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Abstract
Lung transplant outcomes remain inferior largely due to mismatching in human leukocyte antigens (HLAs) that leads to chronic
rejection and chronic allograft dysfunction. The mismatched donor HLAs can be recognized by the effector T cells or donor-
specific HLA antibodies. This review summarizes mechanisms leading to immune responses as a result of HLA mismatching. It
specifically focuses on sensitized lung transplant candidates with preformed anti-HLA antibodies, which represent a significant
management challenge for physicians. In this review, we describe the diagnostic histocompatibility testing and therapeutic
options for managing the sensitized lung transplant patients and discuss how multidisciplinary approach may help to improve
lung transplantation outcomes.
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Introduction

Lung transplantation (LTx) is an established therapy for many
end-stage pulmonary diseases; however, the post-transplant
long-term survival remains modest, mostly due to higher rates
of acute and chronic allograft rejection [1]. One of the main
reasons for this poor outcome is recognition of the new allo-
graft by the recipient T cells as non-self through the mis-
matched major histocompatibility complex (MHC) proteins
commonly referred to as human leukocyte antigens (HLAs)
[2]. Despite contemporary immunosuppressive treatments,
LTx is accompanied by graft dysfunction, transplant rejection,
and poor overall survival due to T cell activation and humoral
alloresponses characterized by the development of donor-
specific antibodies (DSAs) against mismatched HLA [3].

Some transplant candidates may have anti-HLA antibodies
in their blood even prior to transplantation (pre-transplant
HLA sensitization) due to exposure to non-self HLA via blood
transfusions, pregnancies, or previous transplants. These pre-
formed anti-HLA antibodies represent one of the major im-
munological barriers to transplantation. The high-titer HLA
DSA may cause hyperacute antibody-mediated rejection
(AMR) by binding to donor’s HLAs expressed on the endo-
thelium of blood vessels resulting in the activation of the com-
plement cascade with resultant thrombosis and infarction of
the graft [4]. Additionally, lower titer antibodies are able to
cause rejection via NK cell activation or endothelial cell pro-
liferation [5]. Development of single-antigen bead (SAB) as-
says using microsphere technology with conjugated purified
HLAs provided unmatched specificity and sensitivity of HLA
antibody detection. It improved our understanding of the sig-
nificance of lower titer antibodies in LTx; however, SAB as-
says are prone to both false negativity and positivity and it is
important to use multiple methods to determine the clinical
relevance of detected HLA antibodies [6]. This article focuses
on the role of HLA mismatch in alloimmune injury, summa-
rizes considerations of contemporary HLA antibody testing
methods for pre- and post-transplant management of lung
candidates, and discusses approaches for transplanting high
immunologic risk candidates. Here, we discuss the importance
of close interaction between the HLA laboratory and clinical
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team to ensure accurate interpretation of HLA data and opti-
mal management of patients before and after organ
transplantation.

The HLA system and transplantation

The most recognized genes involved in an alloimmune re-
sponse are encoding MHC proteins, referred to as HLA in
human genome. HLA genes are highly polymorphic with
over 15,000 alleles identified to date and the number of
alleles keeps increasing [7]. Based on the structure and
function, the HLA proteins are classified into HLA class I
and class II. Class I HLA includes HLA-A, HLA-B, and
HLA-Cw that are expressed on all cells. Class II HLAs
include HLA-DR (consist of DRB1 and DRA1 polypep-
tides), HLA-DQ (consist of DQB1 and DQA1 polypep-
tides), and HLA-DP (consist of DPB1 and DPA1 polypep-
tides) that are expressed on antigen-presenting cells
(APCs), including B cells, macrophages, dendritic cells,
Langerhans cells, and capillary endothelium. In a therapeu-
tic transplant setting, when the donor’s and the recipient’s
HLAs are different, the HLA mismatch leads to activation
of T cell and B cell (antibody) responses, resulting in graft
injury [8]. There is overwhelming evidence of the benefits
from HLA matching in LTx including longer graft and pa-
tient survival, reduced risk of acute rejection, bronchiolitis
obliterans syndrome (BOS), and sensitization in case an-
other transplant is needed [9, 10]. However, due to scarcity
of lung allografts, high requirements for organ mainte-
nance, medical urgency, and an expected wide variation
in allograft size, it is not considered feasible to distribute
lung allografts based on HLA matching between donor and
recipient.

In solid organ transplantation (SOT), the “HLA match
grade” is determined by counting the number of HLA-A,
HLA-B, and HLA-DRB1 mismatches between a donor and
recipient with 0–2 antigen values per locus (e.g., 0-antigen
mismatch, 1-antigen mismatch, or 2-antigen mismatch) and
0–6 antigens per 3 loci. This narrow approach does not ac-
count for mismatches at other loci or allele-specific differ-
ences within each HLA antigen (e.g., A*02:01 and A*02:05
are considered matched in SOT), although lessons from bone
marrow transplantation show that only completely matched
HLA proteins could potentially prevent T cell responses [11].

