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Bone marrow T-cell infiltration during acute GVHD is associated with
delayed B-cell recovery and function after HSCT
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B-cell immune dysfunction contributes to the risk of severe infections after allogeneic
hematopoietic stem cell transplantation (allo-HSCT). Delayed B-cell regeneration is found

e Donor T-cell infiltration of the
bone marrow is associated
with impaired B-cell immunity
after allogeneic HSCT.

¢ Quantification of k-deleting
recombination excision circles
as a biomarker for bone
marrow B-cell output in
different clinical episodes.

in patients with systemic graft-versus-host disease (GVHD) and is often accompanied by
bone marrow (BM) suppression. Little is known about human BM GVHD. We analyzed the
reconstitution kinetics of B-cell subsets in adult leukemic patients within 6 months after
allo-HSCT. B-cell deficiency already existed before transplant and was aggravated after
transplant. Onset of B-cell reconstitution characterized by transitional B-cell recovery
occurred either early (months 2-3) or late (from month 6 on) and correlated highly
positively with reverse transcription-polymerase chain reaction quantified humbers of
k-deleting recombination excision circles (KRECs). Delayed recovery was associated
with systemic acute GVHD and full-intensity conditioning therapy. Histological analysis
of BM trephines revealed increased T-cell infiltration in late recovering patients, which
was associated with reduced numbers of osteoblasts. Functionally, late recovering pa-
tients displayed less pneumococcal polysaccharide-specific immunoglobin M-producing B cells on ex vivo B-cell activation than
early recovering patients. Our results provide evidence for acute BM GVHD in allo-HSCT patients with infiltrating donor T cells and
osteoblast destruction. This is associated with delayed B-cell reconstitution and impaired antibody response. Herein, KREC appears

suitable to monitor BM B-cell output after transplant. (Blood. 2014;124(6):963-972)

Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT)
represents a curative treatment of diverse disorders but is
associated with success-limiting complications.'? Delayed
B-cell reconstitution due to bone marrow (BM) dysfunction renders
patients susceptible to life-threatening infections, which represent
10% to 20% of deaths after allo-HSCT."*® B-cell defects are
characterized by loss of the preexisting antibody protection due to
pretransplant conditioning therapy and post-transplant quantita-
tive B-cell deficits.”® Low B-cell counts and immunosuppression
cause weak vaccination responses within the first year after
transplantation.” Immunoglobulin quantification as a measure-
ment of self-acquired B-cell immunity is complicated by immuno-
globulin substitution and blood product transfer containing
residual amounts of plasma. ELISpot analysis could be a more
precise method to determine B-cell capacity to differentiate into
antibody-secreting cells after in vitro stimulation and thus to
estimate B-cell immunity after transplant. However, this has
rarely been performed. '’

Little is known about post-transplant reconstitution kinetics of
human peripheral blood CD19" B-cell subsets.'! BM-emigrating
transitional B cells appear in blood within the first months after
allo-HSCT and are progressively replaced with recovering naive
B cells.'>!'® Germinal-center (GC) defects contribute to the slow
regeneration of isotype-class switched CD27" memory B cells,
which correlates with long-term antibody class deficiencies in
some patients.**'*'® For CD27 immunoglobin D (IgD)~ double-
negative (DN) B cells, reconstitution kinetics and function after
allo-HSCT are completely unknown.'”'® These B cells are
assumed to be generated T-cell independently and might represent
antigen-experienced cells at a time when GC reactions are
defective.'82° Finally, marginal zone (MZ)-like B cells, which
are mainly involved in T cell-independent IgM responses, display
slow or absent recovery after HSCT, which might be linked to
bacterial infections.®?' An altered B-cell subset distribution was
already shown in patients with chronic graft-versus-host disease
(cGVHD).?* A detailed analysis of early B-cell subset reconstitution
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and its relation to acute GVHD (aGVHD) within a larger patient
cohort is missing.

Several studies have shown that B lymphopoiesis is delayed in
patients with systemic GVHD.****?* Peripheral GVHD is affecting
the skin, liver, and gastrointestinal tract. More recently, the lung,
thymus, and central nervous system were described as target organs
as well.>?7 Little is known about human BM as a target of T-cell
infiltration and stromal cell destruction after allo-HSCT.

Recently, the quantification of k-deleting recombination excision
circles (KRECs) was suggested as a method to quantify BM B-cell
output after allo-HSCT.?® KRECs are nonreplicative episomal DNA
circles generated during -light chain rearrangements in the BM.>
Positive correlation between B-cell and KREC recovery was reported
in children after allo-HSCT.?®3° In a small adult allo-HSCT patient
cohort, we observed a better correlation of KRECs with transitional
than with CD27" memory B-cell recovery.”’

The aim of this study was to investigate BM dysfunction during
aGVHD. For the first time, we performed a detailed analysis of B-cell
subset reconstitution and function within 6 months after allo-HSCT
in adult acute leukemia patients. KREC was evaluated as a biomarker
for BM output after transplant in relation to different clinical
episodes. Finally, human BM was assessed for mature CD3™ T-cell
infiltration and osteoblast damage associated with acute BM GVHD.

