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Summary

Heavily transfused patients frequently develop human leukocyte antigen (HLA) allo-immunization
resulting in platelet transfusion refractoriness and a high risk for life-threatening
thrombocytopenia. Data suggest complement activation leading to the destruction of platelets
bound by HLA allo-antibodies may play a pathophysiologic role in platelet refractoriness. Here we
conducted a pilot trial to investigate the use of eculizumab, a monoclonal antibody that binds and
inhibits C5 complement, to treat platelet transfusion refractoriness in allo-immunized patients with
severe thrombocytopenia. A single eculizumab infusion was administered to 10 eligible patients,
with four (40%) patients overcoming platelet refractories assessed measuring the corrected platelet
count increment (CCI) 10-60 min and 18-24 h post transfusion. Responding patients had a
reduction in the requirement for subsequent platelet transfusions and had higher post-transfusion
platelet increments for 14 days following eculizumab administration. Remarkably, three of the
four responders met CCI criteria for response despite receiving HLA-incompatible platelets. Our
results suggest that eculizumab has the ability to overcome platelet transfusion refractoriness in
patients with broad HLA allo-immunization. This study establishes proof of principle that
complement inhibition can treat platelet transfusion refractoriness, laying the foundation for a
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large multicentre trial to assess the overall efficacy of this approach (ClinicalTrials.gov, identifier:
NCT02298933).

Treatment of haematological and non-haematological diseases with chemotherapy and
haematopoietic stem cell transplantation is not possible without allogeneic platelet
transfusion support. Although human leukocyte antigen (HLA)-matched platelets can be
lifesaving for allo-immunized patients with severe thrombocytopenia, HLA-matched platelet
donors may be limited or unavailable for many patients. Consequently, a substantial
proportion of allo-immunized patients develop platelet transfusion refractoriness (Doughty
et al., 1994; Legler et al., 1997; Novotny, 1999; Stroncek & Rebulla, 2007), which is
associated with major adverse outcomes including an increased risk of bleeding, longer
hospital stays and higher inpatient hospital costs, and decreased survival (Meehan et al.,
2000; Kerkhoffs et al., 2008).

When patients generate immunoglobulin (1g)-G and IgM antibodies to HLA class | epitopes
expressed on transfused allogeneic platelets, platelet destruction can occur (Pavenski et af.,
2012). Recent data suggest complement activation leading to the destruction of platelets
bound by HLA allo-antibodies may play an important pathophysiologic role in antibody-
mediated platelet refractoriness (Kickler et al., 1990; Pavenski et al., 2012; Pavenski et al.,
2013). Eculizumab is a monoclonal antibody that binds and inhibits C5 complement,
blocking both the classic and alternative pathways of complement. Eculizumab is effective
in blocking complement-mediated red blood cell (RBC) destruction associated with
paroxysmal nocturnal haemoglobinuria and atypical haemolytic uremic syndrome (Hillmen
et al., 2006; Legendre et al., 2013), and has been approved by the FDA for this use.

To test the hypothesis that complement inhibition could be used to overcome immune-
mediated platelet transfusion refractoriness, we conducted a pilot trial utilizing eculizumab
to treat HLA allo-immunized patients with severe thrombocytopenia and platelet transfusion
refractoriness at risk of bleeding complications.

Patients and methods

Study design and participants

This single-arm pilot clinical trial was conducted between March 2015 and March 2017 in
HLA allo-immunized patients who were receiving treatment at the National Institutes of
Health (NIH) Clinical Center in Bethesda, MD, USA. Eligible adult patients aged 18 to 75
years had thrombocytopenia (due to congenital causes, bone marrow failure, haematologic
malignancies, and treatment-related causes) requiring platelet transfusions for a platelet
count of <10 x 1091 without bleeding or <30 x 1091 in the presence of active bleeding or
with a history of life-threatening bleeding. Patients were required to have detectable anti-
HLA A and/or B antibodies and immune-mediated platelet transfusion refractoriness, with
refractoriness defined by at least two consecutive occurrences of less than adequate
corrected platelet count increment (CCI): CCI < 7500 at 10-60 min (min) and CCI < 5000 at
18-24 h after each platelet transfusion (Novotny, 1999; Hod & Schwartz, 2008; Pavenski et
al,, 2012). Here, CCI, with a unit of (count/l) x m?/(count x 107°), was calculated based on
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the standard formula taking into account the body surface area of the patient and number of
platelets transfused, as the absolute platelet count increment (count/l) x body surface area
(m?)/(107° x the number of platelets transfused) (Trial to Reduce Alloimmunization to
Platelets Study Group, 1997; Davis et al., 1999; Novotny, 1999; Hod & Schwartz, 2008). We
tested HLA antibodies and antigens, compliant with the regulations under the Clinical
Laboratory Improvement Amendments, as described previously (Fasano et al., 2014;
Goldspiel et al,, 2014; Blau et al., 2015; Sissung et al., 2017). All the patients had evidence
of HLA antibodies within one month of enrolment.