In transplantation, T cells can recognize non-self HLA an-
tigens via the direct pathway (Fig. 1). For several decades, this
pathway was considered to dominate transplant rejection due
to recipient’s T cell receptor (TCR) directly recognizing mis-
matched HLA upon migration of donor dendritic cells from
the allograft to host secondary lymphoid tissue [8]. In addi-
tion, some transplant candidates may demonstrate memory T
cell responses to mismatched HLAs because of prior exposure

to non-self HLAs or due to developed virus-specific T cell
cross-reactive with HLAs [12]. There are two main subclasses
of memory cells: central memory T cells (TCM) characterized
by the increased potential for proliferation after antigen reen-
counter and effector memory T cells (TEM) that display rapid
effector function (granzyme B and IFN-γ production) [13].
Since TEM cells are trafficking through nonlymphoid tissues,
they act as “first responders” at the peripheral site where
reinfection/transplantation occurs. The patients with higher
levels of CD8 TEM are at higher risk for severe acute rejection
in the presence of mismatched HLA [14]. The direct pathway
is limited to the early post-transplant period, as donor’s den-
dritic cell lifespan does not exceed 2–3 weeks [15]. The pre-
vention of direct alloresponse relies on immunosuppressive
regimens. In particular, T cell depleting induction therapies
that include anti-thymocyte globulins (ATGs) and monoclo-
nal agents such as basiliximab and daclizumab targeting
CD25 (IL-2R a-chain) or alemtuzumab targeting CD52 may
inhibit memory T cell response and de novo direct pathway
immediately after transplantation, thus preventing early acute
rejection. Although the use of induction therapy remains con-
troversial in LTx [15], published reports indicate that HLA
mismatch may have a greater effect on primary graft dysfunc-
tion, acute rejection, and BOS when it is not used [16, 17].
Therefore, many centers choose to tailor it to the individual
patient. For example, some centers may withhold induction
therapy for older lung transplant recipients (>65 years) or
patients who are at higher risk of infection (e.g.,
Cytomegalovirus (CMV) or Epstein-Barr virus (EBV) sero-
logic status of +donor/−recipient; cystic fibrosis with highly
resistant organisms), but use it for highly sensitized patients.

The indirect pathway of allorecognition, in which CD4 T
cells recognize mismatched HLA in the form of alloantigen-
derived peptide on self HLA class II molecules (Fig. 1), has
emerged as a potent inducer of allograft rejection via
antibody-mediated and CD8 T cell–mediated rejection [18].
Since this pathway is operational throughout the life of the
graft, this may explain a greater benefit from HLA-DRB1
matching observed in some studies [16, 19].

Mismatched donor HLAs may also serve as targets for
the HLA DSA, which play a role in AMR [20]. HLA
antibodies are produced by plasma cells that differentiated
from naïve B cells expressing immunoglobulin receptors
tha t r e ce ived he lp f r om ac t i va t ed CD4 ce l l s .
Immunoglobulins recognize the specific antigenic por-
tions of intact class I and class II HLA proteins called
an epitope, at the center of which there is an eplet [5,
6]. DSAs are classified into preformed (pre-existing)
DSA (pDSA) and de novo DSA (dnDSA). The develop-
ment of dnDSA post-transplant is strongly associated with
the mismatched epitope load and modifications in the im-
munosuppressive regimen, non-adherence, and under-im-
munosuppression. The lower mismatched eplet loads are
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protective against chronic lung allograft dysfunction
(CLAD) [21]. However, in the absence of HLA matching,
the optimization of tacrolimus immunosuppression might
be an important factor in the prevention of dnDSA devel-
opment, since the maturation of naive B cells into high-
affinity antibody-producing plasma cells requires T follic-
ular helper cell signaling [22]. In contrast to dnDSA, the
presence of preformed anti-HLA antibodies likely indi-
cates the existence of long-lived plasma cells specific
for previously encountered non-self HLA epitopes. Since
HLA epitopes/eplets are shared among numerous HLA
proteins, sensitizing events can induce antibodies to many
seemingly “non-seen” HLA alleles. Early DSA (eDSA)
are not detected prior to transplant, but increase rapidly
after post-transplant due to differentiation of memory B
cells into antibody-secreting cells and are associated with
early AMR [23]. The presence of preformed HLA anti-
bodies is one of the key factors limiting transplantation in
lung transplant candidates. It is now common practice in
LTx to consider a donor as unacceptable if the transplant
candidate has preformed anti-HLA antibodies specific to
that donor.

Histocompatibility testing

Immunologic assessment, determining donor-recipient
compatibility, involves multiple techniques for assessing
the risk of rejection against a specific donor. The current
practice relies on the characterization of anti-HLA

antibodies in a patient’s serum and molecular typing of
donor HLA antigens, to determine if a patient has anti-
bodies to a specific donor’s HLA. In general, HLA work-
up for the transplant candidate can be divided into three
phases: initial workup, interim testing, and final pre-
transplant workup (Fig. 2).