Materials and methods

Patients/healthy controls

This study included 52 adult acute leukemia patients undergoing allo-HSCT.
The patients’ clinical characteristics are summarized in Table 1. The grafts
were obtained by apheresis from granulocyte-colony stimulating factor-
treated HLA-matched related or unrelated donors. GVHD prophylaxis
included cyclosporine A, methotrexate, Cellcept, and anti-thymoglobulin
treatment. Citrate blood was obtained before conditioning therapy and at days
14, 28, 60, 90, and 180 after allo-HSCT. BM trephines were collected 3 to
4 weeks after allo-HSCT. The study was approved by the Charité-Berlin local
ethics committee (no. EA4/128/09). Patients gave informed consent. The
study was conducted in accordance with the Declaration of Helsinki. Healthy
controls were white with no known immune deficiency, tetanus-vaccinated
within the last 10 years, and no ongoing infection.

Flow cytometry

Peripheral blood mononuclear cells (PBMCs) were stained with fluorochrome-
conjugated anti-human monoclonal antibodies (supplemental Table 1, available
on the Blood Web site) and analyzed using a LSRII Fortessa Flow Cytometer
(Becton Dickinson). Dead cells were excluded by propidium iodide staining.
Data were evaluated with the FlowJo-9.5.2 software (TreeStar). Absolute cell
numbers were determined with differential blood counts.

Real-time polymerase chain reaction for KREC quantification

Genomic PBMC DNA was extracted with the QIAamp DNA Blood Mini Kit
according to the manufacturer’s instructions (Qiagen). KREC and TRAC
(housekeeping gene) copy counts were determined by real-time polymerase
chain reaction (PCR) as described previously.?!

Chimerism analyses

DNA was extracted from total or magnetic-activated cell sorting-purified
(Miltenyi Biotec) CD34 " or CD3 ™ mononuclear cells from BM aspirates 3 to
4 weeks after allo-HSCT (QIAamp; Qiagen). Chimerism was investigated
with the AmpFASTR Identifier PCR Amplification Kit (Applied Biosystems),
which simultaneously amplifies 16 short tandem repeat loci. Informative short
tandem repeat loci were detected on peripheral blood from the patient before
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Table 1. Patient clinical characteristics

Clinical parameters n =52 Percentage
Median age, years (range) 58 (22-72)

<50 17 33

>50 33 67
Gender

Female 23 44

Male 29 56
Diagnosis

AML 45 87

ALL 7 13
Donor

MUD 39 75

MRD 13 25
Pretransplant conditioning

Full-intensity Cy, 12 Gy TBI 11 21

Reduced-intensity Fludara, Bu 31 60

Flamsa, 4 Gy TBI 1 2

Flamsa-RIC 2 Gy TBI 1 2

Flamsa-RIC 4 Gy TBI 3 6

Fludara, 2 Gy TBI 3 6

Fludara, 4 Gy TBI 1 2

Fludara, 8 Gy TBI 1 2
aGVHD

Grade 0-I 35 67

Grade II-IV 17 33
EBV/CMV reactivation

EBV 5 10

CMV 18 35
Rituximab post-allo-HSCT 5 10
Relapse 7 13
Deceased 19 37

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; Bu, busulfane;
CMV, cytomegalovirus; Cy, cyclophosphamide; EBV, Epstein-Barr virus; Flamsa,
fludarabine, cytosine-arabinoside and amsacrine; Flamsa-RIC, Flamsa and Endoxan
(= cyclophosphamide); Fludara, fludarabine; MRD, matched related donor; MUD,
matched unrelated donor; TBI, total body irradiation.

allo-HSCT and from the donor or the graft. For quantification, the
GeneMapper 3.7 software (Applied Biosystems) was applied.

ELISpot

Reagents are summarized in supplemental Table 2. Blood was T-cell depleted
with the RosetteSep MHuman-CD3 Depletion Cocktail according to the
manufacturer’s instructions (Stemcell Technologies). Cells were stimulated
for 7 days at 37°C with cytosine guanine dinucleotide, CD40L, interleukin
(IL)-2, IL-10, and IL-21. Ninety-six-well MultiscreenHTS-IP filter plates were
coated with IgM, IgG, and IgA antibodies, pneumococcal polysaccharide-
type '°F (PnPS-'?F), and tetanus toxoid (TT) followed by incubation with
stimulated cells. To avoid unspecific binding, PnPS-22F and CWPS were added
to PnPS-'"F-coated wells. Antibody detection was performed with biotin-
conjugated IgM, IgG, and IgA antibodies and horseradish peroxidase-conjugated
streptavidin. The spots were counted with the ImmunoSpot-4.0 Software with
an ImmunoSpot Analyzer (CTL Europe GmbH).