Treatment schedule

Patients received a single intravenous infusion of eculizumab (1200 mg over 30-40 min)
followed by the first platelet transfusion within 48 h of eculizumab administration. All
patients received meningococcal vaccination and/or antibiotics for 14 days before
eculizumab was administered as prophylaxis for Neisseria meningitidis.

Outcome and statistical analysis

To monitor for a response following eculizumab administration, platelet counts were
obtained immediately pre-transfusion, 10-60 min and 18-24 h after the first two platelet
transfusions. The primary endpoint was the response to the eculizumab therapy. Patients
were defined as responding to therapy if one of the first two platelet transfusions following
eculizumab resulted in a 10-60 min CCI > 7500 together with a 18-24 h CCI > 5000 post
transfusion. Patients were taken off study 14 days following eculizumab treatment.
Responding patients with recurrent platelet refractoriness were eligible to re-enrol on study
but were not counted in the primary endpoint evaluation.

We used a Simon’s minimax two-stage design to test the null hypothesis that the proportion
of patients achieving response to therapy in the study was 20% or lower versusthe
alternative hypothesis that it was 60% or higher, with a type | error of 0:05% and 83%
power. We established that a sample size of 10 patients evaluable for the primary endpoint
was needed.

Total complement (CH50), as the most reliable and consistent measure for complement
inhibition (Costabile, 2010), was measured before and immediately after eculizumab
administration. The numbers of platelet transfusions given two weeks before and after
eculizumab administration were obtained for each patient. For each transfusion, the 1-h post-
transfusion platelet increments were calculated as the difference between the 10-60 min
post-transfusion platelet count and the pre-transfusion platelet count; and the days to next
transfusion were calculated as the interval between two consecutive transfusions.

Data are summarized as frequency (percentage), mean + standard deviation or median
(range) as appropriate. The differences in CH50 before and after eculizumab administration
were assessed by the Wilcoxon signed-rank test because the data are skewed. The difference
in the numbers of platelet transfusion before and after eculizumab was compared between
the patients responding to eculizumab and the non-responders using Welch’s two-sample &
test. For comparing the platelet transfusion response between the patients responding to
eculizumab and non-responders, linear mixed models were used to account for the within-
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subject correlation among the repeated transfusions for the same subject. Analysis was
performed using r statistical software version 3.6.0 (R Foundation for Statistical Computing,
Vienna, Austria).

We enrolled and treated 10 HLA allo-immunized patients (median age 39-5 years, range 20—
71 years; all were positive for HLA class | antibodies with a median panel reactive antibody
[PRA] of 77-5%, range 11-98%) who had severe thrombocytopenia and platelet
refractoriness with a single eculizumab infusion. Patients had an underlying diagnosis of
severe aplastic anaemia (17 = 4), refractory/relapsed acute myeloid leukaemia (7= 3; one
patient had just finished conditioning for a haplo-identical transplant at time of enrolment,
two post-multiple chemotherapy treatment), relapsed acute lymphoblastic leukaemia (7= 2;
post-matched unrelated and matched related transplants, respectively) and high-risk
myelodysplastic syndrome (7= 1) (Table I). No patient had splenomegaly or had undergone
a splenectomy. Most patients did not have other common non-immune-mediated causes for
platelet refractoriness, such as fever, sepsis or antibiotic therapy, within two weeks of
receiving eculizumab treatment (Table SI).

After eculizumab treatment, CH50 decreased significantly to <10 000 U/I in all patients
(compared to pre-treatment, median 55 000 U/I, range 39 000-126 000; 2= 0-006, Fig 1A).
The corrected platelet count increment (CCl), was calculated for the first two transfusions
(the first transfusion occurred on days 0-1 and the second transfusion occurred days 0-6)
after eculizumab was administered to evaluate the response to this agent. Four of 10 (40%)
transfusion-refractory patients had a response to therapy, with refractoriness resolving
following five eculizumab administrations (Table | and Fig 1B). Patient 1 received a second
eculizumab treatment for recurrent transfusion refractory thrombocytopenia two months
after her first response, and again had resolution of refractoriness based on CCI criteria
(Table I). Importantly, we observed that in three out of four patients where refractoriness
was overcome, the administered platelet product given immediately after eculizumab
expressed an HLA allele for which an HLA antibody had been detected in the patient’s
serum (Table I1). No drug-related adverse events were observed.

Mean platelet trajectories were calculated using 221 available platelet counts for two weeks
following eculizumab (Fig 2A). In responding patients, resolution of platelet refractoriness
resulted in a clinically meaningful reduction in the requirement for platelet transfusions: the
mean number of transfusions given two weeks before and two weeks after the eculizumab
infusion in responding patients decreased from 9-3 to 5.3 transfusions, respectively (A =
-3-5 £ 1.4); For non-responders (CCl-based criteria), no difference was observed (A =40 +
4.1). The changes in the number of platelet transfusions were significantly different between
the responding patients and non-responders (P= 0-004, Fig 2B).

Responses to 73 and 88 platelet transfusions two weeks before and two weeks following
eculizumab, respectively, are shown in Table I11. Compared to non-responders, the
responding patients had a greater mean increment in 1-h post-transfusion platelet counts
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(26:0 £ 17-3 vs. 9-4 + 9-5 x 1091, A= 0-038) and a trend towards having a longer time to the
next transfusion (2:5 days + 1-3 vs.1-4 = 1.2 = 0-10) after eculizumab treatment.