Initial evaluation and interim HLA antibody testing
prior to transplant

One of the most important tests in SOT is a panel reactive
antibody (PRA) test, which helps to identify antibodies
against HLAs and minimize the risk of AMR. Classic
PRA test is a complement-dependent cytotoxicity (CDC-
PRA) assay in which recipient’s serum is mixed with a
panel of T cells from various blood donors in the presence
of complement to identify high-titer anti-HLA antibodies
that cause T cell death. The percent PRA is calculated
based on the percentage of positive reactions (dead cells)
out of the total number of reactions (e.g., if recipient se-
rum is tested against 50 different donors and produces 5
positive reactions, the percent PRA is 10%). Patients with
preformed DSAs identified by CDC-PRA may experience
hyperacute or accelerated acute AMR. To reduce the risk
of AMR, these antigens that produce a positive reaction
should be avoided (unacceptable antigens (UAs)),
resulting in limited access to transplantation for patients
with high PRA. For patients with PRA of 20–80%, there
is a 50% chance to be transplanted compared to non-
sensitized patients, while there is only 5% chance to be
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Fig. 1 Activation of alloreactive T cells via direct and indirect pathways.
Optimal T cell activation requires 3 signals, including TCR engagement
by donor’s mismatched (MM) class I HLA antigens expressed on
antigen-presenting cells (APC) for direct pathway and donor’s MM
HLA peptide presented by recipient’s class II HLA via indirect pathway

(signal 1), co-stimulation (signal 2), and cytokine stimulation (signal 3).
Direct pathway terminates shortly after transplantation, while indirect
pathway requires at least 1–2 weeks for activation, but remains active
throughout the life of the allograft and can mediate late graft damage by
contributing to humoral aloimmunity
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transplanted for patients with PRA greater than 80%. The
CDC-PRA test provided relevant clinical results; howev-
er, the results of this test were variable, insensitive, and
nonspecific. Currently, anti-HLA antibody detection is
performed via HLA-specific solid-phase assay and the
percent of calculated PRA (cPRA) is determined. The
percent cPRA is calculated based on the population fre-
quency of antigens that should be avoided (e.g., if a pa-
tient has an antibody against HLA-A2 which is expressed
by 48% of population, then cPRA is 48%). Similar to
PRA, cPRA reflects the percent of incompatible donors.

Some centers choose to perform HLA antibody screening
test first and proceed with antibody “identification” test only if
the screening test is positive. Others directly perform antibody
screening and identification for class I and class II antigens
using SAB assay. Both approaches have their limitations:

although screening tests are rather sensitive, they do not al-
ways detect weak antibodies; on another hand, SAB is prone
to detecting antibodies against cryptic epitopes that have no
clinical relevance and to under-detecting weak antibodies
against shared epitopes. It has been proposed that antibody
testing should be performed using multiple platforms for ac-
curate antibody characterization [6].

Once a patient is deemed an acceptable candidate for trans-
plantation and listed in the United Network for Organ Sharing
(UNOS)-developed online database system, called UNetSM,
the HLA antibody testing is repeated on a regular basis, usu-
ally 3–12 times per year depending on regional regulations
and patient sensitization status (Fig. 2). This allows to obtain
the most comprehensive immunologic profile, since even
transient antibodies in sensitized patients may represent po-
tential for future immunologic memory and affect risk
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HLA typing
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HLA antibody screen test for Class
I and Class II 
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No HLA Antibody
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Use SAB to identify HLA Antibody   

For patients with cPRA>50%,
perform SAB with 1:16 diluted serum

to evaluate possibility for
desensitization and C1q testing   

At minimum,
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(flow- or Luminex-
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CPRA<50%: 

SAB with 
undiluted serum 

CPRA>50%: 

SAB with undiluted 
and 1:16 diluted 
serum + C1q

Final Pre-transplant
Workup 

Deceased Donor 
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HLA-A,-B,-C, -DRB1,-DQB1,
-DQA1,-DRB3/4/5, -DPB1,
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Retrospective Cell-Based Crossmatch/Treatment as needed 
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Fig. 2 Pre-transplant HLA
workup for a lung transplant
candidate consists of initial
evaluation, interim testing, and
final workup at the time of
transplant. Post-transplant HLA
workup consists of donor-specific
antibody (DSA) testing
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assessment. If the candidate experiences a new sensitizing
event, the development of new antibodies may take at least 2
weeks and the antibody testing may need to be performed on
more frequent basis until the antibody profile is stable. Recent
reports showed that patients may become more sensitized as a
result of bridging patients to thoracic transplantation with me-
chanical devices, such as extracorporeal membrane oxygena-
tion (ECMO) or ventricular assist devices (VADs), which are
commonly accompanied by blood transfusions [24]. It is ben-
eficial to monitor HLA PRAs using Luminex assay on at least
bi-weekly basis while patients are on ECMO.