Histology and immunohistochemistry

BM trephines were fixed in 4%-buffered formaldehyde, EDTA decalcified,
and embedded in paraffin. Four-micrometer sections were stained with
hematoxylin and eosin, the periodic acid-Schiff reaction, and the Giemsa,
Gomori, and iron stains. For immunostaining, sections were deparaffinized
and subjected to a heat-induced epitope retrieval using an EDTA buffer prior
to incubation with the primary antibody (Leica BondMax system; Leica). For
CD3 detection, clone LN10 and the detection kit Bond Polymer Refine
Diaminobenzidine were used (Leica). Evaluation was carried out by 2 in-
dependent expert hematopathologists at different times with blended data.
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Figure 1. Phenotypical and functional shift from early mature toward regenerating B cells begins around day 60 after allo-HSCT. (A) PBMCs of adult allo-HSCT
patients were analyzed for CD19" B- and CD3" T-cell counts, as well as CD3"CD4 " T-helper and CD3*CD8™ cytotoxic T-cell subset counts by flow cytometry at indicated time
points after allo-HSCT (D14, n = 27; D28, n = 44; D60, n = 35; D90, n = 36; D180, n = 18). (B) Within CD19™" B cells, cell numbers of indicated B-cell subsets were analyzed by
flow cytometry at indicated time points after allo-HSCT (D14, n = 27; D28, n = 44; D60, n = 35; D90, n = 30; D180, n = 11). Shown are mean values per microliter of blood = SEM.
Gray bars in A and B indicate mean reference values = SEM of HCs (n = 12). (C) Total CD19" B cells and separately transitional B cells were analyzed by flow cytometry for the
expression of CD86, CD95, and Baff-R within 6 months after allo-HSCT. Graphs show expression of indicated markers on total CD19" B cells (white bars) and transitional
B cells (gray bars) of HCs (n = 12) and of allo-HSCT patients at indicated time points after allo-HSCT (CD19™" B cells/transitional B cells: D14, n = 20/data not available [N/A];
D28, n = 37/N/A; D60, n = 30/18; D90, n = 33/21; D180, n = 17/14). Graphs illustrate percentages of cells expressing the indicated marker represented as mean values + SEM.
Statistically significant differences in cell counts or percentages between HCs and allo-HSCT patients are shown. *P = .05; **P = .001.

Statistics

Comparisons between 2 or 3 groups were performed with the 2-sided Mann-
Whitney U test or Kruskal-Wallis test with a post hoc pairwise Mann-Whitney
test, respectively. For the intraindividual dependency over time of KREC and
B-cell subset data, generalized estimating equation (GEE) analyses were
performed to calculate standardized regression coefficient 3 and P values as
described previously.*!? Logarithmic transformations were performed to
obtain normality. P = .05 was considered statistically significant. No Bonferroni
correction was performed. Statistical analyses were done using GraphPad Prism
(v5.0) and SPSS-21 software.

Results
B-cell subset reconstitution after allo-HSCT

We flow cytometrically analyzed CD19™ B-, CD3™ T-,and CD3"CD4*
and CD3*CD8" T-cell subset numbers in leukemia patients before
(data not shown) and within 6 months after allo-HSCT. Compared
with healthy controls (HC; median age [range] = 53 [40-78] years,

6 female, 6 male), we observed a profound B- and T-cell deficiency
before transplant (mean cells/wL blood = standard error of the mean
[SEM]: B cells: 77 = 8 HC, 11 = 3 allo-HSCT; T cells: 1436 = 96 HC,
522 = 57 allo-HSCT; P = .001). Comparably low B-cell numbers
were found for patients in complete remission (CR) and not in CR
(non-CR, n = 8) (supplemental Figure 1A). B-cell deficiency aggra-
vated after transplant and before B-cell recovery is seen from day 60
(D60) (Figure 1A). Whereas CD3 *CD8" T cells recovered rapidly,
CD3"CD4™" T cells remained significantly reduced until D180.

We next analyzed CD19" B-cell subsets. The flow cytometric
gating is shown in supplemental Figure 2. Pretransplant transitional
B-cell numbers were significantly increased in CR patients but de-
creased in non-CR patients compared with HCs (supplemental
Figure 1B). After transplant, after being nearly absent within the first
month (3 = 1 HC, 0.1 = 0.0 allo-HSCT; P = .001), transitional
B cells increased to supranormal levels at D60 to D180 (D60, 18 * 6;
Figure 1B). Naive B-cell recovery followed with maximal cell
numbers at D180 (38 £ 7 HC, 76 *= 18 allo-HSCT). Hardly any
recovery was observed for MZ-like and switched memory B cells.
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Figure 2. Patients with early and late onset of B-cell reconstitution differ in B-cell subset regeneration kinetics. (A) Flow cytometrically determined cell counts of
CD19" B and CD3™ T cells, as well as CD3*CD4" and CD3"CD8™ T-cell subsets are shown separately for patients with an early (black line) or late (gray line) onset of B-cell
reconstitution at indicated time points after allo-HSCT (early/late: D14, n = 14/9; D28, n = 19/16; D60, n = 17/13; D90, n = 19/15; D180, n = 11/7). (B) Graphs illustrate cell
counts of indicated CD19" B-cell subsets within 6 months after transplantation in patients with early (black line) and late (gray line) onset of B-cell reconstitution (early/late:
D14, n = 14/9; D28, n = 19/16; D60, n = 17/13; D90, n = 19/15; D180, n = 11/7). Shown are mean values + SEM. Statistically significant differences between the values of
both patient groups are depicted. *P = .05; **P =< .001. (C) Shown is the percentage of patients within the early or late onset patient group who displayed (left) no (light gray) or
present (dark gray) systemic aGVHD and (right) who received reduced-intensity (light gray) or full-intensity (dark gray) conditioning therapy. Numbers in the pie charts indicate
the percentage of patients within the respective group. Statistically significant association between onset of B-cell reconstitution and presence of systemic (left) aGvHD and
(right) conditioning therapy were calculated with the 2-tailed Fisher exact test. P = .05.

