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Implementation of the kidney allocation system in 2014 greatly reduced access
disparity due to human leukocyte antigen (HLA) sensitization. To address persistent
disparity related to candidate ABO blood groups, herein we propose a novel metric
termed “ABO-adjusted cPRA,” which simultaneously considers the impact of candidate
HLA and ABO sensitization on the same scale. An ethnic-weighted ABO-adjusted
cPRA value was computed for 190467 candidates on the kidney waitlist by combining
candidate's conventional HLA cPRA with the remaining fraction of HLA-compatible
donors that are ABO-incompatible. Consideration of ABO sensitization resulted in
higher ABO-adjusted cPRA relative to conventional cPRA by HLA alone, except for
AB candidates since they are not ABO-sensitized. Within cPRA Point Group = 99%,
43% of the candidates moved up to ABO-adjusted cPRA Point Group = 100%,
though this proportion varied substantially by candidate blood group. Nearly all O
and most B candidates would have elevated ABO-adjusted cPRA values above this
policy threshold for allocation priority, but relatively few A candidates displayed
this shift. Overall, ABO-adjusted cPRA more accurately measures the proportion of
immune-compatible donors compared with conventional HLA cPRA, especially for
highly sensitized candidates. Implementation of this novel metric could enable the
development of allocation policies permitting more ABO-compatible transplants

without compromising equity.
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1 | INTRODUCTION

Kidney transplantation is a life-saving therapy for patients with
end-stage kidney disease.r™ Unfortunately, there are numerous
biological and socioeconomic factors which impact a patient's ac-
cess to transplantation. The primary immunologic determinants of
access to kidney transplantation are candidates' level of sensitiza-
tion to human leukocyte antigens (HLAs) and ABO blood group an-
tigens.1 Historically, kidney transplant candidates broadly sensitized
to HLAs generally faced prolonged wait-times,® reduced access to
transplantation,” and increased mortality on the waitlist.2 The imple-
mentation of the 2014 kidney allocation system (KAS) led to a sub-
stantial decrease in access disparity based on HLA compatibility.”**
Specifically, candidates received allocation points on a sliding scale
based on the percentage of the donor pool with whom they were
HLA-incompatible, a metric referred to as calculated panel reactive
antibody (cPRA).}? In addition to allocation points, highly sensitized
candidates (cCPRA = 100%) are prioritized for national sharing of or-
gans, as the local donor pool is unlikely to yield the HLA-compatible
donors needed for these candidates.*®

In contrast to the expansive accommodations addressing HLA
disparities with cPRA, disparities according to candidate ABO
blood group were not addressed by the KAS and, as such, have per-
sisted.'*!> In the United States, blood group B and O candidates
experience lower access to transplant compared with those with
blood groups A and AB.* Because the size of the deceased donor
pool differs by ABO category, current policy limits organ allocation
to ABO-identical transplants (at least in most circumstances) to
ensure that A and AB candidates do not divert organs from other
blood group categories. Blood group O candidates are biologically
compatible only with the O donor pool, but there is an asymmetry
where O donors are compatible for candidates of all blood groups,
meaning allocation to other blood groups decreases access for O
candidates. ABO policy restrictions are only loosened to improve
transplant opportunities for certain categories of candidates who
have the greatest needs or benefits, such as zero-ABDR mis-
matched transplants.!”

ABO-compatible transplants that are not ABO-identical are cur-
rently restricted by policy rather than biology, effectively constrain-
ing the pool of potential donors. A more ideal allocation system
would maximize opportunities for transplant by removing ABO re-
strictions but without increasing disparity. We propose that a popu-
lation genetic adjustment for ABO compatibility is the missing piece
that would help achieve equity while improving access.

Herein we present a novel unified metric for immunologic com-
patibility, simultaneously considering the contribution of both can-
didate HLA and ABO sensitization on the same scale. Furthermore,
we measured the impact of this unified cPRA on candidates within
different ABO blood groups, focusing especially on highly sen-
sitized candidates where small differences in cPRA could have a
large effect on the priority points assigned under the current KAS

policy.

2 | METHODS

This study received ethics approval from the Tulane University
Institutional Review Board. The study was based on OPTN data as
of December 2021. The most recent waitlist entries for US kidney
candidates within the years of 2019 and 2020 were selected.
190467 candidates had at least one listing in this time period, and
78186 candidates had unacceptable HLAs listed.