The specificity of single antigen antibody test allows deter-
mining which antigens should be avoided (UAs) and estimate
a percent of cPRA, which provides an estimate of the incom-
patible donor pool (the percentage of donors to whom a recip-
ient will have DSA). Lung transplant candidates with in-
creased cPRA are at higher risk of death while waiting for
the transplant due to a limited donor pool [25]. It is important
to keep in mind that cPRA depends on how UAs are defined
(Fig. 3A). As soon as UAs are listed in UNetSM, the donors
expressing those antigens will not be matched to the recipient;
therefore, careful approach is needed to determine which an-
tigens must be avoided and which can be evaluated addition-
ally at the time of transplant. Since not all HLA antibodies
pose the same risk to the graft, it may be beneficial to adopt a
combination of various assays, including mean fluorescent
intensities (MFIs), complement-fixing abilities, and serial di-
lution studies to stratify HLA antibodies according to the po-
tential risk [26]. Usually, positive CDC crossmatch (XM) due
to anti-HLADSA signifies a high risk of hyperacute rejection.
It is desirable to avoid CDC-positive XM, so C1q-positive
antibodies and antibodies with MFI values >7500 MFI in
1:16 diluted serum have to be avoided [27]. However, positive
flow cytometry XM (FCXM) in the presence of negative
CDC-XM is a gray area and open for interpretation. Positive
FCXM in the presence of DSA indicates an increased risk for
acute rejection; however, it also indicates that there is suffi-
cient time to prepare for treatment if/as needed. For highly
sensitized patients, it may be the only option to be
transplanted. However, if it is desirable to avoid positive
FCXM, then antibodies with MFI >3000 must be listed as
UA [6, 28]. Usually, DSA with MFI values <2000 (except
for antibodies against shared epitopes) do not result in positive
FCXM. Nevertheless, any detectable DSA in a sensitized pa-
tient may increase the risk of AMR post-transplant due to
activation of memory B cell response.

Since “UNet-reported cPRA” does not include all antibod-
ies present in patient’s serum, it may be helpful if “total
cPRA” is provided. Total cPRA includes all weak antibodies
(Fig. 3A) and provides transplant clinical team with a realistic
expectation of finding a donor without DSA. In addition, if

sensitized transplant candidates have antibodies against
DQA1, DPA1, and DPB1, it is advisable to use Canadian
cPRA calculator to estimate a likelihood of finding a compat-
ible donor [29].

It has been shown that candidates with a cPRA value of
50.1–75% were 25% less likely to undergo lung transplant
and 44% more likely to die on the waitlist, and candidates
with a cPRA value of 75.1–100% were 52% less likely to
undergo lung transplant and 92% more likely to die on the
waitlist [25]. Therefore, for patients with cPRA>50%, the
possibility of desensitization needs to be considered and
discussed with the clinical team. Since currently there are no
guidelines for desensitization, we will discuss various ap-
proaches and present our center strategy to desensitization in
the following text.

Final pre-transplant HLA workup

Historically, a physical CDC-XM was a prerequisite for SOT
due to its ability to prevent hyperacute rejection. To further
reduce the incidence of rejection episodes early post-trans-
plant, FCXM was employed to detect low titer DSA. In part,
this practice was predicated on the fact that the characteriza-
tion of recipient’s HLA antibodies and donor’s HLA typing
was incomplete. However, prospective physical crossmatch-
ing, whether CDC-XM or FCXM, is not always feasible in
lung recipients due to the duration for which potential grafts
can be preserved. Therefore, for a long time, there were no
requirements for prospective crossmatching in LTx and often
patients were treated based on the results of retrospective
crossmatching.With the implementation of solid-phase assays
into clinical practice, virtual crossmatch (VXM) can be per-
formed in which the donor’s HLAs are compared with the
patient’s alloantibody profile to identify any DSA that were
not deemed unacceptable [30] (Fig. 2). It has been shown that
pre-transplant allosensitization does not adversely affect out-
comes after LTx when the potentially reactive donor HLA
proteins are avoided using a VXM [31].

When VXM is reported as “negative,” it means that a re-
cipient does not have any detectable DSA against the donor
and an immunologic risk for AMR early post-transplant is low
even in sensitized patients [26]. When VXM is reported as
positive, it usually means that there is a DSA present.
However, there are no clear guidelines on how to recognize
a clinically significant DSA based on SAB results. A physical
XM is performed following VXM immediately after trans-
plantation. A positive FCXM is associated with a significantly
higher risk of early rejection and it often requires complex
immunosuppression, including peri-operative plasma ex-
change, high dose of intravenous immunoglobulin (IVIG),
and or rituximab in addition to induction therapy and
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maintenance immunosuppressive drugs. A negative FCXM in
the presence of DSA may not require any treatment but re-
quires close DSA monitoring post-transplant. However, since
the physical cell–based XM is usually performed after organ is
already accepted, the transplant programs do rely on the solid-
phase assay to provide information for decision-making.

DSA testing post-transplant

The presence of DSA post-transplant increases risk for rejec-
tion. In the presence of pDSA or if memory B cell response is
suspected (sensitized patients), it is important to test patients
on weekly basis for the first month and then monthly up to
3 months. This allows for timely detection of pDSA and
eDSA using SAB assay. For patients transplanted without
DSA with negative XM, the routine monitoring may be

performed monthly or even quarterly. Considering that class
II HLA mismatching, especially at DQB1 and DQA1, is a
major determinant of DSA development especially in the pres-
ence of non-adherence or less potent immunosuppression,
monthly DSA monitoring may be warranted for patients with
higher load of mismatched epitopes for DRB1 and DQB1/
DQA1 and/or patients on sub-optimal immunosuppressive
regimen post-transplant [32].

