.56
Donor baseline 00000000 00000 O 0000000000 OO OO OO oo OSSOSO OO OSSOSO OSSO
cytokine (pg/mi) i 25N 2O . RN .ot N . NN -l O
IL-8 3,562.10 3,638.00 3,499.50 3,572.60 3,687.30 3,780.20

S (Igm) 16

Plasma anti-A titers

Plasma complement c3
(g/liter) ca 0.194

by Rahfeld and co-workers (8) that the enzyme pair of FpGalNAc
deacetylase and FpGalactosaminidase efficiently converts full units
of ABO-A blood to ABO-O without the need for additional special
conditions, together with the demonstration that the enzymes
target all A-Ag subtypes with high specificity at both 4° and 37°C,
suggests that they are ideally suited for donor organ modification.

In this study, we have demonstrated removal of histo-blood
group A-Ag from ABO-A human lungs. Our whole-lung treatment
was delivered during normothermic EVLP, a clinical technique that
is now used routinely for lung preservation, assessment, and treat-
ment. Using EVLP, donor lungs are maintained, perfused, and
ventilated under physiological conditions for several hours before
transplantation (9). This capability has allowed EVLP to be developed
as a platform to deliver a variety of treatments to donor lungs before
transplant, such as therapies to eliminate donor bacterial and viral
infections, to decrease inflammation associated with brain death,
and to treat thromboembolic events (15-18). This study further
expands this capability into organ reengineering.

There are two main phenotypes of blood group A, the Al and
non-Al, which differ in antigenicity as determined by the amount
of surface antigens (19). The surface of a subgroup A1 erythrocyte is
reported to carry about 1 million blood group antigens, whereas a
subgroup non-Al erythrocyte displays less than one-third of that
number (3). In our study, we also observed differing antigen inten-
sity displayed on pulmonary cells from A1l versus non-Al donors,
with the average MFI of endothelial A-Ag from subgroup A1l donors
being greater than 45 times compared with the MFI of subgroup
non-Al donors. Consequently, for our proof-of-concept lung study,
we opted to use only lungs from A1 subgroup donors because this is
the more challenging phenotype for ABOi transplants, thus providing
a more stringent test of our treatment procedure than other A sub-
groups. Even so, we observed near-complete clearance of vascular
A-Ag within 1 hour of treatment, making our approach attractive
and likely readily translatable to clinical practice. Moreover, we

Wang et al., Sci. Transl. Med. 14, eabm7190 (2022) 16 February 2022

IAT (IgG) 64
0.785 b

8

show that practicality and scalability are not an issue, as whole-
organ efficacy was achieved using an enzyme dose as low as 1 ug/ml
(2 mg of each Azyme per double adult human lung EVLP, which
uses 2 liters of perfusate solution). By comparison, the previous
study using an endo-galactosidase required more than 10 mg of
enzyme to treat baboons of pediatric size (14).