DN B cells increased to normal levels at D180 (12 = 3).
Plasmablasts reached increased levels at D90 (1.5 = 0.3 HC, 2.5 = 1.3
allo-HSCT; P = .05). Inclusion of rituximab-treated patients did not
skew these results.

B cells displayed an activated phenotype early after transplantation,
characterized by increased frequencies of CD86- (mean percentage
*+SEM: 11 £ 1 HC, 33 =3 D28 allo-HSCT) and CD95- (16 = 2 HC,
58 = 5 D28 allo-HSCT) expressing cells (Figure 1C). Furthermore,
Baff-R surface expression was decreased (96 = 1 HC, 16 = 4 D28
allo-HSCT; P = .001). Recovering transitional B cells exhibited no
increased activation status at D180. Although Baff-R surface expres-
sion on total and transitional B cells increased over time, Baff-R ex-
pression was still significantly reduced at D180 (total B cells: 96 * 1
HC, 66 = 8 allo-HSCT; transitional B cells: 98 = 2 HC, 74 += 8
allo-HSCT; P = .001).

These results suggest a phenotypical and functional shift from
activated, putative graft-derived mature toward recovering transi-
tional B cells within 2 to 6 months after transplant.

Different B-cell subset reconstitution kinetics distinguish
patients with early or late onset of B-cell reconstitution

We found 2 groups of patients differing in time for the onset of B-cell
reconstitution (Figure 2A). Whereas the early onset was characterized

by significantly increasing B cells with predominating transitional
B cells already at D60 or at the latest at D90, late onset patients
displayed rising B cells at the earliest at D180. B-cell numbers at
D60 to D180 were significantly higher in early than in late onset pa-
tients (mean cells/pL blood = SEM, D60: 56 * 14 early, 3 = 1 late,
P=.001;D180: 164 * 32 early, 31 = 9 late; P = .05). This was found
for nonrelapsed and relapsed early onset patients, with early onset
patients showing a similar relapse rate to late onset patients (21% vs
24%, respectively). Both patient groups exhibited comparable recon-
stitution kinetics of T cells including CD4* and CD8* T-cell subsets.
Routinely determined numbers of transplanted CD45", CD34™, and
CD3™ cells were similar for early and late onset patients (supple-
mental Figure 3). Assessment of B-cell counts within retained graft
samples of 7 late and 6 early onset patients revealed comparable B-cell
numbers for both groups. The early onset of B-cell reconstitution was
found in 37% of patients and the late onset was found in 33% of
patients. Four rituximab-treated patients were not included in this
late onset group. Twelve patients died before D60 to D90 after
allo-HSCT.

Differences in B-cell numbers were paralleled by different tran-
sitional B-cell reconstitution kinetics (Figure 2B). Early onset pa-
tients further displayed significantly earlier recovery of naive, MZ-like
DN B cells and plasmablasts. The reconstitution of switched memory
B cells was absent in both patient groups.
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Figure 3. Correlation of KREC quantification with B-cell subset reconstitution post allo-HSCT. (A-C) Flow cytometrically determined cell counts of patients’ peripheral
blood B-cell subsets were correlated with RT-PCR quantified KREC copy numbers at indicated days after allo-HSCT (D14, n = 16; D28, n = 34; D60, n = 24; D90, n = 26;
D180, n = 11). Shown are mean values of KREC copy number per microliter of blood (gray line) and number of (A) transitional, (B) naive, and (C) CD27* memory B cells per
microliter of blood (black line) = SEM. (D-E) Graphs illustrate numbers of transitional B cells per pl blood = SEM for patients with an early (D) or late (E) onset of B-cell
reconstitution and KREC copy numbers per microliter of blood + SEM for the respective patient group at indicated time points (early/late: D14, n = 9/4; D28, n = 13/17; D60,
n = 14/10; D90, n = 18/8; D180, n = 6/5). Statistically significant correlations between kinetics of KREC copy and B-cell subset number are displayed as regression coefficient

B (B*) and P values.