2.1 | Measuring HLA antibody sensitization using
stem cell donor typing

The current OPTN cPRA calculation relies on using the HLA hap-
lotype frequencies of deceased kidney donors recovered from
January 1, 2007, to December 31, 2008.18 Due to the lack of donor
HLA typing entered for HLA-DQAZ1, -DPB1, -DPA1, and/or allele-
specific antigens during this timeframe, the OPTN cPRA calculator
does not account for candidates with anti-HLA antibodies formed
against these antigens.!” Based on our previous work,?° which is

t,21 utilization

currently disseminated for OPTN public commen
of the National Marrow Donor Program (NMDP) registry as a
data source for HLA frequencies might represent a more precise
method to quantify sensitization to all HLA loci/alleles relevant for
solid organ transplantation. Thus, in the present study, candidate
cPRA values by HLA were computed using population-specific,
allele-level HLA genotype frequencies covering all classical HLA
loci, namely, HLA-A, B, C, DRB1, DRB3/4/5, DQA1, DQB1, DPA1,
DPB1, based on over 2 million US stem cell donors from the NMDP
registry,20 and accounting for the proportion of the donor's race/

ethnicity in the deceased donor population.*®

2.2 | Measuring ABO blood group sensitization
using phenotype frequencies

We computed population-specific ABO phenotype frequencies using
deceased OPTN kidney donors recovered from 2000 to 2021. ABO
frequencies were similar to a previous US blood banking dataset.??
In this analysis, candidates of blood group O are considered to be
sensitized to donors with A, B, and AB phenotypes. Candidates of
blood group A are sensitized to donors with B and AB phenotypes.
Candidates of blood group B are sensitized to donors with A or AB
phenotypes. Candidates of blood group AB are not sensitized to

antigens in the ABO system.

2.3 | The ABO-adjusted cPRA metric and
web calculator

Figure 1 is a schematic depicting the approach used to compute the
ABO-adjusted cPRA for each waitlisted candidate: ABO-adjusted
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FIGURE 1 Schematic depicting the approach of computing ABO-adjusted cPRA in an illustrated example (blood group O candidate

with HLA-DR53 antibody). There are 100 circles in a 10 x 10 grid, each representing 1% of the deceased donor pool. The dotted red circles
denote donors that carry HLA-DR53 and thus are HLA incompatible with the candidate. Orange circles with horizontal lines denote donors
that are HLA compatible but ABO incompatible with the candidate. The candidate's ABO-adjusted cPRA is the sum of all immunologically
incompatible donors (red + orange circles). The proportion of immune compatible donors for a candidate of blood group O with HLA
unacceptable antigen of HLA-DR53 is shown in green. [Color figure can be viewed at wileyonlinelibrary.com]

cPRAy A = % of donor pool HLA-incompatible with candidate (conventional cPRA)

CPRAg0.a¢j = % of donor pool HLA-compatible, but ABO-incompatible with candidate

PhenoFreqiago = phenotype frequency of donor pool ABO-incompatible with candidate
[51.9% for O candidates, 15.0% for A candidates, 40.3% for B candidates]

CcPRAaB0.agj = magnitude of ABO-adjustment

— CPRAg0-ag = (100% — cPRA 4) X PhenoFreqiago
= (100% — cPRAH_A-DR53) X (PhenoFreqa+g+ag)
= (100% — 50%) x (51.9%) =
= 26% HLA-compatible, but ABO-incompatible

| ABO-adjusted cPRA = cPRAy asago = 50% + 26% =76% |
. Donors HLA and ABO compatible with candidate

TABLE 1 ABO blood group phenotype
frequencies by US kidney donor race/
ethnic group

ABO blood group phenotype

proportions (%)
Deceased donor ethnic

OPTN ethnic category proportions (%) (0] A B AB
White 66.71 45.3 41.4 9.9 3.4
Black 14.61 50.7 25.8 19.7 3.9
Hispanic 14.43 59.2 29.4 9.4 2.0
Asian 2.49 39.7 26.9 26.9 6.6
Multi-ethnic 0.85 51.4 334 12.5 2.7
Native American 0.62 58.9 32.0 6.3 29
Hawaiian and Pacific 0.29 46.1 33.3 16.8 3.8
Islander

Note: Blood group phenotype frequencies based on 190954 OPTN deceased kidney/pancreas
donors recovered from 2000 to 2021.

