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ABSTRACT

ure red cell aplasia is an orphan disease, and as such lacks rationally
Pestablished standard therapies. Most cases are idiopathic; a subset is
antibody-mediated. There is overlap between idiopathic cases and
those with T-cell large granular lymphocytic leukemia, hypogamma-
globulinemia, and low-grade lymphomas. In each of the aforemen-
tioned, the pathogenetic mechanisms may involve autoreactive cytotox-
ic responses. We selected 62 uniformly diagnosed pure red cell aplasia
patients and analyzed their pathophysiologic features and responsive-
ness to rationally applied first-line and salvage therapies in order to pro-
pose diagnostic and therapeutic algorithms that may be helpful in guid-
ing the management of prospective patients, 52% of whom were 1dio-
pathic, while the others involved large granular lymphocytic leukemia,
thymoma, and B-cell dyscrasia. 'lg-ce%l—mediated responses ranged
between a continuum from polyclonal to monoclonal (as seen in large
granular lymphocytic leukemia). During a median observation period of
40 months, patients received a median of two different therapies to
achieve remission. Frequently used therapy included calcineurin-
inhibitors with a steroid taper yielding a first-line overall response rate
of 76% (53/70). Oral cyclophosphamide showed activity, albeit lower
than that produced by cyclosporine. Intravenous immunoglobulins were
effective Eoth in parvovirus patients and in hypogammaglobulinemia
cases. In salvage settings, alemtuzumab is active, particularly in large
ranular lymphocytic leukemia-associated cases. Other potentially use-
ul salvage options include rituximab, anti-thymocyte globulin and
bortezomib. The workup of acquired pure red cell aplasia should include
investigations of common pathological associations. Most effective ther-
apies are directed against T-cell-mediated immunity, and therapeutic
cﬁoices need to account for associated conditions that may help in
choosing alternative salvage agents, such as intravenous immunoglobu-
lin, alemtuzumab and bortezomib.

Introduction

Pure red cell aplasia (PRCA) can be inherited (Diamond Blackfan Anemia, [DBA])
or acquired (aPRCA). The latter is further subclassified as B19 parvovirus-associat-
ed (transient) aplastic crisis (TAC),' drug-associated cases’ (e.g., allopurinol, azathio-
prine, diphenylhydantoin, rifampicin, valproic acid etc.), primary idiopathic aPRCA
with various (immune) etiologies, and secondary aPRCA associated with other con-
ditions, including B-cell dyscrasias (chronic lymphocytic leukemia [CLL])?
Waldenstrom macroglobulinemia,* monoclonal gammopathy of undetermined sig-
nificance (MGUS)’ and multiple myeloma,® T-cell lymphoproliferative disorders
(large granular lymphocytic (LGL) leukemia)”® or solid organ malignancies (most
commonly thymoma),” and collagen vascular/autoimmune processes with aPRCA
overlap."" Myelodysplastic syndromes (MDS) can mimic PRCA morphologically.*
aPRCA may also be a forerunner of acquired aplastic anemia (AA).

The hallmark of PRCA is reticulocytopenic, malproductive anemia (absolute
reticulocyte count < 10,000/ul [reticulocyte percentage, <1%]),” which is diag-
nosed after the exclusion of obvious causes of anemia. The absence or profound
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Table 1. Patient characteristics (including immunological/molecular characteristics) in different acquired immune-mediated PRCA groups.

LGL/PRCA (14) Idiopathic PRCA with True idiopathic PRCA
thymoma (9) without thymoma (32)

Sex (male) 9 (64%) 4 (44%) 18 (56%)
Age (median years, range) 68 (32-82) 54 (25-89) 60 (28-87)
Hb g/dl (mean+SD) 6.8+2.1 6.8+2.5 7.9£2.3
EPO mIU/ml (mean+SD) 1318+1062 3393+1959 1368+1199
Reticulocyte % (mean+SD) 0.6+0.5 0.3+0.5 0.4+0.3
M:E ratio (mean+SD) 13+10 9+2 13+9
MGUS+ (n) 314 none 4/32
Hypogammaglobulinemia (n) 3/14 2/9 6/32
TCR (+/tested) 14/14 2/6 6/30
CD4/CD8 (median) 0.2 0.6 1.5
CD16/56 (median) 1.5 18.0 7.0
vp expansion (+/tested) 13/14 179 5/32
STAT3 (+/tested) 5/11 0/5 0/12

EPO: erythropoietin; Hb: hemoglobin; LGL/PRCA: large granular lymphocytic leukemia related/pure red cell aplasia; M:E: myeloid-erythroid ratio; MGUS: monoclonal gammopa-

thy of undetermined significance; TCR: T-cell rearrangement.

depletion of erythroid precursors is sine qua non for PRCA.
Secondary PRCA is often dominated by the underlying
disease. B19-associated PRCA is due to the lytic activity of
the virus on pronormoblasts,'® which is seen as large
proerythroblasts with vacuolated cytoplasm and
pseudopodia (“giant pronormoblasts”).