In the absence of any recipient desensitization or antibody
removal protocol, the most critical phase for ABOi organ trans-
plantation is the immediate posttransplant period when the natu-
rally present (preformed) antibodies in the recipient attack foreign
antigens on the donor graft, with high risk of rapid acute organ
failure. Hyperacute rejection may be avoided if the antigens are
removed first and subsequently do not rapidly regenerate. In our
transplant simulation experiment, we demonstrated this concept by
preconditioning donor lungs, thereby avoiding hyperacute damage
from ABO-O plasma containing anti-A antibodies. As a direct result
of Azyme-mediated antigen depletion, all three treated cases demon-
strated effective inhibition of antibody binding and minimization
of subsequent inflammatory responses (TNF-a and IFN-y), which
were observed in the control counterparts. Although the circulating
complements Clq, C3, and C3b were not different between the
treatment and control lungs, respectively, a pattern in tissue C4d
deposition was observed, which may correlate with lung physiology.
Although we only observed deterioration of lung physiology and
positive tissue C4d deposition in two of the three control lungs, it is
important to point out that our model uses plasma instead of whole
blood. Antibody-mediated rejection is a complex process that
involves multiple molecular and cellular processes to trigger physio-
logical responses in an allograft (20). We initially focused our study
on the cell-free compartment of blood to avoid cellular confounders.
Reperfusion models with whole blood are thus a future direction.
However, whole blood can be preserved up to only 21 days (21), and
the time to recruit a pair of suitable lungs for study is inconsistent.
Therefore, plasma was the most effective option for recipient
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Fig. 5. Lung physiology and histopathology after reperfusion
were modestly affected by Azyme treatment. (A to L) Lung
physiology was evaluated for case 1 (A to D), case 2 (E to H), and
case 3 (I to L). Peak airway pressure, dynamic compliance, arterial
oxygen partial pressure (PaO,), and estimation of lung edema
based on wet-to-dry weight ratio of tissue sampled at the end of
reperfusion are shown. The control lung is shown in red, and the
treated lung is shown in blue. (M to Q) Lung histopathology after
reperfusion was also evaluated. (M) Representative images show
C4d staining of control and treatment after reperfusion. Grading
from a blinded pathologist indicated that case 1-control sample
was borderline positive (close to 50% capillary staining), case
2-control sample was positive (>50% capillary staining), and case
3-control sample was negative (<50% capillary staining); treated
samples of all three cases were negative (<50% capillary staining).
Scale bars, 100 um. (N) Representative hematoxylin and eosin
(H&E)-stained images of control and treated lungs after reperfusion
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are shown. Scale bars, 100 um. (O) Lung injury scores were quanti-
fied before and after 4 hours of reperfusion. Data were analyzed
by two-way ANOVA and Bonferroni's multiple comparisons test.
(P) Representative TUNEL-stained images of control and treated s
lungs after reperfusion are shown. Scale bars, 100 um. (Q) Apoptot- §
ic cells were quantified as a percentage of total cells before and after

reperfusion. Data were analyzed by two-way ANOVA and Bonfer- =574

roni’s multiple comparisons test.

cad
o
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simulation. The inconsistent lung physiology and C4d
staining observed in the control of case 3 could be due
to either lower recipient anti-A antibody titer as com-
pared with the other two cases or could be due to missing
intermediate factors of the antibody-mediated rejec-
tion process in the plasma samples that were used.
One of the limitations of the study is the lack of
information on antigen reexpression. From a mecha-
nistic perspective, our treatment removes vascular
A-Ag through a glycosidic pathway. Because the
endogenous glycosyltransferases that install the ABH .
epitopes are still present, we recognize that organs will £
likely regenerate the cleaved A/B antigens. Although our ‘ ;
transplant simulation studies show that the antigens
do not regenerate for a few hours, studies to better
understand the regeneration kinetics are warranted.
However, the clinical relevance of that would be still
questionable. In kidney ABOi transplantation, it is |
well described that despite recipient desensitization,
eventually, anti-A antibodies reemerge. Oftentimes,
complement C4d deposition is noted posttransplant in grafts of
kidney ABOi recipients. However, this is typically not associated
with graft dysfunction (2, 22). Another limitation of the study is the
absence of posttransplant clinical data. Although lung transplant
models are available in animals such as pigs, the porcine blood
group system is different from that of humans, making it difficult to
translate findings from such animal models (23). The closest animal
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model that shares the same ABH system on tissue, as observed in
human, is baboons (24). However, conducting research in such a
model can be logistically complex. Recently, West and co-workers
(25) developed a strain of blood group A transgenic mice that
express A-Ag on endothelium and other tissue components. The
authors also established a heart transplant antibody-mediated rejection
model using this strain of mice. As next steps, we plan to use similar
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transgenic mice to study antigen reexpression kinetics and long-term
posttransplant effects of the organ donor enzymatic treatment.

In conclusion, our study shows that ex vivo enzymatic treatment
of the donor lung can effectively remove A-Ag from ABO-A donor
lungs without acute side effects. Organ antigen depletion prevented
hyperacute antibody-mediated injuries in a simulation of lung
transplantation. The treatment described here could potentially
result in expansion of safe ABOi organ transplantation and further
expand the pool of universal donor organs from the current 55%
(blood group O donors) to over 80% with inclusion of modified A
organs (based on Organ Procurement and Transplantation Network
data as of 30 November 2021). As a consequence, this strategy may
greatly improve access and fairness of organ allocation.