Importantly, late onset patients exhibited significantly higher
rates of systemic aGVHD and received full-intensity conditioning
therapy more often than early onset patients (systemic aGVHD: 32%
early, 71% late; full-intensity: 5% early, 41 % late; Fisher exact: P = .05;
Figure 2C).

Correlation of KREC with B-cell subset recovery

To evaluate KREC quantification as a biomarker for BM B-cell
output after transplant, we correlated real time (RT)-PCR
quantified PBMC KREC copy counts per microliter of blood
with flow cytometrically determined B-cell subset counts per
microliter of blood after allo-HSCT. Low KREC levels were
present already before transplant (mean: 19 * 8; median: 3; data not
shown). On average 25 * 12 copies/pL (median: 13) were obtained
for healthy controls (median age [range] = 53 [46-78] years, 7
females, 5 males). A median number of 15 was reported in the
literature.>®  After transplant, KRECs increased from D60 on,
reaching a mean of a 19-fold increased number at D90 compared
with pretransplant levels (Figure 3A-C).

KRECs correlated highly positively and significantly with tran-
sitional (3* = 0.782, P = .001) and naive ($* = 0.670, P = .001) but
less with CD27* memory B cells (B* = 0.355, P < .001; Figure 3A-C).
Importantly, KRECs correlated strongly with transitional B-cell
recovery in early and late onset patients (early: 3* = 0.803, P = .001;
late: B* = 0.778, P =< .001; Figure 3D-E). At D60 and D90, KRECs
were profoundly higher in early than in late onset patients (D60:
81 = 20 early, 1 = Olate; D90: 541 = 292 early, 1 *+ 0late). KRECs
correlated poorly with leukocyte and lymphocyte recovery (supple-
mental Figure 4). High correlation between KRECs and transitional
B cells was still found when dividing patients according to con-
ditioning therapy, presence of systemic aGVHD, and rituximab
treatment (supplemental Figure 5).

Higher BM T-cell infiltration and reduced numbers of
osteoblasts in patients with late onset of B-cell reconstitution

To test whether acute BM GVHD is characterized by mature CD3*
T-cell infiltration and osteoblast damage, we performed histological
and immunohistochemical analyses of patient BM trephines, obtained
3 to 4 weeks after allo-HSCT. At this time, the median donor
chimerism of total BM mononuclear cells was 100% and of CD34 ™
BM mononuclear cells was 98% for early and late onset patients,
respectively (supplemental Table 3). Because BM T-cell chimerism
was not available in these patients, we exemplarily determined CD3™
T-cell chimerism for 8 additional AML patients not included in this
study (clinical and reconstitution characteristics (supplemental
Table 4). High total or CD34" chimerism was associated with high
CD3™ T-cell chimerism (supplemental Table 3). Thus, the majority of
T cells detectable in early and late onset patients were most likely of
donor origin.

T-cell infiltration was evaluated by counting anti-CD3 antibody-
labeled lymphocytes (Figure 4). Sixty-four percent of late onset
patients displayed increased BM T-cell infiltration, with T cells
making up =5% of total nucleated cells. In contrast, 83% of early
onset patients showed <5% T-cell infiltration. Representative
findings in Figure 4A (left) show clearly increased T-cell numbers in
the section of a late onset patient. In 39% of early onset patients, only
a few scattered T cells were detectable. Instead, 14% and 50% of late
onset patients had 5% to 9% and 10% to 15% T-cell infiltration,
respectively (Figure 4B). T-cell numbers in early onset patients did
not exceed 5%. The association between =5% T-cell infiltration and
delayed B lymphopoiesis was statistically significant (Fisher exact
test: P = .05).

We further evaluated BM sections for the presence of osteoblasts
along bony trabecula and observed a striking difference between
numbers and morphology of osteoblasts with the amount of T-cell
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Figure 4. Patients with late onset of B-cell reconstitution display increased numbers of BM-infiltrating T cells associated with reduced numbers of osteoblasts.
(A) Histological sections of BM trephines obtained 3 to 4 weeks after allo-HSCT were analyzed for the number of CD3" T cells and osteoblasts. Graphs show representative
examples for the staining of formalin-fixed sections from patients with (upper) early or (lower) late onset of B-cell reconstitution. CD3 immunostaining (brown) is shown in the
left graphs and evaluation of osteoblast number and morphology on hematoxylin and eosin-stained sections is shown in the center graphs (arrows indicate osteoblasts). In the
right graphs, osteoblasts are indicated with arrows on CD3 antibody-stained (brown) sections. T cells are marked with triangles. (B) The percentage of patients displaying
<5% (gray), 5% to 9% (light blue), and =10% (dark blue) T-cell infiltration in the analyzed BM compartment is shown for patients within the (left) early and (right) late onset
group. (C) The percentages of patients with only few and inactive (blue) and of patients with several and activated (gray) osteoblasts within the patient groups displaying (left)
<5%, (center) 5% to 9%, or (right) =10% T-cell infiltration are depicted. Numbers in the pie charts indicate the percentage of patients within the respective group.

infiltration. Eighty percent and 86% of patients with 5% to 9% and
=10% T-cell infiltration, respectively, displayed only few and inactive
osteoblasts (Figure 4C). In contrast, 65% of patients with <5% T cells
exhibited several, mostly activated osteoblasts. As shown in Figure 4A
(center and right), osteoblasts were hardly detectable in a late onset
patient with high T-cell infiltration in contrast to an early onset patient
with lower T-cell numbers where activated osteoblasts were clearly
visible. The T-cell infiltration of =5% was significantly associated
with reduced numbers of osteoblasts (Fisher exact test: P = .05).