Since not all DSAs are associated with adverse outcomes,
caution must be taken before treating an antibody result in isola-
tion. For a patient with graft dysfunction in the presence of DSA
and, if/when all other causes were ruled out, a DSA treatment
may be initiated. Although there are no defined guidelines, the
treatment usually includes therapeutic plasma exchange (TPE)
with IVIG with or without rituximab or TPE/bortezomib/IVIG
with or without rituximab. We have recently shown that serial

M
FI

HLA antigen coated beads 

1:16 

a

b

Fig. 3 cPRA value may vary based on the definition of unacceptable
antigens. A cPRA can be calculated using different MFI cut-off values.
B cPRA can be determined based on 1:16 serum dilution. As a result,
only antibodies that are predicted not to respond to peri-operative

treatment are listed as unacceptable antigens (UAs). Antibodies that de-
crease by 75% in 1:16 diluted serum and have MFI of less than 3000 in
1:16 diluted serum are predicted to respond to peri-operative therapeutic
plasma exchange
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dilutions may guide treatment selection and that successful treat-
ment of DSA improves patient survival [33].

Desensitization in lung recipients

The prime goal of desensitization is to increase access to
transplantation through expansion of the donor organ pool.
Existing therapies are directed at key components of the
humoral immune response with newer biologically based
regimens able to target plasma cells as the source of anti-
body production, as well as complement activation that has
a central role in antibody-mediated injury. Despite the
emergence of early promising results for these agents, no
approach has demonstrated significant and sustainable re-
ductions in HLA antibody pre-transplant, and the ideal
desensitization strategy remains elusive. There are two
main approaches to desensitization: (1) waitlist desensiti-
zation to achieve negative donor–recipient XM and (2)
peri-operative desensitization when suitable donor with
“acceptable” DSA is identified by VXM and risk of DSA
is mitigated post-transplant. We will discuss several rou-
tine therapies utilized in desensitization as well as the clin-
ical aspects that may help the transplant team better deter-
mine the risks and benefits of desensitization approaches
for the individual patient. In addition, we will discuss
emerging approaches in measuring the efficacy of desensi-
tization procedures that currently relies on HLA antibody
detection.

Desensitization treatments

TPE removes circulating antibodies by replacing a patient’s
blood plasma. Five sessions of TPE remove approximately
80% of immunoglobulin G (IgG) or reduce HLA antibody
titers by 3–4 logs [34, 35]. However, TPE in the absence of
immune suppression is prone to antibody rebound [36]. For
this reason, additional immune suppression is required [36].
Plasmapheresis requires the insertion of a central venous cath-
eter potentially increasing the risk of an infection in a patient
who may be immunocompromised. Additional potential com-
plications include coagulopathies, hypotension, metabolic de-
rangements, and increase risk of infection.

High-dose IVIG is a blood product derived from thousands
of healthy pooled donors and is a part of most desensitization
regimens [37]. The therapy is typically well-tolerated as long
as physicians are aware of the additional intravenous volume
associated with infusion. Previously described risks of acute
renal injury from IVIG were most likely the result of sucrose-
containing products causing an osmotic nephropathy, but
newer formulations do not contain sucrose. In addition, the
immunologists on the transplant team should be aware of pa-
tients receiving IVIG and assist with the timing of cPRA

testing since IVIG has been reported to result in false-
positive HLA antibody tests [38].

To our knowledge, there is no published data to support
using IVIG alone as a desensitization method in lung trans-
plant; however, that approach is occasionally used in pa-
tients who may be deemed too high risk for more aggres-
sive strategies that include plasmapheresis and additional
immune suppression. The mechanisms by which IVIG im-
pacts circulating antibodies are complex and not fully un-
derstood. The primary mechanisms that have been de-
scribed include T cell proliferation inhibition, inhibition
of cytokine synthesis, and the inhibition of complement
pathways [39]. IVIG also contains neutralizing anti–B
cell–activating factor [40]. Since the half-life of IVIG is
25–32 days, we typically continue IVIG infusions every
2 weeks in sensitized patients awaiting transplant.

Rituximab, a chimeric monoclonal antibody against
CD20, is frequently utilized in desensitization strategies.
It causes B cell destruction via complement activation,
apoptosis signaling, and cell-mediated cytotoxicity [41].
For pre-transplant desensitization, rituximab is used in
combination with IVIG or TPE/IVIG. The immunology
team needs to be aware of rituximab administration since
it results in false-positive B cell XM even 9 months after
infusion. The most common adverse events have been
found to be infusion reactions with life-threatening ana-
phylaxis being very rare [42]. Cytopenias, especially
lymphopenias, may occur but this seems to be more com-
mon when given in combination with additional agents
prone to myelosuppression [42]. Despite this risk as well
as rituximab’s effect on B cells, the limited dosing of
rituximab for the purposes of desensitization and in the
absence of being in a combination of additional potent
immune suppressants, the risk of significant infection as-
sociated with rituximab appears to be low. However, the
risk of hepatitis B reactivation is well documented [43],
and patients should be screened prior to infusion initia-
tion. In our practice, patients with any combination of
abnormal hepatitis B markers receive entecavir upon ini-
tiating rituximab and continue the antiviral post-transplant
for at least 1 year. Additional adverse effects associated
with rituximab such as cardiac disorders are probably
more frequently encountered when rituximab is given in
combination with additional agents as well [42].