MATERIALS AND METHODS

Study design

The goal of this study was to explore feasibility and safety of using
the Azymes to remove A-Ag from donor lungs during EVLP. The
Azymes’ antigen removal effects were systematically examined on
the cellular level with ABO-A1 human RBCs (n = 5 per group), on
the tissue level with human aortae (n = 3 per group), and on the
whole-organ level with EVLP lungs (nine lungs were treated as
shown in Table 1, but only eight lungs provided cell samples for
flow cytometric analyses). We also studied the effects of A-Ag
depletion on preventing antibody-mediated injury using a model
that simulated reperfusion of an ABOi lung transplant (n = 3 per
group). For the in vitro and ex vivo studies, the number of replicates
was determined on the basis of previous experience and organ
availability. In the paired lung studies, the left and right lungs were
assigned randomly to experimental and control groups by an inde-
pendent member outside the research team without prior knowledge
of lung quality. The investigator conducting the histological gradings
was blinded to treatment allocation.

Human specimens

Protocols involving the use of human specimens (RBCs, tissues,
and organs) were approved by the institutional research ethics
board of the University Health Network and the organ donation
organization Trillium Gift of Life Network. Informed research
consent was obtained. The use of plasma samples was approved by
the institutional research ethics board of the University Health
Network and the Canadian Blood Services, and samples were ob-
tained through the Blood4Research Program from the Canadian
Blood Services.

Materials

The lung perfusate solution used in the study is STEEN solution
(XVIVO Perfusion), same as those used in the Toronto EVLP
protocol. Azymes (FpGalNAc deacetylase and FpGalactosaminidase)
were expressed according to published protocol (8). Briefly, the
proteins were cloned into pET16b or pET28a vectors. Production of
proteins was performed in BL21(DE3) cells, cultured in ZY5052
auto induction medium (20 hours at 37°C, 220 rpm), and inoculated
with overnight LB culture. Then, cells were collected by centrifuga-
tion and lysed with a lysis buffer on ice. Cell debris was removed
by centrifugation, and cell lysate was collected. Purification was
conducted through a nickel affinity chromatography column and a
hydrophobic interaction chromatography column, followed by an
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endotoxin reduction step (Pierce High-Capacity Endotoxin Removal
Resin). The purified enzymes were identified by SDS-polyacrylamide
gel electrophoresis. Confirmed proteins were formulated in PBS
(pH 7.4) at a concentration of 2 mg/ml. Aliquots of 1 ml were pre-
pared and stored at —80°C until use.

RBC treatment

ABO-A1 whole blood was collected into citrate Vacutainer (363083,
BD Biosciences) from consented organ donors. The tubes were
centrifuged at 1000g at room temperature for 5 min, and RBCs were
separated and washed three times with PBS containing 0.2% bovine
serum albumin. Washed RBCs were prepared as a 1% hematocrit
solution and treated with Azyme-spiked perfusate solution at 37°C
(n =5). PBS at 37°C, the previously reported solution used for RBC
treatment (8), was used as a comparison group. The temperature
chosen for perfusate solution was based on its working temperature
in clinical practice (9). After Azyme treatment, RBCs were incubated
in cell staining buffer (420201, BioLegend) at 4°C for 30 min with
mouse anti-human blood group A monoclonal antibody (MA19693,
Invitrogen), followed by incubation at 4°C for 30 min with FITC-
labeled goat anti-mouse immunoglobulin M (IgM) (31992, Invitrogen).
The antibodies were diluted to 1:25. Flow cytometry data were
acquired on an LSR II (BD Biosciences). The degree of antigen
removal was analyzed using FlowJo v10 (FlowJo LLC) and quantified
as %Antigen Removal = [MFI(A_RBC) - MFI(A_RBC + Azymes)]/
[MFI(A_RBC) - MFI(O_RBC)]*100%. A dose-escalation study was
carried out to help predict the appropriate dose to be used in organs.
The unit of dose used throughout the study is defined as weight of
enzymes (microgram) over volume of solution (milliliter).