Interestingly, patients with grade II to IV aGVHD had more
frequent late onset of B-cell reconstitution, =5% T-cell infiltration,
and fewer osteoblasts than patients with grade 0 to [aGVHD (Table 2).
No significant association between these signs of acute BM GVHD and
later incidence of systemic cGVHD was observed (supplemental
Figure 6).

Impaired antibody response in late recovering patients

To evaluate whether a delayed B-cell reconstitution results in delayed
B-cell function, we performed ELISpots before and at D180 after

allo-HSCT by stimulating T cell-depleted PBMCs with CpG, CD40L,
IL-2, IL-10, and IL-21. Before transplant (data not shown), we
obtained significantly diminished numbers of [gM-, IgG-, and IgA-
secreting cells for patients (n = 21) than for healthy controls (median
age [range] = 50 [40-78] years, 7 females, 4 males; mean number of
spots/lO3 cells: IgM, 38 = 8§ HC, 3 = 1 allo-HSCT; IgG, 105 = 20
HC, 4 £ 1allo-HSCT;IgA, 27 = 5HC, 3 = 1 allo-HSCT; P = .001).
Moreover, patients exhibited significantly reduced numbers of
TT-specific IgG and PnPS-specific [gM- and IgG-secreting cells
(TT-IgG, 0.29 = 0.05 HC, 0.02 = 0.01 allo-HSCT, P = .001;
PnPS-IgM, 1.04 = 0.22 HC, 0.04 = 0.01 allo-HSCT, P = .001;
PnPS-IgG, 0.06 = 0.03 HC, 0.01 = 0.01 allo-HSCT, P =< .05).

At D180, higher numbers of Ig-secreting cells were obtained for
early onset vs late onset patients (IgM, 53 = 13 early, 21 =+ 8 late, P = .05;
IgG, 65 = 24 early, 19 = 5 late, P = .05; IgA, 25 £ 7 early, 13 £ 4
late; Figure 5A). When additionally comparing numbers of both
patient groups with values for healthy controls, we found statistically
significant differences for IgM and IgG (IgM, P = .05, IgG P = .001).

We detected low numbers of TT-specific IgG-secreting cells
in some patients, although revaccination was not yet performed
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Table 2. Association between grade of aGVHD and onset of B-cell
reconstitution, BM T-cell infiltration, and BM osteoblast number

Parameter Grade 0-1 [n (%)] Grade II-IV [n (%)]
Early onset 15 (65) 4 (31)
Late onset 8 (35) 9 (69)
<5% T-cell infiltration 16 (76) 4 (36)
5% to 9% T-cell infiltration 3 (14) 2 (18)
=10% T-cell infiltration 2 (10) 5 (46)
Several and activated osteoblasts 11 (52) 4 (36)
Few and inactive osteoblasts 10 (48) 7 (64)

Early onset, early onset of B-cell reconstitution; late onset, late onset of B-cell
reconstitution.

(0.10 = 0.05 early, 0.01 = 0.01 late; Figure 5B). Numbers of PnPS-
specific [gM-secreting cells were significantly increased in early onset
vs late onset patients (3.29 = 0.85 early, 1.18 = 0.41 late; P = .05).
PnPS-specific IgG-secreting cells were still diminished in late onset
but not in early onset patients (0.06 = 0.04, early; 0.004 = 0.006,
late). The differences in numbers were statistically significant when
comparing both groups with healthy controls (TT-IgG, P = .001;
PnPS-IgM, P = .05; PnPS-IgG, P = .05).

We further evaluated bacterial and viral infections in early and
late onset patients and rituximab-treated patients (Table 3). Early
onset patients seemed to have an improved B-cell immunity to
pneumonia-associated infections (incidence: 11%, early; 29%, late;
50%, rituximab) and BK (member of human polyomavirus) virus
(5%, early; 18%, late; 50%, rituximab) but had higher incidence of
herpes simplex virus reactivation (16%, early; 6%, late; 0%, rituximab)
than late onset and rituximab-treated patients. Varicella zoster virus
reactivation was most frequent in rituximab-treated patients (25%; 5%,
early; 6%, late).

Discussion

Our results suggest that BM is the third lymphohematopoietic micro-
environment besides the thymus and lymph nodes that is functionally
impaired during aGVHD. aGVHD is associated with donor BM
T-cell infiltration and paralleled by delayed onset of B-cell recon-
stitution, which together with delayed CD4* T-cell recovery following
thymic defects and defective GC reactions exposes patients to a pro-
longed B-cell dysfunction after allo-HSCT.