Bortezomib has been included in desensitization strategies
in combination with other modalities. The drug causes plasma
cell apoptosis by inhibiting the 26s proteasome [44]. It rapidly
distributes into tissues, and proteasome inhibition returns to
baseline within 72–96 h [44]. Bortezomib is used in combi-
nation with plasmapheresis [45]. This strategy can also be
employed for refractory AMR. The data on the use of
bortezomib for desensitization is generally favorable but is
limited to small-unblinded trials that are not specific to lung
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transplant. Since pulmonary patients are particularly sensitive
to pulmonary edema and may not tolerate worsening of un-
derlying hypoxemia, care should be taken to monitor closely
for bortezomib-induced capillary leak or congestive heart fail-
ure [46]. In addition, bortezomib-induced thrombocytopenia
may be particularly relevant in the sensitized patient, since
concomitant plasmapheresis may result in coagulopathies
and bleeding [47]. In severe cases, a recipient’s transplant
window may be missed if thrombocytopenia precludes the
operation due to the risk of bleeding or if transfusions are
needed, which may potentially increase cPRA.

Tocilizumab, a humanized monoclonal antibody direct-
ed against interleukin-6, has been found to have encour-
aging but limited data in sensitized renal transplant pa-
tients and is an interesting consideration in sensitized lung
transplants. Tocilizumab has been most thoroughly stud-
ied in rheumatoid arthritis and has been shown to cause a
decline in memory B cell subsets, prevents B cell differ-
entiation, and decreases B cell hyperactivity [48]. As with
all of these treatment modalities, the literature regarding
tocilizumab is limited and focused primarily on sensitized
renal transplants. Vo et al. completed a phase I/II pilot
study of 10 sensitized potential renal transplant patients
who failed to respond adequately to plasmapheresis +
IVIG + rituximab, of which 5 patients were transplanted
without AMR [49]. These results highlight the need for
further study, but this approach may be reasonable to
consider with potential lung transplant recipients who
have refractory sensitization. Tocilizumab is generally
well tolerated with infection being the most common ad-
verse effect. However, the rate of serious infections is low
and comparable to rates seen with methotrexate [50].
Another rare complication is anaphylaxis. In addition,
mild neutropenia has been reported and should be man-
aged appropriately [50].

IgG endopeptidase is another exciting option for hope-
ful lung transplant recipients who are highly sensitized.
This novel medication has been studied in highly sensi-
tized renal transplant patients [51]. The therapy is recom-
binant cysteine protease of Streptococcus pyogenes pro-
duced in Escherichia that cleaves IgG into F(ab′)2 and Fc
fragments. The Fc portion is crucial for complement bind-
ing and plays a key role in antibody-mediated rejection.
This approach differs from other desensitization strategies
in that it is not administered until the day of transplant with
an incompatible graft usually 4–6 h prior to induction. At
1 h after the treatment is given, near-complete inhibition of
C1q binding has been shown [51]. At 6 h, all levels of anti-
HLA antibodies were significantly reduced [51]. At the
time of this paper, there is an active phase II trial to eval-
uate the effectiveness of this therapy in patients who are on
the waiting list for kidney transplants and have already

undergone unsuccessful desensitization or in whom effec-
tive desensitization will be highly unlikely.

Table 1 summarizes the mechanism of action, dosing, and
recommended testing for monitoring the response to treatment
for most commonly used immunomodulatory therapeutics.

Considerations for multi-modality desensitization
treatment

There are only a handful of studies on pre-transplant desensi-
tization in lung recipients. Aguilar et al. reported the use of
IVIG and rituximab in 11 sensitized patients [52]. Due to a
perceived lack of efficacy, mycophenolate mofetil (MMF)
and TPE were added. The cPRA decreased from 97 to 82%
after desensitization. Only 3 out of 11 patients were
transplanted because DSA were successfully depleted with
desensitization. Three other patients received an offer with
no DSA before desensitization. Snyder et al. reported out-
comes of desensitization protocol using TPE, solumedrol,
bortezomib, and rituximab given in combination over 19 days
followed by IVIG [53]. There were no significant changes in
PRA or cPRA changes, and 9 of 18 candidates subsequently
had a transplant. The authors concluded that an aggressive
multi-modal desensitization protocol does not significantly
reduce pre-transplant HLA antibodies in a broadly sensitized
lung transplant candidate cohort. However, it has been shown
that the response to desensitization may need to be measured
in titers not MFI or cPRA in undiluted serum. The success rate
ranged from 30 to 50% in these studies, and the similar out-
comes were reported in desensitization for other solid organs,
with slightly better response from TPE/bortezomib vs
rituximab/IVIG protocols [45, 54].