After the exclusion of viral etiologies, congenital dis-
eases and drug reactions, idiopathic PRCA would be the
most common cause, with the majority of cases thought
to be mediated by autoreactive T-cells. This is likely via
selective T- or natural killer (NK)-cell-mediated killing of
erythroid colony (CFU-E) and burst (BFU-E) forming units,
thereby inhibiting red cell precursor progression to mature
erythrocytes.”* By analogy with acquired neutropenia,
“idiopathic” PRCA is typically T-cell-mediated. In con-
trast, “autoimmune PRCA” mediated by antibodies is less
common,'”® and most anti-erythroid antibodies would
typically result in immune hemolytic anemia. Anti-ery-
thropoietin (EPO) antibody-mediated PRCA induced by
recombinant EPO can be considered as a specific form of
autoimmune-PRCA.”** Thymoma-associated PRCA may
be either considered as secondary or primary with
immune etiology. While some patients respond to T-cell-
directed immunosuppression, other patients have under-
lying diseases that involve humoral immunity (e.g., rela-
tion to myasthenia gravis),” and those are cases which are
less responsive to such therapies. A similar association is
suggested by the occurrence of PRCA in the context of
Good’s syndrome (thymoma, combined variable immun-
odeficiency and PRCA).*

Although PRCA is rare, it is very diverse. This diversity
seems to be related to overlapping pathologic and clinical
associations for which systematic studies of these correla-
tions have not been performed. Clearly, the rarity of the
disease precludes the accumulation of clinical experience
based on clinical trial evidence. Instead, current practices
are mostly driven by retrospective analyses of case reports
and series. Using data from a large number of PRCA
patients seen in our center, we analyzed clinical presenta-
tions, pathophysiologic features, and clinical responses to
different therapeutic options.

Methods

Patient populations

Based on uniformly defined criteria (Online Supplementary Table
S1), 62 cases of PRCA, confirmed by bone marrow biopsy and
treated at the Cleveland Clinic between the years 2000 and 2016,
were included in the retrospective analysis (Online Supplementary
Table S2 and Online Supplementary Figure S1). Informed consent
was obtained per protocols approved by the Institutional Review
Board in accordance with the Declaration of Helsinki. Clinical
parameters of the patients, including demographics, blood counts,
treatment specifics, and survival times, were obtained from med-
ical records. The primary end-point was a hematological response
in terms of an appropriate rise in reticulocytes/hemoglobin and
becoming transfusion-independent, as determined by two sepa-
rate measurements after the first eight weeks of initiating the
treatment. This is the earliest time for assessment of response. By
contrast, borrowed from more systematic studies in aplastic ane-
mia and systemic immunosuppression, response was again
assessed at the 3-month milestone, and in less common circum-
stances monitored for six months until defining it as a non-respon-
der to a particular treatment. Normal blood counts were deter-
mined using hospital standards.

Response criteria

Complete response (CR) was defined by an appropriate rise in
the reticulocyte count, commensurate to the level of hemoglobin
rise, in addition to becoming transfusion-independent followed by
subsequent normalization of hemoglobin levels after eight weeks
of initiating the treatment (Online Supplementary Table S3). Partial
response (PR) was defined when there was no appropriate rise in
reticulocyte count and the patient was still anemic, but their trans-
fusion requirement became less frequent than it was prior to initi-
ating the drug. No response (NR) was defined when none of the
above criteria were met at the end of eight weeks. Complete
response rate (CRR) was calculated as the percentage of patients
with CR over the total number of patients who received the drug.
Overall response rate (ORR) was calculated as the percentage of
patients with both CR and PR over the total number of patients
who received the drug. We have distinguished primary and a co-
associated PRCA cases. In those secondary cases with T-cell large
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granular lymphocytic (T-LGL) leukemia, the corresponding LGL
leukemia treatment would not differ from that of “idiopathic”
PRCA, and response in LGL would be determined according to the
improvement of anemia. However, in cases associated with B-cell
dyscrasia, B-cell modalities would include rituximab or borte-
zomib. In the latter cases, the response was monitored by mono-
clonal protein levels, but due to the low number of cases, a corre-
lation between the level of decrease in M-protein and the overall
response was not statistically established.
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Targeted sequencing was completed using Nextera Custom
Enrichment library (Illumina). The custom targeted panel consist-
ed of capture probes for genes known to be relevant in MDS,
acute myeloid leukemia (AML) and other hematologic malignan-
cies (both somatic and germline targets, N=169). The list of genes
targeted can be found in Omnline Supplementary Table S4. The
enriched targets were subjected to massive sequencing using
llumina MiSeq sequencer, with an average target depth of 260x.
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Figure 1. Pathogenesis of pure red cell aplasia (PRCA) in
our cohort. (A) Different causes of PRCA affect red cell pro-
duction in different ways. Parvovirus causes direct cytolysis
of erythroid precursor cells. Several drugs are implicated in
causing PRCA, probably through a direct toxic effect. EPO
antibodies can recognize antigens at the erythroid burst
forming unit (BFU-E) level and cause PRCA. There is a wide
range of antigen recognition by CTL exhibiting a polyclonal
response, seen as negative TCR (T-cell gene rearrangement)
by testing, which, however, still causes PRCA, probably by
direct cytotoxicity. At the other end of the spectrum are LGLs