cPRA value is computed by upward adjusting the candidate's con- but ABO-incompatible with the candidate. ABOadj is calculated by

ventional HLA cPRA by the remaining fraction of HLA-compatible
donors that are ABO-incompatible (Figure 1). In the illustrated
example, a blood group O candidate with unacceptable antigen
HLA-DR53 has an HLA cPRA of 50%. Among the remaining fraction
of the HLA-compatible donor pool however, the candidate is incom-
patible with blood group A, B, and AB donors. This is termed ABOadj
to represent the percentage of donor pool that is HLA-compatible

multiplying the percentage of donor pool that is HLA-compatible
(indicated by 100% - cPRA, ,) with the phenotype frequency
of donor pool that is ABO-incompatible with the candidate
(PhenoFreq,,p,)- The ABO-adjusted cPRA is the sum of cPRA, , and
ABO,; = 50% +26% = 76%.

The example calculation in Figure 1 is slightly simplified

because ethnic-specific cPRA values are calculated first, then
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an overall cPRA value is computed based on a weighted aver-
age using the ethnic composition of the deceased donor pool
(Table 1). Because there are differences among ethnic catego-
ries in both ABO and HLA frequencies, these two genetic sys-
tems are not completely independent in the ABO-adjusted cPRA
metric.

A web calculator for ABO-adjusted cPRA calculations was de-
veloped using the Python Django web application framework and is
publicly available at http://transplanttoolbox.org/abo_hla_cpra. The
input to the calculator is a combination of candidate's unacceptable
HLA antigens and their ABO phenotype. The output is the fraction
of the donor pool that will be incompatible based on candidate's
HLA and/or ABO sensitization.

2.4 | Waitlist analysis of kidney candidate
unacceptable antigens with ABO adjustment

ABO-adjusted cPRA values were analyzed for a data set of
190467 candidates with listings in 2019 and 2020, based on
the candidate ABO phenotype and their most recent listed
unacceptable HLAs.?® cPRA values were computed for both
ABO-adjusted cPRA and HLA cPRA alone. Scatterplots and
point-group reclassification matrices were generated to illustrate
the impact of merging ABO into an overall cPRA metric for anti-

body sensitization.

3 | RESULTS

3.1 | Both ABO blood group and HLA phenotype
frequencies vary by population

We computed population-specific ABO blood group frequencies
based on 190954 OPTN deceased kidney donors recovered from
2000 to 2021. In Table 1, we provide ethnic group proportions for
the seven categories used for the proposed HLA cPRA as well as

ABO phenotype frequencies within each category.

3.2 | A unified metric for immunologic
compatibility would result in relative increases in
cPRA based on candidate ABO sensitization

Candidate ABO sensitization based on natural antibodies was com-
puted from population-specific ABO phenotype frequencies using a
weighted average given the ethnic composition of the donor pool,
provided in Table 2. For O candidates, we find that 51.9% of HLA-
compatible donors are ABO-incompatible; for B candidates 40.3%
of donors are ABO-incompatible; and for A candidates 15.0%. For
AB candidates, their ABO-adjusted cPRA is the same as their HLA
cPRA.

TABLE 2 Frequency of incompatible donor ABO phenotypes
based on candidate's ABO blood group

Frequency of

Candidate ABO Incompatible donor  incompatible donor

blood group ABO phenotypes ABO phenotypes
(0] A+B+AB 51.9%
A B+AB 15.0%
B A+AB 40.3%
AB Not sensitized 0.0%

Note: Based on each candidate ABO blood group phenotype category,
the incompatible ABO donor phenotypes and their frequencies in the
US deceased donor pool population are shown.

3.3 | ABO adjustment leads to an increase in
cPRA values relative to HLA cPRA alone and most
candidates would move up to higher point groups

For the waitlist data set of 190467 candidates' unacceptable HLAs,
we plotted the ABO-adjusted cPRA values versus the conventional
HLA cPRA values (Figure 2). The figure illustrates the proportion
of immune-incompatible donors given both ABO and HLA, com-
pared with the proportion incompatible based on HLA antibodies
alone. The relative increase in ABO-adjusted cPRA, versus conven-
tional HLA cPRA on the diagonal, is the most drastic for O candi-
dates, where on average 51.9% of HLA-compatible donors are
ABO-incompatible.