An alternative was explored by Tinckam et al., where the
potential impact of DSA was mitigated peri-operatively with
TPE/IVIG and ATG leading to equivalent rejection and graft
survival outcomes [55]. This approach has gained interest,
especially now when the availability of DSA titer information
and response to dilutions can guide per-operative TPE-based
treatment protocols [34, 35]. Specifically, DSA with titers less
than 1:256 could be effectively decreased with 5 TPE ses-
sions. We found that a reduction in MFI at 1:16 dilution can
predict the effectiveness of TPE. Therefore, for sensitized pa-
tients, we list UA only if corresponding antibodies have MFI
values greater than 3000 in 1:16 diluted serum (Fig. 3B) [34].

While both desensitization approaches result in a similar
AMR rate and require prevention of memory B cell response
and inhibition of plasma cell activity early post-transplant
[56], the advantage of peri-operative desensitization is in ini-
tiating treatment only when needed. When waitlist sensitiza-
tion is performed, less than 50% of patients proceed to trans-
plant. The limitation of peri-operative sensitization is that it is
not effective against DSA with a titer greater than 1:256 (or >
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3000 MFI at 1:16). Therefore, careful antibody characteriza-
tion using serum dilutions is a key for peri-operative
desensitization.

When considering the degree of acceptable immunologic
risk between a lung transplant candidate and a potential donor,
in addition to immunologic variables, a multitude of non-
immunologic characteristics relating to the recipient’s likeli-
hood of survival while awaiting transplant should be consid-
ered. These considerations center around a wide range of fac-
tors such as the expected trajectory of the recipient’s underly-
ing disease, limitations in the donor pool, and operative limi-
tations relating to the recipient’s chest cavity and frailty.
Assessing the recipient’s trajectory of disease is the most im-
portant aspect when determining the degree of acceptable im-
munologic risk to take. Patients with high lung allocation
score (LAS) have an increased risk of waitlist mortality, and
LAS has been shown to be a better predictor of waitlist mor-
tality when compared to clinical judgment, based on a large
retrospective study of three Canadian lung transplant centers
showing hazard ratio for waitlist mortality of 1.06 per unit
LAS [57]. Therefore, a transplant team would likely be more
willing to accept increased immunologic risks for a patient
with a high LAS as a means to hopefully reduce the recipient’s

risk of waitlist mortality. In addition, it is reasonable to con-
sider patients on ECMO with either venovenous (VV) or
venoarterial (VA) configuration as candidates for accepting
increased immunologic risk as their window for transplant is
likely narrow [58]. Such patients would have a very high LAS
status by default; however, patients with high cPRAsmay lose
potential opportunities, especially if their cPRA keeps increas-
ing while on ECMO. Another consideration for patients being
bridged with ECMO is that the potential complications of
ECMO such as infection or coagulopathy may result in pre-
cluding a patient from transplant [58]. For this reason, the
transplant team may consider accepting additional immuno-
logic risks as a means of transplanting a patient in a timelier
manner who is ECMO dependent.

Disease-specific physiologic markers can also be helpful
when determining if accepting increased immunologic risk
is appropriate in relation to a patient’s risk of waitlist mortal-
ity. For example, patients with pulmonary fibrosis who expe-
rience a more rapid decline in forced vital capacity (FVC)
have been found to be at increased risk of mortality than sim-
ilar patients with stable FVC predicted [59]. Therefore, a
transplant team may be more inclined to accept increased im-
munologic risk in a patient with high cPRA and rapidly

Table 1 Commonly used immunetherapeutics for desensitization and AMR treatment

Immunotherapy Mechanism of action Dosing Application Monitoring response to
treatment

TPE The removal of anti-HLA antibodies from
the blood. Other possible mechanisms
include changes in lymphocyte
proliferation, B and T cell numbers and
activation, increased T suppressor
function, and alteration in T-helper cell
type 1/2 (Th1/Th2) ratio.

5 TPE sessions for DSA
with a titer≤1:256

Pre-operative
desensitization
Peri-operative desen-
sitization. Acute AMR
treatment

SAB (MFI and/or titers) be-
fore and after each session

IVIg The mechanisms include
immunomodulatory and
anti-inflammatory effects via interaction
between the Fc portion of infused IgG
with the Fcγ receptors on the surface of
target cells or with the variable regions of
antibodies in the preparation.

1g/kg bi-weekly or 2g/kg
monthly for several
months, depending on
antibody titer

Pre-operative
desensitization
Preventive AMR
treatment or low-level
DSA

SAB (MFI and/or titers)
3 weeks post-IVIG treat-
ment

Rituximab Targeting B cells 375mg/m2×body surface
area

Pre-operative
desensitization in
combination with
IVIG.