that are monoclonal with STAT3 mutations and can recog-
10 nize antigens at the erythroid precursor level, and thus
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CTL: cytotoxic lymbhocytes; E:M: erythroid-myeloid ratio; LGL: large granular

lymphocytes; PRCA: pure red cell aplasia; aPRCA: acquired PRCA.
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cause PRCA. (B) Flow cytometry VB analysis of the peripher-
al blood of individual representative patients from the
cohort shows clonal skewing. lllustration shows a spectrum
of polyclonal to oligoclonal to monoclonal response of CTL in
individual patients with PRCA.




- S.K. Balasubramanian et al.

The generation of BAM (bam) files (alignment with Burrows-
Wheeler Aligner [BWA] 0.7.9a) with its preprocessing and detec-
tion of somatic point mutations / insertions and deletions was
carried out in accordance with the Genome Analysis Toolkit
(GATK) best practices. Only variants with high-quality reads
and a minimum depth of at least 20 and six positives were con-
sidered for further analysis. Sequencing results were annotated
using ANNOVAR.* Variants were considered somatic if they
were not reported within the Exome Aggregation Consortium
(ExAC) germline database (ExAC, Cambridge, MA, USA). Novel

Immune mediated PRCA

and other RA drugs if RA+

globulin.

splicing, stop-gain and insertions-deletions variants were priori-
tized and studied further.

Statistical analysis

The R package forest plot was used to plot odds ratios (OR)
computed using Fisher’s exact test and response rates, the 95%
confidence intervals of which were computed using logistic
regression, i.e., the R function generalized linear model (glm) was
used with y ~ 1 as the model and the statistical distribution family
set to binomial.
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MGUS: monoclonal gammopathy of undetermined significance; RA: rheumatoid arthritis; ATG: anti-thymocyte

Figure 2. Treatment algorithm for immune-mediated PRCA in our patient cohort. Cyclosporine or cyclophosphamide with a steroid taper is the first-line choice of
treatment in both idiopathic and LGL- related PRCA. Maintenance treatment with immunosuppressive therapy is usually needed, and varies based on the sustainabil-
ity of the response obtained (see text for details). Methotrexate is used in a salvage setting in LGL/PRCA, but has no role in idiopathic PRCA. Alemtuzumab is one of
the commonly used salvage options in refractory PRCA.
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sification of PRCA patients (n=62) in our cohort is demon-
strated in Ounline Supplementary Figure S1 and Online
Supplementary Table S2. The pathogenesis of PRCA seen in
our cohort of patients is illustrated in Figure 1. Excluding
the DBA patients (Online Supplementary Table S5), the
median age at presentation was 62 years (25-87 y) with a

Results

Clinical features of PRCA

From January 2000 to December 2016, we saw and
treated 62 patients with PRCA who fulfilled the diagnostic
criteria of one of the clinical subentities. The clinical clas-

Table 2. Treatment response rates in all aPRCA patients.

reatment First-line CRR Overall CRR ORR

Cyclosporine/tacrolimus’ 40% (10/25) 49% (34/70) 76% (53/70)
CP 15% (1/7) 27% (8/30) 45% (14/31)
MTX 0/4 20% (2/10) 30% (3/10)
IVIG®

Rituximab* NA 30% (4/13) 62% (8/13)
Alemtuzumab (Campath) NA 38% (5/13) 54% (7/13)
ATG NA 10% (1/10) 30% (3/10)
Others* NA 40% (6/15) 60% (9/15)

#Tacrolimus used only in salvage setting when initial response to CsA was suboptimal or when intolerant to CsA in the firstline (7/11 patients responded in salvage treatment
when response to CsA was suboptimal).“IVIG responses are elaborated in detail in Table 3.°Rituximab used only in salvage setting when multiple prior IST failed. *Others include
danazol, mycophenolate mofetil (Cellcept),bortezomib (Velcade) =+ steroids,and erythropoietin (Procrit). ATG: anti-thymocyte globulin; CP: cyclophosphamide (Cytoxan, CTX);
CRR: complete response rate (CR/number treated); IVIG: intravenous immunoglobulin; ORR: overall response rate (CR+PR/number treated); MTX: methotrexate.