We found that chemotherapies before conditioning for trans-
plantation already induce a profound B- and T-cell immunodefi-
ciency. Increased transitional B cells in CR patients may indicate
increased compensatory BM output, which seems to be harmed by the
disease in non-CR patients. B-cell deficiency before transplant was
associated with severe dysfunction of T cell-depleted PBMCs to give
rise to antibody-secreting cells on stimulation. In particular, CD4*
T-cell deficiency likely contributes to low memory B-cell numbers.
Therapy-associated toxicity on thymic function might account for low
CD4™ T cells, as naive CD4 " T-cell generation is essentially thymic
dependent.’>¥3°

Few B cells, detectable within the first month after allo-HSCT,
originate from the donor graft, which is known to contain B cells after
granulocyte-colony stimulating factor mobilization.*® Memory B cells
and plasma cells in the graft can provide a transient immune protection
after allo-HSCT.?”*® We obtained TT-specific IgG responses in some
patients, although they were not revaccinated yet. Donor vaccination
and improvement of mobilization therapies to increase memory B-cell
numbers in grafts appear important in this context.
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Early after allo-HSCT, B cells displayed an activated phenotype,
which might be attributed to an inflammatory milieu induced on
irradiation and administration of cytotoxic drugs.>® The higher per-
centage of CD95- than CD86-expressing B cells suggests that there
might also be proapoptotic cells. Low Baff-R surface expression might
indicate increased Baff-R signaling activity as Baff-R gets internalized
or shedded on ligand binding.*® Baff-R signaling is essential for im-
mature B-cell differentiation toward the transitional B-cell stage.*!
High Baff-levels inversely correlate with post-transplant B-cell numbers
and with Baff-R surface expression.”***? Accordingly, Baff-R ex-
pression increased with B-cell numbers in our patients.

Recovering B cells at D60 to D180 were predominated by normal
activated transitional B cells, which were reported to occur between
1 and 3 months after allo-HSCT.'*'? Patients with systemic aGVHD
and cGVHD exhibit less BM B-cell precursors, indicating an
association between GVHD and delayed B lymphopoiesis.>**?
Accordingly, we observed a delayed onset of transitional B-cell
recovery in 33% of patients, which was significantly associated with
systemic aGVHD and full intensity conditioning therapy. Herein,
aGVHD might be provoked by full intensity therapy as it induces
stronger toxicity.** Both aGVHD and the conditioning regimen,
which induces inflammatory cytokine and chemokine secretion, may
contribute to BM damage and consequently delayed B-cell recon-
stitution. As CD34 " and B-cell numbers within the grafts of early
and late onset patients were comparable, differences were unlikely
due to different amounts of transplanted cells. Thus, patients with
systemic aGVHD seem at higher risk of delayed B-cell neogenesis.
However, 29% of late onset patients did not display aGVHD and
32% of early onset patients displayed aGVHD. This indicates that
BM involvement by GVHD does not necessarily occur when
peripheral GVHD is present. This emphasizes the importance of
directly assessing BM for signs of GVHD.

Several mouse models have shown that BM B lymphopoiesis is
impaired by allo-reactive T cells.***” Increased T-cell progenitors
and an increased BM CD4/CD8 ratio were reported in cGVHD
patients.***® However, BM CD3" T-cell infiltration was not
histologically investigated in these studies. Our results suggest an
involvement of donor T cells in human BM GVHD after allo-
HSCT.

Murine CD4" T cell-mediated BM GVHD was associated with
loss of osteoblasts.>® Accordingly, we observed reduced osteoblast
numbers in late onset patients with strong T-cell infiltration, suggesting
destruction of osteoblasts during acute BM GVHD in humans as well.
Recently, BM osteoblast destruction was also described in cGVHD
patients.*® In mice, depletion of osteoblasts, providing essential factors
for B lymphopoiesis (vascular cell adhesion molecule-1, IL-7, and

Table 3. Infectious complications after allo-HSCT in early and late
recovering patients

Early, n = 19 Late, n = 17 Rituximab, n = 4

Complications [n (%)] [n (%)] [n (%)]
Bacterial diseases

Sepsis 9 (47) 8 (47) 4 (100)

Pneumonia 2 (11) 5 (29) 2 (50)
Viral diseases

BK virus cystitits 1 (5) 3(18) 2 (50)

vzv 1 (5) 1 (6) 1 (25)

HSV 3 (16) 1 (6) 0 (0)

BK virus, member of human polyomavirus; Early, patients with early recovering
B cells; HSV, Herpes simplex virus; Late, patients with late recovering B cells;
Rituximab, patients, who received Rituximab treatment after EBV reactivation post
allo-HSCT; VZV, Varicella zoster virus.
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C-X-C motif chemokine 12 (CXCL12)), is associated with severe B
lymphopenia.“g’50 Human osteoblasts also express vascular cell
adhesion molecule-1 and CXCL12, thus potentially contributing to
human B lymphopoiesis similarly as in mice.’'* Destruction of
major histocompatibility complex class II-expressing osteal tissue
macrophages by allo-reactive T cells could contribute to osteoblast
destruction, because they are crucial for the maintenance of the
osteoblastic niche.*”>** Further studies are needed to identify
mechanisms of osteoblast destruction during human BM GVHD
after allo-HSCT.