AMR treatment

SAB (MFI and/or titers)
3 weeks post-rituximab
treatment

Bortezomib Inhibiting immunoproteasome and IgG
production

1.3mg/m2/dose × 3–4
doses commonly com-
bined with TPE

Pre-operative
desensitization
peri-operative desen-
sitization and acute
AMR treatment

SAB (MFI and/or titers) 24 h
after treatment; when com-
bined with TPE before and
after TPE session

Eculizumab Blocking complement protein C5 and
preventing the generation of the terminal
complement complex C5b-9

1200mg IV over 1 h then
900mg IV over 1 h
weekly × 3 doses or more
per clinical response

Peri-operative
desensitization,
AMR treatment

It is not clear whether
Eculizumab affects
antibody levels. Weekly
SAB testing is
recommended.
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decreasing FVC alone. Of course, a reduction in FVC would
be a less reliable predictor of mortality in patients with con-
comitant emphysema. In such cases of combined pulmonary
fibrosis and emphysema, the pulmonary team should be cog-
nizant of other established predictors of mortality such as a
reduction in diffusion or the development of pulmonary hy-
pertension [59]. Patients who developed pulmonary hyperten-
sion had a 1-year survival of only 60% despite relatively pre-
served predicted FVC and 6-min walk distances [59]. In such
patients who also have elevated cPRAs, accepting increased
immunologic risk may be necessary.

The transplant team may also consider accepting a higher
level of immunologic risk in situations in which the recipient’s
potential donor pool is reduced for other reasons, including
patients who require a double lung transplant as opposed to a
single lung transplant due to a history of severe pulmonary
hypertension or suppurative pulmonary infections with bron-
chiectasis. In addition, some patients will be limited to either
the right or left hemithorax for transplant if there is a history of
mycetomas, prior spontaneous pneumothorax with or without
a pleurodesis, or severely asymmetric pulmonary perfusion.
Anecdotally, our program is also more likely to consider
accepting an elevated immunologic risk in patients with short
stature and small chest cavities as these patients often have
fewer potential donors.

At our institution, we conduct a weekly multidisciplinary
meeting to discuss both pre-transplant and post-transplant
patients with elevated immunologic risk. The team consists
of immunologists, pulmonologists, surgeons, pharmacists,
transplant coordinators, and nurses. We have found this ap-
proach to be beneficial for patients as well as for our team.
From an immunology standpoint, we have found that by
evaluating a recipient’s HLAs in more detail with serial
dilutions and C1q, the team may accept crossing antigens
that were previously viewed as incompatible. When waitlist
desensitization is warranted, our most common approach is
IVIG + rituximab with or without plasmapheresis; however,
just like other centers reported, we experienced limited suc-
cess with such desensitization. On another hand, we suc-
cessfully used peri-operative desensitization based on serial
dilutions combined with careful post-transplant monitoring
for DSA and graft function [34]. The post-transplant im-
mune suppression is usually the same for patients at in-
creased immunologic risk, aside from being more inclined
to aim for slightly higher doses of MMF, if tolerated. In
general, the choice of alemtuzumab or basiliximab for in-
duction is driven by other protocolized factors such as age,
CMV status, and history of cancer and would typically not
be affected by a patient’s immunologic risk based on our
assessment of the risks and benefits of altering these proto-
cols. Since tacrolimus is the drug of choice for every patient
in our institution, there is no difference in the management
of the calcineurin inhibitor.

A multidisciplinary approach has also helped give the im-
munology team additional clinical context, they may have
otherwise not been aware of when recommending potential
desensitization strategies. For example, the risk of coagulop-
athy and hemorrhage just prior to transplant would have dif-
ferent implications for a patient more prone to adhesions of the
native lung at increased risk of post-operative bleeding such as
patients with pleuro-parenchymal fibroelastosis, prior
pleurodesis, and some patients with sarcoidosis. In addition,
we have found that the presence of pharmacists as well as the
transplant coordinators and nurses have helped to streamline
the implementation of many of these desensitization strategies
in the outpatient setting. This approach also enables a seam-
less transition to monitor these patients in the outpatient set-
ting post-transplant and allows for more structured and regular
monitoring of DSAs and the management of antibody-
mediated rejection, if needed.

Conclusion

HLA mismatching between the transplant candidate and the
donor is one of the major reasons for post-transplant rejection,
including both cell-mediated and AMR. HLA antibody testing
is a readily available diagnostic test that could be used for pre-
and post-transplant immunologic risk assessment and for
guiding desensitization treatments for sensitized patients,
who are clearly disadvantaged by a limited donor pool and
have a higher likelihood of dying on a waitlist. Currently,
desensitization requires careful consideration in a multidisci-
plinary setting and the team should weigh the risks and bene-
fits of the desensitization modality itself as well as clinical
factors that may impact the patient’s likelihood of waitlist
mortality, while awaiting a suitable donor. Many regimens
including TPE in combination with IVIG, bortezomib, and
rituximab show some promise, but desensitizing patients with
preformed anti-HLA antibodies remains controversial. In ad-
dition, DSA treatment in the context of AMR after transplan-
tation also requires a multidisciplinary approach. Further un-
derstanding of the clinical significance of DSA detected by
SAB technology as well as collaborative studies and multi-
center trials will be key in further advancing LTx knowledge
and improving outcomes.
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