Discussion

The full elucidation of the pathophysiology mediating platelet refractoriness in the context
of HLA allo-immunization remains elusive. When patients generate 1gG and IgM against
HLA A and B class | epitopes expressed on allogeneic platelets, platelet destruction is
thought to occur by one of the known antibody-dependent mechanisms, namely eradication
via the reticuloendothelial system (RES), antibody-dependent cellular cytotoxicity (ADCC),
and complement activation. Some data suggest complement activation may play a more
important role in the pathophysiology of platelet HLA antibody-mediated refractoriness than
was previously appreciated (Kickler et al., 1990; Pavenski et al.,, 2012; Pavenski et al.,
2013). Fc regions of 1IgG HLA antibodies are capable of binding the first component (C1q)
of the classical (antibody-dependent) complement pathway resulting in complement
deposition (Thomas et al., 2015). The ability of anti-HLA antibodies to activate complement
leading to kidney graft destruction has previously been established (Loupy et al., 2013). The
inability to overcome platelet refractoriness by multiple sequential infusions of platelets,
high dose intravenous immunoglobulin (IVV1G), and splenectomy have established that full
saturation of the RES and FcRIIIA (resulting in full inhibition of natural killer cell-mediated
ADCC) are alone insufficient to prevent antibody-mediated platelet destruction, highlighting
the important role complement plays in this process (Pavenski et al., 2012).

To the best of our knowledge, this is the first systematic study to evaluate complement
inhibition as a method to overcome platelet refractoriness in thrombocytopenic patients who
are HLA-allo-immunized. As expected, all patients receiving eculizumab had substantial
complement inhibition as measured by CH50, with four (40%) having a response to therapy
and overcoming platelet refractoriness. Moreover, three of the four responders who were
HLA-allo-immunized overcame refractoriness despite receiving an HLA-mismatched
platelet product. This finding is of important clinical relevance for patients with uncommon
HLA types who have multiple different HLA antibodies or when the donor apheresis pool is
limited, as it may take several days for blood banks to acquire HLA-matched platelet
products or recruit HLA-matched platelet donors. Such delays put thrombocytopenic
patients with HLA allo-immunization at high risk for severe and life-threatening bleeding.
Additionally, for the 14 days following eculizumab treatment, responding patients had a
clinically meaningful reduction in the requirement for subsequent platelet transfusions by
nearly 50% and an increase in 1-h post-transfusion platelet increments.

Our results should be viewed within the context of the limitations of this pilot study. First, a
limitation of utilizing eculizumab to treat platelet refractoriness is the high cost of the drug.
Therefore, such therapy, would be intended to be reserved for platelet-refractory patients
with either active bleeding or for those defined to be at an extremely high risk for bleeding.
Secondly, the cause of platelet refractoriness is often multifactorial (Stroncek & Rebulla,
2007). It is important to consider that confounding non-immune factors such as fever, sepsis
and bleeding may all contribute to platelet refractoriness in HLA-allo-immunized patients
which could preclude a response to targeted complement inhibition with eculizumab (Table
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SlI). Of note, patient 2 achieved a 10-60 min CCI > 7500 with both post-treatment
transfusions but had a poor 18-24 h CCI. The patient, therefore, did not meet the strict
response criteria defined in the protocol (Table I). It is possible that other clinical factors
associated with this patient may have contributed to him not meeting the response criteria at
the 24- h timepoint. After eculizumab treatment, the patient developed persistent
neutropenic fever, requiring treatment with meropenem and vancomycin. His persistent fever
may have led to ‘excess platelet consumption’ causing the CCI to be low at the 24-h
timepoint. Although we could not consider him to have had a response per protocol, there
was some evidence suggesting a clinical benefit as he also met the 10-60 min CCI > 7 500
and 18-24 h CCI > 5 000 after the third and fourth transfusion of platelets given after
eculizumab treatment (Table SII). Since only 10 patients were treated in our trial, the study
was not powered to estimate the response rate precisely and is unable to identify unique
patient characteristics leading to refractoriness and factors predicting response to
eculizumab (Slichter et al., 2005; Solves et al., 2018). Nevertheless, the resolution of platelet
refractoriness in a subset of responding patients treated with eculizumab provides proof of
concept and data supporting complement as playing a pathophysiologic role in platelet
refractoriness. Additional biological correlative studies characterizing complement
activation, particularly on platelets, could potentially help distinguish patients who are most
likely to benefit from complement blockade.

Taken altogether, our study provides the first data showing complement inhibition with
eculizumab may have a therapeutic role in thrombocytopenic patients who are HLA-allo-
immunized and refractory to platelet transfusions, potentially buying time to acquire better
or fully HLA-matched platelet products or until platelet recovery occurs following
chemotherapy or haematopoietic stem cell transplantation. Based on the promising results of
this pilot trial, we believe a large multicentre study is warranted to establish the overall
efficacy of eculizumab as a therapeutic for HLA antibody-mediated platelet transfusion
refractoriness.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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