A Response Probabilities vs. Treatment
Drugs Response Rate  Response Probability (95% CI)
Cyclosporine/Tacrolimus 53/70(76%) 0.757 (0.649, 0.847) —a—
Cyclophosphamide 14/31(45%) 0.452 (0.286, 0.625) —
Methotrexate 3/10(30%) 0.3 (0.085, 0.607) FH—&—
IVIG@ 19/33(58%) 0.576 (0.406, 0.734) —a
Rituximab 8/13(62%) 0.615 (0.348, 0.841) —
Alemtuzumab 7/13(54%) 0.538 (0.279, 0.784) ——
ATG 3/10(30%) 0.3(0.085,0.607) +—=—
Other* 9/15(60%) 0.6 (0.351, 0.817) ——
0.075 0.30.450.60.750.91
Response Probability
B 0 . .
Proportion Responding Odds Ratios
Drugs LGL non-LGL OR P-value
Cyclosporine/Tacrolimus  11/20(55%)  42/50(84%) 0.24  0.02  m—
Cyclophosphamide 7/15(47%) 7/16(44%) 1.12 1 .
vige 2/3(67%)  17/30(57%)  1.51 1 =
Rituximab 1/2(50%) 7/11(64%) 0.6 1 ¢
Alemtuzumab 6/8(75%) 1/5(20%)  9.47 0.1 '
ATG 2/4(50%) 116(17%)  4.17 05 -
Other* 2/7(29%) 7/8(88%) 0.07 0.04 =
I 1T T T 17 1T 1T 11

012345678910
Odds Ratio (OR)

ATG: anti-thymocyte globulin; IVIG@: intravenous gammaglobulin (see also Table 3); other* includes
danazol, mycophenolate mofetil, bortezomib, erythropoietin, abatacept (Orencia), tofacitinib (Xeljanz).

Figure 3. Response probabilities across various treatment options in aPRCA. (A) Cyclosporine and tacrolimus are the most effective drugs for PRCA in our cohort.
The details of IVIG response rates are elaborated in Table 3. Rituximab is used only in the salvage setting when the front-line options have failed, including commonly
used salvage treatments such as alemtuzumab. ATG is used purely as a salvage option, but only shows mediocre, but acceptable, response rates. The other salvage
treatment options include danazol, mycophenolate mofetil, bortezomib, erythropoietin, abatacept (Orencia), and tofacitinib (Xeljanz) etc., all of which show good
response rates when used in the right setting (see text for details). (B) Response proportion for different treatment options: comparison between LGL vs. non-LGL
PRCA groups. Cyclosporine and tacrolimus show better RR in the non-LGL group, whereas campath (alemtuzumab), though not statistically significant, works better
in LGL-PRCA. Patients with parvovirus PRCA, and those presenting with low immunoglobulin levels in PRCA show excellent RR with IVIG (see also Table 3).
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Table 3. Treatment response rates in LGL and non-LGL aPRCA patients.

LGL-associated PRCA non-LGL PRCA
First-line CRR Overall CRR ORR First line CRR  Overall CRR
Cyclosporine/tacrolimus’ 25% (2/8) 20% (4/20) 55% (11/20) 50% (9/18) 60% (30/50) 84% (42/50)
CP (072) 20% (3/15) 47% (7/15) 20% (1/5) 25% (4/16) 44% (7/16)
MTX (0/4) 20% (2/10) 30% (3/10) NA NA NA
IVIG®
Rituximab?® NA (0/2) 50% (1/2) NA 36% (4/11) 64% (7/11)
Alemtuzumab NA 63% (5/8) 75% (6/8) NA (0/5) 20% (1/5)
ATG NA 25% (1/4) 50% (2/4) NA (0/6) 17% (1/6)
Others* NA (07 29% (2/7) NA 75% (6/8) 88% (7/8)
Parvovirus B19 PRCA with Idiopathic PRCA refractory to IST*
“VIG Overall RR PRCA hypogammaglobulinemia with LGL  without LGL
100 % (4/4) 100% (11/11) 66% (2/3)  13% (2/15)