Aorta treatment

To test the ability of Azymes to remove A-Ag from tissue, an in vitro
model of a human artery was used. From each human donor
(ABO-ALl), the aorta (n = 3 per group) was split into control (perfusate
solution) and treatment (enzyme-spiked perfusate solution) groups
and incubated statically at 37°C for 4 hours (21% O, and 5% CO,).
Biopsies were taken at the end of incubation for both groups,
and expression of A-Ag was analyzed by immunohistochemistry.
Detailed methods to immunohistochemistry are described in the
immunohistochemistry section below. Briefly, consecutive 5-um
sections of the biopsies were stained with rabbit anti-CD31 antibody
(ab28364, Abcam), a marker of endothelial cells diluted to 1:100,
and anti-A antibody (MA19693, Invitrogen) diluted to 1:200 to
show the location and expression of A-Ag. Whole slides were
scanned using a slide scanner (Aperio CS2, Leica). The scanned
images of the whole slides were used for analyses by HALO Image
Analysis Software (Indica Labs). The A-Ag-positive areas were
calculated using the Area Quantification algorithm of HALO. The
degree of A-Ag-positive area in the treated tissue was normalized
against the untreated tissue and adjusted by the total tissue area:
% Normalized A-Ag = (Area_Aag(treatment)/Area_Aag(control))*
(Area_tissue(treatment)/Area_tissue(control))*100%.

Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) tissue samples were
sectioned into 5 um using a rotary microtome (Microm HM325,
Thermo Scientific), followed by deparaffination in xylene and
rehydration through graded ethanol. Peroxidase activity was blocked
by 3% H,0,; heat-induced epitope retrieval was achieved using
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citrate buffer (ab93678, Abcam), and nonspecific protein binding
was blocked using serum-free protein block (X0909, Dako-Agilent).
To detect endothelial cells, tissue sections were stained with 1:100
rabbit anti-human CD31 antibody (28364, Abcam), followed by
biotinylated anti-rabbit Ig (BA-1000, Vector Labs). To detect blood
group antigens, tissue sections were stained with 1:200 mouse anti-
human A-Ag antibody (MA1-19693, Thermo Fisher) or 1:100 mouse
anti-human H-Ag antibody (sc-59467, Santa Cruz Biotechnology),
followed by biotinylated anti-mouse antibody (BA-2000, Vector Labs).
Immunostaining was achieved by an avidin-biotin complex (ABC)
kit (PK-6100, Vector Labs), followed by 3,3’-diaminobenzidine (DAB)
(ab64238, Abcam) for brown color or 3-amino-9-ehtylcarbazole
(AEC) (K3464, Agilent) for red color. Slides were counterstained
with Harris’ hematoxylin (RC353032, VWR) or Mayer’s hematoxylin
(MHS1, Sigma-Aldrich), respectively. Whole slides were scanned
using slide scanner (Aperio CS2, Leica) for subsequent image
analyses.

Flow cytometry

Lung tissues were processed into single-cell suspensions according
to a previously published protocol (26). Briefly, fresh lung tissues were
digested with collagenase D and deoxyribonuclease I (STEMCELL
Technologies) using a gentleMACS tissue dissociator (Miltenyi
Biotec). For antigen expression, cells were stained with LIVE/
DEAD marker Aqua fixable viability dye (423103, BioLegend) in
1:1000 dilution at room temperature, followed by blocking with Fc
Block (564220, BD Biosciences) at 4°C for 10 min and staining with
a cocktail of fluorochrome-conjugated monoclonal antibodies in
cell staining buffer (420201, BioLegend) at 4°C for 30 min. Details of
the antibodies and dilutions used were summarized in table S1. After
staining, cells were fixed with fixation buffer (420801, BioLegend).
For antibody deposition, cells were incubated with FITC-conjugated
anti-human IgM first (4°C, 30 min), washed with cell staining buffer
(420201, BioLegend), blocked with Fc Block (564220, BD Biosciences),
and then stained with the remaining panel of fluorochrome-conjugated
monoclonal antibodies (table S1) and Zombie Aqua fixable viability
dye (423103, BioLegend). After staining, cells were fixed with fixa-
tion buffer (420801, BioLegend). For measurement of perfusate
anti-A antibodies, 100 pl of perfusates was incubated with 50 pl of
reference A1 RBC (2345, Immucor Inc.) at 37°C for 30 min. Cells
were washed with cell staining buffer and subsequently stained with
FITC-conjugated anti-human IgM (31575, Invitrogen). All flow
cytometry data were acquired on an LSR II (BD Biosciences) and
analyzed using FlowJo v10 (FlowJo LLC).