The majority of candidates would move to a higher point discrete
group when ABO is considered with HLA sensitization (Figure 3 and
Figure S1). The absolute change in cPRA is non-uniform: candidates
who are not HLA-sensitized receive the maximum absolute increase
in ABO-adjusted cPRA value relative to candidates who have a high
HLA cPRA at baseline. Overall, this ABO-adjusted cPRA is expected
to result in a significant shift toward more candidates being recog-
nized as highly sensitized, an effect that is driven principally by blood
group O and B candidates on the waitlist.

Capturing the variable impact of candidate ABO could more eqg-
uitably determine allocation points, especially for highly sensitized
candidates near point group boundaries. For instance, within the
conventional HLA cPRA Point Group = 99%, 43% of candidates are
elevated to ABO-adjusted cPRA Point Group = 100% after consid-
eration of ABO sensitization, though this proportion varied substan-
tially by candidate ABO blood group (Figure 4 dotted vertical line).
After adjusting for ABO, nearly all O and most B candidates would
move across the boundary between cPRA 99 and 100, compared
with relatively few blood group A candidates and none that are AB.

While genes encoding ABO and HLAs reside on different chro-
mosomes, there is some ethnic-specific variation in HLA and ABO
frequencies. We observed that candidates with the same HLA cPRA
values and ABO group may have slightly different ABO-adjusted
cPRA depending on the specific combination of HLA alleles and
blood groups, which manifests as a scatter from the diagonal line

in Figure 2. Ethnic-specific frequency variation may have a larger


http://transplanttoolbox.org/abo_hla_cpra

GRAGERT ET AL.

AT | 3097

100

ABO-adjusted CPRA (%)
33 ~

N
(3

Candidate Blood Group
(Average % HLA-Compatible Donors
that are ABO-Incompatible)
e 0O (51.9%)
B (40.3%)
e A(15.0%)
* AB (No Change)

0 25 50
HLA CPRA (%)

75 100

FIGURE 2 Scatterplot of kidney waitlist candidate unified ABO-adjusted cPRA versus conventional HLA cPRA values. Candidate ABO
blood groups are highlighted in different colors, and the ABO-adjustment results in a differential average lift off the diagonal depending on

blood group. [Color figure can be viewed at wileyonlinelibrary.com]

impact for highly HLA-sensitized candidates, particularly in those
where the cPRA values fall within the boundary of cPRA groups
(i.e., 99%-100%) that qualify for increased allocation points and/
or priority for broader geographical sharing (Figure 4, green arrow).

4 | DISCUSSION

The Organ Procurement and Network

(OPTN) has proposed a continuous distribution framework

Transplantation

for the organ allocation system where every candidate would
receive a composite allocation score based on multiple factors
that influence patient survival, medical urgency, biological
compatibility, patient access, and placement efficiency.?®> OPTN
committees are using an analytic hierarchy process to incorporate
community input on weighting the importance of each factor
relative to one another. The current KAS involves a multitude of
allocation sequence classifications, resulting in hard categorical
boundaries. For example, in OPTN Policies there are currently
43 allocation sequence classifications for kidney donor profile
index (KDPI)<20% determined in the match results based on
donor and candidate factors.)” The ABO and HLA sensitization
metrics discussed here represent but two of the candidate factors
that contribute to the biological compatibility component of
continuous distribution, but these compatibility factors deserve
special attention because of their outsized contributions to access
disparity under the current system.

In this study, we present a framework to apply a novel uni-
fied metric of immune compatibility that accounts for both the

candidate's HLA and ABO sensitization status. The standard HLA-
based cPRA metric provides only a limited quantification of access
to immune-compatible donors in the KAS, as kidney candidates do
not currently receive allocation points based on blood group sen-
sitization. Currently, AB candidates experience significantly higher
transplant rates relative to candidates in other blood groups.1
Under a unified cPRA metric for immunologic sensitization, AB
candidates are not sensitized to blood group, thus only HLA an-
tibodies can increase their ABO-adjusted cPRA. Similarly, blood
group A candidates who also have higher than average transplant
rates, have a smaller ABO sensitization component that eliminates
only 15.0% of HLA-compatible donors on average, compared
with 40.3% ABO sensitization for B candidates and 51.9% for O
candidates.