“Tacrolimus used only in salvage setting when initial response to CsA was suboptimal or when intolerant to CsA in the first-line (7/11 patients responded in salvage treatment
when response to CsA was suboptimal). *Rituximab used only in salvage setting when multiple prior IST failed. Others include danazol, mycophenolate mofetil (Cellcept),borte-
zomib (Velcade) #steroids,and erythropoietin (Procrit).*Normal levels of gammaglobulins. ATG: anti-thymocyte globulin; CP: cyclophosphamide (Cytoxan,CTX); CRR: complete
response rate (CR/number treated); IVIG: intravenous immunoglobulin; MTX: methotrexate; ORR: overall response rate (CR+PR/number treated).

slight male predominance (n=34, 55%; P=0.6). Among the
aPRCA patients (Online Supplementary Table S1), most
were idiopathic (n=32, 52%) or followed by LGL
leukemia (n=14, 22%) or thymoma (n=9, 15%); less com-
mon were Bl19-related PRCA patients (n=4, 6%;
P=0.00004). Intriguingly, one patient initially treated for
LGL-associated PRCA was later found to be positive for
parvovirus on repeated DNA polymerase chain reaction
(PCR) testing. The clinical characteristics of the acquired
immune-mediated PRCA groups are listed in Table 1. The
median follow-up of aPRCA patients in our cohort was
40 months (range: 1-133 months). The total number of
aPRCA patients who were in remission during the last
follow up was 46 (including partial and complete). The
median number of different therapeutic approaches used
to achieve remission was two (range: 1-8). Maintenance
treatment with immunosuppressive agents was usually
continued for a year or two, at the least, and gradually
tapered off if the disease was stable. The OS and disease-
free probability at 5/10 years in our cohort were 0.835
(95% confidence interval [CI] 0.695, 1) /0.674 (95% CI
0.472, 0.963) and 0.675 (95% CI 0.529, 0.861) /0.496
(95% CI 0.321, 0.764), respectively (Online Supplementary
Table S2).

Immunological characterization of acquired
immune-mediated PRCA patients

The distributions of MGUS, hypogammaglobulinemia,
presence of T-cell receptor (TCR) rearrangement, median
CD4/CD8 ratio, median CD16/CD56 ratio, and Vf
expansion are listed in Table 1. There were eight cases in
the idiopathic aPRCA group who had clonal TCR
rearrangement but did not fulfill the criteria for LGL (Table
1 and Ounline Supplementary Table S6). The CD4/CD8 ratio
was significantly lower among the LGL/PRCA group (0.2)
compared to the idiopathic group with and without thy-
moma (0.9 and 1.5; P=0.0064) (Online Supplementary Figure
S2). Some cases (n=6) of idiopathic aPRCA also demon-
strated VB expansion. However, it appeared that there
was a significant clinical overlap between LGL-associated
and idiopathic cases of aPRCA.

Mutational status of acquired PRCA patients

The STAT3 mutation in the LGL/PRCA patients were
positive in 5/11 patients tested, whereas 17 patients tested
negative in the idiopathic group. Mutational analysis
using a targeted myeloid next-generation sequencing
(NGS) panel (Nextera, Illumina; see Methods) was per-
formed in a selected subgroup of patients during diagnos-
tic workup of their anemia. No somatic clonal mutations
typical of MDS were found in 12 patients tested with idio-
pathic, otherwise typical aPRCA. Alterations found in
genes affected in MDS were present in five typical idio-
pathic aPRCA patients and were considered to be of
germline origin (Online Supplementary Table S7). None of
these patients fulfilled the diagnostic criteria for MDS.

Immunosuppressive therapy

A rational treatment algorithm applied to our patients is
illustrated in Figure 2. The choice of our first-line treat-
ment differed based on the underlying cause of PRCA.
The first-line CRR, overall CRR and ORR are illustrated in
Figure 3 (see also Table 2 and Table 3).

The most common first-line treatment used in idiopath-
ic aPRCA was cyclosporine (CsA) combined with a
steroid taper (prednisone [P]). This yielded an ORR of
76% (53/70) and first-line CRR and overall CRR of 40%
(10/25) and 49% (34/70), respectively. Slight alterations in
creatinine after initiation of CsA triggered periodic moni-
toring of kidney function. Further drug administration was
either stopped or adjusted if creatinine trends worsened.
ORR was better in non-LGL- vs. LGL-related PRCA (84 %
vs. 55%, P=0.01) (Figure 3B and Table 3). CsA was avoided
as a first-line treatment, especially in patients with renal
failure. Tacrolimus was used in salvage mode or in lieu of
CsA when it was not tolerated by patients.