We previously showed that KREC measurement is suitable to
quantify BM B-cell output after transplant.’' Here, we performed
KREC quantification for a different and considerably larger patient
cohort. Again, we observed the highest correlation between KRECs
and transitional B cells, which have a low replication history.> In
contrast, proliferated memory B cells contribute little to the KREC
pool, which corresponds to the low correlation between KRECs and
memory B-cell recovery. As KRECs are still highly correlated with
transitional B-cell recovery when separating the patients into early
and late onset patients, KREC quantification appears suitable to assess
BM dysfunction during acute BM GVHD. Furthermore, KREC
correlation with BM output seems to be stable in different clinical
episodes, as we obtained high correlations in patients with clinical
settings that could harm B-cell neogenesis. Poor correlation with
leukocyte and lymphocyte recovery emphasizes the quality of KREC
quantification to directly monitor B-cell regeneration after allo-
HSCT, thus being useful in clinical routine diagnostics.

Overall, early transitional B-cell recovery was accompanied by
an improved peripheral B-cell maturation. DN B cells recovered to
normal levels in early onset patients. These mainly IgG*/IgA™ cells
supposedly represent extrafollicular progenitors of CD27* memory
B cells,'®*° which might undergo isotype class switching in a CD40-
independent manner through a Baff-Baff-R interaction as observed
in mice.>®> Thus, recovering DN B cells might represent antigen-
experienced B cells at a time when GC reactions are defective and
Baff levels are high. Higher numbers of IgG- and IgA-secreting cells
in early than in late recovering patients at D180 after stimulation
could be ascribed to higher numbers of DN B cells, as switched memory
B cells were rare. In addition, systemic aGVHD effects possibly con-
tribute to impaired intrinsic B-cell functionality and Ig production in
late onset patients, as seen in cGVHD patients.’® Whether DN B cells
have an immunoprotective role after allo-HSCT has yet to be resolved.

We only observed the beginning of MZ-like B-cell reconstitution in
early onset patients. These cells are reduced in splenectomized patients
and patients with functional asplenia, which suggests GVHD or
therapy-associated defects in splenic function in late onset patients.>’
Increased numbers of total and PnPS-specific IgM-secreting cells
in early vs late onset patients might be attributed to these cells but,

i
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Figure 5. Impaired antibody immune response in
patients with late onset of B-cell reconstitution.
(A) The number of total IgM, 1gG, and IgA antibody-
secreting cells (ASCs) and (B) the number of TT-specific
IgG and pneumococcal polysaccharide-specific IgM
and IgG ASCs was determined by ELISpot analysis.
Shown is the number of spots obtained per 10° seeded
cells at day 180 after allo-HSCT for patients with early
(dark gray bars, n = 11) or late (white bars, n = 9)
onset of B-cell reconstitution. Light gray bars in the
back show mean spot numbers = SEM obtained for
HCs (n = 11). Statistically significant differences in
PnPS| PnPS ASC numbers between early and late onset patients
lgM IgG are depicted. *P = .05.

more importantly, to higher numbers of transitional B cells. CpG
stimulation drives the differentiation of human transitional but not
naive B cells into IgM-secreting cells, which include naturally
occurring pneumococcal polysaccharide antibody specificities.>®
Thus, early B-cell recovery might be associated with initial natural
antibody immunity in patients. In this context, we found less
pneumonia-associated infections in early vs late onset patients, which
are significant causes of morbidity and mortality after transplant.>®
In summary, human acute BM GVHD after allo-HSCT is char-
acterized by increased donor T-cell infiltration and destruction of
osteoblasts, associated with delayed reconstitution of early B-cell
subsets and decreased antibody production on B-cell activation.
Therapy-induced inflammation may further contribute to BM damage
and delayed B lymphopoiesis. In particular, delayed transitional and
MZ-like B-cell recovery is associated with an impaired IgM antibody
response, which might confer a first-line defense against infections
early after allo-HSCT. Signs of early BM GVHD are not necessarily
found in all patients with systemic aGVHD and are not associated
with incidence of cGVHD. However, patients with systemic aGVHD
seem to be at higher risk to additionally suffer from BM GVHD.
We conclude from these data that BM GVHD-associated defects
in B-cell subset reconstitution expose patients to a prolonged state of
B-cell dysfunction, thus emphasizing the importance of protecting a
functional BM niche after allo-HSCT. Furthermore, we found that
KREC quantification is a stable biomarker to monitor BM B-cell
output in different clinical episodes such as acute BM GVHD.
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