EVLP protocol

Unless otherwise stated, all EVLP performed in this study followed
the established Toronto EVLP protocol (27). Briefly, heart-lung
blocks from donors were flushed antegrade with 3 liters of low
potassium dextran solution during organ retrieval, followed by 1 liter
of retrograde flush after cannulation of pulmonary artery and left
atrium and placement of endotracheal tube upon arrival at the
receiving hospital. The organ was placed on an XVIVO organ
chamber (XVIVO), the endotracheal tube was connected to an
intensive care unit ventilator, and the cannulas were connected to
the perfusion circuit. A cell-free albumin perfusate solution, STEEN
solution (XVIVO), was used in a quantity of 1.5 liters for single lung
and 2 liters for double lungs. Additives, including 3000 IU of sodium
heparin (Leo Pharma Inc.), 500 mg of methylprednisolone (Pfizer),
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and 500 mg of imipenem (Primaxin; Merck), were added to the
perfusate before perfusion was started. The lungs were perfused at a
target flow of 40% of the predicted cardiac output of the donor. The
temperature of perfusate was gradually increased to 37°C; volume-
controlled ventilation was initiated when perfusate temperature
reached 32°C. Hourly assessment was performed for lung physiology,
including airway pressure, lung compliance, vascular resistance,
and perfusate blood gas analysis.

Ex vivo treatment of perfused human lungs

The efficacy of enzyme-containing EVLP in removing histo-blood
group antigens was studied in human lungs. Donor lungs, deter-
mined as nonsuitable for transplantation, were used. If lungs were
declined for use in transplantation while already on clinical EVLP,
enzymes were added to the perfusion liquid to initiate treatment.
If lungs were declined for transplant at the donor hospital before
EVLP, EVLP was set up per standard protocol. Azymes were added
to the perfusate solution after hour 1 assessment when full flow was
achieved. Lungs were perfused and assessed following the standard
Toronto EVLP protocol; biopsies were taken before and after treat-
ment. The expression of histo-blood group antigens was analyzed
by immunohistochemistry and flow cytometry as described above.
Lung physiology (peak airway pressure, dynamic compliance,
pulmonary vascular resistance, and perfusate blood gas) and inflam-
matory cytokines [including interleukin-6 (IL-6), IL-8, IL-1, IL-2,
TNF-a, and IFN-y] were assessed for potential acute adverse side
effects of enzyme treatment.

Ex vivo ABOi transplant simulation model

ABO-A1 human lungs declined for transplantation were used as
donors, and ABO-O plasma samples were used as recipients. The
anti-A antibody titers and complement (C3 and C4) of the ABO-O
plasma were tested at the Laboratory Medicine Program (University
Health Network) following standard protocols to ensure the
presence of antibody and complement. Upon arrival, lungs were
split into two blocks, placed into two independent EVLP circuits, and
randomized into control (EVLP) and treatment (EVLP + enzyme)
groups. Lungs were perfused using the Toronto EVLP protocol
(27). Azymes were added to the treatment lung after hour 1 assess-
ment, when full flow and ventilation had been achieved. After 1 to
3 hours of treatment at full flow, 3 units of ABO-O plasma (about
900 ml) was added to each group to simulate “posttransplant”
antibody responses. Lungs were subsequently observed for 4 hours
(the reperfusion period), during which physiologic parameters,
including airway pressures, pulmonary compliance, and perfusate
blood gas, were evaluated hourly. Biopsies were taken before EVLP,
before adding ABO-O plasma, and at the end of reperfusion. Anti-
body deposition on lung tissue was analyzed by flow cytometry.
Anti-A antibodies in perfusate at defined time points throughout
reperfusion were measured using reagent RBC reference A1 cells
(2345, Immucor Inc.) and analyzed by flow cytometry. The total anti-A
antibody introduced by the plasma was denoted as the 1-min time
point for both control and treatment and was measured from recipient
plasma diluted according to the actual dilution factor: For example,
if 900 ml of plasma was added to a circuit primed with 1.5 liters
of perfusate solution, plasma was diluted by the dilution factor of
0.38 and subjected to anti-A antibody measurement. Perfusate com-
plements (Clq, C3, and C3b) and inflammatory cytokines (TNF-a,
IFN-y, IL-1B, IL-2, IL-6, IL-8, CX3CL1, CXCL9, and CCLS5) before and
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after reperfusion were also assessed. Histopathological assessment
of reperfusion injury was assessed on the basis of C4d deposition,
lung injury scores, and TUNEL staining. Details are described below.