The second most common first-line choice of treatment
was cyclophosphamide (CP, [Cytoxan, (CTX)]) with a
steroid taper. ORR was 47 % (14/30), first-line CRR 15%
(1/7) and overall CRR 27% (8/30), i.e., lower than with
CsA (P=0.6 and P=0.2, respectively). In subgroup analysis,
there was no discernible difference in overall RR among
the LGL and non-LGL group (Figure 3B and Table 3).



Table 4. Outcomes of PRCA reported from different studies.

Studies Etiology Drugs Response rate (RR)
Clark et al.* [n=37]; 1984 27 idiopathic
10 secondary Cytotoxic drugs* + cs 56% (18/32) remission
with cytotoxic drugs* + cs
Lacy et al™ [n=47]; 1996 25 idiopathic IST (CsA & CTX) 60% ORR
9 LGL leukemia (LGL/PRCA vs. idiopathic
4 thymoma PRCA; 88% vs. 56%)
4 CLL- and 2 NHL-related PRCA
Kwong et al* [n=16]; 1996 9 idiopathic CsA&cs 23% (3/13) with cs, 66% (4/6) with CsA
7 secondary (3 LGL)
Mamiya et al* [n=150]; 1997 35 acute PRCA CsA & cs 82% (31/38) with CsA & 54% (50/92) with cs
51 idiopathic
64 secondary
Casadeval et al* [n=13]; 2002 CKD and EPO antibodies IST 46% (6/13)
Sawada et al.* [n=T3]; 2007 Idiopathic CsA & cs 74% (23/31) with CsA, 60% (12/20) with cs
Hirokawa et al.*" [n=41]; 2008 Thymoma Surgical removal 95% (19/20) with CsA, 46% (6/13) with cs
of thymus + IST (CsA & CTX)
D’Arena et al.* [n=4]; 2009 CLL Rituximab 100% complete remission at 16wks. post treatment
Risitano et al.* [n=12]; 2010 3 Thymoma Alemtuzumab CRR of 67% (8/12);
(1 thymoma with MGUS), partial RR of 17% (2/12)
remaining idiopathic
Crabol et al.® [n=10]; 2013 Parvovirus B19* IVIG 90% (9/10) after first course
Wuet al* [n=34]; 2016 15 idiopathic CsAws. csvs. ¢s + CSA CRR of 27.8% vs. 6.67%
5 thymoma vs. 66.7%
7LGL
7 others’
Korde et al* [n=51]; 2016 12 MGUS Only 7 were treated 43% (3/7) CRR
with bortezomib & lenalidomide
32 idiopathic Etiology based
14 LGL therapeutic approach;
9 thymoma CsAtacrolimus, CTX, MTX, IVIG, As in Figure 3 and
Present study [n=62] 4 parvovirus B19-  alemtuzumab, rituximab, ATG and others” Tables 2 & 3

4 congenital

*6 Mercaptopurine, azathioprine and cyclophosphamide. AOthers include danazol, mycophenolate mofetil, bortezomib, erythropoietin, abatacept (Orencia), and tofacitinib
(Xeljanz). “Others include viral cause and mismatched allogeneic stem cell transplant. LGL: large granular lymphocytic; CLL: chronic lymphocytic leukemia; MGUS: monoclonal
gammopathy of undetermined significance; CsA: cyclosporine; cs: corticosteroids; CTX: cytoxan (cyclophosphamide); IST immunosuppressive therapy; IVIG: intravenous gam-
maglobulin; CKD: chronic kidney disease; EPO: erythropoietin; ORR: overall response rate; CRR: complete response rate; MTX: methotrexate; ATG: anti-thymocyte globulin;
LGL/PRCA: large granular lymphocytic leukemia related/pure red cell aplasia; NHL: non-hodgkin lymphoma.

Occasionally, methotrexate (IMTX) was used as a first-line
choice of treatment with a steroid taper, especially in the
context of LGL-associated PRCA: the overall CRR
remained low (20%, 2/10) along with the ORR (30%,
3/10) (Figure 3A and Table 2).