In the United States, deceased donor kidneys are primarily al-
located to ABO-identical waitlist candidates with the exception
of (1) blood type O donors into non-O candidates who have zero-
ABDR mismatches with the donor; (2) blood type B donors to non-B
candidates who have zero-ABDR mismatches with the donor; (3)
blood type A donors into AB candidates; and (4) blood type A, non-
A, and AB, non-A,B donors into B candidates.’” Equitable sharing
and allocation of these blood group permissible but non-identical
kidneys requires consideration of the combined HLA+ABO sensi-
tization status of the candidate. This is currently not possible with
standard cPRA measurements, which fail to account for ABO dispar-
ity. Applying the ABO-adjusted cPRA metric to waitlist candidates
would result in more O and B candidates receiving points for their
ABO disadvantage, with some receiving higher priority for broader
geographic allocation, proportionate with their limited donor pool.
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The relevance and utility of the ABO-adjusted cPRA metric is
even greater as OPTN considers a more flexible continuous distri-
bution model which aims to remove hard boundaries between al-
location sequence categories. This is particularly important for the
most disadvantaged groups—such as extremely highly sensitized
and medically urgent patients—who are currently precluded from
being offered otherwise HLA and ABO compatible donors that are
blood group non-identical. For instance, a blood group A candidate
with 99.99% cPRA is currently unable to receive an HLA- and ABO-
compatible blood group O donor offer, outside of being 0-ABDR
mismatched with the donor. With these ABO policy restrictions
removed, some of the more highly sensitized or medically urgent
non-O candidates could access O donors ahead of less sensitized O
candidates. Critically, removal of this restriction can only be imple-
mented equitably if the totality of immune compatibility with ABO
and HLA are considered in the same metric.

Asthe transplant community considers allowing ABO-compatible
transplants to maximize transplant opportunities especially for
currently disadvantaged populations, it is important to safeguard
against inappropriate diversion of blood group O donors to non-O

candidates. Equity is a critically important consideration, as 53.7% of
the candidates on the US kidney waitlist are blood group O, of which
67.4% are identified as ethnic minorities based on OPTN data as of
July 7,2022. While a previous analysis found that ethnicity had little
influence on disparity in access after adjusting for blood group and
other candidate factors,! 42.1% of candidates in the most disadvan-
taged B blood group are of Black ethnicity, even though Black pa-
tients represent 31% of kidney candidates. A major function of the
ABO-adjusted cPRA metric is that it would ensure vulnerable patient
groups that are blood group O and B and also highly HLA-sensitized
would be appropriately recognized for their overall immune sensi-
tization. Thus, in terms of the contribution of candidate biology to
the composite allocation score under continuous distribution, non-O
candidates would only outrank O candidates in scenarios where the
donor pool for the non-O candidates is smaller based on combined
HLA and ABO factors.

Our analysis reveals that the ABO-adjusted cPRA metric is a bet-
ter representation of a candidate's overall immune compatibility than
conventional HLA cPRA. Nonetheless, prospective modeling to deter-
mine the impact of any policy changes on equity is essential prior to
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implementation. Given the complexity of the current US KAS and the
proposed major changes that will soon be incorporated into continu-
ous distribution, effective modeling will best be accomplished through
application of the SRTR kidney-pancreas simulated allocation model
(KPSAM) package.?* If prioritized by OPTN, we anticipate that mod-
eling will find that ABO-adjusted cPRA yields more equitable trans-
plant rates than HLA cPRA alone for highly sensitized candidates. Such
modeling would necessitate removal of policy rules on the current
stringent definition of ABO permissibility. Alternatively, informative
modeling could also be achieved using datasets from other systems
where kidneys are already allocated to ABO-compatible candidates'’
(rather than ABO-identical)—this schema is more representative of the
proposed KAS under continuous distribution and may serve to com-
plement US KPSAM modeling results.

In summary, we describe an approach to removing policy restric-
tions against ABO compatible transplants that might decrease dis-
parity in access among ABO blood groups while at the same time
improve access for candidates most broadly sensitized against HLAs.
Removing such restrictions could also conceivably increase organ

utilization by providing organ procurement organizations more

potential “homes” for hard-to-place blood type O and B kidneys.
Our proposed unified immunologic sensitization metric, the “ABO-
adjusted” cPRA, has the potential to be an integral component of
OPTN's continuous distribution framework as the transplant com-

munity works toward a more equitable allocation system.
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