EVLP sample collection protocol

Perfusate and tissue samples were collected before treatment, after
treatment, and after reperfusion in the case of ABOi transplant
simulation unless otherwise stated. Lung tissue was sampled from
lower lobe at baseline, and tissue was sampled from multiple loca-
tions (upper and lower lobes for left lung and upper, middle, and
lower lobes from right lung) at the end of treatment and reperfusion
studies. Lung tissues were divided into three parts: One part was
freshly homogenized into single-cell suspension, stored in freezing
media (fetal calf serum plus 5% dimethyl sulfoxide), and preserved
in liquid nitrogen for flow cytometric analyses; one part was snap
frozen and stored at —80°C for cytokine studies; and one part was
fixed with 10% phosphate-buffered formalin for 24 hours and then
embedded in paraffin for histological analysis. For the reperfusion
study, an additional tissue sample was collected at the end of reperfusion
for wet-to-dry weight ratio analysis to estimate lung edema.

Analysis of C4d deposition

Sections (5 um) of FFPE lung tissues were stained at the Laboratory
Medicine Program (University Health Network) with a standard
C4d staining protocol. C4d staining was assessed by a pulmonary
pathologist in a blinded fashion. Samples were graded as follows:
positive (>50% alveolar capillary staining by C4d) and negative
(<50% alveolar capillary staining by C4d) (28).

Acute lung injury scoring

Sections (5 um) of FFPE lung tissues were stained with a standard
hematoxylin and eosin staining protocol. Acute lung injury scores
were assessed by a pulmonary pathologist in a blinded fashion using
the following parameters: air space hemorrhage, vascular congestion,
edema/fibrin in the alveoli, and infiltration of white blood cells. The
severity of these parameters was graded from 0 to 3 as follows: 0
(absent), 1 (mild), 2 (moderate), and 3 (severe) (29). Total scores
were reported.

Analysis of tissue apoptosis

Sections (5 um) of FFPE lung tissues were stained with TUNEL.
Terminal transferase (03333566001, Roche) and biotin-16-dUTP
(11093070910, Roche) were prepared according to the manufacturer’s
instruction. Slides were stained red using AEC substrate and
counterstained with Mayer’s hematoxylin. TUNEL-stained slides
were scanned and analyzed using the CytoNuclear algorithm of the
HALO Image Analysis Software (Indica Labs). The degree of apoptosis
was calculated and normalized on the basis of the percentage of
TUNEL cells over total number of cells.

Complement assay and inflammatory cytokine assay
Perfusates were assayed for complement components using the
Multiplex Human Complement Panel 2 (Clq, C3, and C3b) from
Millipore (HCMP2MAG-19K) according to the manufacturer’s
instructions. Perfusates were assayed for cytokines using a human
multiplex panel (TNF-a, IL-6, IL-8, IL-1B, IL-2, IFN-y, CX3CL1, CCLS5,
and CXCL9) from R&D Systems according to the manufacturer’s
instructions. Data were acquired with a Luminex MAGPIX instrument
and analyzed using xPONENT software (Bio-Techne).

Wang et al., Sci. Transl. Med. 14, eabm7190 (2022) 16 February 2022

Statistical analysis

The data, where relevant, are from at least three independent experi-
ments of biological replicates. All statistical details can be found in
the figures and figure legends. All experimental results are expressed
as means = SEM unless stated otherwise. For the paired lung studies,
paired ¢ test was performed to compare differences between groups.
For comparisons between multiple groups, Kruskal-Wallis tests
followed by Dunn’s multiple comparisons tests were performed. For
data involving a second component, a two-way analysis of variance
(ANOVA) was used followed by a Bonferroni’s correction for
multiple comparisons unless stated otherwise. All analyses were
conducted using GraphPad Prism 9.0 software (GraphPad Software).
Statistical significance was defined as P < 0.05.

SUPPLEMENTARY MATERIALS
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Improving organ allocation in transplant

A major challenge in lung transplantation is the need for ABO blood group matching. To address this challenge, Wang
et al. used two enzymes, FpGalNAc deacetylase and FpGalactosaminidase, to convert blood group A lungs to blood
group O lungs during ex vivo lung perfusion. The authors demonstrated successful removal of blood group A antigen
with no overt changes in lung health. In an ex vivo simulation of transplantation, the authors showed reduced antibody
and complement deposition, suggesting that this technique may reduce antibody-mediated injury in vivo. Together,
these findings have the potential to improve fairness in lung allocation for transplantation.
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