In our cohort, 13 refractory patients received Campath
(alemtuzumab) therapy with an ORR of 54% (7/13)
(Figure 3A and Table 2). Campath, used only as a salvage
option on a compassionate basis, showed promising
results in the LGL-associated PRCA group, with an ORR
of 75% and overall CRR of 63% (Figure 3B and Table 3).
Campath was given at a dose of 10 mg/week for 4-6
weeks following a test dose of 3 mg in the first week, and
assessed for response with careful monitoring of the blood
counts. Epstein-Barr virus (EBV) and cytomegalovirus
(CMV) testing were carried out prior to starting campath

so that appropriate antiviral prophylaxis could be given
with the drug. Patients with good responses stayed on a
maintenance dose of 10 mg subcutaneously every four to
eight weeks based on their response; in most cases, clini-
cal response was associated with the improvement of rel-
ative - or when present - absolute lymphocytosis and a
decrease in the percentages of LGL in the blood. None of
our patients had any adverse events following the use of
campath at this dose. When anti-thymocyte globulin
(ATG) was used in otherwise refractory aPRCA, ORR was
low at 30% with only 1/10 patients showing a CR (Figure
3, Tables 2 and Table 3). Rituximab, used only in the sal-
vage setting (mainly deployed in situations where the
patients failed multiple T-cell-directed immunosuppres-
sive therapy), showed similarly low RR (overall CRR 36%
and ORR 64%; Table 2 and Table 3).
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Special considerations

Intravenous immunoglobulin (IVIG), primarily used in
parvovirus-related PRCA, showed a 100% ORR in four
selected patients (Table 3), and 3/4 patients remained in
complete remission during their last follow up (median
follow-up of 23.4 months), except for one patient whose
response only lasted for about three months, and who
was still not in CR after several rounds of different
immunosuppressive therapies (IST). IVIG was also found
to be effective in patients with low immunoglobulins
(including Good’s syndrome) with an excellent ORR
(11/11, 100%), however, the response was short-lived,
lasting less than three months for most, with the excep-
tion of three patients who remained in CR, requiring only
monthly maintenance of IVIG. The response to IVIG was
only mediocre when used in idiopathic aPRCA patients
who were refractory to prior rounds of multiple IST (22%,
4/18; Table 3). In two patients with MGUS and PRCA,
bortezomib (Velcade) was used and a CR and PR were
achieved. Similarly, a response was seen in patients with
PRCA and immunoplasmacytic lymphoma/von
Waldenstrom’s macroglobulinemia. Out of nine patients
with thymoma, one achieved a CR after thymectomy
without additional treatment; 6/7 remained in CR after
requiring maintenance IST. With respect to DBA patients
in our cohort, 3/4 were responsive to prednisone and/or
anabolic steroids until the end of last follow up.

Other salvage options used include anabolic steroids
(danazol), mycophenolate mofetil (cellcept), abatacept
(orencia), tofacitinib (xeljanz) and epoetin alfa (procrit).
Orencia and cellcept were used primarily in LGL PRCA
patients who failed to respond to campath, our first-line
salvage option for them. In general, second-line salvage
options, used in the right setting, showed a moderate
ORR of 60%, but an overall RR of 88% in the non-LGL
group (Figure 3, Table 2 and Table 3).

Discussion

Progress in the management of rare diseases relies on
the accumulation of empiric experiences, integrative
analyses of several cases, and rarely, clinical trials.
Guidelines for the management of PRCA are incomplete
and, outside of a few referral centers, patients rely on the
inquisitive minds of their hematologists. Given the rarity
of this condition, we were inspired to further investigate
the large number of cases of PRCA seen in our institution.
A summary of our diagnostic approach and treatment
results, and study outcomes previously published, are
shown in Table 4. We also studied patient etiology, clinical
phenotypes, immunological characteristics and genomic
data. Our diagnostic approach was based on rational steps
to exclude congenital disease (rare in adults), and malpro-
ductive anemia, which includes nutritional deficiencies,
systemic diseases, and iatrogenic/drug-related diseases.
Thereafter, infectious etiologies, in particular B19-mediat-
ed TAC, were distinguished in order to arrive at idiopath-
ic- and pathophysiologically-related T-LGL cases. The
diagnostic fractions obtained by this approach likely
reflect those that would be seen in the community.
Idiopathic aPRCA is present in a high percentage of cases
and is likely T-cell-mediated. There are also reports of
PRCA mediated by antibodies specific for erythroid pro-
genitors.'*"® Mature red cells would have to lack such a tar-

get antigen as they would have been annihilated other-
wise, as is the case in hemolytic anemia. While anti-EPO
antibodies have been invoked in some cases treated with
recombinant EPO, in our cohort not a single case suggest-
ed the presence of such antibodies. Nevertheless, rare
responses to rituximab may imply the presence of ery-
throid antibodies in an occasional patient, but routine lab-
oratory tests are not available to identify such patients.
Lastly, the identification of clonal mutations, including
subclonal hierarchy, with an assigned role in MDS may
seem to suggest some are cases of “missed” MDS, or early
developing MDS, but our results do not support this
notion. Conversely, the presence of clonal events in older
patients may simply be consistent with the diagnosis of
clonal hematopoiesis of indeterminate potential (CHIP) or
underscore, as in aplastic anemia, the contraction of nor-
mal progenitor and stem cell pools with a greater likeli-
hood of detecting clonal events.?>*

The most common form of idiopathic aPRCA is medi-
ated by a spectrum of T-cell responses, ranging from poly-
clonal to oligo and monoclonal, as seen in T-LGL where it
constitutes a maximally skewed version of an originally
polyclonal response. The presence of STAT3 mutations
may support this notion,” as STAT3 mutant clonal cells are
usually a subfraction of clonally TCR-rearranged cytotoxic
lymphocytes (CTL) as determined by quantitative analy-
ses of TCR Vp-chain sequencing (data not shown).
Similarly, VB flow cytometry performed herein showed
increased clonal skewing in some cases of aPRCA short of
fully defined monoclonal expansion (Figure 1B). It is pos-
sible that a similar process is present in patients with B-cell
dyscrasias. Abnormal B-cell or plasma cells can trigger a
cross-reactive T-cell response” that can evolve from poly-
clonal to clonal and be further fixed by STAT3 mutations.
Such a scenario would explain the need to treat underlying
B-cell/plasma cell lymphoproliferative processes, even if it
is otherwise asymptomatic. Indeed, the presence of severe
anemia may upstage the morphologically weighted sever-
ity of these conditions. Similar processes may also be
operative in cases with thymoma, wherein a clearly IST-
sensitive process is maintained by the presence of thymo-
ma and interrupted by thymectomy. An alternative mech-
anism may be operative in hypogammaglobulinemia,
wherein excessive, possibly cross-reactive responses are
triggered by antigens that cannot be cleared due to the
underlying immunodeficiency, as in cases of hypogamma-
globulinemia in Good’s syndrome.” Significantly, some
cases of aPRCA have also been described in the context of
NK-LGL,” but while occasional cases did show nonspecif-
ic elevation of NK cells, we did not encounter such situa-
tions in our patients.

The proper distinction of pathogenetic mechanisms is
essential for selecting the most effective therapeutic
modality. Historically, CsA has by far been the most suc-
cessfully used drug in the treatment of idiopathic aPRCA,
with responses ranging from 66-95%.**° However, most
of these studies did not examine a rational selection of
treatments in various clinical contexts, nor did they com-
pare efficacies to those of other available drugs. Herein,
the systematic administration of CsA showed a similar
response rate, however, a subgroup analysis revealed bet-
ter responsiveness of non-LGL vs. T-LGL-associated
PRCA. Tacrolimus showed activity as a salvage option in
a few reports,”* and we were able to substantiate those
findings in our study. While no head-to-head comparisons



were conducted, previous reports suggested lower
response rates to CTX vs. CsA, but prior studies utilized
various combinations of CTX and involved relatively
small numbers of patients.””*"*” Nevertheless, given results
comparable to CsA, CTX remains a front-line option in
aPRCA, particularly in older patients and taking into con-
sideration the oncogenic risks associated with chronic
exposure to CTX. Despite the widespread application of
MTX in T-LGL, its utility is mostly in the treatment of
idiopathic or LGL-associated neutropenia, and results
with MTX in aPRCA appear to be inferior to those of CsA
or CTX.

Conceptually, the lack of response to IST may be due to
insufficient intensity or alternate pathophysiology.
Assuming that the latter forms are rare, salvage IST agents
include campath and ATG. Campath has been effective in
autoimmune disorders and in T-LGL,"* thus, we and oth-
ers treat aPRCA with this drug,®* using low-dose subcu-
taneous regimens to limit infectious complications. Our
experience with campath in aPRCA has shown that it
yields the highest number of meaningful responses in
patients, including those refractory to CTX or CsA and
those who could not tolerate calcineurin inhibitors.
Despite the small number of patients, our results indicate
that the best response can be expected in T-LGL-associat-
ed PRCA. The concern of IST-related infectious complica-
tions with campath dictates antimicrobial-antiviral pro-
phylaxis and careful monitoring. With these measures and
low-dose subcutaneous treatment, the risks appear to be
manageable. ATG has been reported to be used in a few
patients with aPRCA. It was used in our series as a salvage
option that had an acceptable success rate.

The identification of B19-related chronic PRCA or TAC
has obvious therapeutic implications.”* Indeed, the
results herein are similar to those of a published series:*
3/4 patients receiving IVIG for parvovirus PRCA respond-
ed with durable remissions. It is possible that patients
with immunodeficiency, even in the absence of diagnostic
signs of B19, may benefit from IVIG that could clear a
hypothetically unrecognized viral agent. We recorded
responses in hypogammaglobulinemic patients (including
Goods syndrome), who received IVIG as preparation for
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